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CHAPTER

1
Introduction

Within the field of condensed matter physics many materials can be found that have
complex, often exotic and usually not well understood properties. Aside from the
drive to understand what brings about these properties, the prospect of putting such
materials to use for applications is one of the main motivations to study them. The
work described in this thesis is concentrated on two different families of such com-
plex materials, namely the superconducting iron based pnictides and the colossal
magnetoresistant manganites. Although the properties of these two families are
rather different, comparisons can still be drawn between them. For instance, in both
systems magnetism plays a crucial role and the interplay between the lattice and the
electronic structure, although different in detail, is important in both cases. Unlike
their famous cuprate cousins, an important part of the complexity both these quan-
tum matter systems lies in their orbital degrees of freedom, whereby the frontier
electronic states have two or more different 3d orbitals to choose from. The explicit
role of - for example - orbital ordering has been clear in the manganites from the out-
set, while this realisation is currently growing in the iron pnictides. Interestingly, the
crystal structure of the manganites is nearly identical to that of the cuprates, whereas
many properties of these cuprates are, in turn, seen back in the pnictides. Therefore,
even though this thesis is split into two seemingly independent parts, the underly-
ing physics describing both emergent types of complex matter systems might in fact
be very similar.

1.1 Iron based high temperature superconductivity

While trying to find a transparent oxide semi-conductor, H. Hosono and co-workers
stumbled upon an iron based material with an unusually large superconducting
transition temperature of 26 K [1]. Within a short period of time several different
families of iron based materials were found with superconducting transition temper-
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1. INTRODUCTION

atures reaching as high as 55 K [2], well in excess of the originally predicted limit of
∼ 40 K for conventional superconductors [3] 1. These discoveries resulted in a world
wide drive to study the origin of superconductivity in these iron based materials,
partly in the hope it could add to the ongoing debate on the physics driving super-
conductivity in the well established family of high-Tc superconductors, the cuprates,
but also from an applications point of view. For instance, although these newly dis-
covered materials are, like the cuprates, layered, their anisotropy is generally much
smaller, and the parent compounds are metallic. Moreover, as the pairing symmetry
is now believed to be of s-wave character, grain boundaries will pose less of a prob-
lem than they are for instance for d-wave cuprate superconducting wires. Lastly, the
mechanical properties are considerably advantageous over those of the cuprates as
wires are for instance more easily drawn.

At the time of the discovery of the iron based superconductors, the main focus
of the Ph.D. work presented here was the investigation of the colossal magnetore-
sistant manganites. However, when synthesis of the ‘122’ family of pnictides was
achieved in our research group by Y. K. Huang, it was decided to also investigate the
pnictides. At that time, only two preprints reporting scanning tunneling microscopy
and spectroscopy (STM/S) measurements on pnictides existed, and the field was
fresh and wide open: basically everything was uncharted territory. Having got up
to speed with the STM/S system on the bilayered manganites - and after getting the
machine up and running on typical calibration samples such as graphite, writing
analysis programs and modifying the setup to increase its capabilities and effective-
ness - the pnictides formed a welcome change of subject displaying a zoo of surface
topographies and strongly varying superconducting gaps, all of which are discussed
in the first four experimental chapters.

1.2 Colossal magnetoresistant manganites

Next to the high temperature superconductors, the colossal magnetoresistant man-
ganites are one of the main thrusts of both theoretical and experimental investi-
gations in complex hard condensed matter physics. Despite years of research, the
physics underlying the colossal change in resistivity upon application of a magnetic
field is not fully understood and remains a hot topic. For application purposes, this
knowledge is essential for the tuning of the transition temperature and of the mag-
nitude of the change in resistivity. The existence of coherent quasi-particle weight
at the Fermi level seen with angle resolved photoemission (ARPES) on the bilayered
material La2-2xSr1+2xMn2O7, despite evidence from bulk probes that this material is
a poor metal at most, i.e. one with a relatively high resistivity, has started a lively
discussion as to the origin of these truly metallic spectra, all the more since ongo-
ing research within our research group found that only a very small portion of the
sample surface displays such peaked spectra [6].

1although Refs. [4, 5] have shown that this limit is actually not a limit at all, it is still commonly seen
as a special temperature for a Tc to exceed
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Outline of this thesis

In an effort to elucidate the origin of these quasi-particle peaked regions and
to find an explanation for the colossal magnetoresistant effect that is particularly
strong in these bilayered manganites, the focus of this part of the Ph.D. research
was to try and find such regions and determine their properties on the atomic scale
using the newly installed scanning tunneling microscope. The first year and a half
of the research presented in this thesis were therefore devoted to scanning surfaces
of bilayered manganites with various doping concentrations. Combined with the
ARPES investigations, a compelling explanation of the quasi-particle peaked areas
and the ‘metallic’ bilayered manganites as a whole was found, which is presented in
chapter 9.

1.3 Outline of this thesis

The first ‘real’ chapter of this thesis, chapter 2, introduces the technique of scanning
tunneling microscopy and spectroscopy (STM/S), both from a theoretical and exper-
imental point of view, and gives an introduction to low energy electron diffraction
(LEED). To improve the readability of the chapter, details on the art of making tips,
tip characterisation and a number of calibration measurements are given in the var-
ious appendices.

Having introduced the experimental setup, the main body of the thesis is divided
into two parts. Part I describes the research done on the iron based superconductors,
and Part II that on the bilayered manganite La2-2xSr1+2xMn2O7.

The first chapter of part I, chapter 3 introduces superconductivity in general and
the iron based pnictides in particular by giving a short overview of the existing litera-
ture on the subject. Chapter 4 then tackles an important part of any surface sensitive
study: the cleavage surface of the ’122’ pnictide family of materials. Before being
able to make any statement about a material from its investigation with a surface
sensitive technique such as STM/S or angle resolved photoemission (ARPES), one
should know what the properties of the surface layer are and whether or not the
presence of a surface affects the results obtained by the study. In this chapter a com-
bination of temperature dependent STM, STS and LEED investigations on various
‘122’ pnictide systems demonstrate that cleavage of these systems occurs within the
Ba layer, leaving half a Ba layer on each side of the cleave. This Ba layer is shown to
be disordered or to be ordered into (

√
2×

√
2) and (2×1) structures, all of which can

cross over into one another. A considerable, non-reversible temperature dependence
of the structures is furthermore observed. At the end of the chapter a simple model
explaining the various surface appearances is presented.

Having thoroughly investigated the properties of the cleavage surface, chapter
5 describes the investigation of the electronic states of the optimally doped Ba122
compound, focusing in particular on the superconducting energy gap. In the first
place, it is found that the electronic states as seen with STM are little affected by
the details of the surface topology. Secondly, a large variation in the peak-to-peak
separation, which is interpreted as the superconducting gap size, is found as a func-
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1. INTRODUCTION

tion of real space position. A correlation between the peak height, gap size and zero
bias conductance is found in the system, similar to what is seen in the cuprates. As
measurements on non-doped Ba122 show relatively small variation in zero bias con-
ductance, the variation seen in the electronic properties of the superconductor are
shown to be connected to the superconducting state and not the material in general.
The size of the normalised gap is shown to be well beyond the BCS s- and d- wave
values, suggesting an unconventional mechanism of superconductivity. By examin-
ing the autocorrelation traces of gap maps, the length scales of the variation in gap
magnitude are seen to be on the order of the Co-Co separation, hinting at a connec-
tion between these two.

The observation of a large spatial variation in peak-to-peak separation in the tun-
neling spectra discussed in chapter 5 are very reminiscent of the cuprate systems,
where similar variations have been observed, which turned out to be related to a
pseudogap rather than the superconducting gap. In order to see whether in the pnic-
tides this variation is also related to a pseudogap that does not close at Tc, tempera-
ture dependent measurements of the superconducting gap have been performed for
various doping concentrations. It is shown that the observed gaps all close at Tc,
ruling out a pseudogap and assigning the peak-to-peak separation to the supercon-
ducting gap.

In chapter 7, the origin of the large variation in superconducting gap size is fur-
ther investigated by a detailed doping dependent study and measurements on dif-
ferently doped Ba122 materials.

Part II of this thesis describes the STM/S investigations performed on the bilay-
ered colossal magnetoresistant manganite La2-2xSr1+2xMn2O7, which was the original
subject of this Ph.D. research. Various doping concentrations of this manganite ma-
terial were investigated using STM/S, at the same time as detailed ARPES investiga-
tions were performed on identical crystals during numerous visits to large scale light
source facilities in Berlin and Villigen (CH). After introducing the manganite family
of materials and in particular the bilayered manganite La2-2xSr1+2xMn2O7 in chap-
ter 8, the last chapter will discuss these STM/S investigations, which taken together
with ARPES form the basis of a compelling description of the manganites and their
colossal magnetoresistant effect in terms of polaronic conduction close to a metallic
breakdown, contrary to the commonly adopted picture of a double exchange driven
metal to insulator transition.

This thesis describes the first Ph.D. research at the van der Waals Zeeman Insti-
tute performed with a Createc ultra high vacuum, low temperature scanning tunnel-
ing microscope. To benchmark the system, measurements on
Bi2Sr2CaCu2O8+δ and PbxBi2-xSr2CaCu2O8+δ which have been intensively studied in
the literature, have been performed, which are discussed in appendix A. It will be
shown that with the commercially available setup used it is possible to obtain not
only high resolution topographic images, but also spatial maps of the energy gap
over large fields of view as well as maps of the local density of states at energies
that show quasi-particle interference scattering patterns. Following the literature on
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Outline of this thesis

these two systems closely, all these different types of measurement and their analysis
will be presented.

As considerable time in this research has been devoted to the art of making one
of the crucial elements in tunneling microscopy, the tip, appendix B reviews various
methods used to produce both tungsten and platinum-iridium tips and the charac-
terisation thereof on a Au(788) sample. Adaptations to the setup to incorporate in
situ oxide removal of tips and to have a higher measurement efficiency will also be
discussed.

Appendix C will discuss the calibration of the temperature of the STM, using a
thermometer in the place of a sample holder in the STM and by temperature de-
pendent measurements on the BCS superconductor Nb. Experimental and thermal
broadening of the spectra will be discussed in detail, which are relevant in the discus-
sion of the temperature dependence of the pnictide superconductor data presented
in chapter 6.

The resolution of any STM is mainly limited by noise, both electromagnetic and
vibrational. Appendix D will therefore discuss the detection and reduction of noise
in the setup and will give an overview of the noise present in the system used and
its effect on the resolution.

In the last appendix (E), the software written throughout this research will be
briefly discussed, focusing on the routines used to load data saved by the Createc
measurement software into the analysis program Igor. It should be noted that this
appendix is rather specific and therefore less of general interest, most probably being
of more use to following generations of STM practitioners in Amsterdam than to
for instance members of the Ph.D. committee. It is (like the other appendices) not
required for a full understanding of the work described in this thesis. The algorithm
used to construct gap maps will be described and the appendix will close with a
section on various parameters used throughout this work on different systems (setup
currents, modulation frequencies, approach settings, etc.).
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CHAPTER

2
Experimental background and
technique

In this chapter the experimental background and setup will be described in some
detail. A theoretical and experimental description of the STM system used will be
given. One system was used for all STM/S measurements described in this thesis.
The system is the commercially available LT-STM from SPS-CreaTec GmbH [7] which
has been adapted during the course of the research described in this thesis, so as to
better match the demands of the experiments undertaken. The basic workings of
the machine and essential changes will be described. At the end of the chapter, a
short introduction to LEED and the corresponding setup used will be given. This
technique will be used in the next chapter in the discussion of the cleavage surface
of the ‘122’ pnictides.
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

2.1 Scanning Tunneling Microscopy / Spectroscopy

’When two metals are separated by a thin insulating film, electrons can flow between
the two conductors due to the quantum mechanical tunnel effect.’1 The first observa-
tion of tunneling through an insulating barrier was reported in 1960 by I. Giaever [8],
who measured current-voltage characteristics of superconducting metals such as Al
and Pb separated by an oxide layer of 15-20 Å. These experiments formed the ba-
sis of the development of the scanning tunneling microscope two decades later by
G. Binnig and H. Rohrer at IBM Zürich [9]. A detailed account of events leading
up to the formation of the first STM are addressed in the lecture given by both dis-
coverers at the presentation of their 1986 Nobel Prize in Physics [10]. Within a year,
mono-atomic steps were observed [11] and even atomic resolution was obtained [12].
Within a few years, other groups were convinced of the power of this new technique,
which can non-destructively probe the electronic structure with an unprecedented
spatial resolution and high energy resolution. In the context of this thesis, it is note-
worthy that the first observation of spatial variations, on the order of 13 nm, of a
superconducting gap magnitude were reported in 1985 on Nb3Sn, only a few years
after the first STM was build [13].

Despite many improvements in the detailed design of STMs over the years, in
order to increase the sensitivity and reduce the noise, the key ingredient is still one
or multiple piezoelectric crystals 2 which drive a metallic tip to the surface under
investigation and enable picometer resolution spatial control. At the time of writing,
a typical STM setup can keep a tip on the same atomic position up to a few days at
low temperature (i.e. a few Kelvin). The limiting factor is actually the temperature,
as the setup needs to be refilled with liquid helium and nitrogen every few days
which cannot be performed while measuring.

2.1.1 Tunneling theory

The wavelike nature of electrons allows for tunneling from one conductor to an-
other through a classical barrier such as vacuum. Considering the simplest tunneling
configuration, where two conductors are separated by a two-dimensional uniform
barrier, the tunneling current is found by solving the one dimensional Schrödinger
equation (see for instance Ref. [14], pages 328-330, for the full derivation):

I ∝ exp[−

√
8meΦ

 h2 d], (2.1)

where me is the electron mass, d is the width of the barrier and Φ is the barrier
height, or work function. In practice, the relation for one dimensional tunneling
is a good approximation to the height dependence of the tunneling current in an
actual STM experiment, although for a more exact description refinements should

1first sentence of I. Giaever, Phys. Rev. Lett. 5, 464 (1960)
2piezoelectric crystals deform upon application of a voltage across the crystal, typically a few to a few

tens of ångstroms per Volt
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be made to take into account for instance a difference in the work function of the
sample and the tip. The (sub-) picometer height sensitivity of the STM stems from
the exponential dependence of the tunneling current on the barrier width.

Figure 2.1: (a) Schematic of an atomically sharp metallic tip in proximity of a surface. (b)
Cartoon of the density of the states of the sample (left) and tip (right), where the occupied
DOS is shaded. A negative bias voltage, V, is applied to the sample, shifting the Fermi level of
the sample with an amount V with respect to the Fermi level of the tip. Electrons will tunnel
from the region of the sample DOS shaded in light grey to the tip through the vacuum leading
to a current.

In order to arrive at an expression for the bias voltage dependence of the tun-
neling current, in addition to the barrier height dependence described by Equation
(2.1), Fermi’s golden rule is commonly used to describe electron transitions within
perturbation theory. Consider the situation sketched in Fig 2.1a. The current that
will flow between the tip and the sample is described by [15]:

I =
4πe

 h

∫∞
−∞

|M|2gt(r,E)gs(r,E + eVbias)

×{f(E)[1 − f(E + eVbias)] − f(E + eVbias)[1 − f(E)]}dE, (2.2)

where f(E) is the Fermi function, Vbias the applied bias voltage and M the matrix
element for tunneling between the tip and the sample, which have a local density
of states gt(~r,E) and gs(~r,E − eVbias), respectively. Incorporated in Equation (2.2)
are both tunneling from the sample to the tip and vice versa. However, if for in-
stance Vbias < 0, tunneling from the sample to the tip will dominate and the reverse
contribution can be neglected. In the limit where the temperature goes to zero, and
assuming a constant tip density of states, i.e. gt(~r,E) = gt(~r, 0), Equation (2.2) re-
duces to:

I =
4πe

 h
gt(r, 0)

∫0
−eV

|M|2gs(r,E + eVbias)dE, (2.3)
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2. EXPERIMENTAL BACKGROUND AND TECHNIQUE

where the integral now runs over the energy range of interest only, namely from -eV
to 0 (or from 0 to eV for a positive bias voltage), where 0 is the Fermi energy of the
tip. The details of the tunneling process are hidden in the tunneling matrix element
M. Shortly after the first tunneling experiments by Giaever [8] and Nicol, Shapiro
and Smith [16], Bardeen showed that ‘it is plausible to treat M as a constant in the
interpretation of the experiments’ [17]. If one assumes a uniform 2D barrier and a
tip to sample distance large enough that the wavefunctions of the tip and the sample
do not hybridise, |M|2 reduces to the exponential in Equation (2.1).

In a real life STM experiment, the barrier is not uniform, and the shape and or-
bital character of the tip have to be taken into account to be able to describe the
current in detail. Tersoff and Hamann [18, 19] were the first to simulate STM mea-
surements and already found excellent agreement with experimental results using a
simple model where the tip was assumed to be of s-wave character with a spherical
apex. Since then, refinements of this model have lead to even more striking agree-
ment with experiment, enabling one to explain the fine details of images with atomic
resolution, see for instance Ref. [20, 21] for an overview of the developments in this
field. The dependence of the tunneling current on the details of the tip is nicely il-
lustrated by measurements on a metallic material such as gold (see Ref. [22] for an
overview of STM measurements on various Au(111) vicinal surfaces). As the elec-
trons in single crystalline gold are highly delocalised, the observation of atoms on
the surface [23] has been shown to require either a special tip orbital to pick up the
atomic corrugation [24] or a deformation of the tip and/or surface due to tip-sample
interactions [25].

By taking the matrix tunneling element, M, out of the integral in Equation (2.3),
the current can thus to a good approximation be described by a prefactor times the
integral from 0 to the bias voltage over the sample density of states. In case there is
no spatial variation in the local density of states of the sample, scanning the surface,
while adjusting the tip-sample distance to keep the current constant, will give the
height profile of the surface. Such a measurement will be referred to as a constant
current image or topograph. However, if the local density of states, g(r,E) or LDOS,
is spatially inhomogeneous, a convolution of the height and LDOS is captured and
care should be taken in the interpretation of the constant current images. A good
example of the influence of the LDOS on topographs is graphite, where only half
of the surface atoms are imaged due to an inequivalence in the LDOS of the atomic
sites of the top layer [26].

The full power of the STM lies in the combination of its ability to image the sur-
face profile on an atomic scale and probe the LDOS simultaneously. Using a straight-
forward lock-in technique, the derivative of the current with respect to the energy
(= voltage) is obtained, which, as can be seen from Equation (2.3), is directly pro-
portional to the local density of states of the sample, g(r,E). If such a differential
conductance, or dI/dV, measurement is performed on a spatial grid of pixels, a 3D
block of data is obtained: a conduction- or LDOS map. A slice through a conduction
map, where for a certain energy the spatial distribution of the LDOS is imaged, is
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called an LDOS or g(r,E) image.

2.1.2 Barrier height or work function, Φ

Before moving on to the design of the STM used in this work, the apparent barrier
height briefly mentioned in the previous section will be discussed in more detail.
The barrier height, or work function Φ, appearing in Equation (2.1) is the energy
an electron requires to escape from a material to the vacuum and is typically on the
order of a few eV. However, in tunneling experiments, electrons do not escape into
vacuum, but tunnel from one material to another with a vacuum in between. The
apparent barrier height will then be equal to the average of the work functions of the
two materials, i.e. Φ = 1

2 (Φtip + Φsample) [27, 28].
The work function extracted from tunneling experiments has been shown to be

independent of the tip-to-sample separation as long as this separation is not in the
point contact regime [29]. Since the barrier height is a material dependent property,
the STM is in principle capable of determining what element(s) reside(s) at the sur-
face of a material. As most materials have a similar work function, and different
tips can have different work functions, this is unfortunately rather intricate in prac-
tice. However, the average barrier height from measurements on several samples
with several tips can give a good indication of the surface atomic character. More-
over, from the comparison of work functions of different surface structures on the
same material measured with the same tip, one can decide if the different surface
structures are due to a different surface atom. This will be used in chapter 4 in the
discussion of the cleavage surface layer of the pnictide ‘122’ high-Tc superconduc-
tors.

2.1.3 STM design

Since STM/S is only sensitive to the surface layer of a material, measurements have
to be performed under extremely clean conditions to prevent the surface from con-
taminating. All measurements presented in this thesis were therefore performed in
ultra high vacuum (UHV), i.e. at pressures <1.5x10−10 mbar. Figure 2.2 shows an
image of the system, highlighting its main parts. The vacuum chamber consists of
three separate compartments, the STM chamber, the preparation chamber and the
load lock, each of which have their own specific functions. The load lock is used to
insert and extract tips and samples in and out of the vacuum, and contains a home
build stage to treat tungsten tips (see section B.1.2). In the preparation chamber, up to
four samples and six tips can be stored, samples can be cooled, heated and cleaved,
LEED can be done on cleaved samples and samples can be sputtered with Ne (see
Fig. 2.2c). The STM head is located in the STM chamber and is optically accessible
via a small viewport (see Fig. 2.2d).

Each compartment has its own pumping power to sustain ultra high vacuum
conditions. The load lock is pumped by a Pfeiffer Vacuum turbo pump coupled to
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an Edwards Vacuum XDS scroll pump. However, both of these pumps have rotat-
ing parts and must therefore be switched off during STM/S measurements to avoid
noise. Both the preparation chamber and the STM chamber are pumped by a Leybold
Heraeus ion pump and titanium sublimation pump. Since these types of pump have
no mechanically vibrating parts, they do not have to be turned off during a measure-
ment, ensuring proper vacuum conditions throughout the measurement period. The
entire vacuum chamber is furthermore placed on four Newport laminar flow isolators
to reduce mainly translational vibrations.

In order to measure at temperatures down to 4.2 K (and lower), the STM head is
suspended with springs from a cryostat which can be filled with liquid helium. A
shield fixed to the He cryostat thermally encloses the STM head to thermally isolate
it from the rest of the system. The helium bath is in turn shielded by an outer cryostat
filled with liquid nitrogen. The inner cryostat can be pumped to a few tens of mil-
libars to reduce the temperature of the STM head even further down to ∼2.4 K. At the
time of writing, the stand time of the system at 4.2 K is approximately 72 hours and
is limited by the lifetime of both the liquid nitrogen and liquid helium in the outer
cryostat. A Zener diode that enables controlled heating in the range of 2.5 K - 350 K
is mounted on the base of the STM head. It should be noted that the best results, i.e.
those with the least amount of noise, are currently obtained between 2.5 K and 30 K.
A silicon diode serving as temperature sensor of the STM is placed on the STM head
as far away from the Zener diode as possible in order to have an accurate readout.
Calibration of this temperature sensor with respect to the actual temperature of the
sample is described in more detail in appendix C. A Neocera LTC-21 temperature
controller unit was used to control the temperature of the STM to within an accuracy
of a few milli-Kelvin.

The electronics and software used to control the STM setup were supplied by
SPS-CreaTec GmbH and were upgraded during this thesis. The electronics contain
several 32-bit Digital to Analog Converters (DACs) to send signals from a computer
to the STM and 32-bit Analog to Digital Converters (ADCs) to read out the tunneling
current and differential conductance. The tunneling current is amplified by nine or-
ders of magnitude by a Femto DLPCA-200 variable gain low noise current amplifier.
Differential conductance spectra were taken using a Stanford Research System SR830
DSP lock-in amplifier. A Createc high voltage supply amplifies the±10V signal from
the computer to a±200V signal to control the piezos. LEED is performed using a VG
Microtech LEG110S/8011, see section 2.2 for more details.

Besocke Beetle

The STM head is of a Besocke Beetle type [30, 31], which basically consists of three
outer piezos that support a ramp onto which the main piezo is mounted. In this
case, the main piezo is pointing downwards and the sample is inserted into the STM
pointing upwards. The tip is attached to the main piezo by means of a magnet (see
section 2.1.3 for details on the magnetic field of the z-piezo). Figure 2.3 shows a
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Figure 2.2: (a) The STM vacuum system and (b) corresponding schematic with the various
parts indicated. The images underneath highlight a particular function of the three vacuum
compartments: (c) sputtering of the Au(788) sample, the beam of Ne ions comes from left
below and (d) a Pt/Ir tip and its reflection in the Au(788) sample.

schematic drawing of the Beetle design and an image of the STM head used in this
work. All four piezos have electrodes on the±x and±y directions to be able to bend
them in all in-plane directions. The main piezo also has an electrode connected to
the heart of the piezo in order to extend and retract it.
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Figure 2.3: Left: image of the STM head. A sample holder can be placed onto the sample
holder plateau which can be raised to bring the sample into range of the tip. Right: schematic
drawing of the Beetle design STM with the different components indicated.

To transfer samples in and out of the STM head, the sample holder plateau can be
lowered by means of a push-pull mechanism. This mechanism has three positions:
fully retracted, halfway up, and fully extended. In the fully retracted position, the
STM head is pulled onto the cryo-shield that is mounted underneath the He cryostat.
This way, the STM head is cooled quickly and samples can be transferred in and out
of the STM head. Once a sample is placed into the STM head, it can be positioned in
the position halfway up. The STM head is then still in contact with the cryoshield,
but now the sample holder is in direct contact with the STM head, so the sample is
cooled. Once the sample is cooled, the push-pull mechanism can be released into
the fully extended position. The STM head is then disconnected from the He cryo-
stat and is floating freely from the springs, ensuring both electrical and mechanical
isolation from the vacuum chamber. Eddy current dampening at the bottom of the
STM head further reduces noise.

Once the STM head is floating freely, the tip can be brought closer to the sample
or further from it by rotating the ramp plate. The ramp plate is divided into three
sections with an identical height gradient. Each of the three outer piezos touches
one of these sections. By a combined stick-slip motion of the outer piezos, the ramp
plate is rotated into a different position and thus height. Using stick-slip motion of
the outer piezos, the x and y orientation of the tip with respect to the sample can
also be altered. Combining both rotation and translation of the ramp plate, the tip
can be brought in close proximity to the sample anywhere in the xy-plane. The full
reach of the ramp is approximately 0.5 mm in height. Therefore, in order to avoid
tip crashes or not being able to reach a sample, care should be taken when making
tips and mounting samples on the sample holders. Once the tip is optically near
the sample, the last few micrometer can be bridged by invoking the computer to
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start the approach sequence. During the approach, the outer piezos rotate the ramp
step by step, checking in between steps if there is a tunneling current established by
fully extending the main piezo. If no tunneling contact between the sample and the
tip is made, the main piezo is fully retracted and the ramp is rotated another step.
If a tunneling current is detected, the approach is stopped and a measurement can
commence.

There are two types of measurement: topography and spectroscopy. During to-
pography, the xy-movement is controlled by a combined tilting of the three outer
piezos. For a given tunneling voltage between the tip and the sample, the main
piezo will adjust its length to keep the tunneling current constant, while scanning
the surface. For such an adjustment of the main piezo, a feedback loop has to be
turned on which monitors the tunneling current as a function of the change of the
main piezo length. Aside from the voltage and set current, the frequency with which
this monitoring takes place is therefore an important parameter in topography mode.
In spectroscopy mode, the feedback loop is turned off so the main piezo is not ad-
justed anymore. Subsequently, the voltage can be swept while measuring the tun-
neling current. To obtain useful results, the tip-sample distance should be constant
during a voltage sweep. Since piezos are especially sensitive to temperature gradi-
ents, the temperature should be stable to within a few milli-Kelvin to be able to take
thousands of spectra (required to for instance construct a gap map) without either
the main or the outer piezos drifting from their initial position. In principle, the xy
movement and z movement can be regulated by any combination of the main and
outer piezos, but the above (z = main, xy = outer) has been used to decouple xy from
z movement and to avoid having to use stick slip motion while measuring.

Main piezo magnetic field calculations

As mentioned in the previous section, the tip is attached to the main piezo by means
of a small magnet at the end of the main piezo. Initially this was a single magnet
with its magnetisation axis along the length of the main piezo. This configuration,
however, also produces a nonzero magnetic field at the surface of the sample. Since
this could in principle interfere with the measurements, especially those on super-
conductors, a calculation was performed to estimate the magnetic field at the sample
surface 3.

In this calculation, the magnet, the attached tip holder and the surrounding vac-
uum are reconstructed using a finite number of elements. All of these elements are
given their own magnetic moment depending on the material the element consists
of. For the tip holder non-magnetic stainless steel has been used in the calculation.
The size and strength of the magnet have been measured. The magnetic field at a
distance of ∼3 mm from the tip holder, i.e. at the sample surface, has subsequently
been calculated using several models of which the details go beyond the scope of
this thesis. In the calculation, both the situation with a tip holder and without a

3calculations were performed by E. Hennes, Technology department FNWI, UvA
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holder have been simulated, giving nearly identical results. The axial component of
the magnetic field, Bz, is approximately 45 ± 5 Gauss without tip holder, and 55 ± 5
Gauss with tip holder.

As this field is rather large, a different magnetic configuration was considered,
namely one where instead of one magnet, two anti-parallel aligned magnets are used
to keep the tip holder into position. This configuration has been modeled using the
same method as has been used for the single magnet configuration and resulted in a
field of 4 ± 0.5 Gauss without tip holder and < 1 Gauss with tip holder. Therefore,
during the coarse of this Ph.D. research, the z-piezo has been switched to one with a
double anti-parallel aligned magnet configuration.

2.2 Low energy electron diffraction

In order to determine the crystallographic orientation of each individual sample that
is measured in the STM, in situ low energy electron diffraction (LEED) has been
performed. As depicted in Fig. 2.4, the LEED optics basically consist of a gun which
emits a beam of monochromatic electrons onto the sample surface, and a phosphorus
screen which is illuminated by the backscattered electrons after they are diffracted
at the surface. Grids are placed in front of the screen in order to provide a high
pass filter ensuring that only elastically scattered electrons reach the screen, whereas
secondary, inelastically scattered electrons will be removed.

Considering a one dimensional chain of atoms with a periodicity a that is illu-
minated at right angles by a plane electron wave, there will be intensity of scattered
electrons only if the Bragg criterium is met:

d = a sin θ = nλ, (2.4)

where d is the difference in path length between two beams scattered from adjacent
scattering centers (i.e. the atoms), a is the distance between two scattering centers,
θ is the angle between the incident and scattered beam and λ is the wavelength of
the incident beam. From this it follows that increasing the energy of the beam, i.e.
decreasing λ since E = hν

λ , will bring diffraction spots on the phosphorus screen
closer together. Secondly, a smaller lattice constant, i.e. smaller a, will increase the
distance between diffraction spots.

The advantage of using LEED over other diffraction probes such as for instance
Laue is that the electron beam which typically has an energy in the range 50-500
eV has a penetration depth of typically 5-10 ångstrom. Therefore, like STM, LEED
is a very surface sensitive probe. To describe a real LEED measurement, the three
dimensional equivalent of Equation (2.4) should be used. However, due to the small
penetration depth, the coherence of the electron beam in the c direction is smeared
out, leading to diffraction ’rods’ instead of spheres. Upon changing the energy of
the incident beam, one is effectively scanning through these rods of intensity. By
tracking the intensity of a particular diffraction spot as a function of energy, a LEED
I(V) curve can be constructed. Since the specific details of the near-surface structure
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Figure 2.4: (a) Schematic drawing of a LEED setup, the main parts are indicated in the figure.
(b) Optical negative of an actual LEED image, in this instance of Bi2Sr2CaCu2O8+δ, taken at 94
eV. The ∼5b supermodulation is clearly reflected by the rows of spots in one direction only.

are encoded in such a LEED I(V) curve, the details of the surface structure can be
uncovered to a high precision by comparison with calculations, a technique which
will be used in chapter 4 in the investigation of the ‘122’ pnictide cleavage surface.
In this work, a VG Microtech LEG110S/8011 LEED optics were used to characterise
the samples in situ after each STM investigation. LEED I(V) curves were obtained on
identical samples on a separate setup using a Specs ErLEED 100/150.

2.3 Single crystal growth and characterisation

Unless stated otherwise, the samples were grown in Amsterdam by Y. K. Huang.
La2-2xSr1+2xMn2O7, Bi2Sr2CaCu2O8+δ and PbxBi2-xSr2CaCu2O8+δ samples were grown
with the traveling solvent floating zone method using a mirror furnace. Pnictide
samples were grown using the Bridgeman method in an Al2O3 crucible using self
flux (i.e. FeAs-flux). All compositions given throughout this thesis were those ob-
tained using electron probe micro analysis after growth, performed by Y. K. Huang
and T. Gortenmulder. Magnetisation measurements and/or resistivity measurements
were subsequently used to further characterise the samples. These measurements
were performed by R. Huisman, H. Luigjes, S. de Jong, Y. K. Huang and the author.
Further relevant details on the samples will be given in the various chapters them-
selves. For more details on sample growth and characterisation methods other than
those given in the chapters the reader is referred to Ref. [6] and/or [32].
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Iron based superconductors
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CHAPTER

3
Introduction to the
superconducting pnictides

In this chapter a brief introduction will be given to superconductivity in general
and to the recently discovered pnictides superconductors in specific. First, a short
summary is given of the discovery and the subsequent theoretical understanding
of superconductivity. After reviewing the most important results from the bench-
mark theory of superconductivity, BCS theory, the most studied family of high tem-
perature, unconventional superconductors, the cuprates, is briefly discussed. Af-
ter having touched on the various anomalies observed in the cuprates and having
sketched the current status of understanding of this family of superconductors, the
most recent family of high temperature superconductors, the iron-pnictides, will be
discussed, including the crystals structure, band structure and pairing symmetry.

21



3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

3.1 Superconductivity

One of the most fascinating phenomena in (condensed matter) physics is supercon-
ductivity, which is the ability of a material to lose its electrical resistivity completely
below a certain temperature, and expel any external magnetic field. To illustrate how
remarkable the effect is, Heike Kamerlingh Onnes initially believed there was some-
thing wrong with his equipment when he discovered superconductivity in 1911, al-
most to date 100 years ago [33]. However, the contacts to his mercury sample were
fine and later experiments indeed showed that there is no detectable drop in the cur-
rent through a superconducting ring over the course of several years. Effectively, the
lifetime of the superconducting current can be considered infinite. Zero resistivity
alone does not make a material a superconductor. The formation of ring currents
on the surface of a superconductor enables it to counter external magnetic fields
perfectly, resulting in zero net magnetic field inside the superconductor [34]. This
so called Meissner effect, which was discovered by Meissner’s student Ochsenfeld,
leads (in type II superconductors) to levitation of a superconductor above a magnet
1.

3.2 A brief introduction to BCS theory

After the initial reluctance to believe that superconductivity was a real phenomenon,
more and more materials were found to display the effect with increasing supercon-
ducting transition temperatures (Tc). A theoretical understanding of the effect was
emerging in the 50’s and eventually led in 1957 to the publication by J. Bardeen,
L. N. Cooper and J. R. Schrieffer of their ‘Microscopic theory of superconductivity’,
which was later dubbed BCS theory after their initials [35, 36]. The theory is mainly
based on earlier work by L. N. Cooper, who showed that any attractive interaction
between electrons in a free electron gas, regardless how small, enables electrons to
form pairs [37]. In a spin-singlet superconductor, the two electrons that form a pair
must have opposite spin and momentum. The Fermi sea of electrons is unstable
against formation of these so called Cooper pairs and will condense into a ground
state where all electrons are paired: the BCS ground state. Without going in the
details of the theory, the most important predictions will be discussed below. For
a detailed history of the events leading to the postulation of the BCS theory, and a
derivation thereof, see for instance Ref. [38].

Two electrons that form a Cooper pair will lose energy in doing so. Therefore,
in order to extract an electron from the BCS condensate, for instance in a tunneling
experiment, a Cooper pair has to be broken, which costs the pairing energy, 2∆ (each
electron gains an energy ∆). This means that there is a finite energy range which
is insufficient to break a Cooper pair: the superconducting gap. For a BCS super-

1in type II superconductors immobile flux lines can penetrate the superconductor which keep the
superconductor in place above the magnet; a type I superconductor, which does not allow for flux lines
to penetrate, would simply slide off
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A brief introduction to BCS theory

conductor, this energy gap at T = 0 K (i.e. ∆(0)) is related to the superconducting
transition temperature by:

2∆(0) = 3.52kBTc, (3.1)

where kB is the Boltzmann constant. Since the gap is temperature dependent, a more
general relation, which is valid for all temperatures T is given by the following ex-
pression [39, 40]:

2∆(T) = 2∆(0)tanh(
π

2

√
Tc/T − 1). (3.2)

The superconducting density of states (Ns) in terms of the normal state density of
states (Nn) is furthermore given by:

Ns =

{
0 (E < ∆),

Nn
E√

E2−∆2 (E > ∆).
(3.3)

The density of single particle states in the superconducting state at T = 0 is thus zero
at energies less than the Cooper pairing energy and diverges at the gap energy. If
temperature is taken into account, the equation becomes an integral over the zero
temperature density of states convolved with the derivative of the Fermi function.
In order to compare theory to a real tunneling experiment, R. C. Dynes and cowork-
ers showed [41] that broadening due to a finite life-time of the quasi-particles and
broadening due to limited experimental resolution can effectively be captured by
introducing a broadening factor, Γ :

dI

dV
∝

∫∞
−∞

Re[
|E − iΓ |√

(E − iΓ)2 − ∆2
]× (

exp[(E + eV)/kBT ]

kBT(1 + exp[(E + eV)/kBT ])2
)dE, (3.4)

where dI
dV is the derivative of the tunneling current, which can be directly related to

the density of states, see section 2.1.1. This relation will be used in appendix C to fit
tunneling spectra taken on the BCS superconductor niobium.

BCS theory furthermore predicts that the transition temperature is related to the
Debye cut-off energy, ED, the density of states at the Fermi level, N(0), and the pairing
potential, V, in the following manner:

kBTc = 1.14EDe−1/N(0)V , (3.5)

where N(0)V = λ is the coupling parameter which expresses the material dependent
strength of the coupling of the electrons to the bosonic mode that leads to Cooper
pair formation. The regime where this parameter is small, λ << 1, is called the weak
coupling limit, which is the limit where BCS theory is valid. Although extensions of
BCS theory have been made to the strong coupling regime, i.e. where λ << 1 is no
longer valid, a more general description of electron-boson coupling in superconduc-
tors of arbitrary strength was developed by Éliashberg in 1960 [42], see also Ref. [43].
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

As the Debye cut-off energy for different isotopes of the same element should be
proportional to M−α, where α = 0.5, Equation (3.5) correctly reproduces the isotope
effect, which was first observed by E. Maxwell in 1950 in mercury [44].

