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Abstract

This thesis describes the design and performance of a newly developed
low-temperature ultra-high-vacuum scanning tunnelling microscope (LT-UHV-
STM) system operating at T = 390 mK and magnetic fields up to 14 T. The sys-
tem’s performance is evaluated and compared with that of existing systems. Its
outstanding mechanical stability J, = 0.7 pm at a bandwidth of 700 Hz is pre-
sented using a method that allows for comparison with other systems. Atomic
resolution for stabilisation currents down to Iy,, = 0.5pA and for magnetic
fields up to B = 14T is achieved. An electron temperature of T, = 430mK at
one electrode and T, = 520mK at the other electrode of the tunnelling junc-
tion is ascertained through evaluation of superconducting tunnelling gaps and
Shubnikov-de Haas oscillation, using the system magneto-transport capabili-
ties. The Josephson peak in a superconductor-superconductor junction is used
to ascertain a bias voltage noise of the tunnelling junction of AV, = 16 uV ata
bandwidth of ~700 Hz. The long holding time t,,,4 = 10.5 days at 400 mK, the
virtually infinite holding time at T = 9K, the spacious optical access to tip and
sample at 25K inside the UHV-cryostat, and the attached UHV-analysis and
preparation chambers with a load lock, constitute a versatile system.

In the second part of this thesis a newly developed technique is used to map the
variations of the Rashba spin-orbit coupling in a Cs/p-InSb sample down to the
nanometre scale, limited by the magnetic length /g ~ 10nm at B = 6 T. This re-
veals a Rashba parameter of #g(R) = 1.2eVA, with root mean square variations
of 64, = 0.15eVA. We find a correlation between the Rashba parameter varia-
tions and the local potential. Using an analytical and a simple numeric model,
this correlation and the Rashba fluctuations are attributed to a locally changing
electric field, resulting from the randomly distributed dopants. The spin de-
phasing length, which is determined by the Rashba fluctuation, is estimated to
be Ispin = 250nm. These experimental findings suggest that the performance
of the most advanced spin transistors is likely dominated by variations of the
Rashba parameter.

Furthermore, the nodal structures of the zeroth and the first Landau level (LLj
& LL;) wave functions are spatially resolved within this sample system. The
drift states, which probe the potential disorder, develop with increasing energy
for LLy from a Gaussian-like distribution into a ring structure growing in diam-
eter and for LL; from a ring into a growing double-ring structure.






Kurzfassung

In dieser Arbeit werden das Design und die technischen Eigenschaften einer
neu entwickelten Tieftemperatur-Ultrahochvakuum-Rastertunnelmikroskopie-
Anlage (LT-UHV-STM), die bei T = 390mK und Magnetfeldern bis zu 14T
betrieben werden kann, préasentiert. Das System wird charakterisiert und mit
anderen existierenden Systemen verglichen. Es wird die iiberragende mechani-
sche Stabilitdt von 6, = 0.7 pm bei einer Bandbreite von 700 Hz mit einer Me-
thode dargestellt, die eine Vergleichbarkeit mit anderen Systemen ermoglicht.
Bei Stabilisierungsstromen von nur Ig,, = 0.5 pA und bei Magnetfeldern bis zu
B = 14T wird atomare Auflosung erreicht. Es wird eine Elektronentemperatur
von Ty = 430 mK an der einen und T, = 520 mK an der anderen Elektrode des
Tunnelkontakts bestimmt. Hierzu werden zum einen supraleitende Bandliicken
vermessen und zum anderen die Magentotransportfdhigkeiten des Systems ge-
nutzt, um Shubnikov-de Hass Oszillationen auszuwerten. Der Josephson-Peak
eines Supraleiter-Supraleiter-Ubergangs wird genutzt um das Rauschen der
Tunnelspannung innerhalb des Tunnelkontakts von AW,;,,s = 16 uV bei einer
Bandbreite von ~700 Hz zu bestimmen. Vielseitige Nutzungsmoglichkeiten des
Systems sind durch eine lange Standzeit t,,jg = 10.5 Tage bei 400 mK, eine na-
hezu unendliche Standzeit bei T = 9K, dem grofiziigigen optischen Zugang
innerhalb des UHV-Kryostaten zu Probe und Spitze bei 25K, sowie der ange-
schlossenen UHV-Analyse- und Préparationskammer mit Schleuse gegeben.
Mit Hilfe dieses Systems werden die Variationen der Rashba Spin-Bahn-
Wechselwirkung in einer Cs/p-InSb-Probe nanometergenau kartographiert,
wobei die Limitation die magnetische Lange /g ~ 10nm bei B = 6 T ist. Es zeigt
sich ein Rashba-Parameter von #g(R) = 1.2eVA, mit der Wurzel der mittle-
ren quadratischen Abweichung von J,, = 0.15eVA, wobei wir eine Korrelati-
on zwischen Rashba-Parameter und lokalem Potential beobachten. Mittels ei-
nes analytischen Modells werden die Korrelation sowie die Variationen durch
Verdanderungen im elektrischen Feld, bedingt durch die Zufallsverteilung der
Dotierung, erkldrt. Fiir dieses Probensystem wird eine Lange der Spindepha-
sierung, verursacht durch die Rashba-Fluktuationen, von ZSpin = 250 nm abge-
schatzt.

Das Probensystem wird des Weiteren dafiir genutzt, um die Knotenstruktur der
Wellenfunktion des nullten und des ersten Landau-Niveaus (LLgy & LL;) rdum-
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lich aufzuldsen. Die Driftzustiande, die der Potentialunordnung folgen, entwi-
ckeln sich mit steigender Energie fiir LLj von einer gaufsférmigen Verteilung
in eine Ringstruktur (kein Knoten) und fiir LL; von einer Ringstruktur in eine
wachsende Doppelringstruktur (ein Knoten).
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1. Introduction

Electronics are undeniably an important part of our everyday lives. Conven-
tional electronic devices are based on the transport of electronic charge, at
the same time the electron spin remains unused. Devices that use the spin to
transport information exhibit several advantages. Less energy is needed to flip
the spin of an electron towards the charge transport through a device. Likewise,
the time to switch between a spin-up and spin-down state is not limited to the
charge transport. Such devices utilising the spin are called spintronics, which
has existed as a research field of solid-state physics for about 20 years. It is
based on many well investigated physical principles and phenomena, e.g. the
quantum Hall effect, superconductivity or transistor electronics [1, 2]. The
spintronics device MRAM, as a non-volatile memory, is already in application.
Other functional devices are the spin field-effect transistors [3, 4], spin filters [5]
and quantum bits. The possibility of entangling spin states makes spintronics
also a promising approach for the realisation of quantum computing. It has
proved difficult to create feasible devices that allow a controlled spin manipu-
lation and this challenge is a topic of present research [6, 7, 8, 9, 10, 11]. Many
promising approaches for the realisation of spin field-effect transistors are
using the so-called Rashba effect to tune the spin-orbit interaction. An electron
spin propagating perpendicularly to an electric field exhibits, proportional
to the strength of the spin-orbit interaction, an effective magnetic field. The
magnetic field is perpendicular to the electron momentum k and the electric
field. The electron spin precesses around the effective field, if originally not
pointing in the effective field direction. Hence, in two-dimensional electron
systems (2DES), the strength of the electric field can tune the spin-orbit
interaction and thus, the spin precession rate. This approach appears to be
practical for a controlled spin manipulation [3, 12, 13]. Unfortunately, it has
not yet been possible to produce commercial spin-transistor devices, as they
are restricted to low temperatures, have bad signal to noise ratios and only
show one to two oscillations of spin precession. The k-dependency of the
Rashba effect leads to liability of the spin precession on scattering processes,
thus many approaches focus on achieving ballistic transport [10]. By this, spin
relaxation due to scattering mechanisms such as the D’yakonov’ Perel (DP)
and the Elliott-Yafet (EY) mechanism can be avoided [14, 15]. The mechanism
that limits the functionality of those ballistic devices is unclear. An alternative
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and more recent approach is an uncoupling of the spin precession from the
varying electron propagation direction in order to suppress the DP-type spin
relaxation, e.g. by one-dimensional devices [11] or forming a spin-helix [4,
]. These devices would, however, still suffer from a fluctuating Rashba field,
which would cause spin dephasing without any scattering processes [16]. In
the second part of this thesis (Part II), the main focus will be on an experimental
technique to probe the spatial variations in the Rashba field using scanning
tunnelling microscopy (STM). 2DES structures are typically semiconductor
heterostructures, burying the 2DES. To make the 2DES accessible via STM a
system is used that exhibits a 2DES at its surface. Therefore, Cs is adsorbed on
InSb(110), resulting in a surface 2DES. In a vanguard experiment, the Rashba
parameter is determined down to the nm length scale [17].
Many effects in solid-state physics manifest in distinct patterns of the electron
wave functions ¥ making it interesting to probe ¥ or |¥|? directly. STM can
map the electronic density of states (DOS) in a 2DES or on the surface of a
3D bulk and hence [¥|?>. The corresponding |¥|?> has been probed, e.g. in
metals [18], semiconductors [19] and graphene [20]. A prominent fundamental
example of [¥|? is the orbital motion of electrons in a strong perpendicular
magnetic field. The electron motion, classically described by cyclotron orbits,
leads quantum mechanically to an energy quantisation into Landau levels (LL).
As yet it has not been possible to probe the nodal structure of the corresponding
wave functions in real space. This work presents observations that exceed
the evolution of drift states [21, 22] and clearly resolve this nodal structure
(Chapter 7).
Experimental access to these fundamental principles of condensed matter
physics has proved to be challenging. STM is a powerful tool for investigations
down to the subatomic length scale. Besides topography, scanning tunnelling
spectroscopy enables the study of the band structures or the resolution of
electron interaction effects. High energy resolution is required, for instance, for
LL and spin splitting (AE ~ 10 meV), superconducting gaps (AE < 2meV), or
Josephson tunnelling peak widths (AE S 100 peV). In addition to the need for
high mechanical stability and long-time measurements, there is also a necessity
for experiments to be performed at low temperatures. This, along with addi-
tional special requirements for experiments on the quantum Hall effect, e.g.
high magnetic field and clean sample surfaces, necessitates the development of
new systems. The first part of this thesis introduces such a home-built system.
For the sake of comparison it describes the state of the art for low-temperature,
ultra-high-vacuum scanning tunnelling microscope systems (LT-UHV-STM).
It is shown that the built-up system operates at temperatures below 400 mK
with an energy resolution of AE ~ 50 peV, extraordinary stability (J, < 1pm),



holding time (t,,)q > 10days) and optical access. This system has not only
enabled investigations on the spatially varying Rashba parameter but also
opened up the possibility for future experiments on topological insulators,
Majorana fermions [9] and Wigner crystals [23].

This thesis is separated into two parts. The first part (Part I) covers the de-

velopment of the LT-UHV-STM system while the second part (Part II) covers
the investigation of Cs/p-InSb regarding the variation of the Rashba effect and
observations of the nodal structure of LL wave functions. Chapter 2 provides a
brief introduction into scanning tunnelling microscopy and an overview of the
existing LT-UHV-STM systems. In Chapter 3 the design of the home-built sys-
tem is introduced, and in Chapter 4 the performance of the developed system
is presented.
Chapter 5 gives a theoretical introduction into Rashba spin-orbit coupling and
introduces the influence of a magnetic field and potential disorder. In Chap-
ter 6 recent experimental studies on spintronics and spin-orbit interaction are
reviewed, followed by investigation on the local variations of the spin-orbit
coupling in Chapter 7 and the observations on the nodal structure LL wave
functions in Chapter 7.5.






Part 1.

Combined UHV-STM/AFM system
operating at 390 mK and 14 T






2. Scanning tunnelling microscopy
at low temperature

For nano devices and spintronics it is necessary to have control over small
structures and small-scale devices down to the atomic length scale. Versatile
technologies for subatomic investigation and manipulation are provided by
scanning probe microscopy (SPM) techniques such as scanning tunnelling
microscopy (STM), invented by Binnig and Rohrer [24], and atomic force
microscopy (AFM) [25]. It is necessary to operate at low temperatures to
achieve high energy resolutions, which can be limited by the thermal energy
Et = kgT. Furthermore, the existence and observation of many effects, e.g.
superconductivity, quantum Hall effect, Kondo effect, Wigner crystallisation
etc., is restricted to low temperatures. Atoms and molecules with small binding
energy can be adsorbed, and stable imaging is being facilitated. Beyond
this, low temperatures are advantageous for preserving clean and controlled
experimental conditions. Ultra high vacuum (UHV) systems achieve pressures
down to p = 10~ mbar. Assuming that all residual particles are adsorbed
when bouncing at a sample surface, attainment of a full monolayer coverage
would take place after 10°s at room temperature. By going towards lower
temperatures (LT), the residual particles are pumped by cold surfaces and the
pressure in the system can be reduced by several orders of magnitude, helping
to maintain a clean surface for a longer period of time.

In the first part of this thesis, the design and characterisation of a LT-UHV-
SPM system is introduced, with the main usage as a scanning tunnelling micro-
scope. The experimental investigations are covered by the second part of this
thesis and mainly done using this technique. This section will cover a brief in-
troduction into scanning tunnelling microscopy. Furthermore, an overview of
existing LT-UHV-STM system:s is given to allow a classification of the presented
system.
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2.1. STM and STS

An STM is realised by scanning an electrically conducting and atomically sharp
tip across a conductive sample surface, giving the possibility to probe physical
properties with subatomic resolution (see [26, 27]). When tip and sample are
brought to a distance d of a few A and a bias voltage is applied between tip
and sample, a current can be measured. This current is based on the quantum
mechanical tunnelling effect. For sample voltages V much smaller than the
mean barrier height @ ~ (Pt + Ps) /2, with P, and P the work function of
the tip and sample, respectively (Figure 2.1(a)), the tunnelling current in the
Wentzel-Kramers-Brillouin approximation is given by

eV
1=/ ot(r, E)ps(r, £eV F E)T(E,eV,r)dE, 2.1)
0

with p;(r, E) the density of state of tip (i = t) and sample (i = s) at energy E and
position 7, and e the electron charge. T describes the transmission probability
T(E,eV) =~ e~*, with the decay constant

2m eV
K= \/ hze (Q)eff — ‘2—|>, (22)

with m, the electron mass and # the reduced Planck constant [28]. The tun-
nelling probability increases exponentially with a reduction of the tunnelling
barrier width d. This results in a highly distance-dependent tunnelling current

[ o Ve ™, (2.3)

This one-dimensional model has been extended by Bardeen [29], and Tersoff
and Hamann [30, 31] for 3D elastic tunnelling assuming s-type tunnelling or-
bitals of the tip. In this model the tunnelling current at low bias V between tip
and sample can be written as

I o ps(Eg)pr(Egs, 1) - Ve "R, (2.4)

Here, Eg; denotes the Fermi level and the exponent x(R) is the decay constant
of the s-orbital of the tip.
Most STMs use metallic tips, such as Ptlr or tungsten. The tunnelling orbitals
of such STM tips are mostly p and d orbitals. Chen [32, 33, 34] sought a bet-
ter description of such tip states by calculating the changes in the transmission
coefficient for different types of tunnelling orbitals, and was able to derive a
general sum rule. In the derivation of the transmission coefficient the wave
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tip sample tip sample

Figure 2.1.: Schematics of tunnelling between STM tip and sample — (a) Tunnelling
from the tip into unoccupied sample-states (light blue) for a positive sample bias.
Lengths of horizontal arrows indicate tunnelling probability. (b) Tunnelling process
from occupied sample-states (dark blue) into the tip. Adapted from [25].

functions ¥ have to be replaced by the derivative of the wave functions. For

pi-orbitals (i = x,y,z) ¥s is replaced by %, for most d; j-orbitals by %25]? and

similarly for higher orbitals. The sharper p, and d,» orbitals, which typically
dominate the tunnelling current, lead to better lateral resolution, resulting in
subatomic resolutions in STM measurements.

Access to the local density of states in an STM experiment is given by measuring
the differential conductivity. A differentiation of Equation (2.1) gives

dI

rid P ps(Eg+eV) - pt(Eg) - T(eV,V,d)

1%

eV d
+ /0 po(Er+E) - pu(Ep + E— V). <CT(E,V,d)dE (25)

eV d
+ /0 po(Ex+E) - <pu(Ex+ E—eV) - T(E,V,d)dE.

The first term gives the density of states of the sample ps(Eg + eV). For small
bias voltages compared to the work function, the second term becomes negli-
gible due to small variations of the transmission coefficients. The third term
is sensitive to variations of the density of states of the tip. For metallic tips,
pt is often assumed to be sufficiently constant and this term can also be ne-
glected. Nevertheless, the contribution of the tip is the same for all ps and can
be characterised by measuring the differential conductance with the same tip
and varying ps. Likewise, features of a sample that appear identically with dif-
ferent microtips are most likely to be related to ps(Er + eV). Thus, the change in
the differential conductivity at a given bias voltage V gives information about
the change in ps, resulting in
dI

W(V) & ps(Ep+eV) (2.6)
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for small bias voltage and p: = const. The differential conductivity is accessible
in STM experiments by stabilising the tip-sample distance at a constant current
Litap and bias voltage Vgiop and then measuring the current for different sample
biases. Deriving the voltage-dependent current signal gives the local density of
states (LDOS) at that position.

An established method for using scanning tunnelling spectroscopy (STS) to di-
rectly map the differential conductivity is the Lock-In technique. To this end,
the bias voltage is modulated with a frequency f,,q and a small modulation
amplitude V4. Integrating over a sampling time ¢ gives the differential con-
ductivity dI/dV or the LDOS, respectively. Larger modulation amplitudes of
the sample bias lead to an averaging over a larger energy range of the LDOS and
thus can limit the energy resolution. When using this method at various sam-
ple positions, whole maps of the LDOS can be acquired. This method is rather
time consuming, limited by the integration period and lateral resolution. Such
measurements of dI/dV maps with 100 x 100 px can take several hours to days
and thus place high demands on the STM-system regarding the lateral stability,
drift between sample and tip, and maximal holding time at a fixed temperature.
Equation (2.1) describes the tunnelling process for zero temperature. For T # 0
a Fermi distribution of the electron occupation

f(E) = [exp(E/kT) +1] " 2.7)

has to be considered [35, 27], adding a factor [fs(E +eV) — fi(E)] to Equa-
tion (2.1) resulting in the tunnelling current broadened by the Fermi distribution

[56]

3 +o0
(V)= / [fs(E+eV) — fi(E)] pt(r, E)ps(r,£eV F E)T(E,eV,r)dE. (2.8)
Additionally, Vj,,0q in an STS experiment can reduce the energy resolution fur-
ther. Measuring the differential conductance at finite temperatures with the
Lock-In technique gives

dI w2 = :
W(V) x / Y sina - [ (V4 Vppoq - sina) da. (2.9)
-7

The achievable energy resolution in such an STS experiment can be approxi-
mated by [35]

AE % 1/ (33kpT)2 + (25¢Vinoa 2. (2.10)

To achieve a high energy resolution the experiment has to be performed at low
temperatures and small modulation amplitudes. Smaller modulations lead to

10



2.2. STS of superconductors

smaller signals and therefore increase the demands on the mechanical stability.
A voltage noise on top of the signal can be treated as an additional modulation
bias which contributes to the energy resolution. Any potential fluctuation at the
Lock-In frequency between tip and sample leads to a reduction of the energy
resolution (see Section 4.3).

2.2. STS of superconductors

A common technique for determining the energy resolution of a low-
temperature STM-system is to exploit the density of states of superconductors
[37, 27]. Considering a tunnelling junction consisting of an isotropic s-type su-
perconductor and a normal metal (SN-junction, Figure 2.2(a)), the density of
states psc for T = 0 from the Bardeen-Cooper-Schrieffer theory (BCS) is given

by

|E|
00 - ’E| > A
E) = VE2—A? 2.11
Psc( ) { 0 |E| <A, ( )

with A being half the width of the superconducting gap, po the density of states
of the material in a non-superconducting state at Er and E the distance from
Eg. The first tunnelling experiments, resembling this density of state, were per-
formed with an SN-junction separated with a thin oxide layer already in the
early sixties [38, 39]. For finite temperatures, still below the critical temperature
Tc, the singularity at E = £A and the slopes are smeared out. This leads to a
gradual closing of the gap with increasing temperature and can be observed in
STS experiments [40]. Here the SN-junction consists of a superconducting Nb
tip and a Au surface (see Figure 2.2(b)). The observable gap may differ from the
bulk values of the material for tips and thin layers, due to the proximity effect
[41].

Substituting the normal conducting electrode for another superconductor
builds an SS-junction. New types of tunnelling processes, namely multiple
Andreev reflections [42, 43] and Josephson supercurrent [44], become possible.
For small tunnelling currents, i.e. large sample tip distances, the conventional
electron tunnelling described above occurs. Due to the superconducting gaps
A1 & A; of both electrodes, in STS a gap of the width A; 4 A is observed. Only
if the applied bias voltage V is greater than (A1 + A;) /2, electrons tunnel from
occupied states of one electrode to unoccupied states of the other. By bringing
the tip and sample closer together, so that the coupling of both superconduc-
tors is enhanced, multiple Andreev reflections are observable [45, 46] (cf. Fig-
ure 2.3(a)-(c)). The ratio of the two gaps A;/A; determines which processes are
allowed. In this thesis only the case 1 > A;/A; > 0.5 is important. Those quasi-

11
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b
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N-cond. S cond. SRS A A A
Ip sample Sample Bias (mV)
Figure 2.2.: Tunnelling between superconductor and normal conductor. - (a)

Schematics of tunnelling from normal conducting tip into a superconducting sample.
Dark blue: occupied states. Light blue: unoccupied states. Arrows indicate possible
tunnelling. (b) Differential conductance measurement obtained by STS using a Nb tip
and a Au surface taken at various temperatures. Spectra are shifted vertically for clar-
ity. The superconducting gap is resolved at low temperatures and closes towards higher
temperatures [40].

particle tunnelling events lead to peaks in STS spectra inside the gap A + Ap
at E = A1, Ay & (A1 + Ap) /3, and for a finite DOS at E > Ay, A [46]. When
the Fermi energies of the two superconducting currents are aligned, strong
coupling can enable Cooper pair tunnelling, and a Josephson peak appears in
the spectroscopy. Usually, this analysis is performed for planar junctions, but
Ivanchenko et al. [47] show that it applies down to lateral sizes of nanometre
as present in the tip-sample junction. In the case of STM, for which the tip is
used as an electrode, the nature of the supercurrent does not change [47]. This
supercurrent has been observed in STS [48, 49] and can be locally probed in STS
evolving a new field of Josephson scanning tunnelling microscopy (JSTM) [50].
For pure JSTM the Josephson coupling energy

Polc
Ey = o (2.12)
has to be larger than Et, with ®( the magnetic flux quantum and I¢ the critical
current of the superconductor. A further influence on the Josephson current has
the tunnelling capacitance charging energy Ec = 2¢2/C, which can exceed Ej
for small tip-sample capacitances C. These perturbations lead to a fixed phase
difference between the two superconductors [47]. The tunnelling Cooper pairs
are bosonic quasi-particles which are condensed to a single energy. This feature
is used in this thesis to estimate the bias noise in the tunnelling junction. A de-
tailed analysis of the Josephson current in such nanoscale Josephson junctions
would be too elaborate [47, 51] and will not be discussed in this thesis.
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Figure 2.3.: Schematics of tunnelling processes in an asymmetric SS tunnelling junc-
tion — Multiple Andreev reflections and Josephson tunnelling processes in an SS junc-
tion for 1 > A;/A; > 0.5 (a) Electron tunnelling from left to the right superconductor
and reflected to the left, creating a Cooper pair on the right. (b) Opposite direction of
(a). Hole tunnels from right to left, annihilating a Cooper pair and reflecting an electron
to the right. (c) Double reflection process as combination of the Cooper pair annihilat-
ing and creating process in (a) & (b). Adapted from [46] . (d) Josephson tunnelling.
When the Fermi energies are aligned and the superconductor wave functions overlap,
Cooper pairs tunnelling occurs.

2.3. Existing LT-UHV-STM systems

There are currently a number of ultra-low-temperature systems in existence,
including many that are commercially available. The high performance de-
mands in low-temperature physics and scanning probe microscopy result in
many unique home-built systems, specialised to the individual needs. This
section provides a benchmark of the performance by presenting an overview
of existing systems with similar performances, as the system presented in this
thesis, and their limitations. It illustrates the LT-UHV-STM systems that exhibit
the most outstanding performances. The key aspects of the performances of the
STM systems are the achievable base temperature T with the corresponding
holding time t,,q and more crucially the actual electron temperature. For
investigation of reactive sample surfaces and sample preparation, the UHV
compatibility, optical access and sample transfer can be important. To benefit
from a key advantage of STM, a high stability in the distance of tip and sample
0, is pursued, while long time measurements, such as dI/dV maps, benefit
from of a small drift V;,_ between tip and sample. Furthermore, superconduct-
ing solenoids are commonly implemented, unfolding a large research field.
While conventional L*He-bath cryostats are limited to T = 4K, several tech-
niques to cool down scanning probe microscopes to the sub-kelvin regime have
been established. Latest temperature records reaching down to T = 10mK [52,
, 54,37, 55, 56, 57, 58] are achieved by dilution refrigerators (DR). Of these
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2. Scanning tunnelling microscopy at low temperature

groups, only Assig et al. [37] reported an electron temperature below 100 mK
(Tep = 38mK). This DR exhibits a magnet allowing the application of magnet
fields up to B = 14 T perpendicular to the sample and a 0.5 T in-plane magnetic
field. Since tip and sample are arranged in stages, this system does not provide
an optical access to the tip and sample chamber. One of the leading DR-STM
systems is located at the NIST [53]. It depicts a versatile SPM system as it is
fully UHV compatible, exhibiting a 15T magnet, five contacts each on sample
and tip stage, and an xy-coarse movement of £1.5 mm. A limited optical access
to the sample stage is achieved parallel to the tip through a small hole in the
tip holder and the 3 m distant top flange which is also used for sample and tip
exchange.

