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Unconventional superconductors provide, today, some of the most fundamental challenges in condensed-matter physics, besides their unimaginable potential for applications. Here, we will discuss two of these materials. Firstly, we
will focus on Sr2 RuO4 , one of the most promising candidates to exhibit chiral pwave superconductivity, analogously to a two-dimensional (2D) film of 3 He-A.
Some of the outstanding challenges regarding this multi-band superconductor
remain, including the knowledge of which band(s) are primarily responsible
for the appearance of superconductivity. Solving this issue will help us understand the symmetry of the pairing and, eventually, the pairing mechanism. We
report scanning tunneling microscopy (STM) studies confirming a nodal superconducting gap structure and indicating that the quasi-one-dimensional (1D)
bands are most important for superconductivity in Sr2 RuO4 . We suggest an experimental avenue to confirm this observation and determine the pairing symmetry beyond doubt. We then turn to a discussion of the hole-doped cuprate
high-temperature superconductors, with a focus on their mysterious pseudogap
regime and its Q = 0 and Q , 0 electronic broken symmetries. Development of
novel spectroscopic imaging STM (SI-STM) techniques allowed the quantitative measurement of such broken symmetries (also seen by other probes) and
their inter-relations. We report on these novel techniques in detail, in partic-

ular Fourier phase determination of STM data, and study extensively the hole
doping, p, dependence of the broken symmetries as well as the Fermi surface
topology for Bi2 Sr2 CaCu2 O8+δ samples spanning the phase diagram between
0.06 ≤ p ≤ 0.23. We show that the electronic symmetry breaking tendencies
weaken with increasing p and disappear close to pc = 0.19. Concomitantly, the
coherent k-space topology undergoes an abrupt transition, from arcs to closed
contours, at the same pc . These data reveal that the k-space topology transformation in the cuprates is linked intimately with the disappearance of the electronic
symmetry breaking at a concealed critical point.
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CHAPTER 1
INTRODUCTION
"What are things like when we are not looking at them? I have asked
this question, which seems every coming day less absurd, many
times as a child, but I asked it only to myself, not to parents or teachers because I guessed that they would smile at my ingenuity (or my
stupidity, according to some more radical opinion) and would give
me the only answer that would never be able to convince me (...). I
always thought that things, when they are alone, are other things.
(...) Things are much smarter than they seem and are not so easily
fooled: they know very well that inside every photographic camera
is a hidden human eye..."
José Saramago, Nobel Prize for Literature, 1998

1.1

Unconventional Superconductors

The effects that the theory of quantum mechanics attempts to describe are normally observed at microscopic scales. The smallness of these scales is such that
quantum mechanics does not affect our daily lives. We call that the classical
regime. There are, however, a few cases in which quantum manifestations appear before us on macroscopic scales. Superconductivity is one such fascinating
macroscopic phenomenon.
Conventional s-wave superconductivity is well explained within the
Bardeen-Cooper-Schrieffer (BCS)-Eliashberg formalism [4]. The pairing mechanism in these materials is phononic, and provides for relatively weak superconducting phases, with T c of usually only a few Kelvin above zero. On the
other hand, unconventional superconductors like several heavy-fermions, more
recently discovered, have different pairing mechanisms with different symmetries, such as d-wave in the case of the cuprate superconductors or p-wave in the
1

case of the single-layered ruthenate Sr2 RuO4 . It is not uncommon to find higher
T c in unconventional superconductors, the highest being so far detected on the
cuprates followed immediately by iron pnictides. Understanding the correlations between electrons in such materials and searching for the superconducting pairing mechanisms are, of course, the most crucial steps in unveiling the
different natures of unconventional superconductivity and, often, other mysterious states in the various materials.
In this dissertation, we report studies on two of the above mentioned unconventional superconductors: ruthenate Sr2 RuO4 and cuprate Bi2 Sr2 CaCu2 O8+δ .
While the first is a multi-band probably chiral p-wave superconductor with broken time-reversal symmetry (TRS), there are several controversies that need to
be explained before such pairing symmetry can be stated with certainty or the
mechanism understood. The latter is part of a family of quite strongly correlated
materials showing d-wave superconductivity, the cuprates. Despite the fact that
the superconducting pairing symmetry is known, neither the mechanism nor
the phenomenology of other states (in particular the pseudogap state) in their
phase diagram are understood, as well as the interplays between them.

1.2

Probing Unconventional Superconductivity with STM

We use scanning tunneling microscopy (STM) to probe both Sr2 RuO4 and
Bi2 Sr2 CaCu2 O8+δ in the studies reported in the following Chapters. In this Section, we will explain the basics of this powerful technique and what types of
data can be obtained from it.
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1.2.1

Experimental Apparatus
(a)
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Vibrational impedance mismatch with rest of building

Figure 1.1: (a) Schematic diagram of the STM head. - (b) Schematic diagram
of the vibration isolation system surrounding the STM probe. (a) and (b) have
been adapted from [5].

The STMs at Cornell vary slightly from each other in characteristics, but
share a common basic design concept, which is schematically shown in Figure
1.1(a). These STMs are designed such as to reduce mechanical and vibrations
and electromagnetic noise that would otherwise contaminate the data. The assembly of one of such scanner tubes is described in detail in the appendix of this
document. The STM heads are integrated in quiet low temperature systems, one
of which is a dilution refrigerating probe, which in turn are surrounded by sev3

eral layers of vibration-isolation described schematically in Figure 1.1(b). All
STM probes are prepared for cryogenic ultra-high-vacuum cleaving of the samples. Further details on the basics of STM and lab designs have been reported
in Reference [5].

1.2.2

The Technique

Scanning tunneling microscopy was invented in 1982 by Binnig and Rohrer [6],
a discovery which earned them the Nobel Prize. In STM, the tunneling current,
I(r, d, V), between the tip and sample is given by
I(r, d, V) = f (r, d)

eV

Z

N(r, ω) dω.

(1.1)

0

Here, r is the location of the tip with respect to the sample surface, d is the
distance between the tip and the sample and V is the applied voltage between
them. N(r, ω) is the sample local density of states (LDOS) at a given energy.
The (constant) density of states of the metallic tip is included in f (r, d). The
derivation of Equation 1.1 has been discussed often, for example [7, 5, 8, 9], so it
will not be repeated here. A schematic image of the relation between tunneling
parameters is shown in Figure 1.2. We will now summarily explain the different
types of STM data.

Topography

In the case of topographic data, T (r), the current between the tip and sample
is kept constant using a feedback system as the tip moves from pixel to pixel.
The registry of the variation of the applied z-bias to the piezoelectric tube then
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vacuum
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Figure 1.2: Schematic of tunneling in STM. A bias voltage, V, is applied between
a metallic tip (brown DOS) and a sample (green DOS) so the electrons can tunnel
between the insulating vacuum barrier. Adapted from [7].

yields the corrugations of the sample surface.

Point Spectroscopy

Point spectroscopy is, at the most basic level, a measure of the LDOS at a given
location on the sample. This is done by measuring the current response to a
change in the tip-sample bias and using a lock-in amplifier to obtain the derivative of Equation 1.1 with respect to energy, such that
dI
(r, d, V) = f (r, d) N(r, ω),
dV

(1.2)

where ω = eV. This is effectively a curve of density of states multiplied by a
(energy-independent) constant as a function of energy.
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Spectroscopic Imaging

One can assemble a three-dimensional data set containing differential conductance information by acquiring point-spectra in a certain field of view (FOV) on
the sample, at discrete locations, with spacial coordinates as two of its axis and
energy or tip-sample bias as the third axis; this technique is often called SI-STM.
A schematic example of such data sets is shown in Figure 1.3.

g(r,E = 40meV)

g(r,E = -2meV)

g(r,E = -30meV)

E
y

g(r,E = -50meV)
x

Figure 1.3: Schematic view of spectroscopic imaging STM. A set of point spectra
acquired along the x-, y-directions form a three-dimensional data set. Each layer
(along x-y) represents the differential conductance across that FOV at a certain
energy (images in variations of yellow). At a given position (pixel), the axis
along which a point spectrum is acquired is shown in blue.

In order to interpret this data, consider that Equation 1.2 can be rewritten to
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yield
g(r, V) ≡

eI s
dI
(r, V) = R eVs
N(r, ω),
dV
N(r, ω0 ) dω0

(1.3)

0

where V s is the bias-voltage of the junction formation and I s the respective current. For heterogeneous materials such as the cuprates the integral in Equation
1.3 is variable as a function of position and hence N(r, ω) cannot be directly
compared at different pixels of the three-dimensional data set. However, it is
possible to work around this problem by using the ratio
Z(r, V) ≡

g(r, ω = +eV) N(r, +ω)
=
,
g(r, ω = −eV) N(r, −ω)

(1.4)

which cancels out all of the systematic errors as a function of position.

Fourier Transform STM

It is then standard procedure to take the Fourier transform (FT) of the g(r, V)
and Z(r, V) images, g̃(q, V) and Z̃(q, V), in order to study the relevant DOS
modulations in the data. This analysis is done by measuring, for example,
the q-space location of a given modulation (peak in the FT image) and its
evolution (dispersion) with energy. Such a procedure has been particularly
successful in the extraction of the band structure and superconducting gap
functions of several materials by means of quasiparticle interference (QPI)
[10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. QPI is, basically, the pattern of standing
waves created by (Bogoliubov, in the case of a superconductor) quasiparticles
scattering of single impurities in a given sample [7, 8, 20]. Often, for this type
of measurement a small amount of known impurities is purposely added to the
relevant samples in order to enhance the QPI signal.
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CHAPTER 2
THE SUPERCONDUCTING RUTHENATE Sr2 RuO4

The first part of this thesis, on the search for the origin of superconductivity
in Sr2 RuO4 , is covered in Chapter 3. Here, we give a short introduction of the
material. We first review the crystallographic properties and discuss the normal
and superconducting states of the material. Finally, we will discuss the theoretical proposals put forward as an attempt to understand the unconventional
superconductivity of Sr2 RuO4 .

2.1

Crystallographic Properties

The perovskite Sr2 RuO4 is a member of the strontium ruthenate family with
structure Srn+1 Run O3n+1 , n = 1 [21]. Superconductivity (which has a maximal
T c = 1.5K in this material) was discovered [22] because, after the discovery of
the cuprate superconductors, it was natural to search for those phenomena in
other perovskite materials without Cu. We will now discuss some of its crystallographic properties.
Figure 2.1 shows the crystallographic unit cell of Sr2 RuO4 , where a0 = 3.86Å
and c0 = 12.7Å are the lattice parameters. This compound is isostructural with
the cuprate superconductor La2−δ Baδ CuO4 [21], which means that the La (Ba)
atoms would occupy the Sr sites and the Cu atoms would replace the Ru sites
in Figure 2.1. Unlike other materials in the same family, the evidence for structural distortions in Sr2 RuO4 is limited, and there is no structural phase transition
between room temperature and a few mK [21].
As we will explain in more detail in the following Section, it is crucial for
8

Sr
O
Ru

Figure 2.1: Crystallographic unit cell of Sr2 RuO4 . Sr atoms are shown in red, Ru
atoms in blue and O atoms in green. One of the RuO6 octahedra is shown using
blue lines.

superconductivity in Sr2 RuO4 that extremely pure single-crystal samples synthesized [23]. The only crystal growth technique that produced high-enough
purity samples was the floating zone method using special so-called ’image’
furnaces, in which melting is achieved using focused light, without a crucible
[21].

2.2

Phase Diagram

We now turn to the properties of Sr2 RuO4 in phase space. Below, we will review some of the fundamental characteristics of the material in the normal and
superconducting phases.
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2.2.1

The normal state

Sr2 RuO4 shows Fermi liquid behavior below ≈ 20K, temperature above which
it shows normal metallic behavior, and below which a significant quasiparticle mass enhancement. The largest dynamical susceptibility peak is seen at
(0.6π, 0.6π) due to Fermi surface (FS) nesting, even though there is also an is
enhancement of the ferromagnetic response [24, 21].

π

α

ky

β
γ

-π
-π

kx

π

Figure 2.2: Fermi surface of Sr2 RuO4 . The quasi-2D γ band is shown in orange.
The α and β bands, each shown in a different shade of blue, originate from the
avoided crossing of two quasi-1D bands, in light green. Adapted from [2].

Furthermore, the Fermi surface of Sr2 RuO4 consists of three bands labeled α,
β and γ, as shown in Figure 2.2 [21, 25, 26, 27]. The α and β bands, arising from
hybridization between two quasi-1D bands that originate from the Ru d xz and
dyz orbitals, are hole-like (α) and electron-like (β). The γ-band is electron-like
and quasi-2D, originating from the Ru d xy orbital [28].
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2.2.2

The superconducting state

Spin susceptibility studies – Knight shift [29] and polarized neutron scattering
[30] – of Sr2 RuO4 have provided evidence for spin-triplet pairing and, therefore,
an odd-parity energy gap (that is ∆(k) = −∆(−k)), and suggest that the spins of
the paired electrons lie on the crystallographic ab-plane. The extreme dependence of T c on impurity scattering rates derived from resistivity measurements
is highly consistent with this assertion [23], while several other measurements
appear to support it [31, 32]. Furthermore, breaking of TRS has been observed
below T c by muon spin relaxation [33] and polar Kerr effect [34]. Even though
the origin of these signals is not fully understood [35, 36], together with the spin
susceptibility measurements, the observation of TRS breaking at low temperature points to an order parameter described by a superconducting gap function,
∆(k), and a d-vector of the form d = ∆0 ẑ(k x ± iky ) [21, 26]. This corresponds to
a topological superconductor, with Cooper-pair angular momentum quantization axis k z and spin quantization axis ⊥ to d, and is thus a chiral condensate
[37, 38, 39, 40]. The in-gap Andreev states at the sample edges are then predicted to be topologically protected and chiral [38, 39, 40], a state equivalent
to superfluid 3 HeA in 2D. There is, however, experimental evidence for nodes
[41, 3, 42, 43, 44, 45, 46, 47, 48] in the superconducting gap of Sr2 RuO4 that, if
imposed by symmetry, are incompatible with a chiral p-wave gap. Finally, the
expected signatures of topologically protected surface currents required to exist
in such states [49, 50, 51] are not observed [52, 53, 54]. Thus, the precise structure of the superconducting energy gaps, ∆i (k), in Sr2 RuO4 , which is critical
to understand the microscopic pairing mechanism and to explain the complex
macroscopic phenomenology, remains ambiguous.
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In the simplest picture, neglecting spin-orbit coupling effects, it is crucial
to understand which of the bands in Sr2 RuO4 gives rise to superconductivity.
Indeed, for the case of primarily-superconducting α and β bands, some mechanisms have been put forth that would explain some of the apparent contradictions in experimental results put forth in the previous paragraph. For instance, a
mechanism that might explain the absence of surface currents has been put forth
by Reference [2]. Additionally, References [55, 56] propose an intrinsic mechanism by which multiband chiral p-wave superconductivity could give rise to
an anomalous superconducting Hall effect and, in that way, explain the positive polar Kerr results seen below T c [34]. Indirect measurements [46], however,
seem to imply that the primary superconducting gap arises on the γ band, with
small proximity-induced gaps on the α and β bands. Further experimental and
theoretical studies are, hence, necessary to both identify the gap function and
the band which gives rise to superconductivity.
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CHAPTER 3
QUASI-ONE-DIMENSIONAL ORIGIN OF SUPERCONDUCTIVITY IN
Sr2 RuO4 FROM TUNNELING SPECTROSCOPY

1

We have seen in the previous Chapter that knowing which of the bands in

Sr2 RuO4 originally harbors Cooper pair formation is a central component to understanding the superconducting mechanism. In this Chapter, we report STM
measurements that give an insight into that problem. All samples used in these
studies2 have T c = 1.45K, and are cleaved in the cryogenic ultra-high vacuum of
a dilution-refrigerator based SI-STM with a base temperature ∼ 15mK.

