Nanoscale four-point
charge transport measurements
in topological insulator thin films

Von der Fakultat fur Mathematik, Informatik und Naturwissenschaften
der RWTH Aachen University zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften genehmigte Disseration

vorgelegt von
Arthur Leis, M. Sc.

aus

Moskalenki, Russische Foderation

Berichter: apl. Prof. Dr. rer. nat. Bert Voigtlander
Univ.-Prof. Dr. rer. nat. Markus Morgenstern

Tag der mundlichen Prafung: 23.08.2021

Diese Dissertation ist auf den Internetseiten der Universitatsbibliothek verflugbar.






Abstract

Topological insulator (TI) materials, with their exotic electronic properties, cause a growing
interest in modern solid state physics as promising systems for novel applications. This
work presents the measurement and the analysis of characteristic transport properties of
topological insulator films on the nanometer scale. The use of a multi-tip scanning tunneling
microscope (STM) allows for position-dependent electrical measurements on the surface
of the samples. For this purpose, the high degree of versatility of the individual tips is ex-
ploited to realize resistance measurements in dedicated configurations, even at the nanoscale.
Chapter 2 presents an introduction into the operation principle of the instrument and the
position-dependent four-point measurement technique. The fundamental relation between
the measured resistance and the conductivity of the underlying system is derived. Further-
more, the outlined technique and its experimental capabilities are demonstrated on the
example of a SrTiO3 sample, which allows to comprehend the influence of dimensionality on
the resistance. In chapter 3, a more sophisticated method of tip positioning based on overlaps
of STM scans is presented. Using this method, it is possible to realize four-point measurement
configurations on the nanoscale with considerable spatial precision. Chapter 4 provides
an introduction into the material class of topological insulators, focusing on the origin of
the associated characteristic properties. In chapters 5 — 7, nanoscale four-point resistance
measurements on thin films of the strong topological insulator (Bi;—,Sby),Tes, enabled by
the demonstrated positioning technique, are presented. Chapter 5 is focused on the electrical
detection of the intrinsic spin polarization of the surface states of a TI. For this purpose, a
ferromagnetic STM tip is used to extract the spin-dependent electrochemical potential of
carriers during charge transport. Chapters 6 and 7 are dedicated to the topological phase
transition of a 3D TI thin film into a quantum spin Hall (QSH) insulator system with reduced
film thickness. In chapter 6, the necessary condition for such a phase transition, namely the
interaction of the topological surface states on the two interfaces of the thin film, is studied by
means of charge transport. Chapter 7 presents a measurement scheme for helical edge states,
which are the sufficient condition for the formation of a QSH phase. While a QSH phase is not



observed in the investigated (Big 16Sbo.g4)2Tes system, the demonstrated technique provides

a generic method for the detection of topological phases in transport.



Kurzfassung

Materialien fiir topologische Isolatoren (TI) erwecken mit ihren exotischen elektronischen
Eigenschaften ein wachsendes Interesse als vielversprechendes System fiir neuartige An-
wendungen im Bereich der modernen Festkérperphysik. In diesem Werk wird die Messung
und die Interpretation charakteristischer Ladungstransporteigenschaften in diinnen Fil-
men topologischer Isolatoren auf der Nanometer-Skala prasentiert. Durch den Einsatz eines
Multispitzen-Rastertunnelmikroskops ist es méglich, positionsabhéngige elektrische Messun-
gen auf der Oberflache der Proben durchzufiihren. Dabei wird die vielseitige Einsetzbarkeit
der einzelnen Spitzen ausgenutzt, um Widerstandsmessungen in spezifischen Konfigura-
tionen bis hin zur Nanometer-Skala umzusetzen. Kapitel 2 stellt eine Einleitung in das
Funktionsprinzip des Instruments und in die Technik des positionsabhéngigen Widerstands
dar. Dabei wird der fundamentale Zusammenhang zwischen dem gemessenen Widerstand
und der zugrundeliegenden Leitfdhigkeit des Systems hergeleitet. Des Weiteren wird die
dargelegte Technik und ihre experimentellen Moglichkeiten am Beispiel einer SrTiO3 Probe
vorgefiihrt. In Kapitel 3 wird eine weiterentwickelte Positionierungsmethode, basierend
auf Rastertunnelmikroskop-Aufnahmen, prasentiert. Durch diese Methode ist es méglich,
Vierpunkt-Messkonfigurationen mit betrdchtlicher raumlicher Auflésung auf der Nanometer-
Skala zu realisieren. Kapitel 4 bietet eine Einfithrung in die Materialklasse der topologischen
Isolatoren mit Hinblick auf den Ursprung der zugehorigen charakteristischen Eigenschaften.
In den Kapiteln 5 — 7 werden, erméglicht durch die demonstrierte Positionierungsmethode,
Messungen des Vierpunktwiderstands diinner Filme des starken topologischen Isolators
(Bi;—xSby)2Tes auf der Nanoskala prasentiert. Kapitel 5 befasst sich mit der elektrischen
Detektion der intrinsischen Spinpolarisation der Oberflichenzustdnde eines topologischen
Isolators. In diesem Zusammenhang wird eine ferromagnetische Spitze benutzt, um das
spin-abhingige elektrochemische Potential der Ladungstrager im Transport zu erlangen.
Kapitel 6 und 7 behandeln den topologischen Phaseniibergang eines diinnen 3D TI Films
in ein Quanten-Spin-Hall (QSH) System durch die Reduktion der Schichtdicke. In Kapitel 6
wird die notwendige Bedingung eines solchen Phaseniibergangs — die Wechselwirkung der



topologischen Oberfichenzustédnde auf den beiden Grenzflachen des Films — elektrisch un-
tersucht. Kapitel 7 prasentiert ein Messverfahren fiir helikale Randzustidnde, deren Existenz
die hinreichende Bedingung fiir das Entstehen einer QSH Phase ist. Obwohl im untersuchten
(Bip.16Sbo.g4)2 Tes System keine QSH Phase beobachtet wird, stellt die vorgefiihrte Methode

ein allgemeines Mittel zur Identifikation topologischer Phasen dar.
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CHAPTER 1

Introduction

Technological advances in society over the past century have led to many inventions that
not only influence, but define modern everyday life. To this end, the field of condensed
matter physics has continuously provided a deep understanding of electronic phenomena in
solids, which ultimately allows to design devices with a specific purpose. Modern electronics
development was able to harvest the benefits of various discovered electronic phenomena,
resulting in fundamental components such as transistors, diodes and lasers. In the course of
technological progress, due to the downscaling of device size, quantum effects have become
increasingly significant and today are unavoidable. Following developments led to the con-
ception of quantum devices, in which quantum effects not only come into effect, but are also
desired and intentionally harnessed for their operation principle [1-3]. Such applications
include resonant tunneling devices [4-6], quantum dot systems [7, 8] and proposed device

concepts such as the spin transistor [9].

In the past years, the focus in modern research has shifted towards quantum materials
[10, 11], which encompass a class of systems which have macroscopic properties that are
explicitly based on the quantum nature of the electron wave function. These properties
fundamentally arise from strong interactions or entanglement in the underlying systems and
generally cannot be understood with conventional descriptions of matter. One category of
quantum materials is that of topological insulators (TIs), which since their prediction in 2005
[12] and subsequent experimental discovery [13, 14] have raised large interest in condensed
matter physics. The exotic properties of these systems arise from their topological order
and include the existence of surface states that are protected by time-reversal symmetry.
The topological surface states span across the bulk band gap following a linear dispersion
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relation, thereby forming a so-called Dirac cone [15]. Furthermore, the charge carriers
inhabiting these states have a spin that is strictly correlated to their momentum. Besides the
prospect of dissipationless transport, the properties of topological insulators are promising for
applications in spintronics [16] and in quantum computation [17, 18]. The latter is regarded
as a possible technological revolution, with a quantum computer being able to solve specific
problems faster than a classical one, as suggested by recent demonstrations of quantum
supremacy [19]. Certain efforts in quantum computation are focused on approaches based
on the implementation of topological insulators, in particular. In conventional quantum
computation, TIs can be used as the weak link material in Josephson junctions [20], which
constitute the elementary building block of superconducting qubits [21]. Beyond that, one
specific approach is topological quantum computing [22-24], which opens the prospect of
fault-tolerant quantum computing. The most promising system to host Majorana states [25],
which are sought-after candidates for the realization of corresponding topological qubits,
are topological insulators in proximity to an s-wave superconductor [26]. As these concepts
ultimately rely on the use of topological states in an electrical circuit environment, it is crucial

to demonstrate their manifestation in transport measurements.

An ideal setup to study the transport properties of topological insulator systems is offered
by multi-tip scanning tunneling microscopy (STM) [27, 28]. Such an instrument consists of
several individual units, each with the full functionality of a single-tip STM. The independently
controlled tips can be used to establish electrical contact to the surface of an investigated
sample, which opens the possibility to perform multi-terminal transport measurements. In
contrast to conventional measurement setups realized by the deposition of external contacts,
the STM tips can be placed in any desired configuration, which enables access to the spatial
dependence of the electrical properties as a further experimental parameter. Furthermore,
the small extent of the tip apices allows delicate contacting in well-defined geometries and
exerts minimal influence on the integrity of the sample system. Most importantly, transport
measurements in multi-tip STM systems can be carried out in situ, as there is no need
for lithographic sample preparation in ambient conditions. This aspect is of substantial
significance in regard to the case of topological insulator samples, since the auspicious
topological properties are easily influenced or even destroyed upon exposure to atmospheric
conditions [29-31].

The present work is dedicated to the investigation of topological insulator thin films using a
multi-tip STM. The general transport measurement principle is laid out and demonstrated
on an example in chapter 2. An advanced tip positioning method that enables four-tip
arrangements on the nanometer scale is presented in chapter 3. Based on this technique four-
point resistance measurements were performed on thin films of the compound topological
insulator system (Bi;_,Sby),Tes, as shown in chapters 5-7.



CHAPTER 2

Four-point measurement
technique

In this chapter, the primary measurement method relevant for all measurements in this thesis
is introduced. After a short introduction of the measurement setup, the four-point technique
as a tool for performing charge transport measurements is presented. The theoretical model
describing the spatial dependence of the electric potential resulting from an isotropic conduc-
tivity in two-dimensional and three-dimensional systems is discussed. Also, the disentangling
of 2D and 3D conductivity contributions by means of the four-point resistance measurement

technique is demonstrated using measurements on SrTiO3 samples as an example.

2.1. Experimental setup

The instrument used for all measurements in this thesis is a room temperature multi-tip
scanning tunnelling microscope (STM) equipped with four tips. Being situated in an ultra-
high vacuum (UHV) chamber it allows for all investigations to be carried out under in situ

conditions.

The STM itself is designed four-fold symmetric, as shown in Fig. 2.1 (a). The instrument
is constituted by four KoalaDrive nanopositioners [32] (indicated in cyan), each attached
to a slider plate (indicated in purple) sitting on three piezoelectric tubes. The STM tips,
as depicted in 2.1 (b), are mounted into cylindrically-shaped detachable tip holders which
are coupled magnetically to the top of each nanopositioner when inserted into the STM.



Chapter 2: Four-point measurement technique

Fig. 2.1.: (a) Color-edited photograph of the multi-tip STM without tips inserted. The STM units are

moved laterally by controlling a set of piezoelectric tubes below each slider plate (colored in purple).
Using separate piezo elements at each nanopositioner (colored in cyan) allows vertical movement in
z-direction. Samples are inserted face down into the gap between the gold- and silver-colored metal
parts. (b) Photograph image of an STM tip inserted into a detachable tip holder. When mounted in the
STM unit, the cylindrically-shaped tip holder sits on the top of a nanopositioner with the tip pointing
towards the center of the multi-tip STM at 45° of inclination.

When mounted into the tip holders, the prepared tungsten tips have a ~ 45° orientation with
respect to cylindrical axis of the holder, such that the four tips do not obstruct each other
when moved into close proximity in the STM. More information on the instrument can be
found in Ref. [28] and [33]. With each new tip mounted into the STM, a tip cleaning process
using electric field emission is performed to remove residual oxide layers on the tip apex. A
detailed description of the procedure can be found in appendix C.2.

Electrical control of the piezoelectric tubes holding the slider plate allows lateral movement
of each STM unit, while applying voltage to the piezo element of the nanopositioner enables
perpendicular z-control. With a sample inserted into the appropriate slot in the system,
the nanopositioners below are oriented perpendicularly to the sample plane, so that each
tip mounted on top can be approached towards the sample surface using z-movement.
The contacting procedure in the frame of transport measurements is explained in detail in
appendix C.1.

Each of the four STM tips has a separate electrical connection and is equipped with its own
set of electronics. It is possible to apply separate bias voltages and record the current flowing
through each tip, individually [34]. This way, each unit effectively functions as an individual
single-tip STM, making it possible to manipulate the position and acquire STM images with
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each tip. By switching a relay in each set of electronics, the STM tips can be toggled to
a high-impedance mode, which is used to measure the voltage at the corresponding tip
[34]. Furthermore, an additional connection to the sample insertion slot in the STM allows
biasing/grounding of the sample itself or even applying a gate voltage, depending on the
architecture of the sample system. With its design ensuring precise spatial control and
electrical flexibility, the multi-tip STM is a highly versatile instrument that is useful when
studying charge transport properties in nanoscale systems.

For visual control of the multi-tip STM, an optical microscope positioned below the STM
apparatus outside the UHV chamber is used. An exemplary zoomed-out view through the
microscope covering all four STM tips is shown in Fig. 2.2 (a). As the tips are navigated
laterally across a sample surface, their movement can be monitored in real time, which is
important for placing the tips in desired configurations. Using an optical microscope has
clear advantages compared to position control via scanning electron microscopy (SEM).
Besides the greater simplicity of use, optical microscopy imaging prevents any damage to
pristine samples that the electron bombardment during SEM imaging would inflict [35-37].

In order to accurately realize a specific configuration of the STM tips on the surface of
a sample, it is important to know the position of the tips before contacting. The optical
microscope image provides an estimation, with the contact points assumed to be at the very
end of the imaged tip projections. However, by determining the contact point in this way;,
the precision of the determination of the tip positions is limited by the resolution of the
optical microscope, which is determined to ~ 1 um. The resulting influence of the uncertainty
of tip positions on the electrical measurements is discussed quantitatively in section 2.2.3.
Furthermore, it is important to consider that the actual point of contact also might not
actually be at the expected point as inferred from the tip projection due to deformations of
the tip apex. While this aspect is not a concern for fresh, undamaged tips, it emphasizes that

careful approaching to surfaces is advisable when establishing ohmic contact.

2.2. Local four-point resistance measurement technique

As described in the previous section, the multi-tip STM is a versatile instrument that is
particularly useful to acquire electrical properties of investigated samples. Using the four
STM tips as electrical probes when in contact with a sample surface allows to acquire the

four-point resistance, depending on the particular tip configuration.

With the to-be-investigated sample set to a floating potential, two tips (e.g. tip 1 and tip 4) are
used to inject and measure a charge current I;4. The other two tips are used simultaneously
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(b) —EP@_‘

Fig. 2.2.: (a) Optical microscope image showing a zoomed-out view of the four STM tips with a sample
surface in the background. Using the microscope view, tip movement is monitored in real time. For
actual tip positioning, the used microscope magnification is 20 times higher. (b) Electrical setup of
the STM tips for a four-point measurement. All four tips can be biased separately. When in contact

with a sample surface, individual tips can be switched between current- and voltage-probe mode.

to measure the resulting potential. Technically, this procedure is enabled by the ability to
switch all STM tips between current- and voltage-probe mode individually (Fig. 2.2 (b)). The
recorded potential difference V,3 between the two voltage probes is used to determine the
four-point resistance

R¥® = Vys/ Iy 2.1)

corresponding to a particular tip configuration. Contrary to two-terminal measurements, the
resistance obtained from this four-probe approach does not contain the contact resistance of
the probing tips due to the high impedance of the voltage measurement circuit.

Stemming from the local electric potential, the four-point resistance obtained in this manner
contains not solely information about intrinsic properties of the sample, but also depends on
the particular geometry of the tip arrangement. Therefore, the four-point resistance of any
measurement geometry needs to be deconstructed to gain insight into the desired material
specific quantities. For systems with complicated shapes and anisotropies of the conductivity,
this is a non-trivial task. For the case of locally isotropic conductivity, however, a simple
relation can be found in one-dimensional (1D) wire, two-dimensional (2D) sheet and three-
dimensional (3D) bulk systems, such that it is possible to analytically evaluate the related
conductivity from the measured resistance. This is universally useful since the respective
resistance models are good approximations for investigated areas where the conductivity is

isotropic on the scale of the distances between the tips.

To obtain the relation between the conductivity o of the system and the four-point resistance

R*? under isotropic conditions, the local form of Ohm’s law

i®=cE® 2.2)
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(a) Side view

2D conductor

r
X 1

Fig. 2.3.: Conceptual sketch of current injection in a 2D conductor. (a) When injected into an isotropic
2D system through a point-like contact such as an STM tip, the current is distributed circularly around
the point of injection. (b) To obtain the corresponding electric potential at R with respect to a reference
point 7, the current density is integrated along a straight line connecting the two points. For simplicity,
the reference point 7 is chosen to be between R and the tip position 7.

is used, where f(?) and E (7) are the current density and the electric field at a given point
7 on the probed surface. The spatial dependence of the current density is specific to the
dimensionality has to be considered separately.

2.2.1. Two-dimensional conductivity

In two-dimensional systems, the current that is injected by a single point-like electrode, e.g.
tip 1 in the experiment, propagates circularly around the corresponding point of injection 77,
as sketched in Fig. 2.3 (a), if the current drain is in the infinite. Due to rotational symmetry,
it is required that the injected current has no angular dependence. At an arbitrary point 7
on the probed surface, the current is therefore distributed uniformly across a circumference
27 |7 — ii1| such that the corresponding current density is given by

. I
Jj@) = Py (F-7. (2.3)

Using Eqg. 2.2 in conjunction with the relation between the electric field and the potential ®,
one obtains R
- 1 r—n
VO(7) = -

—, (2.4)
2n09p |7 - 72

which can be integrated along a curve 7(#) : [0,1] — € with 7(0) = 7 and 7(1) = R

I F- 7
fd?-ﬁ 2.5)
2n02p Je |7 — 7l

to find the potential at an arbitrary point R with respect to a reference point 7). The considered

1 (R) =—

geometry is visualized in Fig. 2.3 (b). The reference point is chosen to be on a connecting



Chapter 2: Four-point measurement technique

line between the current source and the point R such that R — 7o |l R- 1. Additionally, since
® is a conservative potential and the integral therefore only depends on the starting and
the end point, € is chosen to be a straight line, resulting in 7(f) = 7 + t(R — 7). With this

parametrization, the potential is then given by

@, (R) fldt ar r-n (2.6)
1 = — —_—— .
2noop o dt |F-7
oo [ R @.7)
2mo9p Jo |7 =7 |7 =11
I (' R-7y 7-7 1
__ [dt’R—fb| “Tho o 1 (2.8)
2102p Jo |R-7o| I7—7lI7F -1l
I 1 |R-7
—_ fdtt f" 2.9)
2702p Jo |7 =11l
I 1 R-T7
= - fdt - R f' — (2.10)
2noopJo  |Fo+ t(R-To) -7

A substitution according to R"=R-7 and 7" = 7y — 7 allows the evaluation of the integral to

-

R 1 Rt - ﬁ)T|
@1 (R) = - f t _ 2.11)
21m0op Jo ’ﬁ)T+I(RT—FOT)|
IR =) 1 1
= ——"f dt ———— 2.12)
2no2p Jo  rg+t(RT—1p)
I R" ]
__ f du = (2.13)
27m0 2D o u
I Rt I R-7
__ In| 2 |=- n[1B=7 . (2.14)
202D rg 210 2p r(;r

This solution for the potential distribution of a single point contact coincides with the related
harmonic function obtained from solving Laplace’s equation in two dimensions. In this single
point expression, the potential still includes an open additive component depending on the
choice of the open parameter 7. This component is left over since the electric potential is well
defined only with a reference. When potential differences are considered, the undetermined

component is canceled.