Before moving on to discuss the successes of BCS theory and its limitations, two
important parameters need to be introduced. The first one is the coherence length,
ξcoh which is a measure of the spatial extent of the Cooper pair wave function. Ap-
plying the uncertainty principle to the gap energy, 2∆, the coherence length can be
shown to be [14]:

ξcoh ∼
EF

kF∆
. (3.6)

For typical low temperature superconductors such as mercury and aluminium, the
coherence length is on the order of 103 to 104 Å.

The second parameter is the electron mean free path, `. For a perfect, infinite ma-
terial, the mean free path would be infinite, but due to impurities, defects and a finite
temperature, there will be a finite distance over which an electron can travel with-
out being scattered (see section 3.7). The mean free path is given by ` = τvF, where
vF is the Fermi velocity and τ is the time interval between collisions of conduction
electrons with impurities in the sample.

An important measure of the purity of a superconductor is the ratio of these two
length scales, `/ξcoh. If `/ξcoh >> 1, electrons can move around over distances much
larger than the size of the Cooper pair wave function without being scattered, in
which case the superconductor is said to be in the clean limit. On the other hand, in
very impure materials the mean free path can become much smaller than the coher-
ence length, `/ξcoh << 1, and the superconductor is in the dirty limit.

3.3 Beyond BCS - from cuprates to pnictides

BCS theory correctly explained all superconductors known at the time of its pos-
tulation and many more that were discovered since, and has revolutionised the
understanding of superconductivity. However, even though for many known su-
perconducting materials the isotope effect has been observed, all with the isotope
coefficient α equal to 0.5, over the course of a century many conventional supercon-
ducting materials have been found with α 6= 0.5. Similarly, the relation between the
gap magnitude and the transition temperature predicted by BCS theory is not 3.52
for all materials: for instance in pure Pb it is as high as 4.2 [8]. Extensions to the basic
theory have been developed to account for these discrepancies, for example for sys-
tems such as Pb, where the weak limit approach is not valid and a strong coupling
approach has to be adopted.

The discovery of the cuprate family of superconductors by J. G. Bednorz and
K. A. Müller in 1987 changed this picture [45]. The copper oxide perovskite super-
conductor BaxLa5-xCu5O5(3-y) they created, had a transition temperature above 30
K, well in excess of any previously discovered superconductor. Within two years,
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Beyond BCS - from cuprates to pnictides

Figure 3.1: Cuprate structure and phase diagram, taken from [50]: (a) Cuprate crystal struc-
ture (shown here for La2-xSr2CuO4), where Cu-O planes are sandwiched between layers of
a different character. (b) Generic phase diagram of electron- (left) and hole doped (right)
cuprates. The precise of the behaviour of the pseudogap region as a function of doping is still
under debate and could be sample dependent, hence it is only indicated schematically.

cuprates were found with Tc’s of up to 127 K, of which the most widely studied
are Y2Ba2Cu3O7 (Tc = 93 K) [46] and Bi2Sr2CaCu2O8+δ (Tc = 95 K) [47]. The current
record holder at ambient pressure is HgBa2Ca2Cu3Ox with Tc = 135 K [48]. Not only
are the transition temperatures of these materials far beyond what is deemed pos-
sible within the BCS framework, they also support anomalous isotope effects and
have reduced gaps, 2∆/kBTc, up to 5 [49]. Clearly, these materials seem beyond a
‘simple’ adaptation of BCS theory.

Central to all cuprate superconductors is a Cu-O plane that is sandwiched be-
tween a number of interstitial layers, see Fig. 3.1a. The stoichiometric material has
a half-filled 3d shell, leading to a Hubbard splitting of the main band into an up-
per and lower Hubbard band, turning the material into an anti-ferromagnetic Mott
insulator. Upon adding or removing charges by changing the oxygen content, the
anti-ferromagnetism is suppressed and eventually superconductivity emerges in the
form of a superconducting dome. A schematic phase diagram is shown in Fig. 3.1b.

The original BCS theory considered only an s-wave symmetry of the supercon-
ducting gap, meaning that the gap magnitude is isotropic as a function of momen-
tum. In the cuprates, however, the gap symmetry has been the subject of discussion
for quite some time, but has been shown to be one with a d-wave character 2. This
means that there are nodes at certain momenta where the gap vanishes even down
to the lowest temperatures, and that the sign of the order parameter changes as a
function of momentum. Extending BCS theory to a d-wave gap symmetry, 2∆/kBTc

becomes 4.3 [53], which is considerably closer than the s-wave BCS value to the val-
ues obtained from experiments. However, such an extension alone is insufficient
to explain the wealth of properties observed in the cuprates, for which reason the

2at least for the hole-doped cuprates, it is still unclear for electron-doped systems, see for instance
Refs. [51, 52])
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3. INTRODUCTION TO THE SUPERCONDUCTING PNICTIDES

cuprates are commonly termed unconventional, or high Tc superconductors.
The anomalous isotope effect for instance has been the focus of intense research

and heated debate (see for an example of the latter the abstracts of [54–56]). Though
not essential for BCS theory itself, the ‘glue’ that binds the electrons into Cooper
pairs comes for conventional superconductors from a coupling of the electrons to
the lattice, i.e. electron-phonon coupling. Initially, either no or very small isotope
effects were observed in the cuprates, which seemed to indicate that electron-phonon
coupling plays a minor role in the cuprate superconductors, and a different pairing
mechanism must be the driving force of superconductivity. Later though, isotope
effects were found to change as a function of doping concentration, x, increasing to
values even larger than BCS theory for strongly underdoped systems, leading to a
plethora of theories to explain the origin of the pairing mechanism. See for instance
Refs. [57,58] and references therein for a recent overview of the experimental reports
on the isotope effect in cuprates and references in Ref. [59] for an overview of several
theoretical models proposed.

Closely connected to the ongoing debate on the pairing mechanism in the cuprates
is the appearance of a region in the phase diagram of all cuprates where there is a
depletion of spectral weight at the Fermi level at a temperature T∗, far in excess of
the superconducting transition temperature. This region, which strongly resembles
in many aspects the superconducting state without actually being superconduct-
ing, is commonly called the pseudogap region, and is wedged in between the anti-
ferromagnetic insulating regime and the superconducting dome, see Fig. 3.1b. The
main question that has kept the community busy over the past decades is whether
the pseudogap is a precursor to superconductivity or is competing with supercon-
ductivity, and what its importance is for high temperature superconductivity in gen-
eral.

In light of the impasse in the cuprate superconductors sketched above, a com-
pletely new family of high temperature superconductors was discovered in Febru-
ary of 2008 [1]. Within a short period of time a maximum transition temperature
of 55 K was found [2], not as high as in the cuprates, but well in excess of the BCS
maximum Tc. Perhaps even more surprisingly, this new superconductor contains
iron, a magnetic metal which is usually thought of as the worst starting point for a
superconductor.

3.4 Pnictide crystal structure

Like the cuprate superconductors, the pnictides 3 have a layered structure, where
for these systems an Fe-As layer is the central building block, see Fig. 3.2a. Impor-
tantly, this Fe-As layer is three dimensional, with the As atoms sticking out above
and below the plane of Fe atoms as shown in Fig. 3.2b, setting it apart from the two
dimensional Cu-O plane in the cuprates. To date, five different groups within the

3any binary compound of a pnictogen (i.e. an element from the nitrogen group) is called a pnictide
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Figure 3.2: Pnictide structure, adapted from [61]: (a) The five known different structural
groups within the pnictide family of superconductors. The shaded region indicates the Fe-
As/Se layer common to all groups. Below each structure a prominent composition within the
group is given and the generic name for each group. (b) Fe - As block where the 2D nature
of the layer can clearly be seen. The dotted square indicates the tetragonal unit cell (in the
magnetic phase the structure is actually orthorhombic, giving a unit cell rotated by 45 degrees
and

√
2 times larger on each side). (c) The same Fe-As block as is shown in (b) but seen from

above. The spins are located on the Fe atoms and form an anti-ferromagnetic structure in the
out-of-plane direction.

family of pnictides have been found, of which the simplest one, the FeSe or 11 sys-
tem (which is actually a chalcogenide 4) has no interstitial layers and the other four
groups have one or more interstitial layers between the Fe-As building blocks. Since
large, millimeter sized single crystals of the MFe2As2 or 122 system, where M is an
alkaline- or rare earth element, are relatively easy to grow and have transition tem-
peratures of up to 38 K [60], these materials are the most studied within the group of
pnictide superconductors. The main part of the iron-pnictide part of this thesis will
focus on these 122 crystals, although the 11 system has also been investigated for a
short period of time.

3.5 Phase diagram, magnetism and band structure

Most of the pnictide parent compounds (i.e. the structures shown in Fig. 3.2a) are
not superconducting, but require doping of some sort to enter the superconducting

4the pnictogen, As, is replaced in these systems by the chalcogen Se or Te.
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phase. An important difference with the cuprate parent compounds, which are anti-
ferromagnetic Mott insulators at T = 0 K, is that the pnictide parent compounds are
metallic at low temperature. Like the cuprates, they undergo a magnetic transition at
finite temperature, which in the pnictides is accompanied by a structural transition
from a tetragonal to an orthorhombic crystal symmetry. The spin structure of the iron
lattice is shown in Fig. 3.2c and is anti-ferromagnetic in the out-of-plane direction.
Though the origin of the magnetic order is still a hotly debated topic, (π,π) nesting of
electron- and hole-like Fermi surface pockets (see below) is commonly thought to be
(at least partly) the driving force of the magnetic order, see for instance Refs. [62,63].

Focusing on the 122 system, there are plenty of routes to get the system in the
superconducting phase. All of the three basic constituents of the material (M, Fe
and As) can be partially replaced by other atoms to achieve superconductivity. The
highest Tc of 38 K is reached by changing M for K [60, 64–66] and is effectively hole
doping the system. Changing Co or Ni for Fe, which can be seen as electron dop-
ing, leads to a maximum Tc of 22 K [67–71]. Isovalent substitution of for instance As
by P [72–74], or Fe by Ru [75–77], also brings about superconductivity with maxi-
mum transition temperatures of 30 K and 20 K, respectively. Figure 3.3a-d displays
the phase diagrams of examples of these hole-, electron-, and isovalently doped 122
systems. The fact that relatively large amounts of dopants can be introduced even
within the superconducting Fe layer is rather puzzling, and in stark contrast to the
extreme sensitivity of for instance the cuprates to dopants within the superconduct-
ing layers [78, 79].

With such a wealth of options to reach superconductivity, the question immedi-
ately arises what drives the material to become superconducting. The striking resem-
blance of the pnictide phase diagrams to the phase diagrams of several other classes
of unconventional, non-phonon mediated superconductors, including the cuprates,
organic- and heavy fermion superconductors, suggests that the pairing mechanism
in the pnictide superconductors is also of unconventional nature. Although no offi-
cial identification of the pairing mechanism has been proven, the general consensus
seems to be that magnetic spin fluctuations are the pairing ’glue’ that binds the elec-
trons [81, 82].

In order to get a handle on the physics underlying the superconductivity in
these materials, it is imperative to calculate and experimentally determine their band
structure. The electronic states at the Fermi level, EF, are almost exclusively Fe 3d
states with little hybridisation with As 4p states, as determined from hard x-ray pho-
toemission experiments [83]. From simple crystal field considerations these Fe states
have a d6 configuration and should give rise to at least four hole bands at EF. Local
density approximation (LDA) calculations indeed predict a band structure with four
or five bands crossing the Fermi level, see for instance Ref. [84] for an overview of
LDA calculations to date.

Although these calculations are not perfect, for instance the magnetic moment of
the Fe atoms is systematically overestimated, the calculations match rather well with
experiment. Fig 3.4a shows a schematic view of the Fermi surface of the pnictides,
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Figure 3.3: 122 pnictide phase diagrams: (a) ‘Hole doped’ Ba1-xKxFe2As2, which has a max-
imum Tc of 38 K for x ∼ 0.5, adapted from [80]. (b) Isovalently doped BaFe2PxAs2-x, Tmax

c =
30 K (x ∼ 0.6), adapted from [73]. (c) Isovalantly doped BaRuxFe2-xAs2, Tmax

c = 20 K (x ∼ 0.6),
adapted from [77]. (d) ‘Electron doped’ BaCoxFe2-xAs2, Tmax

c = 25 K (x ∼ 0.15), courtesy of R.
Huisman.

with two or three hole-like pockets around the Γ -point, i.e. k=(0,0), and two electron
like Fermi surface sheets around the M-point, k=(π,π)5. Due to the three dimensional
structure of the Fe-As block, the Fermi surface is not as two dimensional as is the case
in the cuprates, but has a warping in the z-direction. The (π,π) nesting scattering
vector, believed to be the origin of the magnetic order, is indicated with an arrow.

3.6 Pairing symmetry of the order parameter

As already mentioned, conventional BCS theory assumes an s-wave symmetry of
the superconducting gap function, ∆(k)=∆0. The cuprate superconductors on the
other hand possess a d-wave gap function, leading to nodes and sign changes in
the order parameter as a function of momentum, ∆(k)=∆0cos(2Φ), where Φ is the

5Throughout this thesis a simple tetragonal Brillouin zone is used, i.e. one with two iron sites per unit
cell
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Figure 3.4: Pnictide band structure, from [61]: (a) DFT calculation of BaCo0.1Fe1.9As2 show-
ing two hole-like pockets (purple and blue) around the Γ -point and two electron-like Fermi
surfaces around the (π, π)-point, from [82]. (b) k-dependence of the sc gaps on the hole and
electron Fermi surfaces for three different for three different pairing scenarios. For simplic-
ity multiple electron or hole bands have been reduced to a single band, the corners of the
schematic are (±π, ±π). (Left) s± symmetry with isotropic gaps on the Fermi surface sheets.
(Center) anisotropic s± symmetry, where aside from the opposing sign of the gap between the
electron and hole bands the gap on the electron pocket has accidental nodes. (Left) Going one
step further from the anisotropic s± symmetry, by allowing the sign of the gap on the electron
pocket to change at the nodes, gives a d-wave symmetry.

angle of the k-vector with respect to (0,0)-(0,π). One of the big questions that still
needs an answer is what the pairing symmetry in the pnictides is, as knowledge of
the pairing symmetry is an important ingredient for unraveling the mechanism of
superconductivity in these systems.

Unlike the cuprates, where only one band crosses the Fermi level, the pnictides
have at least four bands at EF, opening up the possibility of multiband superconduc-
tivity. A beautiful example of the theoretical and experimental implications of multi-
band superconductivity is MgB2. While the material has been known for decades
[85], its unusual superconducting properties were only discovered in 2001 [86]. With
a transition temperature of 39 K, well in excess of the BCS limit of ∼30 K, it was ini-
tially believed to be an unconventional superconductor. However, MgB2 is now
commonly accepted to be an electron-phonon mediated, two band, conventional
BCS superconductor [87], with two s-wave gaps that both close at Tc and have a
value of 2∆/kBTc of 4.18 and 0.60-1.65, respectively.

With not two, but four (or five) bands at EF in the pnictides, ample scenarios are
possible, including ones with ungapped Fermi surface sheets, sheets with or without
nodes and sheets with opposite sign to one another. The most likely of these options
are depicted in Fig. 3.4b. All three of these options have a sign change between
the electron and hole bands of the order parameter, which is unavoidable in a spin-
fluctuation induced interaction [82]. Early angle resolved photoemission (ARPES)
studies have reported different gap sizes for the various bands. Other experimen-
tal techniques similarly report either one or two gaps (depending on the technique),
which support values of 2∆/kBTc of approximately 3 and 7 (see Ref. [40] and refer-
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ences therein for an overview of the gaps reported in literature). This reduced gap
value gives an indication whether the pnictide superconductors can be explained
within conventional BCS theory or not, and seems to be rather large for the big gap.
More details on reduced gaps, specifically as seen in STM/S experiments, will be
discussed in chapters 5 and 7.

3.7 Impurity scattering

One important aspect in superconductivity, especially in the context of STM/S, is
impurity scattering. If an impurity is added to an otherwise pure system, it will
act as a scattering center for the electrons. The strength of the scattering is usually
divided into two limits, the weak scattering limit, known as the Born limit, and the
strong scattering limit, known as the unitary limit. In the Born approximation the
average over all scattering events, results in a spatially uniform superconducting
state (usually with a Tc reduced compared to that of the pure system). In the unitary
limit, scattering from a single impurity is so strong that in-gap bound states appears
rather than uniformly suppressing superconductivity. Depending on the type of
scattering, different models have to be used and different results will be obtained.

Early on, it was established experimentally that non-magnetic impurities added
to a pure s-wave superconductor initially effect a sharp drop in the transition tem-
perature and energy gap, but that this drop rapidly levels off for higher impurity
concentrations [88]. Adding magnetic impurities on the other hand will have the
same initial drop in Tc, which will continue up to higher impurity concentrations,
rapidly destroying superconductivity [89].

Anderson [90, 91] and Abrikosov/Gor’kov [92] subsequently showed that this
can be understood from symmetry arguments, a notion that was later refined by
many others [93–95]. Assuming purely elastic scattering, a scattering event that pre-
serves the time-reversal invariance of the BCS s-wave ground state, such as scat-
tering off a non-magnetic impurity potential, will barely affect the gap energy and
Tc. After an initial drop due to the reduction of the mean free path length, these
parameters remain more or less constant.

A magnetic impurity on the other hand breaks time-reversal symmetry, so scat-
tering from such a center will break the time-reversal invariance of the Cooper pair,
and therefore acts as a pair breaker. Unlike for non-magnetic impurities, small amounts
of magnetic impurities are already sufficient to destroy the superconducting state. A
material with such pair-breaking scattering centers will support quasi-particle exci-
tations within the superconducting gap, as was demonstrated on microscopic scale
using scanning tunneling microscopy [96].

With the arrival of the cuprates, impurity scattering in superconductors gained
renewed interest. Magnetic impurities will be a strong pair-breaker for all spin-
singlet superconductors, so not only for s-wave, but also for d-wave superconduc-
tors. Moreover, in a d-wave superconductor, the order parameter changes sign as a
function of momentum, with nodes at the points where the sign changes. Therefore,
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also non-magnetic impurities will act as pair-breakers as they violate Anderson’s
theorem that time-reversal should be a symmetry of the system. Differently put, in
d-wave superconductors, potential scattering centers can induce scattering between
k-locations with a different sign of the order parameter while not affecting the spin
of the electron, leading to a breaking of time-reversal symmetry of the system. In
the same situation, a magnetic impurity will also flip the sign of the electron spin,
and time-reversal symmetry is preserved. In general, a scattering path for which
magnetic scattering is pair-breaking (i.e. when there is no change of sign of the order
parameter), non-magnetic scattering will not be pairbreaking, and vice versa [82].
Indeed, it has been experimentally established that non-magnetic impurities such
as Zn in cuprate superconductors are strongly pair-breaking [78, 79]. Atomically
resolved tunneling measurements beautifully showed the difference between these
two types of scatterers, magnetic Ni and non-magnetic Zn, and thereby once more
confirmed the d-wave symmetry of the cuprates [97–99], see also appendix A.

So far, only scattering in single band superconductors has been considered. How-
ever, in the pnictides it is clear that at least four bands are present at the Fermi level.
Therefore not only intraband scattering, i.e. scattering within a single band, has to be
taken into account, but also interband scattering, i.e. scattering between two bands.
Although generalisations of the BCS equations to multiband systems were already
put forward in the late 50’s [100], the discovery of multiband superconductivity in
MgB2 reactivated the field. MgB2 can be described as a superconductor with two
Fermi surface sheets, a σ and π band, that have different orbital character and are
characterised by strong and weak intraband electron-phonon coupling interaction,
respectively. Due to the different orbital character, and for other reasons (see for in-
stance Ref. [101]), interband pairing interactions are small, as is interband scattering.
Without going into the details of the theory, in this multiband superconductor non-
magnetic impurities appear to suppress superconductivity as magnetic ones do in a
single band superconductor and only the interband scattering acts as pair-breaking.

In the pnictides, the bands at the Fermi level all have d-orbital character (see
Ref. [102]) and it is believed that the pairing interaction is predominantly interband,
while intraband pairing is weak, see Ref. [82] and references therein. Furthermore,
the most likely pairing symmetry is believed to be one with a sign change of the order
parameter between the bands, but not within the bands, the so called s± state (see
Fig. 3.4b left). The effect of impurities, both magnetic and non-magnetic, on the tran-
sition temperature in this situation is strongly dependent on the strength of the im-
purity potential, i.e. whether the Born approximation is valid or if unitary scattering
has to be considered. Within the Born limit, nonmagnetic impurities can lead to pair
breaking only via interband scattering, as interband scattering does not violate An-
derson’s theorem. In this case high impurity concentrations will drastically reduce
Tc. In the unitary limit, however, it has been argued that large concentrations of non-
magnetic impurities will not affect Tc as Anderson’s theorem is restored [103, 104].
Only when the intraband and interband scattering potentials are equal, Tc is strongly
suppressed, as the interband pair-breaking effect is strongly amplified by the intra-
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band one. On the other hand, magnetic impurities in the Born limit have been found
to be pair-breaking for intraband scattering, but pair-preserving for interband scat-
tering, completely opposite to the non-magnetic impurities [105].

From the above it is clear that impurity scattering effects in multiband, sign re-
versing superconductors is not a straightforward matter. Furthermore, the local ef-
fect of impurities in the superconducting pnictides, as seen with STM/S, is not a
priori clear. This in contrast to impurity scattering effects in single band (or merely
bilayer split) d-wave superconductors, such as the cuprate
Bi2Sr2CaCu2O8+δ. In fact, STM/S investigations on this cuprate system - where im-
purities were added on purpose - formed one of the compelling pieces of evidence
for the d-wave pairing symmetry of the material, see also appendix A. The fact that
in for instance the ‘122’ pnictides superconductivity survives, and even emerges,
upon replacing relatively large amounts of Fe atoms by Co, Ni or Ru indicates that
impurity scattering effects could in fact be a key factor in the mechanism of super-
conductivity of these systems. The influence of impurity scattering effects on the
tunneling signal in STM/S investigations on various pnictide systems will be fur-
ther discussed in chapter 7.
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CHAPTER

4
The cleavage surface of ‘122’
pnictide superconductors

The termination surface of single crystals of the BaCoxFe2-xAs2 and Fe1+ySexTe1-x

families of the high temperature iron based superconductors is elucidated. By com-
bining scanning tunneling microscopic data with low energy electron diffraction we
prove that the termination layer of the BaCoxFe2-xAs2, or Ba122, systems is a rem-
nant of the Ba layer, which exhibits a complex diversity of ordered and disordered
structures. The observed surface topographies and their accompanying superstruc-
ture reflections in electron diffraction depend on the cleavage temperature. In stark
contrast, Fe1+ySexTe1-x possesses only a single termination structure - that of the
tetragonally ordered (Se,Te) layer. Measurements on a differently doped system,
BaFe2PxAs2-x, where a third of the As atoms is replaced by P atoms strongly sup-
port our findings. First principles calculations of the surface structure energies and
STM measurements on a related compound, CaCoxFe2-xAs2, suggest that our find-
ings hold in general for all members of the M122 family, where M = Ba, Ca, Sr or Eu.

Parts of this chapter have been published as F. Massee et al., Phys. Rev. B 80, 140507(R)
(2009) and E. van Heumen et al., Phys. Rev. Lett. 106, 027002 (2011)
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4. THE CLEAVAGE SURFACE OF ‘122’ PNICTIDE SUPERCONDUCTORS

4.1 Introduction

Scanning tunneling microscopy and spectroscopy (STM/S) and angle resolved pho-
toemission (ARPES) are powerful and direct probes of the electronic states of solids
and are making important contributions to our understanding of the new iron pnic-
tide superconductors [1, 106, 107]. Determination of the termination surface of the
cleaved single crystals is a pre-requisite for meaningful application of STM/S and
ARPES, as is clarification whether possible departures from the bulk structure and
co-ordination at the surface have a significant effect on the near-surface electronic
states. A recent hard x-ray photoemission study [83] of room temperature cleaved
BaFe2As2 (or Ba122) showed that the surface supports electronic states similar to
those in the bulk, underpinning the relevance and reliability of surface sensitive
techniques in the investigation of the pnictide superconductors. As will be shown in
the next chapter, low temperature STS of room temperature cleaved BaCoxFe2-xAs2

also showed no correlation between the spatial superconducting gap variation and
the surface topography [108]. However, studies on low temperature (<80K) cleaved
samples report a correlation between features in the electronic spectra and the struc-
ture of the termination of the crystal, [109, 110] highlighting the role of the cleavage
temperature. In the cuprate superconductors, it is known that macroscopic depar-
tures from the simple lattice structure such as the incommensurate modulation in
Bi2Sr2CaCu2O8+δ, can have a pronounced effect on the spectroscopic data, leading
to diffraction replicas in ARPES which can complicate matters considerably [111]. In
the pnictide superconductors, the existence of diffraction replicas in ARPES data has
already been pointed out [110].

The first STM/S studies of cleaved single crystals of the 122-based family of su-
perconductors [108–110, 112] either suggested or assumed that on average half of
the alkaline earth ions (depending on the system involved) remain on each side
of the cleave (see Fig. 3.2a for a figure of the crystal structure). Recent STM and
low energy electron diffraction (LEED) studies, however, have concluded that the
atomic contrast seen in STM of both Ba122 and Sr122 is from inequivalent As sites
due to the spin density wave in the underlying Fe plane and that there is no cleavage
temperature dependence [113, 114]. Obviously, the fundamental importance of the
surface termination question and the contrasting reports make it imperative to re-
solve these issues. In this chapter, temperature dependent LEED analyses of cleaved
BaCoxFe2-xAs2 (x=0.08, 0.14 and 0.21) single crystals is presented, together with an
extensive STM topographic database on this system obtained from cleavage both at
low and high temperature. Comparison to the Fe1+ySexTe1-x system which has the
same FePn building block (where Pn = As, Se or Te) as Ba122 but lacks the intersti-
tial Ba layer, consequently enables us to isolate the Ba contribution to the cleavage
surface in the 122 systems.

This picture, published in Ref. [115], was later confirmed by additional measure-
ments on two closely related systems, namely CaCoxFe2-xAs2 and BaFe2PxAs2-x. In
CaCoxFe2-xAs2, the Ba cation layer is replaced by a Ca layer, while the structure is
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otherwise unchanged. In line with first principles calculations, which predict a dif-
ference in the energetics of certain structures for different alkaline earth layers, the
modal surface appearance on this compound is different from that of Ba122. The lat-
ter compound, BaFe2PxAs2-x is a system where a considerable amount of As atoms
is replaced by P atoms. If the As layer would be imaged instead of the Ba layer as is
proposed here, replacement of As atoms should be reflected in the constant current
images, which is not the case. Lastly, the apparent barrier height, or local work func-
tion, on various systems and on the variety of apparent surface topographies for
measurements on the same system is investigated. This analysis further supports
our findings and strongly suggests that the various surface structures seen on 122
pnictides are of identical origin.

4.2 Cleavage temperature dependence of BaCoxFe2-xAs2 and
Fe1+ySexTe1-x

Single crystals of BaCoxFe2-xAs2 (x=0.08, 0.14 and 0.21), Fe1+ySexTe1-x(x=0.45, y=0.07),
CaCoxFe2-xAs2 (x=0.14) and BaFe2PxAs2-x (x=0.64) were grown in self flux. All sam-
ples were characterised prior to the STM and LEED measurements by resistivity and
AC susceptibility. Cleavage took place both at low (<80K) and room temperature
at a pressure better than 5×10−10 mbar directly before insertion into the STM head,
where the samples were cooled to 4.2 K. LEED was performed in situ after each STM
survey to obtain the azimuthal orientation of the crystal. The temperature depen-
dent LEED experiments took place in a different vacuum system at a pressure of
7×10−11 mbar using identical crystals as those studied using STM, but cleaved at <

25 K.
Figure 4.1 shows typical STM topographs obtained for low temperature cleaves

of BaFe1.86Co0.14As2. In Fig. 4.1a the topography combines regions with very little
contrast with stripe-like structures, the latter being very clear in Fig. 4.1b. This type
of (2×1) or stripe feature has been observed previously both in the superconducting
and parent 122 compound [109,112,114]. Furthermore, the data clearly show that the
stripes possess phase shifts of half a unit (perpendicular to the stripes), which results
in a ribcage-like topography, in which the phase shift lines correspond to the back-
bone (marked with an arrow in Fig. 4.1b). The inset shows a Fourier transform of the
topographic image exhibiting dominant spots corresponding to the stripe/ribcage
structures with a period of 8 Å (arrow) as well as weaker tetragonal unit cell spots
(marked by circles). We note that the predominant stripe orientation is perfectly
along the lattice and roughly perpendicular to the direction in which cleavage was
performed. A third type of topographic situation is that shown in Fig. 4.1c: with
larger (∼20 Å wide), one dimensional rod-like features displaying a relatively large
corrugation of approximately 1.5 Å. Completing our topographic survey of low-T
cleaved crystals, Fig. 4.1d shows a large field of view in which two previously men-
tioned structures (seen in Fig. 4.1a and b) can be seen to smoothly cross over. Inter-
estingly, Fig. 4.1a and d show that the backbone-features often terminate on pinning
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Figure 4.1: Constant current images for cleavage of Ba122 (x=0.14) at low temperature (<80K).
(a) and (b) are taken on the same cleave using a junction resistance RJ=2.4 GΩ, (c) and (d) on
a different cleave (RJ=0.65 GΩ). Inset of (b): FFT of (b) highlighting the unit cell spots (circles)
and (2×1) reconstruction spot (arrow). All topographic types shown have been observed on
numerous cleaves. Line scans along the paths indicated are shown below each panel. The
insets of (c) and (d) show enlargements of size 189 Å. Axes indicate the crystallographic ori-
entation as determined from LEED.

centers taking the form of a very bright or dark spot. Finally, we note that the line-
scan shown in Fig. 4.1d lacks steps corresponding to inter-plane distances (i.e. of
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order 1.4 Å and larger), thus indicating that the majority of the observed structures
form part of the same crystallographic plane.

Figure 4.2: Constant current images for various cleaves of BaFe1.86Co0.14As2 at room tem-
perature (RJ ∼0.75 GΩ). Line scans along the paths indicated are shown below each panel.
The insets to (c) and (d) show enlargements of size 189 Å. Axes indicate the crystallographic
orientation as determined from LEED.

We now go on to show that room temperature cleavage results in quite a different
set of constant current images of which four frequently occurring types are shown
in Fig. 4.2. The top left panel shows a highly disordered cleavage surface layer, [108]
whereby the most frequent separation is ∼8 Å. Fig. 4.2b shows a very clear (

√
2 ×
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√
2) topography with a period of 5.5 Å, cut by meandering anti-phase domain walls

(‘black rivers’ in the topograph). Figure 4.2c displays one of the more exotic cleavage
surface structures encountered: a two dimensional network of stripes and dots, with
a relatively large corrugation. Lastly, a diffuse maze-like landscape without atomic
resolution, seen both on superconducting Ba122 and the parent compound, [108] is
shown in Fig. 4.2d and has also been reported in other studies [110].

Figure 4.3: Constant current images of Fe1.07Se0.45Te0.55, Vsample = -20 mV, Iset = 40 pA. (a)
Large field of view with the inset showing the Fourier transform with spots corresponding to
the atomic lattice vector (black arrow) and higher order spots (grey arrow). (b) Zoom of panel
(a) showing clear atomic resolution. As the atoms are still visible in the occasional bright blob,
which can be shown to be located at the center of four surface atoms, these are attributed to
sub-surface excess iron in the lattice.

We now turn our attention to Fe1+ySexTe1-x. For this system, both low and high
temperature cleavage yield - without exception - identical results, in sharp contrast
with the great variety of topographies observed in the Ba122 case. Fig. 4.3 shows a
typical constant current image, in this case for a room temperature cleave. Very clear
atomic resolution is obtained over the entire field of view, with a total corrugation of
less than 2 Å and a periodicity of 3.9 Å corresponding to the (Se,Te)-(Se,Te) distance.
Clearly, no reconstruction is present on these surfaces, the simple tetragonal lattice
being the only coherent structural pattern. The Fourier transform in the inset of Fig.
4.3a emphasises this: only tetragonal spots, also as higher harmonics, are observed.
An interesting feature of the Fe1+ySexTe1-x topographs is the occurrence of bright
blobs on the field of view on top of which the atomic lattice is imaged. Their spatial
abundance matches perfectly the excess Fe content ( 7%) in the crystals, which seems
a highly plausible explanation for these features.

To summarise the STM results so far, a large variety of cleavage surface termi-
nation structures is observed in the BaFe1.86Co0.14As2 compound, which possess
a strong cleavage temperature dependence. In contrast, the Fe1+ySexTe1-x system,
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which lacks the interstitial Ba layer, has only a single type of topography, indepen-
dent of cleavage temperature.

4.3 The surfaces of CaCoxFe2-xAs2, BaFe2PxAs2-x - STM and first
principles calculations

First principles calculations to determine the most energetically favourable surface
structure of the M122 system have been reported in literature [116]. The strong bonds
between the Fe and As atoms makes cleavage between these two layers highly un-
likely, leaving two options: (i) cleavage between the Ba and As layer or (ii) cleavage
within the Ba layer. The energy of the two ordered structures possible with half a Ba
layer: (

√
2×

√
2) and (2×1), has been compared to the energy of an unreconstructed

(1×1) As plus (1×1) M surface layer where M is Ba or Ca.

MFe2As2 2×(
√

2×
√

2) 2×(2× 1)
BaFe2As2 -411.6 -217.8
CaFe2As2 -34.0 -97.0

Table 4.1: First principle calculations of the relative energies of two (
√

2×
√

2) and two (2×1)
reconstructed M surfaces with respect to an unreconstructed (1×1) As plus (1×1) M surface for
two M122 materials. Surface energies are given in meV/(1×1 cell) and have been calculated
for the tetragonal phase with the atoms in the bulk positions. Table adapted from [116].

As can be seen from Table 4.1, all relative energies are negative, meaning that it is
energetically favourable to have a reconstructed Ba layer on either side of the cleave,
as opposed to an unreconstructed full As and full Ba layer. From the energetics of the
reconstructions of the two M atoms, it can be expected that the (

√
2 ×

√
2) structure

is more dominant in the Ba system than in the Ca system. From our extensive STM
investigation described above on dozens of Ba122 samples, where on each sample
multiple locations have been probed across the entire mm-sized surface, we conclude
that the modal surface is (

√
2 ×

√
2) reconstructed in this material, with the (2×1)

reconstruction and disordered structures present in lesser amounts.
Although less extensively than the Ba122 system, we also investigated the Ca122

system using STM. Having scanned ∼0.5×0.5 µm on locations all over a 1x1 mm
sample, only a tiny region of no more than 25×25nm2 was found to have a (

√
2 ×√

2) reconstruction, see Fig. 4.4a. Everywhere else, (2×1) surface structures were
encountered of which an example is shown in Fig. 4.4b, perfectly in line with the
first principles calculations.

As a further test to see if an As terminated layer could be the surface layer, despite
an overwhelming body of evidence pointing towards a Ba reconstructed surface,
BaFe2PxAs2-x samples were measured. With a doping concentration of x=0.64, a to-
tal of 32% of all As atoms are replaced by P atoms. Resistivity measurements on these
samples showed sharp transitions into the superconducting state, Tc = 31 ± 1 K, in-
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Figure 4.4: Constant current images on Ca122 and P doped Ba122, Vsample=50 mV, Iset=40 pA.
(a) The only instance on CaCoxFe2-xAs2 a (

√
2 ×

√
2) reconstructed surface was encountered

on an otherwise completely (2×1) reconstructed surface of which an example is shown in (b).
(c)-(d) (2×1) surface structures on BaFe2PxAs2-x, which are identical in appearance to the (2×1)
structures seen on compounds without substitution of the As atoms. All insets are 100×100Å2

enlargements of the areas indicated with boxes.

dicating that the samples are homogeneous, high quality crystals. With such a large
fraction of As atoms replaced by the much smaller, but isovalent P atoms, one would
expect to see a change in the constant current images if indeed the As surface would
be imaged, similar to for instance N doping of As sites in GaAs [117]. However, as
can be seen from Figs. 4.4c-d, the topographs obtained on BaFe2PxAs2-x are indistin-
guishable from those obtained on for instance BaCoxFe2-xAs2 or CaCoxFe2-xAs2.
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4.4 Apparent barrier height on pnictides

An intriguing property of the 122 pnictides is the difficulty with which atomic res-
olution is obtained, for instance the individual atoms on the (2×1) reconstruction
are only seen for rather high currents (i.e. small tip-to-sample distances). In case of
the pnictides, this is a direct consequence of the unusual small value of the apparent
barrier height, Φ. From Equation (2.1) it follows that the work function can be ex-
tracted by measuring the tunneling current as a function of tip-to-sample distance,
a so called I(z) measurement. As the barrier height is a measure of the steepness of
the exponential drop in the current for increasing distance, the higher this value, the
higher the z-resolution. This is the reason that one of the selection criteria for a good
tunneling tip is a high work function when characterising the tip on Au(788). As
mentioned in chapter 2, the barrier height or work function is a material dependent
property and is usually a few eV. Several elemental work functions relevant in the
context of the pnictides are listed in Table 4.2. For elemental Au, the work function
is 5.1-5.47 eV, similar to the work functions of Pt and Ir (the tip material mainly used
in the investigation of the 122 pnictides), values which are typically found for good
tips on the Au(788) crystal.

Element Φ (eV) Element Φ (eV) Element Φ (eV)
Se 5.9 Te 4.95 As 3.75
Pt 5.12-5.93 Fe 4.67-4.81 Ca 2.87
Au 5.1-5.47 Bi 4.34 Ba 2.52-2.7
Ir 5.00-5.67 Pb 4.25 K 2.29

Table 4.2: List of work functions of several elemental materials, taken from Ref. [118]. For
single crystalline materials different orientations can have a slightly different work function,
indicated by the spread in the work function.