The DR is cooled using the mixing heat of *He and *He. Operation is possible
in a single shot mode (14 only a few hours [55]), where all the He is pumped
out of a mixing chamber and still, or in persistent mode, where the segregated
3He is reintroduced to the mixing chamber for a closed cycle operation. To
control the pumping speed at the still and in the persistent operation mode,
mechanical pumps are needed for the cooling process. This naturally leads to
mechanical vibration. Even with the extensive effort in using several damping
stages and anechoic rooms, these vibrations seem to limit the achievable
z-stability in STM measurements. Reported stabilities are down to 4pm at a
bandwidth Bw = 285Hz [37]. Roychowdhury et al. report for their double tip
STM a stability of 6, = 1.75pm (T; = 184 mK, B = 13.5T, no UHYV, no optical
access). Unfortunately, this value is not significant, since it was extracted in a
scanning operation without detailed information about bandwidth and scan-
ning parameters [57]. An exceptional J, = 0.2 pm has been reported by Galvis
et al. [58], but it also lacks information about bandwidth or parameters this
measurement has been performed with, and uses the magnet as an additional
damping stage (T = n.a., B, = 5T, By, = 1.5T, no UHYV, no optical access).
Pelliccione et al. [59] (Ty; = 45 mK) and den Haan et al. [60] started to combine
DRs with the cryogen-free technology of pulse tube refrigerators for SPM
systems that put up with highly enhanced mechanical vibrations.

The latest approach to sub-kelvin cooling is the Joule-Thompson cryostat
designed by Wulfhekel [61] (Ty = 1.15K, B = 3T, fully UHYV, optical access).
The base temperature initially using *He was T = 930mK and T = 800 mK
after adding *He to the mixture [62]. The lateral drift v4,, of tip and sample in
this system is smaller than 20 pm/h, similar to the vertical drift v;, < 20pm/h
extracted from I(z)-spectroscopy. While scanning, the z-stability is J, = 0.5 pm
and 5 pm along the fast and the slow scanning direction respectively.

The traditional approach to reach sub-kelvin temperatures, which is also used
in the system described in this thesis, is a 3He-cryos’cat [63, 64, 36, 65]. Using
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2.3. Existing LT-UHV-STM systems

the higher vapour pressure of *He towards “He makes it possible to reach
temperatures of about T = 300mK (see Section 3.3). The advantage here is
that the vapour pressure reduction of *He can be achieved using sorption
pumps and without any active mechanical pumps while the system is at base
temperature. Here, the amount of He limits t,,4, the time available at the
lowest temperature. The system of Wiebe et al. can operate for t;,,g = 30h at

= 315mK (T = 315mK, 6, > 5pm determined while scanning, B = 14T,
full UHV, optical access outside the cryostat) [36]. Recently Kamlapure et al.
reported on a new *He-system [65], with which they could achieve 5, > 2pm
(Teq = 500mK, B = 9T, no UHV, no optical access). Most recently the
Wiesendanger group reported on their new *He-UHV system [66]. Although
it is an AFM system the performance requirements are similar. Operating
at T = 350mK is possible for t;qjg = 12h and their z-stability is limited to
0, = 2.8pm (determined while scanning, B = 10T, full UHV, optical access
outside the cryostat).

Table 2.1.: List of previously reported sub-Kelvin STM systems with outstanding
performances - Distinguished are four different cooling mechanisms: vapour pressure
reduction of *He via sorption pump (*He), dilution refrigerator (DR), cryogen free pulse
tube (PT) and Joule-Thompson (JT). Presented values are taken or extracted from the
data of the cited reports.

Location Year | Type T Ty 0, Magnet! UHV? | Opt. acs.
Berkley [63] 1999 | ®He | 240mK n.a. 0.5pm (scan) 7T no no
Geneva [64] 2000 3He 275 mK n.a. n.a. 14T yes outside
Hamburg [36] 2004 | ®He | 315mK 315mK 5pm (scan) 14T yes outside
Tokyo [52] 2007 DR 30mK < 350 mK n.a. 16 T3 no no
NIST* [53] 2010 DR 10 mK n.a. 2to4pm @100 Hz 15T yes limited
Madrid [54] 2011 DR 100 mK n.a. 5pm (n.a.) 8T no no
KIT, Karlsruhe [61] | 2011 JT 800 mK 1.15K 5pm 3T yes yes
TIFR, Mumbai [65] | 2013 | 3He | 350mK | ~ 350mK ~2pm@200Hz 9T no no
Stanford® [59] 2013 PT 15mK 45mK 21nm@1kHz 9T,3T no no
MP], Stuttgart [37] | 2013 | DR 15mK 38 mK 4pm@285Hz 14T,05T no no
Princeton [55] 2013 | DR 20mK 250 mK < 2pm (scan)® 14T yes outside
MP], Stuttgart [56] | 2013 | DR 30mK 140 mK < 15pm (scan) 14T no n.a.
Maryland7 [57] 2014 DR 30mK 184 mK 1.75 pm (scan) 135T no no
Leiden [60] 2014 PT n.a. n.a. 1pm/ v Hz none no no
Madrid [58] 2015 DR 100 mK n.a. 0.2pm (0.3 T, scan) 5T,1.5T no no
Hamburg8 [66] 2016 | *He | 350mK n.a. 2.8 pm (scan) 10T yes outside

1For 3-axis vector magnets the two corresponding maximal fields are given.
ZReferring to the whole system without cryogenic pump operating, i.e. at 300 K.
3Implemented during my time at the University of Tokyo.

45 contacts at sample an tip stage each. 1.5 x 1.5 mm? coarse positioning.

°T, determined by Coulomb blockade thermometry.

6z-stability stated to be comparable to [53].

7dual tip STM.

8 AFM, most recent He-UHV-SPM system.
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3. Design of the low-temperature
UHV-system

analysis

Figure 3.1.: 390 mK UHV-system in an anechoic room — Three-chamber UHV-LT-
system, consisting of a preparation chamber (blue) with a load lock (green), analysis
chamber (yellow) and a UHV-cryostat (orange).

The SPM system described in this work is a three-chamber UHV-system de-
signed by Stefan Becker [67]. The three main sections are the preparation cham-
ber, the analysis chamber and the cryostat. All chambers are connected via
an in-situ transfer system. The samples are locked into the system through a
load lock connected to the first main section, the preparation chamber. It is de-
signed for sample annealing using a resistance heater and electron beam heater
for temperatures up to T = 3700K', sputtering or plasma ion bombardment.
From here, samples can be transferred into the analysis chamber or straight to
the cryostat. The analysis chamber is designed for preliminary sample investi-
gations such as low energy electron diffraction (LEED) and exhibits a port for

Limited by the melting point of tungsten.
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3. Design of the low-temperature UHV-system

a room temperature STM. Furthermore, it is aided by six ports, of which, for
this work (Section 4.3.3), one port is occupied by a home-built Pb evaporator.
A more detailed description can be found in [67]. The UHV cryostat, equipped
with a 14 T superconducting magnet, is used for the main investigations in this
thesis and is described in more detail in the following sections.

3.1. Design of the cryostat

The original intention was that the whole cryostat, consisting of a UHV hull,
LN,-insert, “He-insert and *He-insert would be constructed by CryoVac GmbH
& Co. KG. However, the *He-insert, the core part of the cryostat, had to be
redesigned to adjust the system to the requirements. All components of the
cryostat meet the requirements for acquiring a UHV at room temperature. The
hull is embedded with heating mats and the cryostat base is resting on a heat-
ing plate for an all-over bake-out procedure. The system can be heated up to
T = 120°C, while the magnet has to be kept below T = 85°C. In the bake-out
procedure this can be realised by air-cooling via the *He filling line. This en-
sures a base pressure of p(T = 300K) = 2 - 10~ !Y mbar in the cryostat.

The cooling-system is separated into three inserts (Figure 3.2). The outer shield-
ing is realised by an LN,-tank with a filling volume of Vi n, = 1201. The LN,-
tank is filled with Cu wool to inhibit bubbling of LN,. Inside the LN-insert is
the *He-insert. The top consists of a “He-tank with Vi, = 1021. The exhaust
lines of the He-tank are connected to a shield (not shown) lying in between
the LN, and “He-tank to enhance the *He hold time. Directly below lies the
1K-pot with Vix = 51. It can be filled with 4He via a direct line from the tank
above and is connected to a pumping line to cool the liquid by vapour pressure
reduction. Attached to the bottom of the 1K-tank is the magnet tank, filled with
*He and containing a single axis 14 T-NbTi/Cu solenoid magnet. The shielding
of the LN, & *He-tanks is elongated around the 1K-pot and the magnet tank.
To enable access to the inner part of the cryostat the shielding can be opened
externally at the height of the sample transfer, which is also the height of the
preparation and analysis chamber. The centre of the system incorporates the
3He-insert, with the microscope head connected to its bottom. Using an elec-
trically driven z-manipulator, the insert can be positioned vertically relative to
the rest of the cryostat. This allows the microscope head to be moved between
positions for sample transfer, sample preparation and cooling of the microscope
head (see Section 3.3).
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Figure 3.2.: Schematic cut through the UHV-LT system in an anechoic room — Sys-
tem placed inside an anechoic room and resting on air-damping feet. The >He-insert
contains an additional air-damping stage for mechanical isolation from the system.

3.2. Design of the *He-insert

The 3He-insert is home-built with the support of CryoVac. The original design
exhibits the necessity of an insert rotation and z-movement, leading to strong
demands on position adjustment. Experiments with a similar system at the Uni-
versity of Hamburg have shown that this approach was unfeasible and had a
high risk of failure. The main challenge in the design is achieving switchable
thermal contact between 1K-pot and 3He-pot, low heat transfer between top
flange and sorption pump as well as sorption pump and *He-pot, and mechan-
ically stable connection of the *He-pot (cf. Figure 3.3).
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Figure 3.3.: Home-built 3He-insert — (a) He-insert with main sections emphasised by
colouring and shown enlarged in (b) to (e). The positions of temperature sensors are
marked with grey T’s. Designed with support from CryoVac and in cooperation with
Mike Pezzotta.
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3.2. Design of the *He-insert

3.2.1. Thermal conductivity along the insert

The shielding from radiation heat input from room temperature of the top
flange to the sorption pump is realised by a stratification of three passive
and two active baffles. The passive baffles are gold coated, copper radiation
shields (Figure 3.3(b)). The active baffles (Figure 3.3(c)) have BeCu-springs, ra-
dially aligned at the outside, which brings the baffles in contact with a cop-
per pipe connected via a copper strand with the “He-exhaust lines. This al-
lows a vertical movement of the insert and fixes the baffle temperature between
Tvatfle = 40K — 70K, depending on the amount of “He-exhaust. Twisting the
wires to these baffles also guarantees a temperature reduction of the wires at
this position. The wiring is wound tightly around the sorption pump (Fig-
ure 3.3(d)) for a good thermal contact, and to prevent radio-noise by move-
ment of the wiring. The connection of the sorption pump cone and the *He-pot
(Figure 3.3(e)) is made by a tripod of stainless steel pipes (struts) with a wall
thickness of d = 0.1 mm, as a compromise of mechanical stability and low ther-
mal conductivity. These pipes will be cooled down to T = 390 mK and are close
to the magnet. Thus, it had been taken care of that the pipes show no ferromag-
netism after the soldering and welding process. At the same time, many hard,
thermally isolating, non-ferromagnetic metals cannot be used, since they exhibit
superconductivity at low temperatures. For instance, commercially available Ti
rods have highly varying impurity compounds and an undetermined critical
temperature, often with Tc > 500 mK [68, 69]. The *He-pot is made of oxygen
free copper for enhanced thermal conductivity at low temperatures. To ensure
the cooling of the wiring to T = 390 mK, the wires are twisted to the top of the
3He-pot and wound around the base, on the way to the microscope head. The
microscope is screwed to a multi-pin plug, which allows a replacement of the
microscope head.

3.2.2. Switchable thermal connectors

In order to achieve a cooling of the *He-pot down to T = 390 mK several ther-
mal contacts must be adjustable. A typical method of making a switchable ther-
mal contact is to bring two co-radial cones into contact. Fabrication of the two
cone counterparts in one process allows a large contact area and thus a good
thermal contact by bringing the two surfaces together. A lateral fixation of the
two pieces is also achieved. This method is used to cool the sorption pump.
The contact pressure is adjusted by the springs on top of the sorption pump.
Moving the insert further downwards, after the cones are brought into contact,
leads to a compression of the springs, which have an initial tension of 2 cm.
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3. Design of the low-temperature UHV-system

This leads to a contact force of |Fyorp| ~ 90N?. The vertical position of the
microscope head stays fixed for all indentation depths. The counter-cone is
connected with a copper strand to the *He-tank, providing a thermal contact
and at the same time suppressing the transmission of mechanical vibrations. In
the former design, a similar approach was used for the thermal contact of the
3He-pot. Since this method confines the movement in the direction the contacts
are made (z), the cones were segmented and a rotation was necessary. Another
complication with this approach is the direction in which the contact force is
applied. To enhance the thermal conductivity, the contact pressure of the cones
has to be increased. This would lead at the same time to more force applied to
the thin-walled struts. Thus, a different thermal contacting is used instead (cf.
Figure 3.4). The *He-pot has a tenon at the side of the body. This tenon can be
moved vertically into a guiding rail (mortise) with a high pressure piston com-
ing from the side (cold switch). Driven by *He-gas, the tenon can be fixed inside
the mortise. Pressurising the pistons up to p = 40bar (|Fsyitcn| = 1.6kN) en-
ables the adjustment of the contact pressure/thermal contact between *He-pot
and mortise/pistons. By this, no force is applied on the struts. Additionally,
lateral forces applied to the 3He-pot or microscope body are absorbed by this
connection. The system features two of these cold switches. One is screwed
to the 1K-pot (cold switch 1K) to cool down the *He-pot to the temperature of
the 1K-pot. Here a good thermal conductivity is important for fast heat trans-
fer of the condensing *He to the 1K-pot. A second cold switch is mounted to
the bottom of the *He-tank. When the insert is raised to the transfer position,
the sample in the microscope is in the transfer plane and the tenon is inside the
mortise of the 4K-switch. Closing the switch fixes the temperature of the micro-
scope to T = 25K when the shielding is opened for e.g. optical access, sample
transfer and evaporation directly into the microscope. At the same time, a pos-
sible lateral force applied to the microscope, while sample and tip exchange, is
absorbed by the switch, guarding the struts and *He-pipe.

With the movement of the insert along the z-direction, the tenons have to be
manoeuvred into the cold switches and the cones of the sorption pump have to
match. The distance of the tenon and pivot point (insert damping stage) of the
insert is about 1.5m, so that a deviation of 1° would translate the tenon 3 cm
laterally. To monitor the lateral movement of the insert and to be able to adjust
the alighment externally, a laser is mounted to the top of the insert pointing
in the opposite direction of the insert. All lateral movements of the insert are
visualised by changes in the position of the laser spot.

*Three springs with k = 0.67 N/ mm and mgorp =~ 4.5kg.
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guiding rail/
mortise %

tenon

Figure 3.4.: Cold switches for switchable thermal contact of the >He-pot — Cold switch
mounted to the 1K-pot used for *He condensing. The tenon of the *He-pot can be
inserted in the mortise by moving the insert vertically. The piston is moveable with
“He-gas pressure (up to 40 bar) towards the tenon and can pinch it in the mortise with
|Fywiten| = 1.6 kN. A similar switch is mounted to the bottom of the *He-tank for sample
transfer. Designed in cooperation with Mike Pezzotta and CryoVac.

3.3. Cooling procedure

The repeatable cooling cycle of this *He-refrigerator can be subdivided into
four states (cf. Figure 3.5). In the initial state all *He is in the gas phase
and most of the gas in the *He-reservoir is located at room temperature with
Psge = 800mbar. In case of a leakage, this underpressure compared to the
atmosphere would lead to contamination instead of a loss of He. The cold
switches are open and the sorption pump is not cooled. In this position, the
sorption pump heats up slowly and is only cooled by the active baffles (*He-
exhaust) lying above the pump. The direct line to the 1K-pot is opened, so that
it is completely filled with L*He.

To start the condensing (Figure 3.5(b)), the tenon is moved to the height of the
1K cold switch and the switch is closed. Closing the direct line and pumping the
“He in the 1K-pot reduces the vapour pressure and cools down the 1K-pot as
well as the *He-pot. The vapour pressure of He at T = 1.5K is psjy, = 68 mbar
[70] so that most of the *He is liquefied inside the *He-pot. The amount and
speed of *He liquefied could be increased by storing the >He at high pressure in
the reservoir, at the cost of a higher risk of *He loss and stronger demands on
the fragile *He pipes. The contact pressure of the cold switch can be enhanced,
leading to a better heat transfer and a positive influence on the condensing time.
After two to three days most of the *He is liquefied (Vayyg 1 pa, = 1001).
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Figure 3.5.: Cooling procedure for operating at T = 390 mK - (a) Initial or regenera-
tion state: sorption cones separated. Cold switch opened. Torp > 55K. *He is gaseous.
(b) Condensing state: 1K-cold switch closed. 1K-pot cooled to Tix = 1.5K by vapour
pressure reduction. *He starts to condense. (c) Low-temperature operation: 1K-cold
switch opened. Sorption cones in contact Tsorp = 7K. 3He starts to be adsorbed in the
sorption pump (Tspy, = 390 mK). (d) Final state: all *He adsorbed. Microscope temper-
ature rises immediately to Tmicroscope = 9 K. Heating of the sorption pump would start
the cycle at (a) again.

To cool down the *He further, the cold switch is opened and the insert moved
downwards so that the sorption pump is cooled by the counter cone (Fig-
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3.4. Decoupling from mechanical vibration

ure 3.5(c) - low-temperature (LT) operation). In this position the microscope,
located at the centre of the magnet, is in the measurement position. When the
charcoal inside the sorption pump is cooled below Tsorp = 18K it starts to ad-
sorb the 3He sufficiently. The vapour pressure reduction leads to cooling of the
L3He. Due to the higher vapour pressure of *He compared to “*He, the liquid
can be cooled down further to Tsg, = 390 mK. The pump at the 1K-pot is not
needed in this state and the sorption pump is operating without any moveable
parts, leaving no mechanical vibrations of the cooling process.

It takes more than ten days for all the *He to be pumped into the sorption pump
(Figure 3.5(d)). Due to the low heat capacity of copper at low temperatures,
the temperatures of the 3He-pot and microscope head increase instantaneously
when the L3He is empty. The equilibrium temperature is about T = 9K. The
sorption pump must be heated to start the regeneration. Retracting the pump
from the cone leads to a temperature increase of the sorption pump and leads to
a release of the *He-gas. This process can be accelerated by the heaters mounted
on the top of the sorption pump. Best condensing performance is achieved
when not all *He goes back to the reservoir and therefore condensing is started
while regenerating the sorption pump. Above Tyorp = 55K most *He is des-
orbed.

3.4. Decoupling from mechanical vibration

To maintain and exploit the high lateral and vertical resolution, one of the main
advantages of the STM, a lot of care must be taken to avoid the input of me-
chanical vibrations. The system is placed in an anechoic room with no me-
chanical pumps running during the measurement operation (cf. Figure 3.2).
The UHV-chambers and the cryostat rest on a carefully designed, sand-filled
support frame, decoupled from the floor by air damping feet, resting in sand
[67]. Residual mechanical connections to the walls are the *He-exhaust line, 1K-
pump line and the electrical wiring. Those connectors are corrugated hoses and
are fixed at the walls of the anechoic room to minimise vibrational input into
the system. The 3He-insert possesses another decoupling stage from the sys-
tem. The insert, together with the counter-cone of the sorption pump is resting
on three air damping feet. The remaining mechanical connections to the cryo-
stat are the edge-welded bellow at the top of the cryostat and the copper strand
connection of counter-cone and *He-tank. Further connections are the flexible
wiring of the experimental setup and a corrugated hose to the >He-reservoir.
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3. Design of the low-temperature UHV-system

3.5. The SPM head

The microscope head attached to the 3He-insert is a home-built combined
AFM/STM (Figure 3.6(a)), which I developed in the framework of my diploma
thesis [/1]. It is designed for UHV applications at T = 300 mK and high mag-
netic fields (B = 14 T). The body, made of phosphorous bronze, serves as elec-
trical shielding and exhibits a good thermal conductance at low temperature
and high mechanical stability. The microscope is equipped with a multi-pin
plug, allowing the microscope head to be easily exchanged. A special feature
of this microscope is the versatility of the experimental techniques that can be
performed. The xy-stage features a piezo motor allowing a lateral displacement
of 2 x 2mm? for a positioning of SPM tip relative to the sample. While for STM
two electrical contacts (bias voltage and tunnelling current) are needed, one on
the sample stage and one at the tip, this microscope exhibits a total of seven.
Five at the xy-stage and two at the scanner stage. The uniform design of the
sample and tip holder (cf. Figure 3.6(b)) allows an interchange of the stage us-
age for tip and sample. With the STM tip located at the scanner stage, the five
contacts at the xy allow transport measurements and STM measurements on
transport samples (see Section 4.2.3 & Section 4.3.2).

a

multipin—pe 2

tipin transport sample gPlus sensor ST™M

5 contacts with 4 contacts (AFM & STM) tip-holder

scanner stage STM SPM sample
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sample gate
contact contact
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Figure 3.6.: Home-built combined STM/AFM - (a) Image of the microscope head. The
top part consists of an xy-coarse move stage. The bottom part is the z-approach and
the xyz-scanner tube. The position of the temperature sensor used for determination of
the experimental temperature is marked with Tiicroscope- (b) Possible operation modes
of the microscope head. Upper row: xy-stage (left) and possible loads for this stage.
Lower row: scanner stage (left) and possible loads for this stage. [71].

As shown in Section 4.2.2, the contacts of the xy-stage can be used for a qPlus
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3.5. The SPM head

sensor or an STM tip. This leaves two contacts for the sample on the scan-
ner stage for SPM experiments, with an additional contact, for instance, a gate
contact. This microscope head is used for the characterisation of the system per-
formance as well as the experimental results discussed in the second part of this
thesis (Section II).
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4. Characterisation of the
3He-system

4.1. Cryostat performance

4.1.1. Holding time and temperature

Using the cooling operation described in Section 3.3, the system can be cooled
down to T = 376 mK. A condensing time of 36 hours turns out to be suitable,
leading to a holding time of seven days at T = 400 mK £ 20mK. To optimise
the condensing cycle, it is beneficial to avoid allowing too much *He to warm
up to room temperature. The warming of the sorption pump and condensing
speed of the 1K-stage therefore need to be balanced out, keeping the *He below
150 mbar. It was ascertained that a suitable technique for doing so is to initially
heat the sorption pump to 20K to start the regeneration process and leave it to
warm up from there. To estimate the maximal holding time at low tempera-
tures, all *He has to be liquefied. For this, condensing is performed over three
days, slowly heating the sorption pump to Tsorp = 51 K and cooling the *He-pot
to T = 1.52K (Figure 4.1(a)). Releasing the cold switch leads to a slight increase
in temperature of the microscope (high heat capacity of liquid *He) and a no-
ticeable drop of the 1K-pot temperature due to loss of heat load. Within one
hour the sorption pump is cooled below 15K and after two hours the micro-
scope temperature reaches 400 mK. This longer condensing period led to a total
holding time of t,,4 = 10.5days. An indicator for the remaining holding time
is the temperature change at 3.5 days before the end of the holding time. Here
the temperature increases to T = 420 mK and shows temperature fluctuations
with reproducible behaviour for every cooling cycle. This can be explained by
the shape of the 3He-pot. The bottom of the 3He-pot, with a smaller diameter,
accounts for one third of the total volume of the He-pot. This smaller diameter
leads to a smaller surface of the liquid *He. As soon as the pot is emptied to
that level, the pumping speed of >He is reduced and T increases to T = 420 mK.
The subsequent development of the microscope temperature can be correlated
to the interior design of the He-pot, which is not discussed in this work. The
reproducible behaviour provides the opportunity to schedule long-term experi-
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4. Characterisation of the He-system

ments at low temperatures regarding the remaining holding time. In the earlier
period of the temperature cycle, the temperature is lower and much more sta-
ble, typically T = 390 mK £ 0.5 mK.
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Figure 4.1.: Cryostat base temperatures and holding time — (a) Temperature of the
microscope in a 390 mK cooling cycle (Section 3.3). First section: condensing combined
with sorption pump heating. *He-pot linked to 1K-pot. Opening of the 1K-switch leads
to a small temperature increase. Second section: LT operation, sorption cone in thermal
contact with *He-bath. Third section: all *He inside the sorption pump. Immediate rise
of microscope temperature. (b) Equilibrium state when all *He is inside the sorption
pump, with a refilling of the *He-tank at day three (black double arrow). Showing the
temperatures of the microscope and the active baffle, as well as the *He-bath filling
level.

After the 3He is pumped completely into the sorption pump, which is kept at
7K, the microscope warms up to an equilibrium temperature of T = 8.7K +
0.1K (Figure 4.1(b)). This temperature also stays constant when the *He-bath
is refilled. The refilling of L*He leads to a large amount of *He-exhaust, caus-
ing the active baffles to cool down. This affects the high temperature bracing
of the microscope wiring. Nevertheless, it only results in a minor temperature
change of the microscope, keeping the system stable for time periods that are
even longer than the refilling cycle of the He-bath. With t,,q = 10.5days at
T = 400mK and infinite holding time at 9K, the refilling cycles of L*He and
LN turn out to be the limiting time scale for the duration of SPM experiments.
The Helium level depicted in Figure 4.1(b) is the filling of the upper *He-bath.
This means that it indicates the amount of “He above the superconducting mag-
net and a *He-level of 0 % renders the time when the system has to be refilled,
leading to a maximum filling cycle of six days. The LN»-consumption behaves
similarly.
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4.1. Cryostat performance

4.1.2. Optical access

When the microscope head is lifted to the transfer position (*He-tenon at the
4K-cold switch), opening the large shields of the L*He and LN,-baths provides
optical access to the tip and sample. Figure 4.2(a) shows an example of the
view into the STM, with all ports aligned to the centre of the microscope body"'.
Two CF100 view ports and one CF60 view port allow optically controlled sam-
ple and tip exchange, as well as tip approach and positioning (Figure 4.2(b)).
A long-distance microscope? is used to improve the optical access. Using the
CF60 view port enables the view onto the xy-stage and through the CF100 view
port, the view can be adjusted to the scanner stage. With this setup, structures
down to 5 um can be resolved. The evaporator port is aligned to a sample stage
(not shown) that is attached to the L*He-shield and in line with the xy-stage of
the microscope head. An evaporation onto a cold sample surface can either be
performed on the evaporation stage being d = 180 mm away from the evapo-
rator or directly onto the sample located inside the microscope (d = 270 mm)°.
Being thermally connected to the “He-bath, the microscope temperature can be
kept at T = 25K while the shielding is fully opened.