To reproduce the situation of a current I14 flowing between two point contacts on the surface
at 7] and 73, the single-contact solution can be used in conjunction with the superposition
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principle
®14(R) = 1 (R) + P4(R) (2.15)
I R-7 I R-T,
-1 ln| 1 1 ln| i (2.16)
21m02p r(‘; 2m02p rg
= T
I R-7 T,
N [R-7i| +In|—=0 2.17)
2mo2p rg |R—F1|
I R-F,
=—" In |9 d 2.18)
2no  \|R-7|

where the same relative reference point rg is chosen for both tips such that both have a

common reference potential.

The potential difference between two voltage probes which enters the four-point resistance
in 2.1 is obtained by evaluating the potential distribution resulting from the two current-

injecting point contacts at the locations of the voltage-probing tips 7, and 73

Va3 = @14(72) — @14(73) (2.19)
Consequently, the local four-point resistance for any configuration of the four tips on the
surface of a 2D conductor is given by

V 1
4P ;> > = o 23
Ryp (11,712,173, 1) = — =

Ly 27moop

in( (22222, (2.20)

i-rl)  \B-Al

2.2.2. Three-dimensional conductivity

In the three-dimensional semi-infinite half space, the potential distribution corresponding to
a current injection by point contacts is found analogously to the 2D case. As sketched in Fig.
2.4, the current injected by a point source at /] on the surface propagates in a half-spherical

shape in the 3D medium

- 1
() = —————([F-11), (2.21)
A o= AP
which results in
o I F—1
VO(F) = - —. (2.22)
27‘[0’3]) |r— 1|

Integration of this term along the same curve € : 7() = i + t(R — ;) that is defined in section
2.2.1 yields the potential distribution @ (R) resulting from a single point contact with respect
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Side view

3D conductor

Fig. 2.4.: Conceptual sketch of current injection from a point-like contact in a 3D conductor. In three-
dimensional isotropic systems, the current spreads in half-spherical shape from the point of injection.
The corresponding electric potential is obtained by performing a line integral of the resulting current
density.

to an arbitrary reference point 7}

. I . F-R
@) (R) = - fdr- — (2.23)
2nosp Je |7 -1
It R-fy 7-71 1
=- fdt|R—F0| o (2.24)
2no3p Jo |R-7| IF=11l7 -7l
I ! R-Tt
_ fdr |9 o . (2.25)
2MOsDJo - |fy+ (R~ 7o) ~ 7|

In this case of three dimensions, R and 7} can generally be points below the surface, such that
@, (f?) is also valid in the interior of the 3D bulk. In the experiment, however, only points on
the surface are accessible by the STM tips and relevant for the four-point resistance. After
performing a translation of coordinates with R =R-7 and 7' = 7y — 7, the expression

reduces to
. IRY-rH 1
D, (R) = —2— dr 5 (2.26)
O30 b R - )]

I R
=— f du - (2.27)

2no3p o u
1 (11 1 1 (2.28)

2no3p | R r(‘; 2nosp | |R- 7| r(;r ’ .

which is equal to the harmonic function denoting the 3D solution of Laplace’s equation
of a point-like singularity at 7;. Applying the superposition principle to the single-contact
solution for the case of a current source (I14) at 7} and a current sink (—1I14) at 74 yields the
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2.2. Local four-point resistance measurement technique

potential distribution resulting from a current flow between two tips at the surface of a 3D

bulk system
@14 (R) = @ (R) + Dy (R) (2.29)
_ Iy 1 _l 3 Iy 1 _i 2.30)
2mosp \|R-7| rl) 2mosp\|R-7| )
S L 2.31)
2o \[R-A| |R-7l) |

The local four-point resistance is ultimately obtained from the difference of the potential @14

at the locations 7, and 73 of the two voltage-probing tips

e o oy Da(72) — Dr4a(73)
Rap (71, 72, 3, 1) = (2.32)
Iy
1 1 1 1 1

= — 4+ —— .
2nosp \IP2 =11l |2 —1al |F3—11l |53 — 74l

(2.33)

2.2.3. Distance-dependent resistance measurement

With the derived expressions in Eq. 2.20 and Eq. 2.33, four-point resistances that are acquired
in any configuration of tips can be related to the underlying conductivity of the sample,
i.e. o2p and o3p, respectively. Furthermore, the different characteristic dependences of the
resistance on tip distances in 2D and 3D can be exploited to find the dimensionality that the
charge transport takes place in. To enhance the certainty of the conductivity determination,
multiple resistance values are acquired at different tip positions in the experiment, which
requires the tips to be moved in between. In doing so, it is convenient to use simple tip

geometries to reduce the complexity of the position dependence of the resistance function.

The simplest tip geometry is a linear configuration with equal inter-tip distances s, as sketched
in Fig. 2.5 (a) for an example with the current injected between the outer two tips, while
the potential is probed by the inner pair. In this equidistant arrangement, the four-point

resistance in the 2D case and 3D case is given by

1 28 S
RAP = ln(—)—ln — ] 2.34
2D 27O 2D S (23) ( )
= In(2) (2.35)
TTO 2D
and
R (5) = — (1 L1 +1) (2.36)
D 2mospls 25 25 s ’
1
= , (2.37)
27MO3DS
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Fig. 2.5.: (a) Schematic representation of a linear four-point resistance measurement configuration
with equal inter-tip distances s on the surface of a sample. Using this equidistant tip alignment
significantly simplifies the spatial dependence of the four-point resistance in 2D and 3D systems. (b)
When positioning the four tips with finite accuracy in the experiment, a position uncertainty 6 r can
lead to a deviation of single resistance measurements from the model resistance R*" (s). This deviation
can be estimated by including spatial variations in the general expressions given by Eq. 2.20 and Eq.
2.33.

respectively, which reduces the number of variables significantly. In particular, in the 2D case,
the resistance does not depend on the inter-tip distance s in this arrangement, making it a

hallmark of two-dimensional charge transport.

It is important to consider that, in the experiment, the distance s is determined from the four
tip positions and as such is a quantity with finite accuracy. The influence of the positioning
accuracy on the measured resistance can be estimated from a model including a deviation
from the desired position for each tip, as sketched in Fig. 2.5 (b). The position of each tip is
subject to an uncertainty 6 r in both directions of the surface plane. The actual tip positions
are assumed to be uniformly distributed in a square spanned by 6r around the desired
location. Within these squares, there exists a set of tip positions corresponding to a maximum
and minimum four-point resistance R™*(s) and RMin(g) respectively. As an estimate for
the effect of the spatial uncertainty, the relative deviation of the four-point resistance as a
function of 6r is determined by

RmaX(s) _ Rmin (S)

4P _
OR/R™ = 7P

(2.38)

Including the uncertainty 6 in the general resistance expressions in Eq. 2.20 and Eq. 2.33

leads to
1 1+ 2¢+2€2
S6Rop/ R = 1 ( ) 2.39
207220 = @)\ 1= 26+ €2 (2.39)
and
2 2
SRyp/ R = - (2.40)

l-€e /(1+e)?2+e?

for the 2D case and the 3D case, where € = 67/ is the relative uncertainty of tip positions.
The derivation of these terms can be found in the appendix A.1.
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2.2. Local four-point resistance measurement technique

In the experiment, when the positioning of the tips is performed using the optical microscope
for visual control, the accuracy of tip positions is limited by its resolution with 67 = 1um. As a
result, this means that in the equidistant configuration with s <20 um, the estimated relative
error of single resistance measurements already exceeds 0.15 and 0.2 for the 2D case and the

3D case, respectively.

This example emphasizes the importance of performing multiple measurements at different
distances for the determination of the conductivity. With a greater range of individual mea-
surements, the influence of the error of single measurements arising from mispositioning
on the determined conductivity is decreased. Furthermore, the influence of the uncertainty
6r that is applying to all tips is reduced by using a non-equidistant linear tip configuration,
where only one of the tips is moved from the initial equidistant alignment with inter-tip
distances s. In this manner, only one tip suffers from the increased relative uncertainty at

small distances, while the others remain stationary at larger spacing and thus smaller 67/s.

The majority of the results included in the following chapters was produced by measuring

the resistance in a linear configuration with the position of one tip being varied.

2.2.4. Geometric constraints

The expressions derived in the previous sections describe the four-point resistance of an
infinite 2D sheet and a semi-infinite 3D bulk conductor, respectively. Depending on geo-
metric conditions, these analytic terms are good approximations for real systems with finite

dimensions.

Insulating boundary

Deviations from the two infinite models can be observed if the system is interrupted in-plane
by an insulating boundary, e.g. a physical limitation of the sample in width or length. Likewise,
in case of a 3D conductor, deviations from the model function are caused in the same manner
by an interruption of translational symmetry towards the sample interior, e.g. by a finite

sample thickness. The effect of both factors is outlined in the following.

The influence of an insulating boundary on the spatial dependence of the electric potential
is determined analytically for simple geometries by the method of mirror images [38]. In
case of a planar insulating boundary perpendicular to the surface, as depicted in Fig. 2.6,
Neumann boundary conditions are imposed on the electric potential, requiring ‘Mé—;ﬁ) =0

for x = 0. If current sources/sinks are introduced in the sample region at x < 0, the resulting
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Chapter 2: Four-point measurement technique

electric potential corresponding to the boundary value problem can be constructed from the
individual free space solutions ®; (R) of Laplace’s equation. The potential ®(R) is found by
including a mirror image with the same polarity across the boundary as the symmetry plane
for each current-injecting tip. This method produces the required boundary condition, since

_dcggcR) " 0 follows directly from ®(R) = ¥; [@;i(x, ) + Di(—x,))].

With 75 and 7 being the positions of the two mirror im-

ages to the current-injecting tips 7} and 7} in a four-terminal Top view
setup, the four-point resistance is obtained after superpo- Conduct%r ol I(l;lsulator
1 2
sition analogously to Eq. 2.15 and 2.29 according to L
—>—>
- - - - - Tlp 1 [ ] I14 { ] I14
®(R) = D1 (R) + D4 (R) + 5(R) + D (R) (2.41) 7
.y
by the evaluation of the potential difference at the posi- Tip 2¢
tions 7% and 73 of the two voltage-probing tips. SI\
Tip 3¢ 1775
For an example of a linear tip configuration with equal I YA
inter-tip distances s parallel to the boundary at a distance Tip 4° ha ®-ly
53

L, as sketched in Fig. 2.6, this results in

Rop(s, L) = Rﬁg(ﬂ, AR Rgg(f%, o fa,Te)  (2.42) Fig. 2.6.: Sketch of the model used
to determine the electrostatic influ-

/(02 2
- 1 In (2 (29)° +(2L) ) (2.43) ence of a planar insulating bound-
702D V' $2+ (2L)? ary perpendicular to the measured
and surface. The potential distribution

b . corresponding to a parallel tip con-
4P (> - o> = 4P (> > o> o
Rsp(s, L) = Ryp (11, 72, 73, 74) + R3py (75, 72, 13, T6) (2.44)  figuration at a distance L to the

1 1 2 1 boundary is found by including vir-
V2t 12 tual current sources with the same

—+ - (2.45)
S \/s2+(2L)?

for the 2D and the 3D case, respectively. In both cases,

T 2no 3D
polarity at 75 and 7 across the

boundary plane.
these expressions converge towards the terms correspond-

ing to equidistant tip configurations in Eq. 2.35 and Eq.

2.37 with increasing lateral distance L to the boundary. As evident from a comparison, the
existence of the insulating boundary in vicinity leads to an increase of the measured resis-
tance, which is reasonable since the boundary acts as a constriction of the current density.
The difference to the (semi-)infinite case can be analyzed by the factor s/L. For s/L =1, the
deviation of the measured resistance from the value that is expected without a boundary
amounts to 25% in 2D and to 16% in 3D, while for s/L < 0.5, there is less than 10% (2D) and

4% (3D) of deviation from the (semi-)infinite model, making it a very good approximation.

Similarly to a lateral constriction of the system, the influence of a finite sample thickness
t on the three-dimensional resistance can be modeled by applying the method of mirror
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2.2. Local four-point resistance measurement technique

charges to the case of an insulating boundary plane parallel to the surface at a distance t. It
is found that in case of t/s > 3, the finite sample thickness does not lead to deviations from
the semi-infinite 3D bulk, while for smaller thicknesses, a continuous transition to 2D-like
behavior takes place [38]. At ¢/s < 0.4, charge transport in the constricted system conforms
to two-dimensional distance dependence. Therefore, in order to experimentally distinguish
intrinsic 2D and 3D charge transport by the respective characteristic distance dependence, it
is required that realized inter-tip distances are small enough to guarantee discernibility in

principle.

Conducting boundary

On the contrary, a sample region can be interrupted by a
conducting boundary, e.g. a junction to a neighboring re- Top view

gion with greatly enhanced conductivity o, > 0, as indi- Conductor ~ Conductor

cated in Fig. 2.7. In analogy to an insulating termination of L01 - 02[_

the sample, the influence of such a conducting boundary Tipis U oha
on the electric potential can also be determined analyti- 5 I A;l
cally for simple geometries. A planar conducting bound- Tipiee

ary perpendicular to the surface at x = 0, as sketched in . si o
Fig. 2.7, introduces Dirichlet boundary conditions to the T 2I |7Z-75]
electric potential with ®(R) = 0 for x = 0. Again, using oo Y "
the method of mirror images, the solution ®(R) of the A X

boundary value problem corresponding to a set of current-
Fig. 2.7.: Sketch of the model used

injecting tips on the surface is obtained by superposition . .
) gup Yy SUperp to determine the electrostatic influ-

of the individual free space solutions ®; (R). For this pur- . . planar conducting bound-
pose, a mirror image with opposite polarity is considered ary perpendicular to the measured
across the boundary for each current source/sink. The ob-  surface. The potential distribution
tained solution ®(R) = ¥ i [<I)l-(x, ¥)—®;(—x, y)] satisfies corresponding to a parallel tip con-

the boundary condition ®(R)|,_, = 0 by default. figuration at a distance L to the
boundary is found by including vir-

For two current injecting tips at 77, 73 and their respective  tual current sources with opposite
mirror images at 7, 7, the four-point resistance is deter- polarity at /5 and 75 across the
mined from the potential difference of the superimposed ~Poundary plane.
expression

D(R) = 01 (R) + Dy (R) - P5(RK) - D6 (R) (2.46)

at the voltage probe positions 7% and 7.

In case of a linear equidistant four-point configuration parallel to the boundary at a lateral
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distance L, as depicted in Fig. 2.7, the measured resistance yields

Rop(s, L) = Rap (71, 7o, 73, ) — Rop (75, 2, 73, 7p) (2.47)
1 V4 2+ (2L)2
= ln(2 (1) ) (2.48)
02D vV (25)2+(2L)2
and
_pdP > 2 > o 4P (> = > o
Rap(s, L) = Ry (71, P2, 73, 1) — Rapy (75, 2, 73, 76) (2.49)
1 1 2 1
= - + (2.50)
2n03p \$  \/s2+(20)2 Vs2+I?

for the 2D and the 3D case, respectively. In the limit of L — oo, the (semi-)infinite case as
described by Eq. 2.35 and Eq. 2.37 is retained.

2.3. Example measurements on SrTiO;

In the previous sections, analytic expressions were presented that allow the ascription of
measured four-point resistances to the underlying conductivity of the system depending on
its dimensionality. The following sections present exemplary distance-dependent resistance
measurements performed with a multi-tip STM on strontium titanate (SrTiO3). This material
is a suitable system to demonstrate the occurrence of charge transport in different dimensions,
since a characteristic transition between a 2D and a 3D regime takes place depending on the in
situ preparation of the sample in-between measurements. Using the four-point measurement

technique, it is possible to characterize the changing conductivity profile in this system.

2.3.1. SrTiO3 material system

Strontium titanate (SrTiOs) is a ternary transition metal oxide in a perovskite structure as
depicted in Fig. 2.8 with unique electronic properties. In its stoichiometric form, this system
is a band insulator with a band gap of ~ 3.2eV [39, 40], whereas as a consequence of an
introduction of oxygen vacancies in the system, the material undergoes a transformation to a
metal [41]. Over the course of this reduction process, the initial valence state of the transition
metal cation Ti in the compound changes from +4 to +3 due to charge compensation [42]. This
valence change mechanism makes SrTiO3 an suitable material for application in memristive
devices which can potentially find use in the fields of energy-efficient data storage and

neuromorphic computing [43].

The influence of oxygen vacancies on the electronic structure of SrTiOs is explained micro-
scopically. As oxygen is removed from the system, electrons are left behind and the system
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o Sr?*

o 0%

o

Fig. 2.8.: Cubic unit cell of stoichiometric SrTiO3. The material compound is ordered in a perovskite
crystal structure with a Ti cation sitting in the center surrounded by cationic Sr and anionic O atoms.

is effectively being n-doped. This process is formalized in the Kroeger-Vink notation as
Oo =V +2e + %Oz, where the subscript denotes that the respective entity is situated at an
oxygen lattice site. Following a consequential distribution in the #,¢ orbitals of Ti atoms in

the crystal, these residual d-electrons can participate in charge transport [41, 44-47].

One way of realizing the insulator-metal transition of transparent conducting oxides such as
SrTiOs is reduction by means of thermal treatment at low oxygen partial pressure. Under this
condition, oxygen vacancies are generated as oxygen effuses from the material at elevated
sample temperature. In macroscopic resistance measurements, it has been shown that
metallic behavior in SrTiO3 starts to emerge after treatment at T = 800°C [47, 48]. In general,
the macroscopic conductivity of the material increases with higher temperatures, as more
oxygen vacancies are generated due to stronger reduction conditions. In the past, SrTiO3
has also been studied by single-tip STM [49, 50], demonstrating that the surface structure

undergoes various forms of transformations after reduction.

While it is clear that the macroscopically observable conductivity is increased with chemical
reduction, the microscopic details of this process and the question how it is tied to structural
properties is not trivial. In this regard, a multi-tip STM proves to be a helpful tool, since its
ability to access charge transport properties locally can be exploited to investigate the con-
ductivity profile of SrTiO3 at different stages of reduction. Using i situ distance-dependent
four-point measurements as outlined in the previous sections, the electronic transport prop-
erties of a SrTiO3 sample are investigated on the microscale. It turns out that slight reduction
at comparatively lower temperatures initially results in charge transport that resembles that
of a 2D conducting sheet in the surface region. After higher reduction temperature, it is found
that apart from increasing by several orders of magnitude, the charge transport behavior
changes to appear as three-dimensional. In the intermediate stage of thermal annealing, a
complex transport regime exhibiting a mixture of 2D/3D behavior is observed. Using analyti-
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cal tools, it is possible to extract the underlying specific conductivity profile resulting from

reduction.

2.3.2. Experimental procedure

The sample that was used in the experiment is an epi-polished Verneuil-grown SrTiO3(100)

single crystal available from CrysTec (Berlin) with dimensions of 3 x 6 x 0.5mm?3

. Every
step of the experiment is performed in the same UHV system without breaking vacuum
conditions, which is essential for the experiment since an exposure to air subsequent to

reduction otherwise results in immediate reoxidation of the sample.