The work function on the Ba122 pnictides, however, for the dozens of samples
measured throughout this research is never seen to be higher than 1.8 eV, and is
usually around 1.5 eV, see Fig. 4.5a for a typical example. Even though the work
function is a property of the whole material, it will be most strongly affected by
the surface layer. A monolayer of Ba on W(001) has for instance been reported to
lower the work function with ∼ 2 eV, to approximately the bulk Ba work function
[119]. Looking at Table 4.2, the lowest work function of the pure elements of which
Ba122 consists is that of Ba, followed by As and Fe, in steps of nearly 1 eV. This
alone is already an indication that the surface layer is half a Ba layer, but is in itself
inconclusive. Interesting to note at this point is that the work function is not seen to
change as a function of surface topography on the 122 pnictides, i.e. the (

√
2 ×

√
2)

and (2×1) reconstructions have very similar work functions, suggesting that the two
surface structures are both reconstructed Ba terminations.

From Table 4.2 it can be seen that elemental Ca has a slightly higher work function
than Ba. As nothing is changed other than replacing the Ba layer for a Ca layer, it is
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not an unreasonable assumption that the work function will track the difference in
work function between Ba en Ca, but only if the Ba and Ca layers are at the cleavage
surface. Indeed, the work function on (2×1) structures encountered on Ca122 is at
1.9 eV slightly higher (Fig. 4.5b). If As (or Fe) would be the surface layer, one would
not have expected the work function to be influenced this much as the cation layer
in that case would be buried deep underneath the top few layers. Although not a
direct proof, this observation once again adds to the notion that indeed the M-layer
is the topmost layer in the M122 pnictides.

Fe1+ySexTe1-xon the other hand, where clear atomic contrast is readily obtained,
and where the surface layer consists of Se (Φ = 5.9 eV) and Te (Φ = 4.95 eV) atoms, has
a work function that is considerably higher than that seen on the M122 systems, see
Fig. 4.5c. As a comparison to these iron based superconductors, three other materials
are shown in Fig. 4.5d-f with a relatively large work functions where atoms are
clearly resolved. As these materials are imaged using identical tips in the same setup
as the pnictides were investigated in, the low work function seen in the pnictides is
clearly shown to be a property of the material, that can only be explained by having
a Ba (or equivalent) terminated surface layer.

One could still speculate that the work function seen with STM does not reflect
the properties of the surface, but of the tip. Accidentally picking up a Ba atom during
approach would change the work function of the tip and thereby the average work
function of the sample and the tip that is actually measured. Since a large number
of samples has been measured, most of which gave (2×1) or (

√
2 ×

√
2) structures

over a large field of view upon the first touchdown directly after characterisation
on the Au(788) crystal, this scenario is highly unlikely. Moreover, many tips were
confirmed to be unaltered after measuring a 122 pnictide by characterisation on the
same Au(788) crystal afterwards.

4.5 Low energy electron diffraction on BaFe1.86Co0.14As2 and
Fe1.07Se0.45Te0.55

Figure 4.6 shows LEED data with E0=110 eV. In Fig. 4.6a, the low temperature cleav-
age surface (17 K) of the Ba122 superconductor gives rise to spots very clearly at
positions other than those originating from the tetragonal unit cell of either Ba or
As. Spots corresponding to both (

√
2×

√
2) and (2×1) reconstructions in both a and

b directions of the crystal are present. In the STM topographs of Fig. 1, we clearly
image the (2×1) structures as the basic unit forming the ribcages. However, under
our imaging conditions, the (

√
2×

√
2) structures seen clearly in the high-T cleave do

not generate sufficient contrast in the low-T cleaved data of Fig. 4.1a and b. For very
low junction resistances, the (

√
2 ×

√
2) topography has been imaged directly in the

STM of low-T cleaved crystals of the parent compound Ba122 in Ref. [113].
Returning to the LEED data, upon increasing the temperature, all non-tetragonal

LEED spots start to lose intensity above 100K, and by reaching 200K, only the tetrag-
onal reflections remain (Fig. 4.6b). More importantly, on re-cooling the sample back
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Figure 4.5: Typical constant current images (top) on various materials imaged on the same
system using identical tips together with I(z) curves (bottom) taken on each surface. From
the I(z) curves, the average work function of the sample and the tip, Φ, is extracted using
Equation (2.1). The values for the work function are indicated in the I(z) curves, as well as the
material in question. The unusually low work function seen on the M122 systems is a strong
indication of a Ba as opposed to As terminated surface (panel (d) courtesy of J. Kaas).

to 17K, none of the non-tetragonal spots reappear. The main spots, however, be-

45



4. THE CLEAVAGE SURFACE OF ‘122’ PNICTIDE SUPERCONDUCTORS

Figure 4.6: Low energy electron diffraction, taken at 110eV, unless stated otherwise. (a)
BaFe1.86Co0.14As2 cleaved and measured at 17K. The spots marked with a circle are the tetrag-
onal ( 12 ,0) (white), ( 12 , 12 ) (grey) and ( 12 ,1) (black) reflections. (b) Same surface, but warmed up
and measured at 200K. (c) Fe1+ySexTe1-x cleaved and measured at 17K. (d) Low temperature
cleaved CaCoxFe2-xAs2, taken at 141 eV. The relative abundance of (2×1) and (1×2) structures
with respect to the (

√
2 ×

√
2) structure is reflected in the LEED pattern which only supports

spots corresponding to striped reconstructions (marked by the black circles). (e) I(V) trace of
the ( 12 , 12 ) spot of Ba122. (f) LEED I(V) trace (top, red) and theoretical calculation (bottom) cor-
responding to the same spot as shown in (e) adapted from [113]. The mismatch rules out the
As layer as the origin of the extra diffraction spots.

come more diffuse once the cleave is or has been at higher temperature, signalling
increased surface disorder or the presence of structurally incoherent reconstructions.
Having presented the LEED data for BaFe1.86Co0.14As2, we now show in Fig. 4.6c
a typical LEED pattern from the Fe1+ySexTe1-xcompound cleaved and measured at
low temperature. Not surprisingly, since the STM images only show the tetragonal
atomic lattice, none of the extra LEED spots appearing in the Ba122 case are present
in the Fe1+ySexTe1-x data. Similarly, the LEED data taken on the CaCoxFe2-xAs2 sys-
tem (see Fig. 4.6d), in which the surface structure seen with STM is dominated by
(2×1) and (1×2) reconstructions, only supports spots corresponding to these two
orientations of the striped structure, in line with the calculations.

Returning to the LEED data from the Ba122 system, tracking the intensity of the
main (tetragonal) spots seen in Fig. 4.6a and b results in I(V) curves which follow the
theoretical curves for diffraction from the As layer reported in Fig. 4a of Ref. [113].
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This agreement between our data with LEED theory would appear to confirm that
the outermost complete layer after cleavage consists of As atoms [113]. However, and
importantly, the LEED data from the low temperature cleaves of BaFe1.86Co0.14As2
and the parent compound BaFe2As2 (data not shown) clearly show (12 , 12 )tetragonal

spots, in contrast to the data of Ref. [113]. The I(V) trace of our ( 12 , 12 )tetragonal spots
(see Fig. 4.6e) is very different to both the experimental and theoretical I(V) curves
in Ref. [113], possessing peaks and minima at totally different energy values, see Fig.
4.6f. The mismatch between our experiment and the theory in Ref. [113] rules out
the As layer as the origin of our extra LEED spots, leaving the partially ordered Ba
atom overlayer as the obvious candidate to explain the ( 12 , 12 )tetragonal spots in LEED
and the topographic features seen in STM with periods greater than the tetragonal
repeat unit of 3.9 Å. A surprising observation in the STM topograph of Fig. 4.2b
is the clear (

√
2 ×

√
2) lattice on the surface of a high temperature cleaved sample,

whereas the corresponding ( 12 , 12 )tetragonal spots in LEED have ceased to be observable
above the background upon warming up the sample. At this point, we mention that
theoretical calculations predict that the (

√
2 ×

√
2) (or checkerboard) reconstructed

surface is the most energetically favourable ordered distribution of the remaining
half of the Ba atoms on either side of the cleave [116]. One approach to understand
why the (

√
2 ×

√
2) LEED spots disappear at higher temperature is offered by con-

sideration of the dislocation networks seen in the STM topographic data in the high
temperature cleaved surfaces (the ‘black rivers’ seen in Fig. 4.2b), which are absent
in the low-T cleave topographs. Upon warm cleavage or increase of the sample tem-
perature above ca. 200K, it is conceivable that fragmentation of the checkerboard
order into nanoscopic domains causes the coherence length of the reconstruction to
drop sufficiently such that the (

√
2×

√
2) spots fade into the background of the LEED

pattern, which itself is the result of a measurement which spatially integrates on a
mm length-scale.

The measurements presented above formed the basis of a more detailed LEED
investigation, where in collaboration with M. Lindroos and co-workers the LEED
I(V) data were fitted to calculations as was done in Ref. [113]. As the number of fit-
ting parameters is rather large, for a reliable result it is imperative to have as many
diffraction spots as possible tracked over an as large as possible energy range. To
this end, more datasets were taken which were subsequently fitted to calculations of
both an As terminated surface and a Ba terminated surface. In the fit, the positions
of the surface atoms were not fixed, but free to reorganise, mimicking a surface re-
construction, to give the best result. I(V) curves for a number of spots are shown in
Fig. 4.7 along with the fits to the experimental data.

To quantify the level of agreement of the experimental data and the simulations,
so called Pendry R factors (Rp) were used [120]. These factors are calculated using
the position and width in energy of diffraction spots, but are little affected by the
intensity of the spots as this is a function of various factors that are not well under-
stood. The lower the Pendry R factor, the higher the agreement between simulation
and data, where a satisfactory fit generally has Rp < 0.3. Using only the half integer
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Figure 4.7: LEED I(V) curves for various half-integer spots. The left and right parts correspond
to spots originating from the (2×1) and (

√
2×
√

2) reconstruction respectively. Pendry R factors
are indicated for each fit to a Ba terminated simulation, showing the excellent agreement.
Courtesy of E. van Heumen.

spots, which are resulting from a surface reconstruction and cannot be a higher order
diffraction of the bulk lattice, the experimental data was fitted with either a Ba or a
As terminated simulation for both the (

√
2 ×

√
2) and (2×1) reconstructions. As ex-

pected from the initial measurements shown in Fig. 4.6e, the As surface termination
gives unacceptably high Pendry factors of 0.42 and 0.48 for the two reconstructions
respectively. A Ba terminated surface on the other hand gives remarkably low fac-
tors of Rp =0.19 and 0.29 respectively, indicating the excellent agreement between
experiment and simulation, and unambiguously showing that the cleavage surface
is a reconstructed Ba layer. It should be noted that a Ba terminated surface alone is
not sufficient to get this agreement, but a structural distortion of the first unit cell
is required as well. As this distortion is seen to have a considerable impact on the
surface density of states [121], its effect on the tunneling signal picked up in STM/S
experiments should not be overlooked.
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4.6 Surface model for the ‘122’ systems

By now it is clear that the topographical diversity of the cleavage surface of the alka-
line earth-122 material family is due to the partial alkaline earth atom overlayer that
remains after cleavage. In fact, we can reconcile all our experimental STM data from
the 122 systems within a very simple structural model, based only on differences in
the distribution of the Ba atoms within the overlayer that remains on the surface after
cleavage. A sketch of the model is shown in Fig. 4.8. When a sample is cleaved at low
temperature, the Ba surface atoms are not mobile enough to re-arrange themselves
into the energetically most favourable structure, with metastable situations such as
the (2×1), or rib-cage reconstruction as the result. Increasing temperature enables
the overlayer atoms to re-arrange, thus patches of checkerboard reconstruction are
formed separated by domain walls (‘black rivers’). Alternatively, more disordered
configurations such as those seen in Fig. 4.2a are also possible, depending on the
local concentration of Ba atoms.

Figure 4.8: Sketch of various possible Ba surface overlayer configurations. Large (small) cir-
cles indicate the presence (absence) of a Ba atom. The dotted atom (left top) indicates a missing
atom resulting in a black spot in topography. Extra atoms can similarly lead to bright spots.
Anti-phase boundaries (APB) are shown running along two observed directions. Broader
‘backbones’ in the ribcage structure are created by adding atoms at the phase-shift boundary.

Ordering of the Ba surface atoms in locally densely packed structures surrounded
by a relatively Ba-free region could lead to an increased corrugation in STM, match-
ing the rods seen in Fig. 4.1 and the bright regions in Fig. 4.2c. However, these kind
of structures are still within the same Ba layer as the locally less densely packed or-
dered (

√
2×

√
2) and (2×1) regions, and thus these different topographies can cross

over into one another as indeed has been observed. Evidently, more random distri-
bution of the Ba atoms in the overlayer could lead to topographs as in Fig. 4.2a and
d.
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Figure 4.9: (a) Regular (2×1) surface reconstruction imaged on a Ca122 sample (Vsample = 50
mV, Iset = 40 pA). After scanning the central part of the surface using a rather violent combi-
nation of bias voltage and setup current (a few mV and a tens of nA), this area is completely
disordered as shown in (b), whereas the part of the surface where no such treatment has been
performed remains identical.

A nice illustration of the ease with which the surface atoms are rearranged is
shown in Fig. 4.9. In this example, initially a regular (2×1) surface structure on
Ca122 is imaged (Fig. 4.9a). Subsequently, the tip is scanned over the central 10×10
nm2 area using a rather violent combination of bias voltage and tunneling partial
current, resulting in the tip stirring the surface1. After a few minutes of playing with
the surface atoms in this way, the original 40 nm square field of view is imaged again.
The result shown in Fig. 4.9b shows an otherwise unaffected (2×1) structure, where
the central 10 nm part is completely randomised, but where the average height is
still identical to the rest of the image. No atoms have therefore been picked up or
deposited on the surface, the surface atoms have only been rearranged. Once again,
this could only be possible for loosely bound Ca surface atoms, and is unlikely in
case strongly bound As atoms are the surface atoms being imaged in the STM mea-
surements.

4.7 Summary

In summary, the Ba122 cleavage surface exhibits a large variety of topographies and
has pronounced cleavage temperature dependence. In LEED, spots corresponding
to large scale coherent structures of dimensions larger than the 3.9 Å tetragonal unit
cell, i.e. (2×1) and (

√
2 ×

√
2), appear for low temperature cleaved samples. These

spots vanish upon warming the sample to 200 K and do not reappear after cooling
back to 17 K. Since superconducting BaFe1.86Co0.14As2 possesses no spin density

1similar to the rummaging around in a bowl of balls by contestants of the Dutch television show
‘Lingo’ after guessing a word right
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wave at 4.5 K [122], the (2×1) and (
√

2 ×
√

2) topographies in STM cannot be ex-
plained by a SDW-driven creation of two distinct As sites, but only by the ordering
of the Ba atoms remaining on the surface after cleavage. It is proposed that the dis-
appearance of the extra spots seen in LEED at higher temperatures is a signal of
fragmentation of these structures due to a re-distribution of the Ba atoms at the sur-
face into energetically more favourable configurations on a small length scale. These
still appear as ordered patterns in STM, yet possess insufficient long range order
to support LEED spots. The longer range order does not re-establish itself upon
re-cooling, thus the non-tetragonal spots do not reappear and the tetragonal LEED
spots themselves become more diffuse. The argument that the non-tetragonal LEED
spots originate from the Ba termination layer is underpinned by the fact that our
experimental LEED I(V) profiles of various fractional spots have an unusually high
degree of resemblance to simulations using a Ba terminated surface, in contrast to
calculations using As terminated surfaces. Furthermore, the observation of practi-
cally identical surface structures on both Ca122 and P doped Ba122 offer additional
evidence that the observed surface topographies are dominated by the half-M layer
on the cleavage surface of the crystal. These additional data also indicate that a gen-
eralisation to all M122 systems, where M=(Ba, Eu, Sr...) may be valid. Comparison of
work functions on various pnictide superconductor cleavage surfaces all fall within
the picture of a Ba terminated surface. Moreover, since the work function on various
surface structures, i.e. (2×1), (

√
2×

√
2), etc., on the same 122 sample with the same

tip are identical, these different structures are all believed to reconstructed Ba termi-
nations. In stark contrast to the richness and complexity of the surface topography
of the 122 family of compounds, Fe1+ySexTe1-x displays only one type of cleavage
surface and LEED pattern without any sign of reconstructions, independent of the
cleavage temperature, explained by the undisputed cleavage between adjacent SeTe
layers.
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CHAPTER

5
Nanoscale superconducting gap
variations and lack of phase
separation in BaCoxFe2-xAs2

Having determined the cleavage surface of the ‘122’ pnictides in the previous chap-
ter, tunneling data from superconducting BaFe1.86Co0.14As2 and its parent compound,
BaFe2As2 will be presented, and the influence of the surface on the electronic states
will be discussed. In the superconductor, clear coherence-like peaks are seen in STS
across the whole field of view, and their analysis reveals nanoscale variations in the
peak-to-peak separation, ∆pp. The average peak-to-peak separation gives a 2∆ of
∼7.4 kBTc, which exceeds the BCS weak coupling value for either s- or d-wave su-
perconductivity. The characteristic length scales of the deviations from the average
gap value, and of anti-correlations observed between the gap magnitude and both
the zero bias conductance and coherence peak strength, match well with the average
separation between the Co dopant ions in the superconducting FeAs planes.

This chapter is published as F. Massee et al., Phys. Rev. B 79, 220517(R) (2009)
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5.1 Introduction

The pnictide high Tc superconductors [1] with maximal Tc’s currently exceeding 55
K [2], are the subject of global scrutiny at a level on a par with that seen for the
cuprates. One of the most debated issues are their similarities and differences with
respect to the cuprates [123]. The pnictides display many features we recognise
from the cuprate repertoire, yet there are arguments that they are essentially dif-
ferent [124]. In the last few years, scanning tunneling microscopy and spectroscopy
(STM/S) have played a major role in investigating the electronic structure of the
cuprates on length scales down to those of the atom [98, 125–128]. This effort has
brought the role of intrinsic disorder introduced by dopant atoms into sharp focus.
Consequently, BaCoxFe2-xAs2 is of great interest, not only as an electron-doped pnic-
tide, but also because the electronically active dopants in this system are situated in
the superconducting layers themselves.

5.2 Experimental

Single crystals of superconducting BaFe1.86Co0.14As2 and the non-superconducting
parent compound BaFe2As2 (Ba122) were grown using a self flux method. Typical
crystal sizes are 1×1×0.1mm3 (see Fig. 5.1b). The high quality of our crystals is
illustrated in Fig. 5.1a, with the parent compound displaying the well-known re-
sistivity kink at 130 K which has been associated with the magnetic transition to
an anti-ferromagnetically ordered state and the associated transition from tetrago-
nal to orthorhombic crystal symmetry [129–132]. Co doping erases any sign of these
transitions in the resistivity, but brings with it a very sharp transition into the super-
conducting state, which takes place at 22 K ± 0.25 K in this case.

For the STM investigation, crystals were cleaved at a pressure of < 5x10-10 mbar
at room temperature in a preparation chamber and immediately transferred into the
STM chamber (base pressure < 1.5x10-11 mbar), where they were cooled to 4.2 K. The
experiments were carried out using electrochemically etched W and cut Pt/Ir tips,
which were conditioned before each measurement on a Au(778) single crystal and
yielded identical results. In all cases, the spectral shapes obtained were independent
of the tip to sample distance [133].

Low energy electron diffraction (LEED) was performed in situ, directly after the
STM/S measurements. For all measured samples cleaved at room temperature, only
the tetragonal unit cell spots were seen in LEED (see Fig. 5.2a), with no sign of extra
spots (or extinctions). In the previous chapter this has been interpreted as a breaking
up of ordered structures into patches smaller than the LEED coherence length at high
temperatures.
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Figure 5.1: (a) Co-doped Ba122 shows a sharp superconducting transition (∆Tc ∼0.5 K) at
22 K (red curves). The inset displays the full temperature range, with data from the parent
compound (blue trace). (b) Optical micrograph of the very flat cleavage surface typically
obtained.

5.3 Surface topography

To begin, the Co-doped crystals will be discussed. A constant current image with
atomic resolution is shown in Fig. 5.2a. In general, over areas of up to 150x150 nm2,
no sign of steps on the surface was seen, with the maximal apparent corrugation
being less than 1.5 Å on all the data shown here.

From the zooms shown in Figs. 5.2b and 5.2c, one can immediately see that the
surface atoms lie arranged along the direction of the clear (1×1) tetragonal unit cell
measured using LEED, but that the inter-atomic spacing is quite irregular. The most
frequent separation seen is ∼8 Å: twice the tetragonal unit cell. Occasionally a row
of atoms with a separation of 3.9 Å occurs, as seen in panel (c), and sometimes, the
(bright) atoms sit on a black background. The irregularity in inter-atomic distances
is reflected in the Fourier transform shown in Fig. 5.2d, in which smeared out fea-
tures predominate, corresponding to a real space separation of ∼8 Å (marked with
an ’X’ on the FFT). The tetragonal lattice is barely visible in the form of weak spots,
highlighted in Fig. 5.2d with a yellow arrow.

As has been shown in chapter 4, the cleavage surface of Ba122 consists of half a
Ba layer, which has ordered or disordered structures that are cleavage temperature
dependent. For a room temperature cleave, the Ba ions may re-order to minimise
their mutual Coulomb repulsion, resulting in inter-atomic distances larger that the
in-plane tetragonal lattice constant, as seen in Fig. 5.2. We note that since there are
structures observed with a lower symmetry, and thus higher energy, other factors
than pure Coulomb repulsion - e.g. possibly the orthorhombicity of the Fe/As layer
and strain or defects - are also playing a role. A commonly encountered variation
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Figure 5.2: (a) Constant current image (Vsample = -35 mV, Isetup = 40 pA) of Co-doped Ba122. The
inset shows LEED from the same surface with E0=114eV. (b) Zoom of panel (a): the surface
atoms can be seen as bright dots. (c) Further zoom of (b), showing a row of four surface
atoms separated by the tetragonal cell dimension of 3.9 Å. (d) Fourier transform of panel (a),
whereby the yellow X and arrow indicate real-space distances of 8 and 3.9 Å, respectively. All
data (with exception of the LEED) were recorded at 4.2 K.

is shown in Fig. 5.3a from a different crystal of the same doping level, in which the
atomic contrast is absent, and a 2D, maze-like network is seen, oriented along the
tetragonal axes with typical a period of ∼12 Å. This image resembles previously re-
ported one-dimensional stripe-like structures, [109,112] whereby the ’stripes’ shown
here appear cut into shorter and more disordered segments, probably as a result
of the higher cleavage temperature. This is in keeping with a recent report of the
temperature dependence of the surface topology in a related system [110]. In Fig.
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Tunneling spectroscopy on BaCoxFe2-xAs2 and BaFe2As2

5.3b, an image from pristine Ba122 is shown, which displays a very similar surface
topology as in panel (a), as can also be seen from the line scans through both images
shown in panel (c).

5.4 Tunneling spectroscopy on BaCoxFe2-xAs2 and BaFe2As2

Differential conductance spectra (dI/dV) of both the Co-doped and pristine Ba122
systems were recorded on a square 64x64 pixel grid at 4.2 K using a modulation
amplitude of 2 mV at a lock-in frequency of 427.3 Hz. The spectra for the Co-doped
system vary significantly between different locations within a single field of view
(FOV).

Figure 5.3: (a) Constant current image from a BaFe1.86Co0.14As2 sample (Vsample = -88 mV,
Isetup = 40 pA). (b) Analogous topography from BaFe2As2 (Vsample = -100 mV, Isetup = 33 pA).
(c) Line scans from the superconducting (top) and parent (bottom) compounds taken along
the arrows. Typical distances between the bright rows in the images is 12 Å indicated by grey
ticks in the line scans. (d) Overlay of 400 dI\dV conductance spectra from pristine Ba122,
together with their average (bold line). All data recorded at 4.2 K.

In Fig. 5.4a representative STS spectra for differing gap values (each spectrum
is an average of four adjacent pixels) are plotted. The spectra show not only a clear
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variation in peak-to-peak separation, hereafter taken as a measure of the supercon-
ducting gap (2∆pp), but also in the value of the conductance at zero bias (ZBC) and
in the strength of the coherence peaks. The spectra also vary in their asymmetry, and
in the form of their higher energy structures. While the variation in the high energy
tunneling signatures are more pronounced than those reported in Ref. [112], they are
less dramatic than what has been observed in a study of the related Sr1-xKxFe2As2

compound [109]. Naturally, one is interested in the real-space 2∆pp distribution, and
thus the peak-to-peak separation from all 4096 spectra is plotted as a gap map in Fig.
5.4b. The map indicates that the major part of the FOV supports a gap, ∆pp, of 7
meV (green areas), with smaller patches of dimension between 5 and 10 Å possess-
ing significantly smaller (red/yellow) and larger (blue) gaps. From this FOV, only
a handful of spectra did not exhibit coherence-like peaks, and thus if these peaked
structures give the superconducting gap, phase separation between superconduct-
ing and non-superconducting (magnetic) regions can be excluded from these data.

From Figs. 5.4a & b it is clear that BaFe1.86Co0.14As2 supports 2∆/kBTc values be-
tween 5.3 for the smaller gaps, through 7.4 for the modal gap value (7 meV) to 10.6
for the largest gaps. The modal gap is close to that seen recently in ARPES from opti-
mally Co-doped Ba122 for the outermost Γ centered (Γ2 or β) Fermi surface [62], and
is in keeping with data from another STS experiment on Co-doped Ba122 [112]. The
observation that STS measurements mainly seem to pick up the Γ centered Fermi sur-
face is in line with the notion that the tunneling rate along the out-of-plane direction
is strongly suppressed for increasing in-plane momentum, |k‖| [18,19]. Note that the
normalised gap values found here are in line with ARPES data from the outer hole
pocket Fermi surface in the hole-doped (Ba,K)-122 system [134]. As the small and
big gap Fermi surfaces are swapped in (Ba,K)-122 with respect to (Ba,Co)-122, tun-
neling experiments on the former system are expected to show a small gap instead
of the big gap seen on (Ba,Co)-122. In any case, all of the normalised gap values we
observe on (Ba,Co)-122 are greater than those expected for a weakly coupled BCS s-
or d-wave superconductor.

5.5 2∆pp ↔ zero bias conduction relation

Closer inspection of Fig. 5.4a reveals a relation between the ZBC, 2∆pp, and the
coherence peak strength: when 2∆pp is small (large), the ZBC is large (small) and the
coherence peaks are strong (weak). To see whether these relations hold for the whole
data set, three qualitative tests are conducted. First, in Fig. 5.4c the results of binning
all the STS spectra into five groups, depending on their peak-to-peak separation is
plotted1. Secondly, in Fig. 5.4d a map of the ZBC value is shown, with an inverted
colour scale to ease comparison with panel (a). Thirdly, the spatial distribution of
the coherence peak strength for this sample (Fig. 5.4f) is mapped, which gives a
nearly identical image to the ZBC map in panel (d). The fact that the inverse relation

1∆pp values have been binned as follows: 0-5.5 meV, 5.5-6.5 meV, 6.5-7.5 meV, 7.5-8.5 meV, 8.5-∆pp, max

meV.
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Figure 5.4: (a) STS spectra from BaFe1.86Co0.14As2 (averages of four adjacent pixels) displaying
different values of ∆pp, taken from the region marked in panel (b). (b) Gap map with identical
FOV as Fig. 5.2b, taken with the same setup conditions. (c) Binned spectra for five ranges of
∆pp

1, plotted in colours matching those in the gap map, whereby black has been swapped
for yellow, for clarity. (d) Map of the zero bias conductance on an inverted colour scale from
the same data set as panel (b). (e) Correlation functions. From top to bottom: autocorrelation
of the gap map shown in panel (b) (red squares) and of an analogous dataset recorded from
the FOV shown in Fig. 5.3a (black triangles). Yellow dots: cross correlation of the gap map
of panel (b) with the corresponding topograph (Fig. 5.2b). Blue (green) diamonds: cross
correlations between the gap and ZBC (peak-strength) maps. (f) Map of the coherence peak
strength (for half of the FOV of panels (b) and (d), and on an inverted colour scale), extracted
from a comparison of the coherence peak weight to the high energy background. (g) ZBC
map of pristine Ba122 recorded from half the FOV shown in Fig. 5.3b. The conductance scale
(shown on the right) is the same as that used in panel (d).

between 2∆pp and ZBC (and between 2∆pp and the coherence peak strength) is also
clearly visible in the binned (i.e. highly averaged) STS spectra and the fact that the
gap, ZBC and peak strength maps resemble each other closely (providing the colour
scale in the latter two maps is inverted) indeed indicates that the relation between
2∆pp, ZBC and peak strength holds for the data set as a whole, and not just for the
STS spectra shown in Fig. 5.4a.

In a next step, the relations between the 2∆pp ⇔ ZBC and peak-strength maps
is formalised by comparing their azimuthal-integrated cross correlation traces. Fig.
5.4e shows the results, indicating a clear anti-correlation which dies off over 8-10 Å.
The question arises as to the origin of the observed spatial disorder in the 2∆pp val-
ues. As a first suspect, the non-trivial surface topography illustrated in Figs. 5.2 and
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5.3 is considered. Here, pristine Ba122 offers the best test of this point, as it possesses
the same complex Ba termination topography, and yet is void of substitutional dis-
order within the FeAs structural unit. Fig. 5.3d shows a compilation of one tenth of a
complete STS data set (400 of 4096 STS spectra) - and their average - taken from pris-
tine Ba122 across the same FOV as the topograph shown in Fig. 5.3b. The near-EF

electronic states in the parent compound are fairly spatially homogeneous in terms
of both the shape of the spectra and the absolute dI/dV value.

5.6 Superconducting gap disorder due to Co dopants

To compare the variation in absolute conductance with that seen in the supercon-
ductor, a ZBC map from pristine Ba122 is shown in Fig. 5.4g, using the same color
scale as Fig. 5.4d, after correction for the difference in junction resistance. Although
the two ZBC maps are from different cleaves of differing materials, it is still obvious
that the pristine material has much less variation and does not possess structure on
the length scales of the superconductor. Thus, the gap disorder seen in Fig. 5.4 is
a property of the superconducting system, and the finger is quickly pointed in the
direction of the Co dopants as the culprit. For the used doping level, 1 in 14 Fe atoms
is replaced by a Co dopant, and at a zeroth level this gives a Co - Co separation of
a little over 10 Å. The first length scale over which Co disorder would be visible is
therefore 10 Å, as observed here. In Fig. 5.4e autocorrelation traces are shown for the
gap map in Fig. 5.4b and the analogous trace for a gap map recorded from an identi-
cal FOV as Fig. 5.3a, i.e. a superconductor cleave with a clearly different topography
yet similar STS spectra. Both these (positive) correlation traces show that 8 Å is the
characteristic length scale of the significant gap variations, which is very close to the
Co - Co length scale. The fact that the atomically-resolved cleaves (Fig. 5.2a) and
those with the 2D maze-like structure (Fig. 5.3a) both give the same length scales for
the deviations from 2∆pp is a further indication that in these cases the topographic
details - which most likely track the particulars of the surface Ba (dis)order - do not
have much direct effect on the superconducting system. We note that - albeit on a
somewhat coarser energy scale, similar conclusions have been drawn from a recent
photoemission study of the Ba122 system [83]. Finally, we remark that the cross cor-
relation traces between the gap map and the topography are zero for both types of
topography (see Fig. 5.4e).

How do the spatial gap variations found here in an electron doped pnictide com-
pare with those from STS studies of the cuprate high Tc’s at analogous doping lev-
els? Optimally doped Bi2212 yields a similar total spread of a factor two in nor-
malised gap values, but upshifted with respect to those here to lie between 6 and
13 kBTc [126], see also appendix A. Recently, the emphasis has come to lie on the
role played by the pseudogap in the observed large apparent superconducting gap
disorder seen in the cuprates [135]. In the pnictide STS data presented here, it would
be natural to take the modal gap value as that representing areas with Co doping oc-
curring in the FeAs plane at the nominal level. Consequently, the small gaps could
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either be under- or overdoped regions formed due to clustering of Co since both
would - in principle - lead to a lower Tc (and presumably ∆pp). This would leave
only the larger peak-to-peak separations unaccounted for. To decide whether, as in
the cuprates, these large-gap regions are related to the presence of a pseudogap or
not will require detailed temperature dependent measurements, which will be the
topic of the next chapter.

5.7 Summary

In summary, detailed STM and STS investigations of pristine Ba122 and samples of
the electron doped superconductor BaFe1.86Co0.14As2 are presented. In the first part
of the chapter the complex topography of the surfaces of these single crystals is re-
visited, and shown to be a result of partial lift-off of the Ba ions upon cleavage. It
is subsequently demonstrated that the termination-plane topographic disorder en-
countered here has little effect on the low lying electronic states of these systems.

The STS data from the superconducting samples display clear coherence-peak-
like features defining an energy gap of on average 7.4 kBTc. There exist, however,
significant spatial deviations from this modal gap value, with the gap distribution
ranging from 5-10 kBTc. If these gaps are indeed superconducting gaps, we can
clearly rule out nanoscopic phase separation in these samples. There is a robust
anti-correlation between the peak-to-peak separation and the zero bias conductance,
and coherence peak strength, operating over length scales of ∼8 Å. The spatial corre-
lation of the low and high gap deviations from the modal gap value also displays the
same length scale, one which is very close to the average separation of the Co atoms
in the FeAs superconducting blocks, highlighting their importance as local dopants.
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CHAPTER

6
Pseudogap-less high Tc

superconductivity in
BaCoxFe2-xAs2

The pseudogap state, already alluded to in chapter 2 (see also appendix A), is one
of the peculiarities of the cuprate high temperature superconductors. Having seen
features in the tunneling data presented in the previous chapter hinting at a pos-
sible pseudogap (i.e. the large spread in peak-to-peak separation) its presence in
BaCoxFe2-xAs2 will be investigated in this chapter with temperature dependent scan-
ning tunneling spectroscopy. It is observed that for under, optimally and overdoped
systems the gap in the tunneling spectra always closes at the bulk Tc, ruling out the
presence of a pseudogap state.

Most material in this chapter is published as F. Massee et al., EPL 92, 57012 (2010)
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6.1 Introduction

At first glance, the phase diagrams of the cuprates and the pnictides are strikingly
similar. In both systems, electron or hole doping suppresses the magnetic ground
state of the parent compound and produces a superconducting dome, see also chap-
ter 2. However, whereas the cuprates are Mott insulators at low dopings and upon
doping first completely lose their long range magnetic order before superconduc-
tivity emerges, the pnictides have a metallic ground state and upon doping directly
cross from a magnetic to a superconducting phase. The nature of this transition is
still under debate, as some studies find that the two regions can coexist [136–138]
while others indicate a phase separation scenario [139, 140].

At low doping concentrations, the cuprates furthermore display a second en-
ergy scale, characterised by a depression of spectral weight at the Fermi level, which
is observed both in the superconducting and normal state, the so called pseudo-
gap [141, 142]. Since the role of the pseudogap phase in the cuprates is still under
heavy debate, the establishment of the presence or absence of such a phase in the
iron pnictides is of particular importance. There are several indications that at least
some of the pnictides have a pseudogapped region at the underdoped side of the
phase diagram. For instance, anomalous resistivity characteristics in LaFeAsO1-xFx

and SmFeAsO1-xFx have been interpreted in a pseudogap-like scenario [143]. Nu-
clear magnetic resonance (NMR) investigations [144, 145] and angle resolved pho-
toemission (ARPES) measurements [146] have found signs of a pseudogap in the
former system as well. It should be noted, however, that Andreev spectroscopy mea-
surements argue against a pseudogap in the latter system [147]. In Ba1-xKxFe2As2

ARPES [148], optical conductivity [149] and pump-probe spectroscopy [150] mea-
surements showed pseudogap-like behaviour, and claims of possible pseudogap be-
haviour have been made in the FeSe1-xTex system [151]. In the case of BaCoxFe2-xAs2,
ARPES measurements have reported a slight depression above the superconducting
transition temperature [62], possibly caused by a weak pseudogap.

Another observation that could be linked to a pseudogap phase is the large spread
in the separation between the quasi-particle peaks (2∆pp), observed in tunneling
spectra of the pnictides as is shown in the previous chapter and reported by [108,
112], which is difficult to reconcile with the sharpness of the superconducting tran-
sition. In underdoped cuprates, these spectra are dominated by the pseudogap fea-
tures, and the true superconducting quasi-particle spectrum has been resolved only
very recently [135]. The question is therefore whether also in the pnictides tunneling
spectra show a mix of pseudogap and superconducting gap features.

In this chapter, temperature and doping dependent scanning tunneling spectro
scopy measurements on under-, optimally and overdoped BaCoxFe2-xAs2 crystals
(x=0.08, 0.14 and 0.21) will be reported to determine whether tunneling experiments
indeed observe the superconducting gap, which closes at Tc, or a pseudogap, which
does not.

It has been shown in chapter 4 that the 122 pnictides cleave through the Ba layer,
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Figure 6.1: Optimally doped BaCoxFe2-xAs2 (x=0.14, Tc = 22 ± 0.5 K): (a-d) Differential con-
ductance spectra for four different superconducting gap sizes as a function of temperature.
The spectra are offset in discrete steps with respect to each other for clarity, V = 45 mV, I = 40
pA. (e-h) The same spectra as shown in (a-d), but normalised to the spectrum for each loca-
tion taken at 24 K. (i) Comparison between different normalisation temperatures, excluding
an influence of the normalisation on the results. (j) Color legend. (k) ∆pp as a function of tem-
perature (solid symbols). As a comparison, ∆pp of a temperature broadened T-independent
gap and T-dependent BCS-like gap (Eqn. (3.2)) with ∆0 = 6 mV and Tc = 21 K are plotted (open
symbols). The corresponding curves are shown in panel (l) and (m), respectively, where the
peak maxima at negative bias are indicated by red dots.
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exposing half a Ba layer on either side of the cleave. Although a comparison of
regular and hard x-ray photoemission data suggests that the cleavage surface does
not have a strong influence on the global near-surface electronic environment [83],
LDA calculations report electronic properties differing from the bulk on (

√
2 ×

√
2)

reconstructed Ba surfaces [152]. However, as identical superconducting gaps are
observed throughout this Ph.D. research on both (

√
2×

√
2) as well as (2×1) or other

surface terminations, data will be presented from spectroscopic surveys recorded on
the modal termination topography. It should be noted that areas with a relatively
large z-corrugation (>2 Å) show anomalous spectroscopic signatures, likely caused
by a local Ba surplus or deficiency, which were therefore not used for spectroscopic
surveys.