3.1

Cleaving planes and surfaces

Figure 3.1 shows the topographic images of lightly Ti-doped (at a concentration
of 0.125 Ti atoms per Ru atom) single crystal Sr2 RuO4 samples at two different cleaving planes, the (a) SrO termination and (b) the RuO2 termination. The
latter surface has a disordered surface reconstruction, with short “stripes” of
periodicity of 4a0 running in two orthogonal directions, and “beads” running
along the “stripes” with a periodicity of 2a0 . These surface conditions notwithstanding, the g(V, T ) curves measured are found to be independent of location
over large fields of view and are therefore uninfluenced by this termination.
The g(V, T ) curves from the SrO termination (Figure 3.1(b)) show no features
that could be associated to the superconducting properties of the material [58],
so this termination will henceforth be ignored.
1

We published the results discussed in this chapter in Reference [57]. Parts of this chapter
follow closely the manuscript.
2
The samples of Sr2 RuO4 used during these studies have been provided by Y. Maeno, Kyoto
University, Japan.
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(a)

(b)

1 nm

2 nm

Figure 3.1: The cleaving surfaces of Sr2 RuO4 . - (a) The typical cleaving surface,
whose point spectra show no superconducting characteristics, is a SrO layer
[58]. - (b) Less frequently, the cleave reveals the RuO2 layer. This data was
acquired at 2 GΩ junction resistance, -100 mV tip-sample bias. The assignment
of the different surfaces to the crystallographic layers is based on the presence
of a small amount of Ti impurities that substitute at the Ru sites (black spots in
(a)). As expected for the unit cell of Sr2 RuO4 (see Figure 2.1), the Ti signatures
are found at the Sr ’anti-site’ where the Ru atoms are located.

3.2

A (Quasi-)Nodal Primary Gap

Figure 3.2 shows the dependence on temperature of the g(V, T ) measured by
averaging over 100 distinct spectra measured at independent locations, at each
temperature, at the RuO2 termination (see Figure 3.1(b)). The most striking feature of g(V, T ) in this Figure is, however, the V-shaped superconducting gap.
Furthermore, the spectra in Figure 3.2 can be confidently attributed to the Bogoliubov quasiparticle spectrum of the superconductor for the following reasons: (i) the energy gap observed in g(V, T ) disappears at T c and, concomitantly,
N(0) fills in from 40% at low temperature to 100% of the normal value at T c ;
(ii) at T < 100mK, the gap observed in g(V, T ) disappears at an applied field of
µ0 H = 100mT, close to the c-axis superconducting Hc2 [21]; (iii) for fields H < Hc2
14
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Figure 3.2: Differential conductance spectra, g(V, T ), for a sample temperature
range between 20mK and 1.5K. The minimum electron temperature of the tip is
∼ 75mK. The data were acquired at 13MΩ junction resistance, 2mV tip-sample
bias.

at T  T c , Φ = h/2e vortex cores containing zero-energy states are observed (and
shown in Figure 3.3) ; (iv) at the lowest temperatures, the approximate magnitude of the energy gap ∆ ∼ 350meV ≈ 2.5kB T c is comparable to that expected
from T c = 1.45K within mean field theory. Finally, the data in Figure 3.2 show
no indication of multiple gaps.
Some initial conclusions can be extracted directly from these data. First, the
large magnitude of the gap (on the scale of kB T c ) shown in Figure 3.2 implies
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Figure 3.3: At an applied field of 0.15T, the measured g(r,E) far from vortices is
shown in red and the quasiparticle bound states within the vortex are in blue.
The data were acquired at 13MΩ junction resistance, 2mV tip-sample bias.

that it is most likely the primary superconducting gap, and not a gap induced
by proximity effect. Second, the large zero-bias conductance observed below T c
(Figure 3.2) implies that (i) the primary Fermi surface is not fully gapped and/or
(ii) that, if superconducting and detected, the non-active band has an energy gap
too small to be noticed within thermal broadening3 . This feature, together with
the observation of the V-shaped gap, is incompatible with a fully gapped Fermi
surface and consistent with all the previous evidence for gap nodes.
Additionally, there are several reasons to expect the α and β bands to dominate the c-axis tunneling conductance. In contrast to the d xy orbital, the d xz and
dyz orbitals have wave-function maxima at nonzero values of z, and thus presumably have substantially larger overlap with the tunneling tip. This fact is
3

This is unlikely since specific heat data suggest a proximity gap of ∼ T c /2 [3].
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also reflected in the band structure, as determined by local-density approximation (LDA) and quantum oscillations: while the γ sheet is almost perfectly cylindrical, the α and β Fermi surface sheets have greater warping along the c? axis,
reflecting much larger interlayer hopping [27]. Although the tip-sample tunneling matrix elements are not the same as those for interlayer hopping, the two
parameters reflect similar overlap integrals. Finally, in the related (bilayer) material Sr3 Ru2 O7 , on which quasiparticle interference measurements have been
performed, the tunneling is clearly dominated by the d xz and dyz orbitals [15].
Altogether, these observations indicate a strong likelihood that the (primary)
superconducting gap shown in Figure 3.2 is located on the α and β sheets.

3.3

Theoretical considerations

In addition to the arguments presented above relating the superconducting gap
shown in Figure 3.2 to the α and β bands, we have considered a simple phenomenological model for a superconducting gap arising from these bands in
Sr2 RuO4 that we describe in this Section. We compare the STM data to the predictions from the model, and compare also to specific heat results [3].

3.3.1

Details of the RKK State

The multi-band nature of Sr2 RuO4 in combination with the non-observation of
magnetic signals expected for chiral edge states, motivated a recent hypothesis, here referred to as the RKK state [2], that the primary superconducting gap
originates, through spin triplet Cooper pairing, on the quasi-1D bands that hy-
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bridize to generate the α and β Fermi surfaces. The resulting energy gap structure can be expressed as a 2x2 matrix in an orbital basis corresponding to the
two quasi-1D bands (the Wannier functions correspond to the Ru d xz and dyz
orbitals) as
∆(k) =

1 + σ3
1 − σ3
∆ xz (k) +
∆yz + · · ·
2
2

(3.1)

where σ3 is the Pauli matrix and · · · represents neglected off-diagonal terms.
The symmetries of a p ± ip state imply that
∆ xz (k x , ky ) = ∓i∆yz (ky , k x ) = −∆ xz (−k x , ky ) = ∆ xz (k x , −ky ).

(3.2)

By appropriate choice of phase, ∆ xz (k) can be taken to be pure real. As the band
structure mixes the two orbitals, precise nodes will only occur in fine-tuned
cases, but on segments of the Fermi surface which have close to a unique orbital content (i.e. those portions of the α and β bands far from their avoided
crossing in Figure 2.2), near nodes4 can occur with a gap minimum which is
parametrically smaller than the typical gap. Even so, the occurrence of nodes
in the absence of orbital mixing is not required by symmetry, even if they are
not forbidden. Thus, the occurrence of such “accidental nodes” is a direct reflection of the pairing mechanism. As an illustrative example, consider a single
quasi-1D band (i.e. as would arise from the d xz orbital alone). Optimal nesting,
and correspondingly a peak in the antiferromagnetic fluctuation spectrum, occurs at momentum Q1D = (2kF , π). The resulting gap structure which best takes
h
i
h
i
advantage of such interactions satisfies sign ∆ xz (kF , ky ) = −sign ∆ xz (kF , ky + π) ,
thus implying the existence of accidental nodes at knode ≈ (±kF , ±π/2) [2, 59]. The
simplest single-harmonic form of the gap function consistent with these general
4

Nodes are experimentally distinguishable from deep near nodes only if the minimum gap
∆min exceeds the energy scales set by the larger of the base temperature T 0 and the effective
quasiparticle scattering rate ν at this temperature.
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considerations is
h
i
∆ xz (k) = ∆1D sin(k x ) cos(ky ) .

(3.3)

The tight-binding representation of the band structure adopted includes weak
orbital mixing produced by a second neighbor hopping matrix element t”
that transforms the gap nodes into gap minima with gap magnitude of order
∆1D (t”/2)2 , where t is the nearest neighbor hopping matrix element. For the LDA
band structure of Sr2 RuO4 [60] these gap minima are on the order of 20µeV. This
state breaks TRS and supports trivial surface Andreev states but not chiral Majorana fermions [2]. It also exhibits eight deep node-like minima in the gap at
knode ≈ (±kF , ±π/2), as we show in Figure 3.4.
π
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Figure 3.4: Nodal k-space locations as proposed by [2] for the superconducting
state of Sr2 RuO4 . The normal state Fermi surface crossings are color-coded in a
similar manner as Figure 2.2. The approximate locations of the nodes are shown
as dashed lines. The eight near-nodes expected on the β-band are shown by red
dots.

Among predictions for phenomenology specific to the model of quasi-1D
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superconductivity originating on the α and β bands [2] are: (i) a gap induced by
proximity effect should open on the γ-band at significantly lower temperatures,
recovering the overall chiral state plus and its Majorana fermion edge modes [2];
(ii) a Cooper-pair Hall effect from interband pair scattering and TRS breaking
should result in a Kerr rotation even in the absence of disorder [55, 56], (iii)
collective modes of relative phase and spin-orientation of the two components
of this order parameter should emerge [61]; and (iv) the Bogoliubov densityof-states N(E) should exhibit a specific energy E dependence with quasi nodalstructure.

3.3.2

Modeling the Experimental Data

We recall, from the previous Section, that the STM tunnelling data suggests a
scenario in which superconductivity in Sr2 RuO4 originates on the α and β bands,
with a gap on the quasi-2D γ band induced by proximity effect, such as the
state described above. To check the consistency between experiment and the
state above mentioned, we now present a simplified phenomenological model
(were spin-orbit coupling is ignored, in the Wannier basis above mentioned)
with these characteristics and calculate the DOS, electronic specific heat, and
low temperature in-plane thermal conductivity. The mean-field Hamiltonian
for the quasi-1D bands is
H1D =

Xh
i
h
i
 xz (k) − µ c†xz,k c xz,k + yz (k) − µ c†yz,k cyz,k
k


 h
i
+ u xy (k) c†xz,k cyz,k + c†yz,k c xz,k + ∆ xz (k)c†xz,k c†xz,−k + ∆yz (k)c†yz,k cyz,−k (3.4)
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with
 xz (k) = −2t cos(k x ) − 2t⊥ cos(ky )
yz (k) = −2t⊥ cos(k x ) − 2t cos(ky )
and
u xy (k) = −4t” sin(k x ) sin(ky )
with ∆ xz and ∆yz from equations 3.1, 3.2 and 3.3. When computing the specific
heat we take the Hamiltonian for the quasi-2D band to be
H2D =

Xh

i
h
i
 xy (k) − µ xy c†xy,k c xy,k + ∆ xy (k)c†xy,k c†xy,−k + H.C.

(3.5)

k

with
 xy (k) = −2t xy cos(k x ) − 2t xy cos(ky ) − 4t˜xy cos(k x ) cos(ky )
and
h
i
∆ xy (k) = ∆2D sin(k x ) + i sin(ky ) .
Unless otherwise specified, the band structure parameters for what follows are taken from LDA [60] and given by (t, t⊥ , t”, µ, t xy , t˜xy , µ xy )

=

(1, 0.1, 0.1, 1, 0.55, 0.2, 0.7), with the energy scale set by t = 0.1eV. The α and
β bands are “quasi-1D” to the extent that t⊥ , the intra-orbital nearest neighbor
hopping perpendicular to the orbital axis, is small compared to t . Here, t”,
which determines the degree of orbital mixing, is the interorbital next-nearest
neighbor hopping. The assumed form of ∆ xy is the lowest harmonic consistent
with p + ip symmetry; the choice is motivated by simplicity rather than by any
detailed physics.
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Comparing the STM data to the predictions from the phenomenological
model

In analyzing the c-axis tunneling conductance data we assume that tip-sample
tunneling occurs only into the quasi-1D bands. We compute the temperaturedependent gap amplitude ∆1D (T ) from the BCS gap equation in the simple case
of zero orbital mixing using the observed value of T c = 1.45K to set the overall
scale, and include as the single free-parameter obtained from comparison with
the STM tunneling DOS data, an energy-independent scattering rate ν0 = 70µeV,
chosen to yield the correct zero-energy DOS at base temperature5 . The results
are shown in Figure 3.5. Further details of the calculations are discussed in
Reference [57]. The Largest discrepancies between experiment and the phenomenological model occur at temperatures comparable to TC where the temperature dependence of the scattering rate and the effects of critical fluctuations
are likely significant.

The effects of the choice of scattering rate

Previously, we have fitted the STM data with a single parameter: a temperatureand energy-independent scattering rate ν0 chosen to reproduce the zero-bias
DOS at base temperature. We now present three more sets of theoretical curves
which incorporate additional, physically reasonable parameters: a quadratic
temperature dependence of the scattering rate and a rescaling of the gap ∆1D (T ).
The parameters and results are shown in Figure 3.6. The agreement between
5

We have here assumed that the zero-bias conductance is representative of the bulk and not
an effect of surface states. Note that Andreev bound states, which could in principle lead to
a non-vanishing zero-bias conductance, are not expected to arise at c-oriented surfaces for any
form of p-wave pairing in a tetragonal system. This issue is further discussed in Reference [57].
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Figure 3.5: Comparison between STM data shown in Figure 3.2 and the predictions from the phenomenological model (lines). A single parameter, an energyand temperature-independent scattering rate ν0 = 70µeV, has been introduced
and set to fit the zero-bias conductance at base temperature. The colors indicate
the temperature of a given data point, where the same color scale was used as
in Figure 3.2.

the phenomenological model and the STM data increase substantially as T → T c
when a quadratic temperature dependence of the scattering rate is considered
(Figure 3.6(b)). An additional small gap rescaling improves agreement further
(Figure 3.6(d)).
These results show a significant consistency between the proposed phenomenological model and the STM data, even when the simple scattering rate
(ν0 ) is the only admitted fitting free-parameter.
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Figure 3.6: Comparison between STM data and the prediction from the phenomenological model described using different forms of scattering rates. - (a)
Mean field gap with TC = 1.45K and temperature independent scattering rate,
ν0 = 70µV (same as Figure 3.5). - (b) Mean field gap with TC = 1.45K and a
temperature dependent scattering rate, νT = ν0 + AT 2 , where A = 10µeV.K−2 . - (c)
The conditions of (a) with the gap and scattering rate scaled by a factor of 1.14.
- (d) The conditions of (b) with the gap and scattering rate scaled by a factor of
1.14.
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3.3.3

Agreement with Specific Heat Data

To compare with the specific heat data (Figure 3.7), we take the induced gap on
the γ band to have a maximum 0.7 times that on the α and β bands to fit the critical jump. We take a bulk scattering rate (which controls the low-T asymptotic
value of C/T ) to be 1/2 as large as that at the surface, i.e. 35µeV, comparable
with the estimate of the normal state scattering rate inferred from transport6 . If
we take band structure parameters from quantum oscillations and assume that
all three bands have the same scattering rate, the inferred normal state scattering rate is approximately ν = 30µeV from resistivity measurements [21] and the
Drude formula.
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Figure 3.7: Comparison between specific heat data by [3] and the prediction
from the phenomenological model described. C/T has been normalized to the
normal state value and T to the critical temperature.
6

The scattering rate in the superconducting state is difficult to measure, but it is, normally,
bounded above by the scattering rate in the normal state, as inferred from transport
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The qualitative agreement with specific heat demonstrated by Figure 3.7
demonstrates further plausibility of the phenomenological model we have presented here.

