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Abstract

The nature and behavior of electronic states in high temperature superconductors are
the center of much debate. The pseudogap state, observed above the superconduct-
ing transition temperature T, is seen by some as a precursor to the superconducting
state. Others view it as a competing phase. Recently, this discussion has focused on
the number of energy gaps in the system. Some experiments indicate a single energy
gap, implying that the pseudogap is a precursor state. Others indicate two, suggest-
ing that it is a competing or coexisting phase. In this thesis, I report temperature
dependent scanning tunneling spectroscopy of Pb-Bi;SroCuQg,s. I have developed a
novel analytical method that reveals a new, narrow, homogeneous gap that vanishes
near T, superimposed on the typically observed, inhomogeneous, broad gap, which
is only weakly temperature dependent. These results not only support the two gap
picture, but also explain previously troubling differences between scanning tunneling
microscopy and other experimental measurements.
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Chapter 1

Introduction

Superconductivity is a phenomenon characterized by two properties: the complete
vanishing of resistance below a critical temperature, T., and the expulsion of magnetic
flux below a critical field H,. It is itself a phenomenon of strongly correlated behavior
in a many-body system, which is an important yet still unsolved mystery in physics
today. As it stands, superconductivity is still a big puzzle with missing pieces. The
whole range of intriguing and often surprising properties discovered in the field drives
experimentalists to creatively find new missing pieces and to work together with
theorists to complete the puzzle. The results are presented in this thesis with the
hope that they would bring us one step closer to unveiling the beautiful picture that

underlies the phenomenon of superconductivity.

1.1 Conventional Superconductivity

The first superconductor, Hg, discovered by K. Onnes in 1911 when he observed the
sudden disappearance of resistance when cooled below 4K [1], was a conventional
superconductor. Nearly half a century later, in 1957, Bardeen, Cooper, and Schrieffer
put forth a microscopic quantum mechanical theory that succeeded in explaining the
various experimental observations of superconductivity [2]. It became known as the
BCS theory, and is now the universally accepted basis for describing superconductors.

The fundamental idea behind the BCS theory is that electrons in the material
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form pairs, known as Cooper pairs, through phonon coupling. In a somewhat sim-
plified picture, negative charge of a conducting electron slightly distorts the lattice,
temporarily creating a higher concentration of positive charge that in turn attracts
a second electron, coupling the two electrons. This pairing occurs between electrons
of equal and opposite momentum, and is favored when the potential energy lowered
due to this process is greater than the Coulomb repulsion between the pairing elec-
trons. When the material is cooled below a critical temperature, these Cooper pairs
condense into a single coherent ground state, and move through the crystal without
scattering, superconducting. The pairing model is consistent with the experimental
observation that the density of states of superconducting materials is gapped at the

Fermi surface.

1.2 High Temperature Superconductivity

A whole new class of superconductors was discovered when Bednorz and Muller ob-
served superconductivity in Lag_,Ba,CuQy4, with a T, of 38K, followed by materi-
als that were found to superconduct at above-liquid nitrogen temperatures such as
YB,C306,, with a T, of 95K, and BiySroCaCus0g,s with a T, of 92K. This new
class became known as the high temperature superconductors (HT'SC). Aside from
having T, much higher than conventional superconductors, these oxide superconduc-
tors are all Perovskite (layered) systems with weakly coupled planes in which the
coherence length in the direction perpendicular to the planes are much smaller than
the interlayer separations, making them effectively 2D systems. Moreover, all these
materials have copper oxide planes in their crystal structures, and are referred to as
the cuprates. Like conventional superconductors, the fundamental conducting charge
in HTSC is still observed to be 2e, suggesting that some sort of pairing is still at play,
even though the nature of the pairing mechanism is still uncertain. Unlike conven-
tional superconductivity, there are still numerous properties of HT'SC for which the
BCS theory fails to account, and there has not yet been a universally accepted the-

ory that unites all experimental facts about HTSC. Interpretations of experimental
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results of HT'SC are under constant debate.

1.2.1 Doped Mott Insulators

One of the most surprising properties of these high-T. cuprates is that, contrary to
conventional superconductors, the parent compounds of cuprates are all insulators,
more specifically, they are all antiferromagnetic Mott insulators, and become super-
conducting only with doping. Since the common feature among all high-T, cuprates
is the copper oxide planes, these planes are thought to be linked to the phenomenon
of superconductivity in these materials.