The evolution of electrical properties of the SrTiO3 sample after increasing reduction is in-
vestigated by means of four-point measurements using the STM tips in linear configuration
on the sample surface. For this purpose, distance-dependent resistance measurements are
performed at room temperature in between five successive stages of reduction. The steps of
the experimental procedure is sketched in Fig. 2.9. The sample is reduced thermally by means
of resistive current heating in UHV conditions. During this process, the sample temperature
is monitored on the surface using a pyrometer. Since the application of a DC current leads to
undesired stoichiometry polarization in the ternary system as a consequence of electrodegra-
dation from the applied field [51], which ultimately affects the electrical properties, it is
essential to use an AC current as a means of annealing. Therefore, a 100Hz AC current is
applied using macroscopic contacts during thermal treatment. For each of the annealing
steps, the sample is heated up slowly before maintaining it at the target temperature for a
duration of 60 min. The pressure of p < 10~Y mbar in the UHV system during annealing guar-
antees reducing conditions. After the successful annealing process, the sample is carefully
cooled down to room temperature at a rate of ~ 50°C/min and transferred immediately into
the STM. The five investigated stages of reduction in between electrical measurements with
increasing intensity correspond to a thermal treatment in this manner with constant target
temperatures between 600°C and 1000°C in steps of 100°C.

With the SrTiO3; sample cooled down to room temperature and inserted into the STM sub-
sequent to a reduction step, the STM tips are approached to the sample and positioned on
its surface in a linear configuration on the microscale. Using the piezoelement controlling
z-movement manually, the tips are each gently moved from tunnelling contact towards the
surface to establish ohmic contact. The successful contacting procedure is confirmed by
a sudden increase of current between the respective biased tip and the grounded sample.
Apart from the equidistant tip arrangement with varied inter-tip distances s = 16um, as
outlined in section 2.2.3, a non-equidistant configuration with a distance x between one of
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annealing

»02 O2 02 02
y = N
SrTiO; SrTiO; SrTiOg

Fig. 2.9.: Schematic representation of the experimental procedure. The SrTiO3z sample is subjected
to reducing conditions by means of resistive heating in UHV. As oxygen effuses from the sample and
leaves behind oxygen vacancies acting as dopants, the electronic structure of the sample changes for
as long as reoxidation is prevented. After the reduction process, the sample is inserted into the 4-tip
STM in the same UHV system, such that four-point resistance measurements can be performed in

situ.

the current-injecting tips and its neighboring voltage probe is used. In this configuration,
only x is varied by moving the respective current-injecting tip, while the other tips remain at
fixed positions at s = 16 um > x. Using the general position-dependent resistance terms in Eq.
2.20 and Eq. 2.33, the four-point resistance of an infinite 2D sheet and a semi-infinite 3D bulk

medium corresponding to this arrangement is given by

2s s+Xx
Rop(x, s) = In —)+ln(—) 2.51)
2mo2p X S
and
R3p(x,s) = 1,2 L (2.52)
DA T onoap | X 25 s+x)’ '

respectively. In between single resistance measurements, the appropriate tips are lifted from
ohmic contact before being moved to the next position. All distances between the tips are
determined from the optical microscope, as seen exemplary in the upper inset of Fig. 2.10 (a).

By exploiting the different characteristic distance-dependence of Eq. 2.51 and Eq. 2.52, it is

possible to determine the dimensionality of the occurring charge transport in the sample.

2.3.3. Evolution of conductivity after thermal reduction

The evolution of the four-point resistance obtained from the same equidistant tip arrange-
ment with x = s = 16um after each reduction step is presented in Fig. 2.10 (a). From the
comparison, the measured absolute resistance appears to follow an exponentially decreasing
trend with increasing reduction temperature with the exception of the result obtained after
annealing at T = 700°C. As confirmed by a repeated measurement on a separate sample, the
result corresponding to reduction at T = 700°C is reproducible. It should further be noted
that prior to any thermal treatment, four-point measurements do not yield any reasonable
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Fig. 2.10.: (a) Logarithmically scaled comparison of four-point resistance results obtained in the same
linear tip configuration with x = s = 16 um after thermal treatment at different target temperatures.
With exception of the result corresponding to annealing at T = 700°C, resistances measured in the
same geometry show monotonously decreasing behavior with increasing intensity of reduction. An
exemplary tip arrangement in a linear configuration with x = 8um and s = 16um is shown in the
upper inset. A generalized depiction of the measurement configuration as seen from the side is also
presented schematically in the lower inset. (b) Four-point resistance results of the SrTiO3(100) sample
subsequent to reduction at T = 600°C and 7 = 700°C measured at different inter-tip distances s and x
at room temperature. Being displayed on the right side of the axis break, results from an equidistant
tip configuration are obtained upon varying s. In the non-equidistant configuration, x is varied, while
the remaining tip distances are kept constant at 16pm. For both configurations, the appropriate
distance-dependent 2D model function given by Eq. 2.51 is used to explain the data, as indicated
by the blue curves. To demonstrate deviations from pure 2D transport at small tip distances x, the
simulated resistance of a 3um thick sheet with corresponding conductivity is featured as red curves.

results due to the highly insulating behavior of the unreduced SrTiO3 sample. Over the course
of subsequent annealing steps, the initially insulating sample transforms into a conducting

medium, confirming the results of macroscopic resistance measurements [47, 48].

2.3.3.1. Slight reduction

The detailed results of distance-dependent measurements after annealing at T = 600°C and
T =700°C are shown in Fig. 2.10 (b). Separated by an axis break, the graph features four-point
resistance values obtained in both linear configurations with varying inter-tip distances x and
s. As evident from the correspondence with the blue curves in both regions, the resistance
data is explained by the 2D conductivity model in Eq. 2.35 and Eq. 2.51. The agreement
is particularly clear in the set of equidistant resistance measurements due to the constant
resistance, which is a hallmark of 2D charge transport. From the fits of the underlying model
functions to the measured data, the sheet conductivities corresponding to the two stages of
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reduction are determined to ggppoc = (15.6 + 0.2) uS and o7ggoc = (4.42 £0.03) uS, respectively.

The conductivity values obtained from these measurements on the micrometer scale are
to be understood quantitatively as in-plane averages, since the used model presupposes
an isotropic 2D conductivity. On the nanometer scale, however, local conductivity atomic
force microscopy (LC-AFM) reveals small spots with strongly enhanced conductivity on
an otherwise insulating surface [52, 53]. This observation suggests that the conductivity
constituting the 2D transport behavior witnessed in the experiment is inhomogeneously

distributed on the surface.

As discussed in section 2.2.4, depending on the thickness of the respective medium compared
to the inter-tip distances of the measurement configuration, a 3D conductivity can in principle
appear as two-dimensional due to the spatial confinement of the current lines. Using this
insight, it is possible to find a limit for the thickness for the conducting region below the
surface of the SrTiO3 sample after reduction at T = 600°C and T = 700°C. In order to estimate
the maximum thickness of the conducting region exhibiting 2D behavior, a simulation of
the four-point resistance of a layer with finite thickness is performed and compared to the

experimental data.

For this purpose, the solution of Laplace’s equation for a region of specific thickness with
an isotropic 3D conductivity corresponding to the experimental result on top of an insu-
lating semi-infinite bulk [54] is determined. At small distances x in the non-equidistant
configuration, the first deviations of the simulated results from the measured resistance
values appear for calculations with a thickness of ¢ = 3um, as seen from the red curve in Fig.
2.10 (b). This means that, in the particular tip configuration used in the experiment, only
for £ < 3um, charge transport occurring in a finite layer is indistinguishable from true 2D
transport. Therefore, it is deduced that the observed conductivity in the SrTiO3 sample at this
stage of reduction is spatially limited to 3jum below the surface at most.

The spatial confinement of conductivity to the surface after slight reduction at 600°C and
700°C is explained by the mechanism of oxygen vacancy generation. When subjected to
thermal treatment at reducing conditions, oxygen vacancies are introduced into the sample
system. However, these vacancies do not form in a uniform manner through the sample
interior, but are preferentially generated at dislocation cores due to a locally lower activation
energy [55]. Furthermore, it is known theoretically [56, 57] and experimentally [58], that
generated oxygen vacancies tend to to be clustered in a linear manner. Since the investigated
SrTiO3 sample was subject to mechanical polishing as part of the surface preparation pro-
cedure, it is expected to host a high density of dislocations concentrated at the surface [59].
Therefore, it is suggested that the observed confinement of conductivity after slight reduction
is a result of conducting paths constituted by oxygen vacancies at dislocations close to the
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surface [48].

It is clear that such an ordered manner of vacancy formation must inevitably exist, since
the amount of effusing oxygen during thermal reduction of SrTiO3, as measured by mass
spectrometry [60], is too low to satisfy the Mott criterion, which needs to be fulfilled to explain
a macroscopic conductivity by a diluted distribution of conducting sites across the sample
interior. The correlation of nanoscopic local enhancement of conductivity at the surface
of reduced SrTiO3 with dislocation sites is suggested by LC-AFM investigations combined
with anisotropic etching [43]. This suggested relation is further supported by the observation
of localized conductivity close to the bicrystal boundary of reduced SrTiO3 bicrystals via
LC-AFM [60].

Apart from the existence of dislocations at the surface, the suspected tendency of oxygen
vacancies to form at the surface is enhanced by the fact that the respective formation energy is
lower for surface vacancies compared to the bulk interior [61]. This circumstance is expected
to be particularly influential at lower annealing temperatures (T < 700°C), which supports

the measured four-point resistance data.

The assumption of the measured 2D conductivity being an average in-plane quantity consti-
tuted by a network of conducting paths raises the question how point-like electrodes such as
the utilized STM tips placed on the surface can form an electrical connection. In LC-AFM
studies [52, 53], the terminating points of the conductive paths on the SrTiO3(100) surface
appear as inhomogeneously distributed nanoscale areas of enhanced conductivity within an
insulating medium. The respective density of conductive spots on the surface is estimated
to 10'! cm~2. Following this density and estimating the curvature radius of an STM tip as
I'ip = 25nm, a contact area of nrtzip covers an average of two conductive spots upon contact
with the surface. By pushing the STM tip further into the surface, the contact area can be even
large due to deformations. For this reason, the inhomogeneous distribution of connections
to the conducting network on the surface is not detrimental regarding the establishment of

electrical contact.

2.3.3.2. Strong reduction

Detailed results of distance-dependent measurements after strong reduction at T = 900°C
and T = 1000°C are presented in Fig. 2.11 (a), with the axis break separating the two used
linear configurations. As seen from the agreement with the red curves representing a fit
of Eq. 2.52, the obtained four-point resistance exhibits 3D transport behavior. The 3D
conductivities corresponding to the best fits are determined to gg9gp-c = (23.9 +0.5) S/m and
01000°Cc = (69.3 +0.4) S/m, respectively. Analogous to the 2D case after slight reduction, a
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Fig. 2.11.: (a) Distance-dependent four-point resistance of the SrTiO3(100) sample measured at room
temperature after reduction at T'=900°C and T = 1000°C. Being separated by the axis break, results
from equidistant as well as non-equidistant arrangements are presented, where in the non-equidistant
arrangement, s is kept constant at 16um. The distance-dependent 3D model function given by Eq. 2.52
explains the entirety of the resistance data, as evident from the corresponding fits being illustrated by
red curves. Additionally, the simulated resistance of a 50um thick layer with the same 3D conductivity
as obtained from the fit is represented by the green curves. Since deviations of the simulation from
the pure 3D model are observed up to this thickness, it is suggested that the conducting region in
the SrTiO3 sample extends to at least 50um below the surface. (b) Distance-dependent four-point
resistance of the SrTiO3 sample in the equidistant and non-equidistant configuration after thermal
treatment at T = 800°C. Exemplary 2D and 3D resistance functions chosen to fit the data at small
distances x are denoted by blue and red curves, respectively. Due to mixed conductivity contributions,
neither model can explain the entirety of the data. Represented by the green curve, a fit of the N-layer
model with N = 25 is used to describe the data set. The corresponding conductivity profile of the
sample and its discretization into the 25 segments used as the model input are shown in the inset. As
evident from the grey curve, an N-layer model fit assuming a purely exponential decay of conductivity
without a constant bulk component does not agree with the measurement results.

minimum thickness of the observed three-dimensional conducting region can be determined
by comparison to the simulated resistance of a conducting layer with finite thickness. It
is found that for the used inter-tip distances, deviations of simulated results from the half-
infinite 3D model are obtained up to thicknesses of 50um. The corresponding four-point
resistance is illustrated by the green curves in Fig 2.11 (a). For larger layer thicknesses, it
is not possible to distinguish between infinitely extending and confined conductivity from
the experimental data. Therefore, it is concluded that the observed conducting region after

strong reduction of SrTiO3 extends beyond a depth of 50um below the surface.

It should further be noted that even at high temperature reduction, the concentration of the
vacancies constituting conducting sites in SrTiOj is still too low to satisfy the Mott criterion
[60]. This implies that that the 3D conductivity inferred from the resistance data is understood

as an in-plane average of the nanoscale conducting network.
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The emerging 3D transport behavior observed after strong reduction is consistent with the
mechanism of oxygen vacancy generation. As a consequence of the thermal energy at high
temperature treatment, oxygen vacancies are formed even in the interior of the sample
beyond the dislocations at the surface. The high temperature furthermore facilitates the
diffusion of vacancies from the dislocations into the bulk of the material [62]. Therefore,
a bulk conductivity surpassing the surface contribution is constituted by an increasingly

dominant continuum of conducting sites.

2.3.3.3. Intermediate reduction

Distance-dependent resistance data obtained after intermediate reduction at T = 800°C
is presented in Fig. 2.11 (b). The blue and the red curve denote 2D and 3D resistance
model functions according to Eq. 2.51 and Eq. 2.52 chosen to agree with the data at small
tip distances. As evident from their disagreement with the data, the sample cannot be
understood as a singular isotropic 2D or 3D system and instead, a mixed transport regime
has to be considered. To take mixed 2D/3D conduction contributions into account, the
resistance data obtained after intermediate reduction is explained using an analytical N-layer

conductance model [54, 63].

In principle, mixed conductivity contributions can be described as a first approximation
within a circuit model including a 2D and a 3D channel in parallel. The underlying distribution
of conductivity in the present sample, however, is expected be more complex than a strictly
parallel connection and requires a detailed description. The data is instead explained by
determining the four-point resistance from an anisotropic conductivity distribution o (z)
in the sample interior. At a given depth below the surface z, the obtained conductivity is

assumed to be isotropic in-plane.

A known conductivity profile as a continuous function o(z) can be discretized into a step
function of N segments with isotropic conductivity, such that Laplace’s equation can be solved
analytically for each of the segments using the resulting 2N + 1 boundary conditions. With
the obtained solutions of the electric potential, a four-point resistance corresponding to the
tip configuration of the experiment can be determined [54]. In order to derive an expression
for the resistance to compare with the experimental data, a model for the conductivity profile
0(z) needs to be assumed. As the in-plane average conductivity is expected to follow the
density of dislocations in the sample, which is shown to be exponentially decreasing towards
the interior [43, 64], a corresponding exponential conductivity profile

o(z)=0q-e ¥, (2.53)

24



2.3. Example measurements on SrTiO;

is assumed as a first approach, where oy and A denote the unknown parameters of the model.
It is emphasized that, although modeled as a depth-dependent quantity that is isotropic
in-plane, the planar distribution of conducting regions on the nanoscale is expected to be
inhomogeneous in the reduced sample. The expected distribution of conducting regions
in the sample and the corresponding assumed in-plane conductivity profile o(z) are shown

schematically in Fig. 2.12 (a).

A calculated fit to the experimental data with N = 25 based on the model conductivity in
Eq. 2.53 is included as a grey curve in Fig. 2.11 (b). While following the general trend of the
data, the calculation according to this model fails to reproduce the four-point resistance at
all tip distances. The disagreement to the experimental results is particularly apparent at
large tip distances, where the four-point measurement method is more sensitive to charge
transport deeper in the interior [65]. As the resistance is overestimated in the assumed model,
an unconsidered transport contribution in the sample interior is present and needs to be
incorporated to satisfy the data. A comparison to quantitative investigations of the dislocation
distribution in SrTiOs in literature substantiates this assumption. The exponential decay of
the dislocation density is found to be primarily evident in the first few micrometers below the
surface [48, 59, 64]. According to the model in Eq. 2.53, such a steep decrease of conductivity
would lead to an exhibition of 2D behavior at distances in the order of s = 20 um, resulting in
a larger deviation from the measured four-point resistance than the one obtained from the fit
in Fig. 2.11 (b). In transmission electron microscopy measurements of a cut SrTiO3 surface,
it is demonstrated that instead of converging to zero, the dislocation density saturates to a
constant level after ~ 10um of depth [64]. Based on this realization, the conductivity profile
model o(z) is expanded by a corresponding constant bulk component o in the sample

interior.

As indicated by the green curve in Fig. 2.11 (b), the result from this extended model with N =
25 segments is in good correspondence with the entirety of the measured resistance data. The
bulk conductivity op = (2.34 £ 0.01) S/m, the initial conductivity oy = (9.3 £0.2) S/m and the
decaylength A = (1.75+0.04) um as the three parameters of the underlying conductivity profile
are determined from the best fit to the data. The corresponding conductivity profile o(z) and
the according discrete step function used as the input for the N-layer model are presented in
the inset of Fig. 2.11 (b). The determined decay length A, which according to the mechanism
of oxygen generation is interpreted to correspond to the near-surface exponential decay of
the dislocation density, agrees well with quantitative results from literature [48, 59, 64]. Also,
a surface investigation on a cross-sectional cut of a reduced SrTiOs crystal by LC-AFM reveals
a map of locally enhanced conductivity that quantitatively coincides with the reconstructed
conductivity profile o(z) [60].
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Fig. 2.12.: (a) Crosssectional sketch of the assumed distribution of conducting sites in the SrTiO3
crystal after intermediate reduction at 7 = 800°C including the corresponding assumed in-plane
average conductivity profile. As oxygen effuses from the sample due to thermal reduction, corre-
sponding vacancies form in the sample and enhance the conductivity locally. Being the energetically
preferred option, oxygen vacancies primarily form at dislocation cores and therefore establish a net-
work of conducting filaments along the hierarchical distribution of dislocations at the surface [43].
The resulting conductivity profile o(z) is understood as a saturating exponential decay of average
in-plane conductivity. (b) Overview of the experimentally obtained conductivity of the SrTiO3 sample
after different stages of thermal reduction. To enable the comparison, the 2D conductivity values
resulting from slight reduction at T < 700°C are converted to corresponding 3D conductivity values
assuming a finite layer thickness of 1ym. Since the maximum sheet thickness is known to be 3um
from the simulation shown in Fig. 2.10 (b), a lower limit can be determined for both data points.
With the minimum sheet thickness being unknown, however, the respective upper boundary for the
conductivity cannot be determined. For T = 800°C, where mixed 2D/3D contributions are observed
in the form of a conductivity profile, the constant bulk component op as well as an average 3D value
03, obtained from integration up to 31 below the surface are presented.

Figure 2.12 (b) presents an overview of the obtained conductivity values corresponding to
all investigated stages of reduction in SrTiO3. To enable the direct quantitative comparison,
the 2D conductivity values resulting from slight reduction at T = 600°C and T = 700°C are
converted to 3D conductivities assuming a confinement to a finite layer of 1 um thickness. As
evident from the simulation results presented in Fig. 2.10 (b), charge transport after slight
reduction is extended to a maximum depth of 3 um below the surface. It is therefore possible
to determine a lower limit of the converted 3D conductivity values, which is denoted by the
bars in Fig. 2.12 (b). However, it is not possible to determine an upper conductivity limit due
to the unknown actual layer thickness. To compare the conductivity resulting from reduction
at T = 800°C explicitly, two values obtained from the conductivity profile containing mixed
2D/3D contributions are displayed separately in Fig. 2.12 (b). Apart from the additive 3D
bulk component op from the sample interior, the average 3D conductivity in the region of
exponential decay o3, is determined from an integration of the continuous conductivity
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profile. It is emphasized that even after strong reduction, conductivity in the interior might be
confined to a finite depth, even though it is denoted as three-dimensional. With the inter-tip
distances used in the experiment, the analysis depth of the four-point method is restricted to
~100pum.