3.4

Concluding Discussion and Future

The STM data shown in Figure 3.2 indicates a (nearly-)nodal superconducting
gap, probably the primary gap. We have argued also that these STM signals are
probably arising from the α and β bands, while the γ band probably remains invisible to this probe. Furthermore, the good qualitative agreement between the
model discussed above with both STM and specific heat experiments shown in
Figures 3.5 and 3.7 confirms the plausibility of the proposed phenomenological
picture. We also note that the values of the scattering rates required for the fits
are small and realistic, i.e. of a magnitude consistent with T c = 1.45K in this
extremely purity-sensitive superconductor. All these arguments give support
to the RKK state [2].
Some inconsistencies, however, remain. If a large secondary gap existed, say,
on the γ band as specific heat data seems to imply (Figure 3.7), the RKK state
[2] fails to explain the absence of the expected large surface currents in Sr2 RuO4 .
Furthermore, it is yet to be proved, beyond the probabilistic arguments we presented, that the tunneling spectroscopy signal does indeed arise from the α and
β bands. In addition to this, the exact form of the superconducting gap, ∆(q), is
yet to be determined.
In other to fully resolve this issue, we propose that QPI measurements
should be performed in Sr2 RuO4 , following the work done by Allan et al. [18],
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in which, with an energy resolution of 75µV, the small superconducting gap
function of CeCoIn5 was measured, in an unprecedented energy-sensitive work.
Several predictions of what the superconducting QPI patterns should look like
for different pairing gaps and bands in Sr2 RuO4 have been published [62, 63].
The comparison of high energy-resolution QPI data of Sr2 RuO4 to the predictions from these sources or to other scenarios computed using multi-band Tmatrix calculations should yield the definite answers as to which of the Sr2 RuO4
bands are primarily responsible for superconductivity, as well as to provide the
exact gap structure on those bands.
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CHAPTER 4
THE CUPRATE HIGH-TEMPERATURE SUPERCONDUCTORS

1

We now turn our attention to the cuprate high-temperature supercondutors

for the remainder of this document. These materials, which have the highest
known T c to date upon hole doping, p, and were discovered in 1986 by Bednorz
and Müller [64] (earning them them Nobel prize one year later), still remain one
of the greatest challenges of condensed matter physics today. In this Chapter,
we review some of the basic characteristics of these materials, with a focus on
STM probing [10], and discuss some of the standing challenges that will have to
be overcome before we fully understand the richness of their phenomenology.

4.1

Family and Crystallographic Properties

The major common characteristic of all the cuprate superconductors is existence
of one or more CuO2 layers in the crystallographic structure of these highly 2D
materials. This feature is present in both electron and hole doped cuprate superconductors, even if it is on the hole doped side of the phase diagram that
the highest T c s are observed. Cuprate materials tend to form (nearly) tetragonal lattices, and have strong anisotropy between in- and out-of-plane transport properties due to their two-dimensionality. Of most practical relevance to
SI-STM studies are Bi2 Sr2 CaCu2 O8+δ and Ca2−δ Naδ CuO2 Cl2 , discussed in greater
detail below. A more complete review of the different cuprate superconducting
materials can be found in References [7, 65].
1

We have published an article reviewing the role of SI-STM in the progress of our understanding of the underdoped cuprates [10]. Parts of this Chapter follow closely the published
manuscript.
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4.1.1

Bi2 Sr2 CaCu2 O8+δ

The studies we report in this document (Chapters 5 and 6) were carried out
in Bi2 Sr2 CaCu2 O8+δ . This is usually the material of choice for STM, angleresolved photoemission spectroscopy (ARPES) and other surface studies of the
cuprates, since it produces extremely good quality cryo-cleaves. The unit cell of
Bi2 Sr2 CaCu2 O8+δ , shown in Figure 4.1, has the lattice parameters a0 ≈ b0 = 5.4Å
and c0 = 30.7Å [66, 67, 68] on top of which there is a bulk crystallographic supermodulation with wavelength ∼ 5b0 [68, 69]. Bi2 Sr2 CaCu2 O8+δ cleaves between the BiO layers, where topographic STM data originates from (purple line
in Figure 4.1). It is, however, from the CuO2 layers immediately below that the

Bi
Sr
Ca
Cu
O
Cleaving
plane
Topography
layer - BiO
Spectroscopy
layer - CuO2

Figure 4.1: Unit cell of Bi2 Sr2 CaCu2 O8+δ . The cleaving plane is indicated by a
purple line. Adapted from [65].
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spectroscopy data originates, yielding the d x2 −y2 superconducting gap in g(r, E)
below T c . As will be seen in later Chapters, some analysis of SI-STM data requires the exact knowledge of the r-space atomic positions in the relevant spectroscopic layer, i.e. the location of the Cu sites in the case of the cuprates. However, as Figure 4.1 shows, the location of the Cu sites in the CuO2 plane cannot
be determined from the BiO topography. We will show how to overcome this
challenge for Bragg peak Fourier analysis of SI-STM Bi2 Sr2 CaCu2 O8+δ data in
Chapter 5.

4.1.2

Ca2−δ Naδ CuO2 Cl2

The unit cell of Ca2−δ Naδ CuO2 Cl2 is shown schematically in Figure 4.2, and
has lattice parameters a0 = b0 = 3.85Å and c0 = 15.14Å [70]. This material,
though difficult to handle, often offers a nice complement to SI-STM studies of
Bi2 Sr2 CaCu2 O8+δ , since it does not have a supermodulation or apical oxygens
(has Cl atoms at the apical O positions) [70, 71].

Cleaving
plane
Cl
Ca/Na
Cu
O

Topography
layer - Ca/NaCl
Spectroscopy
layer - CuO2

Figure 4.2: Unit cell of Ca2−δ Naδ CuO2 Cl2 . The cleaving plane is indicated by a
purple line. Adapted from [65].
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4.2

Generic Phase Diagram and k-Space Properties

T*

AFI

T (K)

PG

Tc

dSC

p

Figure 4.3: Generic hole-doped cuprate phase diagram in zero applied magnetic field. Upon doping, the original antiferromagnetic insulating compound
(in green) gives way to an enigmatic so-called pseudogap phase (in grey) and, finally, at lower temperatures, a d-wave superconducting phase (in blue). Above
the superconducting phase non-Fermi liquid behavior is observed (white). Further doping, beyond the superconducting dome, leads to a Fermi liquid regime
(white).

In general, copper-oxide superconductors are ’charge-transfer’ Mott insulators (green region in the phase diagram of Figure 4.3) and are strongly antiferromagnetic due to inter-copper superexchange [72]. Doping these materials
with a hole density p to create superconductivity (blue region in Figure 4.3) is
achieved by removing electrons from the O atoms in the CuO2 plane [73, 74].
Antiferromagnetism exists for p < 2 − 5%, d-wave superconductivity occurs in
the range 5 − 10% < p < 25 − 30% (the highest superconducting critical temperature T c occurs at ’optimal’ doping p ∼ 16%), and a Fermi liquid state appears
for p > 25 − 30%. For p < 20% an unusual electronic excitation with energy
scale | E |= ∆1 , which is anisotropic in k-space [75, 76, 77, 78, 79] appears at tem31

peratures far above the superconducting critical temperature. This region of the
phase diagram has been labeled the ’pseudogap’ (grey area in Figure 4.3) region because the energy scale ∆1 could be the energy gap of a distinct electronic
phase [75, 76].
In terms of k-space characteristics, the hole-doped cuprate superconductors
exhibit unexplained changes in electronic structure with increasing hole density. Apparently open contours or ’Fermi arcs’ [80, 81, 82, 83, 84, 85, 86] are reported at low p in all cuprates studied, while at high p closed hole-like pockets
surrounding k = (±1, ±1)π/a0 are observed [87, 88]. While no widely accepted
explanation exists for the switch between these two phenomenologies, such a
transition could occur due to a change in symmetry of an electronic ordered
state. The resulting modifications to the geometry of the Brillouin zone would
then alter the topology of the electronic bands [89].
In STM data of underdoped cuprates, a complete set of dispersive wavevectors (shown in Figure 4.4(b)) are directly indicative of d-wave Cooper pairing
of the states involved, are observed experimentally to culminate at a doping
dependent energy, E = ∆0 (blue region in 4.4(a)) [90]. Still concerning the underdoped cuprates, between ∆1 < E < ∆0 (pink-shaded region in 4.4(a)), intimately related k-space phenomena at wavevectors q?1 and q?5 , always found
satisfy q?1 = 2π/a0 − q?5 , are observed (Figure 4.4(c)) [90, 91, 92, 10]. Here, we use
∆0 to denominate the superconducting energy scale and ∆1 the maximum detectable gap (pseudogap at low p and maximum superconducting gap at high
p).
Indeed, in the underdoped cuprates, the k-space structure of coherent Bogoliubov quasiparticles is then detectable because scattering between the eight
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Figure 4.4: Superconducting and PG signatures seen by STM. - (a) The black
dashed line shows the typical differential conductance spectrum g(E) of underdoped Bi2 Sr2 CaCu2 O8+δ samples, here at p = 0.06. The central pale blue shaded
region indicates where the seven dispersive qm (E); m = 1, 2, ..., 7 wavevectors
characteristic of Bogoliubov quasiparticle scattering interference are observed
(and color coded as identified by each wavevector in the inset). The solid color
curves are theoretically expected trajectories for qm (E) in a d x2 −y2 symmetry superconducting state. The pink shaded regions (with |E| > ∆0 ) exhibit modulations ("density waves") in g(r, E) and Z(r, E) characterized by two quasi-static
electronic structure modulations, q?1 and q?5 , as shown. - (b) This Z(q, |E| < ∆0 )
for p = 0.08 image shows the complete set of dispersive wavevectors indicative
of scattering interference of Bogoliubov quasiparticles of a d-wave superconductor. Except for the dark-red circles at the corners of the image, which indicate the location of the Bragg wavevectors, the colored circles surrounding each
maximum of Z(q, |E| < ∆0 ) indicate which of the Bogoliubov scattering processes
in the inset of part (a) is involved. - (c) This Z(q, ∆0 < |E| < ∆1 ) for the same doping shows the set of energetically quasi-static wavevectors q?1 (purple) and q?5
(orange). This image a typical example of Z(q, E) at |E| > ∆0 for p < 0.19.
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joint DOS maxima at k j (E); j = 1, 2, · · · , 8 (circles in inset Figure 4.4(b)) produces interference patterns with wavevectors q(E) = k j (E) − ki (E) in Z̃(q, E), the
Fourier transform of Z(r, E) . At low p, one finds that the predicted set of seven
inequivalent Bogoliubov QPI wavevectors qm (E); m = 1, 2, · · · , 7 (Figure 4.4(a)
inset and (b)) exist only below energy ∆0 (Figure 4.4(a)), indicating that it is the
limiting binding energy of a Cooper pair [10].

4.3

Reports of Electronic Broken Symmetries in the Pseudogap
Regime

Several electronic broken symmetry states [93] that could play a key role in
limiting T c have been reported at low p in many different cuprate compounds.
SI-STM studies have reported that at ∆1 > |E| > ∆0 the dispersive qm from quasiparticle scattering disappear (Figure 4.4(a) and (c)) and are replaced by brokensymmetry states consisting of: (i) spatial modulations with energetically quasistatic wavevectors q?1 and q?5 breaking translational symmetry [94, 95, 10, 90]
and (ii) Q = 0 (intra-unit-cell (IUC)) breaking of C4 symmetry detectable either
directly in r-space [1, 90] or at the Bragg wavevectors [1, 96, 10]. We will first
discuss observations of these broken-symmetries by other probes, and then expand on the manifestations seen by SI-STM.

4.3.1

Observations from Several Probes

Wavevector Q = 0 (IUC) breaking of 90◦ -rotational (C4 ) symmetry and of TRS
are reported in YBa2 Cu3 O6+δ , HgBa2 CuO4+δ and Bi2 Sr2 CaCu2 O8+δ [97, 98, 99, 100,
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101, 102, 1, 103, 104, 105] . Neutron scattering measurements have found that, by
looking at Bragg peaks with low nuclear scattering using polarized neutrons in
all the three materials, a Q = 0 magnetic signal is observed [98, 99, 103, 104]. One
of the possible explanations for their data is that oxygen sites may have magnetic moments, ferromagnetically aligned along one direction, but antiferromagnetically aligned between the a- and b-directions [106]. Polar Kerr rotation
[101], supported by ARPES and time resolved reflectivity [102], also sees a small
ferromagnetic signal in both YBa2 Cu3 O6+δ and Bi2 Sr2 CuO6+δ that favors the oxygen moment scenario. Furthermore, studies of ARPES using circularly polarized light again observe C4 symmetry breaking by measuring the differences in
the photocurrent caused by both polarizations of light in Bi2 Sr2 CaCu2 O8+δ [97].
Resonant ultrasound spectroscopy, looking at the energies and widths of vibrational normal modes of YBa2 Cu3 O6+δ crystals, relates the Q = 0 order to the
pseudogap regime [105]. All these observations are true in underdoped cuprate
samples below a certain temperature T ? associated to the pseudogap, and disappear as soon as one of these two conditions changes.
Finite wavevector Q , 0 (density wave) modulations breaking translational
symmetry have long been reported in underdoped La2−x−y Ndy Sr x CuO4 and
La2−δ Baδ CuO4 [107, 108] where they are usually ascribed to a single incommensurate Q (’stripes’) such that C4 symmetry is also broken. More recently, translational symmetry breaking states are also reported in underdoped YBa2 Cu3 O6+δ ,
Bi2 Sr2 CuO6+δ and Bi2 Sr2 CaCu2 O8+δ [109, 110, 111, 112, 113, 114, 115, 94, 95]. Temperature dependence of these studies shows that the Q , 0 modulations are observed inside the pseudogap region only. Additionally, some of these reports,
combining resonant X-ray scattering, ARPES and STM studies in Bi2 Sr2 CuO6+δ ,
have been able to link the Q , 0 density wave seen by X-rays to that seen by
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STM (q?1 and q?5 in Figure 4.6(a) and (c)) quite directly, hence showing that they
are different observations of the same phenomenon [94].
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Figure 4.5: Schematic phase diagram of hole-doped cuprate superconductors
showing the ’dome’ of T c (p) in blue. Overlaid is a compilation of reports of two
types of broken symmetry in the underdoped cuprate compounds Bi2 Sr2 CuO6+δ
(B1 ), Bi2 Sr2 CaCu2 O8+δ (B2 ), YBa2 Cu3 O6+δ (Y), and HgBa2 CuO4+δ (H). Circular
symbols indicate Q = 0 (IUC) C4 rotational symmetry breaking, often accompanied by breaking of TRS, typically wherever the technique applied is capable
of detecting that effect. Diamond symbols indicate Q , 0 broken translational
symmetry (density wave). Note, however, that Q = 0 symmetry breaking usually has an observed onset at higher temperature than the density wave.