> <«0.2mm

Figure 4.2.: Access to the microscope head - (a) Image of cryostat showing the view
ports and manipulator. Microscope in transfer position (tenon is connected to 4K-cold
switch). LN, and L*He-shields opened for optical access. T ~ 25K. (b) View through
central view port in (a), where the STM head is visible, using the long-distance micro-
scope. Image shows a tungsten tip coarse approached to a Au(111). Distance between
tip and tip reflection ~ 50 um

IWith the exception of the view port on the left, which is aligned towards the sample transfer
leading to the preparation and analysis chamber of the UHV-system.

2Infinity Model K2/SC, with CF-1/B objective.

3The distances are valid for an existing Cs evaporator mounted onto a z-shift that can be
extended up to the LNp-tank. A different evaporator design might achieve even shorter
evaporator-sample distances.
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4.2. Imaging performance

A key advantage of SPM is the subatomic resolution in lateral direction and
height. Significant effort is required to improve those key figures. The system,
located inside an anechoic room, is elevated on an air damping stage to ensure a
separation from acoustic noise and vibrations in the environment. At low tem-
peratures the system itself can produce new sources of vibration. For instance,
the boiling of LN;, He-gas resonances and mechanical pumps for a reduction of
vapour pressure of cryogenic liquids, such as L*He, L*He in dilution refrigera-
tors and Joule-Thompson cryostats. Cryogen-free solutions based on, e.g. pulse
tube, show vibrations of such high amplitude that it only recently became pos-
sible to obtain a stable STM topography image with atomic resolution [60].
This system, which I developed, avoids the use of mechanical pumps in the
low-temperature state while operating STM experiments. The *He-bath is me-
chanically decoupled from the insert. The sorption pump, at the *He-insert,
operates by adsorbing *He on charcoal surfaces, resulting in no mechanical vi-
brations or periodic movements of the cryogenic gas. With the microscope body
at the end of the insert, and both tip and sample connected to the same body,
this setup is mechanically very stable.

4.21. STM

xy-resolution and stability

The lateral resolution depends on the investigated sample surface. A clean and
flat sample surface, preferably with large interatomic distances, has to be cre-
ated in order to achieve atomic resolution. Cleaved semiconductor surfaces as
InAs(110) or some metal surfaces, e.g. Au(111) and Ir(111), enable relatively
easily achievable atomic resolution under UHV conditions. An atomic resolu-
tion can be hampered by adsorbates, contaminations, or a mismatch of tip and
sample orbitals. Figure 4.3(a) shows the atomic structure of an InAs(110) sur-
face, which was cleaved in-situ. A technique to enhance the atomic contrast is
a reduction of the tip-sample distance. This can be done by increasing the tun-
nelling current. On the other hand, this also increases the electric field between
tip and sample. The stronger tip-sample interaction can result in a tip-induced
band bending or a displacement of adatoms. This can make it necessary to go
to larger tip-sample distances, i.e. lower tunnelling currents. Atomic resolution
with I = 0.5pA is still possible with this setup (cf. Figure 4.3(b)). The atomic
rows of InAs (same area as in Figure 4.3(a)) are clearly resolved. At this low cur-
rent, an additional feature arises from residual 50 Hz noise. The SPM controller
could be identified as the origin of that interference. To remove this signal, the
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4.2. Imaging performance

power control communication wiring between the Nanonis scanner high volt-
age controller and Nanonis SPM controller have to be disconnected.

»
.
&

Figure 4.3.: Spatial resolution of the STM, unfiltered topography images with atomic
resolution — (a) Typical scanning parameters on InAs(110). (V = 500mV, I = 1.5pA,
time per line ;e = 15, 10 x 10nm?, 400 x 400px, B = 0T, T = 410 mK) (b) Ultra-low
current stabilisation (I = 0.5pA). Atomic rows are still resolved. Line substructure is
residual 50 Hz-noise. V = 500mV, I = 0.5pA, tjne = 1s, 10 x 10 nm?, 400 x 400 pX,
B = 0T, T = 390mK) (c) High magnetic field topography image (B = 14T) of a
Cs/InSb sample. Bright dots are Cs atoms. Vertical lines: atomic rows with resolved
atoms. Sections (10 x 10nm?) of a typical overview image. (V = 300mV, I = 30pA,
fine = 15,50 X 25nm?, 400 x 200px, B = 14T, T = 9.2K)

Investigation on Cs adsorbed on InSb will be shown in the second part of this
thesis. This system is an example in which a low current is obligatory for a sta-
ble imaging of the surface. Together with high magnetic fields up to B = 14T
it can become challenging to obtain a good lateral resolution. Low magnetic
tields can further improve the imaging quality shown above. A further stabili-
sation of the tunnelling current can be observed for magnetic fields up to about
+0.5T. Eddy currents induced in the microscope body are damping residual
mechanical vibrations and enhance the stability. At high fields, as B = 14T, the
microscope body is fixed by the magnetic field and the damping stage between
cryostat and microscope is bypassed. All vibrations inside the cryostat, e.g. LN,
boiling and 4He exhaust, are passed to the microscope. With these conditions,
a high resolution can still be achieved, as shown in Figure 4.3(c), depicting a
zoom of a typical overview image of a Cs/InSb surface. The stability of spec-
troscopy during magnetic field changes and at high magnetic fields are shown
in the second part of this thesis (Section 7.3).

z-stability

Various different techniques are used to show the performance of the systems’
STM imaging capabilities. The specification of a z-noise ¢, is the key parameter.
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4. Characterisation of the He-system

As for every type of noise, the question of the bandwidth at which it occurs is
often either neglected or dealt with within the argumentation of typical scan-
ning parameters [58, 57]. Choosing artificially slow scanning parameters can
result in very low J, values, since the feedback loop in STM acts as a low-pass
filter. Measuring an atomic corrugation with typical scanning parameters and
reading noise on that corrugation as 4, can be argued to be an adequate bench-
mark for performance that is achievable in operation, but is hardly suitable for
an inter-system comparison.

Here, two more general approaches in determining J, are presented, with and
without active feedback loop. With active feedback loop the z-signal is mea-
sured at a laterally fixed position. Feedback parameters are chosen as in a typi-
cal experiment with a line-time of tj;,e = 0.5s. 2 X 400% measurements are taken
with a rate of 800 points per second (forward image shown in Figure 4.4). In
addition to the presence of white noise, individual frequencies are also promi-
nent. The histogram of the whole image yields a Gaussian with a c-width of
0, = 780fm. As a result of a subsequent improvement of the STM controller,
which is a source of electrical noise, a z-stability of , < 600 fm can be expected.

4 b 10°
5, =780 fm
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Figure 4.4.: z-noise of the system with active feedback loop — (a) Relative tip-
sample distance change z acquired over time at a laterally fixed position (400 x 400 px,
0.5s/line, V.= 500mV, I = 150pA, T = 400mK, B = 0T, Feedback: P = 300 fm,
T = 15ps). (b) Histogram of the z-noise (blue dots) and Gaussian fit (red line), yield
0, = 780 fm.

For the second determination of ¢,, the feedback loop is turned off while mea-
suring the tunnelling current I (Figure 4.5(a)). The tunnelling current, as hav-
ing an exponential z dependence, is sensitive to any mechanical vibration and
electrical interference. The bandwidth of this method is given by a low pass
filter implemented between amplifier and Lock-In* (fg,, = 700 Hz). The ampli-
fier° exhibits a bandwidth of fBwFemto = 1kHz and the STM controller records

4Stanford SR-810.
5Femto DLPCA-200, Gain: 10° V/ A.
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4.2. Imaging performance

with fewnanonis = 5kHz. The signal is measured for t = 0.5s at a laterally
fixed position. From the I(z)-curve (inset Figure 4.5(a)) the current noise can
be converted to the relative tip-sample displacement leading to 6, = 1pm. In
the Fourier transform of the current signal (Figure 4.5(c)) several frequencies
stand out. Peaks at f = 50 Hz & 620 Hz belong to the STM controller, creating
electrical noise. Subtracting those frequencies from the signal, the mechanical
stability is 6, = 0.7 pm. The dominating mechanical perturbation of the system
is produced by the *He exhaust lines. The corresponding double peak structure
around f = 70 Hz shifts depending on the *He filling level by about 5 Hz and
the intensity can be changed by adjusting the flow through the two main “He
exhaust lines.

1Y

160

current [pA]
@
o

140
0

z-position
0 300

K=
13.6 nm"

150

[vd] (z)

0.5

time [s]

counts

60

0
z-position [pm]

(3]

Amplitude [pA/NHZz]

10°

©

10

10°

Nanonis

ontroller
/He4 \

l% exhaust

0

0.5
frequency [kHz]

1

Figure 4.5.: z-noise determined by changes in the tunnelling current I without feed-
back loop — (a) Tunnelling current I obtained at a fixed lateral tip position (1000 points
per 0.5s, V.= 500mV, I = 150pA, T = 400mK, B = 0T). Inset: I(z)-curve ob-
tained at same position (blue) with fit I = Imax exp(—«z) + Iy (red line - Imax = 159 pA,
k= —1.36/A, Iy = —3.7 pA). (b) Histogram of the z-noise (blue dots) and Gaussian
fit (red line), yield 6, = 1 pm. (c) Frequency spectrum of current signal in (a). Peaks at
f =50Hz and f = 620 Hz are electrical noise produced by the STM controller. Double
peak structure around f = 70 Hz are mechanical vibrations of the *He-exhaust of the
main tank.

Sample-tip drift

To determine the lateral drift v;  and the vertical drift v, of the relative tip and
sample position, a pristine InSb(110) surface (see Section 7.1.1 for experimental
preparation) was scanned consecutively over a period of 18 hours at the same
location in the up and down directions, with each image taking about 1 hour. To
exclude the effect of the temporarily decaying thermal drift after cooling down,
the series was started 4 days after cooling down the 3He to 400 mK. To avoid
the effects of piezo creep after setting a new scanning, the scanning area was
scanned 6 hours prior to the evaluated data. Figure 4.6(a) shows a topography
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4. Characterisation of the He-system

image at the beginning (top part) and at the end (bottom part) of the 18 hour-
long series. In the vertical direction, an atomic step and lines of In-atoms from
the InSb(110) surface are visible. The two solid lines indicate the position of
the step edge for the earlier (green, top) and later (purple, bottom) image. The
resulting long term drift appears to be vy, = 0.09A/h. The images of the
same scanning direction obtained in this time period show an additional drift
behaviour. The drift seems to change its main direction from left to right peri-
odically and is mostly cancelling itself out. On the long time scale of 18 hours,
only a net movement Uy 1ong O the right direction remains (cf. Figure 4.6). The
short-term drift, taken from two consecutive images of the same scanning di-
rection, is vy = O.BA/ h. The drift in the z-direction is recorded in the

same way, resulting in vy, = 0.05A /h and Vd, ot = 0.15A/h, as can be seen
in the two line scans shown in Figure 4.6(b). This long-term stability enables
experiments above atomically small areas for several hours, without feedback
loop or repositioning. It is possible to perform long-term STS fields that span
days, without interrupting the experiment to track sample features. Details of
the drift and creep behaviour are highly dependent on scanning parameters in-
cluding speed, area, direction, relative position [72], and only typical values are
presented here.
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Figure 4.6.: Long term drift d., . jong in STM at low temperature - (a) Sections of two
STM images (3.5 x 5nm?) on pristine InSb(110). Recorded at ¢t = 0 (top) and at t = 18h
(bottom). Teal solid (dashed) line: guide to the eye step edge contour (atomic rows) of
the upper frame. Red solid (dashed) line: guide to the eye along the step edge contour
(atomic rows) of the lower frame. Arrows indicate the lateral drift after 18 hours. (b)
Line scans in x-direction of the same scan coordinates taken 18 hours apart. Lateral shift
of the atomic rows by drift indicated by vertical dashed lines and purple arrows. z-drift
indicated by vertical arrows (teal). (V = 300mV, I = 30pA, fjne = 55, 10 x 10nm?,
400 x 400px, B=0T, T = 434 mK — 390 mK).
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4.2.2. qPlus - STM and AFM combined

With the sample located at the scanner stage, the xy-stage provides five contacts
for a sensor. Up to two contacts for the tuning fork electrodes (Figure 4.7(c), VT4
& VT5) and one contact for the tunnelling current (I;) are needed to read out a
qPlus sensor. Besides the common method of contacting the STM tip using a
gold wire attached to one prong, we use a second approach that involves sput-
tering an additional platinum electrode on the top prong [73]. This technique
prevents the detrimental influence of the gold wire on the oscillation of the tun-
ing fork. The two spare electrodes on the xy-stage can be used for an excitation
of the qPlus sensor. However, the best excitation results are obtained by us-
ing piezos located below the xy-coarse piezos (see Figure 3.6(a)). Figure 4.7(a)
shows a resonance curve obtained under ambient conditions for a qPlus sensor
with a Pt electrode exhibiting a quality factor of Q = 1800, and a resonance
frequency of fy = 21.8 kHz. Changing the conditions to UHV and low temper-
atures (T = 420 mK) drives the Q up to 25000, enhancing the capabilities of the
sensor [74, 75, 76]. The amplifier® used for the AFM signal is located at the top
flange of the insert, at room temperature, and 2m away from the origin of the
oscillation signal. The signal to noise ratio of the resonance curve obtained at
low temperatures is promising for future experiments using Af as a feedback

signal.
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Figure 4.7.: Two versions of qPlus sensor — (a) Resonance curve of a qPlus sensor with
vapour-deposited Ii-contact at ambient conditions (Vex = 148 mVyms, Q = 1800). (b)
Same gPlus sensor as in (a) but measured in UHV at T = 420mK (Vex = 100 mV s,
Q = 25000). (c) Bottom: qPlus sensor mounted on a sample holder with a gold wire for
contacting the tunnelling tip. Contact for the tunnelling current I; and the tuning fork
contacts VT4 & VT5 are marked. Top: two different ways of contacting the tunnelling
tip attached to the front of the qPlus sensor. Vapour deposited Platinum contact (red)

and gold wire at the front (red). The two electrodes (VT4 and VT5) of the tuning fork
are indicated in green and blue. [73]

6Femto DLPCA-200.
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So far, qPLus topography imaging in this system has only been conducted un-
der ambient conditions. The stiff cantilever and the reduced Q-factor due to air
damping and high temperature are difficult conditions for imaging in dynamic
mode with a qPlus sensor [77, 78]. Figure 4.8(a) & (b) show a subsequent mea-
surement of the same sample, first using the frequency shift Af as feedback and
then in (b) the tunnelling current ;. A z-resolution of 1nm is already possibly
in AFM mode. Having access to both signals allows, among other things, a nav-
igation on a non-conducting sample in AFM-mode to find an electrically con-
ductive island on the nm scale (Figure 4.8(c)). Going towards low temperatures
and UHV allows the reduction of the oscillation amplitude and the sample-tip
distance. This would lead to improved resolution in AFM mode, as well as a
higher tunnelling current signal, enabling mapping of the tunnelling current
using the AFM feedback and vice versa.

15

[wu] uoyisod-z
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Figure 4.8.: Topography images obtained with a qPlus sensor under ambient condi-
tions — (a) Au(111) surface scanned in AFM-mode using a phase locked loop for con-
stant frequency mode (Af = —0.7Hz, Vyios = 0.5V, Agpius ~ 5nm, 200 x 200 nm?,
256 x 256 px, 1s/line). (b) Same area as in (a) subsequently obtained in STM-mode,
coloured markers show same positions in (a) and (b). Tip is about 10nm closer to the
sample relative to the AFM-mode (I = 0.5nA, Vijas = 1V, 200 x 200 nm?, 256 x 256 px,
1s/line). (c) Step edge of a non-conducting mica sample surface and an electrically
contacted multi-layer graphene sheet (layer thickness: dj,ye; = 12nm, Af = —0.35Hz,
Vhias = 0.88V, Agpius ~ 1.4nm, 700 x 700 nm?, 256 x 256 px, 5s/line). [73]

4.2.3. Transport

In addition to performing STM and AFM measurements, the electrical con-
tact arrangement at the scanner and xy-stage exhibits a configuration where
magneto-transport, as well as simultaneous STM and transport experiments
are possible. With the tip located at the scanner stage, up to five contacts (VT1
to VI5) are available for the sample. The feasibility of such investigations is
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shown for a graphene/boron nitride (G/BN) stack”. The exfoliated graphene
and boron nitride is deposited onto a SiO, /Si-surface (dsjo, = 300nm), using a
dry transfer method [79] (cf. Figure 4.9(a)). A mesh of gold pads, subsequently
evaporated onto the sample, for contacting the graphene and allowing an eas-
ier orientation on the sample. With the xy-stage and optical access to tip and
sample inside the microscope during approach, it is possible to position the tip
relative to the sample. Using a long-distance microscope enables a relative po-
sition accuracy down to a few pum (Figure 4.9(b)). The tip and tip-reflection,
together with the gold pads and trenches, are used to guide an approach to
contact pad L.

a b

tip
reflection

Figure 4.9.: Optical images of a graphene/BN stack sample — (a) Set of optical mag-
nifications of the G/BN. Left to right: sample (black) glued with epoxy on Mo-sample
holder. Red ring: enlargement of electrically contacted area. Gold pads (yellow and
pink) are contacted with conductive silver. 'L’ marks the pad used for tunnelling cur-
rent (landing), 'S’ is the source contact and ‘D’ the drain contact. Teal ring: second
enlargement, the BN layer, lying below the gold contacts, appears green and yellow. At
the centre cross, on top of the BN, the graphene flake is located (not visible at this con-
trast). (b) View towards the sample while positioning the tip on the landing area, using
a long-distance microscope. Gold pads and conductive silver can be used to navigate
on the sample in order to find the graphene flake. Optical access, as sketched, while the
sample is inside the microscope in UHV and at T < 25K.

Figure 4.10(a) shows a sketch of the G/BN stack. A constant source-drain
voltage Vsp is applied to the graphene flake and the longitudinal resistivity is
recorded at various magnetic fields. The electrons in the graphene form a 2DES
[60]. With a magnetic field, the quantum Hall effect can be observed [81]. The
required Landau level formation is visible in Figure 4.10(b) due to the propor-
tionality of the conductivity to the density of extended states at the Fermi level.
Areas where dI/dV drops to zero indicate the appearance of quantum Hall
phases. Besides the integer filling factors, a plateau in dI/d Vg presumably be-
longing to the fractional filling factor v = —1/3 is also visible. This fractional

"Measurements and sample by Tjorven Johnsen.
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4. Characterisation of the He-system

quantum Hall effect requires very clean samples, strong electron-electron inter-
action and strong magnetic fields [82]. The fact that the system allows us to
approach an STM-tip to such a nanodevice enables local probing experiments
of the complex quantum Hall phases.
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Figure 4.10.: Quantum Hall effect in transport — (a) Sketch of the sample stacking with
optical microscope image showing the graphene flake on a BN multilayer, transferred
to a SiO, /Si surface. Subsequent deposition of gold pads. The Si sample is connected
with the back gate voltage. Positioning of an STM on the landing area is indicated.
(b) Two-point transport measurement of the resistance at various magnetic fields. The
z-contrast is the change in conductivity differentiated with respect to the back gate volt-
age, for improved contrast. Besides the marked integer filling factors, a possible frac-
tional filling factor area is also observable, marked as v = —1/3 at Vgg = —3.5V,
B=14T (Vsp = 1001V, f = 654Hz, T < 1.6K).

4.3. Electron temperature and energy resolution

A main advantage of performing experimental studies at low temperatures is
the higher energy resolution compared to ambient conditions. The energy reso-
lution of electron states in STS experiments is limited by the thermal energy Et
(Equation (2.10)). This means that at room temperature no structures sharper
than 80 meV can be resolved. Going down to T = 400 mK enables energy res-
olutions down to 0.1 meV. The temperature relevant for the experiment is not
necessarily identical with the measured temperature. One reason for this is the
spatial separation of the temperature sensor from the position at which the tun-
nelling event takes place. It is not suitable to put a sensor directly to the STM
tip and the sample. Towards low temperatures, also the temperature T, of the
electrons taking part in the tunnelling process can differ from the lattice tem-
perature T. In addition to this, voltage noise in the tunnelling path leads to a
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smearing of features and an apparently enhanced electron temperature. The
performance indicator for a low-temperature experimental setup is therefore
the characteristic value Ty.

4.3.1. SN-Bandgap

The determination of the energy resolution of the spectroscopy is carried out
using a superconducting Nb tip (xy-stage) on a normal conducting W(110) sur-
face (scanner stage). Bulk Nb exhibits a critical temperature of T, = 9.2K [83]
and thus a gap of Anp puik = 1.5meV [84]. It was surprising that in first trials,
operating at T = 390mK, this superconducting gap was not observed in STS.
Possible reasons for this are an elevated temperature at one or both sides of the
junction or electronic noise. The noise that was probed at the insert connectors
at the top flange was below AV}, = 1 meV. Persistent temperature gradients
between the temperature sensor at the microscope body and the tip/sample
system of 9 K would either be a result of an insufficient thermal coupling of the
wires or of a massive thermal input. Both would result in a reduced holding
time at 400 mK, which was not observed. Since both factors are excluded,
a noise input, not detectable at the top flange, is the suggested explanation.
A high-frequency noise on different wires, e.g. temperature sensors, walker
piezos and scanner electrodes, can incorporate this noise into the system and
can crosstalk to the tunnelling wires inside the cryostat. The wires of the
tunnelling current and bias voltage have a resistance of 150 () and a capacity
of 400 pF. This is a low-pass filter of about f. = 3MHz. On the one hand, it
reduces the noise that can enter from outside into the system. On the other
hand, parts of the high-frequency spectrum present at the tunnelling process
might not be observable 2 m away at the top flange. Taking this consideration
into account, several adjustments were performed. All wiring entering the
cryostat is low-pass filtered directly at the top flange with a cutoff frequency
of 100kHz. The walker piezos for approaching tip and sample need a higher
cutoff frequency of 3 MHz to preserve the edge steepness necessary in slip-stick
operation. Since those piezos are not used during the experiment, a switch is
implemented at the top flange to connect the piezo electrodes directly to the
grounding potential of the cryostat. All other wiring not needed during the
experiment is connected to the ground potential of the cryostat. A resistance
below 100 mQ) ensures a sufficient suppression of high-frequency noise.

After those changes at T = 385mK, a superconducting gap of the niobium
tip, with Anptip ~ 0.2meV, is detectable (Figure 4.11(a)). The observed gap
is much smaller than that for bulk niobium. This deviation has been reported
previously [40] and can be attributed to the proximity effect, which leads to
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4. Characterisation of the He-system

different superconducting gaps depending on composition and structure of the
tip apex [40, 41]. Since the gap does not open completely at T = 385 mK, but is
clearly present, we can exploit it for a determination of Tj.

The sorption pump is heated to increase the sample temperature. This reduces
the pumping performance of the sorption pump, the pressure inside the *He-
pot rises and as result the temperature of the microscope rises. The advantage
of this indirect heating is that the additional head load takes place at a *He
cooling stage, with marginal influences on the holding time of the *He cooling.
However, the total heat input is higher, due to the larger heat capacity, and
the consumption of *He is enhanced significantly. Furthermore, this indirect
heating exhibits a much longer time constant and a slower control of a final
temperature.
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Figure 4.11.: Local STS of superconductor gaps on Nb/W(110) — Spectroscopy data ob-
tained with a niobium tip on a W(110) surface at B = 0T. (a) Superconducting gap
of niobium with a width of A = 0.17meV at various temperatures. Spectra shifted
vertically for clarity. Dashed lines depict zero conductivity. Temperature of the mi-
croscope indicated. (Vi = 3mV, Ly = 100pA, Vined = 351V, f = 643.7Hz) (b)
Fit (red) using Equations (2.9) & (2.11) for data obtained at T = 393 mK. Fit results:
Te = 440mK £9mK, A = 170 peV £ 2 peV. The yellow (purple) line shows the fitted
data with 100 mK increased (reduced) electron temperature.

As expected, the gap shrinks towards higher temperatures. Small changes in
temperature highly influence the shape of the gap and the coherence peaks
smear out. Ty is extracted using Equations (2.9) & (2.11) to fit the data shown in
Figure 4.11(b). Free fit parameters are the superconducting gap A, T, as well
as the scaling of the dI/dV. The electron temperature T, = 440mK £ 9mK
(A = 0.17meV) at the xy-stage (where the superconducting tip is located) is
slightly elevated compared to the microscope body temperature of T = 393 mK
(cf. Figure 4.11(b)). The £100mK deviations (yellow and red line) show the
high sensitivity of this small gap regarding the temperature. The deviation of
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4.3. Electron temperature and energy resolution

Te; from T can be due to residual voltage noise within the tunnelling path or a
remaining difference between T at the temperature measurement position and
the temperature of the tunnelling junction. An upper estimation of former noise
is shown using a superconductor-superconductor tunnelling in Section 4.3.3.

4.3.2. SAdH-Oscillations

Additional electrodes at the xy-stage allow magneto-transport experiments.
Thus, T, of the xy-stage can also be determined by the temperature dependent
changes of the Shubnikov-de Haas oscillations (SdH) [85]. Figure 4.12(a) shows
magnetic field sweeps of the longitudinal resistance in 2DES of a GaAs/AlGaAs
heterostructure. At B = 2.2T splitting of the different spin directions starts to
be resolvable and the evolving minimum corresponds to filling factor v = 5.
Towards higher T, the minimum is smeared out and the valley exhibits a higher
resistance. At sufficiently high temperatures the electron can be thermally ex-
cited to other edge channels. The longitudinal resistance is then given by

oxx(T) = poeH/ 2T, (4.1)
with AE the energy gap towards an edge channel. For temperatures lower than
T = 4K, the thermal activation energy becomes small and variable range hop-
ping can be more dominant, giving

px(T) o eV 1o/T, (4.2)

where the temperature T is inversely proportional to the localisation length of
the system [85, 86, 87]. In a double logarithmic plot of pxx(1/T) this will give
an approximate linear dependency (cf. Figure 4.12(b)).