6.2 Optimally doped BaCoxFe2-xAs2

First, the optimally doped BaCoxFe2-xAs2 (x = 0.14) samples were studied (Tc = 22 ±
0.5 K). Figure 6.1a-d shows the evolution of the gap for four different locations on the
surface for temperature ranging from 4.5 K to 24 K. As can be seen in the figure, the
clear coherence peaks at 4.5 K are smoothly depressed and are completely gone at
temperatures above Tc. Due to the U-shaped background, it is difficult to follow the
temperature dependence in great detail. To overcome this problem, an often used
procedure is to divide the differential conductance at a temperature, T, by that taken
in the normal state, i.e. (dI/dV)T/(dI/dV)Tnormal . The result of this analysis is plotted
in Fig. 6.1e-h. Here, unlike in the cuprates, 2∆pp extracted from the normalised
spectra are identical to those extracted from the raw data for all four shown sizes of
superconducting gap.

To ensure that the normalisation temperature used in the procedure described
above does not influence the normalised spectra, normalisation of a spectrum taken
at 17.5 K both to the spectra taken at 22 K, i.e. very close to Tc, and that taken at
24 K are compared in Fig. 6.1j. Both normalised spectra are clearly very similar,
whereas the spectrum taken at 22 K normalised to the one taken at 24K is basically
a straight line. From this we can conclude that spectra taken above Tc do not show
an observable variation and the choice of normalisation temperature is not critical,
as long as it is > Tc. It is thus safe to say that the gaps observed are indeed the
superconducting gaps.

The exact temperature at which the gap closes or fills is difficult to estimate, but
for all gap sizes it is within 1 K of the bulk Tc. The fact that the peak-to-peak sepa-
ration is seemingly temperature independent (see Fig. 6.1k) can be well understood
by taking into account temperature broadening effects. Fig. 6.1k illustrates this by
plotting the peak-to-peak separation of a temperature broadened BCS gap, i.e. a
gap described by Eqn. (3.2), and a temperature broadened fixed gap, i.e. ∆(T) = ∆0

(T<Tc) and ∆(T) = 0 (T>Tc). The curves from which these simulated peak-to-peak
separations are extracted are plotted in Figs. 6.1l and m respectively, where the peak
maxima at negative bias are indicated by a dot. As is clear form Fig. 6.1k, the curve
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for the temperature broadened BCS gap predicts the data quite well, while for the
fixed gap an effective increase of ∆pp is obtained.

6.3 Underdoped BaCoxFe2-xAs2

We now turn our attention to lower doping concentrations, where, in analogy with
the cuprates, one is more likely to expect a pseudogap behaviour and where mag-
netic correlations that could produce a gap are stronger. Figure 6.2a shows the aver-
age of ∼4000 spectra taken both at 5 K and 20 K on the same 100x100 Å2 field of view
on a BaCoxFe2-xAs2 sample with x=0.08 (Tc = 14 ± 1 K, TSDW = 70 ± 3 K). The low
temperature average, normalised to the high temperature spectrum is shown in Fig.
6.2b.

One peculiarity valid for all measurements performed on underdoped samples is

Figure 6.2: Underdoped BaCoxFe2-xAs2 (x=0.08, Tc = 14 ± 1 K): (a) Average of ∼4000 spectra
taken both at 5 K and 20 K on a square grid on the same 100x100 Å2 field of view. (b) Spectrum
obtained by normalising the 5 K spectrum shown in (a) to the 20 K spectrum. (c) Several
single pixel spectra taken along a random line from the conduction map of which the average
is shown in (a) illustrating the variation in the spectra, the gap edges are indicated by circles.
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that the superconducting gap signatures are less pronounced than in the optimally
doped materials. At this point we note that temperature broadening at 5 K of a
pure single band BCS spectrum will already effectively fill the flat bottomed gap
[153]. Furthermore, as other experiments have already alluded to, it might very
well be possible that there is a nonzero density of states at the Fermi level in the
superconducting states due to non gapped bands [62, 154]. Nevertheless, the single
pixel spectra, of which several are shown in Fig. 6.2c, clearly show there are gaps all
over the field of view, after normalisation have the same peak-to-peak separation as
is apparent in the raw data and all close at Tc. These observations strongly suggest
that the gaps observed at low temperature are indeed the superconducting gaps and
not pseudogaps.

Since at 20 K the system is still well within the orthorhombic, magnetically or-
dered state, one might expect gap-like features in the spectra due to a depression
of spectral weight as a result of gapping of parts of the Fermi surface [155–157]. As-
suming a mean field gap, such features would be typically at ∼10 mV. However, since
these are not observed, they either occur at higher energies, are not picked up due to
tunneling matrix element effects, or are simply not present due to phase separation
between magnetic and superconducting regions. Additional measurements, for in-
stance to higher energies, should be performed to address this point. The presence
of superconducting gaps over the entire field of view sets a lower limit length scale
of tens of nanometers to a possible phase separation between superconducting and
non-superconducting magnetically ordered regions.

6.4 Overdoped BaCoxFe2-xAs2

To complete the survey of the phase diagram of BaCoxFe2-xAs2, attention is turned
to the overdoped compound (x=0.21, Tc = 13 ± 1 K). Fig. 6.3a-c show the detailed
temperature dependence of four locations with a different 2∆pp. Analogous to the
analysis used for the optimally doped sample, Fig. 6.3d-f show the spectra nor-
malised to the spectrum taken at the exact same location for T > Tc. As was the case
for the under- and optimally doped samples, the gaps seen at low temperature in the
normalised spectra are identical in magnitude as the raw data gaps and all vanish
above Tc.

6.5 Summary

To summarise, for underdoped, optimally doped, and overdoped BaCoxFe2-xAs2

(x=0.08, 0.14 and 0.21), 2∆pp observed in tunneling spectroscopy measurements has
been tracked as a function of temperature. The gaps for all doping concentrations
studied and all gap sizes are observed to vanish at the bulk Tc, excluding a pseudo-
gap scenario in these pnictide superconductors. Since gaps have been seen across
the entire field of view of hundreds of square ångstrom, nanoscale phase separa-
tion of magnetic and superconducting patches is unlikely, also in the underdoped
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Figure 6.3: Overdoped BaCoxFe2-xAs2 (x=0.21, Tc = 13 ± 1 K): (a-c) STS spectra taken at four
different positions. All spectra taken above Tc fall perfectly on top of each other, contrary to
those taken below Tc. (d-f) The spectra shown in (a-c) normalised to the respective spectra
taken at 17 K, i.e. > Tc.

material. The indications of the presence of a pseudogap in several compounds
closely related to the one studied here makes the family of pnictide superconduc-
tors a theoretical challenge to understand, as the action of specific dopant atoms
can lead to completely differing behaviour. An interesting observation is the pos-
sible relation between the dopant atom carrier type and the presence or absence of
a pseudogap. Signatures of a pseudogap in the electron doped cuprates have been
reported (see [158] and references therein), but these are far less pronounced than
in the hole doped cuprates, where it dominates a large portion of the phase dia-
gram. Similarly, whereas we show here that there is no pseudogap in the electron
doped pnictide BaCoxFe2-xAs2, there are indications of a pseudogap in hole doped
Ba1-xKxFe2As2 [148–150]. Mapping out the presence or absence of a pseudogap in
more related compounds, both electron and hole doped, will determine if this is a
generic behaviour and should give a better understanding of the role of the pseudo-
gap for high temperature superconductivity.
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CHAPTER

7
Inhomogeneity induced gap
disorder in BaCoxFe2-xAs2and
BaFe2PxAs2-x

An anomalous behaviour of the reduced gap, 2∆pp/kBTc, as a function of doping in
the pnictide high temperature superconductor BaCoxFe2-xAs2 is presented. The re-
duced gap, as well as the variation in gap size normalised to the average gap, σ/∆pp,
is seen to increase as a function of doping. From this trend, combined with the obser-
vation that both parameters are relatively small for optimally doped BaFe2PxAs2-x,
Co scattering effects are suggested to play an important role in these materials, which
in turn puts constraints on the interpretation of reduced gap values.
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7.1 Introduction

From the previous chapter it is clear that the strong spatial variation in peak-to-peak
separation can be attributed to the superconducting gap, and not to a pseudogap as
has been seen in the cuprates. One now may wonder how such a large variation in
gap size on length scales similar to the coherence length is possible. Secondly, since
the gap varies as a function of position while the superconducting transition tem-
perature is the same for every gap size, the reduced gap, 2∆/kBTc, is also spatially
varying. As this value is commonly used to determine whether a material is a con-
ventional phonon mediated or an unconventional superconductor (see Chapter 3),
the question arises what a spatial variation of this reduced gap means.

In the cuprates the reduced gap is seen to be constant as a function of doping, i.e.
2∆ tracks Tc [49, 159]. To investigate the doping dependence of the superconducting
gap in the pnictide superconductors, doping dependent STM/S measurements on
BaCoxFe2-xAs2 (BCFA) samples (x=0.08, x=0.14 and x=0.21), and on optimally doped
BaFe2PxAs2-x (BFPA) single crystals (x=0.64) and slightly overdoped BaRuxFe2-xAs2

(BRFA) samples (x=0.7) as control experiments have been performed. One of the
striking characteristics of the MFe2As2, or 122, pnictides is the fact that superconduc-
tivity can be reached by doping with a large variety of dopants, both charged and
isovalent, and in all three layers of the material. As in the cuprates [160] there seems
to be a trend in that the further the dopant atom is situated from the superconduct-
ing Fe plane, the higher Tc. Since the systems studied here introduce Co dopants in
the superconducting Fe layer, scattering effects could start to play an important role.
Scattering effects in the two-band superconductor MgB2 have been seen to bring the
system in the dirty limit, where the two distinct gaps merge into a single gap, and Tc

is reduced [161]. At the same time, impurity scattering will increase the number of
in-gap states and push out the coherence peak by smearing of the BCS singularity,
which can effectively be seen as an increase in the lifetime-broadening parameter, Γ ,
in the Dynes function [41].

In this chapter the doping and spatial dependence of the superconducting gap
will be discussed, indicating that impurity scattering effects in the Co-doped systems
studied play an important role. These results put a constraint on the applicability of
the reduced gap as an independent measure of the pairing strength in these systems.

As mentioned in the previous chapters, the particulars of the surface which have
been shown to be due to the partial lift-off of the topmost Ba layer, do not seem to
affect the superconducting gap spectra. Therefore, data will be presented from spec-
troscopic surveys recorded on the modal termination topography. It should be noted
though that areas with a large corrugation (>2 Å) show anomalous spectroscopic
signatures which might be caused by impurities on the surface or by a significant
deviation from the average surface cationic population. Such regions were not used
for spectroscopic surveys. Spatial correlations between topographical information
and variation in 2∆pp were checked to be absent for each measurement.
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Figure 7.1: Constant current image taken on near-optimally doped BaCoxFe2-xAs2 (x=0.14, Tc

= 22 ± 0.5 K) at 4.2 K, V = 50 mV, I = 40 pA (these settings were used throughout this study
unless stated otherwise). The inset is a zoom of the region of the image which is marked by
a box. (b) Gap map corresponding to the field of view shown in the inset of (a). (c) Averaged
spectrum of the conduction map taken on the inset of (a), together with four representative
single pixels spectra which illustrate the variation in 2∆pp.

7.2 Doping dependence of under-, optimally and overdoped
BaCoxFe2-xAs2

First, near-optimally doped BCFA samples (x=0.14, Tc = 22 ± 0.5 K) were studied.
Figure 7.1a shows a constant current image representative for a large portion of a
particular cleavage surface, in which atomic contrast is absent, and a 2D, maze-like
network is seen with typical periods of ∼12 Å, oriented along the tetragonal axes,
as determined by in situ low energy electron diffraction (LEED). Figure 7.1b shows
the gap map taken on the inset of Fig. 7.1a, which is in accordance with previously
reported results from Ref. [112] and those shown in chapter 5, although the variation
in gap magnitude is slightly reduced and has a slightly longer characteristic length
scale, which might reflect the improvement in sample quality, or a locally more ho-
mogeneous area on the sample. To show the variation in the tunneling spectra, four
single pixel spectra are shown in Fig. 7.1c, which range in gap from 10 to 14 mV
corresponding to a value of 2∆/kBTc of 5.3 to 7.4, together with the average of the
∼4000 spectra of which the map consists. The temperature dependence of these four
spectra has already been shown in the previous Chapter in Fig. 6.1.

Next, lower doping concentrations are considered, where conduction maps were
recorded in a similar fashion to those obtained on the optimally doped sample. From
the average of such a map on a BCFA sample with x=0.08 (Tc = 14± 1 K) the average
magnitude of the superconducting gap (2∆pp) is determined to be 8 mV ± 1 mV,
corresponding to a value of 2∆pp/kBTc of 6.5 ± 0.5. One peculiarity valid for all STS
measurements performed throughout this work on underdoped samples is that the
superconducting gap signatures are less pronounced than in the optimally doped
materials. As the gap in these samples is smaller in magnitude as well, a reliable gap
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map could not be obtained. However, the single pixel spectra, of which several are
shown in the previous chapter in Fig. 6.2c, clearly show there are gaps all over the
field of view.

Figure 7.2: Overdoped BaCoxFe2-xAs2 (x=0.21, Tc = 13 ± 1 K): (a) 200x200 Å2 topograph dis-
playing a (2×1) structure on which conduction maps are taken at 4.2 K and 17 K. The inset
shows the individual atoms on the (2×1) structure (V = 5 mV, I = 5 nA). (b) Gap map con-
structed after division of the low temperature by the high temperature conductance map, the
histogram indicates the variation in gap size. The average spectrum of both maps are shown
in (c). The inset in (c) shows the division of the average spectrum below Tc by that above Tc.
(d) Detailed temperature dependence of a spectrum with 2∆pp = 11.3 mV. All spectra taken
above Tc fall perfectly on top of each other, contrary to those taken below Tc.

To complete the survey of the phase diagram of BCFA, an overdoped compound
(x=0.21, Tc = 13 ± 1 K) is investigated. Fig. 7.2a shows a typical (2×1) surface struc-
ture on which a conduction map has been taken. The gap map extracted from this
conduction map is shown in Fig. 7.2b. Interestingly, the gap magnitude (2∆pp =
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11.8 meV) is comparable to the gap seen at optimal doping, meaning that since Tc is
smaller, the reduced gap is considerably larger, i.e. 2∆pp/kBTc = 10.5 ± 3. To ensure
that this relatively large gap is really the apparent superconducting gap, the aver-
age spectrum of a conduction map taken above Tc is plotted on top of the average
spectrum on the same area at 4.2 K, see Fig. 7.2c. This comparison, and the more
detailed temperature dependence of a representative single pixel spectrum shown
in Fig. 7.2d confirm that the gaps are indeed gone above Tc. More details on the tem-
perature dependence of the tunneling spectra, also of compounds with a different
doping concentration, are given in the previous chapter.

7.3 Control experiments

7.3.1 BaFe2PxAs2-x

As a control experiment, measurements are performed on optimally doped
BaFe2PxAs2-x (BFPA) (x = 0.64, Tc = 31± 1 K). A typical (2×1) topography is shown in
Fig. 7.3a. Fig. 7.3b shows the average spectrum of ∼4000 spectra taken on the inset of
Fig. 7.3a, with every 100th spectrum plotted on top of the average. The figure clearly
shows the homogeneity of the spectra and of the gap magnitude, 2∆pp = 12 mV, on
this material, in stark contrast to what is seen on the Co doped materials. It should
be noted that analogous to BCFA samples, a large variety of cleavage surfaces was
observed on BFPA. The gaps from different topographies are equally homogeneous
as the one shown here. To illustrate the homogeneity of the superconducting gap
size, Fig. 7.3c shows a gap map using the same energy range as the gap map plotted
in Fig. 7.2b. Despite having similar average gap values, the BFPA map clearly lacks
the variation observed on the BCFA samples. This observation strongly suggests that

Figure 7.3: (a) Typical (2×1) surface structure on optimally doped BaFe2PxAs2-x (x=0.64, Tc

= 31 ± 1 K). (b) Average tunneling spectrum (blue) of ∼4000 spectra taken on the 100×100
Å2 inset in (a) with every 100th spectrum (grey) plotted on top of the average. (c) Gap map
corresponding to the spectra shown using the same color scale as Fig. 7.2b, illustrating the
homogeneity of the BFPA spectra with respect to the BCFA spectra.
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indeed the Co dopants are responsible for the observed variation in gap size in the Co
doped materials. Furthermore, the gap of the P-doped material itself is comparable
in size to that of the overdoped BCFA samples, but since Tc is significantly higher
the reduced gap is relatively small, 2∆pp/kBTc = 4.6 ± 0.3.

7.3.2 BaRuxFe2-xAs2

Interestingly, Ba122 can also become superconducting when some of the Fe atoms
are replaced by Ru instead of Co. As Ru has the same valency as Fe, the effect of
the extra electron in case of Co doping can be appreciated. Unfortunately Ru doped
samples are rather difficult to grow and are, if possible, even smaller than the P
doped Ba122 samples (see Fig. S1c for an image of three typical samples and their
sizes). Moreover, the transition width of the RuxFe2-xAs2 samples (x = 0.7, Tc = 17
± 3 K) that were kindly provided by V. Brouet et al. [77, 162] proved to be rather
broad (see Fig. 7.4a). Therefore, only preliminary results will be presented here.
However, in the near future samples with a sharper transition will be available for
further studies.

Figure 7.4: (a) AC susceptibility trace of the rather broad transition into the superconducting
state. (b) Average of thousands of spectra taken on a 100×100 Å2 field of view on a (2×1)
reconstructed surface of BaRuxFe2-xAs2 (x=0.75, Tc = 17 ± 3 K).

Spectroscopic surveys on different parts of the same sample with similar (2×1)
surface structures showed average gaps from fields of view of hundreds of square
Å varying from 7.5 to 9.7 mV. The average spectrum corresponding to the 9.7 mV
gap is shown in Fig. 7.4b. The variation in average gap magnitude on the same
sample is likely a result of the inhomogeneity of the samples that is also reflected
by the broad transition into the superconducting state. Taking the uncertainty in the
transition temperature into account it follows that the reduced gap is in the range
5-7, similar to the Co doped system. It should be noted that for similar transition
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temperatures the Ru dopant concentration is considerably larger than the Co dopant
concentration, suggesting that Co atoms act as stronger scattering centers than Ru.

7.4 Summary of the data

Fig. 7.5a summarises the doping dependence of the compositions studied here by
plotting the values of 2∆pp versus doping on top of the critical temperatures de-
termined from resistivity measurements. As can be seen, the superconducting gap
deviates from the behaviour of the superconducting dome for the overdoped Co
compounds, clearly differing from the cuprate scenario where the dome is tracked
by 2∆pp. As a comparison, 2∆pp and Tc of optimally doped BFPA are plotted in
the shaded region, from which it is clear that in this compound the reduced gap is
considerably smaller than for the Co doped compositions.

7.5 Discussion

Since Fig. 7.1 and 7.2 show a variation in 2∆pp that is indeed a variation in apparent
superconducting gap size (as shown in the previous chapter), the question arises as
to what could cause such a variation. The normal state NMR signal of these materi-
als has been characterised by inhomogeneities [136], and strong scattering from Co
inhomogeneities could be a possible explanation of the T2 behaviour in London pen-
etration depth measurements [163]. It has already been suggested in chapter 5 that
Co doping within the superconducting Fe layers could be the cause, as the spatial
variation is on the same length scales as the Co dopant separation. This indeed holds
for all measured compositions, i.e. the variations in 2∆pp for all doping concentra-
tions are on the nanometer scale, although the exact length scale of the variations
does not seem to scale in a straightforward manner to the doping concentration and
could be slightly different on different samples of the same doping concentration.

It has been shown using a four-probe scanning tunneling microscope, that there
are local variations in the Co doping concentration on any given sample, leading to
locally different Tc’s [164]. However, these variations are not sufficient to explain the
variation in 2∆pp seen here, as some gaps are bigger than the average gap for opti-
mally doping, requiring a Tc in excess of Tmax

c , and the smaller gaps would need a
local Tc of half the bulk Tc, which is clearly not the case as determined from temper-
ature dependent STS measurements. Since 2∆pp on optimally doped BFPA is very
homogeneous over large fields of view, intrinsic sample inhomogeneities other than
the dopants themselves, such as for instance defects, are ruled out as a cause of the
gap magnitude variations. The fact that considerably more dopant atoms are present
in the BFPA samples than in the overdoped BCFA samples (x = 0.64 versus x = 0.21
respectively) underlines this statement.

To shed more light on the cause of the gap variations, the spread in gap value nor-
malised to the average gap magnitude, σ/∆pp, versus the reduced gap, 2∆pp/kBTc,
is shown in Fig. 7.5b. As can be seen, there seems to be an approximate relation
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Figure 7.5: (a) Values of 2∆pp (right axis) for various Co-doping concentrations and for the
P-doped system (since P substitution is not formally doping electrons, the values of BFPA
are indicated at x=0), plotted on top of the phase diagram of the samples determined from
resistivity measurements (left axis). (b) Plot of σ/∆pp versus 2∆pp/kBTc for the compositions
used in this study and taken from literature.

between these two parameters, highlighted by the shaded region in the figure. As a
comparison, the values for pure single band s-wave and d-wave BCS superconduc-
tivity are shown as well, which are actually close to the point of intersection with the
x-axis of the observed trend. Thus, as Fig. 7.5a shows, upon increasing the Co dop-
ing concentration, 2∆pp slightly increases, and is more or less constant at optimal-
and overdoping (x=0.14 and x=0.21). However, the decrease in Tc then leads to an
increase in reduced gap (Fig. 7.5b). Secondly, as the Co doping concentration in-
creases, the normalised spread increases. These factors combined suggest that Co
dopants within the superconducting plane act as scattering centers, which reduce
Tc faster than the gap, 2∆. Locally, such a scattering center could reduce the gap
size due to a reduction of the pairing interaction. At the same time, the presence or
absence of Co atoms could perhaps locally enhance the pairing interaction, leading
to the larger gaps seen with STS. Note that even though lifetime broadening due
to impurities effectively pushes out the coherence peaks, variation in peak-to-peak
separation cannot be explained by such broadening alone. For instance, small gaps
have been seen to have a relatively high zero bias conductance and large gaps can
have relatively large coherence peaks (see Fig. 7.1c), opposite to what is expected in
case of lifetime broadening only.

Seeing as the surface layer of the 122 pnictides is distorted with respect to the
bulk as was shown in chapter 4, one should not overlook the possibility that the sur-
face might in fact not be superconducting, but that superconducting signatures are
picked up in STS at the surface due to the proximity effect. Depending on the dis-
tance from the tip to the superconducting condensate below the surface layer, gaps
will have different magnitudes. It has been reported in Ref. [153] that one of the
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signatures of the proximity effect in tunneling spectra is the appearance of a dip just
outside the coherence peaks, a feature that is readily observed in Fig. 7.2c. Such
features, however, are not conclusive as they could be a result of the division of
the low temperature spectrum by the high temperature (i.e. temperature broadened
spectrum) and can also for instance mark the energy of a bosonic mode. More impor-
tantly, the absence of any correlation between the gap magnitude and topography,
and the lack of variation in gap magnitude in the possibly even more distorted P
doped Ba122 seem to argue strongly against such a proximity effect scenario.

Nanometer scale spatial variations in the superconducting gap magnitude have
previously been reported in literature in dirty limit superconductors close to the
superconductor-to-insulator (SI) transition [165]. Upon increasing the disorder in
these materials, the variations in the superconducting gap were seen to increase and
due to a disorder induced decrease in Tc, the ratio ∆pp/Tc was seen to increase upon
increasing disorder. Although the pnictide superconductors studied here are not
close to an SI transition, the observations are very similar to this scenario, which
strongly suggests that scattering from Co dopants within the superconducting Fe
plane are important in these systems and strongly affect the tunneling signatures and
reduced gap values. This picture is corroborated by theoretical calculations [166],
which argue that the extra d-electrons coming from the Co dopant atoms are actu-
ally not charge doping the system, but are localised on the Co atoms. The Co dopants
are therefore suggested to act as scattering centers that scramble k-space such that
the spin density wave order is suppressed, enabling superconductivity to emerge.

Another noteworthy point is that since an increase in the Co doping leads to an
increase in reduced gap value, care should be taken with the interpretation of the
reduced gap extracted from peak-to-peak separations in STM/S, but also those ex-
tracted from ARPES measurements. The data presented here show that a simple
conclusion as regards the validity or otherwise of BCS theory based on the reduced
gap value on Co-doped 122 systems cannot be made, prior to a careful examination
of the scattering effects of the dopants in the Fe plane. Fig. 7.5b does indicate, how-
ever, that upon extrapolation to the point where no scattering is present (i.e. σ/∆pp

↓ 0, the reduced gap value comes out within the BCS range.

7.6 Summary

Spatially resolved tunneling spectra have been taken on BaCoxFe2-xAs2 samples for
doping concentrations spanning the superconducting dome. Unlike for the cuprates,
the reduced gap, 2∆/kBTc, is seen to increase for increasing doping concentrations,
reaching values as high as 10 for overdoped compounds. At the same time, the vari-
ation in the gap normalised to the average gap, σ/∆pp increases for increasing Co
doping concentrations, reminiscent of inhomogeneity induced gap variations seen
in superconductors close to a superconductor-to-insulator transition. The absence
of variation in peak-to-peak separation in spectra taken on BaFe2PxAs2-x strongly
suggest that the Co atoms in the Fe plane are responsible for the large spatial vari-
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ation in the reduced gap and the large value thereof. The latter notion is supported
by preliminary measurements on isovalently doped BaRuxFe2-xAs2, which suggest
the inhomogeneity in the Fe plane is crucial in the interpretation of the data, but
also that the details of the type of dopant are important as Co seems to act as a
stronger scattering center than Ru. The suggestion put forwards in Ref. [166] that
dopant atoms act as k-space scramblers instead of charge dopants seems to fit nicely
within this picture. Aside from highlighting the effect of Co dopants in the Fe plane,
the measurements on P doped Ba122 furthermore argue against a proximity effect
induced spatial variation in the superconducting gap. Such a scenario was not un-
likely in light of the deviation of the surface from the regular bulk structure as has
been shown in chapter 4. Having thereby shown that the tunneling spectra are in-
deed a result of a spatially varying superconducting condensate, the inhomogeneity
induced increase of the reduced gap puts restrictions on the applicability of 2∆/kBTc

in the discussion of the pairing strength of the pnictides. A proper understanding
of the STM/S data presented here requires a better theoretical understanding of the
local pair-breaking or pair-enhancing effects of dopant atoms in a multiband super-
conductor.
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CHAPTER

8
Introduction to La2-2xSr1+2xMn2O7

Next to the high temperature superconductors, the colossal magnetoresistant man-
ganites are one of the flagships of condensed matter research. In this chapter the
manganite family of materials, and in particular the bilayered manganite La2-2xSr1+2x

Mn2O7, is introduced and the most relevant literature on the subject is reviewed.
This section will be closely following Ref. [6], see also Refs. [167, 168] and references
therein for more details on the bilayered manganites.
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8.1 Magnetoresistance

Magnetoresistance is a change of the resistivity of a material upon application of
an external magnetic field, which was first observed in 1856 by W. Thomson, a.k.a.
Lord Kelvin. Whereas this effect is small in most materials, typically less than 5%,
some materials exhibit a rather large magnetoresistive effect. These materials can
be divided into two groups, the giant magnetoresistive (GMR) and colossal magne-
toresistive (CMR) materials. Although the physics underlying these two groups is
completely different, from an application point of view they have identical proper-
ties. GMR materials already form the basis of modern day hard drives and signalled
the birth of spintronics. In a nutshell, GMR materials consist of ferromagnetic lay-
ers separated by a thin non-magnetic layer. For certain thicknesses of the separation
layer, it becomes energetically favourable for the ferromagnetic layers to have their
spins anti-parallel. Since hopping perpendicular to the layers requires a spin-flip, the
resistivity is about 10% higher than when the layers have their spins parallel, which
can be achieved by application of an external magnetic field. Independent switching
of the spin orientation of a single layer is generally used in hard drives, where the
two spin orientations (up and down) encode a 0 and 1, respectively. For an overview
on the history of the GMR effect, see the 2007 Nobel Lectures [169, 170].

Figure 8.1: (a) The colossal magnetoresistant effect in La1−xCaxMnO3. The large drop in re-
sistivity caused by a metal-to-insulator transition is shifted to higher temperatures with appli-
cation of an external magnetic field. Image taken from [168]. The CMR effect is seen in several
Mn compounds with a crystal structure of the Ruddlesden-Popper series, (A,B)N+1MnNO3N+1.
Shown here are (b) N=∞, (c) N=2 and (d) N=1, where only the N=1 compound does not dis-
play the CMR effect. The MnO octahedra are shaded in blue and the red balls indicate the A
and B ion positions. The crystallographic orientation is indicated at the bottom right of the
figure.

The CMR effect on the other hand does not involve a sandwich of magnetic and
non-magnetic materials, but is observed in mostly manganese based perovskite ox-
ides [171]. The resistivity in such materials can change with several orders of magni-
tude upon application of an external magnetic field, see Fig. 8.1a, which is much
larger than in any other material. However, the precise mechanism driving this
colossal change in resistivity is still under debate. In the remainder of this section,
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the bilayered manganite La2-2xSr1+2xMn2O7 (LSMO) will mainly be discussed, for
two reasons. Firstly, the CMR effect in this material is largest of all manganite mate-
rials (see section 8.3), making it one of the most studied systems within the family of
CMR manganites. Secondly, the presence of a natural, non-polar cleavage plane (see
section 8.2) makes this material ideal for surface sensitive studies such as scanning
tunneling microscopy and spectroscopy (STM/S) and angle resolved photoemission
spectroscopy (ARPES).

8.2 Ruddlesden-Popper crystal structure

The general chemical formula for all manganite CMR materials is (A,B)N+1MnNO3N+1,
where A and B are di- or trivalent alkaline earth or Lanthanide metal ions, and N
stands for the number of stacked MnO planes. This commonly termed Ruddlesden-
Popper series of structures forms the basis of many materials, ranging from insula-
tors to high temperature superconductors (i.e. the cuprates), where the fine details
of the different constituents of the material determine its properties.

The Mn ion is at the center of an octahedron spanned by six oxygen ions, where
each oxygen ion is part of at least two octahedra, leading to a two dimensional (2D)
plane of MnO6 octahedra. The remaining interstitial sites are filled with A (and B)
ions. In case the A ion is divalent, and assigning the formal charge of 2- to the oxygen
ions, the charge on the Mn ion will be 4+ in order to have a charge neutral material.
By partial substitution of the divalent A ions for trivalent (B) ions, the charge on the
manganese ion will be between 4+ and 3+, and the system will be in a mixed-valence
state. The exact properties of the material will then depend on the properties of the
A and B ions and their ratio.

In the simplest case, where N=∞, an infinite number of MnO6 octahedra planes
are stacked in the out-of-plane direction, giving a cubic, three dimensional (3D) com-
pound. Due to the three dimensionality of the structure, there will not be a natural
cleavage plane, leading to a 3D surface, i.e. one with many cracks and ridges. More-
over, to avoid a polar surface, there will not be a low energy (unreconstructed) sur-
face, making this material less than ideal for STM/S or ARPES investigations.

By decreasing the stacking number, N, the dimensionality of the structure is low-
ered. In the extreme case, where N=1, single planes of MnO6 octahedra are sepa-
rated by more weakly bound AO layers, giving a nearly 2D structure. The material
studied in this thesis is the intermediate, N=2, bilayered manganite. Since the man-
ganese octahedra are more strongly bound than the interstitial AO layers, the N6= ∞
crystals are more easily cleaved and will give a flat, two dimensional cleavage sur-
face, which is ideal for surface sensitive techniques. Figure 8.1b-d show the crystal
structure of the cubic, bilayered and single layered Ruddlesden-Popper compounds,
respectively.

85



8. INTRODUCTION TO LA2-2XSR1+2XMN2O7

Figure 8.2: Phase diagrams (La,Sr)N+1MnNO3N+1, for (a) N=∞ [168], (b) N=2 [173] and (c)
N=1 [174].

8.3 Transport and magnetic properties

To illustrate the effect of a change in the dimensionality of the crystal structure on
the electronic and magnetic properties of the material, the phase diagrams of the
cubic, bilayered and single layered manganites in the series (La,Sr)N+1MnNO3N+1 are
shown in Fig. 8.2a-c. As can be seen from the figure, there is a large variation in
the properties of all three systems as a function of doping. The high temperature
phase is paramagnetic insulating (PI) for almost all doping concentrations. Upon
cooling, the materials can have a transition to a ferromagnetic metallic (FM), anti-
ferromagnetic metallic (AFM), and several insulating phases, which are often charge
and/or orbitally ordered (CO/OO). The CMR effect occurs at the transition from the
high temperature insulating phase to the low temperature metallic phase. At some
particular doping concentrations, and for many systems where A ions other than La
and Sr are used, canted ferromagnetic metallic phases (CFM) appear. This means
that the MnO6 octahedra, which carry the spin that cause the magnetic order, are
canted slightly out of plane such that the Mn-O-Mn bonds angles deviate from 180
degrees. The canting of the octahedra can be directly related to the radii of the A
ions, rA, with respect to the radii of the Mn (rMn) and O (rO) ions, and is commonly
expressed in terms of the tolerance factor [172], f = (rMn + rO)/

√
2(〈rA〉+ rO). The

more this factor deviates from unity, the more the octahedra are distorted.
To be able to explain the wealth of phases, even over small doping regions where

the tolerance factor is barely altered, electron-lattice coupling has to be taken into
account [175]. The electrons on the manganese sites have orbital, spin and charge de-
grees of freedom. Starting from the simplest scenario, where the MnO6 octahedron
is undistorted and has a 3d4 electronic configuration, the five degenerate d-levels
split into an eg and t2g orbital set due to the ligand field, see Fig. 8.3a. The system
can lower its energy even more by a distortion of the octahedron, a so called Jahn-
Teller distortion, which will lift the degeneracy of the eg and t2g orbital sets, see Fig.
8.3b and c. To compensate for the strain in the lattice due to Jahn-Teller distortions,
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Figure 8.3: Energy level scheme of the Mn 3d-states for various scenarios. (a) The five-fold
degenerate d-levels will split due to the ligand field in an eg and t2g level. Jahn-Teller distortion
of the octahedron will split the levels further, where depending on the distortion either (b) a
z2-r2 orbital or (c) an x2-y2 orbital will be the highest occupied level. Adapted from [167]
and [168].

the crystal will have to distort cooperatively, where elongation and compression of
the apical Mn-O bonds are intermingled, which for the non-doped, Mn4+, parent
compound will result in a regular lattice of alternating elongated (dz2−r2) and com-
pressed (dx2−y2) octahedra. This orbital ordering will give an in plane ferromagnetic
order, but will lead via the superexchange mechanism [176] to an anti-ferromagnetic
out-of-plane ordering of the spins, also called A-type anti-ferromagnetism. Upon
doping the system, electrons will be effectively removed from the system and at half
doping, equal amounts of 3+ and 4+ Mn ions are present. In this case, the orbitals
can order cooperatively again into alternating Jahn-Teller distorted and undistorted
octahedra, which implies a charge ordering as well.

At intermediate doping concentrations, 0<x<0.5, competition between the en-
ergy lowering by Jahn-Teller distortions and the energy gain due to induced strain
will lead to short-ranged orbital order which eventually will break down. In the ab-
sence of (static) long-range orbital and anti-ferromagnetic order, and in the presence
of empty orbitals on some of the Mn ions, Hund’s rule coupling, which aligns all
spins on a single Mn ion, will become an important parameter. In order to increase
the hopping of electrons from neighbouring sites with different valence, and thereby
reduce the energy of the system, spins on neighbouring Mn atoms will start to align
parallel via the double exchange mechanism. In a fully ferromagnetic double ex-
change metal, all bond lengths will therefore be equal and all spins aligned, which is
exactly opposite to the superexchange driven anti-ferromagnet.

If the spins in the double exchange metal are not perfectly aligned, but tilted by
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an angle θ, hopping from site i to site j is given by tij = cos θ [177, 178]. Therefore,
if the temperature is increased and the spins will start to fluctuate due to an in-
crease in thermal energy, the double exchange hopping is gradually reduced. If the
temperature is raised high enough, the balance between double exchange and lat-
tice distortions due to electron-phonon coupling is tipped towards the latter, leading
to a paramagnetic insulating state at high temperatures. This relation also implies
that materials with tolerance factors close to unity, in which the MnO6 octahedra
are barely canted, have the highest hopping and lowest resistivity at low tempera-
ture [179]. The system studied in this thesis, where La and Sr are the A and B ions,
turns out to have the highest tolerance factor of all manganites [180], also giving it
the largest CMR effect.

The super-exchange vs. double exchange picture seems to explain the exotic
phase diagram of the CMR manganites qualitatively rather well. The temperature
induced metal-to-insulator transition, where the system goes from a low tempera-
ture double exchange metal to a high temperature paramagnetic insulator, can be
tuned with an external magnetic field, leading to the CMR effect. However, quanti-
tative theoretical studies and numerous experimental observations seem to indicate
that this is not the complete story. It has for instance been shown that double ex-
change in the cubic compound can only account for ∼ 30% of the the colossal change
in resistivity [181, 182].

8.4 Colossal magnetoresistance in La2-2xSr1+2xMn2O7

Returning to the phase diagrams shown in Fig. 8.2, the 3D, cubic compound has
a broad doping range where the material is truly metallic, with a low temperature
resistivity on the order of 0.1 mΩcm−1 [183]. In optical conductivity measurements,
a clear Drude peak can be seen [184], indicating that this material is a real metal
with coherent spectral weight at the Fermi level. Moreover, as all bond lengths are
equal [185,186], this compound is truly a double exchange metal at low temperature.
The transition of the paramagnetic insulating to ferromagnetic metallic phase, i.e. at
∼ 0.15<x<0.5, is where the CMR effect occurs [183].

The single layered compound on the other side of the scale, remains insulating
for all doping concentrations down to the lowest temperatures, displaying no CMR
effect [187]. The extra freedom given to the MnO6 octahedra by the interstitial AO
layers allows them to Jahn-Teller distort more easily without inducing energetically
unfavourable strain, leading to a situation where a charge carrier can only hop if it
drags along the lattice distortion present on its original site. Such a charge carrier,
one that is heavily dressed with the lattice, is called a polaron.