Summarizing such reports of Q = 0 and Q , 0 broken symmetries in Figure 4.5 reveals some stimulating observations. First, although the Q = 0 and
Q , 0 states are detected by widely disparate techniques and are highly distinct
in terms of which symmetries are broken, they seem to follow approximately
the same phase-diagram trajectory (shaded band Figure 4.5) as if they are facets
of a single phenomenon. Indeed, earlier studies indicated that Q = 0 and Q , 0
broken-symmetry states are linked microscopically [96]. The second implica36

tion of Figure 4.5 is that a critical point (possibly a quantum critical point) associated with both Q = 0 and Q , 0 broken-symmetry states may be concealed
beneath the T c (p) dome. Again, numerous earlier studies reported that sudden alterations in many electronic/magnetic characteristics occur near p ∼ 0.19
[116, 75, 117], but whether these phenomena are caused by electronic symmetry
changes [89] at a critical point was unknown.

4.3.2

Observations from STM

Both Q = 0 and Q , 0 broken symmetries have been observed by STM in
the pseudogap regime in Bi2 Sr2 CaCu2 O8+δ , Ca2−δ Naδ CuO2 Cl2 and Bi2 Sr2 CuO6+δ
[10, 90, 1, 96, 94, 95], further suggesting that these are universal manifestations
of the cuprates, rather than material specific observations. The Q , 0 translational symmetry breaking modulations are manifested at the two energetically quasi-static wavevectors q?1 and q?5 that have been shown in Figure 4.4(a)
and (c). Symmetry breaking observed at these wavevectors shows, however,
no tendency to become well established at the pseudogap or any other energy,
since its correlation lengths are always on the nanometer scale [1, 96, 10]. In
other words, small, nanometer sized domains of Q , 0 symmetry-breaking are
observed at any energy, evidencing short-range order. Conversely, Q = 0 C4
symmetry-breaking, detected at the Bragg wavevectors and in r-space, shows
long-range order in the same samples of both Bi2 Sr2 CaCu2 O8+δ (Figure 4.6) and
Ca2−δ Naδ CuO2 Cl2 , evidencing differences in the LDOS at oxygen sites in the a
and b directions inside the unit cell [1, 10].
In essence, the procedure for determining broken-symmetries by SI-STM in
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Figure 4.6:
Q-space visualization of electronic IUC nematicity in
Bi2 Sr2 CaCu2 O8+δ . Adapted from [1]. - (a) Simultaneous topographic image, T 0 (r), of the surface of an underdoped 35K Bi2 Sr2 CaCu2 O8+δ sample. The
inset shows the real part of its Fourier transform ReT̃ 0 (q), which does not break
C4 symmetry at its Bragg points because their values are indistinguishable at
Qa = (1, 0) 2π/a0 and Qb = (0, 1) 2π/a0 . Neither the crystal nor the tip used to
image it exhibit C2 symmetry. The supermodulation of Bi2 Sr2 CaCu2 O8+δ is seen
clearly here; as always, it is at 45◦ to, and therefore is the mirror plane between,
the a and b axes. Hence, it has no influence on the electronic nematicity discussed here. - (b) Z 0 (r, e = 1) measured in the same FOV and simultaneously as
(a). The inset shows that the Fourier transform Z̃ 0 (q, e = 1) breaks C4 symmetry
at its Bragg points because ReZ̃ 0 (Qa , e = 1) , ReZ̃ 0 (Qb , e = 1).

q-space is as follows [1, 20, 10]. Firstly, the q-vectors of the relevant peaks are
identified (e.g. the Bragg wavevectors, Qa and Qb , in the case of C4 breaking) in the FT of the r-space SI-STM data. Typically, the function Z 0 (r, V) =
g(r, +V)/g(r, −V) described in Chapter 1 is used because it eliminates the severe
systematic errors in g(r, V) generated by the intense electronic heterogeneity effects specific to the cuprate materials [1, 91, 92, 10, 90, 118, 119, 96]. Furthermore,
the FT must be taken with perfect knowledge of the high-symmetry locations of
the lattice (i.e. the Cu sites). Secondly, the value of the real part of the peaks
is compared to each other. Finally, a symmetry in the electronic structure is
broken if the amplitude of the peaks is different in the two directions, differing
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from a structural symmetry breaking in that a purely electronic effect should
not be seen in the simultaneous topographic data, T 0 (r) (Figure 4.6(a) and (b)).
The mathematical treatment and the details of this process will be discussed at
greater length in Chapter 5. Nonetheless, the idea to retain here is that, for a
symmetry-breaking signal to be largely detected in q-space, it must have longrange order. A smaller or non-existent q-space signal may not mean that the
symmetry is preserved, but rather that domains could exist within the FOV,
bringing the mean value of the symmetry breaking order parameter to (almost)
zero.
Besides having a q-space measure of symmetry-breaking, it is also useful to
visualize the broken symmetries in r-space. To such effect, we show in Figure
4.7(a) an image of Z 0 (r, E ∼ ∆1 ) with the lattice positions marked. Differences
in intensities can already be seen within the unit cells. However, a zoom-in
to the FOV contained by the blue square in Figure 4.7(a), Figure 4.7(b), shows
only some unit cells and the broken rotational symmetry in greater detail. For
example, the unit cell at the center, indicated by a blue Cu orbital schematic,
has greater intensity at the O-sites in the a-direction (yellow schematic orbital)
than at those along b (red schematic orbital), showing Q = 0 symmetry breaking
in r-space. Careful observation of the unit cells shown in Figure 4.7(a) reveals
that some of them have stronger intensities along the a-direction, while others along the b-direction. This means that, even though the net nematicity is
not zero, small domains of the non-dominant orientation are observed, hence
excluding the possibility that these observations are a result of tip anisotropy.
Furthermore, these effects are observed in samples of several cuprate materials studied in different STMs, in order to minimize the possibility of systematic
errors [1, 10].
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(a)

(b)

Figure 4.7: R-space visualization of electronic IUC nematicity. - (a) Z 0 (r, E ∼ ∆1 )
image. Locations of Cu atoms are marked by a cross, a-direction O atoms by /
and b-direction O atoms by \. - (b) Zoom-in from (a). This region is represented
in (a) by a blue square. Atoms are symbol-coded in the same way as (a). At the
center, a Cu orbital is schematically represented in blue, and O orbitals in red
(b-direction) and yellow (a-direction). In this particular unit cell, the intensity
at O-atom positions along the a-direction is visibly higher than that at O-atoms
positions along the b-direction. Rotational symmetry breaking can be observed
in other unit cells of (a) and (b), which are color-coded in the same way as Figure
4.6.

Nonetheless, the complete doping dependence of these broken symmetry
signatures remained unknown until recently. Therefore, direct determination
of the relationship between any of the reported broken symmetries above mentioned and FS topology, and whether a concurrent transition occurs in both at a
critical pc , now appeared key for advancing understanding of cuprate electronic
structure. We will report these results in Chapter 6.
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4.4

Revelant Questions for Understanding the Pseudogap
Regime

Understanding the physics of the hole-doped cuprate pseudogap requires explaining a basic set of questions: (i) What causes the opening of this energy gap?
(ii) How do the pseudogap and superconductivity interact in the cuprates? In
particular, how do they interact above and below T c , as well as under the application of a magnetic field? (iii) What causes the Fermi arcs? Is it, for example, FS reconstruction and/or quasiparticle decoherence? What may cause
the anti-nodal quasiparticles to loose coherence? (iv) How can the broadness of
the pseudogap transition be explained? (v) Why does doping destroy the pseudogap regime? (vi) Why is the pseudogap absent in electron doped cuprates?
(vii) What is the contribution of the Q = 0 and the Q , 0 symmetry breaking
modulations to the physics of the cuprates?
Our studies (Chapters 5 and 6) attempt to advance our knowledge in order
to answer this set of questions. In Section 6.4 we propose a mechanism for the
origin of the pseudogap that could explain most of these issues.
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CHAPTER 5
DETECTING BROKEN ELECTRONIC SYMMETRIES IN THE
PSEUDOGAP REGIME OF THE CUPRATES USING STM

1

In this chapter, we discuss how to detect broken electronic symmetries with

sub-atomic-resolution Fourier transform SI-STM, and present an application of
those theoretical principles to determine the broken electronic symmetries of
the pseudogap state of the cuprate superconductors.

5.1

Detecting Broken Electronic Symmetries with STM

Many probes of reciprocal space, such as conventional X-ray diffraction, have
the capability to measure modulation amplitudes and wavevectors in the crystallographic structure. Some of these probes, such as resonant X-rays or ARPES,
have the capability to detect electronic structure. For many of these probes,
however, the Bragg modulations in the relevant crystallographic directions cannot be analyzed for specific symmetry breaking due to the lack of phase information. SI-STM can, however, and as we have discussed in Chapter 1, access both crystallographic and electronic structure of materials, in both r- and
q-space. In this Section, we describe a new technique to identify the phase
of Fourier transformed SI-STM images and discuss the measurement of IUC
(Q = 0) electronic symmetries, now made possible due to Fourier phase identification.
1

We published the results discussed in this chapter in Reference [20]. Parts of this chapter
follow closely the published manuscript.
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5.1.1

Nematic Order and Inversion Symmetry Breaking Inside
the Crystallographic Unit-Cell

Bragg-peak Fourier analysis of an electronic structure image g(r, V) focuses
upon g̃(q, V) = Re g̃(q, V) + iIm g̃(q, V), its complex valued 2D Fourier transform. Here Re g̃(q, V) is the cosine and Im g̃(q, V) the sine Fourier component,
respectively. By focusing on the Bragg peaks q = Qa ,Qb only those electronic
phenomena with the same spatial periodicity as the crystal are considered. Obviously, successful application of this approach when using g(r, V) images requires: (i) highly accurate registry of the unit-cell origin to satisfy the extreme
sensitivity in g̃(q, V) to the phase, (ii) that the g(r, V) data set has adequate subunit-cell resolution without which the distinction between the four inequivalent
Bragg amplitudes at Qa , Qb would be zero and (iii) that this same g(r, V) be measured in a large FOV so as to achieve high resolution in q-space. Only recently
has this combination of characteristics in g(r, V) measurement been achieved
[1, 91, 92, 10]. With the availability of such data, several measures of IUC breaking of crystal symmetry by the electronic structure become possible from the
study of the real and imaginary components of the Bragg amplitudes in g̃(Q, V).
For example, if the crystal unit cell is tetragonal with 90◦ -rotational (C4v ) symmetry, one can search for IUC ‘nematicity’ (breaking of C4v down to 180◦ -rotational
(C2v ) symmetry) in the electronic structure by considering
ON (V) = Re g̃(Qb , V) − Re g̃(Qa , V)

(5.1)

[1, 91, 92, 10]. Similarly, if the crystal unit-cell is centrosymmetric, one can search
for IUC breaking of inversion symmetry in electronic structure using
OI (V) =| Im g̃(Qa , V) | + | Im g̃(Qb , V) | .
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(5.2)

5.1.2

Measuring Intra-Unit-Cell Symmetries using Atomic Resolution FT SI-STM

Fourier transforming any high resolution r-space STM data such as the first image in Figure 5.1 produces a real and an imaginary component, illustrated by
the middle column images in Figure 5.1. The latter can in turn be combined to
yield the absolute magnitude or the power-spectral-density (PSD) of the Fourier
transformed modulations, as illustrated in Figure 5.1. Access to the real and
imaginary components of Fourier transformed g(r, V) data then opens the possibility of studying the electronic Q = 0 symmetry breaking described in Section
5.1.
In order to correctly perform the analysis suggested above, however, for
both order parameters (Equations 5.1 and 5.2) and in general, the correct determination of Re g̃(q, V) and Im g̃(q, V) is critical. If one of the atoms of some
square lattice L0 (r) lies exactly at the origin of the coordinate system as shown
schematically in 1D in Figure 5.2(a), then L0 (r) is exactly symmetric (purple
curve in 5.2(a)). A symmetric L0 (r) results in a zero imaginary part (sine component, the brown curve in Figure 5.2(a)) of its Fourier transform, L̃0 (q), at the
Bragg wavevectors, i.e. Im L̃0 (Qa,b ) = 0. Here Qa,b are the Bragg wavevectors
in the a- and b-directions. For an asymmetric image, such as the one represented schematically in Figure 5.2(b) in which the origin does not lie at a highsymmetry location, Im L̃0 (Qa,b ) has a finite value (brown curve in Figure 5.2(b))
and, depending on the direction of the shift, the amplitude of the real part (cosine component, purple curve in Figure 5.2(b)) of the Bragg peaks in the two
perpendicular directions, Re L̃0 (Qa,b ), differs for each peak. The assignment of
the zero of coordinates at the symmetry point of the unit-cell (and thus the cor44
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Figure 5.1: Information provided by Fourier transforming r-space data. The
latter could be a constant-energy layer of a spectroscopic map for electronic information or a topographic image for structural information. The Fourier transformed data yields a real and an imaginary part. Combined, they yield the PSD,
or magnitude, of the Fourier transform.

rect choice of phase) is therefore the fundamental practical challenge of Braggpeak FT SI-STM. Aditionally, we note that, in terms of the FT phase, a spatial
shift of the origin in lattice by n% (a0 ) corresponds to a phase shift of n% (2π) at
the Bragg wavevectors.

5.1.3

Fourier-Phase Determination Using Impurity States

As the STM tip moves to a new pixel in a spectroscopic map, it first acquires
the T (r) data for that pixel, followed by the measurement of the g(r, V) pointspectrum, after which it moves on to the next pixel. Even though the time
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Figure 5.2: Importance of the choice of origin when performing a Fourier transform. Here we show schematically the Fourier components of a lattice of wavelength a0 in lattice direction â. - (a) The origin is chosen at a proper symmetry
position, so the function is purely symmetric. This translates into a non-zero
symmetric Fourier component, the real part, and a non-existent anti-symmetric
Fourier component, the imaginary part. - (b) The origin is chosen at a lowsymmetry position, so the function acquires a non-symmetric component, i.e. a
non-zero imaginary part.

elapsed between the two sets of data acquisition is typically < a few seconds,
there may a spacial drift in the measurement position due to be piezoelectric
relaxation effects. In case these effects are significant, the electronic phase in
g̃(q, V) images cannot be simply identified from the Bragg modulations in T̃ (q).
Furthermore, there are some materials (such as Bi2 Sr2 CaCu2 O8+δ , see Figure 4.1)
whose g(r, V) data arise from several layers underneath the surface, imaged by
T (r). In such situations, it is also possible that a potential shift between the layers renders nonviable the direct utilization of T̃ (q) to determine the phase for
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g̃(q, V) at the Bragg peaks.
In order to determine the magnitude of the above-mentioned piezoelectric
relaxation drifts or potential multi-layer displacements, we propose the use of
certain impurities as a mean to achieve Fourier phase determination at the unit
cell wavelengths. We propose to use the fact that some (known) impurities substitute given elements in the crystal lattice reproducibly. So, a small amount of
these impurities, which can be detected in g(r, V) as resonances, can be introduced to the crystal upon its synthesis. The spatial location of the impurity resonances can then be compared to the spacial position of the lattice at the surface
measured from T (r) and any spatial (and, hence, phase) shifts determined. We
will, later in this Chapter, describe the application of these principles to lightly
Zn-doped Bi2 Sr2 CaCu2 O8+δ data acquired in our STMs.