As evident from the comparison in Fig. 2.12 (b), a general trend of increasing conductivity
is observed for increasing annealing temperatures T = 800°C, which is interpreted to be
due to an increasing amount of generated oxygen vacancies. In case of lower temperatures
T =600°C and T =700°C, an opposite trend is observed. This unintuitive trend of decreasing
conductivity is not seen in macroscopic resistance measurements. Therefore, it appears
reasonable that the measured effect is related to surface properties of the sample due to the
surface-sensitive nature of the four-point STM method. One possible explanation is the influ-
ence of contaminations on the surface introduced during storage and sample preparation by
the manufacturer in ambient conditions. Therefore, the conductivities obtained after slight
reduction up to 800°C are not understood to be an intrinsic material property. Additionally,
carbon contaminants at the sample surface can dissolve at 700°C according to CO, — CO
+% O, as shown in XPS measurements [53, 66]. The produced oxygen can either effuse or
integrate into the crystal. An indication of this effect is found by an abrupt decrease of oxygen
effusion rate during thermal reduction between 700°C and 800°C [60]. It is therefore expected
that a portion of the produced oxygen below 800°C is also incorporated into the sample,
which effectively results in a decrease in conductivity in surface-sensitive measurements.
The decrease of conductivity at 700°C might also be facilitated by a rearrangement or an-
nihilation of dislocations during thermal treatment, which leads to a redistribution of the

conductivity-enhancing oxygen vacancies.

With more thermal energy provided during reduction at higher annealing temperatures,
the counteracting effect on the conductivity due to contaminants is surpassed as oxygen
vacancies are increasingly generated beyond the dislocations. As illustrated in Fig. 2.12 (b),
this is substantiated by the observed Arrhenius behavior of the conductivity between 800°C
and 1000°C, with a corresponding activation energy of Ex = (1.5+0.2) eV.

The non-monotonous evolution of conductivity with increasing annealing temperature is
therefore explained by two counteracting processes. Overall, it is evident that SrTiOs changes
its electrical properties drastically after thermal reduction. Apart from the known characteris-
tic insulator-metal transition of the material, the system additionally undergoes a continuous
transition from 2D to 3D charge transport due to the changing manner of oxygen vacancy
generation. While the preferential formation of vacancies at dislocations concentrated at the
surface results in a 2D conductivity at lower temperatures, a 3D conductivity is established at
higher temperatures due to enabled vacancy generation in the interior of the material. After
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reduction at intermediate temperatures, a transport regime with mixed 2D/3D transport

characteristics, which are resolvable by the four-point STM technique.

2.4. Summary

In this chapter, the four-point resistance measurement principle, as well as the theoreti-
cal foundation to the measurement technique have been introduced. The fundamental
expressions relating the measured resistance in any possible configuration of probes to the
underlying conductivity of two-dimensional and three-dimensional systems were derived.
Also, the limitations of these derived models due to geometric constraints in real sample

systems were discussed.

The fundamental technique of distance-dependent four-point resistance measurements was
demonstrated on the suitable example system of SrTiO3. Using this material, the characteris-
tic appearances of 2D and 3D charge transport behavior, as well as their continuous transition
were explored in comparable measurement configurations on the same sample. Furthermore,
it was shown that, even in transport regimes with mixed dimensionality contributions, it is

possible to resolve different transport components quantitatively.

As already evident from this example system, it is not possible to resolve effects caused
by sample properties on the nanoscale using resistance measurements in configurations
with inter-tip distances on the scale of several micrometers. In order to access four-point
resistances on the nanometer scale, controlled tip movement beyond the resolution of the
optical microscope is required. In the next chapter, a positioning method based on STM scans
with each tip is presented, which allows to realize more compact measurement arrangements

with greater positioning precision.

The results presented in this chapter regarding the investigation of SrTiO3 are published in
Ref. [67].
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CHAPTER 3

Nanoscale tip positioning

In this chapter, a precise tip positioning technique based on the verification of tip positions via
STM scans is presented. Using this method, it is possible to realize four-point measurement

setups with all four tips placed in areas smaller than 1 x 1um?.

After a short motivation, the principle of the positioning method is explained. The required
calibration procedure of the scanning piezo with the optical microscope is demonstrated. It
is then shown how absolute distances are determined from the scan images of the calibrated
scanner. Finally, the application of this method is illustrated by presenting an example

measurement of distance-dependent four-point resistances on the nanometer scale.

3.1. Motivation

As seen in the example measurements in the previous chapter, position-dependent resistance
measurements using the four-tip STM are limited to the micrometer scale when the tip
positioning is controlled by an optical microscope. With the scale of inter-tip distances
approaching the resolution of the optical microscope, distances between the tips as well as
the alignment of their positions to each other cannot be realized with certainty, which impairs
the validity of determined conductivities. In order to access effects in charge transport that

are expected on the nanoscale, control of tip positions via optical microscopy is impractical.

An exemplary optical micrograph of a measurement configuration with inter-tip distances of
~ 4pum is shown in Fig. 3.1 (a). When estimated from the top view provided by the micrograph,
contact points of the tips are assumed to be at the perceptible end of each tip along the
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Fig. 3.1.: (a) Optical micrograph of an exemplary linear tip configuration used for four-point resistance
measurements. When determining inter-tip distances from optical microscopy, the contact points of
the tips are assumed to be at the end of the perceptible tip shape along the mirror symmetry axis, as
indicated by the red dots. With inter-tip distances of ~ 4um, the dimensions of the configuration are
close to the resolution of the microscope. For smaller tip distances, the influence of the uncertainty is
too large to reasonably determine electrical sample properties. (b) Schematic illustration of systematic
position errors due to plastic tip deformations. When a tip is bent upwards, e.g. due to crude
contacting, the respective deformation cannot be identified from the top view. As a result, the actual
point of contact to a sample surface is shifted compared to its assumed position at the tip end as

determined from the projection.

mirror symmetry axis, as denoted by the red dots in the image. In the presented example
configuration, inter-tip distances are close to the order of the microscope resolution, such
that a significant uncertainty of the measured four-point resistance is to be expected when
moving tips even closer. Furthermore, it is difficult to recognize imminent collisions between
the tips when doing so. When an SEM with increased spatial resolution is used for the control
of tip positions, as an alternative, tips can in principle be positioned closer. However, the
imaging of pristine samples by SEM can have undesired effects on the investigated electronic
system [36, 37].

Apart from the image resolution, an additional problem arising from the determination of tip
distances using optical means is a possible introduction of systematic position errors due to
tip deformations, as depicted in Fig. 3.1 (b). While lateral tip deformations, e.g. due to tip
collisions, are easily seen from the top view of the tip arrangement, upward tip deformations
cannot be identified as the projected shape of the bent tip appears to be straight. Plastic
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upward deformations like this result from repeated crude contacting of hard surfaces. With
tip positions nominally assumed to be at the end of the tip shape as it is perceptible in the
microscope image, such a deformation introduces an additional error to the determination
of inter-tip distances in the order of the bent length segment. As this source of errors is due
to the top view of the tip setup being a projection of a three-dimensional objects onto the
sample plane, the influence of this issue is also present when tip positions are controlled by
SEM imaging.

In order to circumvent the outlined uncertainty issues and reach the nanometer scale of
inter-tip distances, a positioning method relying on STM imaging is employed. By using the
topography of the sample surface as a basis for tip positioning, tips can be navigated across
the surface in tunneling contact with greatly enhanced spatial precision. Furthermore, by
using STM scans for identifying desired tip placements on the sample topography, plastic tip
deformations do not introduce positioning uncertainties, since the STM images are acquired
in tunneling contact by the actual contact point itself. Altogether, tip positioning via STM
imaging enables a large range of possible tip configurations only limited by tip radii.

3.2. Principle of positioning

The principal concept of the nanoscale positioning technique is to determine the position of
each tip on the surface using the recorded topography of the underlying sample as a reference.
This approach is enabled by exploiting the ability of all four STM tips to function as individual

scanners.

The principle of the procedure is illustrated in Fig. 3.2. As a first step, one of the four tips
(e.g. tip 1) is used to acquire an overview STM scan of a large area of the sample surface, as
depicted in Fig. 3.2 (a) for the case of a scan of 4pm x10pum size. The scanned area is the
area of interest for the eventual local four-point investigation. The corresponding topography
scan serves as a reference map for the navigation of all tips. Prior to the scanning process, the

other tips are moved outside of the scan range to avoid collisions.

After the completion of the overview scan, the idle tips are moved into the scanned region.
With the overview scan being large enough, the optical microscope offers sufficient accuracy
to do so without tip collisions. Being situated in the scanned overview area, all tips are
brought into tunneling contact to perform small scans of the sample surface, as indicated in
Fig. 3.2 (b). For the positioning procedure, it is crucial that all tips are located somewhere in
the large overview scan in order to guarantee an overlap in the imaged topography with these
small scans performed with each tip.

31



Chapter 3: Nanoscale tip positioning

Fig. 3.2.: Principle of the tip positioning procedure based on overlapping STM scans used for transport

measurements on the nanoscale. (a) One of the STM tips is used to acquire a large overview scan of an
area of the sample surface which is targeted for four-point resistance measurements. The recorded
overview scan (shown in (c) for the present example of a BiSbTes sample) constitutes a reference
map for precise tip navigation. (b), (c) Subsequently, all four tips are moved into the mapped area to
perform small scans individually. The positions of all tips are identified within the reference map by
recognition of topographic features from the corresponding small scans in the overview scan. As an
example, a characteristically shaped island is highlighted in cyan. After identifying all tip positions in
the reference map, the tips are navigated to their target positions to establish electrical contact in the
desired configuration. This fine movement is carried out in tunneling contact by piezoelectric control.
After every displacement step, the exact position of each tip can be reconfirmed by further scans.

By recognition of distinct features of the imaged sample topography, the small scans per-
formed with each tip can be located in the image of the large overview scan (Fig. 3.2 (c)).
Prominent features that are useful for this purpose can be step edges, islands or other charac-
teristically shaped constituents of the topography. If an investigated sample surface happens
to have a plain, flat topography without distinct characteristics, features can in principle be
generated artificially on the surface prior to performing the overview scan. For this purpose,
voltage pulses can be applied with the STM tips while in tunneling contact with controlled
separations, leaving marks which can be used as anchor points.

With the small scans identified in the image of the large overview scan, the locations of the
respective scanning tips within the overview scan are identified as well. In order to realize a
desired tip arrangement on the mapped surface, the tips are navigated across the surface to
their target position by xy-control of the scanning piezos without leaving tunneling contact.
Fine movement in this fashion is controlled blindly by applying voltage to the scanning piezo
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without immediate visual confirmation. Therefore, tips are moved in steps with small STM

scans performed in between to reaffirm the changed position within the large overview image.

After navigating all tips to their desired positions, all STM tips are lowered to the sample
surface from tunneling contact to establish electrical contact. Within the scope of distance-
dependent resistance measurements, the tip positions need to be varied in between electrical
measurements. This is done by retracting the respective tips that are intended to be moved
back into tunneling contact to navigate them to the next measurement position, while leaving

the static tips at their position in hard contact.

From the realized tip configurations in a measurement series, the corresponding tip distances
are determined from the positions of the tip in the large overview scan, as indicated in the left
panel of Fig. 3.2 (c). As a first approximation, inter-tip distances are evaluated by measuring
the nominal lengths in the scan using the calibrated linear piezo constant of the scanner. By
considering the non-linearity and the hysteresis of the displacement by the piezo element, as

shown in the following sections, distances from the scan can be determined more precisely.

3.3. Sources of image distortion

As mentioned, a first approximation of distances read from the overview scan is given by
the known linear piezo constant of the corresponding scanner, which relates the applied
voltage to the piezo element from the starting conditions of the overview scan to a nominal
lateral displacement xy and yy in the surface plane. This constitutes the nominal coordinate
system indicated in the left panel of Fig. 3.2 (c). However, as can already be seen from the
systematically squashed appearance of the imaged islands at large x; in the topography
scan, the actual displacement x and y of the scanning tip follows a non-linear relation to the
applied piezo voltage. Furthermore, the displacement caused by the piezoelectric effect is
subject to hysteresis and creep effects. The distortions are pronounced for large nominal
displacement. For measurement configurations with small inter-tip distances close to the
starting positions of the overview scan, the first approximation is sufficient for distance
determination. By accounting for these deviations from the first approximation of a linear
response of displacement to applied voltage, however, the precision of distance determination

can be improved.

The different sources of error for distance determination from the scan image are evaluated
separately. Piezoelectric creep is an effect that only persists for a relatively short time after
applying a voltage to the scanning piezo. Its impact on the recorded overview scan can be
circumvented by waiting for a sufficient amount of time before starting the scan. Also, even
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if a creep effect is present at the start of the scan image, its influence on the determined
distances can be easily minimized by realizing a measurement configuration in the center of

the overview scan, where the effect has already faded.

Thermal drift in the xy-plane as a further potential source of image distortion is observed
to be constant at < 0.3nm/min in the experiment [34, 68] for the relevant time scale of the
overview scan. With an average scanning speed along the slow axis of ~ 17nm/min, the
relative uncertainty of inter-tip distances arising from thermal drift amounts to less than
2%. Thermal drift as a cause of scan distortion is therefore regarded as insignificant with

appropriate scanning speeds.

Furthermore, the non-linear response of piezoelectric actuation contributes to image dis-
tortion. At large tip displacement, this effect is significant and needs to be considered. To
determine the non-linear relation between actual tip displacement x, y and the nominal tip
displacement xy, yo directly related to the applied piezo voltage, a quantitative evaluation of
the tip displacement as observed in the optical microscope is carried out. This procedure is

described in the next section.

Lastly, it is further noted that due to piezoelectric hysteresis, the actual tip displacement
as a response to an applied piezo voltage is not only non-linear, but also dependent on
the initially applied voltage prior to displacement. To be able to treat the relation of actual
displacement to nominal displacement as reproducible, it is necessary that the overview scan
in the experiment is performed under the same conditions as the calibration. Therefore, it
is crucial to perform the overview scan with the scanning tip after a few hours of rest and
according to the same protocol as in the calibration regarding range and speed of the applied

piezo voltage.

3.4. Calibration of non-linear piezo response

By evaluating the relative tip movement in the optical microscope, it is possible to find
a relation between the nominal displacement and the actual displacement for a specific
movement protocol. Constituted by the starting voltage, the voltage range and the speed of
voltage application, the movement protocol is chosen to emulate x-motion of the scanning
process during acquisition of the overview scan. Optical micrographs that are taken at
different stages of displacement during the tip motion are converted into a matrix containing

brightness values that can be used for quantitative analysis.

Before the actual displacement can be inferred from the tip movement in microscope images,
it is important to first identify the orientation of the x-axis of the scanning system in the
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Fig. 3.3.: Identification of the x-axis of the tip movement caused by the piezoelectric actuator. As

the tip is moved slowly along the x-direction of the scanning system, a series of microscope images
is recorded. (a) In the first micrograph, the brightness values of the image are evaluated along a
profile line that is drawn across the perceived tip projection. As shown in the inset, the brightness
minimum along the line profile is determined as a reference point for the tip position. (b) In the other
micrographs, multiple line profiles that are strictly parallel to the one in the first image are evaluated
across the tip projection. The same reference point as defined in the first micrograph is found by
identifying the profile line minimum with the same brightness value, as demonstrated in the inset.
The x-axis of the piezo actuation in the microscope perspective is determined as the connecting line
between the recognized reference points in all images.

microscope image. To do this, the brightness of the first microscope image during x-motion
is evaluated along a profile line that is drawn across the projection of the tip, as depicted in
Fig. 3.3 (a). The position of minimum brightness along the profile line is determined as a
distinct reference point for the tip projection. In the other microscope images that are taken
during the movement protocol, the same reference point can be found by sampling multiple
profile lines that are parallel to the one in the previous image across the tip projection and
finding the corresponding minimum with the same brightness. This is illustrated in Fig. 3.3
(b). The connecting line between the minima in the microscope images defines the x-axis of

the piezo movement.

With the orientation of the x-axis being known, the actual displacement x of the tip can be
determined as a function of nominal displacement x, from the same microscope images. For
this purpose, the image brightness is evaluated along a profile line through the tip projection
along the identified x-axis in all micrographs, as shown in Fig. 3.4 (a) and (b). The actual tip
displacement in each microscope image is determined by fitting an empiric model function
to the line profile and thereby quantifying the movement of the tip projection with respect to
the starting point xo = 0. This method of determining the displacement exploits the fact that
while the optical microscope is not useful to identify absolute positions of one tip, relative
changes in the tip’s positions to each other in the images can be determined more precisely.
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Fig. 3.4.: Calibration of the non-linear piezo response by quantitative analysis of microscope images.
(a),(b) While being moved along the x-direction according to a defined protocol, microscope images
are taken of the tip at different nominal displacement xy. The brightness values obtained from
the micrographs along the identified x-axis are used to determine the relative movement of the tip
projection from one image to another by fitting an empiric model function. The moved distance along
the x-axis with respect to the the first image corresponding to starting position x, = 0 is identified as
the actual displacement. (c) As expected, quantitatively obtained values of actual displacement follow
a characteristic non-linear relation to the nominal displacement. The actual displacement is modeled
heuristically by a second order polynomial function. The obtained set of model parameters is strictly

associated to the used movement protocol.

The actual tip displacement x as a function of nominal tip displacement x inferred from
this quantitative method is presented in Fig. 3.4 (c). The characteristic non-linear behavior
of piezoelectric elements is seen clearly. In particular, the deviation of the actual tip dis-
placement from the linear response approximation is apparent for nominal displacements
Xp > 4pum. The acquired data set is modeled heuristically by a second order polynomial
function

x(xo):a-x§+b-x0+c, (3.1)

which is featured as a red curve in Fig. 3.4 (c). Using this model, any nominal tip position x
in the overview scan in Fig. 3.2 (c) can be related to its actual displacement measured from
the starting point at the top of the scan. Distances between tips arranged in a vertical line can

therefore be determined as

Xi = Xj = a-(xg; = Xg;) + b (xoi = Xo) (3.2)

& s=a-so(xo; +Xoj) + b so, 3.3)

with sy and s denoting the nominal and actual tip distance between a pair of tips indexed by i
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3.5. Example measurement

and j. Itis emphasized that this model is understood to reproduce actual tip displacement in
x-direction during the overview scan only for the specific movement protocol it is calibrated
to.

The uncertainty of tip distances o determined in this manner is influenced by the uncertain-
ties of the model parameters o, and o, from the fit and is obtained from the propagation of

errors as

or _Vlso+2w) o+ o (3.4)
s a(so+2x))+b '

For a set of parameters a = (8.2+0.3)-10°nm~! and b = (0.77 £ 0.02) obtained for the
exemplary movement protocol presented in Fig. 3.4 (c), the relative uncertainty of determined

distances amounts to ~ 2.5%.

The entire displacement calibration procedure relies on the principle that contrary to absolute
positions, relative changes in the tip position between several images can be determined
confidently by quantitative analysis from optical micrographs. In principle, the calibration of
a defined movement protocol could also be done by applying a pattern recognition algorithm
to the series of micrographs as a more sophisticated way of determining tip displacement.
It is further noted that it is only necessary to characterize the non-linearity of the piezo
actuator corresponding to the tip which is performing the large overview scan. Distortions in
the smaller scans acquired by the other tips are not relevant, since the determination of tip

positions is made via the identification of topographic features in the overview scan.

Since almost all measurements on the nanoscale presented in this work are performed in a
linear arrangement along the x-axis of scanning system, only the calibration of piezoelectric x-
motion was demonstrated in this section. However, an analogous calibration of the y-motion

of the scanning tip can be done using the same principle.