The bilayered system is somewhere in between these two extremes, as it is not
as two dimensional as the single layered compound, but also not three dimensional
like the cubic compound. The material will adopt a Jahn-Teller distortion more eas-
ily than the cubic compound, but the strain energy penalty is increased with respect
to the single layered material. A metallic-like region can be found in a narrow part
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of the phase diagram, and it is this region where the CMR effect is largest of all
manganites [188, 189]. However, the resistivity in this low temperature phase is
on the order of 5 mΩcm−1, which is actually in excess of the Mott maximum of 1
mΩcm−1 [190,191], making this material a poor metal at most. Optical conductivity
measurements on the bilayered material show the material lacks a coherent Drude
peak even down to the lowest temperatures [192–194], indicating an absence of co-
herent spectral weight at the Fermi level, much unlike its cubic cousin. Lastly, a
low temperature neutron diffraction study shows that the Mn-O bond lengths are
in fact more distorted in the low temperature metallic phase than in the insulating
phase [195], opposite to what is expected for a double exchange metal.

Having shown that the low temperature phase of bilayered LSMO is not a sim-
ple double exchange metal, but rather a poor metal at most with little or no coher-
ent spectral weight at the Fermi level, it is interesting to have a look at the prop-
erties of the high temperature insulating phase. From neutron and x-ray scattering
studies it is clear that the static charge and orbital order seen at undoped and half-
doped LSMO become short-ranged and dynamic at intermediate doping concentra-
tions [196,197]. The main Bragg peaks in scattering experiments have diffuse scatter-
ing intensity around them above the Curie temperature (Tc), which is typically asso-
ciated with polaronic lattice deformations [198]. The scattering measurements also
reveal in-plane, incommensurate supermodulation peaks above Tc, characterised by
a wave vector (±0.3, 0, ±1) in terms of reciprocal lattice units (2π/a, 0, 2π/c), which
is associated with polaron correlations. Rather than singular polarons, the CMR
manganites are believed to ’possess a dense population of polarons that interact via
overlapping strain fields and electronic wave functions, and might be described as

Figure 8.4: (a) Schematic of the distortion of the MnO6 octahedra in bilayered LSMO at an
intermediate doping concentration (x=0.4) in the high temperature paramagnetic insulating
phase. The polarons form a strain field with a period of ∼3 unit cells and have a correlation
length of 6 unit cells, as determined from x-ray scattering measurements. Image from [196]. (b)
The strength of both the diffuse scattering around the main Bragg peaks (open symbols) and
of the supermodulation peaks (closed symbols) seen in scattering experiments, plotted as a
function of temperature, taken from [197]. Reducing the temperature from room temperature,
both signals increase, but abruptly drop at TC.
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polaronic liquids’ [196]. From the incommensurate wave vector, these strain fields
are estimated to have a correlation length in the MnO2, or ab-plane of 26 Å, which
corresponds to approximately 6 unit cells, see Fig. 8.4a.

Both the polaronic lattice deformations seen in the form of diffuse (or Huang)
scattering, and the incommensurate supermodulation peaks, increase in intensity as
the temperature is lowered towards the insulator-to-metal transition, but abruptly
vanish at the transition, see Fig. 8.4b. This behaviour is commonly explained along
the lines of the following reasoning. Initially, the polaronic liquid observed at high
temperatures starts to freeze in upon lowering the temperature. However, before
the system reaches a static polaronic crystal, double exchange kicks in and the Jahn-
Teller lattice distortions vanish. It has already been mentioned that the low temper-
ature phase is not a true double exchange metal, but a system where lattice corre-
lations still play a role. Indeed, recent scattering experiments have found that well
in the ferromagnetic phase, at 10 K, polarons remain as fluctuations that strongly
broaden and soften certain lattice vibrations near the wave vectors where the charge-
order peaks appeared in the insulating phase [199], shedding doubt on this com-
monly adopted description of the physics driving the colossal magnetoresistant ef-
fect in the bilayered manganites. In chapter 9, STM/S data will be presented which,
taken together with ARPES data gathered on identical samples, show that the bilay-
ered manganites are indeed better described by a polaronic ‘bad metal’ picture on the
verge of breaking down into a truly double exchange metal in the low temperature
phase across the ‘metallic’ region in the phase diagram.
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CHAPTER

9
Bilayered La2-2xSr1+2xMn2O7:
polarons on the verge of a metallic
breakdown

STM/S studies have been performed on the bilayered manganite La2-2xSr1+2xMn2O7

for 0.3 ≤ x ≤ 0.425. Over this entire doping range, two distinct types of topogra-
phy are typically observed, one showing little contrast and a more or less disordered
patchiness, while the other displays a square-like pattern with typical length scales
of 2.3 nm. The latter structures are suggested to be remnants of polaron correla-
tions that survive at the surface below the bulk Tc. Tunneling spectra taken on these
two types of topography are very similar, vary only slightly as a function of doping
concentration and show a (pseudo)gap for all doping concentrations studied. Inter-
estingly, on one particular cleave, unprecedented atomic resolution over a large field
of view was observed, which we argue to be a single layered intergrowth at the sur-
face of an otherwise bilayered material. Temperature dependent measurements on
the x=0.36 doped compound show a difference between the high- and low temper-
ature data, and as they are both gapped at the Fermi level, these data highlight the
importance of polarons for this doping concentration. The picture emerging from
these data and ARPES data taken on identical crystals reported in Ref. [6] is that of a
polaronic, bad metal at low temperature which does not support coherent electronic
excitations at the Fermi level. This system is very close to tipping over into a good,
coherent metallic state, something that does occur in N>2 intergrowths inside the
N=2 single crystals. Upon increasing the temperature, the N=2 material undergoes
a transition into a truly insulating state. The precarious balance of the bad metal
state between the extremes of coherent metallic and strongly insulating behaviour
provides the enormous sensitivity to external stimuli, such as the application of an
external magnetic field, thereby giving rise to the CMR effect.
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9.1 Introduction

The exact nature of the low temperature electronic phase of the manganite materi-
als family, and hence the origin of their colossal magnetoresistive (CMR) transition
is the subject of lively scientific debate. As has been shown in chapter 8, there is a
strong dependence of the electronic structure and its temperature dependence on the
dimensionality of the material. While the cubic compound of (La,Sr)N+1MnNO3N+1

(i.e. N = ∞) has a metallic phase over a wide Sr doping range [183], the almost two-
dimensional single layered compound is not metallic for any doping concentration
and has charge and/or orbital ordered (CO/OO) insulating phases that do not dis-
play the CMR effect [187]. The bilayered compound, La2-2xSr1+2xMn2O7, henceforth
called LSMO, which has a natural cleavage plane between the (La,Sr)O rocksalt lay-
ers and displays the largest CMR effect of all manganites, is somewhere in between
these two extremes and has a narrow region in the phase diagram where a low tem-
perature metallic-like phase exists [188].

However, the metallic phase in the bilayered material has a resistivity in excess
of the Mott limit [190, 191], placing it in the realm of a poor metal at most. This
observation is compounded by the lack of a coherent Drude peak in optical conduc-
tivity measurements [192,194], in sharp contrast to the cubic compound where sharp
Drude peaks are seen [184]. On the other hand, angle resolved photoemission seems
to paint a different picture. Although early reports confirmed the poor metallicity by
detecting vanishing spectral weight at the Fermi level [200, 201], later reports found
sharp quasi-particle peaks at EF, in some cases at specific k-locations [202, 203], in
other reports for all momenta [204–206].

Investigating dozens of samples using ARPES, we found that for our samples
such sharply peaked spectra can only be obtained on very specific locations on the
sample, usually amounting in total to no more than a few percent of the sample
surface. In a combined effort to elucidate the origin of these regions, detailed ARPES
and STM/S investigations were started on crystals grown in two separate labs with
doping concentrations spanning the entire ‘metallic’ region of the phase diagram of
bilayered LSMO. In the following, the STM/S results will be presented. The reader
is referred to Ref. [6] for details on the ARPES investigation.

9.2 Experimental

High quality bilayered single crystals of La2-2xSr1+2xMn2O7 have been grown us-
ing the traveling solvent, floating zone technique in Amsterdam by Y. K. Huang
(x=0.3, 0.36 and 0.40) and Oxford by A. T. Boothroyd and D. Prabhakaran (x=0.3,
0.325, 0.40 and 0.425). After growth the crystal quality was confirmed by Laue and
SQUID magnetometry. Figure 9.1a shows a typical example of a magnetisation curve
recorded through the paramagnetic insulating to ferromagnetic metallic phase tran-
sition. The transition temperatures determined from such magnetisation curves for
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various doping concentrations are plotted in Fig. 9.1b on top of a phase diagram
taken from Ref. [207].

Figure 9.1: (a) Magnetisation versus temperature for an x = 0.36 sample measured using
SQUID magnetometry. Data taken after zero field cooling, with an external field B = 100 G
|| c. The sample shows a sharp transition from a paramagnetic (PM) to a ferromagnetic (FM)
state at TC = 130 K with a total width smaller than 5 K. (b) Magnetic transitions as measured
using SQUID magnetometry of LSMO with x = 0.30 (TN) and 0.325 ≥ x ≥ 0.425 (TC), plotted
on top of the magnetic phase diagram, taken from Ref. [207]. Depicted are the onset, midpoint
and endpoint temperatures of the transition (triangles, circles and squares). (c) LEED image
of a typical LSMO sample, E = 400 eV showing a very clear tetragonal pattern, without any
signs of a structural reconstruction. The inset shows a cleaved crystal on top of a cleavage
post, with a millimeter sized smooth and mirror-like surface. (d) Typical Laue image of the
bilayered manganites, which displays the high quality and single crystallinity of the samples.

Samples were fractured in situ at a pressure better than 2.5x10−10 mbar at room
temperature resulting in flat and shiny surfaces (see inset to Fig. 9.1c) and directly
inserted into the STM which has a base pressure of 2.5x10−11 mbar. In the STM, the
samples were cooled to 4.6 K. Electrochemically etched W tips and mechanically cut
Pt/Ir tips were characterised on an Au(788) surface before a sample was measured.
The orientation of the samples was furthermore obtained from in situ low energy
electron diffraction (LEED), a typical example of which is shown in Fig. 9.1c. The
single crystallinity of the samples was confirmed by Laue diffraction, see Fig. 9.1d.

9.3 The surface as seen with STM

A combined STM and angle dependent x-ray photoemission study showed that the
bilayered manganites indeed cleave between the (La,Sr)O rocksalt layers as expected
from the crystal structure [208]. Interestingly, it has been proven very hard to obtain
atomic resolution on these (La,Sr)O surfaces with STM, and in the literature only
one report exists where atomic resolution was obtained on nm-sized patches on an
otherwise rather featureless surface [209]. The authors attributed this inability to
resolve the atomic lattice to strong screening effects, and estimated that the atomic
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corrugation would be as little as 0.02 Å, requiring either a very flat surface or a lifting
of the screening due to strain or defects, to be able to detect the atoms.

Figure 9.2: (a) Large field of view of a region with (an above average number of) half unit cell
steps at the surface and (b) corresponding line scan along the dotted line (x=0.3, V = -500 mV,
I = 100 pA). (c) Topographic image of an x=0.425 sample. The textures have little corrugation
and are in this case disordered.

Imaging the cleavage surface of a typical bilayer LSMO single crystal in the CMR
doping region using low temperature STM/S yields large, flat terraces, see Figs. 9.2a
and b. The terraced, flat and debris-free surfaces we image indeed lack atomic cor-
rugation, however they do posses a spatial texture in the tunneling signal. These
structures are usually disordered as shown in Fig. 9.2c, but are - in some cases - or-
dered into a semi-regular, square-like lattice, displaying characteristic length scales
of order of 2-3 nm. Figs. 9.3a-d shows a few examples of topographic images con-
taining such semi-ordered structures for various doping concentrations. The quasi-
ordered nature of these regions at the surface is evident from the autocorrelation
traces from the STM topographs, as shown in Fig. 9.3e, which display clear struc-
tures at distances between 5-15 units cells. Comparison with low energy electron
diffraction (LEED) data recorded in the STM chamber shows that the orientation of
the quasi-periodic structures is not pinned to the underlying atomic lattice, and has
even been seen in STM experiments to change as a function of macroscopic position
on the sample. Furthermore, there seems to be no trend in the appearance or length
scale of the quasi-ordered patterns as a function of doping concentration.

9.4 Tunneling spectroscopy on La2-2xSr1+2xMn2O7

To investigate whether the quasi-periodic structures seen in STM are of electronic na-
ture or a structural feature, and to establish the typical tunneling signal as a function
of doping of our bilayered LSMO samples, spatially resolved tunneling spectroscopy
measurements have been performed. STM/S investigations to date on single crys-
talline LSMO showed a gapped density of states at the Fermi level at low tempera-
tures [209,210], in line with the picture arising from various bulk probes of the mate-
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Figure 9.3: (a)-(d) Pseudo-periodic textures observed in the topographic STM images from
different Sr doping concentrations of bilayer LSMO. Setup conditions are similar to those of
Fig. 9.2a. The colour scale for all four images is as indicated above (a). The vertical corrugation
at less than 1 Å is too small to be due to differing atomic layers of the crystal. Doping levels
are given in panel (e), which shows line traces through the autocorrelation plots derived from
the topographs shown as inset to (a)-(d) along the lines indicated. The traces show that the
data support differing correlations ranging between 5-10 unit cells.

rial as being a bad metal. Point contact measurements on samples with a doping of
x = 0.36, however, were found to be best described by an insulating surface bilayer
through which a metallic signal of the bulk tunnels [211]. Support for the notion that
the outermost surface layer might be different from the bulk and insulating instead
of metallic was inferred by the same authors from resonant x-ray scattering experi-
ments, where the outer bilayer was seen to have no ferromagnetic order [212–214].
Spin-polarised, scanning electron microscope data on x = 0.3 samples on the other
hand demonstrate that even the topmost layer is ferromagnetic [215]. If this dis-
agreement is related to the difference in doping concentration, it should be reflected
in the doping dependent tunneling spectroscopy measurements. Furthermore, the
suggestion that the surface layer is insulating, through which the metallic bulk den-
sity of states tunnels, seems at odds at best poor metal behaviour of the bulk states
from transport and optical experiments.

Still, due to the increased freedom at the surface, caused by the removal of the
constraining top-bilayer, the surface might indeed be more prone to insulating be-
haviour than the bulk as it is more two dimensional. A recent (hard) x-ray pho-
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toemission study of the same crystals as studied here found no major difference
between the surface and bulk in terms of charge transfer or composition [216], in-
dicating that the differences between the outermost bilayer and the rest are subtle in
nature. While recent LEED studies [214] have given no evidence for a lowering of the
2D surface symmetry, for example via a surface reconstruction, a finding LEED data
taken on the samples measured with STM described in this thesis support, a con-
traction of the apical bond length for the outermost MnO2-plane was observed [214],
which could impact the mobility of the charge carriers at the surface.

Figure 9.4: Doping and temperature dependence of the tunneling spectra. (a) I(V) curves
taken at different temperatures on samples with different doping levels with comparable
setup voltages and currents (∼ 500 mV and 100 pA). All spectra taken across the ‘metallic’
phase are gapped with gaps on the order of 100 mV. (b) Temperature dependence of the tun-
neling spectra for x=0.36 taken well within the low temperature phase and well above TC. To
illustrate that thermal broadening alone cannot account for the difference between low and
high temperature spectra, the 4.6 K spectrum is thermally broadened to 256 K and 450 K re-
spectively, the latter showing a near perfect match with the high temperature STS spectrum.
All spectra are normalised at 400 mV.

As it turns out, the tunneling spectra of bilayer LSMO from all cleavage surfaces
measured are gapped (symmetrically) around EF over an energy range of ∼100 mV
at low temperature for all doping concentrations studied, as shown in Fig. 9.4a.
The tunneling spectra themselves show no major variations from point to point.
This suggests that the observed spatial textures seen in the STM data are a subtle,
‘higher order’ structural ordering phenomenon, leading to modest, periodic signa-
tures, somewhat reminiscent of the 2.5 nm correlated regions seen in the high-T, po-
laronic liquid phase described in Ref. [196]. The authors of Ref. [217] suggest that ag-
gregates of polarons resembling a charge ordered state should be observable in STM
experiments above TC. The STM data presented here shows that these kind of enti-
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ties could exist at the surface even at low temperatures, possibly being a log-jammed
form of the fluctuating polarons observed in recent neutron experiments [199].

9.5 Temperature dependence of x = 0.36

To investigate further, the temperature dependence of the tunneling spectra of x =
0.36 has been measured. From the magnetisation curve obtained for x = 0.36 samples
shown in Fig. 9.1a the CMR transition is found to be around 135 K. The CMR is ac-
companied by a transition from a ferromagnetic ‘metallic’ to a paramagnetic insulat-
ing state, hence the tunneling spectra are expected to change across this transition.
Figure 9.4b shows normalised tunneling spectra upon increasing temperature. At
the time of measurement, the exact same position could not be regained after heat-
ing the sample to temperatures above ∼50 K, hence the spectra could not be taken
on the exact same location. However, since the variation of the spectra as a func-
tion of position on the sample is within the noise of the measurement, comparison
of different temperatures (i.e. at different locations) is valid.

Immediately one sees that the spectra taken at different temperatures do not
match one another. To investigate whether this difference is caused by thermal
broadening, the average of spectra taken at 4.6 K has been broadened to 256 K by con-
volution with a Fermi-Dirac function. Since the broadened curve is far from match-
ing the measured curve (see inset to Fig. 9.4b), thermal broadening alone cannot
account for the difference between the curves measured at different temperatures.
However, if the 4.6 K spectrum is thermally broadened to 450 K, a nearly perfect
match with the 256 K spectrum is obtained. Similar results have been reported for
x=0.3 and x=0.32 doped compounds [209,210], where in fact the spectra where found
to be consistent with a thermally activated conductance across a single gap. More-
over, as the spectra at low temperature are already gapped in the low temperature
phase, this is unlikely to be a metallic double exchange state, but still essentially a
polaronic state.

9.6 Single layered intergrowth

During the STM investigation of numerous cleavage surfaces of bilayer LSMO, very
clear atomic resolution was found over a large terrace of one particular cleave, (shown
in Fig. 9.5a-b). Analysis of the Fourier transform shows reduced in-plane symmetry,
with clear (

√
2×

√
2) spots shown in the inset to Fig. 9.5a. This is atypical for bilayer

LSMO, which has a (1×1) tetragonal lattice symmetry in the ferromagnetic ‘metallic’
phase that is observed in all LEED data (see inset to Fig. 9.5b and Ref. [214]). An
important observation linked to this large scale STM imaging with atomic contrast
is that the step bordering this terrace is only one quarter of the N=2 c-axis unit cell
in height (5 Å, see Fig. 9.5c). Additionally, the STS spectra from this region were
more strongly gapped compared to those from non-atomically resolved regions dis-
playing 10 Å step heights, as shown in Fig. 9.5d. Taken together, these facts form a
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compelling argument that in Fig. 9.5 - in fact - a stacking fault in the Ruddlesden-
Popper manganite is imaged, in which an extra La2O2 block (or blocks) creates a
region of the bilayer crystal which is effectively single layer (La,Sr)2MnO4. The fact
that atomic contrast is readily observed in STM of cleaved single crystals of N=1
LSMO [218] also offers further support for this interpretation.

The observation with STM/S of such a surface inclusion with a different stacking
number N is rare, but is not, in itself, wholly surprising. Numerous µSR studies
[219], magnetisation measurements [220, 221] and transmission electron microscopy
studies [222, 223] have established that stacking faults occur even in the very best
crystals at the ≈ 1% level [220, 221]. These intergrowths vary - locally - the stacking
number N and are the cause of anomalous steps in the magnetisation above the bulk
TC common in bilayer LSMO between 200 and 350 K: small patches with N values
above two deliver a higher TC. Due to the strong connection between magnetism
and metallic behavior in the manganites, it is a simple step to reason that N > 2

intergrowths would also be metallic above and beyond the bilayer TC. In contrast,
an N = 1 intergrowth will be more insulating than bilayer LSMO, in keeping with
the STM/S data shown in Fig. 9.5d.

Additionally, small area electron diffraction experiments in transmission electron
microscopy studies on bilayered LSMO with x = 0.40 have shown that inclusions
have a (

√
2 ×

√
2) reconstructed unit cell, with respect to the tetragonal structure of

the bilayered matrix [222]. This would be exactly the type of reconstruction that is
needed to explain the observed non-tetragonal spots in the Fourier transform in the
inset to Fig. 9.5a.

In Fig. 9.5d, STS spectra are also compared to k-integrated angle resolved pho-
toemission spectra. As mentioned previously, gapped and quasi-particle peaked
photoemission spectra have been reported in literature. From the figure, it is im-
mediately clear that the quasi-particle peaked spectra are very different from the
STS spectra, having a peak at zero bias instead of a gap. This, and a number of other
anomalies, including the non-tetragonal crystal symmetry also seen in ARPES exper-
iments, can all be explained when stacking fault intergrowths are seen as the source
of the quasi-particle peaked spectra, as has been discussed in Ref. [6]. As the pho-
toemission current unlike the STS signal originates from deeper than only the first
bilayer, the effect of the surface on the STS spectra can be appreciated. Assuming
the matrix tunneling elements are similar for both techniques, the STS spectra are
slightly more gapped than the ARPES spectra, indicating that indeed the surface is
slightly more insulating. However, this is a difference between two poorly metallic
spectra, not between a metal and an insulator.

9.7 Discussion

From the data shown and the ARPES data recorded within the group on the same
single crystals, the physical nature of the charge carriers responsible for the electronic
transport of the bilayered manganites can be addressed. The most suitable picture -
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Figure 9.5: (a) 400 Å field of view with atomic resolution. The inset shows the Fourier trans-
form of the image with clear spots corresponding to the unit cell distances (green circles). In-
terestingly, non-tetragonal spots appear in between the lattice spots, indicating an orthorhom-
bic crystal symmetry. (b) 100 Å zoom of part of (b) showing the clear atomic resolution. The
inset is the LEED pattern taken on the same sample confirming the lattice seen in STM has
indeed the same orientation as the crystal structure. (c) Topography of stepped surface taken
on the same region as (a) and (b), where the step height corresponds to that expected for sin-
gle layer LSMO as can be seen from the line trace below the image. (d) Comparison between
symmetrised, k-integrated ARPES spectra and STM dI/dV traces. The spectra taken on the
region with atomic resolution is more strongly gapped than on non-atomically resolved areas.
The non-peaked ARPES spectra are only slightly less gapped indicating that the surface is
only marginally affecting the tunneling signal.

considering the results on both the dynamics of the charge carriers and the subtle yet
clear structural anomalies they bring with them - is that of polaronic charge carriers
above TC, but also in the ferromagnetic (bad) metallic state. The fact that the STM
signatures of the weakly self-organised polaronic carriers when ‘log-jammed’ at the
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surface resemble the polaronic correlations seen above TC in diffraction experiments
suggest that in the bulk of the bilayer LSMO systems - which is more metallic than
the surface - the system teeters on the edge of a breakdown of the fragile polaronic
metal state into an insulting, charge and orbitally ordered state. This borderline
situation, coupled to the disorder and enhanced fluctuations present in these quasi-
2D systems, delivers all the ingredients for the colossal magnetoresistance transition
[217].

As has been shown in chapter 2, the physics describing the manganites depends
crucially on the propensity of the system to form ordered textures in spin, charge
and orbital occupation. For the polaronic metal state to remain stable, it is vital
that the degeneracy in the eg orbital manifold is preserved, as this is the ticket to
the double-exchange energy reduction that encourages hopping of the carriers. This
condition - in turn - stipulates equality in the equatorial and axial bond lengths of
the MnO6 octahedra. The deviating axial bond lengths at the surface of bilayered
LSMO compared to the bulk, as observed in Ref. [214] lift this degeneracy and thus
push the surface of this material further into the insulating regime than the bulk al-
ready is: the correlated polarons can become prone to trapping in pseudo-periodic
patterns the details of which will be influenced strongly by long-range strain fields
between the polaronic entities. Our STM experiments have proven able to pick up
these subtle surface modulations for doping ranges spanning the metallic low tem-
perature phase in the bilayer phase diagram. On the other hand, the N>2 inclusions
observed in ARPES experiments, structurally bear greater resemblance to the cubic
compound, and thus show a higher propensity towards metallic behavior, including
the existence of coherent spectral weight at EF. Paradoxically, it is this fragility of
the polaronic metal state in the bilayer systems that is the key to their colossal mag-
netoresistance, as it delivers the precarious balance between weakly metallic and
insulating behavior required for such an enormous sensitivity to the extra impulse
provided by an external magnetic field.

9.8 Summary

Imaging the bilayered colossal magnetoresistant manganites using STM yields large,
flat terraces, where atomic resolution is generally absent. However, the images do
possess a spatial texture that is usually disordered, but occasionally forms square-
like patterns. These patterns are not pinned to the lattice as they are seen to change
orientation as a function of position on the sample and is not aligned to the LEED
patterns obtained from the same crystal surfaces after the STM investigation. As the
typical length scales of these structures are similar to those of quasi-static polarons
seen above TC with neutron and resonant x-ray diffraction, what we are imaging in
these cases in STM may be frozen-in polarons that survive in the low temperature
phase due to an increased freedom of the MnO6 octahedra at the surface.

Tunneling spectroscopy over a wide range of doping concentrations across the
‘metallic’ phase results in (symmetrically) gapped spectra where little to no variation
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exists in the spectra as a function of position on the surface and no clear trend can be
detected as a function of doping. Comparison with angle integrated photoemission
spectra from the same crystals seems to indicate that the surface is slightly more
insulating than the bulk (which is also pseudogapped). Temperature dependent STS
sees a clear difference between the low temperature and high temperature phases,
where the high temperature phase cannot be explained by thermal broadening alone.
All these observations point to a situation where the low temperature phase is more
conducting than the high temperature phase, but, instead of being a ‘classic’ double
exchange metal, is a poorly conducting polaronic system, which teeters on the edge
of a breakdown of the fragile polaronic metal state into an insulting, charge and
orbitally ordered state. It is at this fine balance between metallic-like and insulating
where the colossal magnetoresistant effect occurs.

A fine example of the role dimensionality plays in this balance is the observation
of a single layered intergrowth on an otherwise bilayered material, as inferred from
the clear atomic resolution, more strongly gapped spectrum and ∼5 Å step edge.
The lowering of the dimensionality increases the freedom of the MnO6 octahedra,
decreasing the metallicity due to increasing lattice distortions.

The results presented here formulate a clear challenge to develop a general theory
for the transport in N = 2 systems involving practically incoherent charge carriers -
fluctuating polarons - while also capturing the sensitivity to the stacking number, N.
Aside from the lattice polaron generally considered, different types of polaron, such
as spin and orbital polarons and combinations thereof, should be taken into con-
sideration [224–226]. In these cases, the hopping of a hole through a spin- and/or
orbitally ordered lattice1 is hindered by the frustration of the spin- and/or orbital
ordering of the system. An interesting proposal for the charge carrier dynamics in
the manganites is the existence of so called Zener polarons [228, 229]. In such a po-
laron, the charge carrier is not localised on a single manganese atom, but on two
neighbouring manganese atoms which are ferromagnetically coupled by the Zener
double-exchange mechanism. These manganese dimers can then for instance spa-
tially order to form a Zener polaron phase [230]. It has been shown that all these
types of polaron lead to a large incoherent spectral weight such as is seen in our
ARPES investigations [224–226, 231].

The new insight gained points towards the great potential of e.g. layer-by-layer
thin-film engineering to generate tailor-made heterostructures, not only to lead to en-
hanced transition temperatures [232], but in combination with modern lithographic
and patterning methods to tune and improve magnetoresistive properties on the
sub-micron scale in a new generation of complex oxide devices.

1as we are far from half-doping, one would not expect long range CO/OO in the bulk of the sample.
The topographs, however, with their signs of log-jammed, subtle distortions could be correlated groups of
lattice/spin/orbital polarons. In any case, in the manganites, lattice polarons and orbitons are inextricably
linked. [227]
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One of the million dollar questions in condensed matter physics is what the origin is
of high temperature superconductivity, as this knowledge could pave the way to the
engineering of room temperature superconductors which would make a huge con-
tribution to the solution of the ever increasing energy problem. After two decades of
research on the family of materials with the highest known transition temperature,
the copper oxide superconductors, there is still a lively debate on the physics respon-
sible for the unusual behaviour of the materials. The discovery at the beginning of
2008 of a completely new family of high temperature superconductors containing
iron therefore signalled a worldwide surge to investigate this new superconductor
hoping that the similarities and differences with the cuprates could shed more light
on high temperature superconductivity in general.

During the course of this Ph.D. research, the Amsterdam group hopped on the
pnictide train to add angle resolved photoemission (ARPES), scanning tunneling mi-
croscopy and spectroscopy (STM/S) and low energy electron diffraction (LEED) data
to the ever growing experimental database on these new superconductors. In this
thesis, the STM/S and LEED data are presented in chapters 4 to 7 and are mainly
focussed on one subfamily within the whole family of iron based superconductors,
namely the MFe2As2 or ‘122’ pnictides (here M = Ba, Ca, etc.). First, the cleavage
surface of this family is investigated, which is an essential part of every surface sen-
sitive technique. Using temperature dependent STM and LEED, the surface is shown
to have a barium (Ba) (or calcium (Ca), etc.) termination layer, where half of a full Ba
layer is left on each side of the cleave. This top layer mainly orders into two regular
structures, (

√
2 ×

√
2) and (2×1) respectively, or shows various degrees of disorder.

Using a simple model, all different surface structures observed in STM are explained.

With a secure knowledge of the surface structure, a spectroscopic survey of the
compound with an optimal cobalt (Co) doping concentration is subsequently per-
formed of which the results are discussed in chapter 5. The peak-to-peak separation
in tunneling spectroscopy, which is interpreted as the size of the superconducting
gap, is seen to vary significantly as a function of real space position and can change
from the maximum observed magnitude to the minimum over mere nanometers.
Knowing the surface structure deviates from the regular bulk symmetry, a possible
influence of this surface structure on the spectroscopic signals is checked to be absent
by taking cross correlations between maps of the superconducting gap magnitude
and the corresponding constant current images. As the typical length scale of the
gap inhomogeneities corresponds rather well to the Co-Co separation, scattering ef-
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fects of the Co dopant atoms are suggested to play a role in the gap inhomogeneities.
In the cuprates, spatial variations in the peak-to-peak separation on the order of

nanometers have in the past been reported in literature, but these were eventually
shown to be linked to the so called pseudogap, a gap that does not close at the super-
conducting transition temperature, Tc, but extends to well beyond it. The supercon-
ducting gap, on the other hand, which was extracted after division of spectra taken
above and below Tc, showed much less spatial variation in magnitude. To investi-
gate whether the variation of the peak-to-peak separation in the pnictides is also due
to a pseudogap or truly a variation in the size of the superconducting gap, tempera-
ture dependent spectroscopy was performed. From these measurements, presented
in chapter 6, where tunneling spectra are recorded at the exact same locations at var-
ious temperatures both below and above the bulk Tc, a pseudogap scenario as seen
in the cuprates is excluded.

From a doping dependent study, and by comparing the variation in supercon-
ducting gap magnitude of ‘122’ systems with a different dopant element, the origin
of the spatial variations in gap magnitude is further investigated in chapter 7. It is
suggested that scattering effects from Co dopants in the superconducting Fe-plane
are responsible for numerous anomalous behaviours and that care should therefore
be taken in the interpretation of the reduced gap values in these systems as deter-
mined from STS and ARPES measurements. Further experimental and theoretical
study of scattering of different dopant atoms on the atomic scale is expected to lead
to a better understanding of the microscopic mechanism behind superconductivity
in the pnictides.

Before the pnictides entered the scene of condensed matter physics, the main
focus of this Ph.D. research was the investigation of the colossal magnetoresistant
manganite La2-2xSr1+2xMn2O7. The colossal magnetoresistant manganites as a family
display a wide variety of exotic phases ranging from charge and orbitally ordered
insulators to double exchange metals, phases which can change into one another
by varying the electron or hole doping concentration only slightly. What makes the
materials especially remarkable is the incredible sensitivity to a magnetic field of the
transition from a low temperature metallic phase to a high temperature insulator at
a wide range of doping concentrations. Near the transition temperature, an external
magnetic field can lead to a change in resistivity of several orders of magnitude: the
colossal magnetoresistant effect.

The exotic phase diagram of the manganites is commonly explained by the strong
competition between charge, orbital and spin degrees of freedom. Due to a strong
Hund’s rule coupling, the spins on neighbouring Mn atoms tend to align parallel to
enhance hopping of electrons via double exchange. However, energy gain via lattice
distortions forces the spins to align anti-parallel via the super-exchange mechanism
leading to an insulator. A slight change in doping concentration (i.e. occupation of
the Mn3d orbitals) and temperature can alter this fine balance between these two
main players, leading to a completely different behaviour.

Even though this physical picture to describe the phase diagram is appealing,
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the detailed mechanism driving the colossal magnetoresistant (CMR) effect is still
under debate. As the bilayered manganite La2-2xSr1+2xMn2O7 displays the largest
CMR effect and has a natural cleavage plane, this material is best suited to investi-
gate using surface sensitive probes such as STM/S and ARPES. Various bulk probes
have shown that this material is in fact not a double exchange metal, but a poor metal
at most with unequal bond lengths and polaronic correlations well into the ‘metal-
lic’ phase. In contrast, sharp quasi-particle peaks have been observed in ARPES
investigations signalling a truly metallic state, an observation that seems to link the
manganites to the cuprates as a nodal metal. In a combined ARPES and STM/S
investigation, of which the latter part is related in chapter 9, it is shown that even
though nodal metallicity is an interesting proposition, it is not a requirement for the
CMR effect. In fact, across the ‘metallic’ region of the phase diagram (with the ex-
ception of a singular doping concentration at x=0.4) the low temperature phase is
shown to be an essentially polaronic system with poor hopping, where - at the sur-
face - polarons2 can freeze into a semi regular structure. On the other hand, small
regions where not the bulk bilayered structure, but a structure with a different stack-
ing number resides, are argued to be the reason for either more insulating (N=1)
or truly metallic (N>2) behaviour seen with STM and ARPES. During the STM/S
investigation presented here, one such single layered intergrowth was seen as de-
duced from the more strongly gapped tunneling spectra, the clear atomic resolution
and the height of a nearby step edge. These new insights, where the bilayered man-
ganite is seen as a fragile, polaronic, bad metal state at low temperature teetering
at the edge of a transition into an insulting, charge and orbitally ordered state, and
where stacking faults are seen as the cause of numerous anomalies, unite all seem-
ingly contradictory reports in the literature and supply all the ingredients for the
CMR transition.

Aside from the main research presented in chapters 4 to 9, several calibration
measurements, software procedures and technical details on for instance the art of
making sharp tips for STM are discussed in the appendices.

2these polarons are not strictly lattice polatons, but could for instance very well be spin- and/or
orbital polarons or Zener polarons
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APPENDIX

A
Benchmarking the STM: Bi2212
and (Pb,Bi)2212

In this first appendix, an overview is given of measurements performed on
Bi2Sr2CaCu2O8+δ and PbxBi2-xSr2CaCu2O8+δ. These high temperature superconduct-
ing materials have been the focus of intense research since their discovery in the late
80’s. STM/S has had an enormous impact on this field, as it is the ideal tool to study
the local electronic structure on nanometer length scales. In particular the work of
J. C. Davis and collaborators has caused a paradigm shift in the approach to these
materials as it pointed out that the chemical doping required to obtain superconduc-
tivity introduces intrinsic disorder on (sub)nanometer length scales. A huge amount
of work has been published around the time that we set out on this line of research,
and these materials are therefore perfectly suited to serve as benchmark systems for
our new STM instrument that was used throughout this thesis. After a very brief
introduction of the crystal structure, band structure and momentum dependence of
the superconducting gap, the concept of quasi-particle interference scattering is in-
troduced. In the next two sections the main results reported in the literature obtained
with STM over the past decades are discussed using our own data as a basis, both
from Bi2Sr2CaCu2O8+δ and PbxBi2-xSr2CaCu2O8+δ. This appendix will close with a
demonstration of the powerful technique of Fourier transform scanning tunneling
spectroscopy (FT-STS). Using this technique, quasi-particle interference scattering
in both pristine and Pb doped Bi2212 will be shown. Even though this appendix
does not aim at the provision of ‘new’ insights into the physics of the cuprate su-
perconductors in the sense that the measurements performed have been reported
in literature already by others, it shows the possibilities of a commercially available
STM such as the one used throughout this Ph.D. research.
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A.1 Introduction

Scanning tunneling microscopy and spectroscopy have shown their full power in the
field of high temperature superconductivity, and in particular on the Bi2Sr2CaCu2O8+δ

system. No other strongly correlated material has been investigated as intensely as
this superconductor which has a Tmax

c of 95 K. The natural cleavage plane between
the weakly bonded BiO sheets (see Fig. A.1a) ensures an extremely flat and clean
surface essential for high quality imaging and spectroscopic mapping of the mate-
rial. For a recent and very detailed overview of STM/S literature on this system,
Ref. [125] is strongly recommended.

A.2 Quasi-particle interference scattering

The high Tc cuprate superconductor Bi2Sr2CaCu2O8+δ, henceforth called Bi2212, has
d-wave symmetry of the superconducting order parameter, see section 3.3. This
means that the gap magnitude changes as a function of momentum, which is illus-
trated in Fig. A.1b where the gap magnitude is plotted on top of the Fermi surface
of Bi2212. The symmetry of this dx2−y2 gap with respect to the crystal structure is
plotted in Fig. A.1c. At four lines in kz in the first Brillouin zone, called the nodes,
the superconducting gap vanishes, resulting in quasi-particle states up to the Fermi
level. In a real-life material, there will always be scattering due to impurities and
defects, see also section 3.7, meaning that the quasi-particles with a certain energy
(E1) and momentum (k1) can be scattered into a state with different energy and mo-
mentum, E2 and k2 respectively. If only elastic scattering is considered, the energy of
the particle is conserved, E1 = E2, and only the momentum is changed. As there are
only four momenta at the Fermi level where a finite density of states resides in the
superconducting state, there are only four inequivalent scattering vectors (q) possi-
ble for E = EF, i.e. the vectors connecting the four nodes (two sets of two vectors with
equal length, but different orientation). In real-space, such a scattering vector corre-
sponds to a modulation of the local density of states (LDOS, or g(r,E)) in the form of a
standing wave centered on the impurities. In principle, these standing waves can be
picked up by extracting the LDOS at a certain energy over a particular field of view.
In practice, the modulations are not very strong, and are imposed on a background
of an inhomogeneous LDOS, requiring g(r,E) maps to be taken over large fields of
view (>450 Å) [126] in order to have sufficient contrast. In the Fourier transform of
such an image, intensity spots will appear that correspond to the scattering vectors.