5.1.4

Data Processing Techniques

In order to meaningfully study symmetry breaking by STM, several data processing techniques had to be developed. Such techniques have been successfully used for studying cuprate data, in particular in obtaining the results described later in this Chapter and in Chapter 6. We will now describe the procedures to implement them correctly.

Eliminating Energy-Scale Disorder

In SI-STM studies of certain materials it becomes necessary to introduce a new
energy scaling due to the large spacial heterogeneity of some of the relevant en-
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ergy scales. For example, the pseudogap energy scale in the cuprates is largely
heterogeneous as a function of location [120, 10]. As a result, in these studies, we
propose to scale the g(r, eV) data such that the quantity e = 1 is the gap energy
scale. This quantity is defined as e = E/∆1 (r) at E = ∆1 (r) [1, 91, 92, 10].

Distortion Correction Algorithm

A key practical challenge for all phase-sensitive SI-STM studies is that, over
the week(s) of continuous data acquisition required to measure a g(r, V) data
set having both > 50 pixels within each crystal unit cell and the large FOVs
required for precision Fourier analysis, thermal and mechanical drifts distort
the g(r, V) images subtly. Such distortions in g(r, V), while pervasive, are usually imperceptible in conventional analyses. However, they strongly impact
on the capability to determine IUC symmetry breaking, because the perfect
lattice periodicity throughout g(r, V) that is necessary for Bragg-peak Fourier
analysis is disrupted [1]. To address this issue, we recently introduced a postmeasurement distortion correction technique that is closely related to an approach we developed earlier to address incommensurate crystal modulation effects in Bi2 Sr2 CaCu2 O8+δ [69]. The new procedure [1, 91, 92, 10, 96] identifies a
slowly varying field u(r) [121] that measures the displacement vector u of each
location r in a topographic image of the crystal surface T (r), from the location
r−u(r) where it should be if T (r) were perfectly periodic with the symmetry and
dimensions established by X-ray or other scattering studies of the same material.
To understand the procedure, consider an atomically resolved topograph
T (r) with tetragonal symmetry. As mentioned earlier in this document, in
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SI-STM, the T (r) and its simultaneously measured g(r, V) are specified by measurements on a square array of pixels with coordinates labeled r = (x, y). The
PSD Fourier transform of T (r), | T̃ (q) |2 then exhibits two distinct peaks representing the atomic corrugations. These are centered at the first reciprocal unit
cell Bragg wavevectors Qa = (Qax , Qay ) and Qb = (Qbx , Qby ) with a and b being
the lattice crystallographic directions. Next, we apply a computational ‘lockin’ technique in which T (r) is multiplied by reference cosine and sine functions
with periodicity set by the wavevectors Qa and Qb and whose origin is chosen
at an apparent atomic location in T (r). The resulting four images are filtered
to retain only the q-space regions within a radius δq = 1/λ of the four Bragg
peaks; the magnitude of λ is chosen to capture only the relevant image distortions. This procedure results in retaining the local phase information θa (r), θb (r)
that quantifies the local displacements from perfect periodicity:
Xa (r) = cos θa (r),

Ya (r) = sin θa (r),

(5.3)

Xb (r) = cos θb (r),

Yb (r) = sin θb (r).

(5.4)

Dividing the appropriate pairs of images then allows one to extract
θa (r) = tan−1
θb (r) = tan−1

Ya (r)
,
Xa (r)
Yb (r)
.
Xb (r)

(5.5)
(5.6)

Of course, in a perfect lattice θa (r), θb (r) would be independent of r. However,
in the real image T (r), u(r) represents the distortion of the local maxima away
from their expected perfectly periodic locations, with an identical distortion occurring in the simultaneous spectroscopic data g(r, V). Considering only the
components periodic with the lattice, the measured topograph can therefore be
represented by
T (r) = T 0 [cos (Qa · (r + u(r))) + cos (Qb · (r + u(r)))] .
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(5.7)

Correcting this for the spatially dependent phases θa (r), θb (r) generated by u(r)
requires an affine transformation at each point in (x,y) space. From equation 5.7
we see that the actual local phase of each cosine component at a given spatial
point r, ϕa (r), ϕb (r), can be written as
ϕa (r) = Qa · r + θa (r),

(5.8)

ϕb (r) = Qb · r + θb (r),

(5.9)

where θi (r) = Qi · u(r), i = a, b, is the additional phase generated by the distortion
field u(r). This simplifies equations 5.5 and 5.6 to


T (r) = T 0 cos (ϕa (r)) + cos (ϕb (r))

(5.10)

which is defined in terms of its local phase fields only, and every peak associated with an atomic local maximum in the topographic image has the same ϕa
and ϕb . The goal is then to find a transformation, using the given phase information ϕa,b (r), to map the distorted lattice onto a perfectly periodic one. This
is equivalent to finding a set of local transformations that makes θa,b take on
constant values, θa and θb , over all space. Thus, let r be a point on the unprocessed (distorted) T (r), and let r̃ = r − u(r) be the point of equal phase on the
‘perfectly’ lattice-periodic image that needs to be determined. This produces a
set of equivalence relations
Qa · r + θa (r) = Qa · r̃ + θa

(5.11)

Qb · r + θb (r) = Qb · r̃ + θb

(5.12)

Solving for the components of r̃ and then re-assigning the T (r) values measured
at r to the new location r̃ in the (x, y) coordinates produces a topograph with
‘perfect’ lattice periodicity. To solve for r̃ we rewrite equations 5.11 and 5.12 in
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matrix form:

where

 

  
r̃ 
r  θ − θ (r)
a
 1

 1  a
Q   = Q   − 
,
r̃ 
r  θ − θ (r)
b
b
2
2

(5.13)



Q

 ax Qay 

Q = 
 .
Q

bx Qby

(5.14)

Because Qa and Qb are orthogonal, Q is invertible allowing one to solve for the
displacement field u(r) which maps r to r̃ as


θ − θ (r)
a

 a
u(r) = Q−1 
,
θ − θ (r)
b
b

(5.15)

In practice, we use the convention θi = 0, which generates a ‘perfect’ lattice with
an atomic peak at the origin; this is equivalent to ensuring that there are no
imaginary (sine) components to the Bragg peaks in the FT.
Using this technique, one can estimate u(r) and thereby undo distortions in
the raw T (r) data with the result that it is transformed into a distortion-corrected
topograph T 0 (r) exhibiting the known periodicity and symmetry of the termination layer of the crystal. The key step for electronic-structure symmetry determination is then that the identical geometrical transformations to undo u(r) in T (r)
yielding T 0 (r) are also carried out on every g(r, V) acquired simultaneously with
the T (r) to yield a distortion-corrected g0 (r, V). The T 0 (r) and g0 (r, V) are then
registered to each other and to the lattice with excellent precision. This procedure can be used quite generally with SI-STM data that exhibit appropriately
high resolution in both r-space and q-space.
Figure 5.3 exemplifies the effects of the distortion correction algorithm described above. The material shown throughout the figure is lightly Zn-doped
Bi2 Sr2 CaCu2 O8+δ at a hole doping p ∼ 20%. A typical resulting topograph T (r)
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with 64 pixels covering the area of each CuO2 unit cell is shown in Figure 5.3(a).
This is an unprocessed topographic image T (r) of the BiO layer with the bright
dots occurring at the location of Bi atoms. The inset shows a tightly focused
measurement at the location of one of the Bragg peaks in | T̃ (q) |2 ; this clearly
has spectral weight distributed over numerous pixels indicating the imperfect
nature of the periodicity in this T (r). Figure 5.3(b) is the simultaneously measured image of electronic structure g(r, E) determined near E ∼ ∆1 . Figure 5.3(c)
shows the PSD Fourier transform of figure 5.3(b), while its inset focuses upon a
single Bragg peak. Figure 5.3(d) shows the processed topographic image T 0 (r)
after distortion correction using equation 5.15. The subtlety of these corrections
is such that Figure 5.3(d) appears virtually identical to Figure 5.3(a) at first sight.
However, the inset shows that the Bragg peak of the PSD Fourier transform
| T̃ (q) |2 of Figure 5.3(d) now becomes isotropic and consists of just a single
pixel; this indicates that Bi atom periodicity is now as perfect as possible given
the limitations of q-space resolution from the finite FOV. Figure 5.3(e) is the
g(r, V) data of Figure 5.3(b), but now processed in the same distortion correction
fashion as Figure 5.3(d) to yield a function g0 (r, V). Its PSD Fourier transform
| g̃(q, V) |2 as shown in Figure 5.3(f) reveals how the Bragg peaks are now also
sharp, indicating that the same spatial periodicity now exists in the electronic
structure images (inset of Figure 5.3(e)).

5.1.5

Technical remarks

It is important to re-emphasize the limitations of the IUC symmetry-breaking
and Fourier phase determination analysis that we have just described. For instance, impurity data for phase determination must have ∼ pm spacial resolu-
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Figure 5.3: (a) Raw T (r) image of Bi2 Sr2 CaCu2 O8+δ . The inset shows the PSD
of a Bragg peak. - (b) Unprocessed g (r, e = E/∆1 (r) = 1), at the coherence peak
energy, from the same FOV as (a). - (c) PSD FT of (b), |g̃(r, e = 1)|2 . The red circle
indicates the q-space location of the Bragg peak shown in Figures (a)-(f). - (d)
Same T 0 (r) image as in (a) after distortion correction. The inset shows a Bragg
peak confined to a single pixel. - (e) The same g0 (r, e = E/∆1 (r) = 1) as in (b)
after distortion correction. - (f) |g̃0 (r, e = 1)|2 of (e). All data in this Figure were
acquired with a 1 GΩ junction resistance, -110 mV tip-sample bias.
53

tion, without which small (< 10 a0 ) mechanical or crystallographic drifts cannot
be detected. Of course, in order to achieve such high spacial resolution and stability, the STM must have an excellent vibration isolation system. Furthermore,
for symmetry breaking analysis, it is crucial to have both high spacial resolution (to resolve enough details inside the unit cell) and large FOVs (to ensure
large q-space resolution). In addition to this, it is important to analyze data
from different STM machines and different good quality tips. This insures that
no systematic error is introduced from the measurement. The STM symmetrybreaking studies we present in this dissertation take all these factors into consideration.

5.2

Fourier-Phase Determination of Cuprate STM Data

We now focus on the application of the concepts described earlier in this chapter
to determine the Fourier phase of Bi2 Sr2 CaCu2 O8+δ data. Indeed, the IUC spatial
symmetries of the E ∼ ∆1 states in the cuprates can be imaged directly using
SI-STM in underdoped cuprates [1, 91, 92, 10, 90, 96]. The Z(r, E) images reveal
compelling evidence for IUC C4v symmetry breaking specific to the states at the
E ∼ ∆1 pseudogap energy [90]. However, for Bragg-peak Fourier transform
studies of this effect the choice of origin of the CuO2 unit cell (and thus the
phase of the Fourier transforms) was determined by using the imaged locations
of the Bi atoms in the BiO layer [1, 91, 92, 10], while it is knowledge of the actual
Cu atom locations that is required to most confidently examine IUC symmetry
breaking of the CuO2 unit cell (Figure 4.1).
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5.2.1

Lightly Zn-doped overdoped 62K Bi2 Sr2 CaCu2 O8+δ

To identify these sites and thus the correct phase, we studied lightly Zn-doped
Bi2 Sr2 CaCu2 O8+δ crystals with p ∼ 20%. Each g(r, E = eV) map required ∼ 5
days; a typical resulting topograph T (r) with 64 pixels covering the area of each
CuO2 unit cell has been shown in Figure 5.3(a). The data in that image originates
from the BiO layer and the Bi atoms can be distinguished as bright dots. A
conductance image g(r, e = E/∆1 = 1), whose signal arises from the CuO2 layer,
acquired simultaneously with the topograph in Figure 5.3(a) has been shown in
Figure 5.3(b). Averaging, for every energy, the conductance values of each pixel
in the FOV of Figure 5.3(a) and (b) yields an average conductance spectrum with
an average superconducting gap value ∆1 = 32meV, both shown in Figure 5.4.
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0.2
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Figure 5.4: Average conductance g (r, E) spectrum of the overdoped 62K
Bi2 Sr2 CaCu2 O8+δ sample used in the studies we report here. The data were acquired at 1GΩ junction resistance, -110 mV tip-sample bias. The average superconducting gap value is ∆1 = 32meV (green dashed lines).

55

5.2.2

Finding the Nearest Zn-Bi Atoms

Locating the Zn Impurities

To directly identify the symmetry point of the CuO2 unit cell in a BiO topograph,
we image g(r, V = −1.5mV) measured on Zn-doped Bi2 Sr2 CaCu2 O8+δ crystals.
A conductance map in a 60nm square region (simultaneous topograph Figure
5.5(a)) is shown in Figure 5.5(b); the overall light background is indicative of a
very low conductance near E F as expected in the superconducting state. However, we also detect a significant number of randomly distributed dark sites corresponding to areas of high conductance each with a distinct fourfold symmetric
shape and the same relative orientation. The spectrum at the center of a dark
site has a very strong intra-gap conductance peak at energy E = −1.5 ± 0.5meV,
while the superconducting coherence peaks are suppressed [122]. This is a unitary strength quasiparticle scattering resonance at a single, potential-scattering,
impurity atom in a d-wave superconductor [122, 123]. These signatures can
be used to identify the location of Zn atoms substituted on the Cu sites of
Bi2 Sr2 CaCu2 O8+δ .
Figure 5.5(a) actually shows the topographic image T 0 (r) of the BiO layer
after its distortion correction has been carried out, whereas Figure 5.5(b) shows
the identically distortion-corrected image of differential conductance. Fourteen
Zn impurity state sites at Cu sites in the CuO2 plane are observed. Imaging the
locations of these individual Zn resonance sites with approximately picometer
resolution allows precision identification of the symmetry point of each CuO2
unit cell and an excellent estimate of the correct phase required for Bragg-peak
Fourier analysis of the CuO2 plane electronic structure.
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Figure 5.5: Zn impurities in lightly Zn-doped Bi2 Sr2 CaCu2 O8+δ , a ∼ 60 nm
FOV. All the data in this Figure has been corrected using the distortion correction algorithm, and has been acquired at 1 GΩ junction resistance, 60 mV
tip-sample bias. - (a) Topographic image, T 0 (r). - (b) Simultaneously measured
g0 (r, V = −1.5mV) in the same FOV as (a). Fourteen Zn impurity resonances are
distinguishable in this image.

