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Para minha familia

Keep Ithaca always in your mind.

Arriving there is what you are destined for.
But don’t hurry the journey at all.

Better if it lasts for years,

So you’re old by the time you reach the island,
Wealthy with all you have gained on the way

And not expecting Ithaca to make you rich.

Ithaca gave you the beautiful journey.

Without her you’d never have set out.

She has nothing more to give you now.

And if you find her poor, Ithaca won’t have decetved you.
Wise as you have become, after so much experience,

You’ll have understood by then what these Ithacas mean.

Constantine P. Cavafy






Contents

1 Introduction 1
1.1 Background: a brief section for parents. . . . . ... ... ... 0oL 1

1.2 From spintronics.... . . . . . . . L 2

1.3 ... tospin-orbitronics . . . . . . ... 4

1.4 This thesis . . . . . . . 7
References. . . . . . . o o 8

2 Fundamental concepts 13
2.1 Spin-orbit coupling . . . . . . . ... 14

2.2 Consequences of SOC in semiconductors. . . . ... ... ... ... ...... 14
2.2.1 Dresselhaus spin-orbit coupling. . . . . . ... ... ... ... .. .. 15

2.2.2  Rashba-Bychkov spin-orbit coupling . . . . . . ... ... ... ... ... 16

2.2.3 Edelstein or inverse spin galvanic effect . . . . . .. ... ... ... .. 19

2.2.4 Topological Insulators . . . . .. ... .. ... ... ... . ... 20

2.3 The Mighty HgTe . . . . . . . . . 22
2.3.1 Band inversion of HgTe . . . . . . ... ... ... ... ... ...... 22

2.3.2 The Kane Hamiltonian. . . . . .. ... ... ... ... ......... 23

2.3.3 Gapopeningin HgTe. . . . . . . . ... 26

2.3.4 Experimental evidence for the band structure of HgTe . . . . . . . .. 27

2.4 Ferromagnetism . . . . . . . ... 33
2.4.1 Anisotropic magnetoresistance and planar Hall effect . . . . . ... .. 34

2.4.2 Ferromagnetic resonance - FMR . . .. ... ... ... ... .0 . 35

2.5 Spin-transfer torques (STT) . . . . . ... ... L L o 37
References. . . . . . . o o e 39

3 Spin-orbit torques generated by the 3D TI HgTe 45
3.1 Generating spin-polarized currents in 3D topological insulators . . . . . . .. 46

3.2 Physics of SOTs in 3D topological insulators . . . . ... ... ......... 48

3.3 Spin-torque Ferromagnetic Resonance - Theory. . . . . .. ... ... ..... 50
3.3.1 FMR amplitude under the action of spin-torques . . . . ... ... .. 50

3.3.2 Mixing voltages . . . . . . .. 53

3.3.3 Determining SOT conductivities and efficiencies. . . . . . .. ... .. 56



vi

CONTENTS

3.4 Experimental Methods . . . . .. ... ... ... Lo .
3.4.1 Wafer preparation and mesa etching. . . . .. ... ... ...
3.4.2 Tunnel barrier . . . . . ... ... ... ... ... .
3.4.3 Ferromagnetic sputtering . . .. ... .. ... ... ...
344 Mesainsulator. . . ... ...
3.4.5 Metallization of the Coplanar Waveguide . . . . . .. ... ..

3.5 Experimental setup and characterization. . . . . .. ... ... ....

3.6 Results and discussion . . . . . .. .. ... .

3.6.1 Characterization of the FMR setup at room temperature

3.6.2 FMRanalysisat T =42K. ... ... .. ...........
3.6.3 Angular dependence of Vi « v v v v v
3.7 Determination of the SOT efficiencies . . . .. ... ... .......
3.8 Critical review of the SOT efficiencies . . . . ... ... ... .. ...
3.9 Perpectives . . . . .. e
3.10 Summary and conclusions . . . . ... ... ... ... ...,

References. . . . . . o

4 Galvanomagnetic effects in the 3D TI HgTe

4.1 Sample characterization. . . . . . . . ... ... ... . ...
4.2 Planar Hall effect measurements. . . . . . ... ... .. ... .....
4.2.1 Setup preparation - avoiding parasitic effects. . . . . ... ..
4.2.2 Planar Hall effect results. . . . .. .. ... ... ... .....
4.2.3 High magnetic field PHE measurements. . . . . .. ... ...
4.3 Longitudinal MR oscillations in 3D TI HgTe . . . . . ... ... ...
4.3.1 MR oscillations of sample Q2830 . . . . . . . ... ... ....
4.3.2 MR oscillations of sample Q2761 . . . . .. .. ... ... ...
4.4 Band structure effects. . . . . ... oo o o o
4.4.1 In-plane anisotropy . . . . . . . . ..o
4.4.2 Estimations of magnetic field effects . . . . . .. .. ... ...
4.5 Conclusions and perspectives . . . . . .. ... ... ... .......

References. . . . . . o s

5 Summary

References. . . . . . o

6 Zusammenfassung

References. . . . . . o

Appendix

A Recipe for SOT-FMR devices

123

..... 126

127

..... 130

131

133



CONTENTS

vii

Acknowledgements

137






Introduction

U

“There is plenty of room at the bottom’

Richard Feynman

1.1. BACKGROUND: A BRIEF SECTION FOR PARENTS

N the past few years, humanity has witnessed a series of technological advances, from powerful
Ielectronic devices to self-driven cars. Computers, tablets, and smartphones are becoming
smaller and performing better, thus, changing drastically the way we work and live. Such progress
is due to a series of advances made in several fields, such as materials science, physics, chemistry,
engineering and new hot topics such as machine learning and artificial intelligence [1]. The heart
of every electronic device is the transistor, which allows data to be generated, manipulated and
detected in a series of “on” and “off” electronic signals, i.e., a representation of the bits “0” and
“17.

While the first processor introduced by Intel in 1971 contained only 2300 transistors, modern
processors can exceed a few dozen billion transistors [2]. On the one hand, downscaling the
size of transistors brings several advantages, e.g., increasing computing efficiency and storage
capacity due to the density of the high transistors. On the other hand, downscaling transistors

also lead to high current densities, heat dissipation, gate leakages and, therefore, decrease the

1



2 1. INTRODUCTION

device’s performance. The biggest challenge of the semiconductor industry is to find a compromise
between achieving higher performances and accommodate the limitations of downscaling such
devices. Finding new materials, techniques and technologies to enable the efficient downscaling
of the transistor is currently a hot topic in both industrial and academic environments. It is also

the long-term goal of the investigations I performed in this thesis.

1.2. FROM SPINTRONICS...

HE majority of today’s modern devices still use the electron charge to store and transport
T information. However, each electron also possesses a small magnetic moment, the spin,
which is a quantum mechanical property. The field of spintronics, which takes advantage of
both the charge and the spin of an electron, is considered a promising avenue for successful
generation, manipulation and detection of electric signals in modern devices [3]. Spin-based
electronic building-blocks are expected to operate faster and dissipate less heat when compared
to conventional charge-based electronic devices. One of the most important discoveries in the
field of spintronics was undoubtfully the discovery of the giant magnetoresistance (GMR) effect
by Peter Griinberg [4] and Albert Fert [5] in 1988, which rendered them the Physics Nobel
prize in 2007. The GMR effect is realized in a device known as a spin-valve, consisting of two
ferromagnetic layers (FM) separated by a normal layer (NM). The magnetoresistance of such a
device depends on the relative angle of the magnetization M between the magnetic layers. When
the two ferromagnets are parallel (P) to each other, the spin-valve exhibits a lower resistance
in comparison when the two ferromagnetic layers are aligned anti-parallel (AP) to each other.
The different resistances for the AP and P states rely on the fact that spin-polarized electrons
have different scattering rates inside the ferromagnets and at the FM/NM interface and, if
the conduction electrons have the same spin orientation as the ferromagnet, the electrons will

experience less scattering.

A similar change in the magnetoresistance can also be observed if the normal layer between the
two ferromagnets is a thin insulator, in a device geometry known as magnetic tunnel junction
(MTJ). The change in the resistance in the MTJ is called tunneling magnetoresistance (TMR)
[6, 7]. The electron transport across the tunnel barrier happens in the tunneling regime and the
tunneling probability is proportional to the density of states (DoS) of both ferromagnets, which
is spin-dependent. Thus, the electrons have different tunneling probabilities for P and AP states,
leading to a change in resistance. The TMR is usually higher than the GMR, effect and it can
reach hundreds of percent [8]. This high change of resistance allows for better sensitivity allowing

the utilization of magnetic tunnel junctions as reading head of hard drive disks [9].

In 1996 Slonczewski [10] and Berger [11] predicted the existence of the spin-transfer torque

(STT), where the flux of angular momentum, known as a spin current, can be transferred from
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one ferromagnetic layer to another and exert a torque on the magnetization. This spin torque can
lead to magnetization precession [12] and even switching of the magnetization of the FM layer [13].
This effect is schematically depicted in Fig. 1.1a for a MTJ device. The yellow color represents
the electrical contacts and blue and red represent the reference and recording ferromagnetic
layers, respectively. The recording and reference layers are separated by a spacer, depicted in
black. The initial magnetization of both layers is controlled by an external magnetic field. In Fig.
1.1a, one of the ferromagnetic layers (reference layer) of the MTJ or GMR device is used as a
spin polarizer, thus generating the spin current (depicted in grey and flowing from top to bottom
contacts). Then, STT provides a mechanism to “write” information in the recording layer, i.e.,
by rotating its magnetization from, e.g., 0 (original orientation) to 180 degrees (final orientation).
In the snapshot shown in Fig. 1.1a, the magnetization is about 2/3 of the way to being switched
(see the red and purple big arrows in the recording layer). In terms of functionality, one could
consider the magnetization oriented, say, at 0 degrees as the bit 0, while the magnetization at
180 degrees would be the bit 1. Finally, the information - here, if both recording and reference
layers are AP or P to each other - can be “read” by measuring the device’s resistance via the
TMR or GMR effect.

Reference Reference

Spacer Spacer

Recording Recording

Spacer Heavy metal Heavy metal

Recording

Figure 1.1: Schematic representations of STT and spin-orbit torque. Here, yellow represents the electrical contacts
and blue and red represent the reference and recording layers, respectively. (a) In the STT case, a current of spin-
polarized electrons (grey arrow) flows from the reference ferromagnet through the spacer layer into the recording
ferromagnetic layer. Inside the recording magnet, the flowing electrons’ spin aligns with the magnetization (large
purple arrow in the recording layer). This alignment results in a torque on the recording ferromagnet that causes
the magnetization to switch from its original orientation (large red arrow). For the SOT mechanism, which can
be driven either by the SHE or iSGE, b) shows the SHE version. As current flows along the contact and the
nonmagnetic metal layer, a spin current is generated which then flows into the recording ferromagnet and switches
its magnetization. ¢) In the iSGE version, electrons become spin-polarized at the interface of a nonmagnetic metal
and the recording ferromagnet, thus switch its magnetization via exchange coupling. Figure taken from reference
[14]

STTs in MTJs have been used to develop non-volatile random access memories (MRAM) [15]
and the magnetic domain wall racetrack memory [16]. These MRAMs are produced on an
industrial scale and are easily embedded in CMOS technology. Although such devices offer

numerous possibilities of technological applications, the information transfer and processing in
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such architectures still rely on electrons carrying spin information. In this case, sharing the read
and write current paths in STT-MRAMSs require high writing currents, which is not energy efficient
and cause reliability issues due to barrier (insulating material) damage. Moreover, optimization
of the spin polarization across the MTJ and stabilization of the reference layer magnetization
results in complex stacking structures involving more than 10 different layers [17]. Additionally,
one of the major drawbacks of the STT scheme is the requirement of an additional magnet to

create spin-polarized currents.

1.3. ... TO SPIN-ORBITRONICS

N 2009, a promising alternative to spin-transfer torque emerged. This effect, named spin-
I orbit torque (SOT), arises due to the flow of an electric current in a material system lacking
inversion symmetry, leading to the transfer of orbital angular momentum from the lattice to the
spin system via spin-orbit (SOC) and exchange coupling [17-21]. This effect also involves the
manipulation of charge and spin, however, this spin torque is fundamentally different from the
STT, because the spin polarizer (reference layer) is no longer a ferromagnet, but a material with

strong SO coupling.

Take as an example the device shown in Fig. 1.1b. The configuration of the reference and
recording layers is the same as described in Fig. 1.1a, however, now, a heavy metal layer was
added below the recording layer and the current no longer flows vertically, but rather parallel to
the device layers (grey arrows). SOTs can be driven either by the spin Hall (SHE) or the inverse
spin galvanic (iSGE) effect.

In the example depicted in Fig. 1.1b, spin-orbit torques are generated via the spin Hall effect,
which has its origin on the asymmetric spin scattering in the bulk of a non-magnetic metal
with strong spin-orbit coupling [22, 23]. In this case, a pure spin current is generated in the
heavy metal (such as Pt or Ta), and its orientation is transverse to the direction of the applied
electrical current, as schematically depicted in Fig. 1.1b. This spin current can be absorbed
by the magnetization of the adjacent ferromagnet (recording layer) and exert a torque on it.
Then, the information can be, again, read by the TMR or GMR effects. The spin accumulation
generated by the SHE proved to be extremely efficient to trigger ferromagnetic resonance (FMR)
precession [24, 25] and, at large currents, it can fully switch the magnetization of a ferromagnet
[26, 27].

Using SOC to generate and manipulate the spin degree of freedom of paramagnetic materials
led to the baptism of a field inside the spintronics community: the spin-orbitronics. The main
advantage of SOT over STT is that the electrical current does not flow through the whole device
structure. Moreover, since the spin polarization generated in the reference layer is coupled to

the current direction, the reference magnetization can be engineered to be misaligned with the
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recording magnetization. This approach allows not only to decouple the write and read current

paths (thus, improving the endurance of the device), but also allows faster torques [28, 29].

Spin-polarized currents can also be generated in systems lacking an inversion symmetry center.
In this case, the flow of charge current parallel to such an interface gives rise to a non-equilibrium
spin density, whose angular momentum can be transferred to the magnetization of an adjacent
magnetic layer (similarly to the case depicted in Fig. 1.1b), thus exerting a torque on its mag-
netization [18]. The mechanism of generating spin densities via charge currents is known as
Rashba-Edelstein effect [30] or inverse spin galvanic effect (iISGE) [31] and in this thesis, both

terms will be used interchangeably.

The figure of merit of SHE-based SOT devices is the so-called charge-to-spin conversion efficiency
(spin Hall angle), which assesses how much of the charge current is converted into angular momen-
tum. In order to achieve efficient magnetization manipulation, one of the key challenges for the

progress of this field is to identify materials that exhibit large spin-orbit torque efficiencies.

The discovery of topological insulators about 13 years ago was not only an important event in
the field of condensed matter physics, but also in the spintronics field [32, 33]. Three-dimensional
topological insulators (3D TI) are a class of materials that have an energy bandgap like a normal
insulator, but also have conducting/gapless surface states resulting from the inversion of the
conduction and valence bands due to strong SOC [32-34]. These surface states show a linear
energy dispersion (sketched in Fig. 1.2a), which can be described by a time-reversal invariant
Dirac Hamiltonian. An important consequence of the time-reversal invariance of the Hamiltonian
is the topological protection of the so-called topological surface states (T'SS): as, it can be seen
in Fig. 1.2b, the spin and the momentum of the carriers in the T'SS are coupled perpendicularly
to each other (spin-momentum locking), meaning that, similarly to the SHE, the direction of the

carrier’s motion uniquely determines its spin direction and vice-versa [33-36].

In 2008, the experimental discovery of 3D topological insulators in Bij_,Sbh, [37] rose this class
of materials as good candidates for electrical generation of spin-polarized currents. When an
electrical current flows through the TSS, due to the rigid locking between momentum and spin, an
imbalance of carriers also leads to an imbalance of spins, i.e., to the generation of a spin-polarized
current via iISGE [30, 38]. What makes the spin current generated by topological insulators special
is that the robustness of the spin-momentum locking against impurity scattering enables metallic
transport without significant spin relaxation or, in other words, the spin information is maintained

even after a large number of scattering events [14, 38].

The exotic properties of topological insulators led to several theoretical predictions on how to take
advantage of this robust spin-polarized current to manipulate the magnetization of ferromagnets
[3, 38, 40] and build electronic devices based on them. In 2014, it was shown that BisSes is very

efficient to generate spin-orbit torques in adjacent ferromagnets [41]. From the physics point of
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b)

Topological surface state

\

Spins

Figure 1.2: a) Schematics of Dirac cone of the TSS, where the Dirac point and spin-momentum locking in momentum
space is shown. b) Illustration of the spin-momentum locking of the carriers in the TSS in real space. Figure taken
from [39]

view, since the spin-polarized current is generated on the surface of the TI, angular information
is transferred via exchange interaction: from the itinerant carrier spins to the localized magnetic

moments of the ferromagnet, as schematically depicted in Fig. 1.1c.

Although the vast majority of 3D TIs are part of the Bi-family and several efforts have been made
in growing different alloys, e.g., BiSbTeSe [42, 43|, these systems are yet not ideal topological
insulators because the bulk of these materials is not fully insulating. Thus, the exotic electrical
properties that are supposed to emerge from the topological surface states are polluted by
parallel bulk conductivity and, therefore, this contribution decreases the efficiencies generation
of spin currents in topological insulators. However, in 2011 it was first demonstrated that tensile
strained 3D HgTe is a 3D topological insulator [44]. In these systems, magnetoelectrical transport
is dominated by the topological surface states [45] and insights about their topological nature
were provided by proximitizing 3D TT HgTe with superconductors [46]. These investigations make
the 3D TI HgTe a promising, if not an ideal, candidate to explore the effect of the topological

properties in the generation of spin-torques in ferromagnetic materials.

Several attempts to demonstrate spin-orbit torques generated by Bi-based topological insulators
were reported in the literature (see Fig. 3.17 in Chap. 3 for a graphic overview). However, the
contradiction in some of these results, combined with experimental techniques that do not allow
for a direct assessment of how efficiently a topological insulator material system can generate

spin-transfer torques, leaves open questions that this thesis aims to carefully answer.
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1.4. THIS THESIS

HE utmost purpose of this Ph.D. thesis is to experimentally assess the suitability of the
3D TI HgTe system for spintronics applications. Moreover, since spin-torque experiments
involve the application of electrical currents and in-plane magnetic fields in the 3D TI HgTe,
this thesis also aims to carefully understand how the magnetoresistance response of this material
system is affected by the application of magnetic fields in its plane. The outline of this thesis is

organized as follows:

chapter 2 introduces the spin-orbit coupling and its consequences to semiconductors. The chap-
ter also introduces the concept of topological insulators, the band structure of HgTe and how
the topological insulator phase can be realized and characterized experimentally. The second
part of the chapter provides a brief review of the characterization of ferromagnetic materials and
the basic concepts of spin-transfer torques. Chapter 3 presents the mathematical description of
spin-orbit torques, along with the figures of merit to address the eligibility of the 3D TI HgTe to
generate torques in an adjacent ferromagnet. Additionally, the device fabrication and experimen-
tal setup is described in detail, along with a discussion and critical review of the experimental
results. The last part of the chapter discusses the perspectives on the SOT-FMR measurements
using topological insulators as spin-current generators. In chapter 4, the magnetoresistance of
the 3D TI HgTe will be studied in the presence of an in-plane magnetic field, followed by band
structure calculations attempting to explain the PHE and MR oscillation results. Finally, results

are summarized in chapter 5.
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Fundamental concepts

Spin-orbit coupling (SOC) is a key ingredient in the investigations described in this thesis. This
interaction between the charge and the spin of the electron plays an essential role in the spin-
splitting of semiconductor heterostructures [1, 2], in the anisotropy in the magnetoresistance of
ferromagnet materials [3], in the origin of topological insulators [4, 5] and in the spin-orbit torques
(SOTs) generated by them in ferromagnetic materials [6]. This chapter is organized in two parts.
The first part deals with key concepts of SOC and with the properties of HgTe, the material system
of interest in this thesis. The first section aims to briefly introduce the concept of SOC, followed
by its manifestation in semiconductor materials, where the Rashba and Dresselhaus effects will
be discussed. Then, the reader will be introduced to the concept of topological insulators and,
specifically to the 3D TI HgTe. A discussion of the band structure of this material and how it can
be engineered into a topological insulator will be provided, followed by experimental evidences of its
band structure. The second part of this chapter introduces concepts of ferromagnetism, how ferro-
magnets can be characterized with magnetotransport and ferromagnetic resonance measurements

and, finally, how spin-transfer torques can be qualitatively and quantitatively described.
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2.1. SPIN-ORBIT COUPLING

S PIN-orbit coupling (SOC) is an interaction between charge and spin of an electron. From
special relativity, an electron moving with velocity v in an electric field E experiences a

magnetic field B = —1 (U x E) in its reference frame, where c is the speed of the light. This

¢
motion produces a magnetic field at the location of the electron, which couples and it couples
with the electron spin as & x B, where & = (04,0y,0;) and o, 0, and o, are the Pauli matrices
[7]. In other words, the spin-orbit coupling is the interaction of the magnetic moment (spin) of
the electron with the effective magnetic field the electrons experience due to their orbital motion
around the nucleus. Assuming a radially symmetric potential V, the spin-orbit Hamiltonian for

a non-relativistic electron in vacuum can be written as

HSO,vac = Avaca : (E X VV) (21)

Here, Apae = —h2/4mg%c® =~ 3.7 x 1075A2, K, ¢, mg and k are the Planck’s constant, the speed

of light, the electron mass and the electron momentum, respectively [7, 8].

In solids, Rashba and Dresselhaus effects are manifestations of spin-orbit coupling [8]. SOC also
plays a significant role in the inverse Edelstein [9] and spin Hall [10] effects (where spin-polarized
currents can be generated in the absence of external magnetic fields) and it is the key ingredient
to understand topological insulators and the quantum spin-Hall effect [4, 5]. In spintronics,
spin-orbit coupling is at the core of power-efficient devices based on the spin degree of freedom
[6].

The following sections present a short review of the consequences of the spin-orbit coupling that

will be relevant for the investigations performed in this thesis.

2.2. CONSEQUENCES OF SOC IN SEMICONDUCTORS

N semiconductors, in the absence of magnetic field, spin degeneracy of electrons and holes
I is a combined effect of the inversion symmetry in space and time, given by the relationship
ET(E) =F i(l;:’), where “1” and “|” denotes up and down spins, respectively, and k the wave vector
for single electrons/holes. However, if carriers move through an inversion-asymmetric potential,
the spin degeneracy is broken even in the absence of an external magnetic field. For this scenario,
one obtains two energy dispersion branches, namely ET(I;) and E ¢(E) In heterostructures and
quasi-2D quantum wells, the spin degeneracy can be removed via a bulk inversion asymmetry
(BIA) of the underlying crystal or via a structural inversion asymmetry (SIA) of the confinement

potential.



2.2. CONSEQUENCES OF SOC IN SEMICONDUCTORS 15

Dresselhaus has shown that spin degeneracy is removed in crystals lacking an inversion symmetry
center, such as the zinc blende structure [1]. While a diamond structure is a face-centered cubic
(fce) lattice with a basis consisting of two atoms of the same type, the zincblende structure can
be seen as a diamond lattice, but with the two different atoms forming the basis of the fcc lattice.
Since HgTe crystallizes into a fcc lattice, the effects of the SOC in this type of structure will
be discussed in Sec. 2.3. Moreover, in 1960, Rashba demonstrated that an asymmetry in the
carrier confining potential also removes the spin-degeneracy leading to a spin splitting linear in
k[11, 12].

One way to qualitatively visualize how electrons “feel” the asymmetry in the spatial environment
is to look into the envelope function approximation (EFA), which in simple terms, is a slowly
varying modulation of the Bloch functions that oscillate rapidly in the lattice-periodic scale
[8, 13]. This is a valid approximation when the spatial scale at which the wave function varies is
larger than the lattice period. In the EFA, one can say that the potential variation is so slow that
the electrons feel just a macroscopic average of the crystalline lattice. For the case of SIA spin
splitting, the Bloch part feels the atomic fields while the envelope function feels the macroscopic
environment. Thus, structural inversion asymmetry (SIA) spin splitting can be obtained only
if there is both a macroscopic electric field and a microscopic electric field originating from the
atomic cores. On the other hand, bulk inversion asymmetry (BIA) spin splitting depends only

on microscopic electric fields [7, 8].

The inversion symmetry transforms the wave vector from k to —E, leaving spin orientation
invariant. If both inversion and time-reversal symmetries are present in the crystal, the dispersion
relations are degenerate, i.e., ET(E) = Ei(/;:’) One of the strongest manifestations of the SO
interaction is the lifting of the six-fold degeneracy of the valence band at k& = 0, where the
two-fold branch (with total angular momentum J = %) is lowered energetically. In GaAs the
spin-orbit split-off energy of I'7 is A ~ 340 meV [8]. The case of HgTe and CdTe will be discussed

in Sec. 2.3.

2.2.1. DRESSELHAUS SPIN-ORBIT COUPLING

-, -

I N crystals lacking an inversion center (such as GaAs, InSb, CdTe and HgTe zincblende struc-
tures), E4(k) = E|(k) is lifted. The bulk inversion asymmetry (BIA) changes the dispersion

relation in a way that, in systems where time-reversal symmetry is preserved, i.e., in the ab-
sence of magnetic field, only the relation ET(E) =F i(_E) is valid. For nanostructures such as
strongly confined two-dimensional electron gases (2DEGs) or quantum wells (QW) grown in the
(001)-direction, the leading order effect of BIA is derived from a bulk Dresselhaus Hamiltonian
[1] (see Eq. 3.29 in Ref. [7]) by taking the expectation value in the z direction and keeping only
terms linear in k. Therefore, the Dresselhaus contribution can be expressed via the following

Hamiltonian [1, 8]:
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Hp = B(ogks — oyky) (2.2)

Here, the parameter 8 represents the strength of the Dresselhaus spin-splitting, given in units
of eV m. This equation corresponds to the interaction of an effective k—dependent magnetic
field (named here as SO field) with the electron spin. Thus, the Hamiltonian for a 2DEG can be

written as [8]

(2.3)

Figure 2.1: Fermi contours derived from Eq. (2.3). The blue and red circles represent the inner (E) and outer (E_)
bands, respectively. Here, the arrows represent the orientation of the SO-induced field as a function of momentum
k, where k, corresponds to the [100] crystal direction.

