
Spin Hall effect tip for scanning
tunneling microscopy experiments

on quantum materials

THESIS

submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in

PHYSICS

Author : K.M. Bastiaans
Student ID : 0947962
Supervisor : Dr. M.P. Allan
2nd corrector : Prof. Dr. Ir. T.H. Oosterkamp

Leiden, The Netherlands, July 28, 2015





Spin Hall effect tip for scanning
tunneling microscopy experiments

on quantum materials

K.M. Bastiaans

Huygens-Kamerlingh Onnes Laboratory, Leiden University
P.O. Box 9500, 2300 RA Leiden, The Netherlands

July 28, 2015

Abstract

Many of the physical phenomena observed in quantum materials
exhibit interesting magnetic order. Resolving their spin structure
with atomic-scale resolution provides an insight in the microscopic
physics involved. We believe that a device-based method for spin
polarized STM will enable the needed control and reliability to re-
solve the spin structure in many of the quantum materials. In this
thesis we present the spin Hall effect tip as a potential candidate.
It will employ the spin Hall effect to generate a pure spin polar-
ized tip driven by an electrical current. By making a distinction
between the intrinsic and extrinsic spin Hall effect, and reviewing
their different characteristics, we argue that a copper host doped
with bismuth impurities (CuBi) is the most promising material for
fabricating spin Hall effect based devices. Testing of a CuBi spin
Hall bar yet need to be carried out to investigate the feasibility of
implementing a spin Hall effect device on a STM tip. The first steps
towards this device are presented in this report.
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Chapter 1
Motivation

The world of the quantum materials is a breeding place of fascinating and
interesting new physics. During the past decades it already revealed some
of its mysteries, leading to the discovery of several new states of matter;
for instance the high Tc superconductors, heavy fermion systems, topolog-
ical insulators and other mysterious states in the vicinity of the quantum
critical point.

Being able to probe these new states of matter locally is crucial for ex-
ploring the quantum materials and to gain a microscopic understanding of
their underlying new phenomena. Scanning tunnelling microscopy (STM)
proves to be a powerful technique to explore the quantum materials [1–
3], because it is able to visualize the surface with atomic-scale resolution
and also resolve its electronic structure. For instance the electronic struc-
ture of cuprate superconductors [1], Cooper pairing in a heavy fermion
system [2] and nematic structure in iron based superconductors [3] are al-
ready explored by the use of STM. Since many of these phenomena also
exhibit interesting magnetic order, it would be of great interest to be able
to resolve also the spin structure with atomic-scale resolution. This would
provide a way to obtain a more microscopic understanding of the mag-
netic ordering in many quantum materials.

The concept of spin polarized STM (SP-STM) is not new [4]; by creat-
ing a well defined spin polarization on the tip, only electrons with a cer-
tain polarization are available for tunneling. Under the assumption that
these spins don’t flip while tunneling, the tunneling current then strongly
dependents on the spin polarization of the local density of states on the
sample. This enables SP-STM to resolve the relative polarization of the
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8 Motivation

spins on the sample. Two main techniques are common for polarizing the
tip, namely using a ferromagnetic tip or coating the apex of the tip with a
small cluster of magnetic atoms. [4–6] Unfortunately both techniques seem
to lack the control and reliability to resolve the spin structure in quantum
materials. Mainly because an external magnet is needed to focus or switch
the polarization of spins on the tip.

We believe that a device-based method would provide the needed con-
trol and reliability. In this thesis we will discuss a new tool (illustrated in
figure 1.1), a potential candidate for resolving the spin structure of quan-
tum materials: the spin Hall effect tip. The structure of this thesis is the
following: the background theory on the spin Hall effect will be reviewed
in chapter 2, in chapter 3 we will discuss a method to verify the presence
of the spin Hall effect and chapter 4 we will propose how to unite the spin
Hall effect on a STM tip and discuss its potential application for spin po-
larized STM.