Shortly after the 1986 discovery of HT'SC, P. Anderson summarized the properties
of the new superconductors by drawing out three essential features that they share.
First, the materials are quasi-two-dimensional, with the CuO, plane as the key struc-
- tural unit. Second, high-T, superconductivity is created by doping a Mott insulator.
Third, the combination of the first two features would result in fundamentally new
behavior that is inexplicable in terms of conventional metal physics [3].

A Mott insulator is fundamentally different from a conventional insulator. In a
conventional insulator, the highest-occupied band is entirely filled with two electrons
per unit cell. Conductivity is prohibited by the Pauli exclusion principle. In a Mott
insulator, the valence band is only half-filled, with one electron per unit cell. However,
conductivity is still prohibited because Coulomb repulsion is strong enough to block
a second electron from occupying any unit cell. With doping, which is adding charge

carriers to the material, conductivity can be restored in a Mott insulator [3].

1.2.2 Phase Diagram

Both temperature and doping level play critical roles in determining the state of a
high-T, cuprate. Fig. 1-1 shows a typical phase diagram of cuprates parameterized
by these two factors. The horizontal axis is hole doping level. At low doping, the ma-
terial is an anti-ferromagnetic insulator (AF). As dopant level increases, the material

becomes superconducting within the dome-like feature (SC). At high dopant level,
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Figure 1-1: Typical phase diagram of high temperature superconductor parametrized
by doping and temperature.

the material again becomes nonsuperconducting. The lack of explanation for this
doping-dependence in HTSC is one of the reasons that the BCS theory is inadequate
for HTSC.

The vertical axis is temperature. Just like conventional superconductors, super-
conductivity is killed when warmed above a critical temperature, T., which, in the
phase diagram, is marked by the roof of the SC dome at different dopant levels. The
dopant level that gives the highest T, is called optimal doping. Materials with lower
dopant levels are referred to as under-doped and those with higher dopant levels
over-doped.

The picture of HTSC is not well understood, both experimentally and theoreti-
cally. The phase diagram I show here has the most basic structures that are univer-
sally accepted for all high-T, cuprates. The region beyond the AF and SC regions is
even less understood and agreed upon. There exists a plethora of theories, each of
which has its own complexity built upon the basic phase diagram, especially in the
region beyond the SC dome. We shall come back to a more detailed discussion of this

region in light of the available theories in Ch. 3.
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Chapter 2

Techniques and Materials

All results presented in this thesis are obtained using a specially designed temperature
dependent scanning tunneling microscope (STM) on the material Pb-BiySraCuQg.s.
In this chapter, I shall briefly introduce both the technique of STM and the material

used.

2.1 Scanning Tunneling Microscopy

The technique of scannning tunneling microscopy (STM) was developed in 1982 by
Binnig and Rohrer[4], who received the Nobel Prize in Physics for this work in 1986.
STM is built upon the quantum mechanical phenomenon of tunneling. The basic
principle of operation of an STM, as shown in Fig. 2-1, consists of holding an atom-
ically sharp conducting tip above a flat conducting sample. When a bias voltage is
applied between the tip and the sample, electrons tunnel through the vacuum barrier,
forming a measurable tunneling current, which is dependent on both the tip-sample
separation as well as the availability of electronic states in the sample at the tip posi-
tion. Biasing the sample by a negative voltage -V relative to the tip effectively raises
the Fermi level] of the sample electrons relative to the electrons in the tip, shown in
Fig. 2-2.