The spin polarization representing the Hamiltonian in Eq. (2.3) are depicted in Fig. 2.1. Here,
the blue and red lines and arrows represent the respective inner and outer bands and the orien-
tation of the effective SO field. The inner and outer bands are now on labeled as E and E_,

respectively.

2.2.2. RASHBA-BYCHKOV SPIN-ORBIT COUPLING

Another way to lift the degeneracy of the energy bands is through a structural inversion symmetry
breaking. As an example, we take an asymmetric quantum well, lacking an inversion center in
the growth direction. In asymmetric barriers, an electron with charge —e experiences a “tilted”
energy potential V associated with an electric field E = —VV oriented along the growth direction.
In this way, electrons propagating in this electric field experience in their own reference frame

an effective magnetic field B.rs given by

ixE (2.4)

_ 1
Begr=—-3



2.2. CONSEQUENCES OF SOC IN SEMICONDUCTORS 17

with ¢ being the speed of light. This magnetic field is oriented perpendicularly to the direction
of propagation and to the electric field E. As shown by Vasko [14] and Bychkov and Rashba [2],
the term described above leads to an energy splitting between spin-up and spin-down electrons,

similar to the spin-orbit contribution in atoms.

For two-dimensional electron gases with electric fields along the z direction (for instance, a top
gate electrode), the effective magnetic field By is both perpendicular to the carrier velocity
and the electric field (see Eq. (2.4)). This SO-induced magnetic field will couple to the electron
spins and, therefore, the spins of the carriers are coupled perpendicularly to its momentum. The

Rashba Hamiltonian can be written as [2]

h2k?

where €, is the unit vector in the z-direction, i.e., in the growth direction.

The energy splitting between the E (blue) and E_ (red) bands is illustrated in Fig. 2.2a. In
this figure, Fy represents the degenerated energy bands in the absence of SOC. The respective
Fermi contours at the Fermi energy, EFr, along with the orientation of the effective magnetic
field (spins), is shown in Fig. 2.2b.

The parameter « is the Rashba parameter, a quantity that gives the strength of the spin-orbit
coupling and is often determined experimentally by the analysis of the Shubnikov-de Haas

oscillations of the resistance in an applied magnetic field.

The first experimental observations of Rashba spin-splitting were reported in III-V 2D het-
erostructures [15, 16] via magnetotransport measurements and for the surface state of Au(111)
via angle-resolved photoelectron spectroscopy (ARPES) [17], followed by subsequent investiga-
tions of the effect [18, 19]. Spin splittings were also observed for other materials and the typical
values for the a parameter are 0.67 x 107! eV m in InAlAs/InGaAs structures [20]. ARPES
measurements also show that for topological insulator systems such as BiaSes [21], the Rashba
parameter reaches values of about 4 x 1070 eV m, which is two orders of magnitude larger
than in typical III-V two-dimensional structures [15, 16]. For crystals formed by atoms with
large atomic numbers, the electrons experience not only the asymmetric confining potential from
the quantum well but also significative potential gradients due to the electron orbitals. For this
reason, the Rashba effect is particularly strong for these material systems. In Hg'Te the Rashba

parameter was reported to be of around 2 x 107 eV m [22].
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( )

A Energy dispersion

------------ E, (without SOC)

\ J

Figure 2.2: a) Schematic energy dispersion of a 2D free-electron gas induced by Rashba spin—orbit coupling. The
blue and red lines represent both inner (F+) and outer (E_) bands. Here, Fo represents the degenerated energy
bands, in the absence of SOC. b) Fermi contours at Er for the energy dispersion shown in a). The arrows represent
the orientation of the SO-induced field as a function of momentum k.
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Both Dresselhaus and Rashba SO couplings generate a “spin-momentum locking” of the electron
spin to its linear momentum and lift the spin degeneracy of the energy bands. Both Rashba
and Dresselhaus spin-orbit effects will be discussed in more depth in Chap. 4 in order to study

anisotropies in the magnetoresistance of HgTe in the presence of in-plane magnetic fields.

2.2.3. EDELSTEIN OR INVERSE SPIN GALVANIC EFFECT

One of the most striking consequences of the locking between momentum and spin is that an
applied electric field can induce not only an electric current but also a spin polarization. This
effect was suggested by Ivchenko and Pikus in 1978 [23] and further investigated in more detail
in the framework of the Rashba SO effect in a 2DEG [9, 24].

For a given Fermi energy where the inner and outer energy bands are occupied, the carrier
distribution is modified by an external electric field E and by scattering events. The electric field
accelerates the carriers in the direction of the field, thus, displacing the Fermi surface from its

equilibrium, as schematically depicted in Figs. 2.3a and 2.3b. This displacement is mathematically

described as kL = _egTi (where 4 correspond to inner and outer energy bands, respectively),
resulting in an unequal occupation of +k and —k states in the presence of an electric field [7].
Since in a Rashba system the spin and momentum of the carriers are locked to each other, a non-
equilibrium unequal occupation of carriers will also produce a non-zero spin density. According
to Edelstein, [9], the spin-orbit energy can be considered as the Zeeman energy of the electron

spins in the induced magnetic field and generate spin-polarization.

a) K, B b) K, E#0
y E=0 y T
< -
¥ AN ¥ A\
. — |
| | A —
< -—
\E_ Vol N E| A
. —>

Figure 2.3: Fermi contours and spin texture (arrows) of a 2DEG with Rashba SO coupling in the absence a) and
b) in the presence of an external electric field E. The carriers - here electrons - are accelerated in the direction of
the field causing a shift of the Fermi contours in k-space. The gray lines correspond to the equilibrium transport,
while the blue and red correspond to the inner (E ) and outer (E_) energy subbands, respectively. In the presence
of an electric field, the two Fermi contours partially compensate each other and a finite spin polarization oriented
in y-direction is created.
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In the Rashba system, for an electric field applied in the x- direction (E = FE), the spin

accumulation d6 is [25]:

mao
- ehEr

79 (2.6)

where j is the charge current density. The Edelstein effect is an important ingredient in the
generation of spin-polarized currents in topological insulators. Chapter 3 will show that an
electric field applied in the surface states of 3D TI HgTe can generate a spin polarization
that can be transferred to an adjacent ferromagnetic thin film, thus, applying torque on its

magnetization.

2.2.4. TOPOLOGICAL INSULATORS

Before we describe the role of SOC in topological insulators, it is instructive to first understand
the quantum Hall effect (QHE), which is a key signature of topology in two-dimensional systems.
This effect was first demonstrated in 1980 by Klaus von Klitzing [26], where he showed that
the Hall conductance of a two-dimensional electron gas at very low temperatures exhibits a
staircase sequence of Hall plateaus at a strong magnetic field applied perpendicular to the 2DEG.
The values of the Hall conductance are integer multiples of the conductance quantum, e?/h,
which depends exclusively on fundamental constants of nature and its precision is independent
of sample impurity, geometry or different electron concentrations. This precision was explained
in terms of topological invariants known as Chern numbers [27]. In simple terms, the Chern
number is an integer and is topological in the sense that it is invariant under small deformations
of the Hamiltonian [28]. Therefore, the preciseness of the Hall plateaus can be related to the
topological robustness of the Chern numbers. There are several considerations made to arrive at
this conclusion and the reader is referred to reference [28] and references therein for a didactical

explanation.

In 2005, Kane and Mele predicted the existence of a new state of matter which is protected by
topology, the Quantum Spin Hall insulator state in graphene [29, 30]. This state was predicted to
consist of two counterpropagating edge states with opposite spin polarization and, in contrast to
the QH state, no magnetic field is needed to create these edge states. However, an experimental
observation of the effect is not possible, since the energy scales at which the effect would be
observable are small, given that carbon is a very light element and, therefore, the SOC on it is
also small. Shortly after Kane and Mele’s work, Bernevig, Hughes and Zhang predicted that this
state of matter could be observed in other material systems, including HgTe quantum wells [31].
HgTe is special because both Hg and Te are heavy atoms, which leads to strong SOC, so that

relativistic corrections to the positions of the energy levels become relevant.

As it will be discussed in detail in Sec. 2.3.1, the combination of SOC and the heavy masses
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of HgTe lead to an inversion of the band structure of this material system. In simple terms,
in a trivial band structure, the conduction band (CB) is energetically above the valence band
(VB), resulting in a positive energy gap (see Fig. 2.5b for an example). For the case of HgTe, the
corrections mentioned above lead to a non-trivial band structure, where the VB is energetically
above the CB, i.e., its band structure is inverted (see Fig. 2.5a for an example). This inversion
of the energy bands also implies a change of the band topology in the system. Combined with
quantum confinement, HgTe (quantum wells) host a topologically non-trivial state, which gives to
the quantum spin Hall effect (QSHE). This effect was first observed in 2007 in HgTe/(Hg,Cd)Te
quantum wells with a critical thickness d > 6.3 nanometers, where it was demonstrated that the
conductance in this system exhibited the value of G = 2¢2/h [32].

The discovery of the QSHE paved the way for the prediction of three-dimensional topological
insulators (3D TIs) [33-35]. Topological insulators are quantum materials that have a band gap
like a normal insulator, however, they also possess topologically protected conducting surface
states resulting from the band inversion. These states are protected by the time-reversal symmetry
and nonmagnetic impurities or any other time-reversal invariant local perturbations cannot cause

elastic backscattering, making the conductance of these states very robust.

For the case of three-dimensional topological insulators, first discovered in 2008 in Bi;_,Sb,
[36], the electrical conduction happens at the surfaces of the material, while the bulk remains
insulating, i.e. an energy gap between the CB and the VB. As it will be seen in the next section,
3D TIs can exist because of the strong mass-velocity correction combined with strong SOC,
which causes the band ordering in some materials to invert [37]. At the boundary between a
material with band inversion and a material with normal/trivial band order, the energy bands
have to connect at the interface, leading to the formation of states at the boundary (surface)
between the two materials. These surface states have a linear dispersion at k ~ 0 - known as
Dirac cone - and cross each other in the so-called Dirac point (see Fig. 3.1a for an example).

These states can be mathematically described by the Dirac Hamiltonian [4]:

Hgyry = —ihop -V (2.7)

where vp is the Fermi velocity of the T'SS [4]. Since these topological surface states (TSS) are
a consequence of band inversion, they can only be destroyed if the band structure is strongly

modified, e.g. lifting the band inversion or closing the insulating bulk gap.

Similarly to Rashba systems discussed in Sec. 2.2.2, time-reversal symmetry of the surface
Hamiltonian imposes that electrons with opposite momenta (E and _E) have opposite spin.
However, this spin-momentum locking is fundamentally different from Rashba systems: since
TSS are a consequence of band inversion, elastic backscattering without spin flipping is suppressed,

making these states robust against magnetic disorder [4, 5].
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Although topological insulators were first discovered in Biy_,Sb,, strained HgTe was also found
to be a strong topological insulator [38, 39]. The next section will explore the band structure of

HgTe and its properties.

2.3. THE MicHTYy HGTE

N In the previous sections, we have introduced the spin-orbit interaction and argued that it
I is an important ingredient for the existence of topological insulators. HgTe is an unique and
versatile material system with strong SOC, which allows for the observation of different phases of
matter, such as Weyl semimetals [40] and topological insulators [32, 38, 39]. This section focuses

on the band structure of HgTe and how the topological insulator phase can be achieved.

2.3.1. BAND INVERSION OF HGTE

Since the 3D topological insulator HgTe is usually interfaced with CdTe, in this section we will
introduce relativistic corrections to the Hamiltonian describing HgTe and CdTe and show that
they differ drastically from each other. These corrections are significant for atoms with large
atomic number and, therefore, crucial for the understanding of the band evolution of HgTe and
CdTe. This section does not aim to give a detailed theoretical derivation of these corrections
but its goal is to qualitatively describe the most important terms leading to the band inversion
of HgTe. For the more interested reader, references [8, 37, 41] and references within provide a

detailed explanation of the following qualitative discussion.

As mentioned in the previous section, HgTe and CdTe bulk materials possess a zincblende lattice
structure. Also, II-VI compounds (the case of HgTe and CdTe) are direct gap semiconductors, i.e.,
the extreme of both conduction and valence bands are located at the I" point (k = 0). The top
of the valence band is composed by p-symmetric atomic orbitals and is six-fold degenerate, while
the conduction band is composed out of s-states and is two-fold degenerate (two spin states).
The Hamiltonian describing these bands without any relativistic correction will be generally
called H,,,.

As shown in Figs. 2.4a and 2.4b, the energy levels of CdTe and HgTe derived from the non-
relativistic Hamiltonian H,, are the same. The first correction to be included to the non-
relativistic term H,, is the Darwin term, Hp. This correction smears the effective potential felt
by the electron and changes its potential energy. This term is relevant for the orbitals only and,
therefore, does not have a significant impact in the energy band alignment of both compounds,
as sketched in Figs. 2.4a and 2.4b (yellow column) [37].

However, when the mass-velocity correction (H,y,,) term is taken into account, the band structure

of HgTe changes drastically in comparison to CdTe. This term shifts both the conduction and
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Figure 2.4: Relativistic corrections to the energy levels at the I' point for: a) CdTe and b) HgTe. Here, Hp,
represent the non-relativistic Hamiltonian, followed by the Darwin Hp, mass-velocity H,,, and spin-orbit coupling
Hsoc, relativistic corrections, respectively. Figure adapted from [37].

valence bands of both components toward lower energies due to the difference in the atomic
masses of Cd and Hg. The effect is not the same for s- and p-symmetric electrons and the impact
of the mass-velocity correction is about five times larger for s electrons in comparison to p
electrons [37]. Since the atomic mass of Hg is higher than Cd !, this correction is starkest for the
HgTe compound, lowering its conduction band (s-states) towards lower energies in comparison
to the CdTe compound (red column in Figs. 2.4a 2.4b).

Finally, the spin-orbit coupling term Hgoc breaks the six-fold degeneracy of the valence band
into I'; (two-fold degenerate) and I's (four-fold degenerate) bands. For CdTe, this splitting leads
to a positive energy gap (Eg > 0), however, in HgTe this correction leads to the inversion between
the 'y and the I's bands and, consequently, to a negative energy gap (Eg < 0). This situation

is illustrated in the green columns of Figs. 2.4a and 2.4b.

After understanding the origin of the band inversion in HgTe, one needs to be able to calculate
the band structure of these compounds. The next section will introduce the Kane Hamiltonian

and show how parameters such as the energy gaps of HgTe and CdTe can be calculated.

2.3.2. THE KANE HAMILTONIAN

Several of the subtleties of HgTe band structure and the derivation of the surface states are
obtained by the self-consistent & -p calculations based on the Kane Hamiltonian and the envelope

function approximation [13, 42]. The underlying idea is to use perturbation theory near one

' Mg = 200.6 u and Mcq = 112.4 u [37]
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energy extremum (usually & = 0) to approximate the band structure in the neighborhood. In
other words, the k - p method allows for the calculation of an effective band structure in the
vicinity of the I" point (k = 0) in the reciprocal space. In order to properly discuss its results, this
section aims to introduce the most relevant derivations and features of the Kane Hamiltonian.
A detailed derivation of the k - p method can be found in [8, 41].

Elliot [43] and Dresselhaus [44] pointed out that the SO coupling may also have important
contributions in the energy levels of the bulk semiconductors. In order to approximate the band
structure of the zinc blende crystals, 8-band k - p are considered. Since time-reversal symmetry

is preserved, these bands are doubly degenerate.

At k = 0, the conduction band, often dubbed as I'g, has s-like orbital character (I = 0) and
total angular momentum j = % The valence band has p-like character (I = 1) and splits in six
degenerated subbands: I's (j = 3) and the I'7 (j = %). The SO interaction splits the I's and
the I'; bands by an energy A. For HgTe, the spin spin-splitting is Agg7e = 1.08 €V while for
CdTe Acgre = 0.91 eV [41, 45]. The four I's bands remain degenerate at the I' point and are
often dubbed as heavy-hole (HH, m; = :l:%) and light-hole (LH, m; = :l:%) As an example, the
described bands are illustrated in Fig. 2.5b for the band structure of CdTe.

Since the splitting of the I'; band is far away in energy, it is appropriate to treat the coupling of
this band perturbatively in a 6 x 6 Kane model. Most of the HgTe properties can be qualitatively
described via the 6 x 6 Hamiltonian, apart from a renormalization of the band parameters for both
I's and I's bands [8]. Because of their symmetry, these bands can be written as a combination of
|S) (s-like orbital) and |X), |Y), and |Z) (p-like orbitals). The energy gap at k = 0 between the
I's and I'g bands is given by Fqg = E. — E,, where where FE. is the energy of the I'g band at k
= 0 and F, that of I's.

Thus, the six-component basis of orbitals can be written as:

‘F65+%> =j= %;mj = %> =[S =51,

Toi—5) =1i = 5ims = —3) = ISi4) = 5 1,

Tasty) = lj = Gomy = 3) = [HH: ) = —= (X i) 1

Tsitg) =1 = gimy = 3) = [LHi1) = 2= [(X +i¥) L =22 1]
Tuimg) = lj = gimy = —3) = [LH:]) = —= (X =i¥) T 422 |].
Tai—y) = li = yomy = —3) = [HH:) = —= (X =iY) |
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For a heterostructure grown along the z-direction, the 6 x 6 Hamiltonian is given by [46]

T 0 \f Pk. Pk 0
1 2 1
0 T 0 —L Pk, \@sz L Pk,
—Lpk 0 U+V -S_ R 0
HKane - \/? 1 1 (28)
§Pk.  — Pk —SL U-Vv C R
1 2 T
T5Pk+ 2Pk, Ri Ct u-v S5
1 t
0 J5Pk- 0 R S, U+V
where:
k2 =K%+ k2 ke = ky +iky k, = 0
H x + Y + — hzg 7 Yy vz — _Z%
h2
T=FEe+g— [(2F + 1)k + ks (2F + 1) ks

h2 9
U=FE, — Tmo (’Ylk?H + kz’Ylkz) ;
h2

V=g (1okf — 2kehs)

R= —2?;0 (\/ﬁuki — \/§’yk3> :

Sa = o B ({3, e} + [k,

2
C= n —k_ [k, k] .

mo

with Luttinger parameters v1, ¥2, 73, ¥ and F' characterizing the coupling between the bands,
f= (3 —72)/2 and v = (y3 + 72)/2. Here, [A,B] = AB — BA, {A,B} = AB + BA and
Ep = 2mgP?/h. The parameter P describes the coupling between conduction and valence bands.
The band structure parameters for HgTe and CdTe at 7' = 0 K are listed in Table 2.1.

| Ec (V) |[Ep(eV) | m | 72 | w | &« | F |
HeTe | —0.303 | 188 | 41| 05 | 1.3 | —04 | 0
CdTe | 1.606 188 | 1.47 | —0.28 | 0.03 | —=1.31 | —0.09

Table 2.1: Energy band gap (Eg), coupling between I's — I's (Ep) and Luttinger parameters. Taken from Ref. [46].

The 6 x 6 Hamiltonian can be used to calculate the band structure of HgTe, whose energy
bandgap is negative, meaning that the I's and the I's bands are inverted with respect to each
other. The inversion between I's and I's bands is a necessary condition to obtain topological

surface states. The inversion happens between I'g and all of I's. The I'y i are the relevant bands
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for the surface or edge states. It should, however, be reminded that unstrained bulk HgTe is a
semi-metal and that the topological insulator phase can only be achieved by opening the band
gap between the HH and LH bands that touch each other at the I point. As further discussed in
reference [40], HgTe is an extremely versatile material system, where different topological phases

can be obtained by via an ingenious strain engineering described in detail in [38, 39, 47].

A schematics of the relevant bands of HgTe and CdTe around the I' point is shown in Figs. 2.5a
and 2.5b, respectively.
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Figure 2.5: a) Schematics of the band structure of the relevant bands around the center of the Brillouin zone for
a) HgTe b) CdTe. Figure adapted from [31].

The CdTe compound is a semiconductor with positive band gap Fg ~ 1.6 eV between the I's i
(VB) and I'¢ (CB). However, the band inversion makes bulk HgTe a semimetal, with the CB
(formed by I's i) and VB (formed by I's y) bands degenerated at k = 0. In this case, the
band structure of HgTe gives a key ingredient to engineer a topological insulator phase (band
inversion). The next ingredient is the existence of an insulating bulk that, in its turn, necessitates

the opening of a band gap.

2.3.3. GAP OPENING IN HGTE

A gap opening in unstrained bulk HgTe (sketched in Fig. 2.6a) can be obtained via the application
of tensile strain. By growing HgTe (with a lattice parameter apgre = 0.6462 nm) on a substrate
with larger lattice parameter, such as CdTe (acqre = 0.6482 nm) [48], leads to an energy gap
opening between the I's i and I's 1 g bands, as sketched in Fig. 2.6b. In this case, the topological
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insulator phase is formed between the I's g and I's 1, bands.

a) Unstrained HgTe b) Strained HgTe

3

LH strain-induced

/ bandgap

Figure 2.6: Schematic band structure of HgTe around the Fermi energy near the center of the Brillouin zone of a)
unstrained and b) strained HgTe.

Realistic Hg'Te three-dimensional topological insulators samples are grown via molecular-beam
epitaxy (MBE), since this technique allows for high sample quality. MBE growth takes place
in ultra-high vacuum environment and appropriate temperatures. The desired elements are
evaporated and deposited onto a substrate of choice and the desired structure is formed. The
lattice mismatch of approximately 0.3 % between HgTe and CdTe allows for the growth of fully
strained HgTe layers up to 200 nm, while in thicker layers the strain is relaxed by the formation
of dislocations [38]. Theoretical predictions using an eight-band k - p model showed that the
energy gap opening in HgTe is very small, of around Eg ~ 22 meV [38].

2.3.4. EXPERIMENTAL EVIDENCE FOR THE BAND STRUCTURE OF HGTE

In order to verify the existence of topological surface states in strained bulk HgTe, ARPES
measurements were performed in a 1 gum thick HgTe layer on the (001) surface grown by MBE
[38]. Figure 2.7a shows the resulting spectrum. The main feature in this figure is the linear
dispersing band attributed to the surface states (SSB - originating from the inversion between
the I's . and I'g bands) coexisting with the bulk bands (BB - corresponding to the I's i band).
The Dirac point is assumed to be buried into the valence band, at approximately 30-50 meV
below the band edge.

Moreover, since the topological surface state is a two-dimensional system, one way to probe
electrically the existence of topological surface states in 3D topological insulators is via measure-
ments of the quantum Hall effect. In order to perform magnetotransport measurements in the
3D TI HgTe, the samples grown via MBE are patterned into a Hall bar via optical lithography,
where the length between the longitudinal voltage contacts is L = 600 um and the transversal
voltage contacts is W = 200 um. The lithography fabrication process will be described in detail
in Sec. 3.4. In a nutshell, the standard HgTe Hall bars are produced as follows: the HgTe and
(Hg,Cd)Te layers are etched away by argon plasma into the Hall bar desired pattern (mesa). A
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Figure 2.7: ARPES measurements on a 1 um thick HgTe sample. The dispersion of the surface state (SSB) and
bulk bands (BB) are indicated by the arrows. Figure taken from reference [38].

110 nm-thick insulator consisting of Si02-SigNy alternating layers is deposited on top of the Hall
bar via PECVD. A 100 nm thick Au (with 5 nm Ti sticking layer) gate electrode is deposited
via electron-beam evaporation on top of the insulator. Finally, the mesa contacts are obtained

by depositing 50 nm AuGe and 50 nm Au via electron beam evaporation.

Figure 2.8a shows a schematic of a Hall bar configuration and the experimental setup of typical
magnetotransport measurements, where an electrical current I flows through the sample from
contacts 1 to 4 and the longitudinal (transversal) resistance is measured between contacts 5 and

6 (3 and 5).

The magnetotransport measurements in the presence of an out-of-plane magnetic field can be
observed in Fig. 2.8, which shows the b) Hall resistance and c) longitudinal magnetoresistance
of a 70 nm thick fully (tensile) strained HgTe layer as a function of applied gate voltage V
taken at a nominal temperature of 20 mK [39]. The gate voltage V; allows for the tunning of
the carrier concentration in the sample. Several plateaus (due to the formation of Landau levels)
are observed in the Hall resistance R, and the longitudinal resistance R, shows Shubnikov-de
Haas (SAH) oscillations for a wide range of carrier densities (different V;). The maxima of these

oscillations correspond to the crossing of a Landau level with the Fermi energy.

The Hall plateau indexing in topological insulators (where the plateaus lead to a quantized Hall

conductivity o) is

. . 2
owy = (3435 +5% (2:9)

where, j* and j® are the quantum hall indices for top and bottom topological surface states,

respectively. For gate voltages V, = —1 V, only an odd sequenced quantum Hall effect was
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Figure 2.8: a) Hall bar schematics used to performed magnetotransport measurements and measured the lon-
gitudinal V,, and transversal V,, voltages. Three-dimensional plot of b) Hall resistance and c¢) longitudinal
magnetoresistance of a 70 nm thick fully strained HgTe layer as a function of applied gate voltage V, and out-
of-plane magnetic field. d) - f) Ambipolar QHE for HgTe capped with protective layers. The oscillations in Ry
(black lines) and QHE in R, (red lines) for different charge-carrier concentrations and labelled filling factors.
Figures a) - ¢) are taken from [39], d) - f) from [49].
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observed (Fig. 2.8b), confirming that the observed quantum Hall effect in strained bulk HgTe

indeed originates from the topological surface states.