Figure 1.1: The idea for the Spin Hall Effect tip; a device based tip for SP-STM
to resolve the spin structure in many quantum materials (like the ’checkerboard’
state in the lightly doped cuprate superconductor Ca2−x NaxCuO2Cl2 [7] in this
figure). The insulating tip is coated with a thin layer of material (blue) that ex-
hibits the spin hall effect. By applying a charge current through this thin layer, a
spin imbalance is generated, polarizing the tip. The polarization can be switched
by changing the direction of the current.
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Chapter 2
Spin Hall Effect

First predicted by D’yakonov and Perel in 1971 [8], and later indepen-
dently revived by Hirsch (1999) [9] and Zhang (2000) [10], surprisingly a
charge current propagating through a paramagnetic metal, in the absence
of an external magnetic field, can generate a transverse spin imbalance.
Hirsch christened this the “Spin Hall Effect” due to the strong similarities
to the anomalous Hall effect. In this chapter we will discuss the relevant
background theory, followed by the first experimental evidence confirm-
ing conversion from charge to spin current. We will then make a distinc-
tion between an “intrinsic” and “extrinsic” origin of the effect and, based
on this background theory, argue which material is best suited for a spin
Hall effect device.

2.1 Background Theory

The spin Hall effect describes the conversion from a charge to a spin cur-
rent in a nonmagnetic metal. The basic picture is illustrated in figure 2.1
Consider a nonmagnetic metal, with no external magnetic field applied,
carrying a charge current (jx in the +x direction in figure 2.1). Electrons,
carrying a spin, will scatter in a direction perpendicular to the charge cur-
rent due to ”internal” or ”external” scattering mechanisms. This happens
in a way that electrons carrying spin up will scatter in the opposite di-
rection of electrons carrying spin down. What these mechanisms are we
will discuss later, for now we will just stick to this basic picture. Since
the total number of electrons with spin up and spin down is equal, the
splitting wont generate a charge imbalance. This means there will not be
a bias voltage perpendicular to the charge current. But there will be more
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10 Spin Hall Effect

Figure 2.1: Basic picture of the spin Hall effect by Hirsch [9]. Spin up and down
electrons split in opposite direction, transverse to the direction of the charge cur-
rent.

spins pointing up on one side and more spins down on the opposite side
(as illustrated in the figure). Hence what happens is that there will be a
spin imbalance generated perpendicular to the charge current. In this way
the spin Hall effect converts a charge current into a perpendicular spin
current. Usually this is expressed as

jspin = ΘSH(σ × jcharge) (2.1)

where jspin is the generated transverse spin current, σ the spin of the elec-
tron and jcharge the charge current. A figure of merit for this electronics to
spintronics conversion is the so-called spin Hall angle ΘSH, it expresses
the conversion yield between spin and charge current.

Now the question becomes what scattering mechanism drives the spin
splitting. We will distinguish two flavors of spin Hall effect with a differ-
ent origin, the ”intrinsic” and the ”extrinsic” type.

2.1.1 Intrinsic scattering

The mechanism of intrinsic scattering was first described by Sinova et al.
(2004). [11] Systems that show a purely intrinsic spin hall effect are char-
acterized by a strong Rashba spin-orbit coupling. Here the spin-orbit cou-
pling causes the spins to align perpendicular to the momenta, recall the
Rashba spin-orbit coupling Hamiltonian

H =
p2

2m
− λ

h̄
~σ · (~z × ~p) (2.2)

where λ is the Rashba coupling constant,~σ the spin of the electron, ~p the
angular momentum and ~z a unit vector perpendicular to the momenta
plane. This alignment in momentum space due to the Rashba spin-orbit
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2.1 Background Theory 11

Figure 2.2: Illustration by Sinova et al. to describe the intrinsic spin Hall effect
due to strong Rashba spin-orbit coupling. [12] Spins align perpendicular to mo-
mentum according to the Rashba Hamiltonian (2.2). When an electric field is
applied, the Fermi surface moves through momentum space, tilting the spins,
which results in a spin current perpendicular to the electric field.

coupling is also illustrated in figure 2.2.