The location of the Zn atoms can be obtained by fitting a 2D Gaussian function to the center hub of each Zn resonance, where the 2D Gaussian was not
constrained to be isotropic. Each pixel has a lateral dimension of 44pm, but a
typical Gaussian fit error is ∼ 1pm. The very high signal to noise ratio at the Zn
resonances [122] accounts for the order of magnitude improvement in spatial
refinement, due to the high quality of the fits. Figure 5.6 shows representative
line cuts along the center resonance of a Zn atom as black squares. Also shown
are 1D Gaussian fits to the data (in red). The agreement between fits and data is
clear. For other Zn resonances reported in this study, both the signal to noise in
the central resonance and the 1D or 2D Gaussian fits are of equivalent quality
as the one reported in Figure 5.6.
Figure 5.7 shows a zoom-in on the same Zn resonances as Figure 5.5. For
each Zn resonance, a white dot has been placed at the center of the two-
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Figure 5.6: Typical cross-section of a center Zn-resonance (same as that shown
in Figure 5.8 (j)) in the (a) x- and (b) y-directions. The red line is a 1D Gaussian
fit to the data. The good quality of the fit can be seen by the small difference
between the data and the fits, shown by blue crosses.

dimensional Gaussian fit, which we use as the Zn atom coordinate in our analysis.

Nearest Zn-Bi Pairs

In Figure 5.8, each pair of panels (a-b), (c-d), ..., (w-x) contains the simultaneously measured and identically distortion-corrected images T 0 (r) and
g0 (r, −1.5mV), each with 76 pixels inside the area of every CuO2 unit cell. The
coordinates of every Bi atom in the perfectly square lattice are known with approximately picometer precision in these T 0 (r) images and the location of the Zn
impurity state, as explained earlier, in each of the g0 (r, −1.5mV) images is determined by fitting a 2D Gaussian to the central peak of the Zn resonance. These
procedures yield the displacement vector d of every Zn-resonance maximum
from the site of the nearest Bi atom as identified in T 0 (r).
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Figure 5.7: Finding the exact r-space location of Zn-impurities. (a) - (f) Differential conductance data g0 (r, E = −1.5meV) after distortion correction. The Zn
resonances are the same as those in Figure 5.5. The coordinates of the Zn atoms
as determined from 2D Gaussian fits are shown as white dots.

5.2.3

Zn-Bi displacement

Figure 5.9(a) indicates, using a black arrow, the displacement vector d between
the Bi atom (top) and Cu atom (bottom) if a rigid xy-displacement existed be59
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Figure 5.8: (a) Simultaneous T 0 (r) of a 60Å FOV containing one Zn atom. The
red cross indicates the Bi atom closest to the Zn atom shown in g0 (r, eV) in (b).
The data in (a) and (b) were acquired at 1GΩ junction resistance, 60mV, and were
obtained from a double-layer g (r, E) map. All subsequent image pairs represent
equivalent data at a different location. All data in this figure were obtained from
five maps with identical acquisition parameters, and have been processed using
the distortion correction algorithm.
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tween them. The blue planes indicate the relative positions of the two layers
if there were no such shift and thus d = 0. Figure 5.9(b) shows a combined
analysis of the measured values of d for all the CuO2 unit cells containing a Zn
atom (with the origin of each centered at the relevant Bi atom identified from
the nearest maximum in T 0 (r) images in Figure 5.8). The measured d of every
Zn resonance is shown as a red dot. The resulting average (Zn, Bi) displacement
vector shown in black has a magnitude of ∼ 2% of the CuO2 unit cell dimension
(1 standard deviation of the distribution is indicated by the grey ellipse). It is
quite obvious from Figure 5.9(b) that the Zn resonances are extremely close to
the Bi sites, meaning that the CuO2 layer is not shifted significantly from its
expected location below the BiO layer (Figure 5.9(a)).
Beyond the fact that the average displacement < d > represents only a
∼ 2%(2π) error in the phase determination for the CuO2 layer when using the
BiO layer, other information on systematic errors within the SI-STM approach
can be examined using these data. For example, the observed distribution of d
rules out the existence of any discrete pixel displacement between T (r) and its
simultaneously measured g(r, V), as might occur if there were a software or processing error. Another point is that any spatial drift of the tip location during the
hundreds of elapsed milliseconds between the measurement of the topographic
signal and the differential conductance signal is also below 2% of the unit cell
dimension. In fact the data in Figures 5.5-5.9 show that, for our instruments, the
measured T (r) and g(r, V = −1.5mV) are registered to each other within a few
pm.

61

(a)

1 O-Cu-O distance

(b)
150

dy (pm)

1 O-Cu-O distance

100
50
0
-50
-100
-150
-150

-100

-50

0

50

100

150

dx (pm)

Figure 5.9: (a) Schematic relationship between Bi atom locations in T 0 (r) and the
Cu sites at the symmetry point of the CuO2 unit cell. The Bi (blue) atoms are directly above the Cu (green) atoms; in between the two atoms, there is an oxygen
atom (not shown here). Sometimes, a Zn impurity atom (red) is found at one
of the Cu sites. Vector d is non-zero when there is a small shift in the xy-plane
between the positions of a Cu (or Zn impurity) atom and the Bi atom directly
above it. (b) Displacement vector between the center point of each Zn resonance in g0 (r, eV) and the nearest Bi atom in T 0 (r) (see Figure 5.8). The average
displacement vector over all the (Zn, Bi) xy-plane distances is shown as a black
arrow. The ellipse about the average displacement arrow corresponds to 1 standard deviation of the average displacement. The individual (Zn, Bi) xy-plane
displacement data are shown by red dots. The fast and slow scan directions are,
respectively, indicated by the thicker and thinner arrows at the bottom right
corner of the figure. Bi atoms are superimposed at the origin.
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The effects of scan direction

To determine the origin of the shift as a property of the crystal lattice or as a
measurement error, we study data from the same Zn atoms, now acquired with
a 180◦ rotated scan direction (RSD) to that previously reported in Figure 5.9. The
effect of RSD on data acquisition is related to the change in some of the systematic drifts affecting the data acquisition. Particularly, for a given data set, the
effects of piezo-electric relaxation drift between measurements of topography
and differential conductance are altered significantly. Therefore, if a comparison of (Zn, Bi) displacements from RSD and original data results in equivalent
displacement vectors for a given Zn resonance, the shift is likely originating
from an actual displacement between the BiO and CuO2 layers. In the opposite
case, if, for a given Zn resonance, the RSD and original displacement vectors are
not related, then the result is likely to be dominated by measurement limitations
at these small length scales.
The RSD data was acquired in same FOV (shown in Figure 5.5) and using the
same acquisition parameters as those used for the acquisition of the data already
described (except for the scanning direction itself). The RSD data was further
processed and analyzed in a similar manner to the original data – in particular,
distortion correction and 2D Gaussian fit to central Zn resonances. The results
are shown in Figure 5.10. An equivalently narrow (but distinct) distribution
of values of d is seen. Moreover, the center of this distribution is not shifted
along the scan relative to that in Figure 5.9(b), indicating that random picometer
scale image distortions dominate the d distribution and not the trajectory of the
tip. Thus, we do not currently regard the apparent displacement (CuO2 , BiO)
in Figures 5.9(b) and 5.10 as a property of the crystal lattice, but rather due to
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Figure 5.10: Some of the (Zn, Bi) displacement vectors in Figure 5.9 (here as
closed symbols) and the equivalent displacement vectors determined from a
180◦ RSD map in the same FOV (open symbols). Lines/symbols of similar color
correspond to the same Zn and Bi atoms. We note that vectors (lines) of the same
color have very different magnitude and orientation. Black arrows indicate scan
direction in original maps and their equivalent 180◦ RSD maps. Bi atoms are
superimposed at the origin.

measurement limitations at these picometer length scales.

5.2.4

Comments on the results by Lawler et al. [1]

A lattice, L0 (r) whose FT is L̃0 (q), of two dimensional Gaussian “atoms” can be
simulated to assess the impact of a 2% (a0 ) displacement between the BiO and
CuO2 layers in the measure of “nematicity” discussed originally in reference
[1]. As expected, a zero lattice shift yields that Im L̃0 (Qa,b ) = 0, i.e. the lattice is
perfectly periodic and symmetric at the atomic wavevectors Qa,b . Additionally,
Re L̃0 (Qa,b ) are identical in the x- and y-directions. We consider the case of a
2% (a0 ) displacement either along the x- or y-direction. In this case, the measure
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of “nematicity” defined in Equation 5.1 results in a ∼ 1% difference between the
values of Re L̃0 (Qa,b ). In other words,
OqN ≡

Re L̃0 (Qb − Re L̃0 (Qa )
∼ 1%
Re L̃0 (Qb )

(5.16)

Compared to the > 30% effect discussed in [1], the influence of the 2% (a0 ) shift
is negligible. In fact, a very large displacement, ≥ 15% (a0 ), would be required
for OqN as defined in Equation 5.16 to return values comparable to the results
discussed in [1].
Regarding the measure for inversion symmetry introduced by Equation
5.2, the same 2%(a0 ) lattice shift in the x-direction produces Im L̃0 (Qa ) ∼
13% Re L̃0 (Qa ), a value that is of the same order of magnitude as the physical
effects one expects to measure in OqI (see Equation 5.2).
In light of this result, we regard q-space inversion symmetry measurements
to be, at the moment, mostly likely unfeasible for SI-STM studies of the pseudogap phase in Bi2 Sr2 CaCu2 O8+δ . In other words, for valid SI-STM q-space inversion symmetry studies, the measurement should produce a systematic shift no
larger than 1% (a0 ). Importantly, the standard deviation around this estimated
shift value is also required to be no larger than 1% or 2% of its magnitude.
Furthermore, recently, Reference [124] studied possible procedures for nematic order measurements in STM experiments. Although their conclusions, as
they apply to the data presented in that work [124], may be true, they have no
relationship to or implications for those presented later in this document or in
References [1, 96, 19, 10]. The reason is that Reference [124] defined "nematicity" by the ratio of magnitudes measured at the Qa = [100] and Qb = [010] Bragg
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peaks of a g(r) image, such that
N=

|g̃(Qb )| − |g̃(Qa )|
,
|g̃(Qb )| + |g̃(Qa )|

(5.17)

following Reference [125]. This is fundamentally different from the definition
of nematic order, OqN , given in Equation 5.1 [1, 96, 19, 10]. OqN is, as desbribed
earlier in this Chapter, a lattice-phase sensitive and thus an atomic site selective order parameter characterizing the contributions primarily from the oxygen
atoms in the CuO2 plane. By contrast Equation 5.17 as defined in Reference [124]
mixes both real and imaginary Fourier Bragg components indiscriminately. If
the above mentioned measurement specifications and the lattice-phase definition procedures to establish Re g̃0 (q, V) and Im g̃0 (q, V) are not both achieved
demonstrably, no deductions about the validity of C4v symmetry breaking in
the STM data using Equation 5.1 can or should be made. Moreover, this is a
profoundly different measure of symmetry than Equation 5.17, both in terms
of its definition and in terms of the required measurement and analysis procedures. Therefore, whether the Equation 5.17 is a valid (or invalid) measure of
"nematicity" as dicussed in Reference [124] has no relevance whatsoever for the
measurements discussed this document and References [1, 96, 19, 10] because
they use Equation 5.1 along with the procedures described above.
In any case, a simple practical test for the capability to correctly measure nematicity is to observe adjacent domains of opposite nematic order, using same
tip. It is the fact that Figure 4.7 shows just such domains, providing clear evidence that any putative anisotropy in the tip is not influencing the data from
those more highly doped samples. Therefore, on both theoretical and practical
grounds, Equation 5.1, along with all the procedures described in this Chapter,
is demonstrably appropriate for determination of nematicity in STM images.

66

CHAPTER 6
RELATIONS BETWEEN MOMENTUM-SPACE TOPOLOGY AND
ELECTRONIC SYMMETRY BREAKING IN Bi2 Sr2 CaCu2 O8+δ

1

In this Chapter, we perform the simultaneous examination of both the k-

space electronic structure and the Q = 0 / Q , 0 broken-symmetry states,
over a sufficiently wide range of p to include any concealed critical point. The
objective is to search for a relationship between the broken symmetry states
[97, 98, 99, 100, 104, 105, 107, 108, 109, 110, 111, 112, 113, 114, 115, 94, 95] and
the Fermi surface topology [80, 81, 82, 86, 87, 88]. Fourier transform analysis
of SI-STM data is especially useful here, as it is the only technique allowing
access simultaneously to the Q = 0 / Q , 0 broken-symmetry states [96, 10],
by using the analysis concepts described in the previous Chapter, and the kspace structure, by means of QPI [10], as described in Chapters 1 and 4. The
complete doping dependence of either type of broken-symmetry signature or
k-space structure in SI-STM data had not been established previously, nor had
any relationship between them [86, 1, 96, 10].