The observation of quantum Hall plateaus for a wide range of carrier densities is surprising, since
the band gap of HgTe (of the topological insulator phase) is of the order of just Fg =~ 20 meV
[38, 39]. In order to explain such results, the authors in Ref. [39] phenomenologically searched for
an effective Hartree potential that kept the electrochemical potential in the band gap constant
for all gate voltages. Figures 2.9a and 2.9b shows k- P band structure calculations using a basis
of 6-orbitals gate voltage values V, = —1 V and V,;, = 5 V, respectively. The carrier density at
Vg=—-1Visn=235x 10" cm ™2 and at Vg =5Visn =20 x 102 cm~2. Here, the black
lines represent the conduction and valence subbands, while blue and red represent the top (TSS
in the figure) and bottom (BSS) topological surface states, respectively. The valence band will
be here dubbed as “camel back” due to its peculiar shape: the energy dispersion around k£ = 0
resembles an electron-like quadratic dispersion with small effective mass, while at finite k& values,
it presents a hole-like dispersion with a high effective mass. The resulting potential is shown in
Fig. 2.9¢ and its shape is understood as if the bulk and the topological surface states would be
electrostatically decoupled, resulting in two different dielectric constants for the distribution of
the potential in the sample: ¢ = 21 for the bulk and ¢ = 3 for the T'SS. For both gate voltage
values (V; = —1 V and V; = 5 V), the Fermi energy remains inside the band gap (as it can be
seen in Figs. 2.9a and 2.9b). With the tuning of the gate voltage, there is a shift in the position of
the Dirac point, while the Fermi energy of the bulk bands remains unaffected. This mechanism is
named as the “Dirac screening” of the topological surface states. Since these states are metallic,
they screen the applied external electric field and allow for tuning of the carrier concentration of
the TSS, but not for the bulk. At V, = 5 V, the carrier densities of both surfaces are different,
highlighting the fact that a top gate voltage influences the top and bottom topological surfaces
differently.

The fact that in the 3D TI HgTe the transport properties can be observed exclusively through the
topological surface states places HgTe as an unique topological material in comparison with the
Bi-based topological insulators, where parallel bulk conductivity hinders the desired topological

properties.

In order to improve the sample quality of the HgTe layers, (Hg,Cd)Te protective layers were
introduced as capping layers, allowing for high sample mobilities (1.5x 10° to 3.0x 10° cm?/Vs
for electrons and from 2.0x 10* to 9.0x 10* cm?/Vs for holes) and the observation of quantum
Hall effect for electron and hole transport regimes. Indeed, Figs. 2.8d-f show QHE in a 60 nm
thick HgTe layer that is sandwiched between two Hgg 3Cdg 7 Te buffer layers on top (5 nm) and
bottom (100 nm) at 7' = 0.35 K (the charge-carrier concentrations and filling factors are labeled
in the figures). For the transport in the p-type regime, a two-carrier behavior is observed. At

low magnetic fields, a positive Hall slope is observed, indicating that the electrical transport is
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Figure 2.9: k- P band structure calculations using a basis of 6-orbitals for gate voltages a) V; = -1 V and b) V; =

5 V. The dispersions of the top (TSS) and bottom (BSS) surface states are respectively depicted in red and blue.
¢) Resulting effective electrostatic potentials for V, = —1 V and b) V; = 5 V. Figure taken from Ref. [39].
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dominated by electrons. At high magnetic fields, the Hall resistance has a negative slope (hole
transport) and also exhibits plateaus. In recent years, several studies in 3D TI HgTe show that
the QHE observed in the p-type transport regime could be related to trivial (non-topological)
surface states known as massive Volkov-Pankratov states arising from the localization of hole

carriers. The nature of this two-carrier transport is further addressed in reference [50, 51].
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2.4. FERROMAGNETISM

ERROMAGNETISM originates from physics in the atomic level. Its underlying mechanism is
based on the fact that every electron possesses its own magnetic moment ji. The macroscopic
magnetization of a material is defined as the vectorial sum of the magnetic moments per unit of

volume, mathematically written as

L
Vv

=

M = (2.10)
where V' is the total volume of the specimen. Ferromagnetic materials present a net magnetic
moment M , even in the absence of an external magnetic field. This collective ordering is due
to the Pauli exclusion principle, which forbids two electrons with the same spin to occupy
the same quantum state in order to lower the Coulomb repulsion between them. Qualitatively,
ferromagnetism can be understood using the first Hund’s rule which states that, in order to
minimize the energy in the system, one should put as many electrons with spin, say “up” (n4),
into a partially filled atomic orbital before start adding electrons with spin “down” (n}). In
summary, in ferromagnetic materials, it is energetically more favorable for the spins to align in

the same direction, i.e, parallel to each other [52].

In transition-metal ferromagnets such as iron (Fe), nickel (Ni), cobalt (Co) and their alloys, the
magnetic character originates from a spontaneous and unequal occupation of the density of states
(DoS) for spin-up (n4) and spin-down (n) electrons populating the d bands at the Fermi energy.

The spin polarization P is defined as:

p_t—mn (2.11)
ny+mny

Figure 2.10 sketches how spin polarization can be achieved in paramagnetic and ferromagnetic
materials. In the case of paramagnetic materials, the population of electrons (density of states)
with spin up and spin down is the same (Fig. 2.10a). However, as it will be shown in Sec. 2.2.3,
an electrical current can induce spin polarization in paramagnetic materials, as schematically
shown in Fig. 2.10b. Note that in this case, the spin polarization is induced and will depend
on parameters such as the current density (see Eq. (2.6)), contrary to the case of ferromagnetic

materials, where the spin polarization is intrinsic, as depicted in Fig. 2.10c.

For the most known ferromagnetic materials, the spin polarizations are found to be Ni = 31%),
Co = 42 %, Fe = 45%, NiglFelg = 45%, COg4F€16 = 52% [53].
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Figure 2.10: a) Ocupation of spin states in paramagnetic materials, Er is the Fermi energy, P is the spin polarization
and red and blue arrows correspond to the density of states for up (n4) and down (n;) spins, respectively. Spin
polarization in b) paramagnetic and c) ferromagnetic materials.

2.4.1. ANISOTROPIC MAGNETORESISTANCE AND PLANAR HALL EFFECT

Another way to characterize ferromagnetic materials is via magnetotransport measurements. In
1856, William Thomson observed an increase in the longitudinal resistance of ferromagnets for
an in-plane magnetic field applied parallel to the electric current, while the resistance decreased
for magnetic field applied perpendicular to the current [52, 54]. This effect, called anisotropic

magnetoresistance (AMR), can be mathematically formulated em terms of resistivity as [3]:

Pza = pPL + (P|| —pL) COSQ(Cb) (2.12)

where ¢ is the angle between the current and the in-plane magnetic field, and p| and p, are the
resistivities for magnetic field parallel and perpendicular to the electrical current, respectively.
The AMR has a periodicity of ¢ = 180 degrees and its amplitude can reach values up to 2 % in
NiggFego [52].

There is also a corresponding tranverse resistivity, pxy, known as planar Hall effect (PHE) [55],

mathematically formulated as [56]:

puy = (p) — p)sin 6 cos(9) (2.13)

The origin of AMR (or PHE) in most 3d ferromagnets is thought to be dominated by the spin-
orbit coupling which mixes the scattering rates between the electrons in the s- and d-bands of
the ferromagnet. In simple words, since the SO term is proportional to LS , the spin dipole

moment (S) is aligned by the external magnetic field which, via SOC, results in an isotropic
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charge distribution for L = 0. For L # 0, the non-spherical charge distribution leads to different
scattering cross-sections for the conduction electrons (electric current) as the relative orientation
of the current and the magnetic field changes [52]. Although AMR (or PHE) is common in
ferromagnets and it will be used in combination with ferromagnetic resonance to quantify the
amplitude of the spin-orbit torques studied in this thesis (see Chap. 3), Chap. 4 will discuss the

observation of this effect in non-magnetic 3D topological insulators and its possible origins.

2.4.2. FERROMAGNETIC RESONANCE - FMR

Ferromagnetic resonance (FMR) is one of the most common ways to determine the properties
of ferromagnetic materials. This method was first introduced by Griffiths in 1936 [57] and later
formulated mathematically by Kittel [58, 59]. With this technique, several properties of the
most known ferromagnets and multilayer structures could be studied [60]. In this section, the
discussion of ferromagnetic resonance will be kept on a fundamental level and in the context of

thin ferromagnetic films.

The magnetization dynamics of thin ferromagnets can be investigated using the macrospin
approximation, which assumes that the magnetization of a thin film remains spatially uniform
during its motion and can be treated as a single macrospin. The magnetization vector is expressed
as m(t) = MT(:), where M; is the saturation magnetization. Mathematically, the magnetization
dynamics of ferromagnets can be described using the Landau-Lifshitz—Gilbert (LLG) equation,

given by [61-63]:

Tlﬁ:—vmxﬁeff—}—amxm (2.14)

where 7 is the gyromagnetic ratio defined as v = %42 = 1.76 x10'' s™* T~ [64] and H,sy the

effective magnetic field.

The first term in the Eq. (2.14) describes the magnetization vector precession around the effective
magnetic field, as sketched in Fig. 2.11a. The effective magnetic field considers not only the exter-
nal magnetic field but also intrinsic additional contributions such as the exchange, magnetoelastic

and anisotropy fields [52].

In the absence of external forces, the magnetization will precess indefinitely around the effective
magnetic field (or equilibrium direction). However, due to relaxation processes, the magnetization
vector will relax in a spiral motion until it aligns itself collinearly to Hsy, as sketched in Fig.
2.11b. The relaxation mechanisms are embedded into a phenomenological and dimensionless
parameter «, known as Gilbert damping parameter [62]. The damping term is an important
parameter to quantify changes in the magnetization dynamics due to several effects, such as the

absorption of microwaves.
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Figure 2.11: Precession of the magnetization M in the a) absence and b) presence of a damping term proportional
to M x dM/dt. ¢) Magnetization dynamics in the presence of anti-damping (AD) and field-like (FL) torques (see
next section).

In typical FMR experiments, an oscillating magnetic field H, s is applied perpendicular to the
static magnetic field H.rs. The oscillating magnetic field H, ; has frequencies in the GHz-range,
i.e., microwave frequencies. Hence, the magnetization will acquire a vector component perpen-
dicular to H.fy. When microwave radiation is absorbed resonantly by a ferromagnet thin film,
the magnetization will be tilted out of its equilibrium condition and precess around the effective

field Hc¢s. In other words, H, s leads to a torque in the magnetization vector.

In order to resonantly excite the magnetization precession, the microwave frequency w has to

match the precession frequency wy, given by [59]:

w = wo = YpoMeys (2.15)

where M,y is the effective magnetization. Charles Kittel showed that the resonance condition
depends on the shape of the ferromagnet [59]. Since the ferromagnetic structures investigated in
Chap. 3 (see Sec. 3.4.3) have dimensions length | = width w = 20 gum and thickness d = 25 nm,
the ferromagnetic slab can be approximated to an infinite plane and the resonance condition is
defined as [59]:

_ Mo
f - %\/Hext(Hext + Ms) (216)

where H;; is the external static in-plane magnetic field and M; is the saturation magnetization.
This approximation is valid under the condition H.,t = Hcyy, which is valid for materials with

small magnetic anisotropy, such as NiggFeyy studied in Chap. 3 in this thesis.

There are two possibilities to fulfill the resonance condition for precession to occur. The first
consists in keeping the frequency w of the H,; fixed and vary the eigenfrequency wp of the
magnetization by applying an increasing static magnetic field Hy;. The second way is to keep

the static magnetic field fixed and change the frequency of the oscillatory field. When w coincides
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with wp of the magnetization, (or experimentally, H,f = Hey:) the absorption of the microwave

field will be maximized.

The absorption of microwaves by the magnetization can be determined by measuring how much of
the RF radiation was transmitted and reflected at the resonance condition and it can be detected
by changes in the magnetic permeability of the ferromagnetic material. The magnetic permeability
(or susceptibility) is dependent on the Gilbert damping parameter and, as will be seen in Chap.
3, has the shape of a Lorentzian peak. Hence, changes in the magnetic susceptibility of the
ferromagnetic material cause additional reflection and absorption of the microwave radiation
which can be determined by analyzing the Lorentzian shape of the transmitted RF radiation. The
master thesis from Christian Jiinger [65] offers a comprehensive description of the experimental
setup used for the investigations in Chap. 3 and how one can perform analysis of the Lorentzian

lineshapes in order to extract physical quantities.

2.5. SPIN-TRANSFER TORQUES (STT)

ﬁ s it will be also seen in Chap. 3, a spin-polarized current can cause changes in the magnetic
state of a ferromagnet and, in case its amplitude is significative, it can cause the magneti-
zation to switch [66]. First proposed by Berger [67] and Slonczewski in 1996 [68], spin-transfer

torques occur in devices that exhibit non-collinear magnetizations.

Consider an electric current flowing through the multilayers sketched in Fig. 2.12. In this figure,
“blue” and “red” layers represent ferromagnets (FM) 1 and 2, respectively, and the middle “empty”
part a nonmagnetic spacer layer. The magnetization of FM1 is fixed/pinned (often dubbed as
reference layer) and the magnetization of FM2 can freely change its direction (free or recording
layer). As the current flows through the multilayers, the reference ferromagnet FM1 polarizes
the current in the direction of the magnetization (large blue arrow) which then enters the
nonmagnetic layer. It is important to note that the thickness of the spacer layer must be thinner
than the spin-diffusion length (a few hundred nanometers for Copper at T = 10 K [69]), so
that the current can still be spin-polarized when it enters the second ferromagnet. After passing
through the spacer layer, this current of electric charge and spin-angular momentum reaches
the second ferromagnet (FM2), where the spins aligned non-collinearly with the magnetization
are absorbed by the background magnetization, exerting a torque on it. This is the concept of
spin-transfer torque. The main message of this section is that the magnetic state of a ferromagnet
can be modified by spin-polarized currents, as already addressed in the introduction section of
this thesis. This change appears in the form of magnetization oscillations or even in the switching

of the magnetization in ferromagnets, as it will be discussed in Chap. 3.

In order to describe spin-transfer torques mathematically, the LLG equation (Eq. (2.14)) can be
modified by adding an extra term introduced by Slonczewski in 1996 [68]. The Landau-Lifschtz-
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Figure 2.12: Spin-transfer torque mechanism: a reference ferromagnetic layer (FM1) with fixed magnetization
serves as a polarizer for the electron spins flowing from one side to the other. The polarized current then flows
through a metallic layer and finally reaches the free ferromagnetic layer (FM2), where the spins are absorbed by
its magnetization exerting a torque on it.

Gilbert-Slonczewski (LLGS) equation is then given by:

T.ﬁ:—’yT?LXﬁeff+OéT?LX?7.7L+Tstt (217)

where 74 is the spin-transfer torque term.

The LLGS equation has three terms: (i) precession of the magnetization around the effective field,
(ii) relaxation of the magnetization towards its equilibrium position, where its magnitude depends
on the damping parameter « and (iii) a torque term 74 that is directly proportional do the spin-
polarization and acts as an anti-damping term when the Gilbert damping and the spin-torque
align along the same axis but in opposite directions. Chapter 3 will show the LLGS equation

can be applied in the context of spin-orbit torques generated by topological insulators.

As conceived by Slonczewski, the torque term can have two components, one in-plane and one
out-of-plane. The in-plane torque is known as the Slonczweski torque or “anti-damping” (AD)
torque and the out-of-plane torque is called “field-like” (FL) torque. The effect of spin-transfer
torque can be viewed as either increasing or decreasing the amplitude of the magnetic precession,

as illustrated in Fig. 2.11c.

The basic concepts briefly reviewed in this section will be discussed in more detail in Chap. 3,
where the spin polarization generated in the topological surface states of 3D HgTe TI will be

used to manipulate the magnetization of a ferromagnet using the FMR technique.
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Spin-orbit torques generated
by the 3D TI HgTe

The relativistic spin-orbit coupling is understood to play a fundamental role in enabling the gener-
ation of spin-polarized currents in nonmagnetic metals and semiconductors [1-3]. This current of
charge and spin can be transferred to an adjacent ferromagnet exerting a spin-orbit torque (SOT)
on it, which opens up mew opportunities to manipulate the magnetization of the ferromagnetic
layer in spintronic devices and to substitute conventional charge-based microelectronic devices
to devices based on spin functionalities. The figure of merit in the SOT scheme is the “charge-
to-spin conversion efficiency”, which enables the classification of which are promising material
candidates for such applications. Topological insulators are predicted to be ideal candidates to
generate spin-polarized currents due to the robust locking between the momentum and spin of
the carriers flowing in the topological surface states[4]. In this chapter, we evaluate if the 3D
topological insulator HgTe is a potential candidate to generate torques in ferromagnets by using
the spin-transfer torque ferromagnetic resonance (ST-FMR) technique, followed by a detailed de-
scription of the device fabrication and the mathematical modelling of the magnetization dynamics
of a ferromagnetic material under the action of spin torques. Finally, the perspectives for future

investigations of spin-orbit torques using HgTe topological insulator is presented.

45
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3.1. GENERATING SPIN-POLARIZED CURRENTS IN 3D TOPO-
LOGICAL INSULATORS

S mentioned in the introduction chapter, topological insulators are good candidates for
A the generation of spin-polarized currents because of the rigid locking between spin and
momentum of the electrons travelling in the topological surface states, as sketched in Fig. 3.1a.
The robustness of the spin-momentum locking against impurity scattering enables metallic
transport without significant spin relaxation or, in other words, the spin information is maintained

even after a large number of scattering events.

It has been predicted that spin accumulation in topological insulators can be obtained by applying
an electric field (or flowing an electric current) on the surface of a three-dimensional topological
insulator [4]. Similarly to the situation described in Sec. 2.2.3, the electrons in the Fermi surface
are accelerated in the direction of the field and more forward going electron states are occupied
than backward going states. This generates an electric current that, due to the spin-momentum
locking, is accompanied a non-equilibrium surface spin accumulation as sketched in Fig. 3.1b.

In this example, a current flowing in the z-direction generates a spin accumulation in the y-

direction.
a) b)
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Figure 3.1: a) Linear energy dispersion relation of a massless Dirac particle, where the red and blue arrows represent
the spins in the topological top and bottom surfaces, respectively. b) Sketch of the mechanism by which an electric
field E applied on the topological surface states generate a non-equilibrium spin density (or spin accumulation)
due to the rigid coupling between spin and momentum of the carriers.

At equilibrium, the spin expectation value of the electrons occupying the surface states vanishes,
however, the application of an electric field leads to non-equilibrium transport and, therefore,
to a finite spin expectation value. For a current flowing, say, in the y-direction j, = nevr, the

amplitude of the density spin accumulation is given by:
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Here, in order to be able to describe the nature of the SOTs, the torques arising from the
application of an electric field to an interface with broken inversion symmetry will be dubbed as
inverse spin galvanic effect (iISGE) SOTs.
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3.2. PaHvysics oF SOTS IN 3D TOPOLOGICAL INSULATORS

N topological insulators, spin-orbit torques originate from the spin density generated locally
I at the interface between the TI and the FM. The non-equilibrium spin density generated on
the surface of the topological insulator transfers angular momentum to the magnetization of
the ferromagnet via an exchange term, given by (A/2)é - m, where A is an exchange coupling
energy corresponding to the exchange between the itinerant carriers spins and the localized
magnetic moments of the ferromagnet. In contrast, in the SOTs generated by the spin Hall effect,
a spin current flows from the normal metal into the ferromagnet. In this context, the low-energy

Hamiltonian for topological insulators can be written as:

A

H=v6-(Fx %)+ (A/2)6-m (3.2)

It is important to note that this model can only be applied if the Dirac states are preserved.

The spin-orbit torques T are often interpreted as an effective magnetic field acting on the

magnetization of the ferromagnetic material and have the general form:

T=Amx3 (3.3)

Due to spin-momentum locking, in topological insulators the non-equilibrium spin density is
often aligned perpendicular to the direction of the electric field, being proportional to § o 2 x E

and, therefore, Eq. (3.3) is proportional to:

—

T 1 x (2 x E) (3.4)

Equation (3.4) already provides some insight on the nature of the SOT generated by topological
insulators. This torque, which acts out of the plane defined by the magnetization (field-like
torque), resembles the Oersted torques. Indeed, Ndiaye et. al. showed that the SOTs in topological
insulators possesses both in-plane (known as damping-like torque) and out-of-plane components
of the form [5]:

T':TFL’I’foquTDLmZ’I’?LX(fX,f?) (3.5)

where m, is the out-of-plane component of the magnetization, 777, and 7pr are the field-like
and damping-like torques, respectively. In that work, it is argued that the damping-like torque

(which is proportional to the out-of-plane magnetization component m.) disappears when the
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magnetization lies in the plane of the surface and, therefore, the torques caused by topological
insulators should be out-of-plane. This theoretical prediction is in stark contrast with SOT-FMR
measurements performed in Bi-families topological insulators. This discrepancy is often attributed
to the significant parallel bulk conductivity in these systems that changes the symmetry of the
SOTs and to the alteration of the surface of the topological insulator due to orbital hybridization

with the ferromagnetic metal.

It is also important to highlight that the form of torques presented in Eq. (3.5) have a similar
symmetry with the torques arising from the SHE, however, while the SOTs in topological insula-
tors arise from an exchange interaction between electron spins in the T'SS and the magnetization,
SHE-SOTs arise from the absorption of angular momentum coming from a spin-current generated
via the SHE. Due to interfacial effects and other contributions to the torque, there is not much

point in trying to disentangle the origin of both spin-current origins [6].

Lastly, several experimental studies assume that torques associated with absorption or transfer
of spin angular momentum have a dissipative character (anti-damping torque), while torques
arising from the iSGE are field-like torques. Again, these assumptions should be analyzed with
caution, since effects such as interband transitions, spin relaxation/precession can significantly
provide other contributions to the SOTs. In this case, symmetry alone cannot directly separate
the iSGE- and SHE-SOTs, but they remain a powerful tool to qualitative and phenomenologically

describe the spin-orbit torques.

Given the challenges and drawbacks in the interpretation of the SOTs presented in this section,
3D HgTe TI provides a reasonable platform to investigate SOTs since one of the key features
of this system is the absence of bulk conductivity and electrical transport dominated by the
topological surface states. Combined with state-of-art device fabrication techniques, some of the
drawbacks pointed out in this section can be excluded and/or minimized and will be described

in this chapter.

The next section deals on how to obtain a mathematical description of the SOTs in terms of

realistic experimental parameters.
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3.3. SPIN-TORQUE FERROMAGNETIC RESONANCE - THEORY

HIS section aims to introduce calculations based on the Landau—Lifshitz—Gilbert—Slonczewski
T (LLGS) equation, which describes the magnetization dynamics of a ferromagnetic material
under the action of spin torques and external magnetic fields. The amplitudes of the torques are
introduced in Sec. 3.3.1. In Sec. 3.3.2, the response of the magnet due to the current-induced
spin-torques, i. e., the generation of a DC mixed voltage, is derived. The calculations follow a

similar procedure as introduced in [7].

3.3.1. FMR AMPLITUDE UNDER THE ACTION OF SPIN-TORQUES

In order to investigate the current-induced spin torques exerted in the magnetization of the
ferromagnetic material, one needs to understand how the LLGS equation can be applied to
the topological insulator/ferromagnet (TI/FM) bilayer. For this purpose, the coordinate system
depicted in Fig. 3.2 is used. In this system, the unprimed coordinates are constructed based
on the orientation of the external magnetic field aligned in the y-direction, so that the average
magnetization is oriented predominantly in this direction. The primed coordinates give the
orientation of the sample geometry, where the RF current flows in the y’-direction. In the HgTe
layer, the orange arrow represents the current flowing through this layer and the red arrows
oriented in the z’-direction represent the spins of the top topological surface state oriented
perpendicular to the current direction (due to spin-momentum locking). The spins orientation

of the bottom topological surface state are not depicted in this figure.

Figure 3.2: Sketch of the reference system used for the topological insulator/ferromagnet bilayer. The current flows
through the device in the y'-direction and the external magnetic field Be,: is applied in the y-direction. The red
arrows in the HgTe layer depict the spin from the top topological surface states. In this figure, the spins of the
bottom topological surface state are not depicted. The green and blue arrows represent the torques applied in the
plane and out of the plane of the ferromagnetic material, respectively.
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As already introduced in Sec. 2.5, when angular momentum is transferred to a ferromagnetic
material, its magnetization will oscillate, producing changes in the magnetoresistance of the
ferromagnet. This spin torque on the magnetization can be observed at the resonance condition
as a change in the microwave absorption and/or linewidth of the ferromagnetic material. For
a ferromagnetic thin film with in-plane magnetization, the resonance frequency is given by
wd = V2 Bewt(Bewt + oM. tf), where wy is the resonance frequency, v is the gyromagnetic ratio
and M,y is the effective saturation magnetization (see Sec. 2.4.2 for an introduction to FMR).
By assuming an applied magnetic field and magnetization almost entirely in the y-direction and
also assuming that fields arising from shape anisotropy or crystalline anisotropy are negligible,

the magnetization unit vector 7 can be written as:

_ i)

i) = =3

= ma(t)E + § + ma(t)2 (3.6)

where M, is the saturation magnetization and 2 is the direction normal to the film plane.

The generalized LLGS describing the magnetization dynamics under the action of torques is

given by:

i = —yim X Hepp + i X i+ ol + 7,2 (3.7)

where v is the gyromagnetic ratio (1.76 x10's~!T—1), H, rf the effective magnetic field 7, and
T, are the torques applied in the # (in-plane) and 2 (out-of-plane) directions, respectively. The
effective magnetic field Herf in Eq. (3.6) is the sum of the external and demagnetization fields,
written as ﬁeff = ﬁwt — 1 EMeypyZ.

The in-plane torque 7, is along the m x (Z' x m) direction, while the torque out-of-plane, 7.,
is along the (' x m) direction. One should also notice that the Oersted field created by the
current flowing through the bilayer will also generate a torque in the same direction as 7., being

an additional contribution to the already described out-of-plane torque.