This linear behaviour is well reflected by the data T > 500 mK. Extending a lin-
ear fit for those data towards lower temperatures reveals a deviation towards
higher temperatures T, for T = 393 mK. Discrepancies of a linear slope in a
double logarithmic plot and Equation (4.2) would give a bending of the curve
towards lower resistances, which is not observed in this experiment. Thus, the
resistances obtained at T = 393 mK would amount to T, = 430mK. This dif-
ference cannot only be explained by the energy resolution of this experiment.
At v = 5 the AC voltage drop in the sample is Voc(2.2T) = 20uV. This bias
modulation together with an experimental temperature of T = 393 mK would
yield an effective electron temperature of Ty = /T2 + (2.5/3.3 - ¢/kgVac)? =
431 mK. Thus, no temperature elevation between the xy-stage and the micro-
scope body can be found in the transport measurement and the achievable en-
ergy resolution is AE = 0.12meV.

43



4. Characterisation of the He-system

a v=8 ves b 600
f

Pxx [
/
l‘/
/

Pxx [kQ]

2 FE AN AT . '
BTNV AW A -
507 m o
I 400 <E

0 1 2 3 900 800 700 600 500 400
magnetic field [T] temperature [mK]

Figure 4.12.: Shubnikov-de Haas oscillations in a GaAs/AlGaAs 2DES - (a) Trace
(darker colours) and retrace (lighter colours) of magnetic sweeps for the longitudinal
resistance pyy of a GaAs/AlGaAs Hall-bar, taken at various temperatures. Offset of
200 O between sweeps for clarity. Filling factors v are indicated. (b) Inverse tempera-
ture dependence of valley resistance located at v = 5 in (a) in a double logarithmic plot.
Dashed dotted line: linear regression for resistances belonging to v = 5, obtained at
T > 500 mK. Dotted line: mean value of resistance at v = 5 for T = 393 mK. Crossing
giVGS Tel = 430 mK. (VSD,DC =10 mV, VSD,AC = 500 pV, B=0T-3 T)

4.3.3. SS-transition

An investigation of superconductor-superconductor tunnelling (SS) is used to
estimate the energy resolution without the broadening effect of the electron tem-
perature. Several multilayers of lead are evaporated on a clean W(110) surface
under UHV conditions, which is subsequently transferred in-situ into the mi-
croscope, where it is cooled down to T = 400mK. Pb as bulk exhibits a gap
Apppuik = 1.4meV and a critical temperature of T, = 9.16 K. For thin layers
and small islands, the gap width can change [55, 59], which does not affect the
determination of the energy resolution. Using the Nb tip (same tip as in Sec-
tion 4.3.1) initially a wide single gap can be observed (Figure 4.13(a)). By the
width and structure of the gap an SS transition can be ruled out, so that an SN-
transition is present. Due to the wider gap compared to previous measurements
on a non-superconducting sample surface, this SN junction is presumably nor-
mally conducting at the tip and superconducting at the sample (deposited lead).
This provides the possibility to evaluate T with the superconductor located at
the scanner stage. The observed gap (A = 1.3K) exhibits approximately the
gap of bulk Pb and shrinks towards higher temperatures. The smearing of the
coherence peaks is already noticeable for a slight heating up to T = 650 mK.
The gap itself does not even close at T = 2K due to the fact that the gap is
much larger than the achievable resolution. Fitting of the single gap, as in Sec-
tion 4.3.1, gives To; = 520 mK £ 20 mK (Figure 4.13(b)). T, for the scanner stage
is elevated in comparison to the microscope body temperature of T = 393 mK
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4.3. Electron temperature and energy resolution

and higher than at the xy-stage. Using the same fit parameters but varying the
electron temperature (yellow and purple lines) shows the temperature depen-
dence of the gap shape. Those deviations, only resolvable in the two zooms of
Figure 4.13(b), are smaller than for the small gap of Nb on W(110). The devia-
tion of the scanner and xy-stage cannot be clarified definitively, but can be either
real due to thermal coupling or an artefact caused by the smaller temperature
dependence of the wider gap.
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Figure 4.13.: Local STS of superconductor ;gaps on Pb/W(110) - Spectroscopy data ob-
tained at B = 0T. (a) Superconducting gap of lead with a width of A = 1.3meV at
various temperatures. Spectra shifted vertically for clarity. Temperature of the micro-
scope indicated. (Viap = 4mV, Lap, = 100pA, Vinog = 201V, f = 643.7Hz) (b) Fit
(red) using Equations (2.9) & (2.11) for data obtained at T = 393 mK (Vj,o,q = 35uV).
Fit results: Ty = 520mK £ 20mK, A = 1.30meV £ 0.01meV. The yellow (purple)
line shows the fitted data with 100 mK increased (reduced) electron temperature. (I) &
(IT) show enlargements of the boundary of the gap and coherence peaks, depicting the
minor changes in shape by varying T

To achieve SS-tunnelling, the STM tip is immersed into the Pb layers and for low
tunnelling currents (high tunnelling resistances) a double gap can be observed
in STS (cf. Figure 4.14(a)). The outer coherence peaks can be identified by the
sum of the two single gaps of tip and sample (both Pb A; > ~ 1.3 meV) and the
smaller inner peaks, inside the gap, are due to first order Andreev reflections
at A} = A, [46]. For the two superconductors, only one peak for the Andreev
reflections is observable, which can be explained by the nearly identical gaps of
tip and sample. An additional peak at E = (A1 + A)/3 is not visible, as it is
a 2" order effect and thus presumably too small to be observed. Reducing the
tunnelling barrier, by increasing the stabilisation current to Iy, = 20nA, leads
to the development of a peak located at the Fermi energy, inside the supercon-
ducting gap.
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Figure 4.14.: STS of a superconducting tip (Pb) on a superconducting surface
(Pb/W(110) - (a) Tunnelling spectra obtained at two different stabilisation currents. For
lower tunnelling resistances the peak from Josephson tunnelling appears at Ez. Two
sets of coherence peaks appear (dashed lines as guide to the eye), referring to the sum of
tip and sample gap (A1 4 A;z) and the Andreev reflection resulting in a peak at A} = A,.
(b) Set of STS of the Josephson peak for different Iy,,. Inset: the peak height rises su-
perlinearly with the reduction of the tunnelling barrier. (c) Josephson peak obtained for
Iitab = 20nA, width not limited by 3.3kgT. Red: Lorentzian fit of the Josephson peak
(Vatab = 4mV, Vinoq = 91V, f = 643.7Hz, T = 410 mK).

This peak is the so-called Josephson peak (JP), caused by direct Cooper pair
tunnelling. This assignment of the peak is corroborated by the observation of
the Andreev reflections in an SS-junction. Fitting a Lorentzian curve to the
sharp JP (see Figure 4.14(c)) shows a FWHM of 381V, narrower than 3kgT
at T = 391mK. The voltage dependence of the Josephson current and thus
the peak width can also be limited by the Josephson coupling energy (Equa-
tion (2.12)) or by the charging energy Ec. Thus, only an upper boundary of
the voltage noise can be deduced from the width of the JP, which is of o-width
AVpias = 16 1V. The bandwidth, scaling with Ec, is given by the capacitance
and the resistance of the tunnelling junction [50]. The observability of the JP
allows us to estimate the charging energy to Ec < Er. With T = 400 mK and
a tunnelling barrier of R = 0.2M(), the maximal bandwidth of the bias noise
detection results in fg, = 1/27RC 2 100 MHz. Thus, the bandwidth of the
noise determination is not limited by the Josephson tunnelling process, but the
setup bandwidth of 700 Hz.
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5. The local Rashba effect

The manifold of spintronic devices that have been proposed are based on the
tuning of spin-orbit coupling, in particular using the so-called Rashba spin-
orbit coupling. In spintronic devices the Rashba effect is used to manipulate
the spin orientation, which has been demonstrated experimentally [90, 6, 91].
Possible devices are the Datta-Das spin transistor [3], the realisation of which
is the subject of present research [0, 6, 10, 11]. A different approach for a
spin transistor is given by balancing the Rashba and the Dresselhaus effect to
form a so-called spin-helix [92, 93, 4, 8]. Further possible applications based on
the Rashba effect are spin filters [5] or quantum computing using the Majorana
states in nanowires [9, 7].

Systems in which the spin degeneracy is lifted, are systems with broken in-
version or time-reversal symmetry. The latter can be realised by applying a
magnetic field, resulting in Zeeman splitting

EZeeman = g,uBB (5-1)

with ug = efi/ (2m,) the Bohr magneton, electron mass m,, Landé-factor ¢ and
the magnetic field B. In the bulk zinc blende structure no inversion centre exists.
Spin degeneracy is broken by bulk inversion asymmetry, the so-called Dressel-
haus effect [94, 95]. In two-dimensional structures and one-dimensional struc-
tures, a structure inversion asymmetry (SIA) leads to the so-called Rashba spin
splitting [96, 97].

5.1. Rashba effect

An electron that is propagating with the velocity v perpendicular to an electric
field E experiences a magnetic field Begs = 1/cv X E. Every electron will ex-
perience a resulting magnetic field, which depends on its direction of motion
and strength of E. The Hamilton operator describing the spin-orbit coupling
in atomic physics can be derived from the Dirac equation by a non-relativistic
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5. The local Rashba effect

Ky

Figure 5.1.: (a) Structure inversion asymmetry: 2DES at surfaces or interfaces often
exhibit an electric field E perpendicular to the electron (red sphere) motion v, resulting
in an effective magnetic field Beg. (b) A cut through the split parabola of the 2DES
dispersion relation which exhibits a Rashba effect. The k dependent spin direction
leads to differing directions of rotation of the spin (black arrows) for the inner and
outer branch. The two parabolas (red & blue) exhibit opposing spin directions.

approximation. The full Hamiltonian [98] of the Pauli equation is given by

5 2
p eh eho-pxE  eh
2my 2my 4m3c? 8m3c? 6.2)
\H/—/ (. ~~ 7 ~~ -
H Zeeman Hso HDarwin
4 2 2
p ehp (ehB)
_ _ c-B——~, 53
8mic2  4m3c? 8m3c? 63

with the momentum operator p, the electrostatic potential V and the Pauli spin
matrices o. The last three terms are higher order corrections of the kinetic and
Zeeman term.

By using a constant electric field E, in z-direction, the spin-orbit Hamiltonian
Hso can be simplified to

Hso = %RO' pXey, (5.4)

with ag Rashba parameter, which represents the strength of the spin-orbit cou-
pling. Semiconductor systems show SIA at interfaces and surfaces. Figure 5.1(a)
shows a 2DES which is formed at the surface by bending the conduction band
downwards. Here an electric field points into the surface and is perpendicular
to the 2DES. In a crystalline solid, we can write the Hamiltonian with the wave
vector k = p/h. The Hamiltonian with kinetic, electrostatic and the spin-orbit
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5.2. Rashba effect in magnetic field

contribution, reads

2 k>

with an effective electron mass m*. The mixing of k;, 0y and ky, 0y, respectively,
leads to a lifting of the spin degeneracy. For a hole system, this situation changes
and the spin splitting is no longer linear in k [98], such systems are out of the
scope of this work. The resulting eigenvalues for electron systems and small k
are given by

k>

2m*
and represent the energy levels of the two spin directions, while the spin direc-
tion is in-plane. The dispersion relation (5.6) is plotted in Figure 5.1(b). Two
spin branches are formed, originating from the parabola of a 2DES without
spin-orbit coupling. The spin direction of each branch is locked perpendicu-
larly to the momentum and the spin of the inner branch is inverted with respect
to the spin direction of the outer branch. As a result of the electron momentum,
the spin changes its orientation with k. At k = 0 the two spin directions are
degenerate, reflecting that those electrons see no effective magnetic field [98,

]

E= + aglk| + eV, (5.6)

5.2. Rashba effect in magnetic field

By applying a perpendicular magnetic field B to a 2DES, the electron motion
is quantised in Landau levels (LL). Classically the electrons are forced on a cir-
cular path and precess with the cyclotron frequency w, = eB/m* around its
centre. The LL wave function is often described in literature using the approach
of Girvin and Jach [100], excluding any LL mixing and projecting states on the
lowest LL. To describe a system exhibiting potential disorder and LL mixing, we
use in this work the approach developed by Champel and Florens describing
the wave functions using vortices [101, 102]. In the presence of a perpendicular
magnetic field and without disorder, the eigenenergies are the same as for the
harmonic oscillator, but the components of the kinetic momenta do not com-
mute [98]. In the symmetric gauge the electron motion r = (x,y) in a 2D plane
can be described as a cyclotron motion with guiding centre position R = (X, Y)
and cyclotron coordinate r — R. The wave functions can be written as

1 2-7\ 2> +|Z|? - 2Zz*
tanir) = (22 ) o (- 57)
J2r2nt \V(2)ls Al
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5. The local Rashba effect

withn = 0,1, 2,...as Landau quantum number, z = x +i-yand Z = X +i-Y.
Ip denotes the magnetic length given by

Ip = w/ (5.8)

which describes the different quantum cyclotron radii R, = v/2n + 1/p received
from the Bohr-Sommerfeld quantisation. Including the electron spin the LL
energies are additionally split by the Zeeman energy (Equation (5.1)) and in an
effective mass approximation of a single band , i.e. for a parabolic band, the LL
eigenenergies (Figure 5.2(a)) are given by

*

Eno = hwe (n+1/2) + %ayBB, (5.9)

with ¢ = +£1 the spin quantum number [103, 98].

5.2.1. Landau levels with spin-orbit interaction

If a Rashba effect is present in the 2DES, the behaviour changes. Here, the spin
splitting has a contribution from the Zeeman and the Rashba effect. While the
external magnetic field B is oriented perpendicular to the 2DES, the effective
magnetic field from the Rashba effect varies with k. The Rashba effect leads
to a mixing of the two spin directions parallel to B. The spin is therefore not
a good quantum number and the system is described by a new set of quan-
tum numbers n and A = +£1, which describes the two different spin channels,
each containing contribution of the n'" and (n — 1) LL, as well as both spin
directions. According to the Bychkov-Rashba model [96] the energy levels are
described by

enr(R) = hw, (n - %\/(1 —Z(R))* + nS(R)z) (5.10)
with
S(R) = %RZ(BR) (5.11)

as the contribution of the spin-orbit coupling, determined by the strength of the
Rashba effect with respect to the external magnetic field and the contribution of
the Zeeman splitting

Z(R) = ¢~ (5.12)
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5.2. Rashba effect in magnetic field

For n = 0 only the spin channel A = —1 exists.

For zero magnetic field, (5.10) transforms into (5.6), the eigenenergies of pure
Rashba coupling. For large magnetic fields the Zeeman contribution dominates
and we receive the eigenenergies of the LL without a Rasha effect (5.9).
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Figure 5.2.: Landau level evolution in a magnetic field - (a) Without and (b) with
Rashba effect for m* = 0.03 - me, g* = —21 and n = 0..11. The different spin channels
are coloured red and blue. Crossings of the energy levels are indicated (green ellipses).

Figure 5.2 shows the spin-split LLs for n = 0,1..11. In contradiction with the LL
splitting in the absence of the Rashba effect (Figure 5.2(a)), crossings of levels
of opposite spin channels appear (green ellipses). Additionally, a non-linearity
at low magnetic fields occurs. The splitting of the lowest Landau level LLy,
AEss = g9 — €14, is shown in Figure 5.3 for different Rashba parameters
(ag = 0,1,1.5 eVA). It exhibits a non-linearity for B < 3T, which leads to an
effective offset of the linear dependency found for larger B. Thus, this offset can
be used as an approximation for the determination of ar. A Taylor expansion
of Equation (5.10) for large magnetic fields (small S) results in the expression

4 2 %
AES(B —0) = —— R (5.13)
i (2- &)
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Figure 5.3.: LLy-splitting for different Rashba parameters — Splitting of the lowest two
energy levels from (5.10) shown in Figure 5.2 for different ag. m* = 0.03 - m, g* = —21.

leading to an offset of the linear B dependence towards B = 0, which depends
quadratically on ag and transfers into AEY; = 0 if no Rashba effect is present.
For an extraction of ag knowledge of m* and g* is crucial and will be discussed
in Section 7.2.

The positions of the crossings of ¢, 1(B), indicated in Figure 5.2 by green el-
lipses, also depend on ag, but turn out to be inapplicable for the determination
of ag. While in Figure 5.2 the effective mass is assumed to be constant, it actually
changes depending on the distance from the conduction band minimum in the
triagonal-well potential approximation. Thus, the LL splitting changes towards
higher energies and the crossing positions change. Another reason for discrep-
ancies is the presence of the potential disorder, which had been neglected so
far. While the potential itself does not affect the spin splitting, neither Zeeman
nor Rashba, a disordered potential has a varying influence on the orbital com-
ponents of the LL wave functions and, hence, on their energy changing with B,
respectively, on g, A (B).

5.2.2. Wave function

Without the Rashba effect, taking the spin into account, the LL wave function
of LL, can be written as the spinor

.0) = (g107)) = T ¥aslr) @10) (514)

r

with the two spin directions ¢ = =+1, the spatial part of the wave function
Y, () tensor multiplied with the spin state |o).
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5.2. Rashba effect in magnetic field

As mentioned in the previous section, the presence of the Rashba effect leads to
a mixing of the two spin channels. The new spinor contains a spin-dependent
LL quantum number n, = n — (14 0)/2, thus

{n—l o= +1
no':

n c=-—1. (5.15)

The strength of the mixing depends on the ratio between Rashba effect and
Zeeman effect, i.e. the angle of the relative contribution of the external magnetic
field and the internal magnetic field due to the Rashba effect. The mixing angle
is given by

0} = arctan

_ A _ 72 g2
{(1 Z) + \5/\(/15 2y +ns? | 516

With this the wave function reads

Yura(r) = [sin(6}) ¥y-1,r(r) + cos(0}) ¥ur(r)] @ |0), (5.17)

with A = £1 as new spin quantum number. Here it can be seen that in the new
coordinates of n and A the former spin channels ¢, and LL,, & LL,,_; are mixing
with the angle 6 which mainly depends on the strength of ag and the external
magnetic field B. This effect of the LL-mixing will be incorporated for smooth
potential disorder in Section 5.3.1.
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5. The local Rashba effect

5.3. Rashba effect in disorder potential

5.3.1. LL in disorder potential

An analytic approach to describe the LL splitting in a smooth disorder potential
V(R), where I5|VV(R)|/hw. < 1, has been performed by Hernangémez-Pérez
etal. [102] considering a mixing of the different orbitals (5.17) and neglecting the
scattering between different LL,,. Equation (5.10) is modified by a 2D disorder
potential Vop(R) and the energy levels €, 5 described in this first order pertur-
bation theory in Ig|VV(R)|/hw, become

€nr(R) = hw (n - %\/(1 —Z+ Voo (R) VZD’”l(R))z + nSz)

hew,

VQD,n,1 (R) + VZD,n (R)

* 2

, (5.18)

with
Vopu(R) = / Vop(R+7) - Fy(r) d?r. (5.19)
The terms V,p,(R) denote the effective potential which is a convolution of

the potential Vop(R) and the kernel F,(r) of the n" LL wave function (Equa-
tion (5.7))

2
F.(r—R) = exp <—%BAR> ¥, (r)]?, (5.20)
(=D"  |2(r—R) —(r—R)?
nl% Ly l% exp( l% ) , (5.21)

with L,(z) as the Laguerre polynomial of degree n, and Ag as the Laplacian
with respect to R. Here, F_1(r — R) = 0. This kernel does not directly trans-
late to the wave function probability density and can become negative. It
rather corresponds to a Wigner transformation [104, 105]. For a flat potential,
Vop(R) = const., the effective potentials become identical, Vop ,(R) = Vop i (R)
for all n, m. With this, Equation (5.18) transforms to Equation (5.10) with an ir-
relevant offset potential of Vp ,(R). In Equation (5.18), the effective potential
appears with two contributions. On the one hand as a sum, which is consid-
ering that the n''-wave function exhibits contributions of the classical n'" and
(n — 1) LL and thus the energy levels have an offset from the average effective
potential. On the other hand, a difference appears in the square root, connected
to the Zeeman term. The contributions of the two different spin channels, by
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5.3. Rashba effect in disorder potential

the mixing of the n'" and (n — 1) wave function, lead to an effective change
of the Zeeman splitting, since both contributions can add up differently for the
two spin channels.

a |qJLL0(r)|2 |qJLL1(r)|2 b
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Figure 5.4.: Energy shift of ¢, , by potential disorder — (a) Relative energy shift of the
LLy & LL; wave functions at a potential minimum (bottom) and maximum (top). Gray
arrow indicates change in energy due to larger spatial extension. (b) System with a
strong mixing of LLy & LL;: change of spin splitting AEsg due to the spatial extent of
the corresponding LL wave functions, thus, Esg min < Ess max-

The aforementioned considerations apply strongly at local extremes of the po-
tential disorder. The spatial extension of the Landau levels increases with n and
decreases with magnetic field (I o« +/1/B) (cf. Figure 5.4(a)). In a potential
minimum, higher LLs are shifted towards higher effective potential energies
compared to lower LLs. At a potential maximum this situation is inverted. The
LLs with higher n are shifted towards lower energies.

In systems exhibiting the Rashba effect, the wave functions related to the lowest
level &1 + consists of contributions from LLy and LL;, while the next higher, ¢,
only exhibits LLy contributions. Therefore, the lower energy level £; | raises
in energy at potential minima, leading to a decrease of AEss. In contrast, at
potential maxima ¢  is shifted down and AEgg is enhanced (Figure 5.4(b)).
Perez et al. have shown that for smooth disorder this effect is well described by
Equation (5.18) and calculated the ¢, , in a random 1D potential (Figure 5.5(a)),
illustrating the effect of contrary change in splitting at potential minima and
maxima. In an STS measurement the observable LDOS at the position r is de-
scribed, neglecting changes in the transmission coefficient T(E, eV, z) (cf. Equa-
tion (2.6)), by

0515 (r,E, Ty) = — /pt(e)ps(r,e)n{;(e)de, (5.22)
with the derivative of the Fermi-Dirac distribution given by
1 1
np(e) = (5.23)

- 4kBTe1 COSh2 [(6 — EF) /ZkBTel] '
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5. The local Rashba effect

pt the DOS of the tip and ps the LDOS of the sample. For the presented model
the spin resolved LDOS of the projected spin, becomes

sts 1 [a ey
o= Y. Y ng(enn(R))

2
anly J =03

nS%(R)
\/(1 — Z(R))*+nS(R)?

X F, (r—=R) |1—Ac |1— d’R, (5.24)

with n, being the reduced n (Equation (5.15)).

Figure 5.5(b) shows the calculated LDOS, as it would be seen in STS for the
positions marked in Figure 5.5(a) considering R ~ r [102]. Besides the differ-
ing AEgg at potential minimum and maximum, the spin splitting appears to be
unobservable around regions of larger gradients. Experimental observations of
this effect will be presented in this work. The limits for this approach are regions
with a strong curvature, where 2"-order contributions can become important.
In the system investigated in this thesis the mixing angle is ;" = 70° thus a
small contribution of the higher LL (cos(6} ) = 0.35) is present and the effect on
the splitting g, — €1 4 is expected to be small.

<0.48 ' T <053 >

. 11
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Figure 5.5.: Calculations of LL positions in a 1D disorder potential with constant ag,
g%, m* — (a) Energy dispersion of a 1D potential called V,p(R) (dashed dotted line) as a
function of the vortex position R. The solid lines show the LL given by Equation (5.18).
They are influenced by the 1D effective potential (Vyp,, in Equation (5.18)). I, II, III
mark a potential minimum, an area of largest potential gradient and a maximum po-
sition, respectively. (b) Simulated LDOS around ¢y — & €, using Equation (5.24), at
those positions. The spin splitting AEsg can only be resolved at potential minima and
maxima. As shown in Figure 5.4(b) maxima exhibit splitting enhancement compared
to minima (B =7T, S = 0.88, T = 15K). Both adapted from [102].
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5.3. Rashba effect in disorder potential

5.3.2. Fluctuations of the SO coupling due to random charge
distribution

Besides the above-described effects, changes in the spin-orbit coupling also af-
fect the energy splitting. The strength of the spin-orbit coupling aR, as a direct
result of the electric field, varies with changes of the electric field. Glazov et al.
[16] analyse the variations of the spin-orbit coupling in a single quantum well
due to randomness in doping layers, and consequent changes in the electric
fields. Assuming a symmetric system, with a 2DES lying between two doping
layers of width w; and distance R; from the quantum well (Figure 5.6(a)), there
is in average no electric field at the position of the quantum well. Therefore,
no average Rashba field is present and @g = 0. The SIA is still broken by the
random distribution of the dopants, resulting in a locally varying Rashba pa-
rameter ag(R) # 0.

a doping quantum doping
layer well layer
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Figure 5.6.: Random electric field in a quantum well and a 2DES by random charge
distributions — (a) Quantum well between two distant doping layers. The randomly
distributed dopants (red) lead to a varying electric field inside the quantum well. (b)
2DES (yellow) induced in InSb by surface adsorbed Cs (green dots), ncg = 6 - 108 m~2.
p-doping of the bulk with Ge (red), nge = 1-10**m~3. The black line indicates the
electron probability distribution of the 2DES in z-direction, assuming a constant electric
field.

For very thin doping layers w; < R, the scale of the random fluctuation of the
electric field is given by
V4L
AE, = /2 JeL V2D (5.25)
€oer Ry
In an InSb semiconductor with €, = €,1ng, = 16.8 [106] as dielectric constant,
a distance to the quantum well of R; = 10nm and a two-dimensional dopant
concentration of n,p = 10 m? (white noise - 5-shaped charges), the fluctu-
ations of the electric field can be expected to be A&, ~ 3 - 107 % which is in
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5. The local Rashba effect

the same order as the average electric field experimentally found for an InSb
system exhibiting a 2DES at the surface [107].