Intuitively, the tunneling current from the sample to the tip must be proportional

to three factors, the tunneling probability [M]?, the number of filled sample states
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Figure 2-1: Schematic of an STM: When the tip is brought close to the sample,
a bias voltage between the tip and the sample causes electrons to tunnel through
the vacuum barrier, forming a ineasurable tunneling current that depends on the

tip-sample separation as well as the electronic properties of the sample at the tip
position.
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Figure 2-2: Schematic of tip-sample tunneling: vertical axis shows energy, horizontal
axis is density of states (DOS) of both the sample and the tip. States are filled up to
the Fermi level. In operation, a bias voltage between the tip and sample effectively
offsets the Fermi levels, allowing electrons to tunnel from the filled higher energy
states to the empty lower energy states across the vacuum barrier. In this drawing, a
negative bias is applied to the sample, raising its Fermi level and causing a measurable
net tunneling current to flow from the sample to the tip.
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to tunneling from, and the number of empty tip states to tunnel into. When also
taking into account the reverse current from the tip to the sample, we have the total

tunneling current:

1= [ IMPapde+ QI - Fle+ eV = (L SO+ eV}
(2.1)
where we have taken e=0 to be the Fermi energy, py,) is the density of state of the
tip(sample), and f(e) is the Fermi function:

1

f((f) = 1+ e¢/kBT’ (22)

The expression for the tunneling current can be simplified in several ways. First
of all, we use a normal conducting metal for the tip, which has a constant density
of states, p; = p;(0). In addition, our STM is operated at low temperatures for
the measurements documented in this thesis, we can thus approximate the Fermi
function as a step function. Using the WKB approximation by treating the vacuum
between the tip and sample as a square barrier, the tunneling probability can be
shown to have a simple exponential dependence on the tip-sample separation. After

all simplification, the total tunneling current becomes [5]

dTre _, [Em 0
Iz%e VI 0,0) [ psle)de, (2.3)
—eV

where s is the tip-sample separation, v is directly related to the the work functions

of the tip and sample, and V in the lower integral limit is the bias voltage.

Because the DOS is a function of the locatioin of the tip as well as the bias voltage
applied, we can extract from the tunneling current a host of information about the
sample, making STM a powerful technique for atomically resolved spatial imaging

and spectroscopy of superconducting materials.
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2.1.1 Topography

One of the most basic modes of operation of STM is constant-current mode. When
scanning the tip across the sample, we use a feedback system to hold the tunneling
current constant by adjusting the vertical position of the tip. Because of the expo-
nentially sensitive dependence of the tunneling current on the tip-sample separation,
holding the current constant is effectively equivalent to holding the tip and sample
separation constant. Then from the adjustment of the vertical height of the tip needed

to keep the current constant, we can map out the topography of the sample surface.

2.1.2 Spectroscopy

In Eq. 2.3, we see that the tunneling current is proportional to the integrated DOS.
The derivative of the current then is proportional to the DOS directly. We call this
dI/dV the conductance g(V),

g(V) = % x DOS(eV), (2.4)

which we measure directly using a standard lock-in amplifier.

Rather than scanning over the sample surface as in topographical measurements,
we can park our STM tip at a certain location. By varying the DC bias voltage and
applying a small voltage modulation using a lock-in, we can measure the DOS of the

sample at the tip position as a function of bias voltage.

2.1.3 Spectral Survey

We can also combine the techniques of topography and spectroscopy by scanning
across the sample surface and measuring DOS at a dense array of locations, which
we call a spectral survey. This allows the mapping of spatial variations of spectral
features. Such surveys have led to the direct visualization of atomic scale effects, such
as single atom impurities [6, 7] and oxygen dopant atoms [8]. Key results documented

in this thesis were obtained using spectral surveys.
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2.1.4 Temperature Dependence

In addition to the standard measurement ability described above, our STM has the
specially designed ability to do temperature dependent measurements, that is, we are
able to follow a spatial region of the sample atom by atom and take measurement at
a range of temperatures down to 4K with sub-millikevin stability. We are the first to
achieve this. This ability is crucial to the developement of the analytical technique
documented in this thesis. By doing spectral surveys of the same region at a range
of temperatures, we are able to observe variations of spectral features as a function

of both space and temperature.