So far only the g(r,E) at the Fermi level is considered. For a finite excitation en-
ergy, E, not only the nodes will contribute to the total, k-integrated, g(r,E), but also
those k locations around the nodal points where E is large enough to bridge the su-
perconducting gap, |E| > ∆(k). The banana-shaped regions around the nodes thus
formed will increase in size as E increases towards the maximum gap at the anti-
node. Therefore, if the g(r,E) would be equal for all contributing k points, the original
four scattering vectors seen at E = EF will become smeared out. However, for a given
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Figure A.1: (a) Tetragonal unit cell of the layered crystal structure of Bi2212. The supercon-
ducting CuO-planes are separated by several interstitial layers. The crystal cleaves between
the weakly bonded BiO layers resulting in a flat cleavage plane. (b) Fermi surface and d-wave
gap (bilayer splitting is omitted for simplicity). The gap is zero in the (0,0)-(π,π)-direction
and increases in magnitude upon moving towards the zone face. (c) The symmetry of the
dx2−y2 superconducting gap with respect to the crystal structure. The lobes point along the
Cu-O-Cu bonds. (d) Two dimensional representation of the Fermi surface with several con-
stant absolute excitation energy contours plotted on top. The endpoints of these contours are
the main contributor to the g(r,E), hence scattering will be dominated by these locations for
a given energy. Scattering vectors between these locations are indicated and lead to a total
of 16 inequivalent vectors. In Fourier space, these vectors correspond to sixteen inequivalent
intensity spots as shown in (e). (a) and (c) after [125], (b) after [50], (d) and (e) after [126].

energy, the largest contribution to the total g(r,E) comes from the endpoints of the
‘bananas’. This can easily be seen by looking at the density of states of a supercon-
ductor given by Equation (3.3). At the superconducting gap energy, ∆, the density of
states diverges, which for a finite temperature results in a large quasi-particle peak.
Whereas the g(r,E) contributions of all k-points where E > ∆ are beyond this large
peak, the LDOS contribution of the endpoints of the ‘bananas’ comes right from this
large quasi-particle peak. Therefore, the total g(r,E) at finite energy can be approxi-
mated by the g(r,E) of the endpoints of the ‘bananas’. The original four inequivalent
scattering vectors will at finite energy become sixteen inequivalent scattering vec-
tors, as can be seen from Fig. A.1d, corresponding in reciprocal space to sixteen
inequivalent intensity spots as shown in Fig. A.1e. Due to the aforementioned ex-
pansion towards the anti-node of the ‘bananas’ as a function of energy, the length
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and orientation of the scattering vectors will have an energy dependence.
The model described above, also termed the octet model after the eight points on

the Fermi surface where the predominant contribution to scattering comes from for a
finite energy, captures the LDOS variation with energy as seen with STM extremely
well [126, 127] as will be shown below (section A.4).

A.3 Topography and the superconducting gap

A.3.1 Bi2Sr2CaCu2O8+δ

Before moving on to show quasi-particle interference scattering using Fourier trans-
form STS (FT-STS), the general properties of the surface and superconducting state
of both slightly overdoped pristine Bi2212 (Tc = 86 K) and Pb doped Bi2212 (Tc ∼ 80
K) will be discussed. Figure A.2a shows a typical topographic image of the cleavage
surface of Bi2212, with sharp atomic resolution and characteristic snake-like features
on the ridges of the (bulk) ∼5b incommensurate supermodulation. The atoms seen
in constant current images are the Bi atoms in the BiO cleavage plane which reside
directly above the Cu atoms and act as a transmitter of the Cu density of states. The
origin of the dark-row snakes is still under debate, but these seem to stem from ad-
ditional oxygen atoms necessary to register a rotation of the Bi-O trimer in the BiO
plane [233]. The 5b supermodulation is clearly discernible in the Fourier transform
of the constant current image in the form of copies of the unit cell spots as can be
seen in Fig. A.2b. An identical pattern is obtained in low energy electron diffrac-
tion (LEED) on the same sample in the same vacuum system directly after the STM
investigations, see Fig. A.2c 1.

If one takes differential conductance spectra on a square grid on the field of view
shown in Fig. A.2a and extracts the superconducting gap size for each individual
spectrum, the gap map shown in Fig. A.2d can be constructed. From this, it imme-
diately becomes clear that there is a large variation in superconducting gap size as a
function of position, which had been observed early on in literature [234]. The varia-
tion is typically seen as networks of nanometer-scale islands, which have a width on
the order of the coherence length (3-5 nm), with different gap magnitudes [235,236].
Although there remains some controversy on the origin of these variations, the most
compelling evidence seems to indicate that these spatial variations in the supercon-
ducting gap magnitude are due to sample inhomogeneities, in specific oxygen de-
fects. For instance, properly annealing the samples has been shown to reduce the
gap inhomogeneity [237] and a direct correlation between the gap amplitude and
oxygen impurity distributions in real space has been found [238]. As for instance Pb
doping does not change the variation in gap magnitude ( [239], see also Fig. A.3.2),
defects other than oxygen are believed to play a minor role.

Even though the spatial resolution of the map shown in A.2d is a mere ∼5 Å,
the spectra and gap size can vary significantly from pixel to pixel. To determine the

1The LEED image has to be mirrored in the vertical direction to match the orientation of the STM
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Figure A.2: (a) 600 Å constant current image of Bi2212 showing clear atomic resolution and the
characteristic ∼5b supermodulation. The inset is a zoom of 150 Å of the center top. (b) Fourier
transform of (a). Due to the supermodulation, spots corresponding to the lattice constant
distance are repeated in the b direction. (c) Low energy electron diffraction image taken at
94 eV on the same sample as shown in (a) directly taken after the STM/S investigation. (d)
Spatial distribution of the superconducting gap (i.e. gap map) taken on (a), with typical nm-
sized patches with similar gap magnitudes. (e) High resolution gap map on the 150 Å region
shown in the inset of (a), where the evolution of the gap on the scale of the lattice can be
seen. (f) Each gap has a distinct tunneling signature of which four of increasing magnitude
are shown. The colours of the spectra correspond to the colour scale of the gap maps. For
increasing gap size the coherence peaks become less pronounced. For the largest gaps, a kink
can be seen indicating a possible second gap. All images and spectra throughout this appendix
were taken at Vsample = 100 mV, Iset = 30 pA unless stated otherwise.

variation of the gap magnitude on the atomic scale, a high resolution, 118×188×512
pixel differential conductance map was taken on the center-top 150×150 Å2 of the
map shown in A.2d. This area is also shown as inset to Fig. A.2a. The resulting gap
map, shown in Fig. A.2e, clearly shows gap variations on the scale of the atomic
lattice and the aforementioned 3-5 nm islands of gaps with a similar magnitude.

Although the regions with small superconducting gaps appear smooth and con-
tinuous in the gap map, the regions with a large gap size (dark blue to purple) are
somewhat noisy. To illustrate the cause for this discrepancy, Fig. A.2f plots four typ-
ical spectra with different gap sizes. Whereas the smallest gap has sharp and well
defined quasi-particle coherence peaks, increasing gap magnitudes have decreasing
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coherence peaks. The largest gaps barely have a coherence peak, but seem to develop
a kink around 30 mV indicating the existence of a second, smaller gap. The large gap
(∆pp >65 mV) has in fact been shown to be a pseudogap, which does not vanish at
Tc, whereas the kink marks the superconducting gap [135, 240]. As this large gap is
difficult to determine in an automated routine, which in some cases might also pick
up the smaller gap, the large gap regions are slightly noisy in the gap map.

A.3.2 PbxBi2-xSr2CaCu2O8+δ

Having shown the properties of pristine Bi2212, the effect of introducing Pb into the
system will now be discussed. As mentioned in the previous section, the spots cor-
responding to the atomic lattice spacing seen in LEED and the Fourier transform of

Figure A.3: (a) 450 Å constant current image of (Pb,Bi)2212 showing two distinct surface atoms
(regular = Bi and bright = Pb) on an otherwise flat surface. The 100 Å inset shows a zoom of
the top-center of (a). The suppression of the supermodulation seen in the pristine material is
nicely illustrated by the Fourier transform of (a) shown in (b), where only the lattice parameter
spots and higher orders thereof are present. (c) Spectra taken on this surface are identical to
those taken on Bi2212, where larger gaps have a less pronounced coherence peak. The gap
map extracted from the spectra taken on (a) shown in (d) has the same spatial variations of
the superconducting gap and similar minor variations on the atomic scale as can be seen from
the zoom taken on the 100 Å inset of (a) shown in (e). (f) Spectra taken up to energies well
above the maximum superconducting gap energy show even more clearly the suppression of
the coherence peak upon increasing gap size (Vsample = 300 mV, Iset = 15 pA).
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constant current images are multiplied by the ∼5b supermodulation leading to multi-
ple copies of the original spots. As the supermodulation is a bulk property [241,242],
all probes where diffraction plays a role will be affected. For instance, in angle re-
solved photoemission, not only the bands themselves are seen, but also their diffrac-
tion copies, making interpretation of the data cumbersome, see for instance Ref. [111]
and references therein. In order to suppress the supermodulation, Pb doping has
been introduced in the system as a partial replacement of the Bi atoms. In the thus
formed material, PbxBi2-xSr2CaCu2O8+δor (Pb,Bi)2212, the period of the modulation
is seen to increase [243,244] and for an effective Pb content of x = 0.36 it is completely
suppressed [245].

Indeed, imaging the cleavage surface of (Pb,Bi)2212 gives a completely flat sur-
face due to the absence of the supermodulation as shown in Fig. A.3a. The diffrac-
tion copies in both the Fourier transform and LEED images for the pristine system
(Figs. A.2b and c) are completely absent in the Pb doped system as can be seen in
Fig. A.3b where the Fourier transform of the constant current image is shown. Inter-
estingly, two distinct surface atoms are visible on the surface of the Pb doped system,
where the number of bright atoms seems to match the average Pb doping concentra-
tion rather well. As only Pb has been introduced with respect to the pristine system
where no such distinct atoms are seen, these bright atoms must be the Pb atoms re-
siding in the Bi layers. Following this reasoning, it is indeed the BiO layer, and not
for instance the CuO layer, that is seen in STM topography measurements.

Aside from suppressing the superstructure, lead doping barely affects the su-
perconducting properties seen with STM: the tunneling spectra observed on the Pb
doped compound (Fig. A.3c), the gap map extracted from these spectra (Fig. A.3d)
and the variation of gap magnitude both on large spatial scale and on the atomic
level (see Fig. A.3e) can hardly be distinguished from what is observed on pristine
Bi2212. The suppression of the height of the superconducting coherence peak upon
increasing gap magnitude and the appearance of a kink in the spectra with a large
gap indicating a second energy scale, the pseudogap, are especially clear in spectra
taken over a larger energy range as shown in Fig. A.3f.

One peculiarity, however, is the presence of distinct (near-) zero bias conductance
peaks in (Pb,Bi)2212, which are much less abundant in Bi2212. Fig. A.4a shows a
g(r,E=-3±1 mV) image taken on the same field of view as Fig. A.3a. As can be seen,
bright spots appear that are spread evenly over the surface. Zooming in on one of
these spots in Fig. A.4b, a clear oscillation with a fourfold symmetry is observed,
running along the unit cell directions. Taking a line trace from the center of the spot
to the corner of the image, the oscillation is seen to dampen exponentially with a
decay constant of ∼6 Å and is completely gone after approximately 2 nm as shown
in Fig. A.4c. To illustrate that this feature is independent of the surface structure and
therefore not an artifact caused by a scattering center on the surface, the topograph
on which Fig. A.4b is taken is shown in Fig. A.4d. From this comparison, one can
also see that the zero bias conductance peak is centered on a surface atom (marked by
the cross) and that the first oscillations are located on the next nearest neighbours. To
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Figure A.4: (a) g(r,E) image for E = -3 ± 1 mV on the same field of view as Fig. A.3a. Spread
evenly over the entire field of view are bright spots corresponding to zero bias conductance
peaks in the tunneling spectra. (b) A fourfold symmetry around the main peak is observed
upon enlargement of such an object. (c) Plotting g(r,-3 mV) along the line indicated in (b)
shows the exponentially dampened oscillation away from the center, which drops off with a
decay length of τ = 5.9 Å(red curve). (d) Comparison to the topograph on which the g(r,E)
map is taken rules out scattering due to a surface defect (the location of the scattering cen-
ter is indicated with a cross). (e) The evolution of the zero bias peak and its effect on the
superconducting gap are illustrated by the spectra along the line in (b).

show the evolution of the spectra from the center of the zero bias conductance peak
to far from it, Fig. A.4e plots the spectra taken along the line indicated in Fig. A.4b.

Zero bias conductance peaks are typically seen when the electrons in Cooper
pairs are scattered by impurities. In literature, both non-magnetic Zn atoms [98]
and magnetic Ni atoms [99] have been deliberately introduced in Bi2212 to investi-
gate the properties of the superconductor. Due to the d-wave pairing symmetry of
Bi2212, magnetic impurities were seen to create in-gap states, without suppressing
superconductivity altogether. Non-magnetic impurities on the other hand effect a
strong suppression of the superconducting state at the scattering site, which is re-
covered after approximately a coherence length from the center, very similar to what
we describe here on (Pb,Bi)2212.

With the superconducting gap away from the scattering center known (∆0 = 32
mV) and the energy of the resonance, Ω = -3.7 mV, the strength of the scatterer can
be estimated by [246, 247]:
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|
Ω

∆0
| =

πc/2

ln(8/πc)
, (A.1)

where c is a dimensionless variable that is inversely proportional to the strength of
the impurity potential U via c = (πNFU)−1. Here, NF is the density of states per unit
volume at the Fermi energy in the normal state. One can express c in terms of the
scattering phase shift, δ0, as c = cot(δ0), giving δ0 ∼ 0.47π. This result is comparable
to the phase shift determined for Zn scatterers [98] and unidentified native scatter-
ers, likely missing Cu atoms, [248] in Bi2212 and indicates nearly unitary (i.e. π/2)
potential scattering centers.

The nature of the scattering centers in the Pb doped Bi2212 material shown here
could in principle be missing Cu atoms underneath the BiO layer. However, unlike
in Ref. [248], the surface atoms where scattering centers are located do not appear
to be suppressed due a missing atom underneath. Furthermore, the near absence in
the pristine material of such scattering is surprising. As only (very pure) Pb has been
introduced into the system, one could imagine that a few Pb atoms have substituted
for Cu in the CuO plane, but this is rather unlikely due to the large difference in
size and properties of Cu and Pb. It should be noted that the Pb doped system has
been grown in air, contrary to the pristine samples that were grown in an oxygen
atmosphere. Perhaps this difference in growth environment explains the relatively
large number of scattering centers in the Pb doped sample. To determine the exact
nature of the scattering centers, more study will have to be performed, for instance
by making LDOS images up to large bias voltages (1-2 eV), which has been used
by others to detect localised impurities in the blocking layers of Bi2212 [249] or by
growing the Pb doped samples in oxygen.

Identical zero bias conductance features to those shown here have been reported
on the single layered relative of Bi2212, Bi2201 [250]. As this material has a relative
low Tc, it is possible to measure above the superconducting transition temperature
without having too much thermal smearing of the tunneling signal. Therefore, the
authors were able to track the ZBC pattern as a function of temperature and showed
that it remains present in the normal state, signalling that not the superconducting
gap, but the pseudogap is responsible, and suggesting an interesting interplay be-
tween superconductivity and the pseudogap.

It is worth noting that the energy of the scattering center, Ω, reported for the
single layer Bi-based system is very similar to that observed on the bilayered com-
pound shown here. As the gap size in the single layered compound is much smaller,
the resulting phase shift δ0 is smaller than in the bilayered system. Assuming that
the impurity causing the scattering in both systems is identical, the effect of this im-
purity is thus much reduced in the single layer compound. It would be interesting
to find such impurities in Pb doped trilayered Bi2223, to determine if this is indeed
a trend or merely a coincidence.
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A.4 QPI on Bi2Sr2CaCu2O8+δ and PbxBi2-xSr2CaCu2O8+δ

Having shown the surface structure of Bi2212 and (Pb,Bi)2212 and their supercon-
ducting gap as a function of position, we now turn our attention to quasi-particle
interference scattering as seen with FT-STS measurements on both systems. The first
authors to report QPI could resolve several distinct scattering vectors, though not
all sixteen inequivalent vectors [127, 251, 252]. In later work, where larger fields of
view were used, an increased signal to noise ratio was achieved and intricate data
analysis techniques were used to enhance the contrast of the images, all vectors were
identified [126]. Figs. A.5b-d show g(r,E), or LDOS, images on a Bi2Sr2CaCu2O8+δ

sample for three different energies taken on the same field of view shown in Fig.
A.5a. The constant current image in Fig. A.5a is identical to the one of Fig. A.2, but
shown again to enable easy comparison. Clearly, there are periodic structures in the
LDOS images, which change as a function of energy.

To quantify the structures in the g(r,E) images, Fig. A.6 shows a series of Fourier
transforms of LDOS images at different energies. The Fourier transformed images
have been rotated to ease comparison with Fig. A.1. To enhance the contrast of the
images, the Fourier transforms have been folded and averaged with respect to the
two symmetry lines. As a comparison, the right bottom image of Fig. A.6 shows a
raw data Fourier transform of the image directly above it (taken at -20 mV), illustrat-
ing that all features are also present in the raw data. Identically dispersing FT-STS
images were obtained on the Pb doped compound (not shown).

The exact locations of the scattering vectors in Fourier space are subsequently de-
termined by fitting an exponential decay plus a Lorentzian to the line traces through
the intensity spots from the center of the Fourier transform as shown in Fig. A.7a.
The result of this analysis is plotted in Fig. A.7b. For energies close to EF the inten-
sity of the spots becomes very weak and an accurate position cannot be determined.
Two scattering vectors, q4 and q5, could not be resolved in the Fourier transforms. In
the case of q5, a non-dispersive feature is obscuring the region where the scattering
vector is expected to reside. Due to the non-dispersive nature of this feature, it could
very well be an artifact of the measurement. An interesting point to note is that in the
Fourier transform of the LDOS images recorded here, an up shifted copy of the ex-
pected pattern appears (not shown), which could be the source of the non-dispersive
feature. One explanation for such a shifted copy could be the presence of two dis-
tinct step sizes in the y-scan direction of our instrument. At this point it is not clear
where such a difference in step sizes should come from and if this is indeed the cause
of the copy. As the LDOS maps described here are currently stretching the limits of
the measurement software, which has difficulties in processing the near-maximum
amount of pixels possible during the 65 hours of measurement, the artifacts could
very well come from software limitations. At the time of writing the software is
being adapted to lift these limitations.

Having determined the lengths of the scattering vectors, and assuming a fourfold
symmetric Fermi surface as shown in Fig. A.1d, one can plot the loci of scattering in
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Figure A.5: (a) 600 Å constant current image of Bi2212, taken on the same field of view as
Fig. A.2a. (b)-(d) LDOS images taken at -8 mV, -14 mV and -22 mV respectively. The regular
patterns in the images are the standing waves corresponding to the scattering vectors shown
in Fig. A.1d.

k-space, see Fig. A.7c. In principle only q1 and q7 are sufficient to extract kx and ky,
the others are used to check for consistency. As a comparison, a Fermi surface cal-
culated using a tight binding model2 is plotted on top of the data points, illustrating
the remarkable agreement of the octet model with experiment.

Lastly, using this data, the energy gap ∆(k) can be estimated. Following the con-
vention in angle resolved photoemission, the gap is plotted as a function of Fermi
surface angle, θk, which is the angle with (π,0)-(π,π). Figure A.7d shows the gap for
both the occupied (-) and unoccupied (+) density of states. A d-wave fit of the form

2E(kx,ky) = dE − 2t(cos(kxπ) + cos(kyπ)) + 4t1cos(kxπ)cos(kyπ) − 2t2(cos(2kxπ) + cos(2kyπ)) +
tp
4 (cos(kxπ) − cos(kyπ))2, using t = 0.4, t1 = 0.095, t2 = 0.06, tp = -0.2 and dE = 0.4
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Figure A.6: Fourier transforms of LDOS images taken at the energies indicated underneath
the images. All Fourier transforms have been rotated to ease comparison with Fig. A.1 and
are folded and averaged with respect to the two high symmetry lines to increase the contrast.
The right-bottom image is a raw Fourier transform of the same energy as the image directly
above it, illustrating that all features are also present in the raw data.

∆(θk = ∆0(Acos(2θk) + Bcos(6θk)) is fitted to the data giving ∆0 = 40 ± 5 mV, A
= 0.82 and B = 0.10. As has been shown in literature [126], these results extracted
from Fourier transform STS (FT-STS) are consistent with ARPES measurements on
the same system, compounding the strength of STM/S: it is not only a high spatial
and energy resolution real space probe, but also a k-space probe of both the occupied
and unoccupied states.

From the analysis presented in Fig. A.1 it is also clear that the Pb doping intro-
duced into the system to remove the ∼5b superstructure does not affect the electronic
structure of the material as seen with STM/S in any way. The Bi2212 and (Pb,Bi)2212
used in this investigation have a nearly identical doping concentration and indeed
behave identical in every aspect except the surface appearance. This also supports
the validity of the use of the Pb doped materials in ARPES studies where it has the
advantage of yielding data that are free of diffraction replicas.
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Figure A.7: (a) Energy dependence of the trace through the center of the Fourier transform and
scattering vector q7 taken on Bi2212. The trace is fitted with an exponential plus a Lorentzian
to extract the position of the scattering vector. (b) Length of the various scattering vectors
seen in the Fourier transforms of the LDOS images, from both positive and negative bias volt-
age. Closed symbols are from Bi2212, open symbols (Pb,Bi)2212. The Pb doped sample has
approximately the same doping concentration as the pristine sample. From the scattering vec-
tors in (b), the loci of scattering can be extracted using the mirror symmetries of the Brillouin
zone. A tight binding model Fermi surface is plotted on the data points to show the excellent
agreement. (c) Energy gap ∆(k) as a function of Fermi surface angle θk for both occupied and
unoccupied density of states. The solid line is a d-wave gap fit, with ∆0 = 40 ± 5 mV, A = 0.82
and B = 0.10. Panels (a)-(c) are in excellent agreement with Ref. [126].

A.5 Summary

The possibilities of the Createc scanning tunneling microscope have been investi-
gated on the well studied cuprate superconductors Bi2212 and (Pb,Bi)2212, where
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samples with a similar doping/transition temperature were chosen to ease compar-
ison. Aside from high resolution topographic images of both systems, spatially re-
solved maps of the superconducting gap have been measured which are very similar
and are in excellent agreement with the existing literature. On the Pb doped com-
pound, a relatively large number of (near-) zero bias conductance peaks have been
observed which are due to (as yet undetermined) near-unitary potential scattering
centers. Lastly, LDOS, or g(r, E), maps on both pristine and Pb doped Bi2212 have
been measured as were found earlier in other systems which clearly show modula-
tions due to quasi-particle interference scattering. Fourier transforming the g(r, E)
images and tracking the loci of the scattering intensities, the Fermi surface and d-
wave gap of these two cuprate superconductors have been determined. From the
comparison of the two compounds it becomes clear that Pb doping does not affect
the properties of the superconductor as seen with STM/S in any way other than
removing the ∼5b supermodulation. This also strengthens the appropriateness of
using Pb doped material for ARPES investigations, where it has the advantage of
giving data free of diffraction replicas. Lastly, the measurements presented under-
line the competitive capabilities of a commercially available system compared to
state of the art home build machines.
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APPENDIX

B
Tip preparation and
characterisation

One of the key ingredients in STM/S is the tip. There exists a great wealth of liter-
ature on how to make good tips and each group doing STM/S measurements has
its own recipe, ranging from buying commercially available tips to intricate schemes
using etching techniques and in situ treatments. Since considerable time has been
spent during this Ph.D. research to find an optimum procedure to produce tips, this
appendix will review several techniques adopted. Basically two types of material
are used to make tips, tungsten (W) and an alloy of platinum and iridium (Pt/Ir).

B.1 Tungsten tips

B.1.1 Etched W tips

Tungsten is a very tough material which, with 3695 K, has the highest melting point
and the highest tensile strength of all pure metals [118]. Tips made from W are
therefore very stable over a wide temperature range and might even survive a tip
crash. Moreover, the material can be etched into very sharp tips using for instance a
harmless NaOH solution. The main drawback is that the material oxidizes rapidly,
which requires difficult ex- or in situ treatments to remove the oxide layer.

To etch a tungsten tip, a piece of tungsten wire is immersed into a NaOH solution
and connected to a voltage supply. A counter electrode is placed in the same solution
to enable a current to flow. Figure B.1 shows two ways to immerse the tip into the
solution. In Fig. B.1a, the tip is immersed into a beaker so the bottom of the wire is
fully in the solution. To prevent disturbance of the meniscus at the tip by bubbles
forming at the counter electrode, a glass ring is placed around the wire. Part of
the wire in the solution can furthermore be covered by a Teflon tube to prevent an
etching reaction taking place there, but this is not essential (see below). Figure B.1b
displays a slightly different technique: a platinum ring supports a sheet of NaOH
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Figure B.1: Two types of etching methods: (a) the bottom part of the tip is completely im-
mersed in the etching solution, or (b) is immersed through a thin film of etching solution
suspended from a platinum ring.

solution into which the tungsten wire is stuck. This way, the etching process is very
local and requires little NaOH. Since the entire solution can be replaced easily in
this case, dust and other impurities in the solution are swiftly removed. A further
advantage of this method is the formation of a double meniscus, making the etching
process highly symmetric.

The voltage driven reaction used to etch tungsten in simplified form is [253]:
W(s) + 2OH− + 2H2O→WO2−

4 + 3H2(g), where (s) and (g) denote the solid and gas
phase of the materials, respectively. Due to the formation of a meniscus when the
tip wire is immersed in the etching solution, a concentration gradient of OH− from
the top of the meniscus to the bottom is created. Since the reaction product, WO2−

4 ,
drops downward after creation, a second gradient of OH− is created. The strongest
etching thus takes place at the bottom of the meniscus, where the tungsten wire is
formed into an hourglass shape. When the wire gets too thin it will break and two
sharp tips are produced. To prevent blunting of the formed tip, the etching reaction
should be stopped the moment the wire breaks. This can be done by monitoring the
etching current which has a dip when the wires break. An often adopted procedure
is to use the tip that drops into the solution instead of the one that is connected to
the voltage supply. This is especially useful when using the etching scheme depicted
in Fig. B.1b since the tip falls completely out of the etching solution. However, the
design of the tip holder used in this work prohibits this options, since the tip wire
has to be mounted in the holder before it can be etched.

The time it takes to etch a tip and its shape depend mainly on the concentration
of the NaOH solution and the applied voltage. In this study, tungsten wire with
a diameter of 0.3 mm, a typical concentrations of 2 mol/l, or 4 g NaOH in 50 mL
distilled water, and a DC voltage of 7-10 V has been used, resulting in sharp tips
after 10-15 minutes of etching. In general, a lower voltage tends to lead to a slower
etching and a tip with a longer taper length. Using an AC voltage instead of a DC

124



Tungsten tips

voltage has been tried, but due to the formation of H2O bubbles at the tip this usually
resulted in microscopically irregular tips, increasing the chances on a double tip. See
Refs. [253–256] for more details on tip etching schemes.

B.1.2 Oxide removal techniques

The main drawback of using tungsten for STM tips is that a thick oxide layer (WO3)
forms on the surface of the material which prohibits a tunneling current to flow from
it. There are several recipes to remove this oxide layer, either just before insertion
into the vacuum chamber or in situ. One such ex situ treatment is to dip the tip in
the highly acidic HF [257]. As can be seen in Fig. B.2a and b, HF dipping effec-
tively removes all unwanted features from the tip apex. However, the acid is rather
dangerous and special protection should be used in the process of dipping the tips.
Moreover, there is a finite time between the HF dip and the actual insertion into the
vacuum chamber, enabling oxide to form again on the tip. Therefore, a more user
friendly in situ method seems more appropriate.

The simplest in situ treatment is to anneal the tip which is mostly done by electron
bombardment [258–261]. At approximately 1000 K the WO3 layer will react with
pure tungsten to form WO2 which will sublimate [262,263]. Due to the high melting
point of tungsten, the tip itself will not be affected. Raising the temperature too high
might make the tip blunt though.

A slightly different method to remove the oxide layer in situ, often in combination
with an annealing treatment, is by ion bombardment or self-sputtering [255,259,260,
264, 265]. The advantage of the latter is that this technique opens up the possibility
of field emission to estimate the sharpness of the tip even before having to place it
in the STM (see section B.2). For this reason, only self-sputtering, or electron beam
heating, was attempted.

As the name suggests, during electron beam heating a beam of electrons is di-
rected onto the tip. The easiest way to achieve this is by placing a filament through
which a current is applied in proximity to the tip and applying a high voltage differ-
ence between the filament and the tip. Depending on the sign of this high voltage,
either the tip is bombarded with electrons (positive voltage on the tip) or serves as
a source of an electron beam (negative voltage on the tip). To this end, a vacuum
manipulator was constructed which is pictured in Fig. B.3b. The installation of this
fork also required an adaptation to the arm in the load lock itself which is depicted in
Fig. B.3a. With the ’glowfork’ a tip can be picked up from the load lock arm and slid
underneath the filament (made from tungsten). High voltage between the filament
and tip can be applied and the filament itself can simultaneously be heated via a di-
rect current. Typically, the filament was made to glow white and a 1000 V difference
was applied between the tip and the filament for approximately one minute yielding
oxide free tips as can be seen from Fig. B.2d.

125



B. TIP PREPARATION AND CHARACTERISATION

Figure B.2: Scanning Electron Microscope (SEM) images of tips before and after two different
oxide removal techniques. Panel (a) and (c) show tungsten tips just after etching. The result
of dipping the tip shown in panel (a) in HF is imaged in (b). Panel (d) shows the result of
(electron beam) heating the tip shown in panel (c) in vacuum. All contaminations are gone for
both techniques.

B.2 Field emission as a test of sharpness

Once the oxide layer of a tungsten tip has been removed using the technique de-
scribed in the previous section, the same setup (Fig. B.3b) can be used to estimate
the sharpness of the tip by field emission. Field emission from bulk metals was theo-
retically described by Fowler and Nordheim in 1928 [266] and refined the following
year [267]. They showed that the current density J flowing from a metal can be de-
scribed by the following equation:

J =
e3

2πh

√
µ

(Φ + µ)
√

Φ
E2exp[

8π
√
2m

3eh

Φ3/2

E
]. (B.1)

where e is the elementary charge, h Planck’s constant, Φ the work function of the
material, µ the chemical potential, m the mass of the electron and E the electric field.
For actual comparison with experimental values for the current density, correction
for Coulomb interaction between electrons should be taken into account [268], which
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only introduces a field independent factor into the equation. From Equation (B.1), it

Figure B.3: Designs for load lock manipulators. (a) Main load lock manipulator, with place
for three samples and up to ten tips. (b) ’Glowfork’ where a tungsten tip can be heated by
a filament, bombarded by electrons and used as an electron emitter, all in UHV. Drawings
courtesy of R. Manuputy.

readily follows that the stronger the electric field, the higher the current density (and
thus a higher tunneling current).

In order make the link to field emission from a tip, the electric field at the tip
apex as a function of the applied voltage (V) has to be known. If the tip is assumed
to be a simple sphere, the field at the edge of the sphere and thus at the tip apex is
given by E = V/R, where R is the radius of the tip apex. To correct for the fact that
the tip is not a perfect sphere, but more like a sphere on a cone, a correction factor k
is introduced, E = V/kR. Immediately one sees that a smaller tip radius leads to a
larger electric field, which from Equation (B.1) means a larger current density. Using
the design of Fig. B.3b, upon applying a negative voltage to the tip, a current will
flow to the earthed filament. The voltage required to establish a certain tunneling
current is directly linked to the radius of the tip apex. In this work, tips which gave
a tunneling current of 10 nA at less than 800 V were considered sharp enough to be
used in the STM.

The implementation of the ’glowfork’ manipulator therefore enables the removal
of oxide from the freshly etched tungsten tips and can give an indication of the radius
of the tip apex. The tips that passed the field emission test were characterised on an
Au(788) sample (see section B.4) and resulted most of the time in sharp tips which
gave proper tunneling spectroscopy. Due to an adaptation to the design of the tool
that is used to place tips in the STM1 the time to replace a tip in the STM is less
than 15 minutes, making a more detailed knowledge of the tip apex less relevant.
Therefore, even more sophisticated techniques to estimate the tip sharpness than the
quick test described above have not been attempted. See Ref. [256] and references

1Originally the tip transfer tool was like that shown in Fig. B.3b, in which case the sample in the STM
underneath the tip had to be removed in order to get the tip far enough from the magnet holding it to be
taken out of the STM. A hook-like adaptation resolved this by no longer having to move the tip down,
but simply pull it out of the magnetic field.
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therein for more details on more intricate sharpness tests and other treatments of
etched tungsten tip and their effect.

B.3 Platinum Iridium tips

B.3.1 Mechanically cut Pt/Ir tips

Although tungsten tips can be made very sharp using etching techniques, the for-
mation of an oxide layer on the tip poses considerable problems, and the process
becomes therefore rather time consuming. The toughness of a tungsten tip ensures
that it will not change easily over a wide temperature range. However, this can also
be considered a drawback, since a tip cannot be conditioned easily on an Au(788)
sample to meet the requirements (see section B.4). Therefore Pt/Ir (in a ratio of
80%/20%) is often used to make STM/S tips. Pt/Ir does not easily form an oxide
layer, so once the tip has been made, it can be used immediately without further
treatments. Since Pt/Ir is much softer than tungsten, it is much more easily condi-
tioned on an Au(788) sample. Au also tends to stick much better to Pt/Ir than to W,
making Pt/Ir a much more user friendly material. Lastly, due to the softness of Pt/Ir,
a simple wirecutter can be used to make a tip. If the cutting is combined by a pulling
motion, the tip more or less flows out into a sharp protrusion. Although such a cut
tip is rather blunt by eye compared to etched tungsten tips, a single microscopic pro-
trusion is sufficient for tunneling experiments. The only drawback of tips produced
this way is that there are likely to be several of such protrusions in close vicinity to
each other, i.e. double or triple tips, obscuring proper tunneling experiments. As
demonstrated in Ref. [269], a few seconds at 12 V AC in a solution of CaCl2·2H2O
(35 g), de-ionised water (200 ml), and acetone (10 ml) is sufficient to remove most of
these protrusions obtained by mechanically cutting Pt/Ir tips. However, the main
tip might be somewhat blunted after etching as well. Often, but unfortunately not
always, the multiple tips can also be reduced to a single tip on an Au(788) sample.

B.3.2 Etched Pt/Ir tips

A more foolproof method than cutting would be to etch the Pt/Ir like is done with
W tips. There are several techniques to etch a Pt/Ir wire, either using highly toxic
cyanides [270–272], or molten salt etchants [273], both of which are not attractive al-
ternatives to etching and cleaning W tips. However, there are several reports of suc-
cessful etching strategies using a rather harmless solution of CaCl2·2H2O [274–279]
using an AC current and a graphite ring as counter electrode. Although little time
has been spent etching Pt/Ir tips in this project, a few tips have been produced us-
ing a simple drop-off etching technique as has been described above for the etch-
ing of W tips. The thick black oxide layer which is a product of the etching can be
easily removed before the final drop-off using tweezers, leaving a relatively sharp
and clean tip which in principle can be used without further processing in the STM.
However, often upon drop-off a spark occurs between the two parts of the etched
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wire, melting the tip apex into a metal droplet. In such cases, and in general for
blunt or already used tips, multiple step processes can still lead to a further sharp-
ening [274,276,278,279]. Fig. B.4 shows a typical etched Pt/Ir tip for two magnifica-
tions. As can be seen, the tips are much more cone-shaped than the W etched tips,
but have a much larger tip apex radius of curvature.

Figure B.4: Etched Pt/Ir tip at two different magnifications, indicated at the bottom of the
images.

The main advantage of etching Pt/Ir tips with respect to mechanically cutting
the tip is a reduced chance of having multiple protrusions, and the more symmetric
shape of the tip could be advantageous in terms of stability and handling in the STM.
However, etching is more time consuming, and if the AC current is not switched off
directly upon drop-off, the tip will become blunt. Furthermore, as in the case of
etched W tips, a thick oxide layer is formed as a result of the etching process and
will have to be removed.

Whether Pt/Ir tips are cut or etched, they are a good alternative to time-consuming
and oxidizing W tips. Which type of tip is used is mostly a user dependent choice:
Pt/Ir tips are easy to make, but are less stable once properly characterised on for
instance an Au(788) single crystal due to their softness; W tips are time consuming
to produce and difficult to adjust to meet demands in situ, but very stable once prop-
erly characterised. Throughout this work, both types of tip have been used giving
identical results.

B.4 Characterisation and conditioning of tips on an Au(788)
surface

Once a tip has been either etched or cut, inserted into the UHV system and, if re-
quired, treated to remove oxides, it has to be characterised on a known surface be-
fore an actual measurement is performed on an unknown material. For this purpose,
an Au(788) sample is used for two reasons. The first is that Au as a metal has a flat
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density of states near the Fermi energy and is therefore ideally suited to test the den-
sity of states of the tip. As described in section 2.1.1, the actual tunneling current is
a convolution of the density of states of the tip and the sample. In order to discard
the contribution of the tip density of states, it should be constant in the energy range
used during measurements. Since Au has a constant density of states, I(V) spectra
between the tip and an Au(788) sample should be linear as a function of energy for
a tip to be suitable for further measurements.