BBy adding the H,ys term and solving for z and z component, the LLGS equation can be written

as:

My :sz(He:Et_FMeff)_'—a(dgzz) + 7l (3 8)

d: A
m, = —ymgHeg — a(95%) 4+ 7.2

where « is the damping parameter.

Assuming torques of the form m, = mgoe’! and ignoring higher frequency components, the two

equations for the moment in z and z directions are expressed as:
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B iw(aTz0 4 Te0) + Y(H + Megs) 70
V2H? +yH(yMegs + 2iaw) — w(o®w — iay Mgy +w)

mMz0 (3.9)

- YHTp0 + iw(atyo — T20)
VH? +yH (YMeps + 2i0w) — w(ow — iayMeyy + w)

Mo = (3.10)

where H = H.,;. The equation above can be simplified by considering that the applied radiofre-
quency current excites the FMR dynamics with a small angle precession, i.e., the deflection
angle of M from the equilibrium position is small, resulting in a small damping parameter, so
that the approximation a? << 1 can be valid. In this case, the approximation a7 = iawr; ~ 0
can be made. The small angle approximation also implies that higher order in torques can be

neglected.

By taking these approximations into account, Egs. (3.9) and (3.10) can be simplified to:

W0 + ’7(H + Meff)TZO

= 3.11
YH(H + yMesy) + 2ioyw(H + Meyss/2) — w? (3:-11)

mgo

B YH T30 — twTs0
YH(H +~yMesy) + 2iayw(H + Mess/2) — w?

Mo = (3.12)

The resonance condition is defined by the Kittel’s formula as [8]: w = v/H(H + M¢sf) = wo.
Magnetic field amplitudes H between 0 mT to 300 mT typically give resonance frequencies
f = 5= up to 10 GHz, indicating these frequencies belong to the radiofrequencies (RF) domain.
The extracted parameters are available in Ref. [9]. Thus, Egs. (3.11) and (3.12) can be rewritten

as:

iwTpo + Y(H + Mess)T20

= 3.13
wg — w? + 2iacyw(H + Mes7/2) (3.13)

mzo

YH Tz — twTs0
wg — w? + 2iayw(H + Mesr/2)

mzy = — (3.14)

The equations presented in (3.13) and (3.14) define the in-plane and out-of-plane torques, re-
spectively. As already mentioned in the previous section, the in-plane torque 7, is oriented along
the m x (& x m) direction (Slonczewski or anti-damping torque). The out-of-plane torque ()
is along the (Z' x m) (field-like torque). Both torques are generated by the spin-accumulation in
the topological surface states of the TI, however, the out-of-plane torque encloses contributions
from the field-like and Oersted torques. One can estimate the field-like torque amplitude by
subtracting the Oersted contribution from the total torque. This matter will be addressed in the
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later sections of this chapter.

3.3.2. MIXING VOLTAGES

At this point, we were able to write the LLGS equation to the coordinate system sketched in Fig.
3.2, as well as to calculate the in-plane and out-of-plane torques exerted in the magnetization of
the ferromagnet. However, in order to quantify the magnitude of the applied torques, one needs to
be able to quantify the response of the magnetization in terms of realistic experimental parameters.
Ferromagnetic materials are well known for presenting a longitudinal resistance that depends on
the angle between the electric current I and the magnetization M of the film, the anisotropic
magnetoresistance (AMR). As described in Sec. 2.4.1, the resistivity is the largest for external
in-plane magnetic field applied parallel to the current direction and can be mathematically
expressed by AMR = Ry + AR cos?(¢). By using ferromagnetic materials in proximity with a
topological insulator, the RF current flowing through the bilayer structure will mix with the

resistance changes of the ferromagnetic material and generate a mixing voltage.

In the experiment, V;,;; is obtained from the DC voltage arising from the mixture of the RF
current and the resistance oscillations in the ferromagnet. In this situation, the RF current and
the oscillating resistance have the same frequency, therefore their product will generate a DC
rectified voltage. The RF resistance can be written as R = %&]ﬁ. The RF current is given by

0I = Ipp cos(wt) and therefore the mixing voltage can be written as:

Vinia = (6T - 6R) = (51 - @f) . 5p)

(3.15)

Viniz = (IrF coswt - (Zi) - Re(my))

where Re (my) is the real part of the torques that, for small excitations, oscillates sinusoidally
with a phase and amplitude that varies across the resonance condition and only its real component
contributes to the mixing voltage. Taking the contribution from the real parts of m, and m,
already calculated in Egs. (3.13) and (3.14), Vi, results in:

Vmix =

Lo (4R (qutara(@H M) _rolH M) L M LMYy

2 \dp (w? — w2)? + a2y2w?2(2H + M)?

The equation above can be written in a general form Vi, = I RF(%) [ATy0 4+ BT.o] where A and

B are given by:
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A yw?a(2B + poM)
(w2 —wd)? + a2y2w2(2B + poM)?
(3.17)
5 BB+ poM)* —yw?(2B + poM)

(@2 —wB)? + 02722 (2B + po M)

Defining A = ay(2H + M)/2 as the linewidth of the of the SOT-FMR signal, A and B in Eq.
(3.17) can be further simplified and the mixing voltage can be written in the following compact

form:

/ M
IRF dR 1 1+ﬁ
mix — T, TR X 7F Be:): z 7F Bew 1
v : ’Y<d@>lToA $(Bert) + 70 Fa(Ba) (3.18)

where Fg and F4 are the symmetric and antisymmetric Lorentzians lineshapes as a function of

the external magnetic field By, respectively. Their responses are written as:

2A)2w?
Fg(Beat) = @ u()g)QL ONEE (3.19)
Fa(Bext) = {W}Fs (3.20)

In this way, the symmetric and antisymmetric components of the mixed voltage can also be

written in the compact form:

Irr (dR 1
Vg =—BE (=2 - 3.21
5 2 7(ahp)ow (2B + o) ™ (3.21)

I 1+
v, = lBF (dR> - Vo Tm (3.22)

~ 2 \dp/ oy 2B+ poh)

The result obtained in Eqs. (3.21) and (3.22) is one central theoretical derivations of this chapter.
From these equations, the torques in- and out-of-plane can be calculated and their amplitudes
depend on a few parameters: the voltage amplitude that can be obtained by fitting the Lorentzian
lineshapes (Vs or V), the effective magnetization (M) and anisotropic magnetoresistance of the
ferromagnet layer (dR/d¢), the external applied magnetic field (Beyt), the damping parameter
() and finally the RF current flowing through the bilayer (Igp). Already from these equations,
one can observe that one of the key parameters to determine the spin torques using the FMR

technique is that it requires a quantitative determination of the Izp flowing through the HgTe/Py
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bilayer, which will depend on the device’s impedance and on the RF power losses due to the
construction of the measurement setup. It is also worth noting that the out-of-plane torque can
also originate from the Oersted field, giving an extra contribution to the out-of-plane torque. A
quantification of this type of torque will be derived in the following sections. A brief discussion

will also be made on this matter.

The mixing voltage encodes the response of the ferromagnet material from the torques exerted on
it. For the purpose of data analysis, the type of torque exerted in the magnetization is important
because it presents a different phase relationship between the driven frequency and the magnetic
response of the ferromagnetic material. The torques exerted in-plane and out-of-plane directions
induce a Lorentzian response and its lineshape depends on the resonance phase § between the
driven force (e.g. field-like or damping-like torque) and the response of the magnetization to
the applied torques (e.g. anisotropic magnetoresistance or tunneling AMR). The torque exerted
in the plane of the ferromagnet (anti-damping or Slonczewski-like torque) gives a symmetric

Lorentzian response:

A
14 (f — fo)?/ A}

where A is the amplitude, f is the frequency, fy is the resonance frequency and Ag is the

(3.23)

half-width at half-maximum. The out-of-plane (“field-like”) torque, on the other hand, gives an

antisymmetric Lorentzian response:

B(f — fo)/Ao

T (= fo)?/A (3.24)

Figure 3.3 shows a schematic plot of the different lineshapes of the Lorentzian as a function of

the driving frequency in the sample.

a) b)

Vmix (V)

0 2 4 6 8 10 0 2 4 6 8 10
Frequency (GHz) Frequency (GHz)

Figure 3.3: Lorentzian lineshapes derived from a) Eq. (3.23) for the symmetric component and b) Eq. (3.24) for
the antisymmetric component.
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In this case, the analysis of V,,;; in terms of the symmetric and antisymmetric functions provides

information on the torques exerted in the ferromagnet.

3.3.3. DETERMINING SOT CONDUCTIVITIES AND EFFICIENCIES

The spin torque conductivity is determined similarly to the electrical conductivity, given by:

Jsi Jsi-L  Jsi-L 2¢  MitpagL
= = T;,—
E vV IRFZRF ! h IRFZRF’yCOS(gb)

(3.25)

where Jg; the ¢ component (in- or out-of-plane) of the spin current density absorbed by the
ferromagnet, E is the amplitude of the electric field, My, t,,,y and L are the saturation mag-
netization, thickness and length of the ferromagnetic layer, respectively, Igr is the RF current

flowing through the TI layer and Zgip is the device impedance.

The spin-torque efficiency (or spin-torque ratio) is the ratio of spin to charge current density in

the topological insulator, defined as [7]:

O, = Jai _ Tai _ rz-% Matmagl (3.26)
Jo O active h IRFZRF7 COS(¢)Uacti'ue

where 04etive is the conductivity of the topological insulator (active) layer and J¢ is the charge

density.
The contribution from the Oersted field generated by the current flowing in the active layer of

the device is

000 = eluOMstmag;;activeo'active (327)

and its contribution to the spin-torque efficiency is

eNOMstmagtactive
h

O1.0e = (3.28)
Having derived the mathematical descriptions of the spin-orbit torques and estimated that the
resonance frequencies will be in the RF domain, one needs to fabricate devices with several
desired properties. The next section will address the experimental methods used in the SOT

investigations.
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3.4. EXPERIMENTAL METHODS

HE fabrication of the spin-orbit torque devices based on 3D HgTe TIs have several details
T that are crucial to its fabrication. Such details are based on the physics of the SOTs and
a detailed description of the device fabrication aims to make the reader aware of how such
issues are experimentally addressed in order to obtain an optimized device with the desired

properties.

3.4.1. WAFER PREPARATION AND MESA ETCHING

The material used for the samples produced in this thesis is named “Q2805” and it consists of a
88 nm thick strained HgTe grown on GaAs substrate. A 55 nm thick bottom layer of (Cd,Hg)Te
is placed in between the substrate and the HgTe layer. Note here that the HgTe layer does not
have a cap layer. The processing of the sample starts by cleaning its surface with acetone in
an ultrasonic bath in order to remove any residuals due to its cleaving. The wafer is cleaved in
suitable pieces of (3x3) mm?. Subsequently, the sample is uniformly coated with liquid photoresist
and baked in a hot plate at 50 degrees Celsius, where the resist hardens and solvents partially
evaporate. Then, the sample is placed in contact with a partially covered quartz glass mask
where the desired pattern is drawn on it. By exposing the resist under a Hg vapor lamp (A =
365 nm), the pattern is “imprinted” on the sample and the exposed resist parts are solved with
a developer. Next, the structure is etched by Argon ion beam etching, where the accelerated
ionized atoms (Ar+) hit the parts of the sample surface that are not covered by the resist, leading
to the desired removal of the HgTe layer. The process just described is depicted in Figs. 3.4a
and 3.4b. For the devices produced in this work, the mesa has two patterns: one of them has
the shape of a Hall bar, present in the device for the sample characterization (see Fig. 3.6a).
The other pattern consists of two ferromagnetic squares. These squares are the building blocks
for the spin torque devices. The Hall bar has a width of W = 80 ym and a length between the
longitudinal voltage probe leads L =240 pm.

Figure 3.4: a) Schematics of the CdHgTe and HgTe layers. The HgTe layer has a nominal thickness of ¢ = 88 nm.
b) Schematics of remaining structure after dry etching, which is dubbed as “mesa”. The mesa has a height h =~
100 nm.
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3.4.2. TUNNEL BARRIER

After the mesa etching, a ferromagnet should be deposited on top of the HgTe mesa. However, as
previously discussed in Sec. 3.2, the ferromagnetic material can interdiffuse into the HgTe layer
degrading the topological surface states e/or creating an interface with unknown characteristics
and making it more challenging to attribute the origin of the SOTs. In order to avoid interdiffusion,
a thin diffusion barrier is placed between the HgTe and the ferromagnetic material. This barrier
shall have a few properties: a) it cannot be too thick, so that good electrical contact is kept
between the HgTe and the ferromagnet and b) it should be thick enough to efficiently prevent
interdiffusion. The diffusion barrier is only needed below the ferromagnet, i.e., on top of the mesa.
In this work, a thin layer of hafnium oxide HfOq of approximately 1 nm was grown via atomic
layer deposition (ALD) at 30° Celsius. ALD is a technique based on the alternating sequential
use of chemicals (precursors) that react with the surface of a material in self-terminating gas-solid

reactions. A typical ALD cycle consists of the following steps:

i) Self-limiting reaction of the first reactant (Reactant A - tetrakis dimethylamino hafnium
(TDMAH, Hf[N(CH3)2]4) ) and the sample surface

ii) Purging with argon ions to remove the reactants that did not react with the surface

iii) Self-limiting reaction of the second reactant (Reactant B - H,O) to prepare the surface again
for the reaction of the first reactant.

iv) Purging step

After depositing HfO via ALD, the insulator is etched away with acetone in ultrasonic agitation.
A schematic of the tunnel barrier is depicted in Fig. 3.5 and it has dimensions of (80 x 80)

pam.

CdHgT

Figure 3.5: Schematics of the HfO tunnel barrier (= 1 nm) represented by the red layer covering the HgTe mesa.
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3.4.3. FERROMAGNETIC SPUTTERING

Now that the surface of HgTe is protected against interdiffusion of ferromagnetic material into
it, the next step is to sputter Permalloy (NiggFep2) on top of the etched mesa. The samples
produced for this work have two different ferromagnets in the same device: one (FM1) with
dimensions (20 x 20) pm and FM2 with (20 x 10) pm. Both ferromagnets have a thickness tpyr=
25 nm. Permalloy (Py) is applied on top of the HgTe mesa by means of sputter deposition, where
Py atoms are ejected from the surface of a Py target due to several collisions with Ar atoms.
To protect Py from oxidation, a 10 nm-layer of Ruthenium (Ru) is also sputtered in-situ. Since

oxidized Ru is conducting, it provides a suitable cap for the Py thin film. A schematic of the

structure (mesa + diffusion barrier + ferromagnet) is depicted in Fig. 3.6a.

CdHgTe

Figure 3.6: a) Schematics of the HgTe mesa covered with sputtered Permalloy (grey) and separated by the HfO
diffusion barrier (red). b) Micrograph image of the etched mesa structure. c-d) Zoom in of both ferromagnetic
structures present in the device.

Figure 3.6b shows a microscope picture of the real sample indicating the structures described

above. Figure 3.6¢ shows partially the mesa and both ferromagnets zoomed in, while Fig. 3.6d
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shows one the ferromagnets, with dimensions (20 x 10) pum. In this figure, one can observe the

tunnel barrier (80x 80) um separating the HgTe from the ferromagnet.

3.4.4. MESA INSULATOR

The Hall bar insulator is grown via ALD and is composed of three layers: ZrOs/HfO2/Al2O3.
Reference [9] gives a detailed description of the need for trilayer insulator processing. The main
idea is to use AloO3 to avoid “cracks” in the previously used insulator (SiO2/SiaN3). In order to
prevent AlyO3 from getting in contact with HgTe, a zirconium oxide (ZrOz) layer is grown in
between. Finally, to protect AloO3 by being etched by the developer (TMAH) in the metallization
step, a layer of ZrOs is used to protect the AloOg layer. Lithography tests are described in Ref.
[9]. The device shown in Fig. 3.7 does not show the gate insulator, since in this particular device

a gate insulator was not used.

3.4.5. METALLIZATION OF THE COPLANAR WAVEGUIDE

Before describing the metallization of the coplanar waveguides in the sample fabrication process,
it is insightful to present a short introduction on the role of the CPWs in the experiments
performed in this thesis, as well as introducing its functioning principle. The next paragraphs

offer a short introduction to the CPWs used in this work.

Why using CPWs for STT-FMR measurements?

FMR can be excited by RF magnetic fields (up to 10 GHz) using a coplanar waveguide (CPW),
which conceptually consists of a central conductor that carries the current I (signal line), sur-
rounded by two ground plates on ground potential. A current I with a certain amplitude and
frequency flowing through the CPW generates a magnetic field according to Ampere’s law. This
magnetic field has components in-plane and out-of-plane. For the coordinate system displayed in
Fig. 3.8 and a RF current I flowing in the —z-direction, the generated magnetic field is primarily
oriented in the y-direction on top of the signal line. In the gap between the signal and the ground
lines, the field is oriented along the z-direction. The employment of a CPW on the experiments
performed in this thesis offers several advantages, where the most striking of them is that the
topological insulator/ferromagnet bilayer can be accurately inserted into the CPW by means of
optical lithography. In this way, oscillating in-plane or out-of-plane magnetic fields can be applied
uniformly in the device. Furthermore, electrical contacts (voltage probes) can be connected to
the final device, making its measurement straightforward. The other advantage of using CPWs is
that a wide range of frequencies can be driven through them. Thus, the frequency dependence of
the measured signals can be studied. All measurements presented in this chapter have coplanar

waveguides structured on GaAs substrates, with CdTe insulating layers.
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Figure 3.7: a) schematics of the produced layer stack, described from the bottom: CdTe substrate with HgTe mesa
(blue/green), HfO diffusion barrier (red), permalloy (grey) and gold metallization of the waveguide (yellow). b)
Micrograph image of the whole device, with CPW /FM devices and Hall bar. ¢) Zoomed in micrograph image of
permalloy patterned into the coplanar waveguide.
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z — electric field lines
b) ------- magnetic field lines

Figure 3.8: a) Schematics of a coplanar waveguide (yellow) on an insulator. The signal line has a width w = m.
The gap between the signal lines and the ground plates is s = m. b) Representation of the electric (solid) and
magnetic (dashed) field lines in a CPW for a current flowing in the depicted direction. Figure taken from [9].

Since the AC currents are applied to CPWs, one of the very important points is the propagation
of electromagnetic waves through conductors, which can cause losses by reflections when reaching
obstacles such as connectors, loads, etc. In this situation, it is important to have the maximum
power transferred to the device, so that accurate excitation fields and frequencies can be applied
to it. In order to avoid RF power losses and/or reflections while the current is transmitted
through the CPW, the waveguide should be designed to have an impedance of 50 (2, a value
that matches the wave propagation impedance of coaxial cables connectors and signal generators
used in the experimental setup. This can be done by using the software provided by SONNET.
The impedance matching of 50 2 depends on the geometry of the device, such as the width of
the signal line “w” and the gap between signal and ground lines “s”. Since all cables and RF
equipment are conventionally designed for 50 Ohm, this optimal impedance for the CPW can
be obtained by using standard available softwares and for the devices investigated in this work,
the signal line width w = 20 ym and the distance between the signal line and the ground plates
is s = 10 pm. In the geometry shown in Fig. 3.7b, one notices that the CPW is shorted. Having
the sample near the short ensures that the RF electric field is zero at this point, and / and B

are maximum.

The CPWs are incorporated into the HgTe/Py layer by means of metallization. This is imple-
mented by evaporating gold (Au) and deposited it on top of the structure defined by a negative
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photoresist. In this step, the gate electrodes as well as the electrical contacts for the Hall bars
are also metallized. The layer consists of 5 nm of titanium (Ti) and 200 nm of Au, where Ti is

used to improve the adhesion of Au to mesa insulator.
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3.5. EXPERIMENTAL SETUP AND CHARACTERIZATION

HE SOT devices fabricated via optical lithography need to be inserted into the cryostat
T to be characterized and measured. The sample is mounted inside a sample holder (red
dashed lines in Fig. 3.9a)) coupled to an insert equipped with the RF cables that is inserted into
the cryostat. In order to transmit the RF current, coaxial cables are used. An overview of the

measurement stick and the sample holder is shown in Figs. 3.9a) and 3.9b), respectively.

As described in Sec. 3.3.2, the Vj,;; response from the ferromagnet is a rectified DC voltage,
which can be detected by a DC voltmeter. However, since the amplitudes of the rectified voltage
in the TI/FM bilayer are small, in order to reduce the noise (i.e., in order to increase the signal
to noise ratio) of the measurements performed in this work, the lock-in technique was employed.
The amplitude of the RF current is modulated by a low frequency (f = 113 Hz) sinusoidal wave
signal (see Fig. 3.10b). The low frequency modulating signal is at the same time the reference
for the lock-in amplifier and thus, the response of the device can be detected with the phase-
locking technique. The V., in this case, is not a “pure” DC voltage, but a low-frequency voltage

resulting from the modulation of the RF current amplitude.

Figure 3.9: a) Picture of the sample holder mounted on the insert. 1 shows the loom copper cables used to contact
the sample to measurement equipments. 2, 3, and 4 top and middle part of the sample box with slit, respectively. 5
shows the bottom part of the sample holder and the RF connectors used to connect the PCB through the bottom
part of the sample holder are shown in 6. Semi-rigid coaxial cable in 7. Copper extension in 8 screwed on the
bottom part of the sample holder and plate 9 with screw-thread. Loom cables inside the tube shown in 10. b)
Photograph of the sample holder shown in red dashed lines in a). Holder with PCB 1b, sample 2b, RF connector
3b, bottom plate of sample holder 4b, and bond wires connecting the sample to the box 5b. Figure taken from [9].

In order to apply a RF current and simultaneously detect the low-frequency response of the device
(Vimiz), a bias tee is used in our setup. Conceptually, a bias tee can be viewed as a three-port
component, with one low-frequency DC port coupled via an inductor, one RF port coupled via
a capacitor, and a combined (RF+DC) port. Thus, the bias tee allows high-frequency signals
to pass through the circuit, but it blocks the AC response. The experimental setup used in
this work is depicted in Fig. 3.10. This figure shows a microscope image of the lithographically
produced device, where the HgTe/FM bilayer is inserted into the signal lines of the coplanar
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waveguide. A RF source generates a current with amplitude Iz and frequency fthat is guided
by the waveguide through the device. The V,;, response is measured with the already described

standard low-noise lock-in technique.

Bias Tee
11

a) source S “ l s

Ref Signal
Lock-in

b) Ire

AU LU LA LR L U PLALEUELA TLAL U ELA LU LA
e e e

Modulating signal

/\/\
\_/\/
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Figure 3.10: a) Schematics of the experimental setup used to study the SOT devices. The circuit includes the
device under study, a high-frequency signal generator, a bias tee and a lock-in amplifier. b) Schematics of the
technique used to obtain the rectified DC voltages. The Irr from the signal generator (green) is modulated by a
signal of lower frequency (red) and the final modulated Irr (blue) is the voltage arriving at the device. Figure b)
taken from [10].
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3.6. RESULTS AND DISCUSSION

s mentioned in the fabrication section 3.4, the spin torque samples have two devices (mesa
A—l— ferromagnet) in the same chip carrier. Here, the results presented at room-temperature
refer to sample “ST7 B” which have dimensions of (20 x 20) ym. The results at T' = 4.2 K refer
to sample “ST7 A” whose dimensions are (20 x 10) pm. Both devices ST7 A and ST7 B have
similar properties as the ones described in this thesis. The reader is referred to Refs. [11, 12] for

further details on both devices.

3.6.1. CHARACTERIZATION OF THE FMR SETUP AT ROOM TEMPERA-
TURE

In order to characterize the produced devices, the frequency dependence of V,,;, was studied
at room temperature (300 Kelvin). The setup used for the experiments is the one described in
Fig. 3.10. The amplitude of the RF excitation (“output voltage”) is V' = 500 mV and the angle
between the electrical current and the external magnetic is ¢ = —45 degrees. Figure 3.11a shows
a typical measurement of V,,;, as a function of the in-plane magnetic field for f= 5 GHz. For a
magnetic field of B;, = 38 mT, a resonance is observed. One can perform similar measurements
for different frequencies and increasing magnetic field range. The results is shown in Fig. 3.11b,
where the external in-plane magnetic field is swept from Be;; = (8-150) mT in 3 mT steps and
the frequency of the RF current Irp is stepped from f = (2-11) GHz in 100 MHz steps. In
this figure, the color code indicates the amplitude of the V,,;, normalized with respect to each
frequency maximum value. Figure 3.11b also shows that the amplitude of V,;; decreases at
higher frequencies and this can be explained by the higher attenuation of the RF current at high
frequencies REF.

The magnetic properties of the the ferromagnet can be extracted by fitting the resonance field

for different frequencies and model it using the Kittel equation [8], given by:

f = %\/Hemt(He:vt + Ms) (329)
T

Equation (3.29) is valid under the assumption that H, 7 & Hege. This is justified for materials
with a small magnetic anisotropy (Haniso =~ 0). This model also assumes that the magnetization

of the ferromagnet can be described in a macrospin picture.

Figure 3.11c shows the frequency f as a function of the extracted resonant magnetic field H,,
i.e., the magnetic field at which the ferromagnet is in resonant condition. From the Kittel fit, the
gyromagnetic ratio v and the saturation magnetization Mg can be extracted. These parameters

give a good indication of the quality of the ferromagnetic film. From the fit shown in Fig. 3.11c,
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the following values are found:

ArM, p = (412 +23) mT

(3.30)
B = (240 £5.3) GHz T~!

where the index “B” indicates these values correspond to the device ST7 B.

The values for the saturation magnetization M found for the other device in the chip carrier,
ST7 A, is smaller compared to ST7 B device, while the gyromagnetic ratio - is similar for both

devices:

ArM, 4 = (331 £29) mT

(3.31)
4 = (266 £ 10) GHz T~!

where the index “A” indicates these values correspond to the device ST7 A.