When an electric field is applied (+x direction in figure 2.2), the elec-
trons are accelerated and the Fermi surface moves along in the direction of
the electric field. Due to the movement in momentum space the electrons
feel an additional spin-orbit field. As a reaction spins in the +y direction
tilt up and spins in the −y direction tilt down, resulting in a spin current
in the y direction (perpendicular to the electric field). [12] In this way the
intrinsic spin-orbit coupling generates a spin imbalance that is perpendic-
ular to the applied electric field.

2.1.2 Extrinsic scattering

The other type of scattering that leads to the spin Hall effect is of an ”exter-
nal” origin. It is found in compounds of noble metals doped with strong
spin-orbit coupled impurities, where anisotropic scattering by impurities
leads to a separation of spin up and down.

Two mechanisms, both related to the strong spin-orbit coupling of the
impurities, can contribute to the extrinsic spin Hall effect [13]; skew scat-
tering [14] and scattering with side jumps [15]. Both are illustrated in fig-
ure 2.3.

When an electric field is applied, electrons are accelerated along the di-
rection of the field. These electrons scatter anisotropically on the doping
impurities due to the strong spin-orbit coupling. As said, this can happen
in two ways. Either by skew scattering (figure 2.3 a.), this is characterized
by having different possibilities for electrons to scatter in different direc-
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12 Spin Hall Effect

Figure 2.3: Anisotropic scattering by impurities, two kinds of mechanism. a.)
Skew scattering. Spin up and down scatter in opposite direction. b.) Scatter-
ing with side jumps. When scattering, spin up and down make a side jump in
opposite direction.

tions. Electrons carrying a spin of opposite sign will scatter in opposite
direction. [16] Or scattering with side jumps occurs (figure 2.3 b.). When
deflecting of an impurity, spin up and down make a side jump in oppo-
site direction. [17] Both mechanisms result in a separation of spins up and
down, perpendicular to the direction of the charge current.

2.2 Experiment and Materials

After the principles of the spin Hall effect were proposed by by Hirsch
(1999) and Zhang (2000) [9, 10], the first experimental proof followed in
2006. Valenzuela and Tinkham were the first to measure the conversion
of an injected spin current to a (measurable) charge current in aluminium,
hereby verifying the existence of the spin Hall effect. [18]

The problem that they had to overcome was how to measure the spin
current electronically. Valenzuela and Tinkham anticipated on the idea
that if a charge current induces a transverse spin current through spin-
orbit interaction, the opposite will also hold due to the symmetry of the
relation. Injecting a spin current will induce a transverse charge imbal-
ance.

Their experiment, that verified the spin Hall effect concepts, is shown
in figure 2.4. By injecting a spin current using two ferromagnetic contacts,
a voltage was measured in the transverse direction over the aluminium
strip. This confirmed that the spin Hall effect can effectively generate spin
polarized currents, or can be used to directly measure them.
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2.2 Experiment and Materials 13

Figure 2.4: Aluminium hall bar configuration with two ferromagnetic contact to
inject a spin current. Valenzuela and Tinkham used this structure to verify the
existence of the spin Hall effect. [18]

2.2.1 Length scales: the spin diffusion length

Following on this, the spin Hall effect was also showed to be present in the
strong spin-orbit coupled platinum, using the same technique as Valen-
zuela and Thinkham. [19] Next were tantalum [20] and tungsten [21], but
now investigated by spin torque switching experiments. However, the fact
that this all concerned strong spin-orbit coupled materials turns out to be
a limitation for practical application. If one would like to make use of the
generated spin imbalance and maintain a pure spin current, the imbalance
would have to persist over the whole length scale of the device. The char-
acteristic distance over which a single spin can move before flipping its
spin is the spin diffusion length ls. [22] Typically this length is short for
strong spin-orbit coupled metals (in the order of a few nm). This turns out
to be the limiting factor for fabricating pure spin current devices made of
intrinsic spin hall effect materials.