An exemplary distance-dependent four-point resistance measurement realized by the demon-
strated positioning technique is presented in the next section.

3.5. Example measurement

Using the presented positioning technique, four-point resistance measurements can be
performed in tip configurations that are impossible to realize with optical position control.
By using piezoelectric control to navigate tips across the mapped surface in tunneling contact
and affirm their positions by performing small local scans, minimum distances between

the tips in the experiment are truly only limited by their radii. With high quality tips, it is
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Fig. 3.5.: Distance-dependent four-point resistance measurement of a BiSbTes sample on the nanome-
ter scale. (a) Final tip configuration resulting from positioning via STM scans as viewed from the
optical microscope. With all four tips placed on the surface within a linear section of just 1.3pum of
length, details of the arrangement are completely indiscernible in the optical view. (b) Section of the
overview STM scan that is used for the alignment of the tips. The positions of the static tips in the
electrical measurements are marked by green circles, while the position of the mobile tip is indicated
in cyan. In the experiment, a current is injected between the outer two tips, with the inner two tips
probing the resulting potential difference. (c¢) Measured four-point resistance as a function of the
distance x between the two voltage-probing tips. The acquired data is explained by a 2D conductivity
model represented by the red curve. The conductivity of the sample is determined to (2.76 + 0.05) mS,
which is in agreement with measurements on the micrometer scale.

conceivable to access inter-tip distances s < 150nm in the experiment.

Figure 3.5 presents results of an exemplary distance-dependent four-point resistance mea-
surement on the surface of a template BiSbTe; sample. The optical microscope view of the
linear tip arrangement with all four tips aligned within 1.3um is seen in Fig. 3.5 (a). Evidently,
the ends of the tips are indiscernible in the image with the realized inter-tip distances. The
positions of the tip in a section of the overview scan are indicated by colored circles in Fig.
3.5 (b).

Within the scope of the corresponding electrical measurements, a current is induced between
the outer two tips (tips 1 and 4) of the linear arrangement while simultaneously probing the
potential difference between the inner two tips (tips 2 and 3) separated by the distance x.
The four-point resistance is acquired at variable x by moving tip 3 along the configuration
symmetry line in tunneling contact between each electrical measurement. The measured
resistance of the sample as a function of inter-tip distance x is presented in Figure. 3.5 (c).
With a spacing of ~ 1 um left between the mobile voltage probing tip and one of the current-
injecting tips, it is possible to probe the local resistance at more than 10 points between the
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3.5. Example measurement

static tips. As described in the previous section, the distance x, as well as the distances s;»
and sy4 between the static tips, are determined from the overview scan image. The acquired
data is modeled by applying the general expression for the four-point resistance of a two-

dimensional system given by Eq. 2.20 to the geometry of the tip configuration, which results

$24 S$24— X
ln(—) —ln( )
S12 S12+ X

From a fit of the model to the data, the two-dimensional conductivity of the sample is

in
Rop(x) =

. 3.5)

2m02p

determined to (2.76 +0.05) mS, which coincides well with measurements at macroscopic

distances on the same sample.

In the same manner as in this example, the demonstrated tip positioning method based on

STM scans is used for most measurements that are presented in the following chapters.
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CHAPTER 4

BiSbTe; material system

This chapter is dedicated to the BiSbTes (BST) material system that is the subject of the suc-
ceeding investigations. After explaining the conceptual background to the class of topological
insulator (TI) systems and the resulting characteristic properties, the ternary compound

(Bij—xSby)2Tes and its realization as a thin film is introduced.

4.1. Topological insulators

Topological insulators are a novel class of materials that, just as an ordinary insulator, possess
a bulk energy gap between the valence band and the conduction band. However, at its
boundary, a TT additionally hosts gapless states that are protected by time-reversal symmetry.
In this context, the boundary of the corresponding system is understood as a surface or an
edge in three or in two dimensions, respectively. This means that while the interior of the TI
system is insulating, conducting states exist at its termination that are robust against local
perturbations.

4.1.1. Chern number

In general, the topological class of an electronic system is determined by its topological
invariant. For systems that are not constrained by time-reversal symmetry, this topological
invariant is given by the Chern number 7 € Z, which can be viewed as analogous to the genus
of geometrical shapes in mathematics. For a system with translational symmetry described
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Fig. 4.1.: Sketch of topologically protected edge states with different symmetry relations in two di-
mensions. (a) With broken time-reversal symmetry, topological edge states have chiral character,
which means that carriers in the edge states propagate in one direction only. This corresponds to a
single branch in the band gap. The depicted spin-degenerate case is the quantum Hall insulator phase.
The analogous spin-filtered case is the quantum anomalous Hall phase, where the one-way mode is
populated by carriers of only one spin type. (b) When time-reversal symmetry is not broken, the edge
states of a topological insulator are of helical nature. This property denotes two counter-propagating
modes with reversed spin, corresponding to two spin-dependent branches in the band gap. The
depicted example case is the quantum spin Hall phase.

by a Hamiltonian /4 (k) such as a crystal, the solutions to Schrédinger’s equation are given by
periodic Bloch states ‘ um(%) > , where m denotes the index of occupied bands. The Chern

number of this system is then given by [69]

nznil% Bzﬁkxi<um(12)|§k|um(ﬁ)>ds @.1)

with dS being the surface element in reciprocal space and BZ denoting the Brillouin zone.
The expression in the integral is called Berry flux and upon evaluation of the integral results
in the additional phase that is picked up by the wave function when traversing a closed loop
in the Brillouin zone [70-72]. Systems that share the same 7 and therefore belong to the same
topological equivalence class can be transformed into each other by continuous deformations
of the underlying Hamiltonian without closing the energy gap. A direct consequence of this
circumstance is the existence of boundary states. At the interface between two insulating
systems of different topological equivalence class, the Chern number changes, which implies
the closure of the band gap in between and results in a metallic state that is bound to the
interface. Since the sole existence of the crossing between the two topologically distinct
insulators guarantees the discontinuous transformation of # at the boundary, the resulting
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4.1. Topological insulators

interface state is fopologically protected.

Depending on the details of the Hamiltonian of the regarded system, namely its behavior
under the effect of the time-reversal operator, the charge-conjugation operator and their
combination, the emerging boundary states obey different symmetry relations. The different
types of boundary states are frequently termed as chiral and helical [73]. As illustrated in
Fig. 4.1 for the two-dimensional case, chiral refers to the fact that the electronic edge states
propagate in one direction only (e.g. in the quantum Hall effect and the quantum anomalous
Hall effect), while helical denotes the existence of counter-propagating modes with correlated

spin (e.g. in the quantum spin Hall effect).

4.1.2. 7, topological insulator

The Chern number represents a descriptive example of the principle of classification by
topological invariants. However, the use of the Chern number for topological classification
is limited to Hamiltonians with broken time-reversal symmetry, such as in the case of the
quantum Hall insulator [74]. In systems constrained by time-reversal symmetry, the Chern
number is always n = 0 [75] and therefore is not a suitable invariant to distinguish between
topologically distinct classes. For time-reversal invariant systems of spin % particles, the Z,
invariant v [12] is used for this purpose. This quantity is closely related to the Chern number
and can have two possible values, which determine whether the system is topologically trivial

(v =0) or non-trivial (v =1).

A fundamental property of time-reversal invariant periodic systems described by a Bloch
Hamiltonian H(k) is the existence of eigenstate pairs. These so-called Kramers pairs are
found at opposite k, which is shown by the action of the time-reversal operator © on the

Hamiltonian
H(-k)=0H(k)O L (4.2)

This property means that at points of time-reversal invariant momenta (TRIM) I'; in the
Brillouin zone, where k = —k is satisfied due to periodicity, the Kramers pairs are degenerate
and the corresponding bands must intersect. Whether these Bloch eigenstate pairs even exist
in the band gap depends on the details of the Hamiltonian. The degeneracy of Kramers pairs
at the TRIM points in reciprocal space is exploited to determine the topological Z, invariant

v. This is done by determining the unitary matrix [76]
Wmnn = < 1 (K) )®| un(%)> 4.3)

from the occupied Bloch states and using it to calculate the time-reversal parities §; = +1 for
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Chapter 4: BiSbTe; material system

each of the TRIM I';. The relation to the topological invariant v of the system is then given by
N

1" =]]éi (4.4)
i

where N is the number of TRIM points in the Brillouin zone given by dimensionality. The
Bloch states in the band gap that connect the TRIM points in reciprocal space cross the Fermi
surface either an even or an odd number of times. While the nature of these connections is
entailed in the expression on right side of this relation, the related number of Fermi surface
crossings modulo 2 is given by the invariant v. For an odd number of crossings v = 1, the
system is topologically non-trivial. The changes in parity between the TRIM necessitating
topological non-triviality are caused by a local inversion of the band gap in reciprocal space

[77]1, which is an essential property for the existence of non-trivial Z, topological phases.

In general, the determination of §; from Bloch states is intricate, but is simplified if the
considered time-reversal invariant system additionally obeys inversion symmetry. In this case,
the Bloch states | u,(I';) ) are eigenstates of the parity operator with eigenvalues ¢, (I';) = 1
and the topological invariant is given by [77]

N
DY =TII]¢m@a, 4.5)

which reduces the complexity for identifying topological phases from band structure calcula-
tions [75].

4.1.3. 2D and 3D topological insulators

In two dimensions, the topologically non-trivial phase that is manifested in a time-reversal
invariant system with v = 1 is the quantum spin Hall (QSH) phase. The respective class
of systems is also called 2D topological insulator and hosts characteristic 1D helical edge
states at its boundary, as sketched in Fig. 4.2 (a). The helicity of the edge states is due to
the underlying constraint imposed by Kramers theorem, which requires that the eigenstate
pairs that exist at opposite momentum k have a reversed spin. This topological phase was
initially hypothesized to exist in graphene with additional spin-orbit interaction [78]. Soon
after, HgTe quantum well systems were predicted to exhibit the QSH phase [14], which was
subsequently confirmed experimentally [13].

It was found that the concept of the Z;, topological insulator can be generalized to three
dimensions, resulting in what is called 3D topological insulator [79-81]. In three dimensions,
there are more TRIM in the Brillouin zone than in two dimensions and therefore more possible
parity changes between them according to Eq. 4.4. Thus, the full topological classification of
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Fig. 4.2.: Real-space illustration of the boundary states of the Z, topological insulator in 2D and 3D.

(a) In the 2D topological insulator, metallic states exist at the 1D boundary of the system, while the
2D surface is insulating. Due to the helical nature of the edge states resulting from Kramers theorem,
carriers with opposite momentum possess opposite spin. (b) In the 3D topological insulator, the 3D
interior is insulating with helical conducting 2D states existing at the surface of the system. As in
the case of the 2D TI, the carrier spin is correlated with carrier momentum. Since all surfaces host
topological surface states in the example, the depicted phase is a strong topological insulator.

3D systems requires a notation of four invariants (vg;v;v2v3). In case of vo = 1, the regarded
phase is a strong topological insulator and exhibits helical surface states on all of its 2D
boundaries, as depicted in Fig. 4.2 (b). As these states are topologically protected, they
are usually termed topological surface states (TSS). For (0;000), the system is considered
topologically trivial. In case of vy = 0, but v; = 1 for at least one i € {1,2,3}, the resulting
topological phase is called weak topological insulator and hosts topologically non-trivial
2D states only on some of its six surfaces, which are specified by the v;. A weak topological
insulator can be interpreted as a non-interacting stack of QSH phases on top of each other,
in the sense that topologically non-trivial states are only found on those surfaces of the
resulting stack that are formed by the edges of the QSH layers. The existence of the 3D
topological insulator phase was predicted in different material systems by Fu and Kane
[77] before being demonstrated experimentally for the first time shortly after in Bi;_,Sby
[82], also revealing the helical nature of the surface states [83]. The binary alloys of Bi,Ses,
Bi, Tes and Sb,Tes were also hypothesized to belong to this topological class [84], which was
confirmed experimentally [15, 85, 86]. These material systems are particularly interesting for
applications due to their large bulk band gap.

As evident from Eq. 4.4, what makes a system Z, non-trivial is the change of parity between
TRIM in the Brillouin zone. This corresponds to a local inversion of the band gap in reciprocal
space as a necessary condition for v = 1. For 2D and 3D topological insulators, this gap
inversion is caused by strong spin-orbit interaction [75, 78]. In material systems consisting
of different heavy elements, where the effect is particularly strong, the energy level splitting
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Chapter 4: BiSbTe; material system

caused by spin-orbit interaction can reverse the ordering of the atomic orbitals in the energy
scheme. In the band structure of the corresponding crystal, this results in a reversal of the
valence band and the conduction band, i.e. the inversion of the band gap.

Spin-orbit coupling, in its explicit form is obtained from an expansion of the Dirac equation
[87] as

h L =
HSOZ—WU'(pXVV), (46)

where o and V are the Pauli matrices and the coulomb potential of the nucleus, respectively.
In the crystal, this component of the Hamiltonian acts on charge carriers similar to an effective
magnetic field caused by (p x v V)/(m*c?). However, contrary to external magnetic fields, spin-
orbit interaction does not break time-reversal symmetry and therefore is no contradiction to
the constraint imposed on a Z, topologically non-trivial phase. The nuclei of heavy elements
exert a particularly strong potential gradient on charge carriers, causing a strong spin-orbit
interaction in the crystal. For this reason, many known compound topological insulator
materials contain such elements [88].

Since the essential spin-orbit interaction is a relativistic effect, the description of a 2D or 3D

topological insulator suggests the use of the Dirac Hamiltonian [84]
H= cﬁ-a+mczﬁ, 4.7

which in general enables coupling of electron spin, momentum, coulomb interaction and
optional external fields with each other. The Dirac matrices a and § in this equation satisfy
specific relations arising from anticommutation and can be expressed by the Pauli matrices
o; depending on the dimensionality. As described in detail in Ref. [89], the character of the
edge states arising from 2D and 3D topological insulators can be motivated from a quadratic

correction to the Dirac equation as
Hopysp = vp-a+ (mv* - Bp*)p, 4.8)

where mv? represents the band gap and B! is a parameter with the dimension of mass. The
description of topological boundary states entails a solution of the 1D Dirichlet problem for a
boundary at x = 0 for zero energy

hip¢(x) = [~ihvd oy + (mv? + Bh?0%)0 ;] p(x) (4.9)

and treating the extension of the problem to 2D and 3D as a perturbation of the 1D Hamilto-
nian by the additional y- and z-dependent components

Hopy3p = hip(x) + AHypy3p, (4.10)
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4.1. Topological insulators

Fig. 4.3.: Illustration of the Dirac cone of a 3D topological insulator. The conical shape in reciprocal
space describing the linear TSS is resulting from the surface dispersion relation. Therefore, the Dirac
cone is only found at the interface of the 3D TI. For each point k on the Dirac cone, a state with
opposite carrier spin exists at reversed momentum —k, which denotes helicity.

with the perturbation terms
AHop(y) = —ihvdya, + Bh*05p (4.11)
AHsp(y,2) = —ihvdyay — ihvd a, + B(h*0,, + h*035) p. (4.12)

For both cases, the effective boundary Hamiltonian describing the topological edge states are
obtained from

[W1)
H§§,3D =(Y11,{¥21) AHzp,3D (| \P;)) (4.13)

where |V ) and | ¥, ) are the eigenstate spinors assembled from the two solutions of ¢(x) to

Eq. 4.9. The explicit forms of the boundary Hamiltonian in 2D and 3D are determined to

H;’lf)f =sgn(B)vpyo, (4.14)
HSY = sgn(B)v (pyo . — pz0,), (4.15)

which emphasize the helical nature of the boundary states, as evident from the correlation of
spin and momentum. The dispersion relations corresponding to these effective edge/surface

Hamiltonians are found as
Eyp(ky) = £hvky (4.16)

Eyp(ky, ky) = £hoy/ k5 + kZ = £hok, (4.17)

denoting that carriers have opposite velocity +v in their two spin states. The dispersion
of the 2D case corresponds to the illustration in the lower panel of Fig. 4.1 (b). The 3D
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Chapter 4: BiSbTe; material system

topological insulator dispersion is shown schematically in Fig. 4.3 as what is termed Dirac
cone. The rotation of the charge carrier spin with momentum around the Fermi surface
denotes helicity, as indicated by the arrows in the sketch. This perpendicular relation is also
called spin-momentum locking. As the topological surface states of BST material systems are
described by such a Dirac cone in reciprocal space, this dispersion relation is essential for

this work.

One fundamental property which is conditioned by the helical character of boundary states of
topological insulators is the suppression of backscattering. Since there do not exist available
states with the same carrier spin at momenta k with different orientation due to Kramers
theorem, carrier scattering always necessitates a simultaneous change of the spin. In 2D TIs,
this implies in a complete prohibition of scattering without spin-flipping processes, resulting
in ballistic transport. Similarly, direct backscattering is suppressed entirely on the surface
of a 3D TI [90, 91]. However, small-angle scattering requiring only small changes of spin

orientation are still possible in the TSS, which allows diffusive transport.

4.2. BiSbTe; thin films

Since the discovery of their non-trivial character as strong topological insulators [84-86], the
binary materials Bip Tez and SbyTes are in the focus of 3D Tl research. In particular, their large
bulk band gaps of 0.17eV [85, 86] and 0.3eV [92], respectively, make these alloys interesting
for applications at room temperature. However, as the Fermi level in both materials cuts
the bulk bands, both systems posses a significant number of bulk carriers. While Bi,Tes is
intrinsically n-doped, Sb,Tes exhibits p-type behavior. Due to the opposite doping of the two
binary systems and their similar lattice parameters, it is possible to realize crystalline ternary
compounds consisting of the three elements, which results in a significantly reduced bulk
carrier concentration [93-97]. The topological Z; classification of the BST system is (1;000),
which implies that there is only one Dirac cone in the Brillouin zone, located at the I" point.
This circumstance and the lack of hexagonal warping, i.e. deviations from the circular shape
of the 2D Fermi surface, facilitate the interpretation of experimental results based on the TSS.

Throughout the entire composition range, the (Bi; _Sby),Tes crystal is ordered in a tetradymite
structure [88]. The compound crystallizes in sequences of five covalently bonded atomic
layers of Te-X-Te-X-Te, with X being substituted partially with Bi and Sb atoms. One such
sequence defines a quintuple layer (QL) and is approximately 1 nm in height. One unit cell of
the crystal consists of three quintuple layers in the stacking order ABC-ABC, as depicted in
Fig. 4.4 (a). In this structure, the individual quintuple layers are only weakly bonded to each

other by van der Waals forces, making it in principle possible to cleave the layers with ease.
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Fig. 4.4.: (a) Schematic representation of a BST unit cell. The crystal forms in a tetradymite structure.
Five covalently bonded atomic layers constitute a quintuple layer stack. An ABC-ABC ordering
sequence of van der Waals bonded quintuple layers composes the periodic structure of the crystal.
The atomic layers denotes as Te 1 and Te 2 differ in their distinct bonding character to the neighboring
Bi/Sb atoms. (b) Illustration of the band structure of the BST system at the I" point. Depending on the
proportion of Bi and Sb, the position of the bands with respect to the Fermi energy can be tuned in a
controllable manner [100], resulting in a population of the TSS at different levels. The three illustrated
material compositions signified by x are the ones that were investigated in this work.

There are various methods of realizing BST systems. All samples investigated in this work
are thin films of BST grown by molecular beam epitaxy (MBE) on Si(111) substrates. The
MBE growth of the investigated thin films is carried out according to Ref. [98]. The process
entails slow deposition of the atomic components on the Si(111) surface in UHV conditions.
The simultaneous deposition of Bi and Sb at appropriate rates enables the formation of the
ternary system in desired compositions. Prior to the simultaneous material deposition, a
single layer of Te is used to saturate the dangling bonds of the Si(111) surface. This procedure
called van der Waals epitaxy minimizes strain on the grown BST structure which otherwise is
significant due to the lattice mismatch. The additional layer of Te has been shown to have
negligible conductance compared to the BST system [99], which is important in terms of
undesired parallel contributions to charge transport. All BST samples discussed in this work
were grown by Michael Schleenvoigt.