As we describe in [17], the 2DES investigated in this thesis is induced by
adsorbates acting as n-type dopants on a p-doped bulk semiconductor (Fig-
ure 5.6(b)). As this system shows SIA, an average electric field is present and
two different doping layers lead to variations in the electric field. The 2D distri-
bution of the Cesium surface charges with mean density 7, is described by the
2D coordinates R, and the 3D distributed Germanium bulk donors with a mean
density 713p are described by coordinates R’. Both charging types are treated as
uncorrelated and are represented as J-functions. At positions p those charges
lead to an electric field E;(p) perpendicular to the surface

e
E,(p) = -
: (p ) €0€r,InSb
~R _R
|:2/n2D(R) — |£)——R|3d2R — /Tl3D(R/) — |;)——R/|3d3R/ (526)
z

The 2 in front of the 2D integral takes into account that for surface dopants one
half space is InSb and the other is vacuum. Autocorrelating the electric field
after weighing it with the electron probability distribution

3
'¥* = % 22, (5.27)

with b = 0.4nm~! gives the variance of the Rashba parameter resulting from
the 2D and 3D charges

<(5“R,2D)2>1/2 = €2r,i§b Xb(%flzt)>l/2, (5.28)
(o)™ = 8 (o) 5:29

Using ¢ = 526A° [98] as coupling constant between electric field and Rashba
parameter in InSb, as well as 7i;p = 6 x 10 m~2 and 7i3p = 10#* m3, the ex-
pected fluctuations of the Rashba parameter are dagrop ~ darsp ~ 0.25 eVA
due to the surface and bulk doping. Besides the amplitude, the length scale on
which those variations occur is interesting for applications such as spin trans-
port. By evaluating the two correlation functions of the Rashba parameter

(0arop(0)dagop(R)) = <(5“R,ZD)Z>FZD(R)1 (5.30)
(6ar3p(0)darsp(R)) = <((5“R,3D)2>F3D(R)/ (5.31)
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5.3. Rashba effect in disorder potential

we can extract the range functions F,p and F3p, normed on F(0) = 1, and
thereby calculate the correlation length, defined as

L3nsp = /o Fp3p(R)RAR. (5.32)

For the two types of dopings this results in

407
B2

7T Dl
270"
where D; describes the depletion layer depth, which is the range of negatively
charged p-type dopants. While L,p only depends on the width of the electron
density distribution [¥?|, the electric field of the bulk donors also has a deple-
tion layer depth dependency. The correlation length of the variations of the
electric field appears to be independent from the strength of the spin-orbit cou-
pling, as well as the dielectric constant.

L3 = L3, = (5.33)

5.3.3. Spin relaxation

The Rashba effect itself, described by the Hamiltonian in Equation (5.4), leads
to a spin precession. This spin precession is reversible and rotates all spins in
a predictable fashion. Scattering at impurities, phonons or electron-electron in-
teraction can lead to dephasing of the spins and thus to spin relaxation. In the
case of the D’yakonov-Perel” (DP) mechanism [14, 108] spin dephasing occurs
between scattering events (Figure 5.7(a)). Scattering leads to a change of the
momentum k. As the effective magnetic field seen by the electron changes with
k, the spin precession rate ()(k) depends on k, too. For small momentum scat-
tering times T, so that Q(k)7T < 1, the spin relaxation rate I's is given by

I's = 20 (k)?hT. (5.34)

In systems with structure inversion symmetry, the Elliott-Yafet (EY) mechanism
[15, 109, 108] can be present. Here, the spin is flipped during the scattering
event itself. The probability of a spin-flip (Figure 5.7(b)) at a scattering event
is given by the ratio of the mixing of the spin up and down state described by
the matrix element L between coupling bands and their energy distance A. The
probability pg;, = (L/ A)? of a spin-flip at a scattering event gives

L\
Is=(—<) — 5.35
s ( A) = (5.35)
for spin relaxation by EY. DP and EY are therefore typically distinguished by
their opposite dependence on momentum scattering time 7, hence, on mobility

61



5. The local Rashba effect

]

O O
- =
3 o
D -]

* 55\\««%’; pee §+W+
lsp

Figure 5.7.: Mechanisms of spin diffusion — (a) DP mechanism: the spin precesses
around the effective magnetic field, which is due to the Rashba effect. Scattering leads
to a change of k and thus a change in precession orientation, direction and speed. (b)
EY mechanism: rare spin-flip events while scattering. Probability of spin-flip is propor-
tional to the mixing of the spin up and spin down state [108]. (c) Spin dephasing by
random Rashba fluctuations. Two ballistic transport paths, probing different strengths
of spin-orbit coupling (Dark grey - small ag, light grey - large ag).

u=e*t/m*.

Both mechanisms can be avoided by realising ballistic transport, i.e. T = oo.
The EY vanishes, because no spin-flips occur. For the DP mechanism the spin
precesses only at ()(k) which results in a predictable, fixed phase relation for all
electrons. Avoidance of scattering events therefore enhances the spin relaxation
length.

Nevertheless, spin dephasing can also be ceased by a locally varying Rashba
parameter ag (R). Envision two different transport paths in a 2DES from source
to drain passing a locally varying Rashba parameter (Figure 5.7(c)), while the
correlation length Iy, of ag(R) is much shorter than the transport distance Igp.
Following different paths causes the precession of the spin to acquire different
phases. Therefore, for a large set of transport paths an effective spin relaxation
occurs, even without the presence of scatterers. The length

2\ 1
Ispin = (W) I (5.36)

is the distance that an electron travels on a random path before loosing its spin
memory [110].
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5.3. Rashba effect in disorder potential

As mentioned in Chapter 5.3.2, local variations of ag(R) occur due to the dis-
tribution of dopants and do not need any scattering events inside the transport
layer. The size of the average Rashba parameter ay is also not decisive.
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6. Experimental studies of
spin-orbit coupling

As the Rashba effect seems to be a promising fundament for applications in
spintronics [1, 5, , 3, 4] and quantum computing [9, 7], it has been in-
tensively investigated, both theoretically and experimentally. Angle-resolved
photo-electron spectroscopy (ARPES) in particular is used to map the disper-
sion relation of the Rashba-type spin splitting. Besides being utilised in exper-
iments aimed at realising such devices [90, 11, 10, ] in transport, STM has
also been used to gain a fundamental understanding of the Rashba effect.

6.1. Spintronics using the Rashba effect

There are many proposals for a realisation of devices and applications based on
the Rashba spin-orbit coupling [1, 5, 111]. The most famous of these is the Datta-
Das transistor [3], which was first proposed as early as 1990. It changes the spin
precession length Iso = 7th* /m*&g by tuning the strength of the Rashba param-
eter along the travelling path of polarised electrons. A more recent approach
for creating a spin-transistor is the so-called spin helix, which forms in a system
of equally strong Rashba and Dresselhaus coupling.

6.1.1. Datta-Das transistor

The design is based on the spin-polarised transport between source and drain
through a semiconductor. Engels et al. [113] and Nitta et al. [114] were the first
to demonstrate the feasibility of gate controlling the spin-orbit coupling in In-
GaAs/InP and InGaAs/InAlAs heterostructures, respectively. The beating pat-
tern in the Shubnikov-de Haas oscillation, as a trace of the spin-orbit coupling,
is tunable by a gate (cf. Section 6.2.3). The first attempts to realise complete
spin transistor devices used ferromagnetic contacts as source and drain, act-
ing as spin filters for injection and detection of the spin current [115, 116, 117,

]. The spin orientation itself is rotating along the transport direction due to
the spin-orbit coupling. By using a Schottky gate on top of the semiconductor,
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6. Experimental studies of spin-orbit coupling

the strength of the spin-orbit coupling, and thus the spin revolution between
source and drain can be adjusted. If the spin orientation of the current is paral-
lel to the spin orientation of the drain, a higher current can be detected than in
anti-parallel configuration. By changing the gate voltage, it is possible to switch
between the on-state (parallel) and the off-state (anti-parallel) of the transistor.

70K

20K

10K

-40 —?;0 -2I0 -1I0 | 20

E (uV/m)
Figure 6.1.: All-electric spin transistors — (a) All-electric all-semiconductor spin tran-
sistor by Chuang et al. [11]. Left: SEM image of the spin field-effect transistor. Two
pairs of split gates (L1-L2 & R1, R2) created by asymmetrically tuning an effective
magnetic field for injecting and detecting spins. The gate M tunes the spin-orbit cou-
pling of the spin transport through the device. Right: detector voltage depending
on the gate voltage V) for various temperatures and a fixed conduction value set to
Gaorc = 0.3 x 2¢2 /h. (b) All-electric spin transistor by Kim et al. [112] which uses the dif-
fusive spins for detection. Left: sketch and SEM image of the experimental device incl.
current path and measurement voltage. Spin detection via TbyoFes;Co1s/CosgFes0B2o
electrodes. Right: spin voltage as a function of the electric field created by the gate
depending on temperature (B = 0T).

Recent approaches using ferromagnetic electrodes for injection and detection
[90, 112] or the spin Hall effect for detection [10], as well as an all-semiconductor
approach [11], show clear signals of a tunable spin polarised current (Figure 6.1

66



6.1. Spintronics using the Rashba effect
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Figure 6.2.: Spin Hall detection spin transistor — Left: SEM image and cross-sectional
view of the device. Ferromagnetic injection electrode (blue) on top of the InAs het-
erostructure with transport channel width w = 0.75pm and length L = 0.9 pm con-
taining the single quantum well (red) with a gate placed on top of the device (yel-
low). Right: spin transport signal obtained by the spin Hall voltage at the green pads
(T =18K)[10].

& Figure 6.2). At the same time, these experiments were performed at low tem-
peratures (T = 0.03K — 77K) and are very sensitive to an increase of temper-
ature. With the already small signal to noise ratios, no clear signal of a spin
polarised current is observed at temperatures above T = 20 K. Besides different
approaches of spin injection and detection to obtain a larger spin polarisation,
some samples exhibit ballistic transport (mean free paths up to \ypp = 2 um)
to avoid a detrimental spin dephasing. Spin dephasing by DP and EY (Equa-
tion (5.3.3)) are then avoided, but an influence of a possible variation of the
spin-orbit coupling strength has not been considered so far.

6.1.2. Spin-helix

Besides the pursuit of the realisation of a robust Datta-Das transistor by ballistic
transport, the spin-helix allows the avoidance of DP spin dephasing in non-
ballistic samples [4]. Systems exhibiting the Dresselhaus and Rashba spin-orbit
coupling can be described by the Hamiltonian H = h*k?/2m + Hp + Hso, with
the Dresselhaus term

Hp = B (kxox — kyoy) (6.1)

and the Rashba term

Here B is the strength of the Dresselhaus effect. The Dresselhaus effect also
contains a cubic term which has been neglected for the sake of simplicity [119,
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]. In a 2DES the eigenstates corresponding to H are given by

- _ 1 1 eikR
i,k(R>—E Leit()) | T (6.3)

with the k dependence of the spinor being exclusive to the phase factor of the
wave function

¢(k) = arg [—aky + Pkx +i (aky — Bky)] . (6.4)
and the eigenvalues
2
e(k) = % + \/(ocky — Bky)* + (wky — ,Bky)z. (6.5)

For the case that & = f, i.e. that the Dresselhaus coupling has the same strength
as the Rashba coupling, the eigenenergy follows a parabolic dispersion relation.
Furthermore, ¢ (k) becomes constant, and the spin state becomes independent
of the direction of k. This is called a persistent spin helix (PSH). It is robust
against non-magnetic scattering, prohibiting DP-type spin relaxation. The spin
orientation precesses independent of the individual electron path, unaffected
by scattering events [4, ]. The spin can still relax due to magnetic scatter-
ing and the cubic Dresselhaus term after non-magnetic scattering. This leads to
two Dresselhaus parameters fB;(linear) and Bs(cubic). A spin helix is realised
for o = |B1 — B3] [92, 122].

Experimentally, the PSH could be realised [6, , 91, 93]. In spintronic devices
the spin helix state can refer to the on-state, and a detuning of the Rashba and
Dresselhaus parameter, thereby destroying the PSH, would represent the off-
state. Wunderlich et al. [6] show maps of a PSH obtained by magneto optic Kerr
microscopy. Electrons in a GaAs/AlGaAs quantum well are pumped by circu-
larly polarised light into the conduction band. With the time-delayed probe
pulse, the spin polarisation in z-direction is measured via the polar magneto-
optical Kerr effect. Besides the direct mapping of the PSH, the Rashba parame-
ter, the linear and the cubic Dresselhaus parameter are estimated by analysing
the decay of the PSH. The spatial variation of the Rashba parameter is not taken
into account. It would result in a spatial detuning of the PSH and in turn, re-
duce the PSH life-time.

Table 6.1 shows the deduced spin dephasing Isi, length and the corresponding

spin diffusion length
Ispin!
Is = M, ©6)

based on a spin dephasing by a variating Rashba parameter given by Equa-
tion (5.36) & Equation (5.33) for a set of prospect spintronics applications [5, 10,
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Figure 6.3.: Persistent spin helix (PSH) — (a) Top: scheme of the diffusive expansion
of an excited spin. Bottom: resulting PSH. Arrows indicate direction of spin polarisa-
tion. (b) Kerr rotation microscopy maps obtained at three different times after initial
excitation of spin polarised electrons at T = 0 (T = 40K). Adapted from [6].

11]. The numbers are estimations, mostly since ¢ is a material and structure de-
pendent parameter [123]. The parameter ¢ can easily vary up to a factor of 4.
As Ispin depends quadratically on g, the given numbers are only order of mag-
nitude estimates. Moreover, variations of a are estimated to originate from the
remote dopant layers. Additional origins of disorder in the electric field, in-
creasing the variations on aR further, are not considered. Equation (5.36) is only
valid for Iso > l,,, which is not correct for the device in [11]. However, the es-
timated spin dephasing length /s reproduces the observed reduction length of
the spin signal, which is about 2 um in [8], quite well. In the device of Chuang
et al. [11], the spin signal is reduced by 20 % after a single rotation. This sug-
gests a spin diffusion length of about 10 um. The remaining Rashba parameter
ag = 0.003eVA Faniel et al. [8] found in their device is strikingly close to the es-

timated ((dag,ow) >1/ >. This remaining Rashba parameter had been explained
using higher order terms of the Dresselhaus coupling, but an explanation using
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Rashba disorder is more straightforward. This indicates that the fluctuation of
the Rashba parameter might already be placing limitations on the performance
of actual devices.

Table 6.1.: Calculated effect of Rashba parameter fluctuations on spintronic devices
- Rashba parameter fluctuations ((da R,QW)>1/ ?, correlation length of these fluctuations
Lygag, spin dephasing length Ispi, and diffusion length I for 2DES studied in [8, 10, 11].
Input parameters taken from the references, unless marked differently. The electron
mean free path /ypp is deduced from the mobility.

2DES i | Re | e | m | g R | (Garow))?] | lspin | e | Is

[m~2] | [nm] [me] | [A?] | [eVA] [eVA] [nm] | [pm] | [pm] | [pm]

InAs [10] 2.10'° 15 14 | 003 | 125 0.09 0.01 80 23 1.3 4

[98]

InGaAs[11] | 2-10% 80 | 14 | 0.04 | 125 | 0.01— 0.001 450 | (500)' | 1.7 | (20)!
[98] 0.08

InGaAs [8] | 2-10% 10 | 14 | 0.04 30 0.015 — 0.005 60 60 0.5 4
0.1

6.2. Rashba effect in STM/STS

To get access to the band structure at the surface, one can look at the quasi
particle interference pattern (QPI) which forms, for instance, around vacancies,
impurities and step edges [18]. The tunnelling current in STM is proportional to
the probability density wave function [¥|?. The Bloch states probed locally by
the STM lead to a uniform distribution, in addition to the atomic corrugation. If
scattering occurs at defects, states of different k at the same energy mix. The re-
sult is a standing wave pattern with wave vector g = ko — k1. The wavelength
of the standing wave pattern A = 271/ can be used to deduce the energy dis-
persion relation at the surface.

Nevertheless, Petersen and Hedegard [124] have shown that the two Rashba
bands do not lead to a distinct QPI pattern, since opposite spins cannot inter-
fere with each other. Moreover, only impurities that break the time-reversal
symmetry can induce scattering between two opposite spin channels. The two
intraband scattering vectors for backscattering have the same length leading to
standing wave pattern with identical wavelength. The scattering vector g can
only be translated directly into the wave vector k = q/2 of the dispersion re-
lation if the band is symmetric around I'. Any shift along k—space cannot be
probed. Therefore, in STM the spin splitting of the Rashba bands is not directly
visible via QPL.

Walues for Ispin and Is are only valid for Laga, > Iso, butin [11] Iso ~ 700 — 2000 nm.
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6.2. Rashba effect in STM/STS

6.2.1. Quasi-particle-interference pattern

However, for some systems it is still possible to extract the Rashba spin splitting
using the QPI in STM if additional bands are involved in scattering [125, 126,
]. The surface alloy BiCu,/Cu(111) exhibits two types of surface states. The
tirst, showing a Rashba spin splitting, is of sp,—type (Figure 6.4(g)) - red and
blue) and the second, showing no breaking of spin degeneracy, is of py,—type
(black). The QPI, obtained by STS (Figure 6.4(a)-(e)), and the related Fourier
transform (FT) show wavelengths related to several scattering processes. In the
radial averaged FT (Figure 6.4(f)) we can see the scattering processes q; - intra-
band scattering between the spin split parabolic sp, Rashba bands (blue), 9> -
intraband scattering of the spin degenerate surface state exhibiting py, charac-
ter (red) and g1, - interband scattering between the spin degenerate surface state
and the spin split states (green). The absence of scattering processes between the
pxy band and the outer Rashba band presumably results from a reduced orbital
overlap [125, , ]. Forward scattering processes between p., band and
Rashba band are too short in 415 to be distinguished from topographic features.
Since g, describes scattering of a band symmetric around I', the wave vector k;
of the energy dispersion can be extracted. The spin split parabolas can also be
extracted. The curvature is accessible by the scattering process q;. The distance
of the Rashba bands from the degenerate band can then be derived from the
scattering processes g, and g1, (Figure 6.4(h)).
Au(111) exhibits only a single surface state, such that no additional interband
scattering processes can be used to determine the Rashba spin splitting. Leicht
et. al [126] added a graphene layer to the Au(111) surface to add an additional
surface band, and extracted the Rashba spin splitting of the Au(111) surface
state. With two different tunnelling tip configurations, scattering features from
graphene and from gold can be distinguished. The QPI of the dI/dV image in
Figure 6.5(a) was obtained in a configuration only sensitive to graphene. The
ring at the centre of the FFT (I') corresponds to the intravalley backscattering
and the ring structures at the corners of the hexagonal Brillouin zone (BZ) orig-
inate from intervalley scattering qg inter = K — 2kg between K and K’ (Fig-
ure 6.5(c)).
In a second tip configuration (Figure 6.5(b)), a larger ring at I' becomes visible
and at the edges of the BZ two additional ring structures appear. The feature
in the centre reflects the backscattering within the Au(111) surface state. This
tip is therefore sensitive to the underlying gold surface. Even though the Au-
surface state undergoes Rashba-type spin splitting, only one ring appears with
gau = kau1 — kauo. The two additional features at the boundary of the BZ
originate from scattering between each spin split Au parabola and the graphene
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Figure 6.4.: STS of Rashba splitting in BiCu,/Cu(111) — (a)-(e) Top: dI/dV images of
a BiCuy/Cu(111) obtained by STS, exhibiting QPI patterns around defects and at a step
edge. Bottom: FFT of the dI/dV Image. Hexagonally arranged dots refer to the recip-
rocal lattice of BiCuj,. The circles and hexagon in the centre refer to scattering processes
from the two surface states. (f) Radial average of the FFT-images. Arrows indicate the
peaks related to scattering vectors g;(blue), g (red) and gi2 (green). (g) Right: scheme
of the degenerate surface state (black) and the spin split Rashba-type surface state (red
and blue), with observable scattering processes 41, g2 and g1, resulting in a scattering
pattern shown on the left. (h) Experimentally found dispersion E(k) deduced from
the scattering peaks as in (f). In the background a comparison with the band structure
recorded by ARPES is shown. Adapted from [125].

cone and can be described by

4G—Au1l = E< + kg — kau (6.7)
gco-au2 = TK+kg—kaup. (6.8)

This allows an extraction of the strength of the spin-orbit coupling (Fig-
ure 6.5(d)). In the presence of the graphene sheet, the Au surface state survived,
but was shifted by 100 meV. Further effects on the band structure of Au might
exist.

These techniques show that it is in general possible to probe the spin-orbit cou-
pling with QPI using STM. Both approaches are, however, restricted to very
special sample systems, either additional bands have to be present or they have
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6.2. Rashba effect in STM/STS

His \l.\; 0 ! tom) © °

Figure 6.5.: STS of Rashba splitting in Graphene on Au(llql() —)(a), (b) dI/dV maps
of a graphene layer on Au(111) obtained with two different tip configurations. (a) not
sensitive to Au(111) states. FFT of the QPI shows intravalley and intervalley scattering
of graphene (magnified on the right) for three different corners of the BZ. BZ is indi-
cated by the dashed lines. (b) sensitive to graphene and Au(111) states. Large ring at
the centre of the FFT belongs to the Au(111) surface state backscattering and two addi-
tional rings at the edges of the BZ indicate interband scattering between two Au(111)
surface states and the graphene Dirac cone at K and K’, respectively. (c) Top: constant
energy contour (CEC) of p-doped graphene and Au(111) with possible scattering vec-
tors (black: graphene intervalley & intravalley scattering; red/green: scattering from
from Au(111) surface states to graphene states). Bottom: expected FFT with Au(111)
backscattering (blue) and scattering between graphene and Au(111) (green and red).
Dashed lines: scattering vectors not visible in the experiment. (d) Extracted disper-
sion relation of graphene and Au(111) from the experiment. Symbols are data points,
solid lines result from ARPES data. Dashed and dotted lines are not observed in the
experiment. Adapted from [126].

to be added using a top layer of a different material. Additionally, a scattering
to the Rashba bands must be permitted. Even though the spin-orbit coupling
was extracted using STM, a local investigation of the Rashba parameter on a
nanometre scale has not been reported so far.
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6. Experimental studies of spin-orbit coupling

6.2.2. Band onset singularity

The spin-orbit coupling splits a 2D parabolic band radially by kg = m*ag /h>.
The zero-dimensional point-like band extremum at kg = 0 thereby turns into
quasi one-dimensional extremal ring structure [130]. This leads to a singular-
ity in the DOS. This singularity is observable in STS and is a fingerprint for
the strength of the spin-orbit coupling. Figure 6.6(a)(left) shows the theoreti-

Energy E

Wave vector k Density of States R . ety ‘,': S
Figure 6.6.: Spin-orbit coupling on Bi/Ag(111) — (a) Left: energy dispersion calculated
using a 2D nearly free electron model with (red solid lines) and without (blue dashed
line) spin-orbit coupling. Right: associated DOS, indicating region I with the Van Hove
singularity exhibiting D(E) o« 1/+/E and region II with a constant DOS. (b) Top: STM-
topography image obtained at V. = —137mV (energy close to the Van Hove singular-
ity). Bottom: corresponding dI/dV measurement. Bright areas show stronger singu-
larity peak than darker areas. Adapted from [130].

cal splitting of the Rashba parabolas. The DOS D(E) differs for the two energy
regions I and II and is given by

m’] ] _Er E € region I
D(E) = ‘ggﬁj v ER glon & (6.9)

—> = const., E € region IL.

Here, Er = hzk%/ 2m* describes the energy shift of the bands, which is called
the Rashba energy and E is the band onset energy. This results in the DOS
shown in Figure 6.6(a)(right). While region II only consists of the constant DOS
as far as a 2DES without spin-orbit coupling, region I shows the singularity due
to ag # 0eVA. In STS, this singularity is broadened into a peak by finite life-
time and experimental broadening, e.g. by electron temperature. Ast et. al [130]
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6.2. Rashba effect in STM/STS

gain information about the strength of the spin-orbit coupling by fitting the
DOS to their STS data. LDOS spectra for Bi/Ag(111) and Pb/Ag(111) obtained
by STS and corresponding ARPES measurements are shown in Figure 6.7(a) &
6.7(b). While the effective mass was retrieved from the ARPES measurements,
the life-time broadening and Rashba energy are determined by the LDOS fit.
For the Bi/Ag(111)-system, both techniques result in similar Rashba energies of
Egrsts = 195meV and ER arpes = 208 meV. However, for the Pb/Ag(111) sys-
tem, the Rashba energies Eg g5 = 67 meV and Eg arpes = 23 meV differ by a
factor of three. This is mainly attributed to the fact that in ARPES only occupied
states can be observed. The band maxima are unoccupied and the band course

has to be estimated.
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Figure 6.7.: Band structure and DOS of Bi/Ag(111) & Pb/Ag(111) by ARPES and
STM - Left: STS-spectra (red dots) obtained close to the van Hove singularity for (a)
Bi/Ag(111) and (b) Pb/Ag(111). Tersoff-Hamann fit [31] plotted as blue line and the
green line shows the unconvoluted DOS. Right: ARPES measurements of the alloys (a)
Bi/Ag(111) and (b) Pb/Ag(111). The blue guiding lines show the band maxima around
the position of the peaks in the STS measurements. [130]

This singularity can be followed across a sample surface (Figure 6.6(b)), to re-
veal local changes of its intensity. Assuming that the experimental broadening
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6. Experimental studies of spin-orbit coupling

is constant, these changes can result from either changes in spin-orbit coupling
or life-time. If the life-time broadening dominates the Rashba energy, as is the
case for the Au(111) surface state (Ex = 18 meV, I', = 18 meV [131]), the sin-
gularity is no longer present in STS. The life-time broadening becomes not only
detrimental for a system with small Rashba energy, but also impedes a discrimi-
nation between life-time broadening and energy splitting in the attempt to map
the local spin-orbit coupling.