To both get the strong conversion from charge to spin current and have
it polarized over a practical length, the extrinsic spin hall effect is more
promising. [23, 24] Gradhand et al. (2010) made this prediction from ab
initio calculations in the search for the best materials to use in pure spin
current devices. The merger of a noble metal doped with few strong spin-
orbit coupled impurities should combine best of both worlds. The light
host (such as copper or gold) makes that the spin diffusion length is long,
the heavy impurities act as the scattering sides responsible for the spin
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14 Spin Hall Effect

splitting. Calculations show that a conversion yields of approximately
10% combined with a spin diffusion lengths of 100 nm are feasible. [23, 25]

2.2.2 Extrinsic spin hall alloys

CuIr
A great advantage of doping a noble metal with impurities is that the
strength of the extrinsic spin hall effect can be tailored by choosing the
right combination of host and impurity metal. A conversion yield of 2.1 ±
0.6% is reported for iridium doped copper (CuIr), measuring a spin diffu-
sion length of roughly 30 nm. [26] This value of the spin diffusion length
already exceeds that of pure platinum by a factor of 10, which exhibits a
similar spin hall angle. [19, 27]

AuW / AuPt
An even higher spin hall angle of 10% is reported for a gold host doped
with tungsten impurities (AuW). [28] However, since a relative large amount
of W impurities are needed to obtain the large conversion yield, the spin
diffusion length is reduced to only 2 nm. Doping the gold host with plat-
inum impurities (AuPt) results in a comparable conversion of 12%, over a
length of 10 nm. [29]

CuBi
The most interesting alloy is bismuth doped copper (CuBi), reporting a
spin hall conversions yield of 24% and a spin diffusion length of roughly
80 nm. [30, 31] At the moment this seems to be the most promising ma-
terial for spin hall effect based devices, due to its efficient generation of
charge into spin current, combined with the relatively long spin diffusion
length. New methods are already proposed to even further optimize the
composition and dimensions of CuBi based devices. It is predicted that
conversion yields of 80% should be possible. [32]

For our purposes it is important that the generated spin current persists
over the total length scale of the device. The relatively large spin diffusion
length combined with the large spin Hall angle reported for CuBi moti-
vates us to use this material for device fabrication. In the next chapter we
will discuss a CuBi structure that we have developed to explore the possi-
bilities of this material for generating spin polarized currents in spin Hall
effect devices.

14



Chapter 3
Spin Hall Bar

Since spin hall effect experiments and devices are rather new concepts (the
first successful experiments are only a few years ago), assembling a spin
hall device on a STM tip would be a great step forward in both the field of
spin hall effect based devices as for spin polarized STM. The total number
of successful spin hall experiments is still small and is mostly limited to
a few research groups in the world. As a consequence there are no estab-
lished methods yet for spin hall device fabrication. Therefore we will first
make dedicated structures, before fabricating the spin hall tip, in order to
verify that the spin hall effect is present in our devices. These structures,
called Hall bars, will have the shape of an H. They are inspired on the
structures used in the experiment of Brüne et al. (2010) who were the first
to electronically measure the spin hall effect directly without injecting a
spin current. [33]

3.1 Design of spin Hall bar

3.1.1 Structure

We will make H shaped structures to verify that the spin hall effect is
present in the material and methods we will use for our device. The con-
cept of the H structure is the following (also illustrated in figure 3.1): a
charge current is applied through one of the standing legs of the Hall bar
(left leg in figure 3.1), in the presence of the spin Hall effect this gener-
ates a transverse spin current (through the bridging part of the H). This
spin current converts again through the other leg of the H (right leg in
figure 3.1) in a measurable charge current. Thus by applying a charge cur-
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16 Spin Hall Bar

Figure 3.1: The so-called spin Hall bar, an H shaped structure for non-local de-
tection of the spin Hall effect. A charge current is applied through the left leg,
which generates a perpendicular spin current, this is converted again to a charge
current through the right leg.

rent through one of the legs a charge current in the other leg is indirectly
induces, thanks to the spin Hall effect. Therefore the presence of the spin
Hall effect can directly be detected by measuring the voltage over the leg
opposite to the one a charge current is applied through.