Depending on the proportion of Bi and Sb atoms in the material composition, the bulk carrier

concentration of the resulting thin film can be controlled. In the frame of the band structure,
this corresponds to a relative shift of the bands of the TT with respect to the Fermi level. As the
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Chapter 4: BiSbTe; material system

Fig. 4.5.: Illustration of charge transport in BST thin films. With film thicknesses L « s, where s is
the distance between tips, the injected current is in principle transmitted by all parallel conduction
channels. Even when the contribution from bulk states in the interior of the TI can be neglected, both
TSS at the opposite interfaces need to be considered.

(Bi;—xSby)2Tes composition is varied between x = 0 and x = 1, the material system changes

its behavior from n-type to p-type.

The position of the Fermi level in the band structure is an important quantity for the interpre-
tation of acquired electrical measurement results. For the three BST compositions that were
in investigated in the scope of this work, namely those corresponding to x = 0.47, x = 0.84
and x = 0.94, the Fermi level position is inferred from interpolation of previous ARPES results
of BST samples grown in the same system. In a prior investigation of a BST thin film with
x = 0.94, the position of the Fermi level with respect to the Dirac point was determined
to Er = (2+7) meV by means of angle-resolved photoemission spectroscopy (ARPES) [100].
Furthermore, the study revealed the position of the Dirac point to be ~ 40meV above the
bulk valence band. For a BST thin film with x = 0.47 grown in the same MBE system, ARPES
results show that the Fermi level position with respect to the Dirac point is Er = 250meV
[101], with the Dirac point being at the valence band edge. For the BST composition range
0.5 < x =1, the position of the Fermi level with respect to the Dirac point in the band gap is
linearly dependent on the portion of Sb x [93]. Using this relation and the experimentally
confirmed values of Er(x = 0.47) = 250meV and Er(x = 0.94) = 0meV, the location of the
Fermi level in case of x = 0.84 is determined to Er(x = 0.84) = 50meV. For this attribution,
the stoichiometry of the samples investigated in this work was determined ex situ after all
electrical measurements. The positions of the Fermi level for the three compositions of inter-
est are shown schematically in Fig. 4.4 (b). The bulk band gap of the material composition
of x = 0.47 is known to be ~ 260meV [101]. In case of the Sb-rich composites with x = 0.94
and x = 0.84, the band gap is assumed to be close to the value of ~ 300meV that is found for
Sb,Tes [92].

It should further be noted that the band structure inferred from ARPES refers to the surface
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of the material. As sketched in Fig. 4.5, in thin film systems with thicknesses in the range of
L = 10nm, TSS from both film interfaces, at the top interface with the vacuum, as well as at
the bottom interface with the substrate, contribute to transport. In general, the positions of
the Fermi level at the two interfaces can be different [97, 101]. Furthermore, the ARPES data
used for interpolation is valid for BST films of ~ 10nm thickness. In the ultra-thin film limit
of single-digit nanometer thicknesses, the Fermi level can shift due to increasing interaction

of the interfaces.
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CHAPTER 5

Spin-polarized charge current in
a topological insulator

As introduced in the previous chapter, the topologically protected surface states in the band
gap of the TI are helical in character. Electrons populating the TSS therefore have a spin
that is locked to their momentum. This property is a hallmark of topological insulators. Due
to this spin-momentum locking, TI materials in principle enable a straightforward way of
generating spin-polarized charge carriers. In contrast to topologically trivial systems, where
external magnetic fields or ferromagnetic current-injection contacts are needed to polarize
charge currents, spin polarization in TIs is achieved by the mere injection of a charge current
alone. The intrinsic polarization is therefore a valuable property for spintronics applications

[16, 102] and also finds use in quantum computation [25].

This chapter demonstrates the determination of the intrinsic spin polarization of TSS in BST
films by the detection of a spin voltage signal in charge transport. Using the four-tip STM, the
locking of carrier spin and momentum is investigated in transport measurements for samples
of two different compositions, (Big 0sSbo.94)2Tes and (Big53Sbg.47)2Tes. For this purpose, a
magnetized ferromagnetic Ni tip is used as one of the voltage-probing contacts as a means of
spin detection. In the past, a similar in sitfu multi-tip investigation of the spin voltage was
performed on bulk Bi,Te,Ses by Hus et al. [103]. Due to the high bulk carrier contribution of
the underlying sample, a finite signal was obtained only at low temperatures [104]. In case
of the thin film samples studied here, a finite spin signal is detected at room temperature
conditions. To satisfy the required conditions regarding the precision of tip positions for
measuring a spin signal, the precise positioning method employing STM scans of the local
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topography with each individual tip, as described in chapter 3, is used to contact the sample.

5.1. Preparation of Ni tips

The ferromagnetic tip that is used as a spin-sensitive contact in the experiment is etched
from a nickel wire. The initial wire is 250um in diameter and is etched in a KCl solution.
Two methods of electrochemical etching based on the same principle were considered for
fabrication of Ni tips, as shown schematically in Fig. 5.1. In both setups, the Ni wire is
etched by an electrolysis process involving the to-be-etched wire, a counter-electrode and
the electrolyte. The nickel wire serving as the anode, as well as a platinum cathode, are in
contact with the KCl solution and form a closed circuit. Upon application of a DC voltage
between the electrodes, a chemical reaction occurs according to [106, 107]

Ni+2Cl™ — NiClp +2e~
2H,O+2e — Hy +20H .

This process entails the flow of a current from the anode to the cathode and results in the
desired dissolution of the Ni wire which eventually forms the tip shape during the etching.
The details of the tip shape are governed by the etching dynamics and determined by various
parameters of the procedure such as bias voltage, electrolyte concentration and the nature of
contact between the nickel wire and the electrolyte. Furthermore, the application of an AC
current can lead to a modified tip apex.

5.1.1. Etching setups

In one of the considered etching methods, which is depicted in Fig. 5.1 (a), a Pt wire serving
as the cathode is formed into a ring with a diameter of 10mm which holds a thin film of
the KCl electrolyte by surface tension. This film suspension is realized by immersing the
ring in a beaker of KClI solution. Then, the to-be-etched Ni wire is threaded through the thin
film, such that the etching circuit is closed by the contact area between the wire and the
liquid. In the second approach, the Ni wire and the Pt ring are both submerged into a beaker
containing the KCl electrolyte, as illustrated in Fig. 5.1 (b). In both methods, the etching
process is finished by shutting off the bias voltage once the entire tip diameter is etched
through, resulting in a hyperboloid shape of the tip apex. For this purpose, a supplementary
etching circuit according to Ref. [105] is used to automatically terminate the power supply
when the tip is etched through. This immediate cut-off is realized by an operational amplifier
after a significant increase in the resistance load relative to a preset reference value is detected.
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Fig. 5.1.: Schematic illustration of the setups considered for electrochemical Ni tip etching. (a) The

to-be-etched Ni wire is threaded through a suspension of KClI solution which is held by a Pt ring due to
surface tension. The etching occurs by applying a bias voltage between the Ni wire (anode) and the Pt
ring (cathode), resulting of a current flow through the electrolyte. This method of etching proves to
yield inconsistent results due to variable thickness of the electrolyte film. (b) Similarly in principle,
the second considered etching setup is obtained by submerging the Ni wire and the Pt ring into a
beaker containing the KCl solution. Since the contact area between the Ni wire and the electrolyte
is well-defined for a given immersion depth, the etching process results in reproducible outcomes.
This etching method is chosen for all Ni tips used in this work. (c¢) Photograph of the etch controller
according to Ref. [105] that is used to automatically terminate the etching process.

The resistance load is determined by the contact area between the Ni wire and the electrolyte,
while the reference value is adjusted using a potentiometer. The etch controller that is used
for terminating the etching process is depicted in Fig. 5.1 (c).

The etching method using the suspension of electrolyte generally yields two available tips.
Once the Ni wire is successfully etched through, the lower part of the wire is dropped and
can be caught in a small tube. The two resulting tips are found to systematically differ in
their appearance. As presented in Fig. 5.2 (a), the lower tip tends to be sharp, but elongated
with a small opening angle of the apex. This characteristic shape is likely to be caused by
the force of the own tip weight acting on the wire neck. Due to a sudden termination of
electrical contact, the etching of the lower tip stops immediately after the rupture of the two
wire sections. It is frequently observed that, especially when the length of the lower tip section
exceeds ~ 7mm, the tip apex is microscopically bent at the end. This is explained by a recoil
effect due to a sudden mechanical rupture of the neck region as the two tip sections separate
[105]. The upper tip, as shown exemplary in Fig. 5.2 (b), generally has a more compact
shape and exhibits a high variance of apex sharpness. The sharpness of the upper tip is most
notably influenced by the cut-off time of the etching electronics. When the tip is etched in
the suspended electrolyte film, the initial resistance load is dependent on the thickness of the
film, which is difficult to control. As a result, the cut-off mechanism is observed to behave
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Fig. 5.2.: Examples of the two Ni tips resulting from etching in a suspended KCl film. (a) The lower
tip resulting from the etching process generally exhibits an elongated apex. The sharp apex is caused
by an immediate termination of etching after the rupture of the two wire sections. As a consequence
of the abrupt release of mechanical stress, the lower tip can be bent microscopically at the apex end
[105]. (b) The upper tip usually has a shorter apex, but suffers from inconsistent termination of the
etching process due to the hardly controllable wire-electrolyte interface area. The delayed stop of
etching results in blunt tip apices.

inconsistently for a given set of etching parameters. With both tips showing a variable degree

of quality, the etching method using a film suspension is considered unreliable.

In contrast, the etching procedure yields reliable results when the Ni wire and the Pt ring
are submerged into the KCl solution. The etching parameters can be adjusted to result in
a desirable tip shape. Since there is little variability in the details of the wire-electrolyte
interface for a given immersion depth, the cut-off mechanism yields reproducible and sharp
tip apices if configured appropriately. Due to superior reliability, this etching setup is used for

the realization of all relevant Ni tips in this work.

5.1.2. Etching procedure

The characteristics of the fabricated Ni tip generally depend on various parameters of the
etching process. While the sharpness of the tips is most sensitive to the cut-off time of
the power supply to stop the chemical reaction, the applied voltage, the concentration of
the electrolyte and the immersion depth all have an influence on the tip quality. The best
outcome is achieved by a specific set of parameters and the quality of resulting tips is ensured

by the reproducibility of the process when etched while submerged in the solution.

After cleaning the Ni wire by immersion in isopropanol and careful wiping with a tissue, the
power source is connected to the Ni wire and the Pt ring as sketched in Fig. 5.1 (b). Both
elements are then submerged in a 1.5M solution of KCl contained in a beaker. The Ni wire is
submerged in the liquid to an immersion depth of ~ 0.75mm, while the Pt ring is immersed
in such a way that the entire circular shape is beneath the surface. To start the electrolysis, a
bias voltage of 3V is applied, resulting in an average etching current of ~ 12mA using these
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Fig. 5.3.: Typical Ni tip obtained from etching when submerged in a KClI solution. (a) When submerged
in the electrolyte for a defined depth, the etching process corresponding to a given set of parameters
is reproducible. As a result, the immediate voltage cut-off determining the sharpness as controlled
by the etching circuit behaves consistently. (b) Scanning electron microscope image of a typical Ni
tip produced from submerged etching. The radius of curvature of tips resulting from this method is
below 200 nm.

conditions. Generally, lower bias voltages of < 1.5V result in a process outside of the polishing
regime and yield unusable tips with irregular and rough apices. An exemplary resulting tip is
presented in Fig. 5.4 (a).

On average, the entire etching process takes approximately 2 min before the Ni wire is etched
through at the neck region and small piece of the wire drops into the liquid. To stop the pro-
cess as soon as this happens without delay, the reference resistance of the cut-off electronics
is fine-tuned for the presented set of parameters. If the dissolution of the Ni wire continues

after the rupture of the neck region, the reference resistance of the circuit is too high.

Throughout the procedure, the electrolyte close to the wire assumes a green tint due to the
reaction product NiCl, which dissolves in the liquid. Already after ~ 15s of ongoing etching,
insoluble residual material — possibly nickel oxides — accumulates at the wire close to the
etching point, as seen in Fig. 5.4 (b) as dark agglomerate. It is frequently observed that this
residue can disturb the local etching dynamics as it drifts on the surface, which leads to
inconsistent results. This disturbance can be circumvented by manually interrupting the
etching process after ~ 20s to clean the accumulating residue. For this purpose, the pre-
etched Ni wire is dipped into isopropanol before carefully wiping its end with a clean tissue.
As aresult, a silverish shimmer is visible at the end of the wire. Subsequently, the Ni wire is
submerged in the solution again at the same immersion depth as in the pre-etching phase
and the electrolysis process is continued, as presented in Fig. 5.4 (c). If the tip is submerged
deeper into the solution than before the cleaning, the etching point is above the pre-etched
end of the wire and the produced tip tends to be too blunt. With the residue removed, the
dissolution of Ni can proceed undisturbed until the fabrication of the tip is complete after
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Fig. 5.4.: (a) Nickel tip obtained after etching at low bias voltages of < 1.5V. Due to the electrolysis
process proceeding outside of the electropolishing regime, the Ni wire is eroded into rough and
irregular shapes. Tips resulting from this process are unsuitable for STM. (b) Initial stage of the etching
process as observed by an optical microscope. After ~ 15s into the process, insoluble residual material
accumulates at the submerged Ni wire. The residue can influence the etching dynamics depending on
its diffusion on the surface of the liquid and therefore leads to inconsistent outcomes. (c) Continued
etching of the same Ni wire after removing the residue material. After 20s of pre-etching, the process
is interrupted to remove the accumulating residue using isopropanol and a clean tissue. Subsequently,
the wire is placed back into the setup at the same immersion depth to finish the etching process.

the remaining 1.5min of the process. Once the etching process is finished, the resulting tip is

rinsed in water and isopropanol.

Obtained Ni tips that are satisfactory for STM are mounted into the same tip holding units as
ordinary tungsten tips, as depicted in Fig. 2.1 (b). However, due to the comparatively high
elasticity of the material, Ni tips cannot be fixed in the holding units mechanically by wedging
them in the corresponding opening. Instead, Ni tips are mounted by gluing them in position
with silver conductive paste. Once transferred into the UHV system, Ni tips are cleaned by
field emission according to the same procedure as is done in case of tungsten tips.

5.2. Characterization of the electromagnet

Immediately before a spin-sensitive transport experiment, the ferromagnetic Ni tips are
magnetized in situ. For this purpose, an electromagnetic coil constructed by Sven Just [33]
is used inside the UHV system. The electromagnet, as depicted in Fig. 5.5 (a), consists of
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Fig. 5.5.: Photographs of the electromagnet used for in situ magnetization of Ni tips. (a) Electromagnet
as it is characterized in ambient conditions. The copper wire is wound around a ferrite core with ~ 500
turns in total. The current is driven through the ends of the wire to apply the magnetic field. The apex
of the ferrite core is seen sticking out of the coil. (b) Color-shaded photograph of the setup in UHV
used for tip magnetization. Being held by a manipulator, the electromagnet is situated above the STM
with its radial axis pointing orthogonally to the sample plane. As indicated by the purple color, the Ni
tip is positioned inside the tip transfer shuttle ~ 2mm below the ferrite core apex.

~ 500 turns of copper wire around a ferrite core. The apex of the ferrite core sticks out of the
cylindric coil and is brought close to the Ni tips for magnetization. An exemplary color-shaded
photograph of the magnetization setup is presented in Fig. 5.5 (b), where the ferrite core has
a distance of z = 2mm to the tip. The cylindric coil is held above the STM by a manipulator
which also provides electrical contacts to the copper wire. In this position, the radial axis of

the magnet is directed orthogonally to the sample plane.

The corresponding relation between the current through the copper wire and the resulting
magnetic field, as measured in ambient conditions by a Hall probe at a distance of z=1mm
from the core apex, is presented in Fig. 5.6 (a). At this distance, a maximum current of 5.4 A
through the copper wire results in a magnetic field of > 300 mT. The spatial distribution of the
magnetic field strength close to the coil is shown in Fig. 5.6 (b) and (c). For all experimentally
relevant distances up to z = 3mm along the radial axis of the coil, the magnetic field is
= 150mT in strength. The magnetic field also decays laterally from the radial axis, with half
of its strength reached at a displacement of y = 3mm. Repeated use of the electromagnet
is observed to lead to significant resistive heating of the coil. Three subsequent uses, each
involving a current ramp to 5.4 A within 15s, result in a temperature of > 60°C at the outer
windings of the copper wire. When operated in the UHV system, this results in a temporary

increase in pressure.

When the ferromagnetic tip is magnetized in the experiment as depicted in Fig. 5.5 (b), a
current of 2A is driven through the electromagnet. During the procedure, the apex of the
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Fig. 5.6.: Characterization of the electromagnetic coil in ambient conditions. (a) Magnetic field as a
function of current as measured by a Hall probe at a distance of z = 1 mm from the apex of the ferrite
core. (b) Decay of the magnetic field strength at a constant current with increasing distance z along
the radial axis of the coil. (c) Lateral distribution of the stray magnetic field measured as a function
of displacement y. The applied current I = 5.4 A and the longitudinal distance from the ferrite core

z=1mm are kept constant.

ferrite core is situated directly above the single Ni tip at a distance of z = 2mm, with no sample
in between. The corresponding magnetic field at the tip position is estimated to ~ 120mT. It
is noted that using these parameters in this setup, the force acting on the tip is strong enough
to move the tip holder. For higher magnetic field strengths, it is frequently observed that the
tip holder is detached from the nanopositioner entirely and caught by the ferrite core. To
stabilize the procedure, the cylindric tip holder is kept in the tip transfer shuttle where it is
fixed by a spring during magnetization. After magnetizing the Ni tip according to this scheme,
the investigated sample is inserted into the STM to perform the spin-sensitive measurements.

5.3. Measurement of the intrinsic TSS spin polarization

The intrinsic spin polarization of the TSS of a 3D TI that constitutes the helical spin texture
of the Dirac cone is a property that is difficult to access in transport experiments. While the
spin polarization of TSS can be revealed conveniently by means of ARPES [15, 84, 108-110],
its manifestation in charge transport is obfuscated by various factors. As the propagation of
charge carriers in a defined direction is forced by the injection of a current, the helicity of the
TSS causes a majority spin polarization of the current. In principle, the electrical detection of
the underlying intrinsic spin polarization of the TSS is then enabled by performing a multi-
terminal potentiometric measurement with ferromagnetic (FM) contacts [103, 104, 111-117].
However, parasitic contributions to charge transport that enable a portion of the total current
to be carried by trivial electronic states can cover the influence of the TSS. Furthermore,
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experiments that require the ex situ deposition of contacts as part of the device preparation
allow the introduction of contaminations on the surface, which in turn can modify the
electronic structure of the TI and consequently reduce its spin polarization.

In this work, two BST thin films of different composition were investigated regarding the
intrinsic spin polarization of charge carriers. The small TI film thickness of ~ 10nm allows to
limit the contribution of trivial electronic states to transport due to the small amount of charge
carriers in the bulk [118]. By using the four-point STM for in situ electrical characterization,
it is possible to prevent contaminations of the pristine sample surface and investigate the
TSS transport properties in their as-grown state. To ensure this condition, the TI samples are
transferred into the STM chamber immediately after growth by means of a UHV suitcase with
a base pressure of ~ 2-10~ " mbar. For this purpose, the UHV suitcase is prepared beforehand

as described in appendix C.3.