The errors in both the M, and ~ arise from the uncertainty (minimum to maximum) estimation
of possible fits. The measured values of the gyromagnetic ratio in this work is in good agreement
with the values reported in the literature for permalloy [13]. On the other hand, the saturation
magnetization M; is reported to be around Mg =~ 1 T, which does not fit the values found in
this work, even with a large uncertainty. This discrepancy may indicate inhomogeneities in the
sputtered Permalloy or that the magnetic field used (&~ 70 mT) was not enough to reach the

saturation magnetization (Mj).

3.6.2. FMR ANALYSIS AT T = 4.2 K

A similar procedure as the one implemented in the previous section is performed at 7' = 4.2 K in
the device ST7 A. The amplitude of the RF excitation is V = 600 mV and the angle between the
electrical current and the external magnetic is ¢ = —45 degrees. The external in-plane magnetic
field is swept from By = (0-300) mT in 5 mT steps and the frequency of the RF current Irp
is stepped from f = (2-13) GHz in 100 MHz steps. In this figure, the color code also indicates
the amplitude of the V,,,;; normalized with respect to its maximum value. The results are shown
in Fig. 3.12. The behavior observed in Fig. 3.12 is similar to the one observed in Fig. 3.11b. By
perfoming a Kittel fit, the extrated values of the saturation magnetization and the gyromagnetic

ratio for this device are:

A M, 5 = (1201 £ 297) mT

(3.32)
4 = (162 +£19) GHz T~}
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Figure 3.11: a) Measured mixing voltage Vin:e at room-temperature at a frequency f = 5 GHz and ¢ = —45
degrees. b) Frequency dependence of normalized Vi, amplitude as a function of the in-plane magnetic fied for
an angle ¢ = —45 degrees. ¢) Measured resonance frequency from b) and corresponding fits with Kittel formula

(Eq. (3.29)).
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Figure 3.12: Frequency dependence of normalized V,,;, amplitude as a function of the in-plane magnetic fied for
an angle ¢ = —45 degrees.

These values are in good agreement with the literature and, in comparison with the measurements
performed at room temperature, it might indicate that the saturation magnetization M can
be better determined at higher magnetic fields. These measurements establish that the devices
investigated in this work present the standard properties of ferromagnetic materials and are,

therefore, suitable for further studies.

Figure shows V,,;; as a function of the in-plane magnetic field for a frequency f = 6 GHz.
One can obtain the symmetric and anti-symmetric components of the mixing voltage by fitting
such a curve with Egs. (3.19) and (3.19), respectively. Both components lead to the in-plane
and out-of-plane torques computed by Eq. (3.21) and Eq. (3.22), respectively. The extracted
parameters will be discussed in Sec. 3.7.

3.6.3. ANGULAR DEPENDENCE OF Vj,iz

In order to analyze in more detail the symmetries of the in-plane and out-of-plane spin-orbit
torques using the SOT-FMR technique, angular dependence measurements of V,,;, were per-
formed. Figure 3.14 shows the angular dependence of the mixing voltage V,,;, separated into
symmetric and antisymmetric components at a temperature T' = 4.2 Kelvin and an excitation
voltage in the output of the voltage source of V' = 1.7 Volts. Here ¢ = 90 degrees mean that

current and magnetic field are perpendicular to each other.

At a first glance, this angular dependence seems to be rather complicated, however, it can be

partially understood from the contribution arising from the AMR of the ferromagnet. Since the
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AMR in these materials is written as R(¢) = Ry + ARcos?(¢) (where AR means the difference
in the resistance between current parallel and perpendicular to the in-plane magnetic field), it
follows that the AMR term contributes with the dependence % x cos(¢)sin(¢). The current-
induced torques arising from the spin Hall effect/inverse Spin Galvanic Effect (anti-damping) or

the out-of-plane (field-like) torque due to the Oersted field scale with cos(¢).

Since Vipiz %T, its angular dependence is given by V., oc cos?(¢)sin(¢), for both its sym-

metric and antisymmetric components.
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Figure 3.13: Measured mixing voltage Viniz at a frequency f = 6 GHz, with a typical Lorentzian fit. The symmetric
and antisymmetric lineshapes of V,,., are depicted in dashed green and blue lineshapes, respectively, while the
red curve shows the total fit.

From the angular dependence of V,,;, at T = 4.2 K, one can observe that its anti-symmetric
component fits well the predicted angular dependence, indicating that out-of-plane torques are
present in the bilayer devices. However, although the amplitudes of the in-plane torque are
measurable, its angular dependence does not follow such a prediction. These results are in
contradiction with the SOT-FMR, measurements performed at low-temperature using BisSes as
the topological insulator material, where the in-plane component of the spin-torque is present

and it increases with decreasing temperature [14].

This (lack of) angular dependence in the devices measured in this thesis implies that the in-
plane torque induced by the spin-polarization in the TSS is absent at low-temperatures or it
is contaminated by parasitic effects. Another way to interpret these results is provided in Ref.
[5], where it is argued that, due to the nature of the generation of spin-polarized currents (via
the inverse spin galvanic effect), the in-plane torque should be absent in topological insulators

interfaced with ferromagnetic materials with in-plane magnetization. This result only applies
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Figure 3.14: Angular dependence of Vi, at a frequency f = 5 GHz and a temperature T' = 4.2 K. The data
(dots) is fitted by a function Viniz o cos?(¢) sin(g).

when the Dirac states are preserved in the presence of the adjacent ferromagnetic layer. As
described in Sec. 3.4, a layer of HfO was used in between the HgTe and the Py to protect the
HgTe surface properties. Thus, it could be reasonable to assume that in-plane torques are absent

in our devices as predicted in Ref. [5].

Moreover, Ref. [6] corroborates this argument by mentioning that Bi-family topological insulators
show sizable bulk conductivity, suggesting that bulk states might play a role in the in-plane

component of the spin-orbit torques generated by topological insulators.

Further insight into the origin of the SOT in the devices investigated in this thesis can be
obtained from the measurements of the angular dependence of V,,;; at room-temperature (300
Kelvin). The measurements were performed in device ST7A at a frequency of f = 5 GHz with an
excitation voltage of V' = 750 mV. Figure 3.15 shows the angular dependence of the symmetric

and anti-symmetric components of V..

The most striking feature in these measurements is that both components have similar amplitudes
and that both components follow the expected cos?(¢)sin(¢) angular dependence, apart from
a phase between them. This result is reproducible in both devices (ST7A and ST7B) [12].
The angular dependence of the symmetric component of V,,;, is in stark contrast with the
measurements performed at T' = 4.2 K, where only the angular dependence of the anti-symmetric

component (and therefore the out-of-plane torque) was observed.
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Figure 3.15: Angular dependence of Vi, at a frequency f = 5 GHz and a temperature T' = 300 K. The data
(dots) is fitted by a function Vi, o< cos?(¢) sin(¢).

In the next sections, the spin-orbit torques will be quantified, followed by a discussion of the

obtained results.
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3.7. DETERMINATION OF THE SOT EFFICIENCIES

HIS section deals with the challenges in determining the electrical current flowing through
T the Hg'Te layer. Knowing the electrical current flowing through the HgTe layer is the impor-
tant parameter in the determination of the SOTs since, as already discussed in the theoretical
sections, the spin accumulation is proportional to the amount of charge current flowing through
the TI layer. To estimate the charge current/power arriving at the HgTe/Py bilayer, there are
several factors that must be considered in the experimental setup, such as the losses of the RF
cables and sample holder, the difference in impedance between the CPW and the bilayer and the
shunting of the electrical current through the permalloy. Additionally, in the presence of high
current densities, thermovoltage effects can compromise the reliable reading of the magnetization

state. These parasitic effects are discussed below.
(i) Attenuation of the RF power due to cables and sample holder

In order to correctly estimate the RF current flowing through the TI/FM bilayer, one needs to
characterize the coaxial cables used to transmit the RF signal because they cause the attenuation
of the RF power. After characterizing the losses arising from the RF cables, one can estimate
the current arriving at the bilayer. In Ref. [9], the attenuation of the RF lines used in the
experiments performed in this thesis was measured at temperatures of T' = 4.2 K and T" = 300
K using a vector network analyzer (VNA). A VNA consists of a source used to generate a known
signal (reference) and a set of receivers, used to determine changes of the signal caused by the
device-under-test (DUT). A signal is used as the input for the DUT and the VNA measures
both the signal that is reflected from the input side, as well as the signal that is transmitted
to the output side of the DUT. The amount of transmitted and reflected signals depends on
the impedance of the DUT. The VNA measures both the reflected and transmitted signals and
compares the resulting signal to the reference. The ratio of the transmitted to the reference
signal provides a transmission coefficient that indicates the attenuation of the RF cables. The
losses on the cables were characterized as a function of the frequency f. Figure 3.16a shows the
attenuation for both coaxial lines as a function of the frequency of the RF signal measured at T
= 4.2 Kelvin and T' = 300 K, respectively. The attenuation of both cables can be theoretically be
described by Eq. (3.12) in [9]. From that work, it was determined that the maximum loss (f =
20 GHz) of the coaxial cables is —6.8 dB at T' = 4.2 Kelvin and —12.8 dB at room temperature.
The measurements of the attenuation by RF cables provide the first source of losses of the power

arriving at the TI/FM bilayer interface.
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Figure 3.16: Measured attenuation in the frequency range of 1 GHz to 20 GHz at T' = 4.2K (blue) and RT (green)
including sample. Attenuation of the coaxial lines of the insert without the sample for RT (light green) and T' =
4.2K (light blue). Arrows indicating the difference between the attenuation of the insert to insert including sample
for both temperatures. Inset with scheme of sample holder. Figure taken from [9].
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(ii) Resistivity mismatch between the HgTe and Py layers

Another factor that influences the amount of current flowing through the HgTe/Py bilayer, and
especially through the HgTe layer, is the fact that the permalloy thin film is more conductive
than HgTe and, therefore, most of the current flowing through the device will be shunted through
the ferromagnet (see the quantitative analysis below). This indicates that at the bilayer interface,
most of the electrical current will be shunted through the Py layer and the spin accumulation
generated by the topological insulator surface states will be reduced. A precise quantification of
the resistivity of the topological insulator is rather cumbersome because it requires knowing its
average value at the interface between HgTe and Permalloy. This is hard to determine since the

addition of the Permalloy on top of HgTe could cause bend bending of the bands. Reference [7]

approaches this issue by mimicking the band-bending effects of the permalloy on top of BisSes.

In the case of the devices studied in this thesis, we adopt a different approach, by considering

the upper and lower limits of the resistance of both HgTe and Py.

One way to circumvent the resistivity difference in such devices is to couple topological insulators
to insulating ferromagnets instead of ferromagnetic metals, so that the majority of the current
flows through the topological insulator layer. A few investigations in this direction can be found
in the literature on topological insulator/magnetic topological insulator bilayers, where the spin
conversion efficiencies seem to be higher than in nonmagnetic metals [15, 16]. Coupling HgTe
with ferromagnetic insulators is not an option in our devices, Hg'Te is volatile at about 80 degrees
Celsius and the growth of magnetic insulators generally involves temperatures of a few hundred

degrees Celsius [17].

After understanding the factors that can influence the RF current flowing through the HgTe/Py
bilayer, it is clear at this point that the amplitudes of the spin-torques and efficiencies can only
be estimated and that such efficiencies should be always analyzed with great care. Assuming that
band bending at the interface of the two materials is negligible, one can determine the currents
by taking into account the attenuation of the RF cables and the resistivity of HgTe and Py. The

data used for this analysis is the same as the ones presented in Sec. 3.6.2.

The losses in the coaxial cables and in the sample box were determined from Fig. 3.16, which
shows the frequency dependence of the attenuation in units of dB. At a given frequency f, the
output voltage from the power supply will be attenuated by a factor in dB. For a temperature
of T' = 4.2 Kelvin, the initial voltage, i.e., the voltage at the output of the power supply has a
nominal value of V' = 600 mV. At a frequency f = 4 GHz, the RF cables attenuate the initial
voltage by approximately —6 dB, so that the voltage arriving at the signal line of the coplanar

waveguide is V;, ~ 300 mV, named V;, for “input voltage”.

Having the voltage drop at the device, one can estimate the current flowing through the Py and

through the HgTe layers. As already mentioned, estimating the conductivity /resistivity of the
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HgTe layer is a hard task and the following simplifications were made in order to estimate the

order of magnitude of the torques in our devices.

The longitudinal resistance value of the HgTe layer is obtained by measuring the Hall bar built
separately in the SOT devices. For simplification, this measurement was already performed in
the spin-pumping experiments in [9] and it was shown that the lithography process alters the
resistance of the sample. Indeed, for a Hall bar processed with the standard optical lithography
technique, the sheet resistance at V; = 0 V was found to be R, ~ 50 ©/00. However, with the
lithography process used to produce the bilayer devices, the sheet resistance increases to Rs ~
500 ©/0. These two values will be used as “lower” and “upper” limits to estimate the resistance
of Hg'Te in the SOT devices. Here, the resistance of a square conductive sheet, [, is the same
no matter its size, as long as it remains a square. The reader is made, again, aware that the
precise resistance value of the HgTe cannot be obtained by other means. Adopting these values
for the ST7 A device dimensions, the resistance of HgTe, assuming no band bending or diffusion

of permalloy into it, is Rpgre ~ (100-1000) €2 for lower and upper limits, respectively.

Following the same procedure, one finds that the resistance of Permalloy for the ST7 A device
dimensions is Rp, ~ 12 Q. It is clear from these values that most of the current will be shunted
through the Py layer, leaving a significant uncertainty on how much current flows through the
HgTe layer, whose resistance is approximately 10 to 100 times higher than Py. Knowing the
current flowing through the HgTe layer, one can use Egs. (3.21) and (3.22) to calculate the in-plane
and out-of-plane torques, respectively. Here, @ = 1 x 1072 was used [9, 11, 12]. The symmetric
and antisymmetric amplitudes of the torques were obtained by fitting the mixing voltage curve
with the symmetric and antisymmetric Lorentzian lineshape. For the estimation of the torques
at room temperature, the data presented in Sec. 3.6.1 was used and a similar procedure, as
described above, was performed. The calculated torque amplitudes for lower and upper limits at
T = 4.2 K are presented in tables 3.1 and 3.2, respectively. For the calculation of the torques
at room-temperature, we assume the lower limit resistance of HgTe at low-temperatures, Rygre
~ 50 Q, for the (20x20) um? device dimensions. The torques obtained at room-temperature are

presented in table 3.3.

The amplitudes of the torques obtained in this work at 7" = 300 K are similar to the ones
presented in Ref. [7] for similar investigations on spin-orbit torques generated by the BiSe
topological insulator. At T' = 4.2 K, the torque amplitudes differ from those values up to one
(two) orders of magnitude for the upper (lower) limits, respectively. This discrepancy in these
values comes from the definition of the “current-to-spin” efficiency. For the lower limit of the
HgTe resistance, there will be more current flowing through it, resulting in higher efficiency

values.
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f (GHz) | Igp (mA) | S (uV) | A (V) | 7 (T) 7 (T)
3.2 3.4 1.5 7.1 2.8 x107° [ 0.9 x107°
4.0 3.0 1.6 7.6 3.4 x107° | 1.7 x107°
5.0 2.8 1.8 5.5 4.2 x107° | 1.8 x10~°
6.0 2.5 1.8 4.2 4.8 x107° | 2.0 x10~°
7.0 2.4 1.0 2.2 2.8 x107° | 1.3 x10~°

Table 3.1: Parameters used in the calculation of the torques at different frequencies at 7' = 4.2 K and ¢ = 45
degrees for the lower limit

f (GHz) [ Irr (mA) [ S (wV) [A (V) [ 7 (1) [ 7. (T)
3.2 340 1.5 7.1 2.8 x107* [ 0.9 x10~*
4.0 300 1.6 7.6 3.4 x107% [ 1.7 x107%
5.0 280 1.8 5.5 42 x107* | 1.8 x107¢
6.0 250 1.8 4.2 4.8 x107% 2.0 x107°%
7.0 240 1.0 2.2 2.8 x107% | 1.3 x107*

Table 3.2: Parameters used in the calculation of the torques at different frequencies at T' = 4.2 K and ¢ = 45
degrees for the upper limit

J (GHz) [ Inp (mA) [ S (uV) [A (uV) | 7 (T) 7. (T)
3.2 3.0 40.0 —57.0 | 2.4 x107* | —=6.7 x107~°
4.0 2.7 24.8 —27.8 | 1.7 x107* | —4.6 x10~°
5.0 2.2 23.5 —25.0 | 2.0 x107* [ —6.4 x10~°
6.0 2.2 114 —11.2 | 1.1 x107* | —=3.5 x107°
7.0 1.7 6.7 —6.6 |88 x107° | —3.3 x10~°

Table 3.3: Parameters used in the calculation of the torques at different frequencies at 7' = 300 K (room temperature)
and ¢ = —45 degrees

From the torque amplitudes presented in the above tables, one finds the conductivities (Eq. (3.27))
for the in-plane and out-of-plane torques at low-temperatures: o] ~ (1 —50) x 10° 2¢ (Qm)~!
o1 ~ (1—20) x 10° 2¢ (Qm)~!

At room-temperature, the conductivity values are found to be:

o ~ (5—15) x 105 2¢ (Qm)~!
oL~ (2—4) x 105 2¢ (Qm)~!

These values are of the same order of magnitude as the ones presented at Ref. [7]. One can
still calculate the torque efficiencies from Eq. (3.28), which gives qualitative information on how

much of the electrical current is “converted’ into spin. The following values are found for T' =
4.2 K:

0”%1—20
GLzl—lo
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~

At room-temperature, the following torque efficiencies are calculated: 6 ~ 2

GJ_ ~ 0.5

At low-temperatures, the spin-torque efficiency can reach values up to 20, which is about 10 times
larger than that at 300 K. This value is comparable to the efficiencies reported in the literature
for BiSe and BiSbTe systems using SOT-FMR, measurement technique. Figure 3.17 is adapted
from Ref. [10] and shows the spin-torque efficiencies for different material systems. In most of
the Bi-based topological insulator systems, the spin-torque efficiencies increase with decreasing
temperature. In BiSe films grown by MBE, this behavior was attributed to the decrease of the
bulk contribution in the TI film, suggesting that the bulk states in BisSes “contaminate” the
contribution of the TSS to the spin-torque effects [14, 18]. In other SOT-FMR experiments using
the BiSe system, the spin-torque ratio was measured as a function of the thickness of the TI
thin films. In these systems, the decrease of the film thickness leads to lower bulk conductance
and electric transport dominated by the T'SS. In Ref. [19], the authors show that in BisSes TI
thin films (5-8 quintuple layers) the spin-torque signal is dominated by the T'SS and that bulk

contributions to the electric transport can weaken the spin-torque efficiencies.
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Figure 3.17: Figure adapted from [10] showing the summary of the SOT efficiencies of a variety of materials,
including the present investigation on 3D TI HgTe. The x-axis denotes the materials with their corresponding
measurement temperature and references as given in [10]. Here RT denotes room temperature.

In the experiments performed in this thesis, one would be tempted to state that that the SOT
efficiencies generated by the 3D TI HgTe are higher at low-temperatures because the conduction

is dominated by the topological surface states. However, there are several parasitic effects that
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can play a role in the accurate determination of the SOT efficiencies. The next section will

discuss some of the caveats in the origin of the previously discussed quantities.




80 3. SPIN-ORBIT TORQUES GENERATED BY THE 3D TI HGTE

3.8. CRITICAL REVIEW OF THE SOT EFFICIENCIES

S briefly mentioned in Sec. 3.6.3, the angular dependence of the mixing voltages significantly

differ at low- and room-temperatures. Figures 3.14 and 3.15 show that, at T = 4.2 K, the
angular dependence of the in-plane torque component does not follow the predicted angular
dependence (o cos?(¢)sin(¢)). On the other hand, estimations of the spin-torque amplitudes
indicate values comparable to similar investigations in the literature [7] (see table 3.1 and table
3.2).

(i) 3D TI HgTe at low- and room-temperatures

From the physics point of view, there are fundamental differences when it comes to the behavior
of strained 3D TI HgTe at low- and room-temperature'. It is known that the bandgap of
semiconductor materials decreases with increasing temperatures [20]. In the samples studied in
this thesis, the bandgap opened via strain between the I's 1 and I's 1,z bands is about 10—20
meV. At room temperature, the energy of the carriers is E ~ 25 meV and it is reasonable to
consider that the electrical transport is no longer dominated by the topological surface states,
but rather by bulk states. Several theoretical works in the literature suggest that the bulk states
might enhance the damping-like torque [21, 22], which could be a candidate to explain the
presence of both in-plane and out-of-plane torques at room temperature. At low temperatures,
where only topological surface states contribute to the conduction, the angular dependence of
the in-plane component of the torque does not follow a clear symmetry, indicating that in-plane
torque components might not be present in our devices. As already discussed in Sec. 3.2 and
in Ref. [5], the in-plane component of the torque is proportional to the out-of-plane component
of the magnetization (7'” x my). For the devices investigated in this thesis, the out-of-plane
component of the magnetization of permalloy disappears, since the films are thin (~ 25 nm) and

the magnetization predominantly lies on the x, y-plane.
(ii) HfO tunnel barrier

Another factor that might be crucial to undoubtedly identify the origin of the torques in the
TI/FM devices is the quality of the diffusion barrier separating HgTe from Permalloy. Since the
spin-orbit torque originating from the iSGE relies on the overlap between the wavefunctions of
the carriers in the TSS and in the ferromagnet, the properties of the barrier play an essential
role in interpreting the results described above. The main feature of a tunnel barrier is that it
should be simultaneously thin (around 1 nm to 2 nm) to study the SOTs and thick enough to
guarantee that electrons flowing through the TSS do not flow through the ferromagnet.

For the situation where the insulator thickness is too thin, “defects” or conductive shorts through

Tt is worth to mention here that, so far, it is not clear if the strain in the HgTe remains constant at low- and
room-temperatures
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the insulating barrier, known as pinholes can cause the shunting of the HgTe and the permalloy
thin film. Moreover, if the barrier is too thin, Py could diffuse into HgTe yielding degradation of
the topological surface states, modification of the interface chemistry [23] or their different work
functions could lead to the Fermi level position variation [24, 25]. Several similar works reported
in the literature do not avoid this interdiffusion and deposit the ferromagnetic material directly
onto the topological insulator. Scarce reports are found on the literature addressing this issue,
being one of them the work in [26] that employed an 8 nm-thick copper spacer layer in between
BiSeTe TI and 10 nm of Permalloy in order to study the Fermi-level-dependence of the spin-orbit
torques. They were able to show that the thickness of the Cu spacer can greatly influence the

amplitude of both in-plane and out-of-plane torques.

For the case in which the HfO tunnel barrier is too thick, the reader is reminded that the surface
state spins couple with the magnetic moments of the ferromagnet through an exchange term
H.p =-Acpith - S. If such overlap is not guaranteed, it is likely that the in-plane torque will be
absent and the out-of-plane torque component originating from the Oersted field dominates the
SOT amplitude. The estimated efficiencies arising from the Oersted fields in the devices studied
in this thesis can be computed from Eq. (3.27) and are found to be 6pc rr = 1.5 and Ooc 17 =
5.0 for room- (RT) and low-temperatures (LT), respectively. These efficiency values clearly state
that Oersted fields could play a role in the out-of-plane torque efficiencies, especially at room
temperatures, where the in-plane torque efficiencies are estimated to be #; =~ 0.5. However,
given the uncertainty in the determination of the electric currents flowing through the HgTe
layer, one is not able to disentangle between the torques arising from the Oersted field and the

SOTs by the spin-polarization in the topological surface states.

It is worth mentioning that spin-pumping FMR experiments performed at room temperature in
3D HgTe TIs showed that a ~ 1.6 nm-thick HgCdTe can be a suitable barrier to protect the
surface states of HgTe and it can lead to very high spin-to-charge current conversion rates [27].
In the same work, the authors also demonstrate that the insertion of a Cu spacer layer instead of
HgCdTe leads to small conversion efficiencies, even in comparison to NiFe in direct contact with
HgTe. Their results suggest that the metal /insulator in contact with the topological insulator is

a crucial parameter in experiments involving spin-torques or spin-pumping.
(iii) Thermoelectric effects

One main difference between the measurements described in Sec. 3.6.3 is that the excitation
voltage used in the measurements at low temperature is twice as high in comparison with the
measurements at room temperature. The use of high power/voltages combined with a ferromag-
netic metal with low resistance can lead to the heating of the permalloy and, consequently, to
thermovoltages at the interface of the bilayer, contaminating the reading of the mixing volt-

age.
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Because of the different conductivities of HgTe and permalloy, it is likely that most of the
electrical current will be shunted through the permalloy layer. If the RF currents applied to the
TI/FM bilayer are too high, this could lead to the heating of the ferromagnetic film while the
TI layer remains “cold”, i.e., at T' = 4.2 K. As a potential difference between two points in a
metal generates an electrical current, a temperature difference also generates electron transport.
When a thermal gradient is present in a ferromagnetic metal or semiconductor, an electric field
perpendicular to both the temperature gradient and the magnetization is generated [28]. The
thermopower response will depend on the material constituting the junction and on its density
of states (DoS).

In the case of the HgTe/Py bilayer, this thermal parasitic effect should be considered and un-
equivocally identified in the analysis of the experiment, as it can give rise to a significative
contribution for the V,,;, response of the ferromagnet. Previous studies of the effects of temper-
ature gradients in ferromagnetic semiconductor junctions were previously studied in our group.
Naydenova et. al showed a voltage response to a temperature difference across the interface
between (Ga, Mn)As/GaAs junctions [29].

If thermoelectric effects are present in the HgTe/Py bilayer, the mixing voltage signal measured in
our experiments could be poisoned by the thermovoltage, in a way that both symmetric and anti-
symmetric components can no longer be reliably determined. The current densities calculated
for the studies at low temperatures are j ~ 10°A/cm?. These current density values are one
order of magnitude lower in comparison with values reported on investigations of magnetization
switching of bilayers consisting of heavy metals (Ta) and magnetic tunnel junctions [30]. On
the other hand, the current density values found here are similar to the ones reported on the
investigation of the magnetization switching of BiSe/Py bilayers measured via magneto-optic
Kerr effect (MOKE) [19]. Given the intrinsic inaccuracy on the determination of the current
flowing through the HgTe/Py bilayer, one cannot reliably assess if thermoelectric effects might

poison the reliable reading of the magnetization state/oscillations.