2.2 Material

The high-T. cuprates fall mainly into three major families of compounds: Lag_;Sr,CuQO4
(LSCO), YBayCu3064, (YBCO), and BiySraCaCuy0g, 5 (BSCCO). The third family,
BSCCO, cleaves easily in vacuum due to the weak bonds between its BiO layers,
resulting in atomically flat surfaces, which makes it an ideal compound to be studied
using an STM. Fig. 2-3 shows the crystal structures of two members of this family.
Within this family, extensive work has been done on BiySroCaCuy0sys, or Bi-2212
(Fig. 2-3(a)), which has two copper oxide planes and a T, of 92K at optimal doping.
The material used for work documented in this thesis were done on Pb-BiySryCuQOg, 4,
or lead doped Bi-2201, with a single copper oxide plane instead of two (Fig. 2-3(b)).
Bi-2201 is observed experimentally to be more inhomogeneous than Bi-2212. Also, Bi-
2201 has a much lower T of 35K at optimal doping compared to Bi-2212 (T.=92K),

hence a smaller superconducting dome in the phase diagram.
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(a) Bi-2212 ‘ (b) Bi-2201

Figure 2-3: (a) Structure of BisSroCaCuy0sys (Bi-2212), with two copper oxide
planes. (b) Structure of BipSraCuOgys (Bi-2201), with only one copper oxide. Mate-
rials in the BSCCO family are easily cleaved due to the weak bonds between the BiO
planes.
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Chapter 3

Energy Gaps

A gapped density of states at the Fermi surface is a signature feature for all types
of superconducting materials. In conventional superconductors, this gap feature is
explained via pairing, and vanishes at T., above which the material no longer super-
conducts. For HTSC, the spectroscopic picture is not as simple. While a gap still
exists below T, the DOS is observed to be gapped well above T, as well. This gap
above T, is commonly referred to as the pseudogap (Fig 3-1(a)). The pseudogap
phase is not a well-defined phase, since a definite finite-temperature phase boundary
has never been found. The line drawn in the figure only serves as a guide to the
crossover region. The observable presence of pseudogap in the underdoped region is
more pronounced than in the overdoped region. The exact behavior of this crossover
line in the overdoped region relative to the superconducting dome is still under de-
bate. Because the pseudogap is the phase high-T, cuprates transition into when
superconductivity vanishes at T., there has been an immense interest in the HTSC
community to understand the nature of the pseudogap and its possible relation to
the phenomenon of HTSC in the hope of understanding the phenomenon of HTSC
itself.
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Figure 3-1: Phase diagrams of high-T. cuprates in light of dominant theories showing
various regions: (a)Phase diagram including a pseudogap phase above the supercon-
ducting dome, with a crossover region into the “normal” metal state. (b)Phase dia-
gram showing the inclusion of a quantum critical point below the SC dome. (c)Phase
diagram showing the Nernst region where vortices are observed above T, suggestive
of a competing order to superconductivity.

3.1 Observed Gaps

3.1.1 Superconducting Gap

We refer to the gap occuring below T, as the superconducting gap. Many mea-
surements have shown that the superconducting gap in conventional superconductors
differs from that in HT'SC. Conventional superconductors are s-wave, that is, the gap
magnitude is isotropic in momentum space (Fig. 3-2(a)). Under BCS theory, the DOS

of an s-wave superconductor is

DOS (&) = A : (3.1)

where A is the gap magnitude, independent of angle. The gap that an STM mea-
sures is an integrated average over the angle in momentum space. Fig. 3-2(b) shows
such an integrated gap, while Fig. 3-2(c) shows real STM data on a conventional
superconductor NbSe,.

Unlike conventional superconductors, high-T, superconducting gaps are d-wave,

with an angle-dependent gap magnitude (Fig. 3-2(d)). The angle dependence of the
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Figure 3-2: Comparison of s-wave and d-wave gaps [5]: (a) Gap magnitude is isotropic
in momentum space for an s-wave superconductor. (b) Averaged gap integrated over
angle in moment space for an s-wave superconductor. (c) Actual superconducting gap
measured by an STM in the conventional superconductor, NbSe,. (d) Gap magnitude
is angle-dependent for a d-wave superconductor. (e) Averaged gap integrated over
angle in momentum space for a d-wave superconductor, showing the V-shape feature.
(f) Actual superconducting gap measured by an STM in the HTSC BSCCO.
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gap opening is observed to follow a cosine relation, A(fx) = Aq cos(26;), which has a
four-fold symmetry in momentum space. The integrated gap that an STM measures
for such an angle-dependence is a V-shaped gap since it is an average of gaps of
varying sizes. Fig. 3-2(e) and (f) show examples of calculated gap and real data
on Bi-2212, respectively. A common feature in the superconducting gaps in both
conventional and high temperature superconductors are the two peaks on either side
of the gap. These are commonly referred to as the “coherence peaks.” Since BCS
is not an adequate theory for high-T. cuprates, Eq. 3.1 is no longer a necessarily
adequate expression for the DOS, and there is not yet an accepted theory for HTSC.
Since the gap magnitude A is strictly defined by a fitting function, we do not have a
way to associate it with the observed high-T. gap. Instead, experimentally we choose

to define A as half the distance between the peaks around the measured gap.