3.1.2 Dimensions

Crucial for this non-local detection of the spin Hall effect is the dimen-
sion of this H shaped structure. Since the polarized spins diffuse through
the material and generate an electrical current elsewhere, the range over
which these spins can diffuse before flipping spin (the spin diffusion length
ls) is important. Also the mean free path of the electrons plays a role here.
One should choose the dimensions of the structure such that the signal
generated by the diffusing spin current can be distinguished from Ohmic
transport. To determine the exact geometry and dimensions of the Hall
bar we will have to consider the magnitude of both the electric signal gen-
erated by the spin Hall effect and the Ohmic behavior.
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3.1 Design of spin Hall bar 17

3.1.3 Spin Hall resistance

Abanin et al. (2009) calculated the non-local electric response in the spin
Hall bar, focusing on the extrinsic spin Hall effect. [34] According to this
calculations, the non-local voltage (generated in the presence of the spin
Hall effect) in this H bar geometry equals:

δV =
Θ2

SHρw
2ls

I exp−L/ls (3.1)

where ΘSH is the spin Hall angle (equation 2.1), ρ is the resistivity, w is the
width of the bridging channel, ls is the spin diffusion length, I the current
through the opposite leg and L the length of the bridging channel. This
description of the non-local voltage is accurate as long as the width w of
the bridging section is larger than the electron mean free path. Since in the
extrinsic spin hall effect regime we deal with metallic hosts, the electron
mean free path is smaller than the dimensions of the device. [31]

3.1.4 Ohmic resistance

The Ohmic behavior is set by the geometry of the H structure. The magni-
tude of the Ohmic resistance for this geometry is described by the theory
of van der Pauw [34, 35]:

Rohm = Rsq exp−πL
w

(3.2)

where Rsq = ρ/t is the sheet resistance of the H structure having resistivity
ρ and thickness t, L is again the length of the bridging part and w the
width. The voltage due to the Ohmis transport can thus be described by
δV = IRohm = IRsq exp−πL

w , with I the applied charge current.

3.1.5 Design of CuBi Hall bar

The H shaped structures are made of CuBi, since this alloy provides the
best combination of large spin Hall angle (ΘSH = 0.24) and long spin dif-
fusion length (ls = 86 nm). [30, 31] Considering equations 3.1 and 3.2,
we are able to calculate the optimal dimensions of the Hall bar. This to
reach the regime where the signal due to the spin Hall resistance can be
distinguished from the Ohmic transport. We anticipate on a 20 nm film
thickness, equal to the structures in the reports of Niimi et al. [30, 31], and
the resistivity of CuBi to be similar to that of ordinary Cu; ρ = 3.2µΩcm

17
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Figure 3.2: Semi-log plot of calculated spin Hall and Ohmic resistance for differ-
ent lengths of the CuBi spin Hall bar (equations 3.1 and 3.2).

(this can be rationalized since the amount of impurities dopants in CuBi is
only 0.5%).

Figure 3.2 shows the calculated resistances for both to the spin Hall
and Ohmic transport (equations 3.1 and 3.2). Here the typical geometry
of a Hall bar is considered of L = 3w. Clearly the spin Hall signal can
be distinguished from Ohmic transport, as long as the dimensions of the
structure are in the range of L = 50 to 400 nm. At L = 600 nm the spin Hall
signal becomes smaller than the Ohmic transport. This calculation sets a
regime for the dimensions of the CuBi Hall bar.