6.2.3. Beating pattern in the density of states

Applying a perpendicular magnetic field breaks the spin degeneracy. In a 2DES,
STS can be used to observe LL splitting and, at high magnetic fields, an addi-
tional spin splitting. Becker et al. [107] used this approach to determine the
Rashba spin-orbit coupling in p-InSb with Cs adsorbed on the (110)-surface,
resulting in a surface 2DES accessible by STS (see Section 7.1). STS shows a
beating pattern in the spatially averaged local density of states (Figure 6.8(a))
which is well known for transport experiments [114]. The beating is a result of
the superposition of the LL splitting and the Rashba spin splitting leading to
two bands with different LL distances. The Rashba parameter can be estimated
by comparing the beating pattern, observable in STM, with a calculated density
of states (Figure 6.8(b)).

T T T T T T
a b
- B=70T T
- FWHM = 18 meV -
3 3 | -
& S experiment
: 3
o S simulation T
1 1 1 1 1 1 1
-100 -50 0 50 100 150 200 250 -100 -50 0 50 100 150 200 250
sample voltage (mV) sample voltage (mV)

Figure 6.8.: Beating pattern by spin-orbit coupling and LL-splitting — (a) Spatially
averaged density of states of the surface 2DES of Cs/p-InSb. Bottom: B = 0T, two
subbands starting at Ep = —60meV and E; = 110meV of the 2DES located at the
sample surface are visible. Top: B = 7T (perpendicular to the 2DES). A beating pattern
due to LL-splitting and Rashba-splitting appears. (b) Comparison between simulated
(bottom) and experimentally observed (top) beating patterns. The gradually increasing
density of states observed at higher energies in the experiment originates from bulk
states.
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6.3. Observations of potential disorder and driftstates in 2DES via STS

The DOS is given by

1 _ (E-Eg)?
. — 2, 6.10
@rpamr et (.10)

D(E)
using the exact eigenvalues for the Hamiltonian Hy + H, given by Equa-
tion (5.10) and using a broadening I' caused mainly by potential disorder. The
potential fluctuations have a direct effect on the low energy states of the 2DES.
Thus, peak positions in the LDOS (Figure 6.9) can shift with the potential disor-
der. Consequently, one has to use the spatially averaged spectrum for compar-
ison with the theoretical LDOS. A comparison with simulated beating patterns
of the DOS reveals a spatially averaged spin-orbit coupling of ag = 0.7 eVA.
Moreover, it has been found that the spin splitting AEgg changes with position.
It is AEss =~ 15meV at a lower potential (Figure 6.9 circle) and AEsg ~ 18 meV
at a potential 20 meV higher (square). This can, as discussed later, be explained
by a local variation of the Rashba parameter (Section 7.4). The spatial variation
of the spin splitting is used in this work to probe the spin-orbit coupling on the
nm scale.
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Figure 6.9.: Potential disorder & local change of spin splitting. — (a)-(f) dI/dV maps
obtained at various energies marked in (g), B = 7T, 150nm x 150nm. (g) spatially
averaged spectra of the areas marked on the left, referring to areas of different potential.

6.3. Observations of potential disorder and
driftstates in 2DES via STS

Electron wave functions have been investigated intensively using STM on met-
als [18, 132], semiconductors [21, 133] and graphene [22]. For distinct quantised
LL wave functions no real space observation has been reported so far [133].
Most 2DES are buried deep below the surface and are not accessible using
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6. Experimental studies of spin-orbit coupling

STM. Surface doping of semiconductors makes a 2DES available for STM ex-
periments.

Most physical effects are highly sensitive to the electrostatic potential, leading to
a trend towards using very clean samples for the most controlled experimental
conditions. Alternatively, the confinement potential is scaled up, so that intrin-
sic potential fluctuations become negligible [15, 132]. An insight on such fluctu-
ations is necessary to understand their detrimental effect or partly contributing
effects in, for instance, the quantum Hall effect. The STM tip itself changes the
local potential considerably due to tip-induced bend bending [134], which can
be used to probe the electrostatic potential locally.

6.3.1. Potential disorder probed by tip-induced quantum dot

Dombrowski et al. [135, ] demonstrated that the lowest energy state of the
tip-induced quantum dot (QD) follows the electrostatic potential while scan-
ning across the sample surface. A tungsten tip is approached to a degenerately
doped n-InAs(110) sample surface and a bias voltage of V = 100mV is ap-
plied. The vacuum potentials of the tip and sample are different, leading to
a downwards bending of the conduction band (Figure 6.10(a)), such that tip-
induced states and the conduction band minimum Egcgy lie below Eg. These
tip-induced states are confined by the conduction band in z-direction, as well
as in the lateral direction due to the finite extension of the tip charging (Fig-
ure 6.10(b)).

The lowest energy state of the tip-induced QD was used by Morgenstern et
al. to map the electrostatic 2D potential of a 2DES. In their system, the con-
duction band of n-InAs is bent down by surface adsorption of 0.8 % of an Fe
monolayer. The tip potential additonally bends the bands down resulting in an
(x,y)-confinement of a scannable QD. The energy of the lowest confined state
of this QD can be followed across a scanned area (Figure 6.10(c)) to create a map
of the 2D potential landscape. By applying a perpendicular magnetic field, LL
quantisation can be observed and so-called LL drift states are reported. These
drift states follow equipotential lines of the potential disorder V(x,y), if I is
smaller than the correlation length of V' (x,y) [22].

6.3.2. Nodal structure

Joynt et al. modelled non-interacting electrons in a potential disorder, showing
that each LL exhibits drift states following equipotential lines of V(x,y) [138]
(see Section 5.3.1). The drift states exhibit a width of about the cyclotron radius
Ig. The equipotential lines around minima and maxima are closed circles. For
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potentlal
0.1 16 3
e, n-InAs (2x10 7em’) W-tip w ' - )
o= o festage E.
i N o 1)
v =—=

oA a.li
060 40 20 Laa ' ta ‘
Distance from surface (z) [nm]

Figure 6.10.: 2D potential disorder mapped by tip-induced QD — (a) Sketch of the band
diagram at the tip-induced band bending (solid line) for a tungsten tip approached to a
n-InAs surface and V = —110mV. Dashed lines indicate a smaller tip charging at V ~
0mV. Egcpwm is the bulk conduction-band minimum. The ground state wave function
|¥)? is indicated [135]. (b) Sketch of the lateral potential for V = —110mV. (+) marks
the tip charges, curved lines mark the E-field in the vacuum region. The gray region
in the InAs sample indicates the lateral shape of the conduction band. State energies
of the resulting (x, y)-confinement are marked as horizontal lines and the ground-state
wave function |¥|? is indicated [135]. (c) Disorder potential of the 2DES induced by
0.8 % Fe on a InAs sample as determined by STS with the help of the tip-induced QD

[137].
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smooth potential disorder, where the correlation length of the potential is larger
than the magnetic length (lyop > [g), the drift states of the lowest LL can be
observed by STS [137, 21, 22]. The drift states of LLj start with a Gaussian-like
distribution at low energy (Figure 6.11 (a)) and form ring structures, accord-
ing to the course of the equipotential lines at higher energy (Figure 6.11 (b)).
At these energies the electron states are localised. At the saddle points of the
2D potential, the equipotential lines can reach across larger surface areas and
so-called extended states can be observed (Figure 6.11(c)). An extended state
crossing even an infinite sample exists in the centre of the lowest LL and even-
tually leads to the finite resistance between the quantum Hall states [138, 139,
, 141].
While the drift states of the LLy have been observed for 2D systems in semicon-
ductors [21] and graphene [22], no traces of the nodal structures of the higher
LL, in real space have been reported. Traces of the nodal structure of LL; &
LL, have only been observed in Fourier space by Hashimoto et al. [133]. The
structure factor of the wave function (Equation (5.21)) and its Fourier transform

B 212 o 212
E.(q) = Ly ('72—3) exp <%) , 6.11)

exhibit the same nodal structures as the LL wave function given by the Laguerre
polynomial that is only smeared out by the potential disorder. These nodal
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Figure 6.11.: Localised and extended drift states — dI/dV maps obtained on Cs/n-
InSb(110) at different voltages within LLy. (a), (b) Energies lie at the beginning of the
lowest spin-polarised LL. White arrows mark same region around a potential valley.
(c) Energy close to the centre of the lowest spin-polarised LL. Extended states across
the sample are formed. Coloured arrows indicate tunnelling connections between drift
states appearing at saddle points. (B = 12T, Vg = 150mV, Iy, = 0.10A, Vipoq =
1mV, T = 0.3K) Adapted from [21].

structures are following the equipotential lines of the potential. This means
that for LL; a double ring is expected at potential extrema and double stripes
are expected at extended states. Figures 6.12(a)-(d) show angularly averaged

Log|FT(dI/dV)| [a.u.]

Figure 6.12.: Nodal structures of LL wave functions resolved by Fourier Transform-
STM - (a)-(d) Angularly averaged FFT of dI/dV maps obtained at the tail of LLg, LL;,
LL, & LL;3 (red lines). Black line: corresponding numerical simulations. Insets: FFT
of experimental data (upper) and simulation (lower). (e) & (f) Fourier band-pass fil-
tered real space LDOS measurements with additional low-pass filter || < 0.52nm™~!.
Dashed rectangles mark same area in (e) & (f) for comparison. Dashed curved lines
highlight antinodes. (B = 6T, Vg, = 150mV, I, = 0.1nA, Viog = 1mV, T = 0.3K).
Adapted from [133].

Fourier transformations of dI/dV maps taken at the energetic tails of different
LL,’s (red lines), as well as numerical simulations (black lines). The Fourier
transforms of the LDOS(r) show an increasing amount of modulations that cor-
respond with the nodes of the LL wave functions. Applying a high- and a low-
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pass fast Fourier filter (FFT) on experimental dI/dV maps (Figure 6.12(e)&(f))
makes traces of the # nodes of the n'" LL visible. At the end of this thesis, the
tirst direct and unfiltered measurements of these nodal structures in real space
are presented (Section 7.5).
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7. Experiments on p-InSb(110)

The experiment was performed using the STM system described in the first part
of this thesis. The STM measurements were carried out at 8 K & 400 mK and var-
ious magnetic fields up to 14 T. The following section describes the sample sys-
tem and its preparation (Section 7.1), followed by the mapping of the potential
disorder (Section 7.2), local probing of the Rashba parameter (Sections 7.3 & 7.4)
and a real space image of the nodal structure of LL wave functions (Section 7.5).

7.1. 2DES in Cs/p-InSb(110)

InSb is a III-V semiconductor with a band gap of Eg = 235meV. Due to its high
atomic mass, it exhibits a strong spin-orbit coupling. Here, a p-doped sample
with a Ge doping concentration of N3p = 10%*m~3 is used. The conduction
band is bent down, using surface n-doping (cf. Figure 7.1(a)). Photoelectron
spectroscopy showed that the maximal band bending of Egg = 290meV
is already present for a Cs surface coverage of 1% [142], thus, for 1.8% Cs
coverage, as used in this thesis, the conduction band is bent below Ep. The
corresponding parabolic band of the 2DES at 2 % Cs has been mapped using
ARPES exhibiting its origin at E — Eg = —105meV [143]. Besides the charging
of the bulk acceptors close to the surface, the adsorbents donate electrons to
the 2DES located up to the surface and this results in a depletion depth of
zp ~ 30nm [107]. With such a strong band bending, subbands are expected
to be below, as well as above, the Fermi energy. This relatively strong band
bending leads to a strong E-field in the 2DES resulting in a Rashba parameter
of about ag = 0.7eVA [107]. The strength of the E-field depends on the exact
shape of the local band bending. This can vary, depending on the density of
surface adsorbates and the distribution of the Ge acceptors (cf. Section 7.4.3).
The average distance of the Ge acceptors of dge = 10nm is smaller than
that of the surface dopants dcs = 4nm (Nop = 6-10m~2). Assuming a
homogeneous Cs distribution, the conduction band minimum Ecgy is pinned
at a fixed energy. The variations in Ge doping therefore change the shape of
the band bending. Thus, a locally enhanced Ge doping leads to steeper bands
and in turn higher electric fields (see Figure 7.1(b)). The rather homogeneous
distribution of charge within the Cs layer can be justified by experiments which
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7. Experiments on p-InSb(110)

reveal that the potential disorder within the 2DES decreases with increasing
Cs coverage [143]. This is rationalised by the fact that the Cs gets only partly
charged above a coverage of 1 %. Thus, the remaining electron charge in the Cs
layer itself can be used to screen potential fluctuations, most effectively within
the Cs layer. Moreover, dcg = 4nm is smaller than the extension of the 2DES in
the vertical direction (= 10nm), such that the vertical averaging additionally
reduces the potential fluctuations due to the Cs layer.
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Figure 7.1.: Band structure of Cs/p-InSb (110) — (a) Band structure of the 2DES per-
pendicular to the surface, as the result of a Poisson calculation [67]. Confined wave
functions are sketched in green. Adsorbed Cs (red) acts as a donor (b) Band structure
as shown in (a) with different Ge densities close to the surface leading to shapes of band
bending. The total band bending at the surface Egp is pinned by the Cs atoms. A flatter
band leads to a lower energy of the subbands V,p and a larger electric field.

The bands of III-V semiconductors are non-parabolic and since the band bend-
ing is much larger than the band gap of InSb Eg, a description by a triangular
well approximation with constant m* [144] can be inaccurate for deducing the
2DES subband energies.

7.1.1. Preparation of p-InSb
Preparation of InSb(110)-crystal for STM and transport

An InSb crystal' is glued with a conductive epoxy onto a Molybdenum sam-
ple holder for the STM experiments (see Figure 7.2(a)), and onto a chip car-
rier for the Hall measurement. A 1mm deep notch was cut into the crystal to
allow cleaving of the (110) surface. For the UHV cleaving, necessary for the
STM experiment, a small screw was glued on top of the crystal. Inside an UHV
chamber, at a base pressure of 10~!9 mbar, the crystal was cleaved at the notch

1CrysTec GmbH Kristalltechnologie, Berlin, Germany
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7.1. 2DES in Cs/p-InSb(110)

by pushing the screw towards the chamber wall. After in-situ transfer into an
STM within 1 hour and direct cooling to 9K, 4K, 1.5K and 400 mK, respec-
tively, atomically clean and flat terraces with a width of several pm were found.
The sample for the Hall measurement is cleaved at ambient conditions and con-
tacted with conductive epoxy, before inserting it into a 300 mK transport cryo-
stat.

crystal

Epoxy glue

I-‘P*‘ 'Q‘:

-0.2 0
magnetic field [T]

Cleaved In

surface‘

Figure 7.2.: InSb samples for STM and transport measurements — (a) Top: Molybde-
num sample holder with InSb-crystal glued on top. A notch 1 mm is cut into the base
of the crystal to initiate cleavage of the (110) surface. As elongation of the lever arm,
a screw is attached at the top of the crystal. Bottom: same sample holder after cleav-
age, evaporation and STM measurements. (b) Top: STM image of a pristine InSb(110)
surface with atomic resolution (V = 350mV, I = 2nA, T = 85K, 3 x 3nm2). Bot-
tom: after deposition of 1.8 % of a monolayer of Cs (V = 300mV, I = 30pA, T = 8K,
20 x 20nm?). (c) Hall measurement (blue dots) at 2K and corresponding linear regres-
sion (red dashed line) used for the determination of the carrier density Nap. Inset: InSb
crystal glued on a carrier chip for transport measurements with 8 contacts attached.
Source: #22; Drain:#4 (GND); Viga: #6 & #2.

Carrier Density of the InSb-Crystal

A Hall measurement has been used as verification of the carrier density spec-
ified by the InSb crystal supplier (see Figure 7.2(c)). A constant DC current of
I = 5mA is driven from source to drain (contacts #22 & #4) and the Hall volt-
age Vi, between contacts #6 and #2 is acquired. The crystal has the thickness
d = 0.7 mm. The Hall measurement is performed in a *He-cryostat at T = 2K.
N3p = I/ed - B/ Vyan leads to an acceptor density of N3p = 1.2 - 10%# m—3
good agreement with the N3p given by the supplier.

Deposition of Cs submonolayer

The cleaved surface of the p-doped InSb, with acceptor density N3p = 1.2 -
10%*m~—3, was immediately transferred under UHV conditions into a sample
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stage hold at T = 30K. The sample stage is positioned inside the thermal
shielding of the *He-bath. The sample surface is facing the Cs evaporator. The
sample-evaporator distance is about d = 180mm. In front of the evaporator
a Cs dispenser? is mounted, which is operated at 470°C and contains caesium
chromate. The manipulator is put into contact with the shield of *He-bath for
the duration of the evaporation procedure to precool the plier. After three evap-
oration cycles of 180 s, the sample is immediately transferred into the STM and
cooled down to 1.5 K. During the whole procedure of transfer and evaporation,
the pressure did not exceed p = 1.6 - 10~ mbar. It is found that the surface
coverage is 1.8 % of a monolayer of Cs, defined as one Cs atom per InSb unit
cell. This is determined by counting the Cs atoms and clusters in several areas.

7.2. Mapping of the Potential disorder, m*(E) and
g*(E)
7.2.1. Potential disorder

In a magnetic field of B = 6T, spin split LLs are observed in the LDOS (Fig-
ure 7.3(a)). The two peaks belong to LLy and can be identified as &; ; =
—99meV (blue) and ¢y~ = —86meV. The width of the states Oep, R Oy =
5.5meV is broader than expected from broadening by the Fermi distribution of
T = 400 mK. They might be related to the reduced life-time of holes far below
the Fermi energy. In single point STS-measurements, the peaks are fitted with a
double Lorentzian curve with amplitude, width and energy as fitting parame-
ters. The local potential is probed by tracing the mean value of the peaks of LL
across the sample surface in dI/dV measurements. The mean value

Vop = %(81,_,_ -+ 80,_) (7.1)
is defined as the 2D-potential V,p. This makes sense, since drift states are be-
lieved to cover equipotential lines, such that they show the local potential di-
rectly with a resolution of /g. Note that /g is nearly identical to the vertical ex-
tension of the 2DES, which means that potential fluctuations on smaller length
scales than Ip barely exist. Figure 7.3(b) shows such a potential map, which is
additionally smoothed with a Gaussian of width /p = 10.5 nm. Higher magnetic
fields would lead to a possibly finer mapping of the potential, but also makes
exchange enhancement [145] more relevant. Indeed, the correlation length of

25 AES Getters, Milan, Italy
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7.2. Mapping of the Potential disorder, m*(E) and ¢*(E)

the potential disorder is Iy, v,, = 50nm > [p as calculated according to the
definition in Equation (5.32) by

S
l%/ZDVZD — 27'[/0 fVZDVZD (x)xdxl (72)

with the dimensionless function fy, v, being the Gaussian fit of the angularly
averaged potential auto-correlation (Vop|Vop) (inset Figure 7.3(c)) up to the
point Sy, v,, = 50 nm where the correlation plot crossed zero the first time. The
large value of Iy, v,, > dcs supports the claim that the distribution of the Ge is
the origin of the potential disorder, which is further discussed in Section 7.4.2.
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Figure 7.3.: Mapping of the 2D Potential disorder — (a) Single position dI/dV spec-
trum. Vi = 50mV, Vipoq = 1.4mV, Iy = 100pA, B = 6T, T = 400 mK. Fit marked
violet, with correspondingly labelled Lorentzian peaks marked in red and blue, re-
spectively. Vop(R) is identified as the average of the two LL peak energies as marked.
(b) Obtained 2D potential map extracted from 75 x 75 single point spectra after being
smoothed with a Gaussian of width /. Position of spectrum shown in (a) is marked
by the circle. The dotted square indicates the area of the effective potentials in Fig-
ure 7.4. The red and the black cross mark positions in which curves in Figure 7.11(b)
were obtained (with corresponding colour). (c) auto-correlation of Vop(R). Inset: radial
average of the auto-correlation (Vop|Vop) revealing Iy, v,, = 50nm >> dc.

In the model of Hernangémez-Pérez et al. [102] (see Section 5.3), the nth" LL ex-
periences an effective potential V,p ,(R), which is due to the convolution of the
probability density of the particular wave function and the 2D potential V;p. It
can be obtained by convolving the kernel functions F,(r — R) (Equation (5.21)
with Vop(R) according to Equation (5.19). Figure 7.4 shows the effective po-
tentials Vopo(R) & Vop1(R) calculated for the centre area of the electrostatic
potential map Vp(R) shown in Figure 7.3(b). While the 2D potential is exhibit-
ing a variation of oy,, = 10meV, the effective potentials are naturally smoother.
At the minimum in the 2D potential marked by the black cross in Figure 7.3(b)
and Figure 7.4, Vop1 shows a maximum. Such an effect can be explained by
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the additional node of wave functions of LL;. This also explains the smaller
strength of the fluctuations present in V,p; compared to Vopo. The scaling of
the cyclotron radii R, = Igv/2n + 1 leads to a smoother effective potential Vop 3
with respect to Vop o.

-100  -80 -60 -100  -80 -60

VapoR) [meV] Vap1(R) [meV]

i
120 -80 -40

-100 Vao(R) [meV]

Figure 7.4.: Effective potentials V,po(R) & Vop1(R) - (a) Effective potential Vopo(R)
calculated from Vp(R) showing the area of the dotted square of Figure 7.3(b). (b)
Same area as (a) showing Vop 1(R). (c) Histograms of Vopo(R), Vap1(R) & Vop(R) with
fitted Gaussians (red lines) and indicated o-widths. The electrostatic potential varies
by ov,, = 10meV and the effective potentials by ov,,, = 6 meV and oy,,,, = 4meV.

7.2.2. m*(E) and g* using QPI

We firstly map E(k) using the QPI. Systems with a parabolic dispersion rela-
tion are described using a constant effective mass. In small band gap semi-
conductors, like InSb, the valence and conduction band interact strongly. This
results in a non-parabolicity of the energy dispersion and the effective mass of
the electrons m* becomes energy dependent. For a full description of the sys-
tem, knowledge of the effective mass is crucial. The band distribution is most
directly accessible by ARPES but also by scanning probe techniques (see Sec-
tion 6.2). One approach is to look at the quasi particle interference patterns,
visible in dI/dV spectroscopy [18, 107]. This technique requires sample areas
of 100 x 100nm. A more local method, which is introduced in this work, uses
the LL splitting AE;; = heB/m* of single-point spectroscopy. It can be applied
down to about Iz ~ 8nm at 10T and still provides an energy dependence, if
different LL pairs are used.

The dI/dV maps are shown in Figure 7.5 (top), all recorded at the same area
but at different energies. Towards higher energy the wavelength of the observed
patterns decreases. Although the dispersion relation of p-InSb exhibits a Rashba
split parabola only a single parabola contributes to the pattern (cf. Section 6.2).
The Fourier transform of those dI/dV maps (Figure 7.5) therfore exhibits a sin-
gle ring structure with radius g, depicting spin conserving scattering between
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the two branches of the Rashba band. The scattering vector |q| = |k; — kp| is
twice as long as the wave vector of the dispersion relation k|| due to dominant
backscattering (k1 = —k).

di/dv

FFT

1 20 1 . 20 1 02 1 0 2 1 02 1
q [nm™] q [nm™] q [nm™] q [nm] q [nm] q [nm™]

radial profile
FFT
o
—

2

Figure 7.5.: Quasi-particle interference pattern on Cs/p-InSb(110) — Top: dI/dV maps
obtained at the same sample area for V = —70mV to 30mV (Is, = 200 pA, Viap =
300mV, Vinod = 3.5mV, f = 645.6Hz, T = 390mK, B = 0T). Centre: corresponding
FFT images. Ring structure corresponds to intraband scattering. Bottom: radial profiles
of the FFT, by angularly averaging around the centre. The red line indicates the position
of the ring of g = |2k|.

The Rashba effect only shifts the complete 1D cuts of the bands in k-direction,
such that both spin branches still show the same dispersion relation, and thus,
the scattering vectors 4 = |2k;|| directly map the dispersion without Rashba
effect (Figure 7.6). A parabolic band cannot fit the observed E(k) distribution.
Towards higher energies these differences become significant. Better correspon-
dence is found using the effective mass given by the Kane model in a triangular

well approximation
1/3-E;+E
e <1 n —") , (7.3)
Eg

I

m”(E)

with m the effective bulk mass at the conduction band minimum, E; the sub-
band energy of the motion perpendicular to the interface and E|| the kinetic en-
ergy of the motion parallel to it [144]. In this model, the effective mass increases
with energy. In contrast with the linear approximation, the increase of the effec-
tive mass with subband energy E; is sublinear. Even though E; is greater than
the band gap of InSb E, = 235 meV, placing us beyond the validity range of the
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Figure 7.6.: Dispersion relation of Cs/p-InS[b(llll) — The dispersion relation extracted
from the QPI of Figure 7.5 (circles) compared with a parabolic dispersion relation (m* =
0.03 - me, dashed-dotted line), the triangluar well approximation according to the Kane
model (E; = 400meV, m* = 0.03 - m, - solid line) and the linear approximation (E; =
400 meV, m* = 0.03 - m, - dashed line).

approximation, the deviation from the experimental data is much smaller than
for a parabolic band.

7.2.3. m*(E) and g*(E) by LL splitting

The analysis of Section 7.2.2 is averaging over a sample area (200nm)?. In this
study, which focusses on the local spin-orbit coupling, information about the
spatial distribution of the effective mass is essential. Knowing that the trian-
gular well approximation describes this system relatively well, we can use the
relation [146] .

«

g  m(E)
to determine the effective mass and the g-factor depending on the energy, with
8o = —51[147]and mj = 0.0135 - me [143] the g-factor and effective mass at the
conduction band minimum. With a disorder, the effective mass and the g-factor
vary.
A determination of the effective mass and the g-factor for a single position and
a selected energy range is conducted using the LL that form when a magnetic
field is applied. The g-factor is not directly accessible using the spin splitting of
an LL in this system, since a Zeeman and a Rashba contribution are present. The
LL splitting also contains a contribution of the spin-orbit coupling. Moreover,
without spin-orbit interaction (Equation (5.9)) the splitting energy of two LLs is
given by

AEyL = heo, — B (7.5)

m*
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with m* being the only material-dependent parameter. In the presence of the
Rashba effect, the LL splitting changes (cf. Equation (5.10)) to

€,-té&4+ - teiq
Erp1—ELo = > — >

= hw (1 - 77) (7.6)

1= a-zprs-Lfa—zpeze-ta-z o

The term # can be seen as a correction to the LL splitting without Rashba
effect (Equation (7.5)). In our system with 0.026 - m < m* < 0.03 - me,
—26 < g* < —23 and in case of magnetic fields between 3T and 6 T, 7 is smaller
than 0.06, defining the error of the m* determination.