3.1.2 Pseudogap

Different from conventional superconductors, a gap is found to exist above T, in
HTSC, and is qualitatively different from the superconducting gap below T.. The lack
of explanation for this pseudogap is another reason that the BCS theory fails to de-
scribe HT'SC. Fig. 3-3 shows an example of a pseudogap observed in Pb-BisSraCuOg .
Within the same sample, pseudogap is typically much wider than the superconducting
gap. Also, compared to the superconducting gap, the peaks around the pseudogap
are typically strongly suppressed.

3.2 Existing Theories on Gaps

The intriguing complexity in the high-T, cuprates revealed through the multitude of
measurements over the years has contributed greatly to the outpouring of a myriad
of theories for HT'SC. Currently, the HTSC community stands between two major

camps regarding the relation between the superconducting gap and the pseudogap.
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Figure 3-3: STM measurement of a pseudogap observed in BiySr,CuQOg,s. The gap
magnitude, A, is defined as half the gap opening.

3.2.1 Preformed Pairs

One of the earliest theoretical attempts on HTSC was the “resonating valence bond”
(RVB) theory put forth by Anderson [9]. This attempt perhaps grew out of the effort
to work the role of doping into the BCS framework. The fundamental idea is that
virtual charge fluctuations in a Mott insulator lead to a long-range antiferromagnetic
order. The quantum fluctuations in a 2D spin—% system such as the CuQO, plane in the
cuprates, however, are somehow strong enough to destroy the long-range spin order,
resulting in a “spin liquid” which contains electron pairs whose spins are locked in a
singlet configuration. These pairs resemble the Cooper pairs in conventional super-
conductors, and would become free to conduct when average occupancy is lowered by
doping. Under this theory, the superconducting pairs in the system are pre-formed
in the normal state, thus the pseudogap is the continuation of the superconducting

gap into the non-phase coherent regime.

However, it was soon discovered experimentally that the spin liquid is not realized
in the underdoped cuprates. In the underdoped region above T, in the phase diagram,
behavior of non-Fermi liquid were observed, such as the resistivity being linear in
T and the Hall coefficient being temperature dependent [10]. This suggested the

addition of a quantum critical point under the superconducting dome to the phase
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diagram (Fig. 3-1(b)) [11, 12, 13].

Even though RVB is not completely right, the idea that there is a single pairing gap
in the system is still one of the dominant beliefs in the HTSC community. The basic
underlying idea is that the pseudogap above T is the precursor of the superconducting
gap below T,.. In other words, the pseudogap and the superconducting gap are the
same gap. Electron pairs are formed at temperatures above T., but phase coherence
only sets in at T, enabling superconductivity [9, 14, 15, 16, 17, 18, 19].

One suggestion for the mechanism that onsets phase coherence is phase fluctu-
ation [16]. The idea is that superconductivity depends on two energy scales in the
system, the pairing amplitude, A, which measures the strength of the binding energy
of the Cooper pairs, and the phase stiffness, ps, which measures the ability of the
superconducting state to carry a supercurrent. In conventional superconductors, A is
much smaller than p,, hence the breaking of Cooper pairs destroys superconductivity.
In HTSC, however, the two energy scales are on the same order, especially in the
underdoped region, where ps could be weaker, and therefore it would be p, rather
than A that determines the onset of superconductivity [16, 3, 13].

The major piece of experimental evidence supporting this one-gap hypothesis is
spatially averaged temperature-dependent STM measurements of underdoped Bi-2212
by Renner et al [20], shown in Fig. 3-4. First of all, there is clear existence of a gap
at T, contrary to conventional superconductors in which the gap closes completely
at T.. Secondly, the gap in Bi-2212 seems to evolve smoothly from below T, to above
T,., with the same energy scale. These trends were also observed in Bi-2212 of other
doping levels [20, 21] and Bi-2201 [22]. In addition, the gap above T, observed in
these systems seem to scale with the gap below T, across doping levels [23]. These
trends have led to the interpretation of the observed gap below and above T, as the

same gap.