5.3.1. Sample conductivity

As outlined in section 4.2, the two investigated BST compounds have different positions of
the Fermi level Er in the band gap. It is therefore expected that the two samples differ in their
electrical properties. The conductivity of the thin films is determined in distance-dependent
four-point resistance measurements on the micrometer scale, as presented in Fig. 5.7. Three
of the STM tips are kept in linear alignment with a spacing of s = 50pum. The remaining
current-injecting tip with a distance x to the neighboring voltage probe is moved collinearly
in between electrical measurements. As is expected for thin films of 10nm thickness, the
acquired resistance exhibits two-dimensional behavior for both sets of measurements. This
is confirmed by the correspondence with the appropriate model function given by Eq. 2.20,
which is represented by red curves in Fig. 5.7. The corresponding 2D conductivities are
determined to o,p = (0.41 £0.01) mS for the (Big 53Sbg 47)2Tes film and o,p = (2.86 £0.01) mS

in case of (Bi0.068b0,94)2T63.

Upon comparison of the obtained conductivity values, it is apparent that the conductivity of
the Sb-rich thin film is higher than that of the other compound by a factor of ~ 7. This seems
counterintuitive at first sight, since the number of charge carriers occupying the TSS in the
(Bip.06Sbo.94)2Tes film is expected to be lower due to the position of the Fermi level Er = 0 (Fig.
4.4 (b)). Using the density of states D(E) = E/ (27 (hvg)?) and the Fermi distribution functions
Ja(E), fp(E) for electrons and holes, the total TSS charge carrier density at room temperature
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Fig. 5.7.: Measurement of the conductivity of two different BST samples on the micrometer scale. (a)
Four-point resistance as a function of inter-tip distance x on the surface of a (Big 53Sbg.47)2Tes thin
film. As expected from a film of 10nm thickness, the resistance shows 2D behavior. Using the related
resistance model function (Eq. 2.20), the conductivity is determined to o2p = (0.41 £0.01) mS. (b)
Corresponding distance-dependent four-point resistance measurement on a (Big 95Sbg 94)2 Tes thin
film of the same thickness. The film conductivity is found as o»p = (2.86 £0.01) mS.

can be determined by

Ntot = NTSS + PTSS = fo dE D(E) [fu(E) + fo(B)] (5.1)

_;foodEE _1+(1+e (E+EF))_1] (5.2)
" 2n(hop)? Jo *P »

ks T
with vr being the Fermi velocity defining the slope of the Dirac cone. Using their respective

E—-Er
1+exp( T )
B

Fermi levels Er = 0 and Er = 250meV in this expression, the charge carrier densities of the

two thin films are determined to 7¢o; = 2.8- 10 cm™2 and ¢ = 4102 cm™2, respectively.

With the conductivity being a product of charge carrier density and carrier mobility, the
observed discrepancy could in principle be explained either by an increased contribution
of bulk states to transport or by an increased TSS mobility in the (Big gsSbg.94)2Tes film. The
former can be excluded as a possibility by the following estimation. The charge carrier
density in the interior of the film arising from bulk states is determined to ngjy, = 3-10*! cm™2
using the Boltzmann approximation in conjunction with the known difference of 50 meV
between the Fermi level and the bulk bands [100]. Due to the exceptionally low mobility
of bulk states ugim, < 2cm?/Vs at room temperature [101], the contribution of these bulk
carriers to the conductivity of the TT is insignificant. Conclusively, the high conductivity of the
(Big.06Sbg.94)2Tes film is attributed to an increased TSS mobility compared to the BST system
with lower Sb percentage. Under the assumption that the mobility and position of the Fermi
level of the bottom TSS are equal to those of the top TSS, the mobility of the Sb-rich thin film

0'21)/2

is estimated to M= m

~ 32,000 cm?/Vs according to the Drude formalism. This is a
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significant increase compared to the mobility value of u =~ 580 cm?/Vs that is determined for
the (Big 53Sbg.47)2Tes system [101]. A sharp increase of TSS carrier mobility is known to occur

in TI systems featuring a Dirac point close to the Fermi level [93, 104, 119].

5.3.2. Principle of spin voltage detection

The spin polarization of charge carriers involved in transport can be detected using a FM
contact as a voltage probe [120, 121]. In ferromagnetic materials, there is a substantial
imbalance in the occupation of the two spin subbands. According to the Stoner model, the
density of states at the Fermi level D(Er) of one spin type is larger than that of the other, such
that there is a majority and a minority spin type in equilibrium, as illustrated schematically
in Fig. 5.8.

Due to the different occupation of the spin subbands, an
imbalance in the conductance corresponding to both spin
types exists, as G < D(E). Therefore, a material with finite
magnetic polarization can be used as a spin-sensitive probe
in transport experiments. The effective magnetic polariza-

tion of the probe is given by [122]

_G-G

. 5.3
G+ G (5-3)

Ppm

D(E),

Fig. 5.8.: Schematic representa-

<€

When an ideal FM (| Pgy| = 1) is in contact to a conducting

medium with a nonzero carrier spin polarization and is used

as a voltage probe in a high-impedance circuit, there is no
current flow and the chemical potential of the FM probe
aligns with that of the majority spin subband in the conduct-
ing medium [123]. The measured voltage difference com-
pared to a non-magnetic (NM) probe is proportional to the

spin imbalance in the conducting medium.

In the context of the performed four-point resistance mea-
surements on the surface of the investigated TI, this voltage
difference V; is called spin voltage. Since the spin imbalance
in the TI thin film, representing the conducting medium, is
provided by the spin-momentum locking of the TSS, there
is a direct relation of the injected charge current I to the spin
voltage V5 measured by the FM Ni tip.

tion of a ferromagnet in the
Stoner model. Due to exchange
interaction, the density of states
of the FM is split into two sub-
bands which are shifted relative
to each other in energy, such
that Dy (Eg) # D\ (EF). Therefore,
there is a majority and a minority
spin at the Fermi level. As a re-
sult of the imbalance, the FM is
more sensitive the majority spin
type when it is used as a voltage
probe.
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In the experiment, the current is injected by two NM tungsten tips on the surface of the TI
film. As a bias voltage is applied between the two tips, a shift Ak of the Fermi circle from its
equilibrium position in reciprocal space is introduced in the transport direction. This results

in a current density

- f o 'R (5.4)
- _—(Zn)zfdxdyvp (cospey +singey) [fo(%)+A_fc-V_,;fO(k') 5.5)

where the non-equilibrium Fermi distribution function f (k) is expressed by the Fermi circle
shift Ak according to the Boltzmann transport equation. fy(k) represents the equilibrium
Fermi distribution and the carrier velocity (k) is given by the Fermi velocity v that is

constant around the Fermi circle.

Assuming Ak | ey, i.e. Ak = Ak, without the loss of generality, a transformation to polar
coordinates (k, ¢b) in reciprocal space results in

21
> (%3] fO
=— d + dk kAky 5.6
j (27t)2f0 ¢ (cos ey +singey) f T (5.6)
hVFk—EF
27 _ _ 0 exp T h k
= (;U;f d(/)(cosd)ex+sin<pey)f dk kAky ( LLl ) 5 kv;f (5.7)
m)= Jo 0 (1+exp(hv§cch;EF)) B
hVFIC—EF
2 . [ exp | = B
= eszf d¢(cos¢ex+sin<pey)f dk kcospAk;, ( i ) 5 T 58
5T
where the dispersion relation E(k) = hvgk of the TSS is used.
Substituting u = hvfcl]:—}EF leads to
- Ak 2n N o [° E kg T

j= s 2xf dgb(cosngex+sin(/)cos¢ey)f du(—F+u B ) exp(t) 5 (5.9)
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This expression establishes the direct relation between the induced current density j and the
shift of the Fermi circle Ak, at room temperature. To determine the spin chemical potential
that is measured as a consequence of the intrinsic spin polarization p of the TSS carrying the
current j, it is necessary to relate the shift of the Fermi circle Aky to the measured potential.
Due to the linear dispersion relation of the TSS, the shift in momentum Ak, is translated to a
shift AvpAky cos ¢ of the electrochemical potential of all states at the original Fermi level. As
a result of the nonzero intrinsic spin polarization p of the TSS, as indicated by the arrows in
Fig. 5.9 (a), this leads to a shift between the average electrochemical potentials of spin-up
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Fig. 5.9.: (a) Sketch of the tilt of the Dirac cone as an effect of applied bias. With the induction of a
current j in x-direction, a shift Ak, of the Fermi circle is caused according to the Boltzmann transport
equation. Following the linear dispersion of the TSS, the electrochemical potential is shifted by
hvpAky cos¢, resulting in a shift of the average electrochemical potential of spin-up(-down) carriers
due to the relation between spin and momentum. (b) Schematic representation of the TSS helicity
in reciprocal space for ideal intrinsic spin polarization p = 1. The orientation of charge carrier spin
is perpendicular to their corresponding momentum hik and the surface normal around the Fermi
circle. For each k in the Dirac cone, the spin wave function of charge carriers is given by the pure state
|¥) =cos % [1) +sin % | ]). The momentum-dependent probability of finding a charge carrier in the
spin-up(-down) state is determined by the projection [({ [Py (<l [P)|2).

and spin-down states. Consequently, a spin-split local electrochemical potential, i.e. a spin

imbalance of charge carriers, is induced by the shift in reciprocal space Ak,.

The resulting spin voltage Vs that is measured by a FM voltage probe is proportional to the
shifted average electrochemical potential of the FM majority spin state. The proportionality
is determined by Py, such that for Pry = 1(—1), V; is equal to the average electrochemical
potential of the spin-up(-down) state. For general Pry;, Vs is obtained by the interface condi-
tion at the FM contact requiring that there is no net current flow between the FM probe and
the TI surface [124]

2w ) ) hUF
fo do [Gr 1T+ Gy KLP) 7] Vs—TAkaOSd) =0, (5.11)

where conductance values Gy and G| of the two spin subbands constituting Pry are multi-
plied by the probability to find a charge carrier in the respective spin state, with | ¥) being
the spin wave function of charge carriers. The expression in the second pair of brackets is
the local difference between the spin potential acquired by the FM contact and the tilted
Fermi circle in reciprocal space. The spin wave function describes the spin-momentum
relation along the Dirac cone and for a spin polarization p of 100% is given by the pure state
V) = cos% 1)+ sin% ||, as depicted in Fig. 5.9 (b). In case of p = 0, spin-momentum
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locking is absent and the probability to find a charge carrier in the spin-up(-down) state is

constant at % for all ¢ around the Dirac cone.

For general 0 < p < 1, the spin state of charge carriers cannot be written as a pure state | V)
and thus, the charge carrier spin needs to be treated as a statistical ensemble of spin states.
The resulting mixed spin state for a given k on the Fermi circle is represented by the density
operator

p=Py|P)(V|+Py|P)(¥|, (5.12)

where | W) = —sin2[1) +cos | ) is the orthogonal pure state to | W), such that {¥|¥) = 0.
The intrinsic spin polarlzatlon of the TSS p determines the probabilities Py = 17 and
Pg = PTP of finding a charge carrier in the respective pure spin state. Consequently, p =1
results in all of the carriers in the ensemble being in the pure spin state | ¥) corresponding
to the right-handed helicity of the 3D TI. On the opposite, p = 0 represents a fully mixed
incoherent superposition with its orthogonal state | ¥). p=—1in principle corresponds to

left-handed helicity around the Fermi circle.

Following Eq. 5.12, the general expression for the density operator of the mixed state is written
in the basis of | 1) and | | ) as

%—g(sinzg—coszg) Esinc/)
p= P o 1 2¢ 20\ [ (5.13)
5 sin¢ 3t3 (sm —co —)

With the probabilities (1]4/1) and {||4]|) of finding a charge carrier of the ensemble in the
spin-up and the spin-down state, the interface condition for a voltage probe on the TI surface

can be written for arbitrary intrinsic spin polarization0 < p <1 as

[ avlai

which is solved for the spin voltage V;
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This term relates the shift Ak, of the Fermi circle to the spin voltage V; that is probed by
a contact with magnetization Pgy through the intrinsic polarization of the TSS p. Using
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5.3. Measurement of the intrinsic TSS spin polarization

(b)

Fig. 5.10.: Measurement principle of the spin-dependent potential with STM tips. (a) Typical transport
measurement setup as seen by the optical microscope. With the four linearly arranged STM tips
in contact to the sample surface acting as electrical probes, a current is induced between the outer
two tips, while the resulting potential difference is measured between the inner ones. (b) Due to the
helical nature of the TSS, the orientation of charge carrier spin is perpendicular to their corresponding
momentum %k and the surface normal, with the intrinsic TSS spin polarization p being the degree
of helicity. The electrical contact between a voltage probe and the TI surface can be regarded as
two parallel channels with conductances Gy and G| for the two spin orientations. For a finite probe
magnetisation (Gt # G|), the voltage probe acquires a spin-dependent potential Vs, which is given by
the interface condition requiring zero current flow (cf. Eq. 5.14). In this sketch, charge transport takes
place in ky-direction and Ak, denotes the shift of the Fermi circle due to applied bias. Note that the
indicated shift in electrochemical potential AvpAk, cos ¢ refers to the extremal position ¢ = 0.

Eq. 5.10, the spin voltage is expressed by the current density j that is induced by the applied
bias as

kgT —EF))]—I
kg+—1In|1 — . 5.19
F+ hor n( +exp(kBT ( )

h .
Vs= PPFMg]

In the low temperature limit Er > kg T, this general expression reduces to V; = pPFMe—@ kip J»
which is usually used in spin voltage investigations [103, 104, 124]. For finite temperatures,

with a Fermi level Er close to the Dirac point, the first term vanishes as kr — 0, resulting in

h (hllp 1 ) .
) (5.20)

Vs = pPpy— | — —
s=P FMeZ kBTan ]

where the term in brackets denotes the effective wave number of thermally excited charge

carriers.
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Chapter 5: Spin-polarized charge current in a topological insulator

Fig. 5.11.: Sketch of the spin voltage measurement principle in real space. A current that is induced
by the outer tips defines the potential along the line of the linear configuration. Due to the equal
conductances of the two spin subbands, the NM voltage probe senses the logarithmically-shaped local
spin-averaged 2D potential indicated by the black line. In contrast, the magnetized FM tip additionally
acquires the electrochemical potential that is spin-split by V;. The obtained spin signal is larger if the
FM probe is placed close to a current-injecting tip due to its proportionality to the current density (Eq.
5.19).

5.3.3. Spin voltage measurement scheme

In the experiment, the four STM tips are arranged linearly as presented in Fig. 5.10 (a),
enabling the distance-dependent measurement of V; on the TI surface. While the outer NM
tungsten tips induce the spin-polarized charge current in the TI, the two voltage probes in
between — one of which is the FM Ni tip — measure the resulting potential difference.

As illustrated in Fig. 5.10 (b), the electrical contact between the voltage probes and the
TI surface is represented by two channels in parallel, one for each spin subband. At their
respective position on the TI surface, the voltage probes float to the potential that is created
by the voltage drop between the injection tips. The NM tip can only probe the spin-averaged
ohmic potential due to its equal conductances for both spin subbands. This is evident from
the interface condition in Eq. 5.14 yielding V; for G; = G,. In contrast, the FM tip with
its nonzero effective spin sensitivity Ppy probes the additional spin-dependent potential
component V; according to Eq. 5.19, with j representing the local current density at the
position of the FM tip.
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5.3. Measurement of the intrinsic TSS spin polarization

During the distance-dependent four-point resistance measurement, the two current-injecting
tips as well as the magnetized voltage-probing Ni tip are kept at fixed positions, such that the
local current density j(x) at the FM tip that is dictating Vj is constant. The remaining NM
voltage probe is moved in x-direction as defined by the symmetry line of the tip arrangement
(Fig. 5.10 (b)). A real space representation of the measurement scheme is depicted in Fig. 5.11.
While the NM tip only probes the spin-averaged ohmic potential denoted by the black curve,
the FM tip acquires the spin-split potential. The measured voltage difference between the
two tips therefore contains an ohmic component Vg and the spin-dependent component V4,
since only one of the two voltage probes is sensitive to the spin chemical potential. Due to
spin-momentum locking, the reversal of the current direction in a four-point measurement
leads to a change of the sign in V5. However, as the sign of the ohmic component V, changes
as well, the spin signal cannot be extracted from the total measured voltage difference in a

static tip configuration by only reversing the current. The voltage difference is given by

AV =V + Vg (5.21)
I (824) (324—D)
n|=|-In|=—/——

S12 S12+D

- 270o9p
where the ohmic component is inferred from the 2D resistance (Eq. 2.20) corresponding to

+ Vs, (5.22)

the linear tip geometry. The distance D between the two voltage probes as well as the other
inter-tip distances s;» and sp4 are indicated in Fig. 5.11.

5.3.4. Distance-dependent four-point measurements

Apart from the material parameters p, vr and Pry, the spin voltage in Eq. 5.19 depends on
the local current density j at the position of the FM probe, which is given by the tip geometry
as j= % (é + 314) Consequently, the determination of the spin signal in the transport
measurements is limited by the uncertainty of the four-point resistance originating from
the mispositioning of STM tips on the TI surface. The resolution of the optical microscope
is too low to detect the spin signal. Even when assuming an optimistic positioning error of
+250nm, the resulting uncertainty of the ohmic resistance component would amount to
ORq = 8Q, as estimated from Eq. 5.22. This estimate is approximately the same magnitude as
the spin-dependent signal. Furthermore, the uncertainty of the ohmic component depends
on the local slope of the electric potential and therefore scales with the current density with
dRq/dx o j(x), just as the spin signal itself. This means that the problem of the resistance
uncertainty obfuscating the spin signal cannot be solved by a sophisticated tip arrangement
tuning the local potential slope. The only way to reduce the uncertainty of the measured
resistance is to reduce the uncertainty of tip positions. To resolve the spin voltage in the
experiment, it is therefore required to use the positioning method described in chapter 3.
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Chapter 5: Spin-polarized charge current in a topological insulator

Fig. 5.12.: Exemplary measurement procedure based on STM scans used for spin-sensitive transport

measurements. (a) Using one of the STM tips, a 4um x 10pum sized area of the TI surface that is chosen
for the transport measurements is imaged. (b) After acquisition of the overview scan, all four tips are
moved close to their target positions to perform small scans. (c) Using the overview scan as a reference
map, all tips are navigated to their desired configuration. Each tip position is known from recognition
of topographic structures from small STM scans. In between subsequent resistance measurements,
the inter-tip distance D is varied by repositioning the NM voltage probe.

Figure 5.12 illustrates a representative measurement procedure for the determination of the
spin voltage. Using the positioning method based on STM scans with each tip, the tips are
positioned linearly along the slow scan axis of the overview STM scan. While the current-
injecting tips are positioned at a distance of ~ 7um, the distance between the two voltage
probes D is varied down to the nanometer scale by moving the NM voltage-probing tip in

tunneling contact in between subsequent resistance measurements.

Experimentally, the spin voltage V; is obtained in the four-point measurement in the limit
of vanishing inter-tip distance D — 0. The four-point resistance Ryp = % is inferred from
I -V characteristics with an induced current of I = 50pA at various D for opposite FM
tip magnetization directions. From the distance-dependent resistance, the constant spin
contribution containing the spin polarization of the TSS is determined by the interpolation
kg + I;LB—Vfln (1 +exp (;B—E;))

-1

Rs =pPepM——|—+— (5.23)
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B I e22m
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Fig. 5.13.: Results of the spin voltage measurement in the symmetric configuration (s;2 = $24) for
two BST samples of different composition. The respective tip configuration is depicted in the in-
sets. The spin-dependent four-point resistance is measured as a function of distance between the
voltage-probing tips D. To compare the different sets of measurements with different s;» and s4,
the resistance is plotted versus a dimensionless inter-tip distance y. Data points in red and blue
correspond to measurements with opposite magnetization directions of the FM tip. (a) In case of the
(Bip 53Sbg 47)2 Tes film, the spin signal Rs, as obtained from fits of the resistance model (Eq. 5.25), is
zero within measurement erorrs. (b) As seen from the offset in the fit curves, a finite R is determined
from corresponding measurements on the (Big gsSbg.94)2 Tes film. A control measurement with only
NM tips, represented by the green data points, yields Rs = 0, as expected.

