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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. BENCHMARKING THE STM: BI2212 AND (PB,BI)2212

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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Quasi-particle interference scattering

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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A. BENCHMARKING THE STM: BI2212 AND (PB,BI)2212

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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Topography and the superconducting gap

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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A. BENCHMARKING THE STM: BI2212 AND (PB,BI)2212

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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Topography and the superconducting gap

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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A. BENCHMARKING THE STM: BI2212 AND (PB,BI)2212

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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Topography and the superconducting gap

|
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

119
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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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