3.2.2 Competing Order

An alternative interpretation of the pseuodogap is that it is an order that competes

with superconductivity. In order to present the theories of competing orders, we must
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Figure 3-4: Spatially averaged temperature-dependent STM measurement of the en-
ergy gap across T. in underdoped Bi-2212 with T.=83K. showing a smooth evolution
of the gap across T, [20)].

first introduce two phenomena: magnetic vortices and the Nernst effect.

Superconductors expel magnetic field up to some critical field strength, after which
the magnetic flux punctures through in small bundles. creating vortices in the super-
conductor. Within these vortices, superconductivity is killed. The density of the
vortices inereases as the external maguetic field is increased until at another critical
field strength superconductivity is completely killed.

Nernst effect is the phenomenon that when a flow of vortices is induced in a su-
perconductor, an electric field appears transverse to the flow direction because of
Josephson effect. Measurement of the Nernst effect is a sensitive measurement of the
presence of vortices, and has been used to show the existence of vortices above T, re-
sulting in a phase diagram with the added “Nernst region” above the superconducting
dome for underdoped cuprates (Fig. 3-1(c)) [24, 13].

Within the vortex core, pairing amplitude vanishes. Yet. STM measurements have
shown that an energy gap exists within vortex cores [25. 26]. This means that the
gapped state in the vortex cores is not due to the pairing mechanism used to describe
the superconducting gap below T.. There are two gaps in the system. Moreover,
the observation of vortices above T, i.e. in the Nernst region, suggests that the gap

phase in the vortex cores is a competing order to rather than a continuation of the
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superconducting phase below T, [13].

A number of theories havé been proposed to explain the competing orders. The
SO(5) model by S.-C. Zhang is based on the idea that the the core has an antifer-
romagnetic order [27]. Another proposal is orbital currents, where the competing
order persists in the pseudogap region but is hidden from detection because of the

difficulties of coupling to the order [11, 28].

3.3 Existing Controversies

Perhaps the reason there has not yet been a comprehensive theory for HT'SC is that
the interpretation of the wealth of experimental results on HTSC is still far from
being united. There are two major controversies plaguing the interpretation of STM

results that we focus on in this thesis.

3.3.1 Smooth Evolution Through T,

As examplified by the temperature dependent STM spectroscopy data shown in Fig. 3-
4, many groups observe a smooth evolution of the gap in the DOS from the super-
conducting state to the pseudogap state across I'c. The lack of any apparent sudden
change in the DOS at T, does not fare well with the fact that superconductivity is a
phenomenon with a measurable and definite transition temperature. Moreover, un-
der the single gap hypothesis, these results conflict with other types of measurements.
Deutscher, for example, has shown that the gap measured by STM and angle-resolved
photoemission spectroscopy (ARPES) is different from the gap measured by Andreev
reflection, penetration depth and Raman spectroscopy, and thus that there are two
distinct energy scales in the system [29]. Even Nernst effect studies which, like STM,
find a smooth thermal evolution (here indicating the presence of vortex fluctuations
above T,) do find an onset temperature which scales with T, [24], rather than simply

decreasing linearly with doping as the tunneling measured gap does [30].
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Figure 3-5: First published gap map made from STM spectral survey on underdoped
Bi-2212 sample with T,=79K, showing nanoscale inhomogeneity, taken at 4.2K. (a)
Gap map of an area of 5604 x 560A. The color scale means a gap range of 20-64meV.
(b) Gap map generated from a spectral survey of the 1474 x 147 A region in the white
box in (a).
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3.3.2 Spatial Inhomogeneity

Another controversial result is nanoscale inhomogeneity, in which gap magnitudes
are observed to vary wildly on nanometer length scales [31, 32, 33, 34, 8]. To study
inhomogeneity we can extract from spectral survey a gap map A(r), where the gap
magnitude A is mapped spatially. Fig. 3-5 shows the first published gap map by Lang
et al, showing nanoscale inhomogeneity in Bi-2212 revealed by an STM. However,
large superconducting gap variations on short length scales are inconsistent with

NMR and heat capacity data [35].