3.2 Fabrication

In this section we will discuss the fabrication of the CuBi spin Hall bars,
which will consist of three steps: 1. patterning 2. deposition and 3. in-
terfacing. A general overview of the procedure is depicted in figure 3.3.

Figure 3.3: a.) Patterning b.) depostion and c.) lift-off, ready to interface.

18



3.2 Fabrication 19

Figure 3.4: General overview of the Hall bar structure. Left a SEM image of
the total structure; four contact pads are connected via narrowing legs to the H
shaped structure, shown on the right.

3.2.1 Patterning

In the previous section we determined that the dimensions of the CuBi
Hall bar should be in the range of L = 50 to 400 nm. This is a regime
that can be accessed with electron beam (e-beam) lithography, using an
electron beam patterning generator (EBPG). A high purity, low resistive, n-
doped silicon wafer with a native oxide layer is cleaned by sonicating it in
a acetone, ethanol and isopropanol (IPA) bath. After sonicating the wafer
is heated to 150◦C for 1 minute on a hotplate, to evaporate all the leftover
solvents. Then a double layer of PMMA e-beam lithography resists is spin-
coated on the wafer. First a 450 nm thick PMMA 600K layer, baked for 3
minutes on a 150◦C hotplate, followed by a 200 nm thick PMMA 950K
layer, again baked for 3 minutes on a 150◦C hotplate.

Figure 3.5: Dose is important. Left: too low dose. Right: too high dose.

19



20 Spin Hall Bar

A Raith 100 EBPG is used to pattern the H shaped structure in the dou-
ble layer of PMMA; spot size 35 nm and an area dose of 285µC/cm2. These
are important parameters, and strongly depent on what wafer and resist
are used. Examples of a too low or high dose is shown in figure 3.5. After
patterning the resist is developed for 60 seconds in MIBK:IPA (1:3), and
stopped for 60 seconds in IPA.

3.2.2 CuBi deposition

After patterning of the structure, the CuBi material is deposited. This is
done by DC magnetron sputtering (Leybold LH Z400), using a Bi sintered
Cu target with 0.5% Bi concentration. The sputter deposition was per-
formed in an Ar gas flow of 5E-3 mbar and a 1kV DC potential. Due to
the low melting temperature of Bismuth (270◦C), the sample shouldn’t
be heated above 90◦C while and after deposition, therefore the wafer is
cooled during sputtering. [30]

The remaining resist is lift-off by sonicating for a few seconds in ace-
tone, leaving only the CuBi Hall bar structure remaining on the silicon
wafer. Figure 3.6 shows SEM image of the crucial part of the CuBi H-
structure after lift-off.

Figure 3.6: SEM image of a CuBi Hall bar structure. One can identify the two legs
connected by a bridging section (the H shape from figure 3.1)

20



3.3 Interfacing the CuBi structure 21

3.3 Interfacing the CuBi structure

Figure 3.7: Simplified representation of the 4-point lock-in measurement tech-
nique to measure the spin Hall voltage. Additional filters and amplifiers present
in the lock-in amplifier are left out for convenience. The arrows in the H shaped
structure correspond to description in figure 3.1

To measure the spin Hall voltage that is associated with the spin Hall
effect we propose the 4-point lock-in measurement technique (figure 3.7).
A lock-in measurement at f = 30 kHz should provide a better signal to
noise ratio compared to DC measurements. There are no indications that
such low frequent alternating currents change the behavior of the spin
Hall effect. The principle is similar the an ordinary 4-point measurement,
except the current is now applied through one leg of the Hall bar and the
voltage is measured over the other leg. In the presence of the spin Hall
effect the applied current converts to a perpendicular spin current, that
subsequently translates to a measurable voltage over the opposite leg (as
described in section 3.1 and equation 3.1).