A similar experiment as the one reported by Naydenova et. al. was performed on HgTe/ZrO/Py
layered structures by K. Martin [31]. In this type of structure, in order to measure the ther-
movoltages at the 2f frequency, electrons should flow only through the HgTe heating channel.
However, due to non-uniform barrier thickness, the electrons can also flow through different
current paths and, therefore, the 2f voltage detection is contaminated by the 1f contribution

and the reliable reading of the thermovoltages in these systems becomes challenging.

For the investigations performed in this thesis, the SOT device geometry does not allow for a
study of the thermoelectric effects and/or the quality of the tunnel barrier in the SOT devices.
However, the goal of this discussion is to make the reader aware that any SOT efficiencies
and angular dependences should be analyzed with extreme care, since these parasitic effects

may originate a significant uncertainty on identifying if SOTs are present in our devices and in
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determining their origin and amplitudes. The interested reader is referred to Ref. [31] for further

investigations about thermoelectric effects.
(iv) In-plane MR of the 3D TI HgTe

Last, all the measurements performed in the SOT devices assume that an in-plane magnetic field
does not affect the magnetoresistance of the 3D TT HgTe. However, Chap. 4 will demonstrate that
this is not the case and that, indeed, in-plane magnetic fields modify the MR, of the topological
insulator. The extent of this influence in the SOT-FMR measurements is out of the scope of
this thesis. However, some early “hints” on the influence of the in-plane magnetic field in spin-
pumping FMR experiments are discussed by C. Jiinger and the reader is referred to his work
for further information [9]. As the reader can already conclude, there are a few experimental
parameters that play a key role in interpreting the results on the devices investigated in this

thesis.

As already discussed in Sec. 3.3.2, the RF current flowing through the device is a crucial parameter
in estimating the torques accurately. Moreover, before calculating the torque efficiencies, one
should be aware that several parasitic effects can contribute to correctly estimate these amplitudes

and that such efficiencies should be taken cum grano salis.

Ultimately, the studies performed in this thesis aimed to show that a proper and careful de-
termination of the spin torque amplitudes can be cumbersome, given that several effects make
it uncertain not only to quantify the SOT efficiencies but also raises the question if HgTe is
efficient in generating spin torques at all. Additionally, the nature of the FMR experiments,
combined with an indirect, model-dependent extraction of parameters, requires a careful under-
standing of the mentioned possible parasitic effects and their quantitative influence on the torque

efficiencies.

It is clear from the investigations reported here that, in order to reliably estimate the spin
torque efficiencies, one needs a tool that reliably writes the information in the magnetization and
undoubtfully and correctly reads its magnetic state. An elegant novel experimental approach is

presented in the next section.
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3.9. PERPECTIVES

S already discussed in the previous section, there are several parasitic effects that can
A influence the estimation of the current-induced spin-orbit torques using the FMR technique,
especially the estimation of the current flowing through the TI/FM bilayer. In order to circumvent
these challenges, one requires a device and experimental setup where the current flowing through
the bilayer is known or where the current flows only through the HgTe layer. In the framework
of the spin Hall effect, the works performed in [32] and [30] were able to demonstrate a spin
Hall effect-induced magnetization switching of an in-plane magnetized nanomagnet at room
temperature. By using a bilayer system consisting of a thin film of Tantalum and a magnetic
tunnel junction (MTJ) with different thickness and magnetization scheme configurations, both
works were able to demonstrate that the magnetization switches for critical currents in the
order of 107 A (cm) 2. These works were able to show that the spin current can cause not only

magnetization oscillations but also switch the magnetization of ferromagnets.

Compared to the SOT-FMR technique, the direct measurement of the magnetization switching of
a nanomagnet offers several advantages, such as the possibility to estimate the electrical current
flowing through the topological insulator layer and the direct measurement of the amount of
charge current needed to switch the magnetization of the ferromagnet. Another advantage is this
approach, is that thermopower effects could be avoided since one could send an electric current
pulse and wait for the system to cool down before reading the magnetization state. In this way,
the magnetization state can be reliably read, without contamination from spurious voltages.
However, a problem that could arise in such a measurement scheme lies in the spin texture of the
top topological surface state since, as discussed previously, an Oersted field can also switch the
magnetization of the ferromagnet. Moreover, if the Oersted field and the spins of the carriers in
the topological surface states are aligned in the same direction, the measurement of the spin-orbit
torque is compromised, since it is not possible to distinguish if the switching occurred due to
the spin accumulation in the surface states or due to the Oersted field. Reversing the direction
of the electrical current also does not provide insight in distinguishing both contributions, since
both the spin density and the Oersted field invert their signs with inverting the current direction.
An accurate determination of the SOTs generated from the iISGE on the topological surfaces can
be obtained if the Oersted field and the direction of the spin density are oriented in opposite

directions.

From this perspective, the experimental scheme depicted in Fig. 3.18 presents an alternative to
circumvent the parasitic effects rising from the SOT-FMR technique. In this scheme, a spin valve
device consisting of Py/Cu/CoFe is sputtered on top of the 3D HgTe TI, separated by a thin
insulating barrier. Spin valves are devices consisting of two ferromagnets (here Py and CoFe)

with in-plane magnetization separated by a thin conducting layer (Cu). Such devices exhibit
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Figure 3.18: Micrograph image of the produced HgTe/Py bilayer. Here, S and G stands for the signal and ground
lines, respectively. Permalloy (FM) is accurately placed into the coplanar waveguide by means of optical lithography.

giant magnetoresistance (GMR), a spin-dependent scattering effect where the resistance of both
magnetizations aligned parallel to each other is lower in comparison with the situation where
the magnetization of the ferromagnetic layers are perpendicular to each other, as depicted in
Fig. 3.18 (see the introduction section for further details). In the proposed experimental setup,
a current would flow through the HgTe TI layer and, due to spin-momentum locking, there will
be a spin accumulation at the interface whose angular momentum can be transferred to the
Py adjacent ferromagnetic layer. By keeping the magnetization of CoFe pinned in a specific
orientation, the transfer of angular momentum would yield the magnetization to switch from, for
example, parallel to anti-parallel state. This is called the “writing” step. The “reading” step can
be performed by electrically measuring the GMR of the spin valve by means of a metallic air
bridge contact [33], which allows the measurement of the resistance of the spin-valve. In this way,
the current-induced transfer torques in the TI/spin-valve bilayers could be measured directly via
the switching of the magnetization, without the need for indirect and model-dependent extraction
of torque amplitudes. For studies of SOTs in these type of devices, the reader is referred to K.
Martin Ph.D. thesis [31].
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3.10. SUMMARY AND CONCLUSIONS

N this chapter, we introduced the physics of the generation of spin-polarized currents in topolog-
I ical insulators and how they can be used to manipulate the magnetization of an adjacent ferro-
magnet. A thorough mathematical description of how the Landau—Lifshitz—Gilbert—Slonczewski
is applied to the TI/FM system was introduced, as well as how experimental quantities can
be obtained. The device fabrication section showed that its design should be carefully planned
in order to avoid parasitic effects that can influence the measurements of the spin-torque. The
measurement setup showed that the mixing of the RF current and the RF resistance will give
rise to a DC voltage, from which we can make an indirect quantitative measurement of the spin

torque efficiencies.

In the results section, the reader was made aware that, although the investigations in this thesis
show that HgTe might be efficient in exerting spin torques in adjacent ferromagnets, several
parasitic effects might contaminate the writing and the reading of the information in the ferro-
magnet, leading many times to overestimated spin efficiencies and/or ambiguous interpretation
on the origin of the spin-orbit torques. One important parameter allowing for a better estimation
of the torque amplitudes relies on knowing the current flowing through the HgTe layer, which
in turn depends on its conductivity. Determining such a parameter is extremely difficult since
band bending effects could play a role in the conductivity of the 3D TT HgTe layer. While other
reports mimick the bend banding in their material systems [7], in this investigation we did not
attempt to compute the conductivity of the active layer, but rather to establish a “lower” and
an “upper” boundary for its value based on how the sample fabrication process influences the

resistivity of the material.

When comparing the SOT efficiencies using 3D TI HgTe with other existent topological insulators,
the investigations in this thesis show that they are comparable [10], which would put HgTe as a
potential material for spintronics applications. However, the reader is in numerous opportunities
incentivized to maintain a critical attitude towards claims of high SOT efficiencies generated
by 3D topological insulators, in the hope to provide the reader with a stimulus to find possible

solutions for the discussed issues.

Moreover, an elegant approach was introduced in the perspectives section, where HgTe is combined
with a spin-valve nanostructure. This experiment will allow not to only know the current density
in the HgTe layer, but also to switch the magnetization of the ferromagnet, in stark contrast
with the investigations in this thesis, where the SOT could only cause resistance oscillations in

the Permalloy that could be measured only indirectly via the AMR effect.
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Galvanomagnetic effects in the
3D TI HgTe

In 1856, William Thomson observed an increase in the longitudinal resistance of ferromagnets
for an in-plane magnetic field applied parallel to the electric current, while the resistance de-
creased for magnetic field applied perpendicular to the current [1, 2]. Although anisotropies in
the magnetoresistance are understood to be a key signature of the magnetoresistance of ferromag-
netic materials [2], in this chapter we investigate the surprising observation of this effect in the
non-magnetic 3D TI HgTe. We start the chapter with the characterization of the devices used
to investigate this effect. Since the measurement setup requires a careful alignment between the
sample and the in-plane magnetic field rotation planes, the reader is guided through a section
on how to properly perform such an alignment, followed by electronic transport measurements
performed in two different devices. The reader is then introduced to band structure calculations
that attempt to model and explain such effects and to a detailed discussion of the challenges in

finding an unified model that explains our observations.

91



92 4. GALVANOMAGNETIC EFFECTS IN THE 3D TI HGTE

4.1. SAMPLE CHARACTERIZATION

HE sample that will be investigated in detail in this chapter is named “Q2830”. It consists
T of a 70 nm thick 3D HgTe topological insulator layer, grown on a CdTe substrate with 10
nm thick (Cd,Hg)Te top and bottom layers, as sketched in Fig. 4.1a. The samples are patterned
into a Hall bar configuration sketched in Fig. 4.1b, where the distance between the longitudinal
voltage contacts is L = 600 pm and the width of the Hall bar is W = 200 um. In order to tune
the carrier density of the topological insulator, the sample is equipped with a top gate electrode
(in orange in Fig. 4.1b) separated by a 110 nm thick SiO2/SizNiy4 insulator (not shown in the
figure).

a) Sample b) Hall bar
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Figure 4.1: a) Layer stack of device Q2830 used in the magnetotransport studies in this chapter. The device consists
of a CdTe substrate, followed by a 70 nm thick HgTe sandwiched between 10 nm thick CdHgTe protective layers.
b) The devices are shaped into a Hall bar geometry in order to measure the longitudinal (V;.) and transversal
(Vay) voltages.

In order to characterize the sample transport properties, quantum Hall effect measurements were
performed at T' = 4.2 K. Refering to the Hall bar schematics in Fig. 4.1b, an electric current I
flows through contacts 1 to 4. The longitudinal (transversal) voltages V. (V) are measured
between contacts 5 and 6 (3 and 5). The longitudinal (transversal) resistances R, (R.y) can be
calculated as Ry (Ray) = Vi (Vay)/1.

Figure 4.2a shows the amplitude of the longitudinal resistance R, measured as a function of
the applied gate voltage V; at zero magnetic field. From the data presented in this figure, one
can observe that the longitudinal resistance of the sample can be tuned with the application of
the top gate voltage. The behavior of the sample can be better understood in combination with
Figs. 4.2b and 4.2c. Figure 4.2b shows how R, and R, change as a function of the out-of-plane
magnetic field B,y for V, = 0 V. While R,, shows a positive slope with quantized Hall plateaus
(a key signature of topological surface states already discussed in Sec. 2.3.4), R, shows typical
Shubnikov de Haas (SdH) oscillations.
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Figure 4.2c shows the gate dependence of the transverse resistance R;, as a function of By
for different gate voltages (different colors). At V; = 2 V, the Hall resistance shows a positive
slope, which increases when the gate voltage is decreased. At V, = —1 V (where the longitudinal
resistance resistance reaches a maximum value in Fig. 4.2a), the slope of the R, curves shown
in Fig. 4.2c is not linear. At V, = =2V, the R, - B,y curve shows a positive slope for small
magnetic fields (= 250 mT) and negative slope at high magnetic fields. This behavior indicates
the presence of two types of carriers (electrons and holes) contributing to the electrical transport
[3].
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Figure 4.2: a) Gate dependence of the longitudinal resistance R, at B = 0. b) Magnetotransport measurements
performed at a gate voltage V; = 0 V. Ry, is depicted in light blue while Ry is shown in dark blue. c¢) Gate
dependence of the Hall resistance Ry in the presence of an in-plane magnetic field. d) A cartoon of the HgTe band
structure, depicting the topological surface states (TSS) and bulk conduction (BCB) and valence bands (BVB).

A cartoon of the HgTe band structure is shown in Fig. 4.2d. The red lines represent the topological
surface states (T'SS) and the green and blue bands represent the bulk conduction (BCB) and
valence band (BVB) bands, respectively. The dashed black lines illustrate the chemical potential

. As discussed in Sec. 2.3.4, this band is named camel back due to its peculiar shape.
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The positive slope of R;, observed in Fig. 4.2c corresponds to electrical transport dominated
by the electrons from the TSS (top part of Fig. 4.2d)). On decreasing the gate voltage, the
electrochemical potential crosses simultaneously the topological surface states and the camel
back bands, as illustrated in the bottom part of Fig. 4.2d. When Fig. 4.2d is analyzed in
combination with Fig. 4.2¢, one observes that at V; = —1 V R, does not show a defined slope,
indicating that electrons from the T'SS and holes from the camel back band contribute to the
electrical transport. With the further decrease of the applied gate voltage, more hole-like states
are populated and the Hall slope changes sign. For gate voltages V, = —2 V to —6 V, the
electrical transport is governed by the massive Volkov Pankratov states, as further discussed in
Ref. [4].

The calculated carrier densities can reach values up to n = 8 x10' cm™2 in the n-conducting
regime and n = —10 x10'! ecm™2 in the p-type transport regime. For the mobilities, it can reach
values from g, = 300x10% cm?/Vs and Mp = 30x10% cm?/Vs, where p,, and pip are the mobilities

in the n- and p-type transport regimes, respectively.

Although this simple cartoon model crudely illustrates the main features of the HgTe band
structure (and consequently its transport properties), the reader is reminded that, in real systems,

only a full calculation can account for the subtleties of the band structure.
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4.2. PLANAR HALL EFFECT MEASUREMENTS

HE planar Hall effect was first introduced in Sec. 2.4.1. In a few words, PHE is the angular
dependence of the transversal resistance RR;, in the presence of an in-plane magnetic field
[5, 6]. This effect is commonly observed in ferromagnetic materials, which also show anisotropic
magnetic resistance (AMR) [7]. In this section, we introduce the experimental observation of

PHE in the non-magnetically doped 3D topological insulator HgTe.

4.2.1. SETUP PREPARATION - AVOIDING PARASITIC EFFECTS

For the PHE investigations performed here, the device Q2830 described in the previous section
was used. Similar to the experimental setup introduced in Sec. 3.5, the Hall bar was glued into
a chip carrier and mounted into a sample holder, which is inserted into a dilution refrigerator
equipped with a 3D magnet, allowing for the application of a maximum magnetic field of B;, =
1 T in the -, y- and z-spatial directions (B,, B, and B, respectively). The base temperature
of the dilution refrigerator m is about 7' = 30 mK. A schematical of the experimental setup is
shown in Fig. 4.3a. An electrical current I flows through the sample from contacts 1 to 4 and
the longitudinal (transversal) voltage Vi, (V) is measured between contacts 5 and 6 (3 and 5).
In this configuration, an in-plane magnetic field (B;,) is applied in the sample plane. The angle
between the in-plane magnetic field vector and the electrical current is defined as ¢. Current and

magnetic field are parallel to each other at ¢ = 0 degrees.

PHE studies explore how the sample magnetoresistance changes in the presence of an in-plane
magnetic field, which requires a careful alignment between the sample and the in-plane magnetic
field planes. However, in realistic experimental setups, the sample plane is slightly misaligned
with the magnetic field plane of rotation by an angle 6 ~ 1-2 degrees. This misalignment can
have several origins, such as the mounting of the sample into the dilution refrigerator or the
amount of glue used to fix the Hall bar to the chip carrier. If the sample and the magnetic
field planes are misaligned, an out-of-plane component of the magnetic field generates an orbital
magnetoresistance that can hinder the magnetoresistance response one is interested to investigate.
In order to achieve reliable measurements, one needs to perfectly align the sample plane with
the magnetic field plane or, in other words, achieve 6 =~ 0 degrees. This is done by minimizing
the transversal magnetoresistance R, for current parallel to the in-plane magnetic field because
in this configuration the transversal resistance due to an in-plane magnetic field is expected to
be zero (see Sec. 2.4.1). This alignment is performed at high carrier densities (V; = 2 V), where
the Hall slope is strictly positive. For the investigations discussed in this chapter, angles as low

as 0 ~ 0.3 degrees were achieved.

The attention of the reader is also drawn to the fact that the angular dependence of R, rather

than R,, will be studied. This is because the sample misalignment cannot be fully excluded.
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Although the misalignment is very small, a large sample resistance could cause the contribution
from the orbital MR to be comparable to the amplitude of the AMR. Moreover, for the R,
measurements, the angular dependence of the orbital MR (arising from the out-of-plane magnetic
field component) has the same symmetry of the expected AMR response (oc cos(¢)?). In this
case, one cannot distinguish between the legitimate AMR arising from an in-plane magnetic
field and the orbital magnetoresistance. In the case of R,,, however, a misalignment between
the sample and the magnetic field plane (finite 6 values) gives opposite resistance values for,
say, current parallel and anti-parallel to the in-plane magnetic field. In this way, by summing
up both R, for positive and negative in-plane magnetic fields, one should be able to exclude

misalignment effects. This procedure will be shown in detail in Sec. 4.2.3.

Moreover, as it will be shown in Sec. 4.3.1, the longitudinal MR at strong in-plane magnetic
fields shows oscillations that cannot be explained by the orbital MR, arising from the sample

misalignment.

Since PHE measurements are performed under an in-plane magnetic field, one needs to ensure
that a non-magnetic chip carrier is used in the experiment, otherwise, its influence could “distort”
the in-plane magnetic field vector, leading to erroneous interpretations on the origin of the

magnetoresistance responses.

4.2.2. PLANAR HALL EFFECT RESULTS

With the sample and magnetic field planes aligned parallel to each other, one can investigate the
magnetoresistance response of the sample due to the application of an in-plane magnetic field
(Bin). The experiments were performed as shown in the schematics of Fig. 4.3a. An in-plane
magnetic field vector of B;;,, = 1 T is applied in the sample plane and rotated by an angle ¢ with
respect to the electric current. Note that in this configuration it is the magnetic field vector that

rotates, while the sample is static.

Figures 4.3b and 4.3c show the angular dependence of R, and R, at a gate voltage of V;, = =3V,
respectively. Similarly to R, the longitudinal resistance R, shows an oscillatory behavior with a
periodicity of 180 degrees. Its amplitude follows a well-behaved angular dependence o cos ¢? and
one would naively attribute this signature to the AMR effect introduced in Sec.2.4.1 [8]. However,
as discussed in the previous section, this response is likely to be polluted by the MR response
arising from an out-of-plane magnetic field component due to the sample misalignment and its
extent cannot be quantified and, hence, cannot be excluded. In turn, the angular dependence of
R,y will be studied in detail.

Figure 4.3c shows that the transversal resistance (red dots) also shows an oscillating behavior
with 180 degrees periodicity. Its amplitude is zero for current parallel or perpendicular to the

in-plane magnetic field, while it shows maxima and minima when ¢ is a multiple of 45 degrees.
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Mathematically, the anisotropy of R, can be fitted using Eq. (2.13) (red line in Figure 4.3c),
which is slightly modified here as:

540

Rxy (Ohms)
o

1
N

—PHE £ co5(9)
0 90 180 270 360
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1
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Figure 4.3: a) Schematics of the PHE and AMR measurements performed in a Hall bar shape geometry. Biy
corresponds to the in-plane magnetic field vector which makes an angle ¢ with the electrical current. b) AMR and
¢) PHE effect measurements performed at Vy; = -3 V at B;;, = 1 T. In c), the red solid line is a fit o« cos ¢ sin ¢
to the PHE experimental data. In the measurements presented in b) and c), the magnetic field is parallel to the

electrical current for ¢ = 0 degrees (grey dashed lines).

R,y = AphE cos ¢sin ¢ + Ayis cos ¢ (4.1)

The first term at the right side of Eq. (4.1) gives the angular dependence of PHE with amplitude
Apgg. The second term represents the symmetry of the finite misalignment between the sample
and magnetic field rotation plane (x cos(¢)) with amplitude A,,;s. This result clearly confirms

the observation of PHE in the 3D topological insulator HgTe.
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Theoretically, as briefly described in Sec. 2.4.1 and Ref. [7], the amplitudes of the AMR and
PHE should be the same, however, in our experiments the AMR can be polluted by the orbital
magnetoresistance. One can gain insight into the influence of the orbital MR (arising from
sample misalignment) by comparing the amplitudes of the measured longitudinal and transversal
resistances. In this case, we compare the resistivity instead of the resistance of the sample, since
this quantity does not depend on the length or width of the Hall bar. The longitudinal resistivity
is given by pye = R W/L, while the transversal resistivity is given by pzy = Rgy [9, 10]. The
amplitude of the AMR (Aamr) at By, = 1 T is Aqayr ~ 90 Q (Fig. 4.3b), which leads to
pzz ~ 30€2. On the other hand, the amplitude of the planar Hall resistivity is pz, ~ 9 at V,
= —3 V, which is at least three times smaller than its longitudinal counterpart. This result might
indicate that the spurious out-of-plane magnetic field component arising from misalignment is
likely to influence the amplitude of the AMR and, therefore, we focus on an assessment of the

PHE in our devices.
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Figure 4.4: a) and b) shows the gate dependence of planar Hall effect for a magnetic field B;, = 1 T. ¢) PHE
amplitude from the data presented in a) and b), calculated with Eq. (4.1).

Figures 4.4a and 4.4b show the PHE measured for different gate voltage values V;. From these
figures, one can observe that PHE can be resolved for gate voltages V, = —1.5 V to —4.0 V.
Figure 4.4b shows, however, that the effect cannot be resolved when the electric transport is
dominated by electrons (V; = 2 V) or holes (V; = —5 V and —6 V). Figure 4.4c shows the
amplitude of PHE obtained by fitting the experimental data in Figs. 4.4a and 4.4b with Eq.
(4.1). The PHE amplitudes can reach amplitude values up to Apgp = 15 Q at By, = 1 T and
the data suggests that PHE can be observed for a narrow range of carrier densities (V; = —1.5
V to -3.5V).

As already mentioned in Sec. 2.4.1, the observation of PHE is a consequence of anisotropies
in the resistivity tensor. It is a key signature of the MR in ferromagnetic materials and its

existence relies on the SOC, which promotes different scattering rates between s- and d-bands.
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In topological systems, the planar Hall effect is also observed in Weyl and Dirac semimetals, and
its original is understood as a consequence of chiral anomaly [11-14]. However, the observation
of PHE in 3D topological insulators is very surprising, since these systems are non-magnetic.
Moreover, this is a reproducible effect observed in several similar devices. The next section
will address the amplitude of PHE at high magnetic fields (up to 7 T) and compare how the
investigations presented in this thesis compare with similar observations reported in other 3D

TT systems.

4.2.3. HIGH MAGNETIC FIELD PHE MEASUREMENTS

From the previous section, one would naively conclude that PHE cannot be resolved in the n-
conducting regime for in-plane magnetic fields up to By, = 1 T. In order to acquire a better picture
of the effect, this section deals with studies of PHE at high magnetic fields. The experimental
setup used for the measurements described here is similar to the one described in Sec. 2.4.1, with

a few modifications.

The samples are now measured at a temperature of 7' = 4.2 K and mounted into a cryostat, in
a way that the magnetic field vector is constant and the sample plane is rotated. Note that in
this measurement configuration, the angle 0 is constant and only the angle ¢ can be modified.
This means that the misalignment between the sample and the magnetic field plane cannot be
avoided and/or minimized. Consequently, the MR response of the sample will be polluted by an
out-of-plane magnetic field component. This parasitic MR modifies the transversal resistance R,
response, since an out-of-plane magnetic component generates a Hall resistance that increases
linearly with the magnetic field, as shown in Fig. 4.5a at ¢ = 135 degrees. However, this issue can
be circumvented if one takes advantage of the fact that the R, response arising from the out-of-
plane magnetic field component (the Hall signal) is anti-symmetric with respect to the magnetic
field or, in other words, Ry, (+B) = —Rgy(—B), as shown in Fig. 4.5b. In this way, by measuring
R, for positive and negative magnetic fields and by summing them up (Rgy(+B) + Ryy(—B) =
0), one is able to eliminate resistance responses originating from the out-of-plane magnetic field
component. Hence, only the first term in Eq. (4.1), which is the amplitude of the PHE, should
remain (Fig. 4.5¢).

The PHE as a function of the in-plane magnetic field B;, at different gate voltages Vj, after
the data “symmetrization”, is shown in Fig. a for ¢ = 45 degrees and in Fig. 4.6b for ¢ = 135

degrees.