6.1

Evolution of q-Space Topology with Doping

To determine the k-space topology of coherent states across the phase diagram
of Bi2 Sr2 CaCu2 O8+δ , we use a novel approach [126] that requires measurement
of only a single QPI wavevector q4 (blue arrow in the inset of Figure 4.4(a)).
Band-structure geometry within the first Brillouin zone (Figure 6.1(a)) requires
1

We published the results discussed in this chapter in Reference [19]. Parts of this chapter
follow closely the manuscript.
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Figure 6.1: (a) Schematic of d-wave ∆(k) on two segments of the Fermi surface.
The q4 wavevector is indicated for several ∆(k). - (b) The location of the FS
is identified from the measured wavevectors k = q4 (0 < E < ∆0 )/2. Shown
are the resulting kF for a sample with p = 0.23. - (c) The measured Λ(q) for
p = 0.14 sample. No complete contour for q4 can be detected; instead coherent
Bogoliubov quasiparticles are restricted to four arcs terminating at lines joining (±1, 0)π/a0 to (0, ±1)π/a0 . - (d) The measured Λ(q) for p = 0.23 sample. A
complete closed contour for q4 surrounding (±1, ±1)π/a0 can be identified immediately. - (e) Measured p-dependence of the k-space topology of coherent
Bogoliubov quasiparticles using the q4 technique. The transition from the arcs
to the complete hole-pockets at p ≈ 0.19 is evident.
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that q4 is very simply related to the FS states kF as
q4 (E = ∆ (kF )) = 2kF

(6.1)

where ∆(k) is the d x2 −y2 superconducting energy gap whose energy-minimum
follows the trajectory of kF . An image plot of the locations of q4 (E)/2 for all
energy in the range 0 < E < ∆0 (pale blue region in Figure 4.4(a)) then yields
the FS location of coherent states that contribute to Cooper pairing. An efficient
way to locate these states is to sum all the Z 0 (q, E) images to the energy ∆0
Λ(q) =

∆0
X

Z̃ 0 (q, E)

(6.2)

E0

and then to plot the contour of q4 within these Λ(q) images. The utility of
this procedure is demonstrated, for example, in the determination of the FS as
shown in Figure 6.1(b). Applying this Λ(q) approach to determine the doping
dependence of the k-space topology (see details in Figure 6.2), we find extremely
different results at low and high p. Figure 6.1(c) shows Λ(q) at p = 0.14 while
Figure 6.1(d) shows Λ(q) at p = 0.23. They are highly distinct in many ways
but, of most relevance here, is that the contour of q4 only spans four arcs in Figure 6.1(c) while it completes four closed curves surrounding q = (±1, ±1)2π/a0
in Figure 6.1(d). In Figure 6.1(e) we show the complete doping dependence of
measured q4 /2 over the full range of p. A striking transition in k-space topology
is observed within the narrow range p ≈ 0.19 ± 0.01 wherein the arc of coherent Bogoliubov states typical of low p suddenly switches to the complete closed
contour surrounding k = (±1, ±1)π/a0 .
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Figure 6.2: (a) - (h) Doping dependence of the measured Λ(q), revealing the normal state FS visualized by q4 . The closed colored squares represent the extracted
values, and the colored lines are the result of a quarter circle fit to the extracted
data. Parts (g) and (h) are the same as Figure 6.1(c) and (d), respectively. They
are reproduced again here for clarity.
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6.2

Doping Dependence of Electronic Broken Symmetries

Next we study the broken-symmetry states by examining Z 0 (r, E) measured simultaneously with the k-space data in Figure 6.1, but now in the energy range
∆0 < |E| < ∆1 (pink regions Figure 4.4(a)). These images exhibit several distinct
broken spatial symmetries [1, 96, 10] whose evolution with p we now explore.
Figure 6.3(a) shows Z 0 (r, e = 1) for p = 0.08 while Figure 6.3(b) shows Z 0 (r, e = 1)
for p = 0.23, with their Fourier transforms Z̃ 0 (q, e = 1) and Z̃ 0 (q, e = 1) shown
in Figure 6.3(c) and (d) respectively. The former exhibits the widely reported
[90, 10, 96, 94, 95] wavevectors q?1 and q?5 of states with local symmetry breaking along with the Bragg peaks (red circle) while, in the latter, the quasistatic
wavevectors q?1 and q?5 have disappeared. The Q = 0 broken C4 symmetry states
can be detected by using the order parameter adapted from equation 5.1, properly considering the functions Z̃ 0 (Qa,b , e) instead of g̃0 (Qa,b , E = eV) to remove the
setup and anisotropy effects [1, 10] explained in the previous Chapter, such that
OQN (r, e) =

Re Ẑ(r, Qb ) − Re Ẑ(r, Qa )
.
Re Ẑ(r, Qb ) + Re Ẑ(r, Qa )

(6.3)

Here, we have used a Fourier filtered function derived from Z 0 (r, e) given by
Ẑ(r, Q, e) =

X

Z 0 (R, e) expiQ·R exp−

R

|R−r|2
2Γ2

1
,
2πΓ2

(6.4)

where Γ is the cut-off length for the spacial average, here set at 25Å. The measured OqN (r, e = 1) for p = 0.06 and OqN (r, e = 1) for p = 0.22 are shown in Figure
6.3(e) and (f), respectively. Here we see that the extensive order in OqN (r, e = 1)
observed at low p [1] has disappeared at high p leaving nanoscale domains [96]
probably nucleated by disorder (the evolution of OqN (r, e = 1) with p is shown in
Figures 6.4 and 6.5). Moreover, the doping dependence of I(q?5 ), the intensity of
the q?5 modulations in Z̃ 0 (q, E), is shown in Figure 6.3(g), while the dependence
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Figure 6.3: (a) Z 0 (r, e = 1) for p = 0.08. Incommensurate conductance modulations are clearly seen. - (b) Z 0 (r, e = 1) for p = 0.23. No specific modulation is seen, although there is a weak jumbled standing wave pattern. - (c)
Z̃ 0 (q, e = 1) for p = 0.08 from (a); q?1 and q?5 are indicated by purple and orange
circles, respectively. The red circle indicates Bragg peaks. - (d) Z̃ 0 (q, e = 1) for
p = 0.23 from (b). No specific broken-symmetry state q-vectors are apparent.
- (e) OqN (r, e = 1) for p = 0.06. The fact that the whole FOV is single-colored
indicates that long range IUC C4 breaking exists. - (f) OqN (r, e = 1) for p = 0.22;
long-range order has been lost but nanoscale domains of opposite nematicity
persist. The circle represents the spatial cut-off length, Γ. - (g) Intensity of modulation with q?5 , I(q?5 ). The intensity of the modulation peaks initially increase
upon doping, peak near p ∼ 1/8, then diminish to zero at p ≈ 0.19. - (h) Square
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of the spatially averaged magnitude < OqN (r, e = 1) > of the Q = 0 C4 breaking (obtained from the histograms of OqN (r, e = 1) at various dopings shown
in Figure 6.5) is shown in Figure 6.3(h). These observations are significant because they reveal that extensive order in the Q = 0 broken symmetry and the
shorter-range ordering tendencies in Q , 0 modulations [1, 96, 10], disappear at
a critical doping pc ≈ 0.19.
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Figure 6.4: (a) - (f) Doping dependence of OQN (r, e = 1). The white dashed circle
represents the cut-off length Γ used in Equation 6.4. (a) and (f) are the same as
Figure 6.3(e) and (f), respectively. They are reproduced again here for clarity.
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6.3

Interlinked q-Space Structure of Bogoliubov QPI and
Q , 0 Symmetry Breaking

Figure 6.6(a) is a schematic summary of our findings, from Bogoliubov QPI techniques [86, 10, 126], on the doping dependence of k-space electronic structure
with increasing hole density. Figure 6.6(b) shows that the wavevectors k of
states at which Bogoliubov quasiparticle interference disappears qE /2 (closed
circles) evolve along the k-space lines (±1, 0)π/a0 → (0, ±1)π/a0 with increasing
p. Concomitantly, the quasistatic wavevectors q?1 /2 and (2π − q?5 )/2 of brokensymmetry states also evolve on precisely the same trajectory (closed squares).
Thus the q?1 and q?5 wavevectors of incommensurate (density wave) modulations evolve with doping as shown in Figure 6.6(c) [10]. Figure 6.6(d) shows the
area of k-space between the arc and the line (±1, 0)π/a0 → (0, ±1)π/a0 (left inset)
increasing proportional to hole-density p [86, 10], and the transition at p = 0.19
to a diminishing area of electron count as 1 − p for the closed-contour FS topology. Finally, we show in Figure 6.6(e)-(g) that the critical point pc ≈ 0.19 is associated with a transition to conventional d-wave Bogoliubov QPI on the complete
FS (simulated2 in 6.6(e) and measured at p > pc in 6.6(g)) from a highly distinct
form of scattering (Figure 6.6(f)) whose microscopic explanation is unknown
[128].

2

The interference scattering pattern created by the scattering of Bogoliubov quasiparticles
was simulated within the T-matrix approximation for a d-wave superconductor with point-like
impurities introduced by Reference [127].
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Figure 6.6: (a) Schematic of k-space locus of states generating Bogoliubov QPI
with increasing hole density p in Bi2 Sr2 CaCu2 O8+δ . An abrupt transition occurs
at p ≈ 0.19. - (b) The k values at which Bogoliubov QPI disappears (closed
circles), and of the quasistatic broken-symmetry states with q?1 and (2π − q?5 )/2
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6.4

Conclusions and Discussion

In summary, with increasing hole-density the Q , 0 (density wave) ordering
tendency weakens while its governing momenta evolve along the lines joining
k = (±1, 0)π/a0 and (0, ±1)π/a0 and all these effects disappear at pc ≈ 0.19 (Figures 4.5(a), 6.3(a)-(d), 6.3(g)). Concurrently, the Q = 0 broken-symmetry (IUC
nematic) states become progressively more disordered [104] and reach a zero
average value (but with equal numbers of nanoscale domains of opposite nematicity) at approximately the same pc (Figures 4.5(a),6.3(e)-(f), 6.3(h)). Here
also the k-space topology of coherent Bogoliubov quasiparticles, and thus the
FS supporting their superconducting gap, undergoes an abrupt transition from
’arcs’ to closed contours surrounding (Figures 6.1, 6.6). This key transformation of cuprate electronic structure is therefore linked directly with the disappearance of the electronic symmetry breaking. However, this phenomenology
also exhibits many peculiar components that are unexpected within a simple
Fermi surface reconstruction scenario. First, the co-evolution and contiguous
disappearance (Figures 4.5(a), 6.3) of the signatures of two broken-symmetries
that are formally quite distinct, reinforces the implication that they are microscopically related phenomena [1, 96, 90, 10, 129]. Second, the abrupt k-space
topology change at pc (Figures 6.1(e) and 6.6(a), (f), (g)) exhibits characteristics more reminiscent of an antinodal ’coherence recovery’ transition [130] than
of a conventional band reorganization. Third, because the disappearance of
the pseudogap is associated axiomatically with the reappearance of coherent
antinodal states, and because the latter is precisely what occurs at pc (Figures
6.1(e), 6.6(a)), the pseudogap [131, 116, 75] and the electronic symmetry breaking [97, 98, 99, 100, 104, 105, 107, 108, 109, 110, 111, 112, 113, 114, 115, 94, 95]
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must be intimately linked (Figure 4.5(a)).

6.4.1
3

A Hypothesis for the Origin of the Pseudogap

There are many theories (more or less exotic) that attempt to answer the ques-

tions posed at the end of Chapter 4. Nonetheless, a clear comprehension of the
mysterious pseudogap state is yet to be achieved. Here, we propose a simple,
conventional mechanism that may help understand the origin and manifestations of the pseudogap. We begin by considering the doping dependence of the
Fermi surface (Figures 6.1(e) and 6.6(a)). If, by some microscopic mechanism
(see discussion at the end of this Section), the original (hole-like) overdoped
Fermi-surface was flattened near the antinodes (for example, as shown in Figure 6.7) with underdoping, then the portions of the FS close to the anti-nodes
(past the lines connecting (±1, 0)π/a0 and (0, ±1)π/a0 ) would be highly parallel.
This would cause very strong Fermi surface nesting at the wavevector QNesting .
Now, that would naturally give rise to a density wave at the same wavevector,
that is QDW = QNesting , and an energy gap would open up – this is called a Peierls
transition. This is conventional density wave physics [132], analogous to that of
the 1D organic superconductors, and is characterized by a broad transition into
the density wave state as well as, in 2D, a not sharp but distinguishable anomaly
in the phonon spectrum with a particular shape, called the Kohn anomaly [132].
For as long as the density wave remains a short range order (for example, while
the nesting is broadened by temperature fluctuations), the Fermi surface cannot
reconstruct. Instead, the anti-nodal quasiparticles, due to the very intense scat3

The ideas put forth in the following paragraphs are a result of discussions with G. Grissonnanche (Université de Sherbrooke, Quebéc), and would have not taken the same form without
his contribution.
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tering in those regions, are destroyed, leaving behind the high-scattering zones
called ’hot spots’ at the locations in the FS where its curvature begins to change
(i.e. deviates from being parallel). Several probes (STM [1, 96, 10] and hard
X-ray scattering [110]) have measured that the density wave in the pseudogap
of the cuprates remains, at zero field, short-range (nanometer-sized domains)
down to the lowest temperatures. The nesting scenario (with QDW ≈ q?1 ) just
proposed could, then, explain the antinodal quasiparticle decoherence reported
earlier in this Chapter and the appearance of the Fermi arcs in the underdoped
cuprate FS as well as, of course, the opening of an energy gap - the pseudogap - with a broad transition (see Figures 4.3 and 4.5) and the observed Kohn
anomaly [133]. Furthermore, it is characteristic of Fermi surface nesting that
several channels open up [132], in particular a Q = 0 Cooper pair channel. This
means that the superconductivity itself could originate from the same microscopic mechanism (that which would cause the underdoped Fermi surface to
originally flatten). Because superconductivity is strongest towards the antinodes (d x2 −y2 gap), it might compete with the Q , 0 density wave and, below T c ,
its long-range order may possibly further keep the density wave from becoming long-range even at low temperature. In this case, reconstruction of the FS
would not be allowed, hence retaining the hole-like FS with anti-nodal decoherence. However, when a magnetic field is applied, such that Hc2 (or Hvs , at
the vortex solid-liquid transition [134, 135, 136]) is crossed, superconductivity
looses long-range order itself, and the density wave may show the opposite behavior. Indeed, it has been shown [110, 137, 138, 136] that high-fields increase
the strength of the density wave. If the latter now becomes the prevalent manifestation of the nesting, the FS is free to reconstruct, explaining the negative Hall
signal [134] and quantum oscillations in field, both of which suggest the exis-
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Figure 6.7: Possible cuprate underdoped FS that would cause strong nesting.
Circles are the measured data from 6.1(e). The lines that continue the underdoped FS past the lines connecting (±1, 0)π/a0 and (0, ±1)π/a0 are the proposed
hypothetical FS ’flattening’ effect discussed here. Intense nesting between these
regions of the FS would occur at QDW (p) ≈ q?1 (p), shown by the arrows.

tence of an electron pocket. This provides a possible explanation for questions
(i)-(iv) of Section 4.4.
We now turn to the remaining piece of the puzzle, the Q = 0 IUC nematic
order, to try to attempt answering the remaining questions. The underdoped
cuprates originate from antiferromagnetic Mott insulator parent-compounds.
Hole doping them causes the Fermi level to shift, bringing the O 2p band to the
FS, creating a hole pocket [79]. In other words, and since these are strongly correlated materials, it is not unfeasible to think of hole-doping as adding an extra
positive charge and an extra spin at the O sites. Conversely, electron doping
brings the Fermi level to one of the Cu 3d bands. This dynamic can be instead
thought of as adding an electron at the Cu site and destroying a spin (so that
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the total spin at that site becomes zero). This creates a geometrical and, possibly, magnetic difference between hole- and electron-doping. While it is likely
that hole-doping dilutes the Mott insulator, it is conceivable that, either due
to a magnetic frustration or charge density localization, it also energetically favors the holes to orient themselves in the lattice with a particular directionality,
hence creating a disparity in the DOS at the O sites in the a and b crystallographic directions, i.e. IUC nematicity. Indeed we have shown above that, in
the underdoped region, nematic order is long range [1], and then diluted and
weakened by further hole-doping [19]. It is possible that the nematic be the precursor to the nesting, by flattening the antinodal regions of the FS. One of the
consequences of this scenario would be the profound dependence of the density
wave on the fluctuations of the nematic order parameter (which has indeed been
seen by STM [96]). If correct, this mechanism would also explain the difference
between electron and hole doped cuprate phase diagrams, the weakening of the
pseudogap and superconductivity (because they may different channels of the
same phenomenon, as we argued earlier), as well as the quasiparticle coherence
and FS recovery with hole-doping, which dilutes the nematic order.
If this scenario is correct, several issues remain to be understood. In particular, it is crucial to study the connection between the nematic order and the
flattening of the FS. So far, we have proposed that nematic somehow causes
flattening of the hole-like band, and the pseudogap ensues. Whether this (or
another arrangement of the crucial points of the ideas we discussed) is possible should be a topic for further discussion and theoretical studies. We have,
furthermore, suggested that superconductivity might prevent the density wave
from developing long range order at zero-field. It is also possible that the density wave be so sensitive to nematic fluctuations that it remains short range
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even at the lowest temperatures under the application of no magnetic field, independently of superconductivity. Indeed, it has recently been shown that the
nematicity and the density wave order are deeply linked and interdependent
[139], supporting the latter scenario.
There are several ways of testing the feasibility of the ideas we have discussed, even without further theoretical understanding. In particular, STM field
studies seem to us extremely important. Firstly, in the current scenario, the
average domain size of the density wave should increase with field (which is
expected to reduce the nematic fluctuations and hence strengthen the density
wave). Furthermore, STM FS studies above Hc2 should reveal an electron closed
pocket, as the long-range density wave stabilizes. Heat transport studies may
further be able to reveal the presence of the hole pocket below T c .
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APPENDIX A
NEXT GENERATION STM SCANNER TUBE

In this Chapter, we discuss the newest generation of the Davis lab’s STM
scanner tube design, and a standardized approach to their assembly for maximal performance and assembly success conditions.