The second reason to use an Au(788) sample to characterise the tips is that is has
steps at the surface of a regular height and with a fairly regular step width. There-
fore, the piezos (especially the z-piezo) can be calibrated on a regular basis. Figure
B.5 shows a schematic view of an Au(788) sample, two constant current images, a
very corrugated and a typical image, and a typical I(V) and dI/dV curve. Since
atomic resolution on Au(788) is not a regular occurrence due to delocalisation of the
electrons, see section 2.1.1, it was not deemed essential for a proper tip. If the step
edges are sharp, and the I(V) spectrum is linear as a function of applied voltage, the
tip is considered suitable for further studies.

Figure B.5: (a) Schematic representation of the unreconstructed Au(788) surface, after [22].
The atoms are close packed hexagonally ordered with an inter atomic distance of 2.88 Å (see
inset), leading to a step height of 2.35 Å. (b) STM topograph of exceptional atomic resolution
on Au(788). The atomic corrugation can clearly be seen from the line scan shown below the
image, which is taken along the line indicated in the image. (c) Typical constant current im-
age on the same Au(788) crystal as was used for (b), without atomic corrugation, but with
sharp step edges. (d) Tunneling I(V) spectrum (top) and its derivative (bottom) taken on (c)
displaying a simple Ohmic behaviour as is required for the tip density of states.

Often, either the topography is very sharp or the spectroscopy gives a linear re-
sponse, but not both. Several tricks can be used to get both to meet demands. One
frequently used procedure reported in literature is to purposely crash the tip into the
Au sample in order to coat the tip apex with Au atoms, see for instance Ref. [280] and
references therein. This method was not opted for, since there is a big chance the tip
gets damaged beyond ’repair’. Another reported technique is to apply a high volt-
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age to the sample with a high current setpoint in order to create a large electric field
between the tip and the sample, which will also result in the coating of the tip apex
with Au atoms, see for example [133, 135, 153]. Since this field emission technique is
a non-contact way to coat the tip, it has been applied throughout this research. The
higher the voltage, the bigger the chance to coat the tip properly. The drawback is
that too high voltages could blunt the tip, for instance because a large piece of the tip
breaks off due to the electric force on it. In practice, voltages higher than 150 V were
rarely used and usually <50 V was enough to modify the tip apex to meet demands.
If the feedback loop is set rather high, it will start to resonate as a response to its
own response, which leads to the tip oscillating near the sample at a high frequency,
which often assisted the Au atoms in coating the tip in a relatively controlled way.

Of the tips inserted into the STM head after an initial selection with the optical
microscope, and for tungsten tips a second selection using the field emission results,
more than 70% of the tips were deemed suitable for further studies after characteri-
sation on the Au(788) sample.
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APPENDIX

C
Temperature calibration
measurements

Before conclusions can be drawn from temperature dependent measurements such
as the ones presented in chapters 6 and 9, the temperature of the sample in the STM
should be calibrated. In the first section of this appendix, the sample temperature
will be discussed which was measured with a thermometer mounted on a sample
holder and inserted into the STM. The response of the sample temperature to a heater
mounted on the base of the STM is shown. In the second section, the settings of the
PID temperature controller are briefly discussed. In the third section, the effective
temperature during a measurement at various sample temperatures is discussed us-
ing temperature dependent measurements of the superconducting gap of the BCS
superconductor niobium. The last section briefly discusses the temperature depen-
dence of the piezo constants.

C.1 Sample temperature

As has been shown in chapter 2, Fig. 2.3, the STM head is equipped with a silicon
diode thermometer and a diode heater to regulate the temperature. Even though the
sample holder and sample are thermally connected to the main STM block where
the two diodes are fixed to, they could in principle still have a differing tempera-
ture due to radiative heating through one of the viewports directed at the sample
area. In order to determine if the sample temperature deviates from the temperature
measured by the thermometer on the STM block, a thermometer has been mounted
on a sample holder and placed in the STM. For a given set temperature (of the STM
block), the temperature of the sample was monitored. At the base temperature of 4.6
K, both the STM block and sample gave identical readings.

Upon increasing the temperature by heating, or decreasing by pumping on the
He cryostat, both the sample and STM block require a certain amount of time to
come to a new equilibrium. An example of such an exponential reaction to the equi-
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Figure C.1: (a) Relaxation of the sample- and STM block temperature as a function of time
after a change in temperature from 20 K to 25 K. The sample temperature is fitted with an
exponential of the form y = y0 + exp(-x/τ), where τ ∼9 seconds. In the fit, only data points
are considered from the moment the STM block has reached its equilibrium temperature. The
higher the difference between initial and final temperature and the higher the absolute final
temperature, the higher the relaxation time τ. (b) Difference between the sample- and STM
block equilibrium temperature as a function of temperature. For temperatures up to 300 K the
difference is always less than a few Kelvin.

librium temperature is shown in Fig. C.1a. In this instance, the sample was held at
a constant temperature of 20 K before the heater was set to 25 K. As can be seen, the
STM block temperature reaches the set temperature very rapidly, due to a proper
setting of the PID controller (see section C.2). As there are several mechanical in-
terfaces between the sample and the block that contains the heater and temperature
sensor, the relaxation of the sample temperature is somewhat slower. A fit to the
sample temperature from the moment where the STM block has reached its equilib-
rium temperature (solid line in Fig. C.1a) gives a decay constant of approximately
9 minutes. For any temperature step, the decay constant is on this order of mag-
nitude, although it increases for increasing absolute temperature and temperature
difference between original and final temperature. In any case, after approximately
half an hour, the system is more or less in its new equilibrium and tunneling contact
can be established again 1.

The difference in temperature between the set temperature (i.e. STM block tem-
perature) and sample temperature for various set temperatures is shown in Fig. C.1b.
In the temperature range used in chapter 6, the deviation is always less than 0.8 K,
ensuring that the conclusions drawn from the temperature dependence are valid.
For temperatures up to 300 K, the difference has been checked to be less than a few
K.

1due to the temperature dependence of the piezos, it is not safe to remain in tunneling contact during
heating as the tip-sample distance will change as a function of temperature
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C.2 PID settings

The Neocera LTC-21 temperature controller used to regulate the temperature of the
STM uses a PID algorithm to stabilise the temperature. This algorithm adjusts the
heater settings using three parameters: (i) the Proportionality term, which is propor-
tional to the difference between the actual and set temperature (∆T) times a constant
P, (ii) the Integral term, which is proportional to the time integral over the temper-
ature difference over a time I (i.e.

∫I

0 ∆Tdt) and (iii) the Derivative term, which is
proportional to the time derivative of the temperature difference (dT

dt ) times a con-
stant D. Using the Ziegler-Nichols tuning method [281], the optimal settings for this
temperature controller and STM were found to be P = 100000, I = 9 sec. and D = 2.25
sec.

C.3 Temperature dependence of a Niobium superconductor

Having established that the sample temperature is nearly identical to the set tem-
perature, the question remains what the effective temperature is of the STM, and
how broadening due to experimental noise affects the spectra. The main motivation
for this investigation, aside from a general characterisation of the system, is that the
gaps seen on the ‘122’ pnictides always have a rather shallow gap minimum. This
apparent filling of the gap could be intrinsic to the ‘122’ pnictides, for instance due to
large scattering effects or a non-superconducting band at the Fermi level. However,
it could also be an experimental issue, where the spectra are smeared by either an
effective temperature that is different from the sample temperature or a large exper-
imental broadening factor Γ which could furthermore be temperature dependent.

An ideal system to do characterisation measurements on is the BCS superconduc-
tor niobium (Nb), which has the largest transition temperature of all pure elements -
Tc = 9.2 K for very pure Nb - well above the STM base temperature. The gap size ∆

has been shown to be 1.52 mV [282], similar to the smallest gaps reported in litera-
ture on the pnictide superconductors [283]. Therefore, detection of the Nb gap would
show that if gaps of such size would be present in the materials studied, they would
have been picked up. Furthermore, by fitting the s-wave gap of Nb (if detected) with
the BCS equation for the density of states, i.e. Equation (3.4), the effective tempera-
ture and broadening can be extracted as a function of sample temperature.

As there was no Nb single crystal available at the time, a Nb tip was used to mea-
sure the Au(788) characterisation sample, which should give identical results. Fig.
C.2a shows the tunneling spectrum thus obtained at a measurement temperature of
5 K. From the BCS fit, the superconducting gap was found to be ∆ = 1.47 mV, with
an effective temperature of T = 7.1 K, and a broadening of Γ = 0.17 mV. Although
the spectra are thus slightly more broadened due to an effective temperature that is
larger than the sample temperature, the experimental broadening is rather small and
the resolution overall is rather good. The slightly lower value for the superconduct-
ing gap is not unusual (see for instance Ref. [153]), but not well understood. The
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Figure C.2: (a) Tunneling spectrum of a Nb tip on an Au(788) sample taken at 5 K, with ∆ =
1.47 mV, Γ = 0.17 mV and T = 7.1 K from the fit. (b) Temperature dependence of a tunneling
spectrum taken with a Pt/Ir tip on a polycrystalline Nb sample. The spectra are normalised
to a spectrum taken at 9 K, the lines are BCS fits to the experimental data, giving Γ = 0.02 mV
for all spectra, T = 13 K for the 2 K spectrum and T = 17 K for all other spectra. The extracted
gap sizes are plotted in (c) and are in excellent agreement with BCS theory (solid line), giving
∆0 = 1.50 mV. (d) Spectra taken on (Pb,Bi)2212, both gapped (red = 4.3 K, orange = 20 K) and
peaked around zero bias (blue = 4.3 K, green = 20 K). Thermally broadening the spectra taken
at 4.3 K to 20 K (black dashed lines) matches the high temperature spectra perfectly. As the
gap itself is nearly constant over this temperature range (Tc = 90 K), experimental thermal
broadening alone can account for the difference between the temperatures.

measurement shown in Fig. C.2a has been performed using the ‘old’ z-piezo, where
a single magnet is used to attach the tip to the piezo (see section 2.1.3 for details).

During the coarse of the research, the z-piezo that holds the tip has been replaced,
and in the new design of the z-piezo, the electric contact to the tip has also been
changed from a ring-electrode contacting the entire tip, to three point-like contacts.
While indeed reducing the magnetic field at the sample position, the new holder
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turned out to have much poorer thermal contact to the piezo. This fact went un-
detected for approximately a year and only at the end of this Ph.D. research it was
decided to characterise the STM once again on a Nb superconductor.

This time, it proved impossible to see a gap using a Nb tip on the Au(788) sample.
Therefore, a finely polished polycrystalline piece of Nb was repeatedly sputtered
with Ne and annealed to ∼800 K in vacuum before insertion into the STM under-
neath a regular Pt/Ir tip. In this configuration the tunneling spectra did show the
typical signature of a superconducting gap, and its temperature dependence was in-
vestigated. Spectra taken at various temperatures on the same position, normalised
to the spectrum taken at 9 K, are shown in Fig. C.2b. Note that the spectrum taken
at the lowest temperature (i.e. 2 K) is achieved by pumping on the Helium cryostat
from which the STM is suspended by springs. This not only cools the STM itself but
also the inner radiation shield, and therefore reduces the radiative heating on the
STM itself.

The superconducting gap extracted by fitting the spectra is plotted as a function
of temperature in Fig. C.2c and shows excellent agreement with the behaviour pre-
dicted from BCS theory given in Eqn. (3.2) (shown in Fig. C.2c as a solid line), from
which follows that ∆0 = 1.50 and Tc = 7.6 K. From the fits it follows that the ex-
perimental broadening, Γ , for all temperatures is on the order of 0.02 mV, which is
an improvement with respect to the ‘old’ z-piezo. The effective temperature on the
other hand is for all temperatures, except the lowest, as high as 17 K. The spectrum
taken at 2 K has an effective temperature of 13 K. The only possible explanation is
that the tip is at a much higher temperature than the sample: it is well above the
transition temperature of Nb explaining the inability to see a gap with a Nb tip, and
causes significant broadening of the spectra. It must be noted that the pnictides have
also been measured with the ‘old’ z-piezo, also resulting in rather broad spectra, in-
dicating thermal broadening due to a warm tip is not the only factor playing a role.
Notwithstanding, the large effective temperature of the current z-piezo is clearly af-
fecting the spectra.

The main reason why the tip is warmer than in the old configuration is probably
the poor thermal contact to the tip (by three point-like contacts instead of a ring).
As the cooling power is therefore reduced, radiative heating through the view-ports
directed at the tip effectively warms the tip up. To counter this effect so as to ensure
the tip is at the same temperature as the sample, gold plated window shutters (as
radiation shields) are currently in the process of being installed, which in the near
future will hopefully lower the effective temperature of the system and increase the
resolution.

In closing this discussion, it should be mentioned that the fact that gaps on the or-
der of 1 mV were observed, shows with the current status of the machine, detection
of very small gaps is possible. Also, from a temperature dependent measurement on
(Pb,Bi)2212 shown in Fig. C.2d, a 86 K superconductor, it can be seen that there is no
broadening of the spectra other than thermal broadening as a function of tempera-
ture, i.e. the experimental broadening Γ is not temperature dependent. All of these
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Figure C.3: (a) Piezo constants in the xy plane as determined from measurements of atomically
resolved surfaces at different temperatures. The dashed line is a fit using Eqn. C.1, whereby
n has been fixed to 0.75. (b) Temperature dependence of four different piezoelectric materials
taken from Ref. [284]. The coefficient n of both PZT samples has been determined to be 0.75.
The data points of panel (a) scaled by a factor 0.27 to compensate for a difference in piezo
length are plotted on top of the figure for comparison.

findings strongly support that if there would be a pseudogap in the pnictides, the
temperature dependent study described in chapter 5 would have detected it, even
though the effective experimental temperature was higher due to the sub-optimal
cooling of the tip.

C.4 Piezo constants

Exact determination of the piezo constants is essential for proper analysis of the to-
pographic data. Before each measurement, the z-piezo constant is checked on the
stepped Au(788) calibration sample. As atoms are difficult to detect on an Au sur-
face, other samples have been used to calibrate the x- and y piezo constants, namely
highly oriented pyrolytic graphite (HOPG) and well studied systems such as Bi2212
and (Pb,Bi)2212 (see appendix A). Approximately twice a year the piezo constants
were checked using one of these samples and were not seen to vary throughout this
research even though piezoelectric crystals are known to age. The x- and y piezo
constants at base temperature (4.2 K) are 15.1 Å per Volt, while the z-piezo constant
is 7.5 Å per Volt. Increasing the temperature of a piezo increases its piezoelectric
response, meaning that the piezo constant increases as a function of temperature. By
measuring the size of a particular field of view at base temperature, and comparing
this to the same field of view at elevated temperatures, the x- and y piezo constants
were determined for various temperatures. Fig. C.3a plots these values versus tem-
perature.

According to Ref. [284], the temperature dependence of the deformation of a
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piezoelectric material can be described by:

∆`

`0
= α(0) + cTn + βln(t), (C.1)

where ∆` and ` are the length deformation and undeformed total length respectively,
T is the temperature and t is the time. As the slow relaxation given by βln(t) is small
at low temperatures this term can be omitted. The dashed line in Fig. C.3a is a fit of
the data points with Eqn. C.1, whereby n has been fixed to 0.75, giving α(0) = 14.1
Å/V and c = 0.35 Å/V. These values are similar to those obtained in a temperature
dependent study on various piezo electric materials that includes two piezos from
the family of materials used in this study, lead zirconate titanate (PZT) 2 [284]. The
summary plot from Ref. [284] is shown in Fig. C.3b for comparison.

Using the parameters from the fit, and assuming the piezo constants have not
changed considerably since the last calibration, a good guess of the piezo constants
at any given temperature below 40 K can be calculated.

2The piezos used in this study are PCC255 by PI Ceramics
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D
Noise reduction

The limiting factor in an STM setup is the noise, which is caused by a combination of
electromagnetic and vibrational noise present at the location of the setup. In the this
appendix these different types of noise will be discussed, as well as how to reduce
them and their impact on the data.

D.1 Electromagnetic noise

Tunneling currents in STM/S experiments are typically on the order of a few tens
to hundreds of pico-Ampères. To detect such small currents with an acceptable sig-
nal to noise ratio, electromagnetic shielding is essential. Two main contributions to
electromagnetic noise in the tunneling signal can be distinguished:

i. noise in the power supply of the system (most predominantly 50 Hz in Europe)

ii. noise induced in the cabling due to external electric and magnetic fields

To reduce (i), it is important to power the measurement equipment from a single
point and to disconnect all non-essential elements. The main power supply can also
be galvanically isolated from the grid by using an isolation transformer. The ad-
vantage of a galvanically isolated main power supply is to break any ground loops,
which are very effective in picking up noise due to external fields. If a balanced
isolation transformer is used, everything but the pure AC power sine wave will be
canceled. Ground loops in the system setup can moreover be prevented by using a
star topology for the ground circuit. Single or double shielded coaxial cables should
be used to reduce noise due to (ii) and all contacts, either BNC connections or sol-
dered, should be robust.

Even though applying these basic system design rules to the setup is a good start,
there might still be considerable noise due to unforseen/unpredictable factors. The
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various hardware consoles essential for the experiment, for instance temperature
control unit, ion pump power supply etc., all produce their own fields which can be
picked up by neighbouring consoles and thereby introduce noise. Since shielding
each console from the others is difficult, changing the configuration of the consoles
within a rack can make a considerable difference. Achieving the optimal configura-
tion mostly boils down to trial and error.

Lastly, many consoles, for instance ion pump power supplies, use rectifiers to
transform the AC signal from the main power supply to a DC signal. In such recti-
fier circuits, usually one of the two poles is internally connected to ground, leading
to an asymmetry between the poles. Since European power plugs are completely
symmetric, there is a 50% chance of introducing a ground loop by plugging the con-
sole the wrong way around, leading to noise (the same effect can also lead to hum in
radios). Fortunately this type of noise is easily detected and removed by monitoring
the noise as a function of plug orientation.

Figure D.1: Noise analysis while out of tunneling contact: (a) current spectrum over time,
with in the inset a zoom of 6 seconds. The Fourier transform of (a) is shown in (b) from which
the frequencies of the main noise contributions can be extracted. A combination of vibrations
(mainly < 50 Hz) and electromagnetic noise is picked up. (c) and (d) are identical measure-
ments to (a) and (b), but taken during construction work on a nearby building. The arrows
indicate instances where a large drilling machine was slightly moved at the construction site,
at least 100 meter from the STM lab. The rightmost arrow is the point where drilling into the
ground commenced.
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D.2 Vibrational noise

Since the STM setup is not suspended from air in a sound proof room, vibrational
noise will always be present. For instance the floor, the air conditioning and venti-
lation system can all transmit vibrations to the STM setup. To reduce the incoming
vibrational noise, the entire system used throughout this research has been placed on
Newport I-2000 nitrogen gas pressurised dampening legs. Although these legs are ef-
fectively dampening vibrations beyond 2 Hz, they unfortunately marginally amplify
vibrations with a frequency less than 2 Hz. At the time of writing, active dampen-
ing solutions, which use piezos to detect and subsequently counter vibrations, are
being investigated in order to remove these low frequency vibrations as well. In the
Createc design, a further mechanical decoupling is effected by suspending the STM
head itself from springs above an eddy current dampener in the vacuum chamber.
Even more improvements could be made by for instance placing the entire setup in
a sound proof room, which in turn can be placed on dampening legs etc..

Given a finite vibrational excitation of the system from the outside world, the
system itself will absorb primarily excitations of a frequency which are an eigenfre-
quency of the system. Of these eigenfrequencies, the most important in the system
used here are the following:

i. STM head suspended from three long springs

ii. entire system on vibrational dampeners

iii. pendulum motion of the inner cryostat

iv. liquid nitrogen cryostat.

The frequencies of these four different vibrations are estimated by Createc GmbH. to
be 2.5 Hz, 2 Hz, 2-3 Hz and 44 Hz, respectively. Changing to an active vibra-
tion dampening is in this case therefore even more advisable since the main eigen-
frequencies of the system are dampened less effectively by the passive pressurised
dampening legs.

To analyse which kind of noise is contributing to the tunneling signal in what
proportion, one has to read out the tunneling signal for a certain period of time. This
can be done while in- or out of tunneling contact with a sample. As there is no closed
current loop in the out-of-contact situation, mainly noise induced by vibrations of
the cables in and to the setup will be picked up. This type of measurement therefore
serves only as an indication of the noise level of the system, merely to determine
whether it is advisable to try to get into tunneling contact with a sample or not. If
the out-of-contact noise is already too high, the in-contact noise will likely not be
better and the tip might be damaged. A typical example of a good out-of-contact I(t)
measurement is shown in Fig. D.1a. From the height and positions of the peaks in
the Fourier transform of this signal, shown in Fig. D.1b, one can immediately see

143



D. NOISE REDUCTION

Figure D.2: Noise analysis while in tunneling contact: (a) height spectrum over time, with in
the inset a zoom of 6 seconds. The Fourier transform of (a) is shown in (b) from which the
frequencies of the main noise contributions can be extracted. As the feedback loop is turned
on, the height variations are a response to both vibrational noise as well as electro-magnetic
noise in the tunneling current. Current (c) and differential conductance (d) signal over time
measured with the feedback loop off. In this mode tunneling spectra shown throughout this
work are acquired. Mainly low frequency, vibrational noise is picked up. Panels (e) and (f)
show the Fourier transform of vibration measurements performed at the location of the lab
where the presented research has been performed and at the new location, respectively.

if the noise is electronic (mainly 50 Hz) or vibrational (usually large low frequency
noise) in nature and decide to try to do something about it 1.

1the absolute value of all Fourier transforms shown is defined such that the peak of the Fourier trans-
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A striking example of a bad out-of-contact signal and a demonstration of the sen-
sitivity of the setup and the effectiveness of the dampening system can be seen in
the time spectrum and corresponding Fourier transform of Fig. D.1c and d. During
the last half year of the research described in this thesis, construction work began on
a nearby building, approximately 100 meters from the STM lab. At a certain point
holes were drilled and filled with concrete to support the building. The arrows in the
Figure indicate the moment the drill was moved slightly to get into drilling position.
The drilling eventually commenced at the last arrow. As this example clearly illus-
trates, the best time to do measurements is at night and during the weekend, also
without construction work nearby as a passing truck can have similar effects. Most
of the measurements presented throughout this thesis were done outside working
hours for this reason.

The most important noise measurement is obviously in tunneling contact and
consists of two parts, the height signal with the feedback loop on and the tunneling
current with the feedback loop off as a function of time. The first gives the vertical
resolution of the STM, while the latter is an indication of the energy resolution of
the system. Fig. D.2a and b show the variation in height as a function of time and
its Fourier transform, respectively. The main contribution is from a low frequency
vibration, ∼ 1.5 Hz, which is clearly visible in the blowup in the inset to Fig. D.2a
and limits the vertical resolution to a few picometer. The variations in the tunneling
current (Fig. D.2c) and its derivative (Fig. D.2d) taken with the feedback loop off
are basically a direct response of the tunneling current to the changes in height, as
given by Equation (2.1). Therefore these signals, which are the actual signals used
in spectroscopic surveys, are also mainly dominated by the low frequency noise.
Electromagnetic noise, usually in the form of 50 Hz, is nicely shielded as it is only a
minor contribution to the total noise.

At the time of writing of this thesis, the whole physics department of the Uni-
versity of Amsterdam was in the process of moving to a new building. In order to
ensure that the specifications of the new building are the same or better than the old
building, measurements of the vibrations of both the new and old site of the STM
have been performed using the same equipment with identical settings. The striking
result was that the two most dominant noise frequencies in the STM measurements
encountered throughout this work, ∼1.5 Hz and ∼21.5 Hz, which can clearly be dis-
tinguished in Fig. D.2d, are actually vibrations of the (old) building itself, see Fig.
D.2e. At night, when most measurements were performed, the amplitude of these
frequencies are reduced with respect to their daytime contribution, but are still the
limiting factor in height and energy resolution of the system. Preliminary measure-
ments of the vibrations in the new building, see Fig. D.2f, seem to indicate that
the vibrations at the time of measurement (i.e. when the experimental hall was still
nearly empty) in the new building are similar to those in the old building. Together
with an active vibration dampening system, the STM will therefore hopefully per-
form even better at the new location.

form of sin(t) is equal to 1.
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APPENDIX

E
Software and measurement
procedures

During this Ph.D. work software to analyze the experimental data has been written
in the program Igor [285]. The software consists of one main program in which both
spectroscopic and topographic data can be opened and analyzed. Independent mod-
ules to for instance extract gaps from spectroscopic maps, to compare maps taken at
the same field of view at different settings and to analyze I(z) measurements have
been written as well. In this appendix, the loading of files saved by the Createc mea-
surement software into Igor, and the algorithm to extract gaps from spectra will be
discussed. Around halfway through the research, new electronics and software was
installed, which required a slightly different code as for instance more variables are
saved. In the following, only the software required to analyze data taken with the
new software will be considered. The reader is referred to the Createc software man-
ual for details on file formats and parameters. The last part of this appendix lists
various typical parameters used for the measurements.

E.1 STM software: loading the data

Without going into all the details of the main program, the code used to load the
data will be discussed, as this is the most tricky part of the program. Once the data
is loaded, a simple block of numbers is obtained with which further analysis can
easily be done. Several types of data can be taken with a Createc GmbH STM, each
of which have their own particular method of storage into a file. Below the .dat
(topography), .vert (I(V) and I(z) spectroscopy), .specgrid (conduction maps) and
.tspec (time spectroscopy) will be discussed. The names of strings and variables
used below do not necessarily match with the code of the actual software as multiple
names had to be used in the software to prevent overwriting. It has to be noted that
the Createc measurement program saves both the header and the data after the scan
has finished. If for whatever reason the user changes a setting after the scan, but
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before saving a file, the header file will contain the ‘wrong’ parameters which will
affect the workings of the program described below. In the software written, the
code given below is placed in functions that are all interwoven into a data structure
with folders to be able to open, analyze and save multiple files. Build-in securities
are also added, to prevent errors when for instance a user aborts the load of a file. A
typical example of such a security is:

Variable refNum

Open/Z=2/R/T="????" refNum

if(V_flag!=0)

return 0

endif

which prevents the code below such a statement to be run when the user does not
select a file, but cancels the file-load. For details on particular flags and build-in Igor
functions the reader is referred to the Igor user manual.

E.1.1 Topographic .dat files

A topographic .dat file consists of a header containing all parameters used by the
Createc software, followed by the data. The header is 128×128 bytes and in ASCII
format plus four unused bytes. A typical entry is of the form: Biasvolt[mV]=22.50.
The data is written (in uncompressed form) in 4 byte floating point format in the
order it is acquired, i.e. line per line from left to right and from top to bottom. If
not only the topographic data is stored, but also for instance the current, or the topo-
graphic data taken while the tip moves from right to left to start a new row (i.e. the
backwards scan), these data will be saved in a separate block after the topographic
(forwards scan) data. The total file size is thus given by 128×128+4+4×nx×ny×nchannels

bytes, where nx and ny are the number of pixels in the x and y direction respectively
and nchannels is the number of data types are stored (i.e. forwards topographic scan,
backwards topographic scan etc.).

The code used to load such a file into Igor is as follows:

Variable refNum

String fullfilename

Open/D/R/T=".dat" refNum

fullfilename = S_fileName

LoadWave/Q/A=parameters/J/K=0/L={0,0,254,0,0}/N fullfilename

GBLoadWave/Q/B/T={2,4}/S=16388 fullfilename

Two files will be saved in the current data folder in Igor, namely parameters0,
which is a text wave1 containing the header of the .dat file, and wave0, a wave con-
taining the data as they are stored in the .dat file (i.e. one long list of numbers).
Assuming only the forwards topographic scan has been saved, the data is then put
into a wave of dimension nx×ny, or xres× yres, using:

1a wave is the Igor version of a matrix with data
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Variable xres, yres, x, y

sscanf parameters0[5], "Num.X / Num.X=\%f", xres

sscanf parameters0[6], "Num.Y / Num.Y=\%f", yres

Make/O/N=(xres,yres) topo2Dforward

for(y=0;y<yres;y+=1)

for(x=0;x<xres;x+=1)

topo2Dforward[x][y]=wave0[y*xres+x]

endfor

endfor

The data in the newly created 2D wave topo2Dforward is in DAC (Digital to Ana-
logue Converter) units and should still be converted to Å for topographic data, or
nA for current data etc.. The DAC is 20 bit, giving 220 steps to divide the total volt-
age range of the computer of 20 Volts into. Before reaching the z-piezo, which has a
piezo constant, piezoz, the signal is amplified by a factor gainz. Conversion to Å
is therefore done using:

Variable stepsize, gainz, piezoz

stepsize = 2^20

sscanf parameters0[13], "GainZ / GainZ=\%f", gainz

sscanf parameters0[217], "ZPiezoconst= \%f", piezoz

topo2Dforward[][]*=gainz*piezoz*20/stepsize

In the final step, the 2D wave should be scaled such that the size in Å corresponds to
the actual size of the image. The size in the x-direction of the image is given by the
pixel stepsize, xdeltax, times the gain of the high voltage power supply, gainx,
times the piezo constant, piezox, hence the following code is used:

Variable xdeltax, ydeltay, gainx, gainy, piezox, piezoy

sscanf parameters0[3], "Delta X / Delta X [Dac]=\%f", xdeltax

sscanf parameters0[4], "Delta Y / Delta Y [Dac]=\%f", ydeltay

sscanf parameters0[11], "GainX / GainX=\%f", gainx

sscanf parameters0[12], "GainY / GainY=\%f", gainy

sscanf parameters0[218], "Xpiezoconst= \%f", piezox

sscanf parameters0[219], "YPiezoconst= \%f", piezoy

SetScale/I x, 0, xres*xdeltax*gainx*piezox*20/stepsize, topo2Dforward

SetScale/I y, 0, yres*ydeltay*gainy*piezoy*20/stepsize, topo2Dforward

A 2D block of numbers corresponding to the height of the z-piezo is now obtained,
which has the size of the field of view in Å. Further analysis, for instance Fourier
transforming the image, can now be done using straightforward matrix operations.
If not only the forward topographic image is stored, several loops should be imple-
mented to load also backwards scans and data acquired with different channels.

E.1.2 Spectroscopic .vert files

Having dealt with the topographic images in the previous section, single pixel spec-
troscopic files will now be discussed. These .vert files have the same header as the to-
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pographic files, hence an identical code can be used to load these parameters. How-
ever, instead of 4 unused bytes after the 128×128 byte header, three numbers appear,
the number of pixel points of the spectrum, and the x and y position of the tip at
the time the spectrum was taken. The data then follows in four (or more) columns,
where the first three columns are the pixels number (starting from 0), the voltage
and height, respectively. The fourth (and following) columns are reserved for the
current or differential current (or any other input parameter). Depending on the in-
put, the data is saved as a float either in mV (voltage or z height input) or DAC units
(everything else).

To load the file, and assuming only I(V) or I(z), and dI/dV are acquired, the
following code is used:

Variable refNum

String fullfilename

Open/D/R/T="????" refNum

fullfilename = S_fileName

LoadWave/Q/A=parameters/J/K=0/L={0,0,254,0,0}/N fullfilename

LoadWave/Q/A/G/L={0,0,0,1,4}/N fullfilename

This code is similar to that used for the topographic file, but in this case the data
is in float format hence the /G option can be used in LoadWave instead of /T in
GBLoadWave. Aside from the parameters0 text wave, wave0, wave1, wave2 and
wave3 are loaded containing voltage, height, I and dI/dV respectively2. Converting
the DAC units to Å, nA and nS is then rather straightforward:

Variable stepsize, gfactor, current, sens, modamp

sensitivity = <user input>

modamp = <user input>

stepsize = 2^20

sscanf parameters0[16], "Gainpreamp / GainPre 10^=\%f", gfactor

sscanf parameters0[205], "Current[A]=\%f", current

wave1[] *= 10^(-3)*piezoz

wave2[] *= 20*10^(-gfactor+9)/stepsize

wave3[] *= 20*(sens)/(10*modamp)*10^(-gfactor+9)/stepsize/current

where the sensitivity (sens) and modulation amplitude (modamp) of the lock-in am-
plifier should be given by the user (in mV). gfactor is the gain of the preamplifier
that converts the current to mV. With these four waves, I(z), I(V) and dI/dV plots
can then be made.

E.1.3 Conduction map .specgrid files

In this section the file format of conduction map (.specgrid) data is discussed. As this
is one of the most important features of the STM, the loading procedure of these files

2if wave0 already existed before loading, the first new wave will be wave1, etc.
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will be shown in some detail. A .specgrid file is actually part of two files, one con-
taining the spectroscopic data (the .specgrid file) and one containing the topographic
data recorded simultaneously with the spectroscopic map (a .specgrid.dat file). The
.specgrid.dat file can be loaded as a regular topographic file. To load the .specgrid
file, the path to the file and its header are first loaded in the regular fashion:

Variable refNum

String fullfilename, topofilename

Open/D/R/T="????" refNum

fullfilename = S_fileName

topofilename = fullfilename + ".dat"

LoadWave/Q/A=parameters/J/K=0/L={0,0,254,0,0}/N topofilename

where the parameters are actually loaded from the topographic .specgrid.dat file
going by the name topogridname. The data in the specgrid file itself consists
of a header of 1024 bytes containing several parameters - such as the set current
- in integer and single floating point format, depending on the parameter. The
data itself follows in single floating point format. Both header (given the name
specgridparam0) and data (wave0) are loaded using:

GBLoadWave/N=specgridparam/O/Q/B/T={16,2}/S=0/W=1/U=40 fullfilename

GBLoadWave/O/Q/B/T={2,2}/S=1024/W=1 fullfilename

Directly after the header and before the actual data, a list of the voltage and height
of each pixel point is given in a single column, i.e. voltage[0], z[0], voltage[1], etc.,
hence the actual data starts at row number 2×filepixels, where filepixels

is the number of pixels in a single spectrum. If more than one channel is used to
obtain data from, the data is written in single column format, grouped per pixel.
Assuming only I(V) and dI/dV are recorded in the spectroscopic map (this can be
confirmed with the Vertchannelselectval parameter in the header of the .spec-
grid.dat file), the data is written in two waves and simultaneously transformed to
the proper units (pA and nS respectively) from ADC units:

Variable xgrid, ygrid, xnum, ynum, nreal, pointsinfile

sscanf parameters0[92], "SpecXGrid=\%f", xgrid

sscanf parameters0[93], "SpecYGrid=\%f", ygrid

sscanf parameters0[5], "Num.X / Num.X=\%f", xnum

sscanf parameters0[6], "Num.Y / Num.Y=\%f", ynum

sscanf parameters0[100], "Vertchannelselectval=\%f", channels

nreal = 2*filepixels

pointsinfile = floor(xnum/xgrid)*floor(ynum/ygrid)*filepixels*channels

for(x=0;x<(pointsinfile);x+=1)

wave0[x] = wave0[x+nreal]

endfor

Redimension/N=(pointsinfile) wave0
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Make/O/N=(DimSize(wave0,0)/2) wave1, wave2

Variable gfactor, current, imagex, imagey, sens, modamp, stepsize

sscanf parameters0[16], "Gainpreamp / GainPre 10^=\%f", gfactor

sscanf parameters0[205], "Current[A]=\%f", current

sens = <user input>

modamp = <user input>

current *= 10^12

stepsize = 2^20

for(x=0;x<DimSize(wave1,0);x+=1)

wave1[x] = wave0[2*x]*20*10^(-gfactor+9)/stepsize

wave2[x] = wave0[2*x+1]*20*sens*10^(-gfactor+9)/(stepsize*current*

endfor 10*modamp)

As it is not unlikely that there are multiple pixels in a single spectrum with identical
voltages (for instance due to multiple sweeps per spectrum), all points taken at the
same voltage should be averaged. To this end the voltages are put in a single wave
(volt) and sorted. In order to keep track of where the original data points were lo-
cated, a separate wave containing the entry positions (row) is sorted simultaneously.
After sorting, both waves are combined into a single 2D wave, (vrow):

Variable filepixels = specgridparam0[14]

Make/O/N=(filepixels) voltagelist

for(x=0;x<filepixels;x+=1)

volt[x] = wave0[2*x]

row[x] = x

endfor

Make/O/N=(filepixels,2) vrow

vrow[][0] = volt[p]; vrow[][1] = row[p]

The total number of unique voltages is then given by absVs:

Variable absVs = 0

for(x=1;x<DimSize(vrow,0);x+=1)

if(vrow[x][0] != vrow[x-1][0])

absVs+=1

endif

endfor

As a last step, all pixels in a single spectrum taken at the same energy will be aver-
aged, and every individual spectrum will be placed in a 3D matrix with dimensions
x, y, and energy. Since both I(V) and dI/dV data are saved, two 3D matrices (ivmap

and didvmap) will be obtained. In the following, a single step size in energy will be
considered for simplicity. Generalisation to multiple step sizes can easily be incor-
porated using the greatest common denominator (gcd(A,B) in Igor) as the step size
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in the file and leaving non-existent entries blank. For a proper averaging, a separate
wave (shadowfile) is constructed that keeps track of the number of times a voltage
exists. As all spectra in the map are identical, this file needs to be made only once.

Make/O/N=(floor(xnum/xgrid), floor(ynum/ygrid), absVs+1) didvmap, ivmap

Make/O/N=(absVs+1) shadowfile

shadowfile = 0; didvmap = 0; ivmap = 0

Variable xrange, yrange, zrange, vcol, counter = 0

for(yrange=0;yrange<floor(ynum/ygrid);yrange+=1)

for(xrange=0;xrange<floor(xnum/xgrid);xrange+=1)

for(zrange=0;zrange<DimSize(vrow,0);zrange+=1)

vcol = round((vrow[zrange][0]-DimOffset(didvmap,2))/DimDelta(didvmap,2))

ivmap[xrange][yrange][vcol]+=wave1[counter*filepixels+vrow[zrange][1]]

didvmap[xrange][yrange][vcol]+=wave2[counter*filepixels+vrow[zrange][1]]

if(xrange==0&&yrange==0)

shadowfile[vcol] += 1

endif

endfor

counter+=1

didvmap[xrange][yrange][]/=shadowfile[p]

ivmap[xrange][yrange][]/=shadowfile[p]

endfor

endfor

Scaling of the two 3D matrices to the actual spatial and energy size is then done
using:

Variable imagex, imagey

sscanf parameters0[202], "Length x[A]=\%f", imagex

sscanf parameters0[203], "Length y[A]=\%f", imagey

SetScale/I z, vrow[0][0], vrow[DimSize(vrow,0)][0], didvmap, ivmap

SetScale/I x, 0, imagex, didvmap, ivmap

SetScale/I y, 0, imagey, didvmap, ivmap

Using the procedure described above, two 3D blocks of data are obtained, which
can easily be used for further analysis. Taking slices at a specific energy and Fourier
transforming these can for instance give Fourier space images of quasi-particle inter-
ference scattering (see appendix A). With a loop over all x- and y-coordinates, gaps
in every spectrum can independently extracted as a function of position, etc..