At a first glance, the most striking feature observed in Figs. 4.6a and 4.6b is that R, (or the
amplitude of the PHE) does not increase monotonically with the in-plane magnetic field. For
the entire range of V; (V3 = —5 V to 2 V), R,y shows an oscillating behavior. In order to check
for consistency, one can compare the PHE amplitudes at 7' = 30 mK (see Fig. 4.4c) and T' = 4.2
K (Figs. 4.6a and 4.6b) for an in-plane magnetic field amplitude B;, = 1 T. For example, at this
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Figure 4.5: An example on how R, is obtained for ¢ = 135 degrees and V; =2 V. a) Raw R, data: if a misalignment
between the sample and the applied external magnetic field plane exists, an out-of-plane magnetic field component
arise leading to a Hall response of the sample. In order to exclude this Hall resistance, a symmetrization of the
data is performed as shown in b). The sum of the Hall resistance with positive and negative magnetic fields should
be zero. The remaining signal is the response of the sample in the presence of a “pure” in-plane magnetic field, as
depicted in c).
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Figure 4.6: Gate dependence of the tranversal resistance Rz, in function of the in-plane magnetic field B;, for a)
¢ = 45 degrees and b) ¢ = 135 degrees.

magnetic field strength, Fig. 4.6b shows that R, exhibits maximum amplitudes at gate voltages
Vg = —1V to —3 V. This is the reason why PHE could not be observed in the far n- (V, =1V
and 2 V) and p-conducting regimes (V;, = —4 V and —5 V) in the measurements presented in
Fig. 4.4.

At low magnetic fields (B, = 0 T to 2 T) and ¢ = 45 degrees, the PHE is positive (PHE >
0) for electrical transport dominated by holes (negative gate voltages). Taking V, = —2 V as a
representative curve, one notices that the PHE amplitude increases monotonically for in-plane
magnetic fields up to B;, ~ = 1.5 T, then it reaches a maximum value followed by a decrease
in its amplitude. Similar behavior is also observed for V, = —3 V to —5 V, however, the main

difference between these curves is that the magnetic field strength at which the turning point



4.2. PLANAR HALL EFFECT MEASUREMENTS 101

occurs depends on the carrier density. Additionally, at V, = 0 V and —1 V, where the carrier
density seems to be a minimum (see Fig. 4.2¢), the PHE amplitude shows several oscillations.
Another interesting feature of the curves presented in Figs. 4.6a and 4.6b is that the PHE
amplitude crosses zero value for all carrier densities. Moreover, at high magnetic fields (B;, = 7

T), PHE has the same sign for all the measured gate voltages.

As already stated, the observation of PHE in 3D topological insulators is very surprising. Moreover,
the oscillations in the amplitude of the effect are very puzzling, especially the change in its sign as a
function of V; and B;,. Planar Hall effect has already been observed in Bis_,SbyTes topological
insulator thin films [15]. In that work, the authors attributed the origin of the PHE to the
breaking of the time-reversal symmetry by an in-plane magnetic field, which anisotropically lifts

the topological protection of surface Dirac fermions from backscattering.

Although the theoretical model of electron scattering of impurities proposed by Taskin et al.
predicts the anisotropy of the scattering rates leading to the PHE, the theory model needs a
debatable ingredient. According to their argument, “the uniform magnetic field in a disordered
medium with spin-orbit interactions will generate magnetic fields at random positions that can
induce spin-flip scattering”. In their model, the magnetization of the impurities is a necessary
condition for the observation of PHE. It is important to note that the material system used
to investigate PHE in that work is non-magnetic and/or the presence of magnetic impurities
is not mentioned. However, the central argument of that investigation is that the impurities
are polarized by an in-plane magnetic field. Moreover, the authors in Ref. [15] also report a
monotonic magnetic field dependence of the PHE amplitude, which is in stark contrast with the
PHE investigations on the 3D TI HgTe reported here. Such difference could be explained by the
different mobilities of both materials. For the n-conducting regime, the mobilities in HgTe can
reach values up to = 300 000 V/(cm)?, giving an indication of the high quality of material

investigated in this thesis.

Alternatively, Nandy et al. addressed the existence of PHE from the perspective of the non-trivial
Berry phase and magnetic moments of the 3D topological insulators bulk states [16]. However,
such a model is not applicable to experiments involving transport on the topological surface
states and, therefore, it does not seem to bring insight into the PHE observations discussed in
this thesis.

Another perspective on the observation of PHE in 3D topological insulators is presented in Ref.
[17]. In that work, the authors argue that if nonlinear momentum terms (which describe the
asymmetry between the electron and hole Dirac cones) are included in the Dirac Hamiltonian,
anisotropic backscattering can arise from the tilt of the Dirac cone by the in-plane magnetic
field. The proposed model also takes into consideration electron scattering off a strong impurity
potential and the magnetic nature of the scatterers is irrelevant for the existence of the PHE. This

mechanism seems to be a promising road to explain the origin of PHE in 3D TIs since it is widely
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known that a more realistic description of topological insulators Hamiltonian should include the

asymmetry between electron and hole branches of the Dirac cone dispersion [18, 19].

Anisotropies in the conductivity were also predicted for two-dimensional electron systems. In
2003, Schliemann and Loss proposed a theory of anisotropic transport in two-dimensional electron
gases [20]. According to the authors, the anisotropy in the electrical conductivity can be induced
by the interplay between Rashba and Dresselhaus spin-orbit couplings in QWs confined in the
(001) direction. If both spin-orbit coupling mechanisms are present in the 2DEG system, the Fermi
contours become anisotropic, leading to anisotropies in the electrical conductivity. Moreover,
in 2019 Sablikov also proposed that a magnetic field applied in the plane of a two-dimensional
system with Rashba SO coupling strongly affects the transport properties and yields anisotropies

in the Fermi contours, which in turn lead to anisotropies in the conductance [21].

Although topological surface states and two-dimensional electron gases with Rashba SOC are
different systems, both present similar mathematical descriptions. The plausibility of some of
the arguments proposed above will be explored at the end of this chapter to address the origin
of PHE and MR oscillations (see next section) observed in the 3D TI HgTe.
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4.3. LONGITUDINAL MR OSCILLATIONS IN 3D TI HGTE

S briefly mentioned in the previous section, the longitudinal MR in HgTe also shows non-
monotonic behavior. Although is very likely that the orbital MR response arising from
the out-of-plane magnetic field component contributes to the overall MR, such non-monotonic
behavior, here dubbed as MR, oscillations, cannot alone be explained by the orbital MR. Hence,
this section will show the investigations of these oscillations in detail and attempt to discuss

their origin.

4.3.1. MR OSCILLATIONS OF SAMPLE Q2830

In order to gain insight into the origin of the PHE oscillations observed in Fig. 4.6, the longitudinal
resistance (R;;) of sample Q2830 is measured simultaneously with R;,. The setup used for
these measurements is the same as described in Sec. 4.2.3. Note that in this measurement
configuration, the misalignment of the sample plane with the magnetic field vector cannot be
avoided and, therefore, one cannot separate responses arising from in-plane or out-of-plane

magnetic fields.

The longitudinal magnetoresistance is normalized with the following expression:

MR(%) = — (4.2)

Figures 4.7a and 4.7b show the normalized MR for in-plane magnetic field parallel (B;, || 1) and
perpendicular (Bj, L I) to the current, respectively. At a first glance, as already observed in the
magnetic field dependence of PHE, the longitudinal MR also shows oscillations. This effect is,
again, reproducible for other similar devices. It is also clear from Figs. 4.7a and 4.7b that the

oscillations in the MR are more pronounced for current parallel to the magnetic field.

At low-densities (V; = —2 V to 0 V) and By, || I, the MR oscillations are very pronounced and
the amplitude of the oscillations decreases with increasing carrier density. At the lowest carrier
density (V, = 0 V), the MR amplitude is maximum for By, || I and it decreases on increasing
the density of electrons or holes. On the other hand, for B;, L I, the MR is mainly negative in
the presence of hole mediated transport and, although the MR oscillates, such oscillations are

not so pronounced.

However, one major drawback to the interpretation of these measurements is that the out-of-plane
magnetic field component arising from the sample misalignment cannot be avoided in this setup
configuration. On the other, the oscillations in the magnetoresistance cannot be explained only
by the orbital MR (compare Fig. 4.7 with Fig. 4.2 at V; = 0 V). Therefore, one can assume that
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Figure 4.7: Gate dependence of the normalized longitudinal magnetoresistance Rxx in function of the in-plane
magnetic field B;, for a) current parallel (¢ = 0 degrees) and b) perpendicular (¢ = 90 degrees) to the current.
The color code represents different gate voltage values V.

the origin of such oscillations does not arise from an out-of-plane magnetic field component due to

sample misalignment but, at the same, one cannot quantify its influence in the oscillations.

In order to further investigate this effect, the next section shows measurements of in-plane
magnetoresistance in a similar 3D TI HgTe sample where the sample misalignment is minimized
and, hence, a better assessment of the MR oscillations due to the in-plane magnetic field can be

performed.

4.3.2. MR OSCILLATIONS OF SAMPLE Q2761

The device used for these measurements is named Q2761 and it consists of a 90 nm-thick 3D
TI HgTe grown on a CdTe substrate, with 50 (10) nm-thick CdHgTe bottom (top) layers. The
samples were shaped into a Hall bar geometry as described in Sec. 4.1. Figure 4.8a shows a
schematic of the layer stack and Fig. 4.8b shows the gate sweep (R;, at B = 0) along with the
device carrier densities n as a guide for the reader to identify n- and p-type transport regimes.
Although not shown here, the Hall resistance shows a positive slope at V; = 0 V, while two

carrier behavior can be observed at V, = —1 V.

Similarly to the measurements performed in device Q2830 (Sec. 4.2.1), the measurements in
device Q2761 were performed by keeping the magnetic field vector /direction constant and rotating
the sample plane. However, in this configuration, the sample is rotated in the zx or zy plane
and allows for the minimization of Ry, for By, || I or By, L I. Here, it is important to clarify
that to perform the measurements for in-plane magnetic field parallel or perpendicular to the
electric current, the sample has to be removed from the cryostat, changed its configuration and

cooled down again. In other words, the measurements presented for device Q2761 for By, || I and
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Figure 4.8: a) Schematics of device Q2671. b) Gate dependence of the longitudinal resistance R, at a magnetic
field B = 0, along with the carrier densities n obtained at finite out-of-plane magnetic field.

Bin L I are not performed in the same cooling cycle. Also, it is important to mention that the
measurements were performed only for positive in-plane magnetic fields, hence, an evaluation of
the PHE in this device is not possible.

Figure 4.9a-1 shows the magnetoresistance of device Q2761 for magnetic field parallel (black
lines) and perpendicular (red lines) to the electrical current at different gate voltage values. The
data normalized according to Eq. (4.2) is shown in Fig. 4.10 for magnetic field a) parallel and b)

perpendicular to the electrical current.

Similarly to sample Q2830, Fig. 4.9 shows that the MR of this device also oscillates with the
strength of the in-plane magnetic field, with oscillations more pronounced for magnetic field
parallel to the current (see the curve at V; = —3 V for By, || I as an example, where the MR
shows three clear minima). Furthermore, one can also observe that the MR also changes its
sign and this change has opposite behavior for magnetic field parallel and perpendicular to the
current. For example, while the MR for By, || I is initially negative when transport is dominated
by electrons (see Fig. 4.9a-c), its sign changes to a positive value for all other carrier densities.
In the case of the B;, 1 I, the MR is positive for all the gate voltage values, except at very high
hole densities (see Figs. 4.9h and 4.9i). Figs. 4.10a and 4.10b also show that the MR amplitude
reaches its maximum value at low carrier densities (between V, = 0 V and —1 V) and the change

in its amplitude is small for high electron or holes densities.

Another interesting feature in this data set is that a “shoulder-like” structure appears at high
electron densities (at V; = 2 V and 3 V) and low magnetic fields (B;, ~ 4 T). Then, this
feature disappears with decreasing carrier density. At V, = —1 V, when holes from the camel
back band start to contribute the conduction, the shoulder-like structure appears again for

By, || I, while, simultaneously, a minimum in the oscillations can be seen at By, ~ 12 T, which
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Figure 4.9: Longitudinal MR of sample Q2761 for in-plane magnetic field parallel (black curves) and perpendicular
(red curves) to the electrical current from gate voltages a) V; =3 V to i) V; = =5 V.

is also accompanied of a maximum at B;, &~ 9 T. These features can be clearly distinguished
for magnetic field parallel to the current, however, although oscillations and/or changes in the

resistance can be observed for By, L I, such features are not so pronounced.

Figure 4.11 highlights the normalized MR for magnetic field parallel to the current for gate
voltages V, = —1 V to —5 V, i.e., when holes carriers participate in the electrical conduction. On
one hand, it is clear that with increasing the hole density the MR amplitude decreases and the
shoulder-like structure, initially visible at B;, ~ 4 T and V, = —1 V moves to lower magnetic
fields, until it is not visible anymore (at V;, ~ —4 V). On the other hand, the minimum in the
MR oscillations located at By, =~ 12 T (orange dashed line) almost does not shift with increasing
carrier density, which might indicate that these two oscillations, the one at B;,, =~ 4 T and the

one at B;, ~ 12 T have different origins.

As already mentioned, this change in MR cannot be explained by the orbital MR arising from an
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Figure 4.10: Normalized magnetoresistance of sample Q2761 shown in Figure 4.9 for in-plane magnetic field a)
parallel and b) perpendicular to the electric current.

out-of-plane magnetic field component. Indeed, the orbital MR due to an out-of-plane magnetic
field is positive for all carrier densities range in the HgTe topological insulators [22, 23]. Further-
more, one can also observe that the MR oscillations/features are more pronounced when hole
carriers also contribute to the electrical transport. This indicates that the subtleties of the camel
back might strongly influence the MR in the presence of an in-plane magnetic field. In any case,
the MR oscillations and PHE observed in the 3D topological insulator HgTe are undoubtfully
surprising. The reader is also made aware that such oscillations are also observed in the Weyl
phase of HgTe and the interested reader is directed to Ref. [24] for further details.

Magnetoresistance oscillations in topological insulators in the presence of an in-plane magnetic
field were predicted by Yakovenko et al. [25]. In that work, it is argued that for thin 3D TI
films, the in-plane magnetic field shifts both top and bottom Dirac cones in k-space, leading to
a tunneling probability between both TSS if there is an exact match between their spin and
momentum directions. However, this tunneling mechanism would be responsible for only one
MR extrema as a function of the in-plane magnetic field and is, therefore, not a good candidate

to explain our observations.

Another mechanism, are Weiss oscillations, which happen in the electron regime for in-plane
magnetic field perpendicular to the electrical current [26]. In this configuration, the radius of
the cyclotron orbits resonates with the finite device size and generates an oscillation in the
MR. For our devices, we estimate the cyclotron radius given by R, = %, where m™* is the
electron mass, e is the electron charge and v is the Fermi velocity of the carriers [27]. For the
p-type transport regime (camel back band) v ~ 1 x 10°m/s. With these simple estimations,
one finds that the cyclotron radius at B;, ~ 12 T is R. = 50 nm, which is in the same order of

magnitude of the 3D TT HgTe typical thicknesses (dggre = 90 nm). Although Weiss oscillations
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Figure 4.11: Normalized magnetoresistance of sample Q2761 shown in Figure 4.9 B,y || I and gate voltages V, =
-1 V to -5 V. The orange dashed line highlights the minimum in the MR oscillations at B;, ~ 12 T.

should occur for By, L I, the 12 T feature appears for By, || I. Although in the investigations
performed in this thesis the magnetic field the radius of the cyclotron orbits is comparable to
the device dimensions, Weiss oscillations do not seem to be a good candidate to explain our
measurements, since the oscillations studied here are more pronounced for By, || I and more
than one oscillation is observed in the p-type transport regime. On the other hand, it is quite
surprising that the radius of the cyclotron orbits is comparable to the device size for B;, ~ 12
T, which could indicate that the finite device size could play a role in the MR of the 3D TI HgTe
in the presence of B;,. Therefore, further investigations are required to acquire a better picture
of the influence of finite size effects in the MR oscillations of 3D TI HgTe. A more promising
mechanism, observed in 1993, involves the depopulation of spin subbands in systems exhibiting
Rashba spin-orbit coupling [28]. In wide AlGaAs parabolic quantum wells MR oscillations were
observed for hole-dominated transport for B;, || I. The data is shown in Fig. 4.12, where one can
observe several minima in the longitudinal resistance, labeled by arrows indicating the subbands
FE5 and Ej3. In this work, the MR oscillations were explained by the depopulation of the hole
subbands, which is induced by the in-plane magnetic field. Several works by the same group have
also reported changes in the slope of the MR Bjy, || I and By, L I [29, 30].

As the reader already concluded, there are two main phenomena observed in the 3D TI HgTe
that need a clear explanation: (i) the origin of the planar Hall effect accompanied by oscillations

in its amplitude and (ii) the oscillations in the longitudinal magnetoresistance. Although there
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Figure 4.12: Longitudinal MR (here labelled as R|) of a remotely doped wide AlGaAs parabolic quantum well
measured in function an the in-plane magnetic field B) perpendicular to the current at different gate voltages
Uy. The arrows indicate the several minima in the MR, which correspond to the depopulation of the subbands
labelled as F;. The middle trace (U; = 0) is shifted up by 60 Q for clarity. Figure taken from [28]

are several reported mechanisms aiming to explain the origin of the PHE and the MR oscillations
in topological insulators, they do not provide a clear insight into the observations reported in
this thesis. One can, however, make use of some of these models and modify them to explain
the physical origin of the puzzling galvanomagnetic effects observed in the 3D TI HgTe. The
most promising of these mechanisms involves the coupling of the in-plane magnetic field with
Rashba.

However, before making use of this model and applying it into the context of topological insulators,
the reader is made aware of a few new results concerning the transport properties of the 3D TI
HgTe. As discussed in detail in references [4, 24], the observation of QHE in the hole transport
regime (see the measurements in Refs. [3, 4]) cannot be attributed to the “hole branch” of
the Dirac cone, since the Dirac point in the 3D TI HgTe is buried into the valence band [23].
The hole transport is, however, attributed to massive Volkov-Pankratov states (VPS), which
are quasi-two-dimensional states arising from the localization of the hole carriers in the valence
band by the gate voltage potential. In this case, the first hole subband is shifted towards the
top surface, separating itself from the other subbands, thus, allowing the observation of QHE in
the p-type transport regime [4]. These massive VPS are not topological, but rather than trivial

surface states.

Thus, one could attempt to explain the MR oscillations in the p-type transport regime using the
coupling of the in-plane magnetic field with a system exhibiting Rashba-like SOC. However, one
major drawback in this direction lies in the complications of the p-type transport regime in HgTe.
Although Winkler predicted that Rashba SO coupling in heavy-hole systems is o ﬁkﬁ (see Sec.
2.2.2), Zhang et al. showed that in inverted QWs the heavy-hole-like subband H1 energy splitting
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AFE is initially proportional to ,Bkﬁ’, but it saturates and even decreases for large k-values [31],
as shown in Fig. 4.13. The Rashba splitting in such devices can reach values up to 30 meV
[31-33], which is about three times larger than the splitting in III-V narrow-gap semiconductors,
where values of approximately 10 meV have been reported [34, 35]. The complicated dependence
of the Rashba splitting in the hole regime of HgTe makes it difficult to make use of simple toy
models based on the linear Rashba spin splitting (as the one proposed in Ref. [17]) to predict
the rich and complex behavior of the PHE and MR oscillations in tensile strained HgTe. In this
case, band structure calculations are the most suitable tool to make a proper assessment of the

galvanomagnetic effects investigated in this thesis.
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Figure 4.13: The calculated spin splitting energy of the H1 and E2 subbands (solid curves), AFy1 and AFEg2 in
function of the in-plane wave vector kj. The position of the Fermi wave-vector kr is denoted by the dotted-dashed
line. The dashed lines indicate that AEy1 and AFEg2 are proportional to ﬁkﬁ and k| respectively, at small k..
Figure taken from [31]

Based on the discussions above there are a few directions worth exploring:

e As pointed out by Schliemann and Loss, the interplay between Rashba and Dresselhaus in
2DEGs can lead to anisotropic Fermi contours, which in turn can lead to anisotropies in the
electrical conductivity [20]. In this case, one can investigate if a combination of SIA/BIA
can lead to anisotropies in the band structure of the 3D TI HgTe that could explain the
planar Hall effect.

e Given that the interplay between Rashba SO coupling and in-plane magnetic field can also
distort the Fermi contours and lead to anisotropies in the electrical conductivity [21], one
can also explore how the interplay between in-plane magnetic field, Rashba and Dresselhaus

influences the band structure of HgTe.

These directions will be explored in the next section in order to investigate in detail the origin
of the PHE and the MR oscillations in the 3D TI HgTe.
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s already discussed in Sec. 2.4.1, in ferromagnetic systems PHE emerges due to the
A anisotropic scattering rates of the conduction carriers when the magnetic field is applied
parallel or perpendicular to the electrical current. In paramagnetic materials, Goldberg and
Davis have suggested that PHE should arise if the Fermi contours are non-spherical in k-space
[5]. Schliemann and Loss have suggested that the interplay of Rashba and Dresselhaus SO cou-
plings in 2DEGs cause the Fermi contours to be anisotropic which, in turn, leads to anisotropies
in the conductivity [20]. Sablikov has proposed that the interplay of Rashba SO coupling and
in-plane magnetic field also leads to anisotropies in the Fermi surface and electrical conductance
[21]. When it concerns the magnetoresistance of 2DEGs, magnetoresistance oscillations in these
systems were explained by the interplay of the Rashba SO coupling and in-plane magnetic field,
which causes the depopulation of one of the spin subbands and, consequently, the MR, shows an
oscillation [28-30].

The common ingredient in the proposed explanations for PHE relies on the anisotropy of the
Fermi contours, either induced by SO interactions or by an interplay of in-plane magnetic field
and Rashba SO coupling. Although at present moment it is still not clear if the PHE and MR
oscillations have the same origin, this section aims to look in detail into the band structure of the
3D TI HgTe to analyze if anisotropies are present in the material system. Moreover, considering
the several predictions on the interplay of SOC and in-plane magnetic field to explain PHE,
this section also aims to perform k- p calculations considering the HgTe band structure, BIA-,
STA-like SO couplings and in-plane magnetic field in order to assess if these interactions modify
the material band structure and the energy scales necessary to observe the effect. Finally, a
thorough discussion of the relevant length scales involved in our observations is provided, in
order to gain insight into the potential routes that can be followed to explain PHE and MR
oscillations in the 3D TI HgTe.

4.4.1. IN-PLANE ANISOTROPY

We consider band structure effects calculated from a k - P model in a 30 nm-thick HgTe quantum
well (confined and discretized in the z direction and infinite in the (z,y) directions) using a
basis of 8 orbitals !. Figure 4.14 shows the Fermi contours of several energy cuts for the a-b)
topological surface states bands and c-d) for the camel back band. The red and blue colors
represent the spin component in the z direction and the “4+” and “—" labels represent both spin
directions. Since both components are initially two degenerate states, a small spin splitting is
added to distinguish between these two states. In this figure, k; || [100] and &, || [010] crystal

orientations. The Hall bar devices used for the PHE and MR investigations performed in this

T thank W. Beugeling for kind assistance with the calculations and for providing the plots of Figs. 4.14 and 4.15.
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thesis were fabricated in the [110] or [110] directions, or in other words, 45 degrees away from k;
or k, directions. The directions representing the orientation of the Hall bars (and, therefore, the
direction of the electrical current) will be labeled as &, and kg’/ From the contour plots (dispersions
E(ks, ky)) calculations shown in Fig. 4.14, one observes that while the topological surface states
show approximately isotropic Fermi contours, the camel back band displays anisotropic Fermi

contours symmetric under a rotation of 90 degrees.

£ N

2 ‘ b)

ky [nm~1]

ky [nm~1]

-04  —0.2 0.0 0.2 . -0.4  -0.2 0.0 0.2
ky [nm~1] ky [nm=1]

Figure 4.14: Fermi surfaces of a 30 nm-thick 3D TT HgTe obtained via k- P calculations for a-b) topological surface
state and c-d) camel back bands. The red and blue colors represent the spin component in the z direction. Here,
kg || [100], ky || [010], &% || [110] Ky, || [110].

Considering that anisotropic Fermi contours are one of the key ingredients to observe PHE in
a material system [5, 7], one could conclude from the band structure of the 3D TI HgTe in Fig.
4.14 that PHE would not be observed when transport is dominated by the TSS bands since their
Fermi contours are (approximately) isotropic. Similarly, although the camel back band Fermi
contours are anisotropic in k-space (Fig. 4.14c-d), one also observes that these bands would also
do not meet the requirement to observe PHE. The camel back band does not show an asymmetry
under a rotation of 90 degrees or, in other words, does not show an anisotropy along the &/, and
kg’/ crystal orientations. These calculations bring the information that the band structure of the

3D TI HgTe alone does not satisfy the conditions to observe PHE in this material system and,
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thus, one needs to find mechanisms that break the 90 degrees anisotropy of the camel back band

or the isotropy of the topological surface state bands.

One possibility to break the isotropy of the T'SS bands or the 90 degrees anisotropy of the
camel back band is to flow an electrical current along the [110] or [110] directions. Using simple
estimations based on the parameters used in our experiments, the asymmetry induced in the bands

due to the application of an electric field is neglegible. For instance, a current density j =5 x 10~*

A/m and drift velocity vy = é ~ 1 m/s, leads to a displacement of the Fermi contours in k-

space of 0k = % ~ 1x10nm™!. Here,n ~ 3x 107" em™2, m* = 9x 103 kg and h =

1.05 x 10734 Js. This 5k value leads to an energy difference of 6F = 20K oy 4 x 10712 eV, which

2m*

cannot be resolved experimentally. Therefore, one can also conclude that an electrical current

does not give rise to measurable anisotropies between the k! and k; crystal directions.

Another two promising candidates for breaking the symmetry between the k! and kz’/ crystal
orientations are the interplay between SIA and BIA SO couplings [20] and the interplay between
SIA SO coupling and in-plane magnetic fields [21].