At the moment of writing we just entered the measurement phase.
Testing of the CuBi spin Hall bar yet need to be performed to investigate
the generation of a pure spin polarized current is these Hall bar structures.
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Chapter 4
Spin Hall Tip & Outlook

4.1 Spin Hall tip

The final goal of this spin Hall effect tip project is to make a spin polarized
STM tip that has the control and reliability to resolve the spin structure in
many quantum materials. In this section we will propose our ideas to ap-
proach this. The method we propose is inspired by the scanning SQUIDs
on a tip, where a insulating tip is covered from two sides with a supercon-
ducting layer of material that connects at the apex of the tip, forming two
parallel Josephson junctions. [36–39]

It all starts with an insulating tip, quartz or borosilicate glass, with an
outer diameter of 1.0 mm. These tips are pulled from rods using a mi-
cropipette puller (the concept of micropipette pulling is illustrated in fig-
ure 4.1). The rod is heated in the middle and being pulled on from both
sides. Once the rods breaks, using the right pulling force and time, two
nice sharp tips are formed. The apex diameter of the tip can controllably
varied down to ∼ 100 nm. [36]

After pulling the insulating tip, it is coated from two sides with a thin
layer of CuBi, forming a connection only at the point of the tip. This is
done in two steps of DC magnetron sputtering (illustrated in figure 4.2).
In the first step one side of the tip is covered by a 20 nm thick CuBi layer.
Then the tip is rotated and during a second step it is coated on the other
side, leaving a gap between the two layers. Both layers will connect at the
apex, resulting in a thin layer of CuBi going around the pointy glass tip.

23



24 Spin Hall Tip & Outlook

Figure 4.1: Micropipette pulling; under the right conditions a quartz or borosili-
cate glass rod (A.) is pulled to break into two nicely sharp tips (B.).

Figure 4.2: CuBi coating the insulating tip by DC magnetron sputtering. The
CuBi coated parts are indicated in blue, on top is the CuBi sputtering target.

As reviewed in chapter 2, a copper host doped with bismuth impu-
rities is a promising candidate for spintronics devices, since it exhibits a
large extrinsic spin Hall effect. When applying a charge current through
the thin layer of CuBi coated on the tip, a spin imbalance will be generated,
spin polarizing the in- and outside of the CuBi layer, and thereby spin po-
larizing the tip (figure 4.3). The net polarization of spins on the tip can be
tuned by the direction of the applied current. This implies full electrical
control of the spin polarization of the tip.

24
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4.2 Outlook

We opened the route towards a spin Hall effect tip. CuBi appears to be to
most promising material to use as a coating for the insulating tip. Further
investigation of the CuBi Hall bar structures will provide more insight in
spin Hall device fabrication. Measuring the generation of a pure spin cur-
rent in CuBi using the H shaped structures will enable us to take the step
forward towards assembling the spin Hall tip.

Imagine one could use such a spin Hall tip for spin polarized STM.
It would profit from its easy and quick control of the spin polarization.
By applying a current through the coating of the tip, the apex polarizes
and only polarized electrons are available for tunneling. The spin Hall tip
will also profit from its device-based nature, providing more control and
robustness concerning fabrication compared to the spin polarized STM al-
ternatives. It will also add the opportunity to implement additional func-
tionalities to the tip, by the means of nano-fabrication. Eventually the spin
Hall tip will enable researchers to investigate the interesting magnetic or-
der and spin structure present in many quantum materials, and by doing
so obtain a microscopic understanding of the underlying physics.

Figure 4.3: The spin Hall effect tip. An insulating tip (borosilicate glass, indicated
in grey) covered from two sides with a thin CuBi layer (indicated in blue), con-
necting at the apex of the tip. When a charge current is applied through this layer,
spins split due to the spin Hall effect and spin-polarizes the tip. By adjusting the
direction of the current the polarization is switched.
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