0 — 0 25
: = — Z e
E ) | E %' 20
: S
s ...................................... H_‘ 15
5 -s0f Lg
) 1LLlo 10}
-120 . 5 | I I
3 4 5 6 5 : . 5 ]
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Figure 7.7.: Local determination of m* — (a) Differential conductance dI/dV measured
at a single position (‘a’) for various sample biases (= energy) and magnetic fields. The
two peaks of LLj (LL;) found by a double Lorentzian fit are marked green (purple).
(Vstab = 50mV, Igtap = 100 pA, Vinod = 0.75mV, T = 400 mK). (b) LL splitting AEy, =
LL; — LLp — LL; ofsset €xtracted from (a). Using LL; oftset = 10.8 meV. Blue line shows a
linear regression and the light blue dashed lines indicate the 65 % confidence interval,
giving m* = (0.030 £ 0.001) m.

Figure 7.7(a) shows a set of dI/dV spectra for magnetic fields up to B = 6T.
The LL are spin split above 3T. Apparently, LLy and LL; seem not to originate
from the same onset energy at B = 0T, but evolve from higher energy levels.
This is likely caused by local confinement, since these spectra are obtained at
a potential minimum (position ‘a’). Nevertheless, subtracting a B-field depen-
dent AE e from Epp 1 — Epp1, we obtain a linear behaviour (Figure 7.7(b)), such
that m*(R) can be deduced straightforwardly. The slope of the linear fit gives
m3(Erroa) = 0.03 - me and with Equation (7.4) g5 = —23 at B = 6T, where
Er10a(B = 0T) is found to be —101 meV. By evaluating a second sample posi-
tion ('b’) with a different E;1o1,(B = 0T) = —121 meV we find, m = 0.026 - m,,
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i.e. gf = —26. These two m; are used to determine m*(R) within the evaluated
potential map Vop(R) (Figure 7.3(b)) given by

my — my, my — my,

m*(R) Vop(R) — Erroa + my, (7.8)

Erro,a — Errop Erroa — Evrrop

and ¢*(R) determined correspondingly by Equation (7.4).

7.3. Determination of ay - averaged and local

Breaking the spin degeneracy allows us to probe the strength of the spin-orbit
coupling. For B > 3T, the spin states are distinguished in STS measurements.
To extract the Rashba parameter, the contribution of Zeeman and spin-orbit
splitting has to be separated. This can be done by evaluating the beating pat-
tern evolving in spatially averaged dI/dV curves, or locally by looking at the
LL development at varying magnetic fields (see Section 5.3). Differential con-
ductance measurements at five different positions (Figure 7.8), show a shifting
of LLj as expected from the potential disorder (see Section 7.2.1). Moreover, the
splitting of LLy AEsg enhances with increasing Vop. A similar trend can be seen
in the data of Becker et al. [107] (Figure 6.9(g)) and might be connected to local
changes in the spin-orbit coupling. For higher LL the behaviour becomes more
complex, as multiple peak structures appear for LL;. The changing between
two and four peaks will be discussed in Section 7.5.

AEL T 14T

27 meV ﬂnﬁﬂll '

4

LLy LL LL,
<>
122 meV,

21 mevTHl Al

dl/dV [arb. units]

-150 -100 -50 0 50
sample bias [mV]

Figure 7.8.: Spatially varying LL splitting — Differential conductance recorded at five

different positions each being about 5 nm apart (Viiap = 300mV, Iia, = 200 pA, Vined =

0.7mV, T = 400mK, B = 14 T). The horizontal arrows indicate the spin splitting AEgg

as labelled at the left of LLy and the partially four-fold splitting of LL;. The vertical

arrows mark the spin direction of the corresponding peaks of LL,.

The clarity of the spin splitting of LLj also varies with position. This can be
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accounted to an influence of the potential disorder as described in Section 5.3.1.
Spectra around potential minima appear to show a clear spin splitting with peak
widths of about 6meV. At areas of larger gradients, the peaks are widened.
Around potential maxima, the splitting is observable, but unexpectedly not as
sharp as around the minima.

7.3.1. R by beating pattern

Figure 7.9(a) shows the DOS by spatially averaging the differential conductance
over a 250 x 250 nm? large area (Figure 7.9(b)) obtained at B = 0T (bottom) and
for B = 7T (top). The onset of the first and second subbands can be identified
at around Ey = —105meV and E; = 80meV, respectively. The dip around the
Fermi energy arises from electron-electron interaction and can be identified as
a Coulomb gap [149, 86, 150, 145], which has been studied previously on n-type
InSb in detail [145]. Figure 7.9(c) shows a comparison of the found beating with
three calculated densities of states using Equation (6.10) and using the mean
effective mass m* = 0.03 - mp mapped in Section 7.2.3 and g* = —21 corre-
spondingly (Equation (7.4)), a Gaussian broadening I' = 20 meV, found as the
full width at half maximum of the potential disorder V(R) (Section 7.2.1) and
aRr = 0.6, 0.7, 0.8eVA. Only the lowest subband was considered. The beating
pattern with ag = 0.7eVA shows the best agreement with the antinode of the
found beating pattern around Eg, which is in agreement with previous results.
The computed DOS and the experiment exhibit significant discrepancies. These
are attributed to the non-parabolicity of InSb, resulting in a beating frequency
that changes with energy (see Section 7.2.2).

7.3.2. LL crossing

In a small sample area, or at a single position, the LDOS does not exhibit any
beating pattern since the spin contributions of the Zeeman and Rashba terms is
resolved directly. In Section 5.2.1 the LL development with B is discussed when
spin-orbit interaction plays a role, using the Bychkov-Rashba model (Equa-
tion (5.10)). A crossing of LLs is expected when Rashba energy and Zeeman
energy get similar. In single-point STS obtained at different magnetic fields
from B = 0T to B = 14T, such crossings are indeed discernible as marked
(Figure 7.10(a)). Moreover, the levels undulate collectively with B, which is as-
cribed to an undulation of the LLs with respect to the Fermi energy, to maintain
a constant carrier density n. For higher magnetic fields exchange enhancement
[145] also effects the LLs. At a few distinct magnetic fields the spectroscopy
is reproducibly unstable. At fields close to local integer filling factors (marked
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Figure 7.9.: Beating pattern of the LL and Rashba splitting — (a) Spatially averaged
dI/dV spectroscopy taken at B = 0T (bottom) & B = 7T (top) (Vatap = 300mV,
Lgap = 0.2nA, T = 400mK, 35 x 35 spectra, 250 x 250nm?). (b) Corresponding to-
pography image (V = 300mV, I = 30pA, 250 x 250nm?). Inset: STM-image with
atomic resolution of In-atom lines projected on the surface, with Cs on top (bright dots)
(V =300mV, I = 30pA, T = 8K, 20 x 20nm?). (c) Observed dI/dV curve (black
circles) compared with DOS calculated using constant m* = 0.03 - my, g* = —21 and
different ax = 0.6,0.7,0.8eVA as marked. Dotted lines mark subband onset energies
Ey, and E; as revealed from the measured curve at B=0T.

on top), the conductance at Er drops down to ~ 3 pS and the sample becomes
insulating. The junctions inability to carry a current results in instabilities in
the spectroscopy. Around Ef a slight suppression of LDOS is present, which is
connected to the previously observed Coulomb gap [145, 151].

Multiple crossings of LLs are present, of which three are enlarged (marked I-
III). The dashed lines outline the LL development and reveal a crossing away
from B = OT. For LLs &1, and €3 4 (¢2,— and &4, €3, and &5 ), the crossing
appears around B = 4T (B = 6T, B = 7T). The resolution prohibits a clear
discrimination between crossing and anti-crossing. At lower magnetic fields
and around the Fermi energy a whole set of indicated crossings is visible. Here
the sharp peak structures due to the long hole life-time make it easier to distin-
guish between the different LLs. Nevertheless, it is not possible to clearly iden-
tify the absolute LL affiliation of those states. Those crossings can be naturally
explained by the Rashba effect, even though they do not appear at the same
B as in the calculations (Figure 5.2(b)). The discrepancies, in particlar, close to
B = 0T most likely arise from the local confinement within the potential mini-
mum (see Section 7.2.3), which is also visible from the set of horizontal lines in
Figure 7.10(a) of B < 2T. An accurate determination of ag(R) is further ham-
pered by the non-parabolcity which is not considered in Equation (5.10) and
becomes manifest, e.g. in AEy1g-111 # AErr1-L12 towards higher B as visible
by naked eye in Figure 7.10(a).
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Figure 7.10.: LL development in magnetic field — (a) Measured LDOS at a single
position within a potential minimum at different energies and B (Vip = 50mV,
Iiab = 100pA, Vinoa = 0.75mV, T = 7.5K). The low-energy Landau levels of the
lowest subband Ej and the first subband E; are marked LL,. The local filling factor
Viocal (Marked on top) is determined by counting the LL below Eg. Yellow crosses mark
integer filling factors around which the spectroscopy becomes unstable due to low sam-
ple conductance. Black arrows mark the two spin levels of LLj evaluated in (b). Right
hand side shows zooms into main images as marked with dashed lines (guides to the
eye) highlighting the crossing away from B = 0T. (b) Energy difference between the
two lowest energy levels marked by black arrows in (a). The dashed line is a linear
extrapolation of the slope between B = 3.4T and B = 7.2T towards B = 0. The green
and orange arrows indicate vjocq = 5 and vjpca1 = 7, respectively. Inset: dI/dV curves
from low energy section at two fixed magnetic fields (black dots). The violet line shows
a double line fit, consisting of two Lorentzians (red, blue) to extract the energy splitting.

7.3.3. ar(R) by offset splitting AEss(B = 0T)

The non-linearity of the LL spin splitting AEsg(B, R) appears to be more eligi-
ble for an analysis of the local spin-orbit coupling. Fitting of a double Lorentzian
to LLy (Figure 7.10(b)) shows three different regions for the dependency of the
LLy splitting on B. At high magnetic fields, above B = 7T, AEss shows an os-
cillation. The maxima are located at odd local filling factors, as expected for
exchange enhancement [152, 145]. The exchange interaction depends exponen-
tially on the overlap of the wave functions, scaling with /g « 1/1/B. For lower
fields, it decays rapidly and is for B < 6 T below 1 meV [145]. Thus, it can be ne-
glected for B < 6 T, where it is smaller than the accuracy of the determination of
the spin splitting in our experiment. Indeed, it is not observable for the region
B =3 — 7T and instead AEgs depends largely linearly on B. Towards B = 0T,
the decay of AEJ; becomes faster than linear and marks the region B < 3T.
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The linear segment is extrapolated towards B = 0T and reveals an offset
of AEY, ~ 25meV. Equation (5.13) is resulting in ag(R) = 0.65eVA for
m* = 0.03me and ¢* = —21, which is very close to the laterally averaged
@R = 0.7 eVA extracted by the beating pattern. Using Equation (5.18), assuming
a constant 2D potential V,p(R), so that Vop ,(R) = Vap ,—1(R), gives the same
result.

Following the peak widths ¢, , and ¢, towards high magnetic fields shows
that, while o, | appears to be constantly 6 meV, o, , narrows to 3meV. As
previously mentioned, the width of the peaks is not limited by the resolution
of the experiment (T, Vi,04) but by the life-time of the electron holes being ap-
proximately proportional to (E — Eg)~2 [153]. €1 ; remains almost constant in
energy for increasing magnetic field, while g9 _ shifts towards Er. The distance
of €1 + to Ef is fixed due to the constant carrier density n = 1.5 X 101 m—2.
With increasing magnetic field and degeneracy, less states are between Er and
go,— increasing the hole life-time and narrowing the width of €1 . As a result
the very sharp peaks of higher LLs around Ef appear with widths of V};,oq4. The
presence of the Coulomb gap enhances this narrowing effect for levels directly
at the Fermi level.

7.3.4. agr(R) by fitting Rashba model

An approach that allows us to take the contribution of the 2D potential on AEgg
into account is the model of Pérez et al. (Section 5.3.1). While the non-linearity,
observed at B < 3T, is already implied by the Bychkov-Rashba Equation (5.10),
effects of the potential disorder that shift different LL wave function in energy
are also included by the effective potential terms V,p ,,. Figure 7.11(a) shows
two LL-fans for different potential minima. The spin splitting AEsg (Figure 7.11)
observed at those two positions is fitted with Equation (5.18). To fit AEgg, the
g-factor and effective mass are determined using the LL splitting between LL,
and LL; extracted from the same LL-fans (see Section 7.2.3). This leaves ar as
the only fit parameter.

This type of fits reveals a large spatial fluctuation of the spin-orbit coupling
(g = 05eVA — 1.1eVA). A spatial fluctuation of g* can be easily ruled
out as an origin for the fluctuations of the splitting. The curve probed at
Vop(R) = —121meV (black) should have a larger g-factor than the one probed
at Vop(R) = —101meV (red), which is in contradiction with the experimental
observation, showing the smaller splitting for Vop(R) = —121 meV (black). The
exchange enhancement, which is below 1meV at B < 6T, does not explain the
difference either.
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Figure 7.11.: Rashba parameter locally extracted by B-field dependence of LL - (a)
dI/dV(V, B) spectra measured at two potential minima. (Both: Vg, = 50mV,
Litab = 100 pA, Vinod = 0.75mV, T = 400mK). Inset: potential map marking the posi-
tion where the spectra have been taken (cf. Figure 7.3(b)). Scale bar: 50 nm (b) Circles:
LLg splitting determined between 3T and 6 T at the position marked in the insets of (a)
by crosses. Full lines: fit according to the Rashba model by Pérez et al. [102] (Equa-
tion (5.18)) with resulting fit parameter ag (R) marked. Dashed lines: 65 % confidence
interval of the fits with corresponding £Aag(R) marked.

7.4. Mapping of ar(R)

By having the possibility to extract ag(R) from the splitting energy AEsg, map-
ping of the Rashba parameter is possible. Using Equation (5.18) requires knowl-
edge of the 2D potential (see Section 7.2.1) as well as of m* and ¢*. Figure 7.12(a)
shows the LL splitting AEgg across the area of the potential map for B = 6T
and Figure 7.12(b) the resulting map for ag(R), using the effective potentials
from Figure 7.4. Fluctuations of the Rashba parameter (ag(R) = 0.4 — 1.6eVA)
range up to a factor of four. The mapped area exhibits on average a giant
Rashba parameter of #x(R) = 1.2eVA, with a root mean square variation of
oaRr(R) = 0.15eVA. Naturally, the variations in ag(R) are mainly reflected in
the map of the spin splitting, but the contributions of extended wave functions
obviously have to be taken into account. A spatial variation of the Rashba pa-
rameter is expected due to changes in the electric field. In Equation (5.18), the
spin splitting also exhibits a direct contribution of the 2D potential, resulting
from the different contributing LL wave functions. Thus, a strong correlation
between ag(R) and V;p is to be expected. While strong features of the potential
disorder, e.g. the potential valley around the black cross, can be found in AEgg
and agr(R) as well (cf. Figures 7.12(a) & 7.12(b)), there are also obvious devia-
tions.

While the E-field, causing ag, is not accessible using STS, the electrostatic po-

97



7. Experiments on p-InSb(110)

RN
>~ o

o
ax(R) [eVA]

N

0.8
0.6 ;

140 120 -100 -80 -60 -40
0.4 Vao(R)ImeV]

Figure 7.12.: Spatially resolved ag(R) — (a) LLj splitting (AEss) map at B = 6T.
Smoothed with a Gaussian of width /p. Black dotted square indicates area shown in
b. Red and blue crosses refer to curves in Figure 7.11(b), using same colour. (b) Spa-
tially resolved Rashba parameter ag(R), using Equation (5.18), AEss shown in (a), the
2D potential (Figure 7.3(b)) and m*(R) & ¢*(R) (Equation (7.8)). (c) Black dots: ag(R)
from (a) plotted as a function of V,p(R) from Figure 7.3(b). Red circles: Rashba param-
eter averaged across a V;p interval of 0.5 meV. Purple error bar indicates a typical error
bar of ag(R) and Vop(R), showing that the scatter of ay is significantly larger than the
error bars. Insets: sketch of band bending at lateral position (x,y) low (top left) and
high (bottom right) local acceptor density. The coloured lines mark Vop(x, y).

tential can be probed. Comparing the measured ar(R) with the correspond-
ing Vop(R) (Figure 7.12(c)) reveals a weak monotonic relation. By averag-
ing ag(R) that correspond with the same V;p (red circles), the correlation be-
comes nearly linear. The relation becomes understandable by the insets in
Figure 7.12(c). While the potential is fixed at the surface by the large Cs
density, different E-fields are related to different local potentials Vop(x,y) ~
[ Vap(x,y,z) - [¥o(z)|*dz, using [¥o(z)|? of Equation (5.27). A large (small) E
implies a large (small) potential rise within length b, leading to large (small)
Vop.

The scattering in Figure 7.12(c) cannot be explained by the accuracy of the de-
termination of ag(R) within this method, since the error bar (purple) is much
smaller. This error on ag(R) is determined by Gaussian error propagation con-
taining the statistical errors on the peak fittings of ¢, + leading to errors of g%,
m*, Vop and AEgg. The discrepancies will be explained in Section 7.4.2. A dis-
cussion of the statistical and systematic errors on ag(R) is done in Section 7.4.5.
Notably, the correlation length ly,e, = 31nm, extracted from (ag|ar) (Fig-
ure 7.13), is larger than [g, thus, the resolution of the variations is not limited
by the applied magnetic field. At the same time ly,4, is shorter than the corre-
lation length of the potential Iy, ,, = 49nm. The cross-correlation of ag(R)
and Vop(R) (Figure 7.13(b)) also shows 60 % correlation, leaving the question
of the origin of the ag(R) variations open. A fit-free model, introduced in Sec-
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tion 5.3.2, suggests for this system a spin-orbit fluctuation of dag ~ 0.25eVA
for both types of dopants, the Cs adatoms and the Ge bulk dopants, which
agrees very well with the observed variations. The variations in the electric
field, on which agr(R) relies, lead to correlation lengths of the ag fluctuation of
Logag2op = 28nm and Ly, 3p = 11nm. Additionally smeared out with the
magnetic length Ip, this represents the measured I, roughly. To exclude other
possible origins of the ag(R) fluctuations, contributions of lateral E-field and
curvature of the potential are investigated next.
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Figure 7.13.: Correlation and correlation length of ag(R) and V,p(R) — (a) Auto-
correlation of the ag (R)-map shown in Figure 7.12(b). (b) Cross-correlation between the
ar(R)-map and Vop(R)-map (centre of Figure 7.3(b)). The cross-correlation is normed,
so that a perfect cross-correlation would yield a value of 1, corresponding to an auto-
correlation. (c) Angular average of panels (a) (red crosses), (b) (blue squares) and Fig-
ure 7.3(c) (black circles). The zero-crossings give: Sy, v,, = 50nm, Sypza, = 40nm and
Svypar = 40nm. Fitting of a Gaussian curve fap(x), with fag(0) = 1, with the Gaus-
sian width oap as the only free parameter results in ov,,v,, = (20.1 £ 0.7) nm, Oppep =
(122 £0.2) nm, oy,,, = (16.0 £ 0.5) nm, and correlation lengths Iy, v,, = 49nm and
lagag = 31nm according to Equation (5.32).

7.4.1. Correlation of ag(R) with lateral gradient and curvature
of the electrostatic potential V,p(R)

Besides the electrostatic potential, which leads to a monotonous increase of
ar(R), as explained by the relation between potential and vertical electric field,
the lateral electric field E., could also affect the spin-orbit coupling. This elec-
tric field Ey, , present due to the potential disorder, is the lateral gradient of the
local potential VV,p(R).

Figure 7.14(a) shows the absence of a correlation between ag(R) and |Ey,|. The
lateral electric field therefore has negligible influence on the Rashba parameter,
which is reasonable, since |Ey,| ~ 0 —3mV/nm is about an order of magni-
tude smaller than the vertical electric fields |E;| ~ 30 mV /nm. In contrast, the
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Figure 7.14.: Correlation of lateral gradient and curvature of the electrostatic potential
with the Rashba parameter - (a) Correlation between the lateral electric field |E,,| and
ar(R). (b) Correlation between the curvature of the 2D potential AV,p and ag(R). (c)
Correlation between lateral curvature and local Rashba parameter after subtracting the
potential contribution (see text).

curvature of the potential appears to anti-correlate with the Rashba parame-
ter (Figure 7.14(b)). This can be explained by the fact that the curvature itself
shows some correlation with the potential. Potential minima (maxima) show
large positive (negative) curvature. In order to disentangle this indirect effect
between curvature and ag (R) from the direct influence of the curvature, the av-
erage value of ag, @ found for the particular Vop(R) (red dots in Figure 7.12(c))
is subtracted from the measured ar(R). The resulting scatter plot is shown in
Figure 7.14(c). The previous anti-correlation obviously disappears.
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Figure 7.15.: 2D correlation of agr(R), |VVop| and AV,p — (a) Cross-correlation be-
tween the ag (R)-map (Figure 7.12(b)) and the lateral gradient of Vop(R) (Figure 7.3(b) -
same area). (b) Cross-correlation between the ar (R)-map and the curvature of Vop(R)
(same area). The lateral electric field does not show significant correlation. An anti-
correlation is observed between ag(R) and the curvature of V,p, which can be at-
tributed to (wgr|Vap) (see Figure 7.14(c)).

The cross-correlations of |E,(R)| and AV,p(R) with ag(R) in Figure 7.15 ex-
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hibit rather weak features, showing negligible contribution to variations of the
spin-orbit coupling. Therefore, as expected, neither the small lateral electric
tield nor the lateral potential curvature influence the Rashba effect significantly.
This leaves the spatially fluctuating E-field perpendicular to the surface as the
central influence on the variable Rashba parameter ag(R).

7.4.2. Origin of potential fluctuations

The sample exhibits two types of doping. Positively charged Cs atoms are posi-
tioned at the surface with an average distance of about 4 nm. They are screened
by negatively charged Ge acceptors with density ng. = 10*m~3, i.e. relative
distance of 10 nm, randomly distributed within the bulk of the InSb sample.

In order to discriminate between the influence of the two different dopants on
the potential disorder V,p(R) within the 2DES, a simple numerical model is
applied. It uses only two directions, one perpendicular and one parallel to the
surface. Positively charged Cs atoms, which are distributed on the surface, are
compensated by randomly distributed negatively charged acceptors within the
bulk. The surface dopants are placed in a fixed distance of 4nm as shown in
Figure 7.16(a). The regular distance reflects the fact that only about 50 % of the
dopants are charged, such that the charge has an additional degree of freedom
to arrange regularly on the surface. Moreover, the distance between Cs atoms
is smaller than the effective Bohr-Radius ag =~ 14 nm for the dielectric constant
€r = 0.5 €, 1nsp = 8.4 of the surface [106] and m* ~ 0.03 - me of the InSb con-
duction band, such that neighbouring band electrons strongly overlap and can
hop easily in order to screen charges effectively. Consequently, the remaining
electrons within the Cs layer form a rather homogeneous band, which screens
the positive Cs charges and reduces irregularities additionally. Experimentally,
no influences of the spatial distribution of the Cs atoms on the measured poten-
tial Vop(R) can be found [143]. Figure 7.16(b) shows the random distribution
of negatively charged acceptors (red dots) within the bulk with a density of
10%*m 3, which corresponds to the experimental acceptor density.

The Coulomb potentials of the positive and negative charges within a plane,
which is offset by 5nm from the plane where the acceptors and surface donors
are placed, are simply added up. This approximates the average situation of po-
tential fluctuations within a 3D material by distancing the measurement plane
by about half the inter-acceptor distance from the acceptor plane. As dielec-
tric constants, we use €; = €,1ngp = 16.8 for the negative charges [106], and
er = 0.5 €,1ngp for the positive charges. The latter choice reflects that the Cs
atoms are surrounded by vacuum in the upper half-space. Screening by con-
duction band or valence band electrons is ignored for the sake of simplicity.
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Figure 7.16.: Influence of different doping on V¢ and E, ¢ — Top: electrostatic poten-
tial V(R) (left) and electric field in z-direction E,(R) (right) for three different doping
distributions shown in (a), (b) and (c). Simulated area is larger than the displayed
area (x = 150nm, z = 100nm). Bottom: corresponding histograms from 20 simula-
tion runs of the potential Vg (R) and electric field E, o(R) after weighting the simu-
lated V(R) and E;(R) with the wave function of the 2DES in z direction. (a) Result-
ing from positively charged surface donors with density nc; = 0.25nm ™! (green dots)
(b) Randomly distributed negatively charged bulk acceptors (red dots) with density
nge = (10%#m=3 )2/3. (c) Combination of both dopants in (a) and (b), representing the
experimental setup. The variations of V¢ and E; ¢¢ are obviously mostly caused by the
bulk acceptors and barely by the Cs donors at the surface.

The total simulated area has a size of 150 x 100 nm. To avoid boundary effects,
only the central area of the simulation is evaluated. The resulting electrostatic
potential V(R) and the corresponding electric field in z-direction E;(R) of the
inner part of the simulation grid are shown for a single simulation run in Fig-
ure 7.16(c). Both electric field and potential have been convolved with the elec-
tron probability density of the lowest subband of a triangular potential well
[154] adapted to the result of the Poisson calculation [107] leading to a maxi-
mum of |¥o(z)|? located at zg = 5nm. The convolution leads to an effective
electric field E, o¢(R) seen by the 2DES and an effective 2DES potential V¢ (R).
This potential can be identified with the V;p found in the experiment. The fluc-
tuations of E, ¢ with respect to its average barely depend on the spatial details
of the dielectric constant and, thus, the dielectric constant has been considered
as constant in the simulation.