In order to evaluate if linear in k| SIA- and BIA-like couplings to the band structure may
originate anisotropies in the Fermi contours of the T'SS or camel back bands, dispersions have
been calculated with similar parameters as introduced in the previous section. Here, however, the
coupling of BIA-like and STA-like SO interactions with the 3D TI HgTe band structure is also
taken into consideration. The resulting Fermi contours are shown in Fig. 4.15 for a-b) topological
surface state and c-d) camel back bands. The arrows in the figure represent the spin component

in the (x,y) directions.

In Fig. 4.15a-b, one observes that the presence of BIA- and SIA-like couplings hardly affects
the Fermi contours of the T'SS bands, which remain mostly isotropic. For these bands, the spin
orientations at low energies resemble the ones of linear Rashba SO coupling (see Fig. 2.2) however,
at high energies the spin orientations form a complicated pattern. The fact that BIA- and SIA-
like couplings hardly affect the T'SS bands might be explained by the orbital character of these
bands, which are mostly s-orbitals and present very small or negligible spin-orbit coupling [36]
(see Sec. 2.2.2).

The situation is, however, different for the camel back band. Figures 4.15¢-d, which present the
Fermi contours for the camel back band for both spin directions, clearly shows that the BIA-
and SIA-like couplings significantly deform the Fermi contours along the [110] and [110] crystal
orientations. This deformation leads to different k-values for the Fermi contours along k! and &,
directions, which breaks the 90 degrees symmetry of the camel back band and gives rise to an
anisotropy of the contour with 180 degrees periodicity. The directions where the elongation of
the Fermi surface occurs are consistent with directions parallel or perpendicular to the Hall bar

orientation of devices ([110] or [110] directions). Experimentally, the amplitude of the SIA-like
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Figure 4.15: Fermi surfaces of a 30 nm thick 3D TI HgTe in the presence of BIA- and SIA-like SO interactions
for a-b) topological surface state and c-d) camel back (I's ) bands. The arrows in the figure represent the spin
component in the (z,y) directions. Here, k, || [L00], &, || [010], & || [110] and kj, || [110].

coupling can be controlled by the top gate electrode, while the BIA-like one is an intrinsic
property of the material and, therefore, is constant [36]. In HgTe quantum wells, where the spin
splitting is large (up to 30 meV) [32], the BIA term is considered to be negligible [37], however,

a precise quantification is still lacking.

Nevertheless, the main message these considerations bring is that, in the presence of BIA and SIA
SO couplings, the Fermi contours of the camel back band of the 3D TI HgTe become anisotropic.
Whilst it is long known that in realistic HgTe systems the spin-splitting due to the Rashba SO
coupling is not linear (o< k) [31, 32], the calculations performed above provide the motivation to

further investigate the consequences that such couplings would have in the band structure.

4.4.2. ESTIMATIONS OF MAGNETIC FIELD EFFECTS

Although anisotropies in the Fermi contours are a necessary condition for the observation of
PHE, the experiments are conducted in the presence of an in-plane magnetic field. Therefore, the

magnetic field is another ingredient that should be added to the calculations. In the following, it
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will be shown that, although the interplay between BIA, STA and in-plane magnetic field modifies
the band structure of HgTe, the in-plane magnetic field amplitudes needed to observe such effects

differ up to an order of magnitude in comparison to the experiments.

The k - P calculations using the 6 x 6 Kane Hamiltonian?

involve a 70 nm thick quantum well
including the BIA-like term, the Hartree potential Ugqe and the Zeeman energy splitting By (in
units of V) due to an in-plane magnetic field B (in units of T). Here, ¢ = 0 degrees for By || k,

and By = gupB and g= 20+ 5 [38].

Figure 4.16a shows the energy dispersion at zero in-plane magnetic field (By = 0 eV) at Ugqre =
0 V and ¢ = 0 degrees. The colors represent surface localization. The conduction and valence
(camel back) subbands are shown in grey, while the top and bottom topological surface states are
indicated in the figure by red and blue colors, respectively. At Ugqte = 0 V, the top and bottom
surface are degenerate, however, as shown in Fig. 4.16b, the application of a surface potential
(Ugate = 1 V) breaks this degeneracy. By applying a magnetic field of amplitude By = 0.01 eV,
one does not observe many differences in the band structure for magnetic field parallel (Fig. 4.16¢
for ¢ = 0 degrees) and perpendicular to the k,-direction (Fig. 4.16d for ¢ = 90 degrees). However,
Figs. 4.17a-e) shows that a magnetic field amplitude of By = 0.05 eV does modify the band
structure. Indeed, the energy dispersion looks significantly different for ¢ = 0 (Fig. 4.17a) and ¢
= 90 degrees (Fig. 4.17c). For this magnetic field strength, one can observe crossings between

the TSS and what it seems to be subbands from the conduction or camel back bands.

These results might indicate that the crossings observed in Figs. 4.17b-d could be a potential
candidate to explain the MR oscillations previously discussed in this chapter. Depending on the
position of the Fermi energy, differences in the DoS and/or depopulation of subbands could lead
to the oscillations observed in the MR of our devices. Although these band structure calculations
show a rich behavior that is dependent on the amplitude of the in-plane magnetic field and its
direction, the magnetic field amplitudes needed for the crossings to occur are very high and do
not seem to be realistic in explaining the investigations carried out in this thesis. For instance,
By = 0.01 eV corresponds to a magnetic field amplitude of B ~ (8.6 +2.2) T using g= 20 + 5.
For By = 0.05 eV, unrealistic magnetic fields as high as B ~ (43 4+ 11) T are needed. Since
oscillations in the MR can be visible for magnetic fields as low as B;, = 3 T (see Fig. 4.11), the
magnetic field amplitudes required to observe effects in the band structure differ up to one order

of magnitude when compared to the experiments.

Moreover, the Zeeman energy splitting observed here is in the order of a few meV and is compa-
rable to the size of the bandgap (between 10 and 25 meV [22, 23]). Thus, to achieve an energy
splitting comparable to the bandgap of the 3D TI HgTe, one would require ¢B ~ 200 T, which
necessitates either high magnetic field amplitudes or high g-factors. The reader is made aware
that the g-factor used here (g = 20 % 5) is the effective value reported in the literature [38].

2I thank J.-B Mayer for kind assistance with the calculations and providing the plots of Figs. 4.16 and 4.17.
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Figure 4.16: Dispersion of the 3D TI HgTe as a function of in-plane magnetic field angle a) without and b)
with surface potential. The color code indicates top and bottom surface localization. ¢) Dispersions with surface
potential (Ugate = 1 V) and in-plane magnetic field amplitude By = 0.01 eV at ¢ = 0 degrees and d) ¢ = 7/2 =
90 degrees.
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Figure 4.17: a~e) Band structure calculations in the in the 3D TI HgTe as a function of in-plane magnetic field
angle ¢ with surface potential of Ugate = 1 V and field strength By = 0.05 eV.
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Hence, despite the fact that one can show from these results that an in-plane magnetic field affects
the band structure of the 3D TI HgTe, the magnetic field amplitudes required to experimentally
observe such effects are very high. Therefore, the Zeeman-like coupling (plus BIA and SIA) with
the band structure is unlikely to explain the PHE and MR oscillations we observe in the transport
measurements reported in this chapter since one can observe MR oscillations for magnetic fields

as low as 2 T. Concerning the PHE, the k- p calculations already signaled that anisotropies will

occur in the band structure of the camel back band in the presence of STA and BIA SO interactions.

On the other hand, although these results seem to be promising, preliminary calculations of the
DoS as a function of the in-plane magnetic field amplitude and direction (not shown here) are,
so far, not conclusive: such calculations do not provide strong signatures of different DoS for

in-plane magnetic field parallel and perpendicular to the electrical current.
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4.5. CONCLUSIONS AND PERSPECTIVES

N this chapter, galvanomagnetic effects in the 3D TI HgTe were investigated. The samples
I used for the experiments were electrically characterized and quantities, such as the mobility
and the concentration of the carriers, were obtained. When it comes to measurements involving
in-plane magnetic fields, the reader became aware that the alignment between the sample and
the magnetic field rotation planes is a crucial parameter for the proper investigation of the
magnetoresistance response of the 3D TI sample and the experimental alignment procedure was

described in detail.

This chapter showed that the transversal resistance R, of the 3D TI HgTe is not constant upon
rotation of the in-plane magnetic field. R;, shows an anisotropy o< cos ¢ sin ¢ for a wide range of
carrier densities, an effect known as planar Hall effect. The amplitude of the PHE oscillates with
increasing the magnetic field. Similar behavior was also be observed for the longitudinal resistance
R, which also oscillates with increasing in-plane magnetic field for all the carrier density ranges
studied here. These effects are robust, i.e., observed in several similar samples and the oscillations
cannot be explained by the orbital MR from an out-of-plane magnetic field component arising

from the misalignment between the sample and magnetic field rotation planes.

Several theoretical models to explain the PHE and the oscillations in the MR were discussed.
In the case of PHE, the model proposed in reference [15], which attributes the origin of the
PHE to the anisotropic lifting of the topological protection of the surface Dirac fermions from
backscattering, needs as an ingredient the magnetization of the impurities of the sample. This
model does not seem to be applicable to our devices, since the samples investigated here are
non-magnetic and display high mobilities. A more promising mechanism is presented in Ref. [17],
where the authors argue that PHE can originate from the interplay of the in-plane magnetic
field and a modified Dirac Hamiltonian that includes the asymmetry between the electron and
hole of the Dirac cone branches. Further investigations in this direction are being conducted by

our collaborators.

This chapter also discussed that the interplay between BIA, STA and in-plane magnetic field can
cause anisotropies in the Fermi contours, which can lead to anisotropies in the band structure
of a 2DEG [20, 21]. Band structure calculations based on 6-orbitals were able to show that,
although the band structure of HgTe becomes anisotropic in the presence of BIA and SIA, the
magnetic fields required to experimentally observe such anisotropies are as high as 40 T, i.e.,
one order of magnitude higher in comparison to the experiments reported here. Additionally, the
reader is made aware that connecting simple models to the band structure calculations might be
challenging. For example, the SIA terms are often assumed to be linear o« k, however, as shown in
Ref. [38], in the p-type transport regime of HgTe QWs the Rashba term is not linear but rather

shows a oc k3 dependence that saturates at high k-values. Moreover, although not reported in this
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thesis, preliminary calculations attempting to investigate if there is a difference in the DoS for

magnetic field parallel or perpendicular to the electrical current were, so far, inconclusive.

For the oscillations observed in the longitudinal MR, the results showed that the effect is more
pronounced for B, || I and at low carrier densities. Calculations of cyclotron radius R, for a
magnetic field strength B;,, =~ 12 T indicate that, at this field value, the cyclotron radius R, =~
50 nm, which is in the same order of magnitude as the size of the devices investigated here.
Therefore, further investigations are required to acquire a better picture of the influence of finite
size effects in the MR oscillations of 3D TI HgTe.

Concerning future investigations, one avenue worth exploring involves investigations of HgTe/CdTe
quantum wells in the presence of in-plane magnetic fields. Although these systems are not 3D
TTs, they can be 2D TIs and also present topological properties [39]. Given the fact that it is not
clear if the PHE has a topological origin, measurements of the transversal resistance R, in QWs
with inverted and non-inverted band alignment might provide insights into the topological origin
of the PHE. Moreover, since the HgTe/CdTe QW thicknesses are about one order of magnitude
smaller than in the 3D TIs, investigations in these systems might also provide information on

the cyclotron radius resonating with the device size.

As the reader can conclude, the galvanomagnetic effects discussed in this chapter are rich and its
intricacies are extremely puzzling. Although one can find mechanisms that explain the anisotropy
in the magnetoresistance of 3D TIs [15-17], finding a mechanism that simultaneously explains
the PHE, the gate dependence, and the oscillations in the magnetoresistance of the 3D TI HgTe
as a function of the in-plane magnetic field is the hard task of these investigations and a challenge

that still needs to be overcome.
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Summary

Nature shows us only the tail of the lion. But I have no doubt that the lion belongs with it even

if he cannot reveal himself all at once.

Albert Einstein

In my dissertation, I addressed the question of whether the 3D topological insulator mercury
telluride (3D TI HgTe) is a suitable material for spintronics applications. This question was
addressed by investigating the SOTs generated by the 3D TI HgTe in an adjacent ferromagnet
(Permalloy) by using the ferromagnetic resonance technique (SOT-FMR).

In the first part of the dissertation, the reader was introduced to the mathematical description
of the SOTs of a hybrid system consisting of a topological insulator (TI) and a ferromagnet
(FM). Furthermore, the sample preparation and the measurement setup for the SOT-FMR
measurements were discussed. Our SOT-FMR measurements showed that at low temperatures
(T = 4.2 K) the out-of-plane component of the torque is dominant. At room temperature, both
in-plane and out-of-plane components of the torque could be observed. From the symmetry of the
mixing voltage (Figs. 3.14 and 3.15) we could conclude that the 3D TT HgTe may be efficient for
the generation of spin torques in the permalloy [1]. The investigations reported here showed that
the SOT efficiencies generated by the 3D TI HgTe are comparable with other existent topological
insulators (see Fig. 3.17). We also discussed in detail the parasitic effects (such as thermovoltages)

that can contribute to the correct interpretation of the spin torque efficiencies.
Although the results reported here provide several indications that the 3D TI HgTe might be
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efficient in exerting spin-torques in adjacent ferromagnets [2], the reader was repeatedly made
aware that parasitic effects might contaminate the correct writing and reading of the information
in the ferromagnet. These effects should be taken into consideration when interpreting results in

the published literature claiming high spin-orbit torque efficiencies [2—4].

The drawbacks of the SOT-FMR measurement method led to a further development of our
measurement concept, in which the ferromagnet on top of the 3D TI HgTe was replaced by a
spin-valve structure. In contrast with our measurements, in this measurement setup, the current

flowing through the HgTe is known and changes in the spin-valve resistance can be read via the
GMR effect.

Moreover, the SOT-FMR, experiments required the application of an in-plane magnetic field up
to 300 mT to define the magnetization direction in the ferromagnet. Motivated by this fact,
we investigated the influence of an in-plane magnetic field in the magnetoresistance of the 3D
TI HgTe. The surprising results of these measurements are described in the second part of the
dissertation. Although the TI studied here is non-magnetic, its transversal MR (R,,) showed
an oscillating behavior that depended on the angle ¢ between the in-plane magnetic field and
the electrical current. This effect is a typical property of ferromagnetic materials and is called
planar Hall effect (PHE) [5, 6]. Moreover, it was also shown that the PHE amplitude (R,,) and
the longitudinal resistance (R,;) oscillate as a function of the in-plane magnetic field amplitude

for a wide range of carrier densities of the topological insulator.

The PHE was already described in another TI material (Bia_,Sb,Tes) [7]. The authors suggested
as a possible mechanism the scattering of the electron off impurities that are polarized by an
in-plane magnetic field. We critically discussed this and other theoretical proposed mechanisms

existent in the literature [8, 9].

In this thesis, we attempted to explain the origin of the PHE in the 3D TI HgTe by anisotropies
in the band structure of this material. The k - p calculations based on 6-orbitals were able to
demonstrate that an interplay between Rashba, Dresselhaus, and in-plane magnetic field deforms
the Fermi contours of the camel back band of the 3D TI HgTe, which could lead to anisotropies in
its conductivity. However, the magnetic fields needed to experimentally observe this effect are as
high as 40 T, i.e., one order of magnitude higher than reported in our experiments. Additionally,
calculations of the DoS to assess if there is a difference in the states for By, || I and B, L I
were, so far, inconclusive. Moreover, the complicated dependence of Rashba in the p-conducting
regime of HgTe [10] makes it not straightforward the inclusion of this term in the band structure

calculations.

Despite the extensive efforts to understand the origin of the galvanomagnetic effects in the 3D
TI HgTe, we could not determine a clear mechanism for the origin of the PHE and the MR

oscillations studied in this thesis. However, our work clarifies and excludes a few mechanisms
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reported in the literature as the origin of these effects in the 3D TI HgTe. The major challenge,
which still needs to be overcome, is to find a model that simultaneously explains the PHE, the
gate dependence, and the oscillations in the magnetoresistance of the 3D TI HgTe as a function

of the in-plane magnetic field.

To conclude, the author would like to express her hope to have brought the reader closer to the
complexity of the questions addressed in this thesis and to have initiated them into the art of
properly conducting electrical transport measurements on topological insulators with in-plane

magnetic fields.
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Zusammenfassung

In meiner Dissertation beschéiftigte ich mich mit der Frage, ob der 3D topologische Isolator
Quecksilbertellurid (3D TI HgTe) ein geeignetes Material fiir Spintronik-Anwendungen ist. Wir
untersuchten Spin-Bahn-Drehmomente, die auf Elektronen beim Tunneln zwischen HgTe und
einem angrenzenden Ferromagneten (Permalloy) einwirken. Zunéchst setzten wir die Methode

der Ferromagnetresonanz (SOT-FMR) fiir diese Untersuchungen ein.

Im ersten Teil der Dissertation werden die Leser in die mathematische Beschreibung von Spin-
Bahn-Drehmomenten in einem Hybridsystem bestehend aus topologischem Isolator (TI) und
Ferromagnet (FM) eingefithrt. Des Weiteren werden die Probenherstellung und der Messauf-
bau fiir SOT-FMR Messungen besprochen. Unsere SOT-FMR Messungen ergaben, dass bei
tiefen Temperaturen (7' = 4.2 K) die Normalkomponente (bezogen auf der TI-Oberflache) des
Drehmoments grof3 war. Bei Raumtemperatur konnten im Signal beide Komponenten (parallel
und normal zur TI-Oberfliache) beobachtet werden. Aus der Symmetrie der Mixing-Spannung
(Abbildungen 3.14 und 3.15) schlossen wir, dass 3D TI HgTe ein Spin-Bahn-Drehmoment auf
das Elektronensystem des Permalloys iibertragt. Unsere Untersuchungen zeigten dariiber hinaus,
dass die Effizienz dieser Ubertragung mit der anderer vorhandener topologischen Isolatoren ver-
gleichbar ist (sieche Abb. 3.17). Abschlieend wurden parasitiare Effekte bei der Abschétzung des
Spin-Bahn-Drehmoments bzw. andere Interpretationen des Messsignals und seiner Komponenten

(z.B., Thermospannungen) ausfithrlich diskutiert.

Obwohl die hier gezeigten Ergebnisse vermehrt darauf hinweisen, dass der 3D T1 Hg'Te moglicher-
weise effizient fiir die Anwendung von Spin-Drehmomenten in angrezenden Ferromagneten ist [1],
wird dem Leser weiderholt klargemacht, dass parasitire Effekte eventuelle das korrekte Schreiben
und Lesen der Information in Ferromagneten verunreignigt. Diese sollten auch bei der Interpre-

tation von publizierten Resultaten besonders hohen Spin-Bahn-Drehmomentiibertragungen in
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der Literatur berticksichtigt werden [1-3].

Die Nachteile der SOT-FMR-~Messmethode fithrten zu einer Weiterentwicklung unseres Messkonzepts,
bei dem der Ferromagnet durch eine Spin-Valve-Struktur ersetzt wurde. In dieser Messanordnung
ist der Stromfluss durch den 3D TI im Gegensatz zu den vorangegangenen Messungen bekannt
und die Widerstandsdnderung der Spin-Valve-Struktur kann durch den GMR-Effekt ausgelesen

werden.

Die Ausrichtung der Magnetisierung des Ferromagneten in den SOT-FMR-Experimenten er-
forderte es, ein magnetisches Feld von bis zu 300 mT parallel zur TI-Oberfliche anzulegen.
Motiviert durch diesen Umstand, untersuchten wir den Einfluss eines parallelen Magnetfelds auf
den Magnetowiderstand in 3D TT HgTe. Die iiberraschenden Resultate dieser Messungen werden
im zweiten Teil der Dissertation beschrieben. Obwohl nichtmagnetisches Quecksilbertellurid un-
tersucht wurde, oszillierte der transversale Magnetowiderstand (R,,) mit dem Winkel ¢ zwischen
der Magnetfeldrichtung (parallel zur Oberflache) und der elektrischen Stromflussrichtung im topol-
ogischen Isolator. Dieser Effekt ist eine typische Eigenschaft von ferromagnetischen Materialien
und wird planarer Hall-Effekt (PHE) genannt[4, 5]. Magnetowiderstands- (MR-)Oszillationen
wurden ebenfalls sowohl im Langswiderstand (R,;) und im transversalen Widerstand (R, ) tiber
einen weiten Bereich von magnetischen Feldstarken und Ladungstriagerdichten des topologischen
Isolators beobachtet. Der PHE wurde bereits zuvor in einem anderen TI-Material (Biy_,Sb,Tes)
beschrieben [6]. Als physikalischer Mechanismus wurde von den Autoren Elektronenstreuung
an magnetisch polarisierten Streuzentren vorgeschlagen. Wir diskutierten sowohl diesen FErk-

larungsansatz als auch andere Theorievorschlédge in der Literatur [7, 8] kritisch.

In dieser Doktorarbeit haben wir versucht, der PHE des 3D TT HgTe durch die Asymmetrie
in der Bandstruktur dieses Materials zu erkliren. In k - p- Bandstrukturrechnungen mit einer
6-Orbital-Basis zeigten wir, dass das Zwischenspiel von Rashba- und Dresselhaus-Spin-Bahn-
Wechselwirkung mit dem magnetischen Feld parallel zur TI-Oberfliche zu einer Verformung
der Fermikontur des Valenzbands von 3D TI-HgTe fiihrt, welche ihrerseits eine Anisotropie des
Leitfahigkeit bedingt. Die benétigten Magnetfeldstdrken in diesem Modell waren mit bis zu
40 T jedoch etwa eine Groflenordnung groflier als jene in unseren Experimenten. Des Weiteren
lieferte eine direkte Berechnung der Zustandsdichten fir By, || I und B;, L I bisher keine klaren
Resultate. Die komplizierte Abhéngigkeit der Rashba-Spin-Bahn-Kopplung fiir p-leitendes HgTe

[9] machte es auBerdem schwierig, diesen Term in die Bandstrukturrechnung zu inkludieren.

Trotz umfangreicher Bemiithungen, den Ursprung der galvanomagnetischen Effekte im 3D TI
HgTe zu verstehen, konnte in dieser Arbeit der Mechanismus des PHE und der MR-Oszillationen
nicht eindeutig bestimmt werden. Es gelang jedoch, einige aus der Literatur bekannte Theorien
fiir den PHE und die MR-Ostzillationseffekte in topologischen Isolatoren auszuschlieSen. Die Her-
ausforderung, eine vollstdndige theoretische Beschreibung zu entwickeln, die allen experimentellen

Aspekten (PHE, Gatespannungsabhéngigkeit und MR-Oszillationen) gerecht wird, bleibt weiter
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bestehen. Abschliefend mdchte die Autorin ihre Hoffnung ausdriicken, den Lesern die Komplex-
itat der Fragestellung ndher gebracht zu haben und sie in die Kunst elektrischer Messungen an

topologischen Isolatoren bei angelegtem parallelem Magnetfeld initiiert zu haben.
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Recipe for SOT-FMR devices

Mesa

e cleaving:
Minimum size of sample: (3 x 3) mm?

Maximum size of sample: (4.5 x 4.5) mm?
e cleaning: 5 min in Acetone in ultrasonic bath, Isopropanol, HoO
e spin coating: ECI 3027 (20 sec., 6000 rpm), 2 min soft bake on hot plate at 80° C

e mask aligner:
exposure time: 6 sec.

clearance exposure with the square of Hall bar mask: 20 sec.

e development: developer AZ 726 MIF

development time: 23 sec.
e rinse in HyO
e check under the microscope
e Jon beam etch

e stripping:
— 5 min in Acetone in US 37 Hz/100% at 45° C
— 25 min in Acetone on HP at 50° C
— Isopropanol, H,O
— 2 min TS P1316 in US 37 Hz/100% at 45° C
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— 5 min TS P1316 on HP at 50° C

— Isopropanol, HoO

Diffusion Barrier

e spin coating: ECI 3027 (20 sec., 6000 rpm), 2 min softbake on hot plate at 80° C

mask aligner:

exposure time: 6 sec.

development: developer AZ 726 MIF, development time: 23 sec.

rinse in H,O

ALD: 12 cycles (1.21 nm) of HfO at ~ 35° C

Lift Off: 4 min in Acetone in US 37 Hz/100%, Isopropanol, HoO
Ferromagnet
e spin coating: ARN 4340 (20 sec., 6000 rpm), 2 min softbake on hot plate at 80° C

e mask aligner:

exposure time: 20 sec.
e post-exposure bake: 6 min at 80° C

e development: developer AR 300-47

development time: 30 sec.
e sputter: — 25 nm NiFe (250 sec., 50 W) — 10 nm Ru (50 sec., 50 W)

e Lift Off: 2 min in Acetone, Isopropanol, HoO

Insulator for Gate

e spin coating: spin coating: ARN 4340 (20 sec., 6000 rpm), 2 min softbake on hot plate at
80° C

e mask aligner:

exposure time: 20 sec.
e post-exposure bake: 6 min at 80° C

e development: developer AR 300-47

development time: 45 sec.
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e rinse in HyO

e ALD (at ~ 35° C) — 20 cycles (2 nm) of ZrO
— 250 cycles (27.5 nm) of AlO
— 40 cycles (4 nm) of HfO

e Lift Off: 8 min in Acetone in US 37 Hz/100%, Isopropanol, HoO

Metallization of waveguides and HB contacts
e spin coating: ARN 4340 (20 sec., 6000 rpm), 2 min softbake on hot plate at 80° C
e mask aligner: exposure time: 20 sec.
e post-exposure bake: 6 min at 80° C

e development: developer AR 300-47

development time: 30 sec.

e metallization: — 60 nm of AuGe
— 120 nm of Au

e Lift Off: 5 min in Acetone and squeezing, Isopropanol, HoO

e glue sample into the sample holder with PMMA 950K 5%
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