Measurements in symmetric probe configuration

The distance-dependent measurements according to the described scheme are performed
on two BST films of 10 nm film thickness. The measured four-point resistance as a function
of distance between the voltage-probing tips is presented in Fig. 5.13 for both samples in a
symmetric tip configuration.

In this configuration, the voltage-probing FM tip is positioned in between the current-
inducing tips with s;» = s24. This arrangement is useful for minimizing errors arising from
mispositioning of the tips due to the small potential slope in the middle. Red and blue data
points correspond to sets of measurements for which the FM tips have been magnetized
oppositely beforehand. On one of the investigated BST samples, the graph also includes a
control measurement with only NM tips represented by green data points. To compare the
data sets, each with different distances s;» and s»4, to each other, the varied inter-tip distance
D is scaled to a dimensionless quantity
S12 + S24

y=D—"=, (5.24)
$12524

which results in resistance slopes g_z; that are independent of the parameters s and sz4, as
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Chapter 5: Spin-polarized charge current in a topological insulator

shown in appendix A.2. For each of the measurement sets in Fig. 5.13, a fit of the model

(5] (D)
S12 S12+D

is performed to the measured resistance. The model parameters of s;» and s»4 are determined

function
1

B 27O 9p

+ Ry (5.25)

from the distances of the tip positions in the overview STM scan. The sample conductivity

o2p is known from electrical measurements on the micrometer scale (Fig. 5.7).

In case of the (Big53Sbg47)2Tes film, no resistance offset Ry is obtained within the error
margins for either magnetization direction, as evident from the fit results with Rs = (0.2+£0.3) Q
and R = (0.3 +£0.6)Q in Fig. 5.13 (a). In contrast, distance-dependent measurements on
the (Big gSbo.94)2Tes film in the symmetric tip configuration with s;2 = sp4 = 3.5umyield a
nonzero spin resistance with opposite sign for the two FM magnetization directions. As can be
inferred from the fits of the model function in Eq. 5.25, denoted by the lines of corresponding
color in Fig. 5.13 (b), the resistance curves are offset to each other by a finite intercept. The
model fits for the two opposite tip magnetization directions result in Ry = (1.0 +£0.3) Q and
Rs = (-1.7+£0.2) Q, respectively. The complementary control measurement that is performed
according to the same measurement scheme, but with four NM tips, yields Rs = (0.0 £0.1) Q,

as is expected according to Eq. 5.23 with Ppy = 0.

Evidently, the four-point measurements on the (Big gsSbg.94)2Tes sample reveal a spin signal
at D — 0, while the (Big 53Sbg 47)2Tes film exhibits no spin-dependent resistance offset within
the measurement errors. Considering the material parameters of the two BST films, this
result is not surprising. According to Eq. 5.23, the spin-dependent R signal depends on the
inverse of kg, which is determined by the position of the Fermi level in the Dirac cone of the
BST system. While the Fermi level in the Sb-rich composition is known to be located at the
Dirac point from ARPES [100] (Fig. 4.4 (b)), such that Er = 0 and thus kg = 0, the Fermi wave
number of the (Big 53Sbg 47)2Tes system is larger with kg = 0.07A~1 [101]. Therefore, the room
temperature spin resistance Rg is expected to be approximately 10 times smaller than that of
the Sb-rich TI film. Using kp = 0.07A™!, the expected resistance offset of a perfectly polarized
TSS would amount to Rs = 0.2Q, which is smaller than the measurement error. Regarding T1
samples of different materials or doping levels, the most pronounced spin-dependent signal
in these resistance measurements is generally obtained for sample systems with kg and the

bulk carrier contribution being as small as possible.

Measurements in high current density configuration

While the distance-dependent resistance measurements on the surface of the (Big gsSbg.94)2Tes

film reveal a finite spin resistance with reversed sign for opposite magnetization direction,
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Fig. 5.14.: Results of the spin voltage measurement in the high current density configuration. The
respective tip arrangement is shown in the inset. In the respective tip arrangement, which is depicted
in the inset with constant s;» = 400nm and sy4 = 7pum, the spin-dependent four-point resistance
is measured under variation of the distance between the voltage-probing tips D. The facilitate the
comparison between the measurement sets, D is translated to the dimensionless distance y (D). The
four-point resistances acquired with reversed FM magnetization directions are denoted by red and
blue/cyan data points, respectively. Fits of the underlying resistance model (Eq. 5.25) are shown as
lines of corresponding color.

the magnitude of the spin-dependent signal is rather small. The magnitude of Ry  j/I can
be enhanced by using a probe arrangement with the FM tip placed in a position of high
current density. Following from Eq. 5.23, reducing the distance s;2 between the FM tip and its
neighboring current-injecting tip leads to a more pronounced spin-splitting of the chemical
potential, as sketched in Fig. 5.11.

In this high current density configuration, with s;, = 400nm, the four-point resistance mea-
surements under variation of D are repeated for the (Big gsSbo.94)2Tes sample. Figure 5.14
shows the corresponding measurement results obtained with different FM magnetization
directions. As seen from the fits of the model function (Eq. 5.25) to the three data sets,
clearly pronounced offsets are found between the resistance curves. The spin resistances
obtained at D — 0 are determined to Rs = (8 + 2) Q for one FM magnetization direction and
Ry =(—4.8+0.4) Q and R, = (—6 = 2) Q for the opposite one. Compared to the symmetric con-
figuration in Fig. 5.13 (b), the spin-dependent signal is larger by a factor of ~ 5, as expected
from the corresponding increase of the local current density j(s12, S24).
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Chapter 5: Spin-polarized charge current in a topological insulator

5.3.5. Determination of the TSS spin polarization

The spin-dependent resistance offset R that is obtained experimentally from the distance-
dependent four-point measurement scheme comprises parameters that are specific to the
measurement configuration (Eq. 5.23). To access the underlying intrinsic spin polarization p
of the TSS that causes the spin-splitting of the electrochemical potential in the experiment, a

configuration invariant offset parameter

hhl/]:l

_ 5.26
2ne? kgT In2 (5.26)

S—R/(1+1)— P
= Iy sz | Spa = pFem

only depending on intrinsic quantities is defined based on Eq. 5.20, with the constant inter-tip
distances inferred from the recorded STM scans for each measurement set.

The spin signals obtained for (Big gsSbg.94)2Tes in Fig. 5.13 (b) correspond to S = (1.9 +
0.5) Qum and S = (2.9 + 0.4) Qum for the two respective FM magnetization directions. In
the measurements presented in Fig. 5.14, S = (3.0 £0.8) Qum, S = (-2.9 + 0.2) Qum and
S =(—-1.6£0.5) Qum are found.

Being only influenced by material parameters, the determined S originating from the spin-
dependent potential are expected to be constant in all measurements, but with inverted signs
for opposite FM magnetization. The variance of the absolute values of the observed S is
attributed to a variation of Pry, which is influenced by the microscopic details of the FM Ni
tip. In the experiment, each set of distance-dependent measurements was performed with a
fresh FM tip.

The spin polarization of the TSS is determined from the measured offset parameters S by

using the material parameters according to

28 (2ne)’kgTIn2
p= , (5.27)

vpPpm/ V2 h?

where Py is corrected for an additional geometrical factor of 1/ v/2 due to the 45°-inclination
of the FM Ni tip defining the magnetization direction with respect to the surface. In the
experimental geometry, a fully magnetized FM tip would therefore effectively act with 1/v/2
of its spin detection capacity following from the projection of the magnetization on the
surface. Furthermore, the expression in Eq. 5.27 is also corrected by a factor of 2 due to the
partial involvement of the bottom TSS in transport. So far, the top TSS was considered as the
only transport channel. For the determination of the spin polarization p detected by the FM
tip on the TI surface, only the fraction of the current that propagates through the top TSS is
relevant. Assuming an equal division of current between the top and the bottom TSS as a first

approximation corresponds to the correction factor of 2.
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5.3. Measurement of the intrinsic TSS spin polarization

The Fermi velocity vg = 3.8-10°m/s of the investigated BST film is acquired from ARPES
results of a sample with identical atomic composition [100]. As an estimate for the magne-
tization of the used Ni tip, typical values of Pgy ~ 0.25 — 0.5 [125-127] are assumed. Using
these parameter values in Eq. 5.27, the intrinsic TSS spin polarization of the BST sample
is determined to p ~ 0.3 — 0.6, with the main source of variation being the value of the tip
magnetization. This range is in agreement with results from other transport investigations of
the spin voltage [103, 112, 114, 116, 128].

The definition of the spin polarization p observed in charge transport as a result of spin-
momentum locking is ambiguous in literature. The quantity p is sometimes defined as
the average spin of all charge carriers with a positive group velocity in transport direction
[122, 129]. With the spin of charge carriers in the TSS being oriented strictly perpendicular to
the momentum at each & in reciprocal space, such a momentum averaging over parts of the
Fermi circle yields geometrical normalization factors resulting in maximum spin polarization
values smaller than 1. For example, the definition of p of Yazyev et al. [129] entails the
integration over half the Fermi circle, resulting in a value of /4 in case of an ideal spin texture.
In the present work, p is defined as the intrinsic spin polarization of the Fermi circle following
the definition of the ensemble of spin states in Eq. 5.12 and as such denotes the degree of
helicity in the TSS. In this interpretation, the maximum value of p is 1, corresponding to

perfect correlation of carrier spin and momentum around the Fermi circle.

Practically, the intrinsic spin polarization p as defined here can be reduced by ~ 0.35, as
shown in ab initio calculations for TI systems, since spin-orbit entanglement effects can
disrupt the conservation of the electron spin quantum number [129]. Assuming a presence
of spin-orbit entanglement in the investigated (Big 0sSbg.94)2Tes film, the value of p ~ 0.3
- 0.6 measured in the distance-dependent four-point resistance experiment is remarkably
close to the theoretical limit. Generally, another cause for a reduction of p is an unidentified
involvement of trivial bulk states in charge transport severely limiting the magnitude of the
spin voltage [104, 112, 123]. With a parallel conduction channel provided by excited bulk
states, only a fraction of the total current j is sustained by carriers obeying spin-momentum
locking, which proportionally attenuates the spin-dependent signal (Eq. 5.23). In this regard,
BST thin film systems as the one investigated here are advantageous as the bulk contribution
to the conductivity is insignificant [101, 118].

It is suggested in literature [124, 130] that perceived spin-dependent signals in transport
measurements of TI materials can in principle have other causes than the spin polarization
of the TSS, such as the bulk Rashba effect or the local Hall effect caused by stray fields of
magnetized FM contacts. In the presented measurements based on the four-tip STM, an
influence of stray fields from the FM probe can be excluded due to the small dimension of the
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tip contact area [103]. While a parallel contribution of the Rasha effect to the spin signal is in
principle possible in a TI system [123], the population of the corresponding spin-split bulk
states in the interior of the thin film system investigated here is small due to the position of
the Fermi level in the band gap and the small film thickness. Moreover, Rashba contributions
from charge carriers that are possibly accumulated at the surface due to band bending [131]
are excluded as well, since the near-surface bending is insignificant in case of only 10nm
film thickness [101, 118]. The spin signal Ry inferred from the distance-dependent four-point
measurements is also larger in magnitude than what is expected from Rashba-split bulk
states, which contribute less to spin polarization in transport due to the partial suppression
from counteracting Rashba states with opposite helicity [122].

5.4. Effect of magnetic fields in infinite plane samples

In the framework of the spin-sensitive transport measurements, an electromagnet inside
the UHV chamber was used above the STM to magnetize the FM tip in situ. Intuitively, the
question arises whether the magnet can also be used during the electrical investigation to

perform magnetotransport measurements.

In measurement geometries using Hall bar structures with lithographic contacts, the appli-
cation of a magnetic field perpendicular to the sample surface allows direct experimental
access to the carrier mobility of investigated samples. Here, it is explored if, using the STM
tips as mobile electrical point-contacts, an analogous approach can be found for the case of
infinite-plane samples. The following consideration is based on the findings of Buehler et al.

on the Hall effect in infinite-plane systems [132, 133].

The injection of a current through point-contacts on the surface of a 2D conducting plate
in the presence of a magnetic field constitutes a boundary-value problem which can be
solved by the method of Corbino images. With an applied magnetic field B, the Lorentz
force acts on the moving charge carriers that constitute the flow of a current. In the case of a
point-like current source, the resulting current density is distorted from its usual radial shape
at B =0 into alogarithmic spiral described by a Corbino source. In a planar sample with finite
dimensions, a current source/sink is mirrored across the edge of the plate by an imaginary
source/sink, similar to the method of image charges used in electrostatics. For each of the
sources/sinks, a Corbino source (Fig. 5.15) is used to describe the resulting current density,
which forms logarithmic spirals under the influence of a perpendicular magnetic field. For
an arbitrary configuration of four probes on the conducting plate as seen in Fig. 5.15, where
probe 1 and 4 inject a current and probe 2 and 3 are voltage-probing contacts, two imaginary
probes (5 and 6) are constructed to satisfy the boundary conditions. The current density of
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Top view

Fig. 5.15.: Sketch of a four-probe measurement for an arbitrary probe configuration on a circular
conducting plate with finite radius under the influence of a perpendicular magnetic field. Probes 1 and
4 inject a current through the plate, while probes 2 and 3 serve as voltage-probing contacts. Under the
influence of a magnetic field, the point-like current sources are described by logarithmically shaped
Corbino sources. To satisfy the boundary conditions of the problem, image sources are constructed
across the edge of the conducting plate. The total current density is obtained by the superposition
principle. Red/blue lines represent the current density of the real/imaginary sources, respectively.

the four current sources/sinks is expressed by
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where d is the thickness of the plate with conductivity o, Ay is the Hall constant and e—r; , %:,
are the unity vectors of the polar coordinates with respect to probe i. Using Ohm’s law with

the included Lorentz force acting on the charge carriers

E:%f—AH(fxé)

allows to find the electric field E; of the four current sources/sinks
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With the principle of superposition, one can determine the potential difference V>3 between

the voltage-probing contacts by solving the curve integrals between their positions 7; 3 and
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7; 2 with respect to each Corbino source/image i as follows
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where ¢s5y — 53 and ¢z — g3 are the two angles that are obtained by counterclockwise
integration from probe 2 to probe 3 at the positions of Corbino images 5 and 6, respectively. In
this expression, the term that is odd in the magnetic field is identified as the Hall effect voltage.
Moreover, the second term is related to the classical quadratic geometrical magnetoresistance
that is seen in magnetotransport measurements. When regarding the case of an infinite plane
conducting plate, which is a reasonable assumption for microscale four-point arrangements
on samples with an exemplary sample size of 1 cmx1cm, the positions of the Corbino images
i’s, i extend to infinity and the measured voltage difference is simplified to
Vog = L (1+ (AuBo)?)
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where the definition of the Hall constant Ay = niq is used. As one can see, under infinite

’

plane conditions, there is no Hall effect measured in four-probe measurements in any probe
configuration and only the classical geometrical magnetoresistance remains as an influence
of magnetic field. According to this expression, the mobility i of a sample can in principle
be inferred from the geometrical magnetoresistance, if the product uB is sufficiently high.
With the electromagnet used in this work, i.e. with an estimated B = 200mT at typical
sample positions z = 2mm below the apex of the magnet, a minimum carrier mobility of

@ =~ 16000 cm?/Vs is required to observe a magnetoresistance of AR(B)/R(0) = 0.1.

5.5. Summary

In this chapter, the measurement of spin polarization in charge transport using a four-tip
STM was demonstrated in the example of the BST material system.

An investigation of the preparation procedure for ferromagnetic Ni tips was performed. The
electromagnet that is used for the in sifu magnetization of Ni tips in UHV was character-

ized. The concept of the spin voltage as a quantity resulting from the spin-splitting of the
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electrochemical potential and the principle of its detection using magnetized probes was in-
troduced. The connection between the applied charge current and the resulting spin voltage
was derived using an interpretation of the spin polarization as the degree of helicity of the
TSS. For this purpose, a description of the electronic system as a statistical ensemble of spin

states was used.

Using the nanoscale tip positioning method relying on STM scans, spin-sensitive distance-
dependent four-point resistance measurements were performed on the surface of two BST
thin films of different atomic composition. The room temperature spin signal observed in
the case of the (Big 95Sbg.94)2Tes thin film was used to determine the underlying intrinsic spin

polarization of the Dirac cone to p ~ 0.3 -0.6.

The results presented in this chapter are largely published in Ref. [134].
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CHAPTER 6

Thickness-dependent sheet
conductivity of ultra-thin
topological insulator films

This chapter demonstrates the investigation of a transition of a 3D TI with a Dirac cone into a
massive Dirac fermion regime as its size in one dimension is reduced continuously. On the
example of a (Big.15Sbg g4)2Tes thin film, the four-tip STM is used to acquire charge transport
characteristics on the nanometer scale depending on the thickness of the film. It is shown
that such a transition takes place at a critical film thickness of 5QL. In the 3D TI regime, for
5QL thickness and above, charge transport is found to only occur through the TSS of the TI.
In the ultra-thin film limit below 5 QL, cross-interaction of TSS opens a gap in the Dirac cone,
such that the material system cannot be considered a 3D TT anymore.

After a short introduction into the concept of the transition from a 3D TI to a 2D TI, the
geometry of the investigated BST sample system is described. The measurement of the four-
point resistance on single terraces of different thickness is demonstrated and a semiclassical
model used for its interpretation is derived. From the quantitative results, it is concluded that
apart from the arising of a massive Dirac dispersion, charge transport is influenced by an

emerging scattering mechanism with reduced sample dimension.
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Chapter 6: Thickness-dependent sheet conductivity of ultra-thin topological
insulator films

6.1. Hybridization of topological surface states

In chapter 4, it was outlined that the six surfaces of a strong 3D TI each host topological
surface states in the shape of a Dirac cone. It was also motivated that the 3D TI phase can
be interpreted as a generalization of the QSH phase to three dimensions. Likewise, thin film
systems of 3D TIs can be used to realize a phase transition into exotic topological phases such
as the QSH or the quantum anomalous Hall (QAH) phase. By the intended breaking of time-
reversal symmetry through the manipulation of the stoichiometry of the 3D TI system, 1D
chiral edge states can be obtained [135-139]. In terms of the band structure, this mechanism
is accompanied by the opening of a finite energy gap in the linearly dispersed TSS of the 3D
TI. In particular, the ternary BST material system is a popular template system to study these
phase transitions due to its simplicity, as it only has a single Dirac cone at the I'-point.

Another intuitive approach to cause the emergence of a QSH system, i.e. a 2D T1I, is to reduce
one dimension of a 3D TI [140-143]. The helical TSS on two opposite faces of a 3D TI material
possess reversed spin orientation, as illustrated in Fig. 6.1 (a). If the thickness L of a 3D TI
film sufficiently large, such that the TSS at the two interfaces are well separated, they appear
as two independent massless Dirac cones. Upon bringing the two TSS close to each other by
reducing the sample thickness, their wave functions overlap and the states couple together.
The reduction of the physical distance between the interfaces below a critical thickness L,
defines the onset of this interaction. As an effect of the hybridization, an energy gap A is
opened at the Dirac point [89], such that the charge carriers populating the states act as
massive Dirac electrons. This situation is sketched in Fig. 6.1 (b). It is noted that this opening
of the TSS g