A.1

Considerations on Parts Design

In this Section, we will provide the machine drawings for every piece of the
updated STM scanner. We will also describe how to optimize jigs for assuring
the greatest probably of success.

A.1.1

Scanner Tube

Figure A.1 shows (a) an overall schematic of the STM scanner tube described
here and (b) a zoom-in schematic of the tip holder parts. One of the new improvements to note is the capped macor tip holder and ground shield, which
provide additional mechanical strength and better RF shielding than the previous generations. He have also used a piezoelectric scanner tube with Au over
Cu electrodes, as opposed to Ni used previously, in order to avoid its magnetic
effects. Figures A.2-A.7 show the machine drawings of the new scanner, for
reference.
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Figure A.1: Design schematic and components of the new generation STM scanner tube.
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Figure A.4: Machine drawings for the scanner capacitor (position sensor) and
BeCu pins.
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Figure A.5: Machine drawings for the tip holder and ground shield pieces.
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Figure A.6: Machine drawings for the macor plug and ceramic tube.
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Figure A.7: Machine drawings for the BeCu tube in the tip holder.

A.1.2

Jigs

Carefully designing new jigs proved to be a major benefit in assembling the
STM scanner in terms of precision and probability of success, since it reduced
the delicacy of the process and, hence, even reduced the assembly times. The
major focus of the designed jigs was to reduce the probability of breaking pieces
by providing adequate support. In addition to this, there was an acknowledgement of the most sensitive parts of the assembly operation, and an attempt,
during the jig design process, to provide all the help possible to reduce the difficulty of the operation. This meant, for example, to leave enough extra space
to allow for hands to rest comfortably during the assembly or designing the jigs
for attachment to a rigid rotating plate. Some of the support jigs are shown in
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Figures A.8 and A.9.
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Figure A.8: Schematic drawing of a jig designed for holding STM head upside
down for insertion or removal of the scanner. As can be seen, the upside down
STM head is supported at several points, and additional working hand space
was provided. Connections to a rotating plate could be made by means of the
four holes in the bottom plate, placed at adequate positions.
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Figure A.9: Schematic drawing of a jig designed for (a) gluing the piezoelectric
tube to the scanner holder and (b) gluing the tip holder to the piezoelectric tube.
The scanner holder is completely protected from mechanical stress in both images. Furthermore, this particular design ensures virtually perfect vertical orientation between the pieces being glued. Some space can be seen at the height
of the joint being created. This is crucial in order to avoid accidentally spreading
some glue on the jig and, so, gluing pieces together (other than the desired).
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A.2

Assembly

Here we will explain in detail the scanner tube assembly process, utilizing the
parts and jigs described above. For electrically insulating joints, we used Epotek
H74F, and Epotek H20E (Ag-rich) for electrically conducting joints. Except for
the ground and tip line connections to the STM head, Ag-plated Cu wire was
used. This choice was justified due to this wire’s strength and mechanical properties, which lead to an excellent working experience, both in terms of ease for
wire bending and general resiliency to stresses; its stiffness is also a great asset
to vibration reduction.

A.2.1

Fixing the Z-line

(a)
Ag-epoxy contact
to z-line

(b)
Ag-epoxy contact to z-line

Piezo tube

Jig
Piezo tube

z-line

Scanner holder

Figure A.10: Fixing the z-line to the inner piezoelectric tube contact. Two different views ((a) and (b)).

The z-line is glued to the piezoelectric tube using Epotek H20E as shown in
Figure A.10(a). Gluing the z-contact to the piezoelectric tube is one of the most
delicate parts of the scanner tube assembly. In order to improve the chance
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of success dramatically, a jig with appropriate characteristics should be used:
it should allow for tight fixing of the piezoelectric tube in the xy-directions to
avoid accidental movement and should allow for z-direction movement. Then,
the z-line can be secured in place, with the glue at the edge (the appropriate
amount of glue can be seen clearly in Figure A.10(b)), and the piezoelectric tube
can be slid towards it. When the edge of the line is at the appropriate position
(about a half of the piezoelectric tube length), the wire should be pressed down
to make contact.
After curing, the joint should show some physical strength. For example it
should stand holding the piezoelectric tube in the air by pulling from the z-line.

A.2.2

Gluing Piezoelectric Tube to Scanner Holder

The scanner holder piece is then installed in the jig, were it is protected from
physical stresses and aligned. Epotek H74F is applied as demonstrated in Figure
A.11. The z-line is then passed through the scanner holder. At about half-way
into final position, some Epotek H74F should be applied to the center hole of
the scanner holder to anchor the line to the macor piece (this helps to prevent
vibrations on the line). Importantly, the trenches in the scanner holder should
be glued at 45◦ to the piezoelectric electrode boundaries. Once the pieces are
put together, the appropriate piece of jig is slid into in place before curing; this
insures perfect z-alignment between the scanner tube pieces.

94

Epoxy

Jig

Scanner holder
Figure A.11: Gluing the piezoelectric tube to the scanner holder. The scanner
holder trench is filled with some Epotek H74F for posterior application of the
piezoelectric tube.

A.2.3

Gluing the Tip Holder, Ground Shield and BeCu Tube
Together

The next step consists of preparing the tip holder assembly. Firstly, the ground
shield is glued (using Epotek H74F) and cured in place as shown in Figure
A.12(a).
Then, for electrical insulation, the small macor plug is glued to the bottom of
ground shield using Epotek H74F (as shown in Figure A.12(b)) and the ceramic
tube is glued on top. Finally, the BeCu tube is inserted into the ceramic tube.
Figure A.12(c) shows the whole assembly, now ready for curing.
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(a)

Ground shield

(b)

Macor plug

Tip holder

(c)

BeCu tube

Ceramic tube

Figure A.12: (a) Tip holder and ground shield glued together. - (b) Macor plug
(for electrical isolation) glued to the bottom of the ground shield. - (c) Ceramic
tube and BeCu tube secured to the ground shield.

After the epoxy is cured, the joints should survive holding the whole tip
holder in the air by securing only the BeCu tube. Points on the surface of the
ground shield should be shorted to ensure that a layer of epoxy is not covering
this part of the scanner tube. Furthermore, it is crucial to ensure that the ground
shield and BeCu tube should show virtually no electrical connection.

A.2.4

Gluing the Tip Holder to the Piezoelectric Tube

The tip holder can now be glued to the piezoelectric tube, and cured using the
appropriate jig to ensure correct z-alignment. The result is shown in Figure A.13.
The joint in question should survive holding the assembly in the air securing
only by the tip holder.

A.2.5

Preparing and Gluing the xy-Piezoelectric Contacts

We now concern ourselves with the xy-contacts to the piezoelectric tube. It is
important to begin this process by soldering the BeCu pins to the ±x, ±y wires
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BeCu tube
Ceramic tube
Ground shield
Tip holder
Piezo tube
Scanner holder

Figure A.13: Gluing the tip holder to the piezoelectric tube.

and to rest them in place before gluing the contacts to the piezoelectric tube
or securing the wires to the scanner holder (see Figure A.14(a)). Doing this
allows for the possibility of replacement, since it is at the soldering and placing
stages that the wire can more easily break. The wires can now be cut to their
final length (up to roughly a half of the piezoelectric tube length) as shown in
Figure A.14(b). The contacts can then be made, using conducting epoxy (Figure
A.14(c)).

A.2.6

Permanently Securing xy-Wires to the Scanner Holder

The ±x and ±y wires should be secured permanently to the scanner holder
trenches in order to avoid vibrations of the wires. This is, perhaps against expectations, a tricky procedure. In fact, if one applies even the smallest amount
of glue in excess onto the scanner holder trenches, the scanner tube will not fit
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(a)

(b)

(c)

Figure A.14: Preparing and gluing the xy-piezoelectric contacts. - (a) Place Agcoated Cu wires in place and secure them (allowing for plenty of extra room at
both extremities). - (b) Cut wires to appropriate length (up to about a half of the
height of the xy-electrodes). - (c) After making sure the wires are properly secured at their desired final positions using an appropriate jig, apply conducting
glue.

through the STM sapphire prism (blue piece in Figure 1.1(a)). As a result, it
is better to go through this stage iteratively, i.e. to apply only a small amount
of epoxy and cure; if afterwards the wires are properly secured to the scanner
holder, stop. Otherwise, some more epoxy should be applied and cured. This
procedure should be repeated until the wires are properly secured (Figure A.15).
Alternatively, previous generations haven chosen to be more careless about
the amount of epoxy applied and to remove the excess with either a blade or
sandpaper. While this seems to have worked out well, it increases the chances
of damaging the scanner tube by accident, for no added benefit.

A.2.7

Securing BeCu Pins in Position

Figure A.16 shows the BeCu pins glued to the scanner holder. Because it is less
viscous than H74F, Epotek H20E may be preferable for this step. The z-line was
silver epoxied to its corresponding BeCu pin at this stage (instead of soldered,
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Figure A.15: xy-wires are now permanently secured to the scanner holder. The
epoxy can be noted in the scanner holder trenches due to its dark color.

for simplicity).
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Position sensor
contact

Figure A.16: Securing BeCu pins. The loose wire corresponds to the position
sensor contact. Note the epoxy has already been placed at the rim of the scanner
holder for securing the position sensor in place.

A.2.8

Securing Position Sensor and Creating Respective Contact to Pin

At this point in the scanner tube assembly process, the position sensor should
be glued in place, as shown in Figure A.17(a). In addition to this, the respective
wire should be glued to the position sensor using electrically conducting epoxy
(Figure A.17(b)).
After curing the epoxy, the resistance through all pins should be very high
(> GΩ). Furthermore, the position sensor should be shorted to its respective pin.
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(a)

Position sensor
plate

(b)

Position sensor
wire glued

Position sensor
wire
Figure A.17: (a) Securing position sensor and (b) creating contact to the respective BeCu pin.

A.2.9

Attaching Tip Line to BeCu Tube and Grounding the
Shield

Figure A.18(a) shows the tip line glued to the BeCu tube. Epotek H20E was
used for this purpose. The grounding wire should then be held in place, for
example by forming a rigid block with a tiny vise and an xyz-stage as shown
(Figure A.18(b)), and epoxied in place. Since the vise and xyz-stage have only
metallic components, they can withstand the epoxy curing temperatures. The
resulting cured assembly is shown in Figure A.18(c).
After curing the epoxy at this stage, it should be confirmed that the ground
line and tip line are not shorted, and that the ground shield and the corresponding line as well as the BeCu tube and the tip line are shorted. Furthermore, for
the scanner shown in Figure A.18, Au-wire was used for the tip and ground
shield lines. A suggestion for the future would, however, be to use the same
Ag-coated Cu wire that was used for all other wiring on this scanner. The Au-
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(a)

Tip line

(b)

(c)
Ground shield

Figure A.18: (a) The tip line is glued to the BeCu tube. - (b) Ground shield line
is secured in place (in the same way as the tip line). - (c) The ground shield line
is glued permanently.

wire, besides being very floppy and hence bad in terms of vibration insulation,
is very difficult to bend in place and is extremely brittle and hard to handle.

A.2.10

Reinforcing and Protecting the Joints Around the BeCu
Tube

Figure A.19 shows extra H74F epoxy added around BeCu tube in order to reinforce these joints. This process is best done iteratively for optimal shape.
At this point, the resistance between the ground and tip lines should still be
virtually infinite. The BeCu tube and the tip line should still be shorted.
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Ground
shield line

Tip line
Figure A.19: Reinforcing the BeCu tube.

A.3

Result and Further Remarks

The completely assembled newest generation scanner tube is shown in Figure
A.20. This scanner tube has been shown to perform at least as well as previous generations, while some of the latter’s pitfalls have been corrected; it is
currently in use in the dilution fridge probe, the so called ’STM2’. The following paragraphs describe some further details of the latest scanner assembly that
may be relevant for future generations.
Firstly, the curing temperatures and times for the epoxies used in the procedure described in the earlier section were 100◦ C for 40 minutes in the case
of Epotek H74F and 120◦ C for 30 min in the case of Epotek H20E. Using lower
temperatures (80◦ C and longer curing times) provoked a soaking effect in the
new piezoelectric tubes with gold (over Cu) electrodes. The mentioned soaking effect was not observed in older scanner tubes with nickel piezoelectric
electrodes. Nonetheless, soaked electrodes/contacts survived the application
of 400V through them at ambient conditions, as well as slight pull test (they did
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Figure A.20: Assembled scanner tube.

not peel off).
Also, and as previously mentioned, the use of Au wire for the tip and ground
shield line is not recommended due to the floppiness of the wire and, mainly,
the extreme handling delicacy required.
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Furthermore, it should be noted that films of H74F epoxy are transparent
below certain thickness. Some photos might show what looks like bare wires
when in fact they are properly (and permanently) secured and insulated. This
is the case, for example, in Figure A.15. Should the resistance be measured
between any two points in one of the xy-wire surfaces, the result would yield
virtually infinity.
The final step in the scanner assembly is, of course, the insertion of the latter
into the STM head and forming the appropriate connections between them. The
inserted and secured scanner tube is shown from a top view in Figure A.21(a)
and from a bottom perspective in Figure A.21(b). The solder joints to the BeCu
pins (shown in Figure A.21(b)) were achieved by using In as the soldering material. Lead-free solder (MG Chemicals cat no. 4900-227G) was used for the joints
connecting the tip and ground shield wires to head pins (A.21(a)). For the joints
connecting those pins to the cables outside the head, In solder was used; this
prevented melting the previous lead-free solder contacts to the same pins.
(a)

(b)

Figure A.21: Installation of the scanner tube in the STM head. - (a) Top view. (b) Bottom view.
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LIST OF ACRONYMS
ARPES angle-resolved photoemission spectroscopy
BCS Bardeen-Cooper-Schrieffer
DOS density of states
FOV field of view
FS Fermi surface
FT Fourier transform
IUC intra-unit-cell
LDOS local density of states
PSD power-spectral-density
QPI quasiparticle interference
SI-STM spectroscopic imaging STM
STM scanning tunneling microscopy
TRS time-reversal symmetry
1D one-dimensional
2D two-dimensional
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