In each simulation run, five equidistant positions R within the inner 50 nm of
the measurement plane are used for the statistical evaluation. Potential and
electric field are calculated for three different cases, i.e. pure Cs doping at the
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surface without Ge acceptors (Figure 7.16(a)), pure bulk doping by Ge acceptors
without surface doping by Cs (Figure 7.16(b)), and the presence of both types
of dopants (Figure 7.16(c)). For all three cases, 20 simulations with different
dopant positions are run. In the case of pure Cs doping, the 2DES potential V¢
fluctuates with a standard deviation of oy, = 1.5meV (Figure 7.16(a) bottom).
In contrast, the bulk dopants lead to a fluctuation with standard deviation of
oy, = 26 meV (Figure 7.16(b) bottom). Combining both dopants reveals a fluc-
tuation of oy, = 29meV (Figure 7.16(c) bottom). The fluctuation is obviously
dominated by the bulk dopants and not by the Cs atoms. The potential fluctu-
ations in the experiment with standard deviation oy, (g) = 11 meV are smaller
probably due to the fact that, firstly, the probability of bulk acceptor charging
is correlated with the Cs potential on top and, secondly, the 2DES screens the
potential fluctuations additionally.

The much smaller contribution of the Cs atoms can be explained, firstly, by the
smaller mean distance of 4 nm between neighbouring Cs atoms compared to a
mean distance of 10nm between adjacent bulk dopants, and secondly, by the
fact that all Cs atoms are 5nm away from the centre of the wave function of
the 2DES, while the Ge atoms can be directly at the wave function centre. Fi-
nally, the reduced dimensionality of the Cs layer (2D) with respect to the bulk
acceptors (3D) reduces the potential fluctuations by the Cs atoms additionally,
as cross-checked by corresponding simulations. This justifies the assumption of
a spatially constant surface potential depicted in the insets of Figure 7.12(c). The
2D potential should therefore be an indicator for the strength of the E-field in z
direction as observed in Figure 7.12(c). This, however, still leaves the question
for the origin of the relatively strong scatter between V,p(R) and agr(R).

7.4.3. Relation between V,p(R) and E,(R)

The monotonous increase in the averaged ag(R) with V,p(R), exhibiting a scat-
tering larger than the error bar of ag(R), is related to the fact that the electric
field |E(R)| is only indirectly represented by the measurable V,p(R). In order
to estimate the correlation between electric field and potential, we use the sim-
ulation introduced in Section 7.4.2 (Figure 7.17(a)).

Figure 7.17(b) shows the scatter plot of E, o¢(R) and V¢(R) for 5 randomly
chosen R positions within 500 simulation runs, each with different bulk dopant
positions. According to the 2900 data point in the experiment shown in Fig-
ure 7.12(c), 2500 different R are evaluated. The expected linear dependency be-
tween averaged electric field and 2DES potential (red dots) is well represented
in the simulation. V,p(R) depends on the local distribution of bulk acceptors
being low at low local acceptor density and high at high local acceptor density
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Figure 7.17.: Interplay between V,p and E, ¢ — (a) Electrostatic potential V(r) (left)
and electric field in z-direction E.(r) (right) resulting from positively charged surface
donors with density ncs = 0.25nm ™! (green dots) and randomly distributed negatively

charged bulk acceptors (red dots) with density ng, = (10% m*3)2/3. Simulated area
is larger than the displayed one (x = 150nm,z = 100nm). Same simulation as in
Figure 7.16(c). (b) Correlation between V¢ and E, o for 2500 simulated different R-
positions (black dots) resulting from 500 simulations as displayed in (a). Red dots mark
the average electric field E, o for a given Vg within a 0.25 meV interval.

as expected. This explains the positive correlation between Vop(R) and ag(R)
found experimentally (Figure 7.12(c)). At the same time, a significant scattering
of the data points is present as well in the simulation. The standard deviation
of the found E, o4 at a given Vg is about 10 %, which nicely matches the stan-
dard deviation of the ag values at a given V,p. We therefore tentatively assign
the observed large scatter of ag (Vp) to the unavoidable scatter of E, ¢ (Vegr)
within a random potential. The absolute value of the effective electric field in
our simplified 2D simulation (% = 1.3-10” V/m) is smaller than the electric
field in z direction E; = 3.1 - 10”7 V/m resulting from the Poisson-Schrodinger
equation [107], which is probably due to the simplified 2D model, but that does
not affect the general conclusion of the unavoidable scatter of E, o (Veg).

7.4.4. Relation between deduced (Vop(R), ag(R)) and
measured quantities ((eo,— + €1,4-)/2, €0,— — €1,+)

The potential map V,p(R) and the map of the Rashba parameter ag(R) are de-

duced from the energy values of the peaks attributed to the levels ¢g,_ and €7 ,

according to Equation (5.18). The potentials V,p ,(R) (Vop(R) folded with the
Landau level kernels) contribute as a difference inside the square root, as well
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as an additive linear term, the average of the two contributing Landau levels.
Calculating the average of g and ¢ ., the square root term largely cancels
out (error < 1meV), such that one gets the average of the contributing V,p ,(R)
(75% Vap o, 25% Vop 1), which basically represent the original 2DES potential
Vop(R) after spatially averaging by about the magnetic length /3. In order to
obtain the ag(R) map, the equation of the difference ¢ — — ¢ 4 is analytically
solved for ag(R).

In order to corroborate the assignments and to answer the question why the
ar(R) map shows more spatial details than the V,p(R) map, we use the simu-
lation described in Section 7.4.2 to generate potentials Vg (R) (Figure 7.18(a)(i))
and electric fields E, o¢(R) (Figure 7.18(a)(ii)), as seen by the 2DES. E, o¢(R)
is then transferred into a spatially varying Rashba parameter using ag(R)
E, (R) with ag(R) = 1.2eVA and dag(R) = 0.15eVA as found in the exper-
iment. With the help of ag(R) and Vi¢(R), €9, (R) and &1 4 (R) are calculated
according to Equation (5.18) using B = 6T, m* = 0.026 - me and g* = —21.
The mean value of ¢y (R) and &1 4 (R) plotted in Figure 7.18(a)(iv) indeed
represents the slightly smoothed V.¢(R), while the difference of ¢ (R) and
e1,+(R) plotted in Figure 7.18(a)(v) mimics the course of E, ¢(R). With Fig-
ure 7.18(a)(iv) instead of the real potential of Figure 7.18(a)(i), we obtain the
reconstructed ag (R) map, which nearly perfectly matches the input ag (R) map
(Figure 7.18(a)(iii) & (vi)) (average deviation 1 %, maximum deviation 3 %). The
auto-correlations averaged over 100 simulation cycles (Figure 7.18(b)) result in
the following correlation lengths:

lVZDVZD = 43nm, | =32nm, | =48nm, I, . = 30nm. (7.9)

NRAR €4 €4

These are in excellent agreement with the experimentally found correlation
lengths Iy, v,, = 49nm and I, = 31nm. However, it shall be noted that the
absolute values of correlation lengths depend on the size of the simulated sys-
tem as expected in a 1D simulation, but the relation between correlation length
of electric field and potential remains the same.

Thus, the anticipated mapping of the average of the two peak energies to
Vop(R), and the difference to E, o(R) and agr(R), respectively, works almost
perfectly within the limits of Equation (5.18) (average error: 1.5 %). The sim-
ulation also reproduces the smaller correlation length of ag(R) with respect to
Vop(R). Thus, the finer details of the ag(R) map with respect to the Vop(R)
map in Figure 7.12 can be attributed to the stronger relative gradient of an elec-

tric field of a Coulomb potential % = ﬁ with respect to the relative gradient

llﬂ' In other words, randomly distributed
Coulomb impurities within a semiconductor exhibit shorter-scale fluctuations

in the electric field than in the electrostatic potential. The Rashba parameter,

of the electrostatic potential % =
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Figure 7.18.: Simulations for confirmation of the reliability of the determination of
Vop and ar — (a) (i) & (ii) 2D potential and effective electric field simulated as in Sec-
tion 7.4.2. (iii) Rashba parameter taken as directly proportional to (ii) (orange solid line)
and reconstructed from the energy mean (iv) and splitting (v) using Equation (5.18)
(green dashed line). (vi) Ratio between initial Rashba parameter aR ¢im (orange solid
line in (iii)) and reconstructed Rashba parameter ag r. (green dashed line in (iii)). (b)
Auto-correlation of the Vi, &R rec, (€0,— +€1+)/2 and gy — €1+ as shown in (a), but
100 cycles of simulations are used for the correlation functions.

as a consequence of the electric field, therefore exhibits the shorter length scale
fluctuations. The electrostatic potential on the other hand, only roughly approx-
imates the local change of the electric field and, thus, of the spin-orbit coupling.

7.4.5. Determination accuracy of AEss(R) and ar(R)

This section discusses the systematic and statistical error on the evaluation, in
order to estimate the reliability of determination of the ag(R) maps. The statis-
tical errors on the determination of the local spin splitting (0ag) and the local
potential (0y,,) result directly from the peak fitting of the double Lorentzians
and are both 0.5meV (65 % percentile) (Figure 7.19(a)). In order to evaluate
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ar(R), the potential map and the spin splitting map are Gaussian filtered (3 x 3
pixel, width 10nm). This reduces the error of ag(R) to oy, = 0.02eVA (65%
percentile). The corresponding distribution is shown in Figure 7.19(b).
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Figure 7.19.: Error histograms of AEss(R), relative agr(R) and absolute ag(R) - (a)
Error histogram of the spin splitting determination by the fits shown in Figure 7.3(a)
leading to the spin splitting map (Figure 7.12(a)). 65 % of the errors are smaller than
OaEs = 0.5meV (dashed red line). (b) Error histogram of the resulting local Rashba
parameters. 65 % of the errors are smaller than o, = 0.02 eVA. The error on the de-
termination of m* (5 %) is not included, since this error results in an uncertainty of ag,
but not in uncertainties of the relative ar—values at different positions, since the same
relation between V,p and m* is used for the whole image. (c). Error on the absolute
value of ag with included error on the absolute value of m*. The 65 % percentile is
0o = 0.04eVA.

Due to the non-parabolicity of the dispersion relation, we have to make assump-
tions for m*, which influence the accuracy of the determination of the absolute
value of ag(R). In first order, m* is linear in the energy distance between con-
duction and valence band (cf. Section 7.2.3). Thus, we assume that m* is linear
in the measured energy E of a particular peak (Equation (7.4)). This is a sim-
plification, since the evaluated energies with respect to the conduction band
minimum are partly larger than the band gap [98]. The used m*(E) linear-
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ity is fixed by the two m* values resulting from Figure 7.11(a). Here, we use
AEr1 = heB/m* neglecting the contribution 77 (Equation (7.7) of the Rashba ef-
fect (xg = 1eVA), which results in an m* error of 5%. This error is a factor of
two larger than the m* error resulting from the fitting accuracy of the LL split-
ting. However, with the inaccuracy of the linear model in mind, we refrain from
a recursive more accurate determination of m*. As described in Section 7.2.3, the
local Landé-factor g*(E) is determined according to Equation (7.4). Neglecting
the non-parabolicities completely barely changes the spatially averaged ar (1 %
increase), but leads to a reduction of the FWHM of the distribution of ag (R) by
14 %, and a local change of ag (R) by up to 20 %.

Figure 7.19(c) shows the distribution of errors on the absolute value of ag(R),
taking the uncertainty of m*(V,p) and ¢*(V,p) into account. Thus, the error on
the absolute value of ag(R) is estimated to be on average 0y, = 0.02 eVA (4 %),
while the relative error at different spatial positions is only ~2 %.

An additional systematic error results from the description of the spin splitting
eg,— — €1,+ by Equation (5.18), which is derived by gradient expansion of the
disorder potential and only takes linear terms into account [102]. Naturally, ne-
glecting higher-order terms, which are related to the curvature of the potential,
leads to an additional error. While the peak position by the potential curva-
ture exhibits a non-negligible shift, those contributions are largely cancelled out
in the spin splitting and thus, in the determination of ag(R). Nevertheless, it
remains the largest error in the ag(R) determination. Calculations by Jascha
Ulrich of the higher order terms for the derived 2D potential Figure 7.3(b) show
that the average error turns out to be 5 %, but rises for single values up to ~30 %
in regions of large curvature [17].

Finally, let us discuss the influence of the V,p, terms within Equation (5.18)
on the determination of ag(R). Neglecting these terms, for instance, result in
ar(R) values ag(R) = 1.04eVA (black) and 0.37 eVA (red) for the curves shown
in Figure 7.11(b). This is a reduction by 10 — 20 %. Thus, taking the potential
map into account for the determination of ag(R) increases the accuracy signifi-
cantly regarding the other intrinsic errors.

7.5. Nodal structure

This section covers the real-space observation of nodal structure corresponding
to the fundamental LL wave functions as published in [155]. For high mag-
netic fields, a complicated peak structure is partly observed for higher LLs (Fig-
ure 7.8). For LL; the peak structure switches between two and four peaks, de-
pending on the lateral position. At first, for B = 14T two peaks related to the
two spin directions are to be expected. Figure 7.20 shows an LDOS measure-

108



7.5. Nodal structure

ment where LLy, LL; and LL; are spin split and can clearly be identified. Peaks
at V > 50meV are not assignable to higher LLs, since LLs of the first subband
are overlapping with the LLs of the second subband. The LL splitting between
LL; and LL; is slightly smaller than between LLg, LL; due to the larger effec-
tive mass. Additionally, a substructure is present for LL; and LL, but not for
LLg. This apparent lifting of the degeneracy of the two spin polarised LLs in the
LDOS is a fingerprint of the nodal structure of the LL wave functions (cf. Equa-
tion (5.21)). Each peak corresponds to one antinode of the fundamental wave
function. Without potential disorder the LL wave functions are highly degen-
erate and cannot be probed separately by STS [156], but the potential disorder
allows us to probe the nodal structure in real space.

LLo LL1 LLo

1 hwe hw,

di/dV [arb. units]

150 100 50 0 50 100
bias voltage [mV]

Figure 7.20.: LL and spin assignment in dI1/dV spectra—Single dI/dV curve recorded
within a potential valley area. Assignment to LL,, fiw. and opposite spin levels are
highlighted. Differences between the two fiw, relate to the non-parabolicity of the InSb
conduction band (cf. Section 7.2.2). LL; and, to a weaker extent, LL; exhibit double
peak structures. (B = 14T, Vgap = 50mV, I = 150 pA, Vinoq = 0.75mV).

7.5.1. Mapping of the LL wave function

Concentrating on dI/dV maps around a potential valley (Figure 7.21(a) & (b))
reveals the nodal structure in real-space. The potential landscape has firstly
been determined by the position of LLg, according to Section 7.2.1. The LDOS
at the centre of the valley (Figure 7.21(c)) shows four peaks, corresponding to
the spin-polarised LLy and LL;, not exhibiting any substructure. Due to the
potential disorder the LLs in the valley lie below the mean LLs Eyy , 1, aver-
aged across the sample. Figures 7.21(d)-(k) present dI/dV images at energies
around LLy and LL;. All energy slides are obtained below ELL,n,Tr such that
wave functions are confined by the potential valley. The dI/dV images shown
in Figures 7.21(d)-(g) show a development of a Gaussian-like distribution into
a ring structure increasing in diameter with increasing voltage. The FWHM
of the ring is about 8nm, i.e. close to I, matching the expectation for drift
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states of LLg. These drift states map the equipotential lines at a resolution of
Ig [157, 21, 22, , ]. For the dI/dV images corresponding to LL; (Fig-
ures 7.21(h)-(k)) a development starting with a small ring structure into a double
ring structure growing in size with increasing voltage is observable. The aver-
age distance between the inner and the outer ring in Figure 7.21(k) amounts to
11.6 nm £ 0.3 nm. This is close to the distance of parallel stripes of the LL wave
function Ary, = 1.8 - Ig = 12.2nm [156]. The fact that for LL the ring develop-
ment starts with an open ring and not with a Gaussian-like distribution is also
in agreement with the drift states of LL;. This is reasonable, since a Gaussian for
LL; could not be orthogonal to the observed Gaussian of LLy (Figure 7.21(d)).
Recursive Green’s function algorithm calculations of the LDOS conducted by
Jascha Ulrich [155, , , ] (Figure 7.21(c) right and Figures 7.21(1)-(s))
reproduced the experimental results. The calculations use a constant m* =
0.0275m, and ¢* = —21 and a Rashba spin-orbit coupling of ag = 0.5eVA,
according to the experimental results presented in Section 7.4. The experimen-
tal potential valley is used for the calculations. While the symmetries in the
experiment and in the calculation correspond, the structures in the simulation
grow faster in size with increasing energy and appear larger. This could be ex-
plained by the fact that the probing of the potential landscape is limited to Ip.
The real potential can be steeper, leading to more compressed wave functions
than considered in the calculation. Additionally, the calculations do not con-
sider the increase of m*(E) with increasing energy. The ratio of confinement
energy fiwy and LL energy fiw. increases with the effective mass [155]:

0 o i (7.10)

We
Thus, a varying effective mass would compress the wave function further.
To show that the generic nodal structures of LL wave functions are mapped,
different calculations are compared in Figure 7.22. The first line originates from
the calculations shown in Figures 7.21(1)-(s). In the second line, analytic calcula-
tions of the LDOS(r), using Equation (5.24) with Rashba spin-orbit coupling are
plotted. The third line is the same as the second, but without Rashba spin-orbit
coupling. The generic features are identical for all three calculations. LLy shows
a growing ring with increasing energy and LL; a double strip/ring structure.
Setting ag = 0 does not change the basic structure, showing that the generic
LL wave functions are observed. For ag = 1eVA, the structures appear blur-
rier than without spin-orbit coupling due to the mixture of LL by the spin-orbit
coupling (cf. Section 5.2). In the numerics, the ring and double ring structure
are slightly more pronounced. Here, an additional mixing of the wave function
is allowed, resulting in a renormalisation of the effective magnetic length by wjy
towards lower values for LL;.
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Figure 7.21.: Spatially resolved LL wave functions at a potential valley — (a) Cross sec-
tion through the potential minimum of (b) (black) with additional shifted energy cuts
by the kinetic LL energy and the Zeeman energy as indicated by LL, and spin arrows.
(b) 2D representation of potential minimum probed by the average LLj (Section 7.2.1)
and subsequently shifted down by 7w, /2. (c) left: dI/dV spectrum recorded in the
minimum of the potential valley in (b). (B = 14T, Vyp = 50mV, I, = 150 pA,
Vinod = 0.75mV). Dashed lines highlight the energies used for the LDOS images in
(d)-(k). (c) right: calculated LDOS(E) in the potential minimum of (a) by the recursive
Green’s function approach performed by Jascha Ulrich, using m* = 0.0275m,, g* = —21
and ag = 0.5 eVA. The LDOS is broadened by a Lorentzian width of 0.05%iw, in order
to mimic the smallest peak width found within the experiment. Dashed lines highlight
the energies used for the LDOS images in (1)-(s). Pink dots labeled Eyj, mark the cor-
responding LL energy obtained by spatially averaging the LDOS peak energy over a
larger sample area. (d)-(k) dI/dV images recorded at the voltages marked in (c). LDOS
images caclulated by the recursive Green’s function approach at the energies marked
in (c). Image sizes of (b), (d)-(k) are identical. Constant scale in (d)-(k) as well as (1)-(s)
is identical.

7.5.2. Multiple probing of one LL at a fixed position

The structural differences of the LDOS(r) between LL (ring) and LL; (double
ring) lead to the appearance of double peaks in the spin-polarised LL; and sin-
gle peaks in the spin-polarised LLj in the dI/dV curves shown in Figure 7.8 &
Figure 7.20. The underlying effect is illustrated in Figure 7.23(a), which shows
the idealised wave functions |¥|? of LLg & LL; within the potential disorder.
LLy exhibits no node along the drift path and LL; a single node. Shifting these
structures laterally within the potential disorder Epot(x, y) changes their energy
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7. Experiments on p-InSb(110)
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Figure 7.22.: Generality of observed nodal structures — (a)-(c) LDOS images at the
energies marked on top as calculated by the recursive Green’s function approach.
(m* = 0.0275me, g* = —21 and ag = 0.5 eVA) (d)-(f) LDOS images calculated using
Equation (5.24). (m* = 0.0275m,, §* = —21 and ag = 0.5 eVA). (g)-(i) same as (d)-(f)
but without spin-orbit coupling (ar = 0).

approximately according to (¥ |Epot| V), i.e. smoothly along the potential val-
ley. For LL the spin-polarised peak is broadened by the slope of the potential
disorder. For LL; the situation is different. The tip can tunnel either in the inner
or the outer antinode of the corresponding wave functions. Tunnelling into the
inner antinode occurs at higher energies due to the potential disorder, resulting
in two peaks in the dI/dV measurement for LL; for each spin direction. In the
flat potential valley centre the inner and outer antinode cannot be observed at
the same position, thus only one peak per spin direction appears for LL; (cf.
Figure 7.21(c)). Inner and outer antinode appear only at the same position at
the slope inside the potential valley. Figures 7.23(b) & (c) show dI/dV spectra
obtained at the slope. Both spectra exhibit four peaks for LL;. The LDOS images
corresponding to the four peaks of spectra (c) are displayed in Figure 7.23(d)-(g)
indicating the positions where the spectras (b) and (c) were obtained. The LL
pattern in the LDOS(r) appears to be nearly identical for next-nearest neighbour
peaks. The peaks exhibit nearly identical shapes and the energy separation be-
tween (d) & (f) as well as (e) & (g) is in both cases 20 meV, suggesting that it can
be attributed to the same Zeeman term. Thus, the next-nearest neighbour peaks
belong to the same wave function |¥(x,)|? exhibiting two spin channels. The
LDOS(r) shows, moreover, that the doublet of nearest neighbour peaks appears
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7.5. Nodal structure

because the inner or the outer ring is located below the tip (blue crosses). The
peaks of the dI/dV curve in Figure 7.23(b) at the energies of (e) & (g) belong
to the inner ring of the LL wave function, while the outer ring is crossing this
position at lower energies, resulting in its absence in Figures 7.23(d) & (f) at the
position of (b).

outer antinode inner antinode

g & "
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.............. ‘/~\_/.x e T
X,y LDOS dl/dV [arb. units] >

Figure 7.23.: Multi-peak structure in higher LLs — (a) Sketch of the squared wave func-
tions |¥rr, (%, y) > of LLy and LL, (grey, blue, red, and violet full lines) as indicated
within the potential disorder (blue-green-yellow full and black dashed lines energeti-
cally shifted by fiw,). Resulting energies of the LL wave functions are indicated by the
equally coloured, horizontal, dotted lines cutting the energy axis of the centre plot. The
STM tip tunnels exclusively into the |[¥11, (x,y)|? at the position marked by a vertical,
black dashed line resulting in the spectrum sketched in the middle without spin po-
larisation (marked 'LL’) and on the right with spin polarisation (marked 'LL + Spin’).
Additional Zeeman splitting leads to doubling of the spectral features as sketched in
the right plot. (b), (c) dI/dV spectra recorded at the positions marked by the equally
coloured crosses in (d)-(g). Dashed lines mark the voltages of the dI/dV images in (d)-
(8). (B =14T, Vs = 50mV, Igap, = 150 pA, Vinod = 0.75mV). (d)-(g) dI/dV images
at the voltages marked in (c) with crosses indicating the positions where the dI/dV
curves in (b) & (c) are recorded.
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8. Summary

The first part of this thesis described the design and the characterisation of a
newly home-built LT-UHV-STM system with B = 14T perpendicular to the
sample surface. The cryostat is fully operational under UHV conditions and,
due to the absence of mechanical pumps, it represents the most stable STM
system of its kind. The system exhibits a mechanical z-stability of §, = 0.7 pm
at a bandwidth of 700 Hz, while comparable systems report displacements of
0, ~ 2pm at similar bandwidths. As a result of this stability, stabilisation cur-
rents down to I = 0.5 pA can be realised with atomic resolution on InAs(110).
The long-term stability of vy =~ = 0.09A /h and Od g = 0.05A /h allows a
fixed positioning of several hours to days on the atomic scale. Enabled by a
maximal operation time t,,g = 10.5days at T = 400 mK and virtually infinite
time at T = 9K, it is possible to conduct high-resolution spectroscopy mapping
with atomic resolution. The operation temperature reaches down T = 390 mK,
with an electron temperature T,; = 430mK at the xy-stage and 520mK at
the scanner stage, determined by STS on superconductors and observation of
SdH-oscillations in transport measurements. Investigation of the Josephson
peak in an SS-junction was used to determine an upper boundary of the bias
noise in the junction resulting in AV}, = 161V at a bandwidth of 700 Hz.
Beneficial for future experiments, the spacious optical access to the microscope
head inside the cryostat allows to keep the STM at T = 25K while transferring
tips and samples, evaporating directly into the microscope, or positioning the
tip with pm-accuracy. As it is supported with a preparation and an analysis
chamber as well as a load lock, investigations of a large variety of samples are
possible.

In the second part of this work, experiments on the spatial variations of
the Rashba spin-orbit coupling were presented. With STM, it was possible
to map the Rashba parameter down to the nm scale, limited in resolution by
the magnetic length Iz ~ 10nm. In the surface 2DES of Cs/p-InSb a giant
Rashba parameter of #g(R) = 1.2eVA, with a root mean square variation of
0@R(R) = 0.15eVA and total variations up to a factor of four have been found.
A simple analytic model allowed us to connect those variations in the spin-orbit
coupling to local changes in electric field, which could be correlated using the
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8. Summary

experimentally found correlation between Rashba parameter and local poten-
tial. With this novel technique to locally probe the Rashba parameter, the spin
dephasing length resulting from those variations can be straightforwardly de-
termined to be Ispin &~ 250nm. Most importantly, the observed fluctuations of
the Rashba parameter most likely rule the spin dephasing in the most advanced
spin transistor devices [10, 11, 8]. This suggests that in order to progress in de-
veloping more feasible spintronic devices, it is necessary to understand the local
variations of the Rashba spin-orbit coupling.

Furthermore, on this sample system it was possible to map the nodal structure
of the zeroth and first LL wave function pinned to a potential valley. In addition
to the previously observed drift states of LLy, the development of double ring
structure corresponding to the single antinode of LL; was resolved and could
be used to explain the multiple peak structure in LDOS measurements.
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