E.1.4 Time spectroscopy .tspec files

Especially useful for noise detection and analysis is the option to record a certain
signal over a period of time. Loading such .tspec files will be discussed below. The
structure of .tspec files is identical to .vert files, where the data is stored as floats in
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columns. Preceding the data, three floats appear containing the number of points,
the number of channels used and the encoding of the channels. The first column then
corresponds to the pixel number, the content of the subsequent columns depends on
what channel has been measured. If for instance only the height and current have
been measured as a function of time, the second and third columns will contain these
data in Volts, followed by two columns containing their respective Fourier trans-
forms. To load the file, like before, the path to the file and the header are imported
using:

Variable refNum

String/G fullfilename

Open/D/R/T="????" refNum

fullfilename = S_fileName

LoadWave/Q/A=parameters/J/K=0/L={0,0,254,0,0}/N fullfilename

Subsequently, the number of channels (nchannels) is taken from the header file
and the various columns are imported:

Variable npoints, nchannels

sscanf parameters0[253], "\%f \%f", npoints, nchannels

LoadWave/Q/A/G/L={0,0,0,1,nchannels}/N fullfilename

Lastly, the loaded waves need to be scaled properly and the entries should be con-
verted to the proper units (i.e. Å, pA etc.). Assuming as an example that the height
(wave0) and current (wave1) channels have been acquired, the following code is
used:

Variable sfreq, gfactor, gainz, piezoz

sscanf parameters0[150], "SpecFreq=\%f", sfreq

sscanf parameters0[16], "Gainpreamp / GainPre 10^=\%f", gfactor

sscanf parameters0[13], "GainZ / GainZ=\%f", gainz

sscanf parameters0[217], "ZPiezoconst=\%f", piezoz

SetScale/I x, 0, npoints/sfreq, wave0, wave1

wave0[] *= gainz*piezoz

wave1[] *= 10^(-gfactor+12)

which results in two waves with a proper wave-scaling in seconds and entries in
the right units (Å and pA respectively). These files can then for instance be Fourier
transformed using the standard Igor function FFT to visualise dominant noise fre-
quencies as has been done in chapter 2.

E.2 Superconducting gap algorithm

Typical conduction maps are on the order of 64×64 pixels or more, so extracting su-
perconducting gaps by hand will take forever and lacks a certain reproducibility as
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the user can steer the results in a certain way. Therefore, to determine the super-
conducting gap of single pixels spectra that are part of a conduction map, a routine
has been written in Igor. In case of superconducting gap spectra taken on a high-Tc

superconductor such as Bi2212, the coherence peaks are well defined entities (see ap-
pendix A) and a peak finding routine can already be enough to determine the gap.
However, in the iron based superconductors, the coherence peaks are not as well
defined and are usually found on a sloping background, making it slightly more dif-
ficult to determine the gap. Therefore, instead of finding the absolute maximum of a
spectrum, the first point with respect to zero bias where the slope of the curve is zero
was determined, which should correspond to the top of the coherence peak. To get
a reliable value for the gap, this value was determined both at positive and negative
bias.

To increase the visibility of the coherence peaks, two methods were used. The
first was to divide the spectra taken at low temperature by those taken at the exact
same location above Tc. As this was not always possible (not all maps were taken
above and below Tc), a second technique was applied. The original spectrum was
smoothed a number of times, where in each smoothing step a point is assigned to
be the average of its neighbours. The effect is that features that vary strongly as a
function of bias voltage, i.e. the coherence peaks, are rapidly suppressed, while the
slowly varying background remains more or less unchanged. Dividing the original
curve by such a smoothed curve thus enhances the coherence peaks and at the same
time removes the static background. Using maps recorded both above and below
Tc on the same field of view, this data analysis technique used to enhance the con-
trast of the superconducting gap signatures has been checked not to remove or add
information to the spectra.

Not only the first point of zero slope was determined, but also the point of maxi-
mum slope closest to zero bias both at positive and negative bias. Even though this
value is not the superconducting gap itself, one can assume the maximum slope is for
all spectra the same fraction of the superconducting gap, allowing for comparison of
the spatial variation of the gap.

Using these two methods, a total of four maps is obtained, a gap map and maxi-
mum slope map both at positive and negative bias voltage. The two gap maps were
first of all confirmed to match both in spatial variation and absolute value, and av-
eraged. Lastly, the gap map was compared to the maximum slope map and checked
to be similar in spatial variation. As a last check, several random spectra were inves-
tigated by hand and confirmed to give the same gap value as the one given by the
algorithm.

E.3 Measurement procedures and parameters

Throughout this work, the modulation frequency of the lock-in amplifier has initially
been set to 427.3 Hz but for later studies was changed to 969 Hz. The advantage of
a higher frequency is that a shorter integration time can be used. Care should be
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taken to pick frequencies that are far away from noise frequencies. Typical single
pixel tunneling spectra consisted of a forwards and backwards sweeps in voltage (to
exclude lagging due to a too high integration time) of 1024 pixels each. Averaging
of the two sweeps and of points taken at the same approximate energy in a single
sweep was performed to reduce noise.

For the QPI measurements presented in appendix A, a voltage staircase was used
with 31 steps and 5 points per step (leading to a total of 155 pixels per sweep). Each
set of two sweeps was taken in 2.8 seconds. With an integration time of 3 ms, no
lagging occurred. Using a software limited maximum of 280×280 spatial pixels, the
total length of the measurement at 62 hours could just fit in a (noise free) weekend.
As the material is very easily destroyed, Vsample and Iset were chosen at 100 mV and
30 pA respectively. Larger currents will reduce both the noise and the success rate.

In topographic imaging mode, the scan speed was set to 1500 Å/sec for nearly all
measurements, which was the highest speed where no deformation effects occurred.

The parameters used in the automated approach module of the Createc software
are: ∼10 V pulse height, ∼0.001 sec pulse duration, 0.3 seconds per burst and 1 burst
at a time. The z-gain of the high voltage amplifier is set to 3. Tunneling contact
was typically established within an hour. Larger steps by taking either a higher
burst count or higher pulse height often resulted in tip crashes. On the pnictides
Vsample and Iset during approach were typically set to 50 mV and 40 pA respectively,
settings which were also used for subsequent imaging and spectroscopic mapping.
The manganites were usually approached using Vsample = 250 mV and Iset = 100 pA.

As mentioned in appendix A, LEED images taken in the STM chamber should be
mirrored in the vertical axis to match the STM orientation. The ∼5b supermodulation
in pristine Bi2212 has been used to exclude any other set of rotations and translations
to get a match between LEED and STM.
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Samenvatting

De hamvraag in de hedendaagse vastestoffysica is hoe hoge temperatuur supergelei-
ding tot stand komt. Kennis hiervan zou wellicht ertoe kunnen leiden dat een kamer-
temperatuur supergeleider gemaakt kan worden wat een enorme bijdrage zou leve-
ren aan de oplossing van het steeds groter wordende energieprobleem. Na ongeveer
twintig jaar onderzoek aan de groep materialen met de voor zover bekend hoogste
overgangstemperatuur, de cupraten, is er nog steeds een hevige discussie gaande
over de fysica die schuilt achter de bijzondere eigenschappen van deze materialen.
De ontdekking van een compleet nieuwe groep materialen met bijzonder hoge over-
gangstemperaturen die ook nog eens ijzer bevatten, bracht een nieuwe golf van on-
derzoek teweeg in de hoop dat de overeenkomsten en verschillen met de cupraten
tot een beter begrip zal leiden in hoge temperatuur supergeleiding in het algemeen.

In de onderzoeksgroep was besloten mee te surfen op deze ‘pnictide golf’ en
met hoekopgeloste fotoemissie (ARPES), scanning tunneling microscopie en spectro-
scopie (STM/S) en lage energie elektronen diffractie (LEED) metingen een steentje
bij te dragen aan de gestaag aanzwellende experimentele databank van deze nieuwe
groep van supergeleiders. In dit proefschrift worden de STM/S en LEED data gepre-
senteerd in de hoofdstukken 4 tot 7. Deze metingen zijn voornamelijk toegespits op
een subgroep van materialen binnen de familie van ijzer houdende supergeleiders,
de MFe2As2 or ‘122’ pnictiden (hier M = Ba, Ca, etc.). Eerst wordt het breukvlak van
deze materialen onderzocht, een cruciaal onderdeel van elke oppervlaktegevoelige
techniek. Gebruikmakend van temperatuurafhankelijke STM en LEED wordt aange-
toond dat het oppervlak van de ‘122’ pnictiden een halve barium (Ba) (of calcium
(Ca), ...) laag is, zodanig dat de helft van deze volledige laag op beide kanten van
het breukvlak achterblijft. Deze toplaag organiseert zich voornamelijk in twee regel-
matige structuren, (

√
2×

√
2) en (2×1) respectievelijk, of toont verschillende vormen

van wanorde. Met een eenvoudig model worden alle met de STM geobserveerde
oppervlaktestrukturen verklaard.

Met een gegronde kennis van het oppervlak wordt in hoofdstuk 5 een spec-
troscopisch onderzoek aan het materiaal met optimale kobalt (Co) dotering gepre-
senteerd. De piek-piek afstand in de spectra, die als de supergeleidende energie-
kloof wordt geïnterpreteerd, blijkt significant te variëren als functie van ruimtelijke
lokatie. Een afstand van slechts een nanometer kan het verschil betekenen tussen de
maximale en minimale kloof. Door middel van crosscorrelaties tussen hoogteplaat-
jes en de bijhorende ruimtelijke verdeling van de energiekloof is uitgesloten dat de
in hoofdstuk 4 aangetoonde afwijking van de bulksymmetrie van het oppervlak de
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oorzaak is van de ruimtelijke variatie in de energiekloof. Doordat de karakteristieke
afstand in de kloofinhomogeniteiten vrij goed overeenkomt met de Co-Co separatie
worden verstrooïngseffecten van de Co atomen aangedragen als mogelijke oorzaak
van de grote variatie in energiekloof.

Vergelijkbare variaties in de piek-piek afstand zijn in het verleden in de cupraten
gerapporteerd in de literatuur, maar deze bleken uiteindelijk niet gerelateerd te zijn
aan de supergeleidende energiekloof, maar aan een pseudokloof, een energiekloof
die niet sluit bij de supergeleidende overgangstemperatuur (Tc) maar tot ver hier-
boven open blijft. De supergeleidende energiekloof daarentegen, die na deling van
een spectrum onder Tc door een spectrum boven Tc wordt verkregen, toonde een
stuk minder variatie in grootte. Om te onderzoeken of de variatie in de piek-piek
afstand in de pnictiden net als in de cupraten gerelateerd is aan een pseudogap of
daadwerkelijk een variatie is in de supergeleidende energiekloof, is de temperatuur-
afhankelijkheid van de tunnelspectra gemeten met atomaire ruimtelijke precisie. Deze
metingen, die in hoofdstuk 6 worden getoond, sluiten een pseudogapscenario in de
pnictiden uit.

Door de doteringafhankelijkheid te onderzoeken en de variatie in supergelei-
dende energiekloof van ‘122’ pnictides die gedoteerd zijn met verschillende ele-
menten met elkaar te vergelijken wordt de oorzaak van de ruimtelijke variaties in
de grootte van de energiekloof verder onderzocht in hoofdstuk 7. Geopperd wordt
dat verstrooiingseffecten van de Co atomen in de supergeleidende Fe-laag verant-
woordelijk zijn voor verscheidene ongewone eigenschappen, waaronder de grote
variatie in de supergeleidende energiekloof. Hierdoor is voorzichtigheid geboden bij
de interpretatie van de genormaliseerde supergeleidende energiekloof, 2∆/kBTc, die
uit STS- en fotoemissiemetingen bepaald wordt. Verdere experimentele en theoreti-
sche studie van verstrooiing van verschillende dotering atomen op atomaire schaal
wordt verwacht een beter inzicht te geven in het mechanisme van supergeleiding in
de pnictides.

Voordat de pnictiden de vastestoffysica op zijn kop zetten was het hoofdonder-
zoek van deze promotie de kolosale magnetoweerstand manganiet La2-2xSr1+2xMn2O7.
De kolossale magnetoweerstand manganieten laten als familie een grote verschei-
denheid aan exotisch gedrag zien van ladings- en orbitaal geordende isolatoren tot
double exchange metalen. Deze verschillende fasen kunnen daarbij in elkaar over-
gaan door slechts een kleine verandering van elektron- of gatdotering. Wat de ma-
terialen zo uniek maakt, is de onwaarschijnlijke gevoeligheid voor een magnetisch
veld bij de overgang van een lage temperatuur geleider naar een hoge temperatuur
isolator die voor een groot bereik aan doteringconcentraties plaatsvindt. Rond de
overgangstemperatuur kan een klein magnetisch veld hierdoor tot een verandering
in de weerstand van enkele orden van grootte leiden: het kolossale magnetoweer-
stand effect.

Het exotische fasediagram van de manganieten is over het algemeen verklaard
door de sterke competitie tussen ladings-, orbitaal- en spinvrijheidsgraden. Door
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een sterke Hund’s regel koppeling zullen de spins op naburige Mn atomen zich pa-
rallel uitrichten om hoppen te bevorderen via het het double exchange mechanisme.
Aan de andere kant zal energiewinst door roostervervormingen de spins dwingen
anti-parallel te ordenen via super-exchange, wat tot een isolator leidt. Een kleine
verandering van dotering (m.a.w. Mn bezetting) en temperatuur kan het fragiele
evenwicht tussen deze twee hoofdrolspelers veranderen wat tot een compleet ander
gedrag kan leiden.

Ondanks dat dit fysisch beeld van het fasediagram aanspreekt, is er nog een
hevige discussie gaande over wat precies het kolossale magnetoweerstand (CMR) ef-
fect veroorzaakt. Aangezien de tweelaagsmanganiet La2-2xSr1+2xMn2O7 het grootste
CMR effect vertoont en het een natuurlijk breukvlak heeft, is dit materiaal bij uitstek
geschikt om te onderzoeken met oppervlaktegevoelige technieken zoals STM/S en
ARPES. Verscheidene bulktechnieken hebben het materiaal niet als double exchange
metaal, maar als een slecht metaal gekarakteriseerd met ongelijke bindings
lengtes and polaronische korrelaties diep in de metaal-achtige toestand. ARPES
daarentegen laat op sommige delen van het oppervlak sterke quasideeltjes aan het
Fermi oppervlak zien, die de manganieten aan de cupraten lijken te linken als nodal
metaal. Door ARPES en STM/S te combineren, waarvan het STM/S gedeelte in
hoofdstuk 9 wordt getoond, laten we zien dat ondanks dat het idee van een nodal
metaal aanspreekt, dit niet noodzakelijk is voor het CMR effect. Sterker nog, over
het gehele gebied in faseruimte waar het CMR effect optreedt (met uitzondering
van een singuliere dotering bij x=0.4) is het materiaal bij lage temperatuur in een
hoofdzakelijk polaronische toestand wat gekarakteriseerd wordt door slecht lading-
transport en waar polaronen aan het oppervlak in een semi-geordende structuur
kunnen vastvriezen. Aan de andere kant kunnen er kleine stukken in het monster
voorkomen waar een afwijkende laagdikte voorkomt. Het zijn deze groeifouten
waar ofwel meer isolerend (N=1) of echt metallisch (N>2) gedrag wordt gezien.
Tijdens de STM/S studie die in dit proefschrift staat beschreven is een dergelijke
groeifout met N=1 geobserveerd, wat afgeleid is uit het sterker isolerende gedrag,
niet eerder vertoonde scherpe atomaire resolutie en de hoogte van een nabij gele-
gen stap. Deze nieuwe inzichten die de tweelaagsmanganieten als een fragiel po-
laronisch metaal op de rand van een overgang naar een isolerende, ladings- en or-
bitaalgeordende toestand beschrijven, en die stapelfouten als oorzaak van afwijkend
gedrag aanwijzen, verenigen alle ogenschijnlijk tegenstrijdige resultaten in de liter-
atuur en geven alle ingrediënten voor het CMR effect.

Naast het hoofdonderzoek in de hoofdstukken 4 tot en met 9, wordt in de appen-
dices een aantal kalibratiemetingen, softwareprocedures en enkele technische de-
tails, bijvoorbeeld over het maken van scherpe STM-naalden, beschreven.
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Eenvoudige samenvatting

Elk materiaal kan worden geklassificeerd aan de hand van de mate van geleiding. In
alledaagse gebruiksvoorwerpen kunnen twee uitersten in geleiding worden gevon-
den, namelijk isolatoren en geleiders. Isolatoren hebben een bijzonder hoge elek-
trische weerstand en zullen geen enkele vorm van geleiding vertonen, wat ideaal
is voor bijvoorbeeld omhulsels van stroomkabels en de behuizing van elektrische
apparaten. Geleiders hebben daarentegen een relatief lage weerstand en geleiden
makkelijk een stroom, wat van pas komt in de stroomkabels zelf of het binnenwerk
van de elektrische apparaten. De weerstand van een geleider is echter niet volledig
weg, maar is erg klein ten opzichte van die van isolatoren. Door deze weerstand zal
een geleider nog steeds warm worden als er een hoge stroom doorheen wordt ges-
tuurd (het idee achter een gloeilamp) en zal er energieverlies optreden bij transport
van lading (in bijvoorbeeld hoogspanningskabels).

Een zeer bijzondere groep materialen, zogeheten supergeleiders, verliest bene-
den een bepaalde temperatuur zijn weerstand volledig: er is geen enkel verlies
meer, alle stroom die in een supergeleidende draad wordt gestuurd komt er weer
uit aan de andere kant. Deze materialen lijken de ideale uitkomst te bieden voor het
oplopende energieprobleem aangezien er geen verlies meer is bij het transport van
elektriciteit, maar er zit een addertje onder het gras. De hoogste temperatuur waar-
bij de meeste supergeleiders gaan supergeleiden, de overgangstemperatuur, is rond
-240 ◦C... Er is echter een bepaalde groep koperoxideverbindingen, genaamd de
cupraten, die een overgangstemperatuur hebben die kan oplopen tot -130 ◦C, wat
voor fysische begrippen al aardig in de buurt van kamertemperatuur komt. Mo-
gelijkerwijs zou een begrip van deze cupraten kunnen leiden tot de daadwerkeli-
jke ontwikkeling van een kamertemperatuur supergeleider. Na twintig jaar onder-
zoek is veel opgehelderd over de oorzaak van hun bijzondere eigenschappen, maar
is het exacte mechanisme van de hoge temperatuur supergeleiding nog steeds een
mysterie. Gedurende dit promotieonderzoek is er door een Japanse onderzoeks-
groep een nieuwe familie supergeleiders ontdekt met een onverwacht hoge over-
gangstemperatuur. Deze supergeleiders bevatten daarnaast ook nog ijzer, een ele-
ment dat normaal gesproken bijzonder slecht samengaat met supergeleiding. In de
hoop dat deze nieuwe familie van materialen een doorbraak zou kunnen forceren
in het vraagstuk van de hoge temperatuur supergeleiding, werd het in korte tijd het
meest bestudeerde materiaal in de vastestoffysica, zo ook binnen de eigen onder-
zoeksgroep.

In de hoofdstukken 4 tot en met 7 worden metingen met een scanning tunnel mi-
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S 1: (a) Kristalstruktuur van MFe2As2, met M = Ba, Ca, Sr, .... Het materiaal wordt pas
supergeleidend als een deel van een van de bouwstoffen wordt vervangen door een ander
element, bijvoorbeeld kobalt voor ijzer of fosfor voor arseen. De stippelijn geeft het vlak
aan waar het kristal breekt, wat in dit geval door de M-laag is. (b) De kristalstruktuur
van La2-2xSr1+2xMn2O7. De blauwe octahedra zijn opgespannen door zuurstofatomen met
een mangaanatoom in het centrum, de rode bollen zijn lantaan en strontium posities. Het
breukvlak is in dit geval tussen de (La,Sr)O lagen in. (c) Ter illustratie zijn typische kristallen
van de onderzochte materialen weergegeven.

croscoop aan een van deze nieuwe supergeleiders gepresenteerd. Het bestudeerde
materiaal bestaat uit ‘broodjes’ van ijzer (Fe) en arseen (As) met daartussen als be-
leg een laag barium (Ba), calcium (Ca), strontium (Sr) of europium (Eu), zoals is
weergegeven in figuur S1a. De structuurformule van deze materialen is MFe2As2,
waar de M staat voor Ba, Ca, Sr of Eu. Vanwege de verhouding van de verschillende
elementen wordt deze groep materialen ook wel de ‘122’ groep genoemd. Om deze
materialen supergeleidend te krijgen dient echter een van de elementen waaruit ze
bestaan deels vervangen te worden door een ander element, bijvoorbeeld een deel
van de ijzeratomen door kobaltatomen.

Zoals gezegd is het stofje te vergelijken met een gigantische stapel identieke ijzer-
arseen broodjes met een laag barium (of calcium, ..) als beleg. Omdat het oppervlak
van het monster (het bovenste sneetje brood) smerig kan zijn, zal voordat een met-
ing gedaan kan worden het materiaal open moeten worden gebroken om een vers
oppervlak te krijgen. Aangezien de bestudeerde stoffen nooit eerder gemaakt en
gemeten waren, is eerst onderzocht welke laag na breken aan het oppervlak ligt:
de ijzer-arseen laag, de barium laag of een tussenvariant. Het is belangrijk om ex-
act te weten welke laag van het materiaal aan het oppervlak ligt omdat metingen
die voornamelijk gevoelig zijn voor deze toplaag erdoor beïnvloed zouden kunnen
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worden: het zou zomaar kunnen dat de metingen niet iets zeggen over de stof in
het algemeen, maar alleen over het oppervlak. Aan de hand van de gepresenteerde
metingen wordt geconcludeerd dat de bovenlaag na het breken de helft van een Ba
laag (of Ca, ...) is die op verschillende manieren zich kan ordenen of wanordelijk
is. Met deze kennis van het oppervlak in het achterhoofd zijn vervolgens metingen
gedaan die meer inzicht in de elektronische eigenschappen van het materiaal kun-
nen geven.

S 2: (a) Schematische weergave van de STM: een scherpe naald is op een xyz-scanner gemon-
teerd en dichtbij een oppervlak gebracht. Door een voltageverschil (V) tussen monster en
naald zal er een stroom (It) lopen. (b) Als de stroom constant wordt gehouden door de hoogte
aan te passen met een feedbackloop wordt de contour van het oppervlak gekregen. Een typ-
isch voorbeeld van een dergelijk hoogteplaatje van grafiet is getoond in (c), de lichte bolletjes
zijn de koolstof atomen.

Om deze metingen beter te begrijpen zal eerst de scanning tunnel microscoop
(STM) kort worden uitgelegd. In feite is de microscoop niets anders dan een scherpe
naald die dicht bij een oppervlak wordt gebracht, maar zonder het oppervlak daad-
werkelijk aan te raken. Een elektron, een geladen deeltje, kan klassiek gezien niet
van het oppervlak naar de naald bewegen omdat er vacuüm tussen beide zit. Het
vacuüm fungeert in feite als het glas rond een leeuwenkooi: de leeuw (het elektron)
kan vrij rondlopen in de kooi (de naald) of erbuiten (het monster), maar het glas
(vacuüm) voorkomt dat hij ontsnapt uit de kooi. Een elektron is echter niet strikt
genomen een deeltje, maar kan ook als golf beschreven worden. Deze golf kan wel
het stukje vacuüm overbruggen zolang de door het vacuüm af te leggen afstand
maar niet te groot is. Evenzo kan de schreeuw van de leeuw door het glas komen
zolang het glas maar niet te dik is. Omdat het elektron zowel een deeltje als een golf
is, kan het dus toch van het oppervlak naar de naald ‘springen’, terwijl de leeuw
die alleen een ‘deeltje’ is gelukkig in zijn kooi blijft. Door een voltageverschil aan te
leggen tussen de naald en het oppervlak worden de elektronen gedwongen ‘slootje te
springen’ door het vacuüm. Het stroompje dat op deze manier gaat lopen tussen het
oppervlak en de naald bevat een zee aan informatie over het materiaal. De grootte
van het stroompje geeft een indicatie voor het aantal ladingsdragers dat beschikbaar
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is en door het spanningsverschil tussen het oppervlak en de naald te variëren kan
worden gekeken hoeveel ladingsdragers er aanwezig zijn als functie van de span-
ning. Deze gegevens kunnen vervolgens vergeleken worden met berekeningen om
ze te interpreteren. Uit de analogie met de glazen kooi is ook te begrijpen dat de
stroom groter wordt naarmate de naald dichter bij het oppervlak komt: een dunner
stuk glas demp het geluid minder.

Stel nu dat de leeuw brult met een constant volume, maar dat het glas op som-
mige plekken dikker is dan op andere. Door naar voren en naar achteren te bewegen
terwijl je langs de kooi loopt kan het ontvangen geluid gelijk worden gehouden. Op
deze manier kunnen de verschillen in dikte van het glas exact bepaald worden zon-
der het glas aan te raken. Op dezelfde manier kan met de STM een plaatje van de
hoogteverschillen gemaakt worden door de naald over het oppervlak te bewegen
en de hoogte aan te passen opdat de stroom hetzelfde blijft. Een illustratie van de
meettechniek wordt in figuur S2 getoond. Het bijzondere aan de STM is dat deze
hoogteverschillen enkele picometers zijn en de stapgrootte in de horizontale richt-
ing klein genoeg is om atomen zichtbaar te maken zoals in figuur S2c te zien is. Ter
vergelijking, een atoom verhoudt zich tot een pingpongbal als een pingpongbal zich
tot de aarde verhoudt. Anders gezegd, atomen met de STM zien is vergelijkbaar met
het detecteren van een haar met de punt van de Eiffeltoren. De elektronische eigen-
schappen van een materiaal kunnen met de STM dus op atomaire schaal bekeken
worden!

Op de ijzerhoudende supergeleiders is onderzocht wat de elektronische eigen-
schappen zijn als functie van positie op het oppervlak. Bijvoorbeeld de supergelei-
dende bindingsenergie is bepaald uit energieafhankelijkheidsmetingen. Deze bind-
ingsenergie geeft meer inzicht in het mechaniek van supergeleiding en blijkt in dit
geval een bijzonder hoge waarde te hebben. Merkwaardig is dat de grootte van deze
bindingsenergie een forse variatie vertoont als functie van de positie op het opper-
vlak. De typische afstanden van deze variatie en metingen aan monsters met een ver-
schillende concentratie kobalt (Co) (die de ijzeratomen vervangen) suggereren dat de
kobaltatomen voor een relatief grote wanorde in het supergeleidende ijzervlak zor-
gen. Dat ondanks deze wanorde het materiaal toch supergeleidend wordt en blijft
is verbazingwekkend en kan ons meer te weten brengen over het mechaniek van de
supergeleiding zelf.

Het laatste deel van het proefschrift, de hoofdstukken 8 en 9, beschrijft het on-
derzoek dat uitgevoerd is in het begin van de promotieperiode, voordat de ijzer-
houdende supergeleiders ontdekt waren. Dit onderzoek richt zich op een ander bij-
zonder fenomeen dat zich afspeelt in een materiaal dat van een geleidende toestand
bij lage temperatuur naar een isolerende bij hoge temperatuur overgaat. In de buurt
van deze overgang, die zich rond -140 ◦C bevindt, kan door middel van een mag-
neetveld de overgangstemperatuur verschoven worden. Hierdoor is het mogelijk
bij dezelfde temperatuur een verschil in weerstand van een factor 100 tot 10000 tot
stand te brengen door slechts een magneetveld aan te leggen. Dit effect wordt het
kolossale magneetweerstandseffect genoemd en is al jaren bron voor veel discussie.
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Binnen de onderzoeksgroep zijn metingen met verschillende technieken uitgevoerd,
waarvan de STM metingen in dit proefschrift besproken worden. Al deze metin-
gen samen tonen aan dat de geleidende lage temperatuur toestand in het stofje met
het grootst mogelijke kolossale magneetweerstandseffect, de tweelaagsmanganiet
La2-2xSr1+2xMn2O7 die in figuren S1b en c is weergegeven, eigenlijk een zeer matig
geleidende toestand is. Dit resultaat staat haaks op het gangbare denkbeeld dat het
materiaal bij lage temperatuur een goed metaal is. Het blijkt dat de elektronen die
de lading dragen met hun aanwezigheid het kristalrooster vervormen. Hierdoor
moeten ze als het ware het rooster met zich meeslepen als ze door het materiaal
willen bewegen, wat de weerstand verhoogt. Uit de STM metingen lijkt zelfs te vol-
gen dat deze zogenaamde polaronen (elektronen die het rooster vervormen) in een
semi-geordend rooster aan het oppervlak vast kunnen komen te zitten bij lage tem-
peratuur.

Ook wordt de bijzondere gevoeligheid van de elektronische eigenschappen voor
de dimensionaliteit (de mate van gelaagdheid) in deze materialen aangetoond. Het
is onvermijdelijk dat een paar procent van het materiaal niet de struktuur heeft zoals
afgebeeld in figuur S1b, geen enkel kristal is perfect. Daardoor zal op sommige stuk-
jes de stof niet telkens twee aaneengesloten mangaan-oxide vlakken (N=2) hebben,
maar meer (N>2) of minder (N=1) (zie ook figuur 8.1). Een roostervervorming rond
een elektron zal steeds kostbaarder worden naarmate het aantal aaneengesloten la-
gen toeneemt: er zijn steeds meer buren die tegenwerken. De vervorming zal dus
afnemen, waardoor de elektronen makkelijker kunnen bewegen en de geleiding zal
toenemen. In een enkellaags systeem is precies het omgekeerde aan de hand en zal
een nog slechtere of zelfs isolerende toestand ontstaan. Een dergelijk stukje een-
laagsmanganiet is met de STM in beeld gebracht in hoofdstuk 9. In tegenstelling
tot vrijwel alle metingen op de tweelaagsmanganiet, zijn op dit kleine stukje een-
laagsmanganiet de niet eerder op grote schaal zichtbaar gemaakte atomen duidelijk
te zien. De resultaten van dit gecombineerde onderzoek verenigen alle op het eerste
gezicht tegenstrijdige resultaten uit de literatuur en leggen de basis voor een beter
begrip van het kolossale magneetweerstandseffect.
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Nawoord

Als de dag van gisteren herinner ik me dat ik op gesprek mocht komen bij Jeroen om
het over mijn intenties en gedrevenheid voor een promotie met de STM te hebben.
De legendarische woorden, ‘je zult in het eerste jaar moeten publiceren’ en ‘met een
techniek als STM zul je moeten toeslaan wanneer het kan, wat soms langer doorw-
erken tot gevolg heeft...’ bleven (zeker na het eerste jaar zonder publicatie) door mijn
hoofd spoken. Uiteindelijk zijn de publicaties toch nog gekomen en mijn excuses
aan Jeanette voor de vreemde werktijden (bijvoorbeeld het om 8.00 thuiskomen na
de meting in figuur 6.1).

Ik ben erg blij dat ik dit promotieonderzoek heb mogen doen en wil in de eerste
plaats Mark en Jeroen bedanken dat ik hierin de vrijheid heb gekregen mijn eigen
weg uit te stippelen. Als ik dan na veel stoeien, prutsen en wat geluk een nieuw re-
sultaat had, was altijd wel een van de twee beschikbaar om mee te denken over verk-
laringen, analyses en vervolgmetingen. De combinatie van jullie totaal verschillende
(en soms ietwat botsende) ideeën en expertise waren voor mij ideaal om als kop-
pige Noord-Hollander te proberen het beste uit te halen. Jeroen, ondanks dat ik niet
je droom op tijds- en ruimtelijk opgeloste fluctuatie spectroscopie heb gerealiseerd,
hoop ik dat je toch tevreden bent met het wegnemen van het voodoo element in STM
(inmiddels gaan de metingen niet meer mis als je onverhoopt langskomt). Mark,
van de zomerschool in Zuoz, tot conferenties in Vancouver en Tokio en tijdens de
vele beamtimes, je gedrevenheid, enthousiasme en kennis van zaken hebben altijd
aanstekelijk gewerkt.

Naast Mark en Jeroen zijn er nog een groot aantal mensen die hebben bijgedra-
gen aan het hier beschreven onderzoek. Sanne, met geen ander heb ik zoveel meege-
maakt: talloze beamtimes (non-stop Dire Straits), conferenties, MahJong/Street Fighter
avonden en bezoekjes over en weer in het lab. Wat ik nooit zal vergeten is je on-
tembare passie (in nuchtere toestand) in de karaokekeet in Tokio (videomateriaal
beschikbaar op aanvraag). Vooral de 5 minuten kelderbezoekjes zijn van grote waarde
geweest in de voortdurende strijd beter te meten en analyseren. Erik van Heumen,
bedankt voor je hulp en inzet bij het proberen te begrijpen van de metingen en je
frisse, kritische blik op de gebruikte routines en meettechnieken. Speciale dank gaat
uit naar de maestro van de samples, Ying Kai. Het was net Sinterklaas als ik weer
een paar samples uit mocht zoeken! Huib, of het nu tips maken is, iets bestellen of
gewoon voor een praatje, ik kan altijd bij jouw terecht. Ook dank aan de leden van
de ’hard condensed matter’ groep die tijdens groepsbesprekingen en daarbuiten bi-
jdroegen aan het werk: Anne de Visser, Steve, Rein, Erik ‘broodje Unox’ Slooten,
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‘boom boom’ Stan, Marco, Jochem, Alessia, Gianni (nogmaals excuses dat ik je bijna
in het water liet vallen bij de Poldersurvival), Ton, Wim en Nick. Ook dank aan de
wandelende encyclopedie van het instituut, Hugo: bij twijfel (of als je werkelijk geen
enkel idee hebt), vraag Hugo. René Rik, bedankt voor de altijd aanwezige He of N2

gasflessen/dewars (zelfs als ik vergeten was te bestellen).
In de doorlopende zoektocht naar verbeteringen van de opstelling gaat veel dank

uit naar de elektronische en mechanische werkplaats van het Van der Waals Zeeman
Instituut. Voor alle vragen over elektronica, ruis of iets willekeurig anders is Hans
Agema de aangewezen persoon. Hans, ontzettend bedankt voor al die keren dat ik
even aan kwam waaien en je me buiten de voorgeschreven gang van zaken (m.a.w.
direct i.p.v. via via) hebt geholpen! Ook dank aan Piet en Johan voor de vele klusjes
die altijd snel voor elkaar waren. Van de mechanische werkplaats en tekenafdel-
ing, dank aan Ron, Hans Ellermeijer, Erik Hennes, Wietze, Harry, Diederik, Henk,
Udo, Gerrit, Wim (SteadyShot werkt echt goed) voor alle tekeningen, aanpassingen
en hand- en spandiensten waarvoor ik altijd wel terecht kon. En uiteraard niet te
vergeten, Joost, ook voor de altijd riant aanwezige sinaasappelsap op borrels en de
dag erna!

For all technical and software related troubleshooting I would like to thank Sven
Zöphel of Createc GmbH, who kindly responded to all questions I could think of and
helped get the machine to where it is now. Ad Ettema van Specs Nanotechnology,
bedankt voor de snelle en flexibele afhandeling van bestellingen/vragen/etc..

I would like to thank Richard, for letting me borrow stuff without having to re-
turn it (or at least that’s what I did...) and for the never ending running joke on our
names.

Luuk, Rita en Ineke, en al diegene die tijdens pauzes, in de gangen of elders op
het instituut het leven als promovendus hebben veraangenaamd, bedankt.

Ten slotte: Rob, Riet en Sandra, ziehier waar ik mij de afgelopen vier jaar mee heb
beziggehouden en waardoor ik steeds minder kwam buurten. Het is altijd heerlijk
om even de oase van rust op te zoeken in het mooie Zwaag (of Blokker) en weer even
bij te praten (of spitten, deuren maken, motoren winterklaar maken etc.). Ik mag me
gelukkig prijzen met een familie als jullie!
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Op 4 mei 1983 zag ik het licht in Hoorn waarna ik ben
opgegroeid in het naburige Zwaag. Na mijn middel-
bare schoolperiode van 1995 tot 2001 op het O.S.G.
Westfriesland te Hoorn te hebben doorgebracht ben
ik voor een jaar naar Groningen vertrokken om een
propedeuse Natuur- en Sterrenkunde aan de Rijk-
suniversiteit Groningen te behalen. Vervolgens heb
ik in de jaren 2002 tot 2006 zowel het kandidaats- als
master diploma aan de Universiteit van Amsterdam
behaald (beide cum laude). Tijdens de master heb ik
een korte stage aan het Natuurkundig Instituut van
de Poolse Academie voor Wetenschappen te Warschau gedaan, alwaar metingen zijn
verricht aan de magnetisatie van Fe-Pd nanodeeltjes met verschillende concentratie-
verhoudingen. Mijn masterscriptie was getiteld The quest for underdoping - resistiv-
ity and ARPES measurements on (Pb,Bi)2Sr2CaCu2O8+δ. Tijdens dit onderzoek in de
groep van Prof. Dr. M.S. Golden is geprobeerd door middel van warmtebehandelin-
gen in verschillende atmosferen een veel bestudeerde koper-oxide hoge temperatuur
supergeleider van zuurstof te ontdoen waardoor de interessante ‘pseudogap’ toes-
tand bereikt kan worden. Weerstands- en hoekopgeloste fotoemissie metingen wer-
den gebruikt om te onderzoeken of deze toestand daadwerkelijk bereikt was. Na het
behalen van het masterdiploma ben ik voor vier maanden naar Australië en Nieuw-
Zeeland vertrokken om vanaf april 2007 fris aan het hier beschreven promotieonder-
zoek te starten.
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