3.4 Summary

Ever since the realization of the existence of a gap above T, the pseudogap, that
marks HT'SC different. from conventional superconductors, the effort to understand

the pseudogap and its relation to superconductivity has been a major focus of HTSC

29



research, both experimentally and theoretically. The advent of STM has undoubtedly
made great contributions to the experimental picture of HT'SC, however, it has also
introduced troubling controversies, including the apparent smooth transition of the
gap across T, and nanoscale inhomogeneity. The difficulty in interpretating these
controversial results also played a major part in keeping the theoretical picture of
HTSC divided under either the preformed pair hypothesis or the competing order
hypothesis. Experimentally establishing the number of gaps in the system is clearly

the pressing issue at hand in uniting and advancing HTSC research.
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Chapter 4

STM Imaging of Two Gaps

The material we studied was Pb-BigSroCuOgys, or lead-doped Bi-2201. The sam-
ple was overdoped with a T, of 10K. We have taken spectral survevs at a series of
temperatures across its T'..

The sample was cleaved at the BiO plane in cryogenic ultra high vacuum. All
spectra reported here were measured under the same settings: Vigppre = —100mV/,
I = 100pA, and V,,p0.0ms = 1.6mV. Several techniques were developed in processing

raw data in preparation for analysis, all documented in Appendix A.

4.1 Data

Fig. 4-1(a) is a topograhy of the region under study, with an area of 1804 x 1804,
clearly showing the resolved atomic lattice of the BiO plane. The brighter atoms
are the Bi-replaced Pb atoms. confirmed by comparing its concentration with the
expected Pb doping level of 0.38 in the sample. We observe no correlation between
spectroscopy and the presence or absence of Pb atoms. Fig. 4-1(b) is the gap map,
A(T), made from a spectral survey taken over the region at T=6I{. Consistent with
previous STM measurements [32], we see nanoscale inhomogeneity in the gap distri-
bution. Another way to present the spectral variations in the material is shown in
Fig. 4-1(c). where a set of spectra extracted from the spectral survey is plotted, with

gap sizes varying from TmeV to 40meV.
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Figure 4-1: (a) Topographical image of a single 1804 x 180 A field of view of overdoped
Pb-Bi-2201, clearly showing the resolved atomic lattice of the cleaved BiO plane. The
brighter atomns are the Pb atoms, which have shown no observable spectral effect. (b)
Gap map, A(F), made from a spectral survey taken over the same region at T'=6K.
The color scale below shows a gap variation ranging fromn OmeV to 40meV. (c¢) A set
of spectra associated with gap values ranging from A=7meV to 40meV, extracted
from the spectral survey, showing the scope of spectral variation in the region. The
spectra are offset vertically to enhance visibility.

We also made temperature dependent spectral measurements, plotted in Fig. 4-2.
Consistent with previous STM measurements [20], we observe a smooth evolution of
the gap from below T'; to above I'..

In addition to the results obtained using standard techniques introduced in pre-
vious STM work presented above, we were the first to be able to do spectral surveys
on the same region at a series of temperatures, and make a gap map at each temper-
ature to study gap variation as a function of space and temperature simultaneously.

Fig. 4-3 shows such a series of gap maps made on overdoped Bi-2201.

4.2 Analysis

The nanoscale inhomogeneity is apparent in each gap map in Fig. 4-3. But strikingly,
this inhomogeneity is almost entirely temperature-independent, even when warmed

through T.=15K. That is, in the pictured region. over fifteen thousaud widely varying
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Figure 4-2: Spectra measurements taken at a series of temperatures for the overdoped
Bi-2201 sample, showing a smooth evolution of the gap across T.=15K, marked in
red.

spectra evolve smoothly with temperature, apparently disregarding the superconduct-
ing transition at T, and thus preserving the initial gap width inhomogeneity. Since
we know that superconductivity is a phenomenon that is highly sensitive to T\, the
independence of inhomogeneity in the sample on temperature must mean that in-
homogeneity has little, if at all, to do with superconductivity. The question then

becomes, what does?

To find the spectral change that actually took place at the onset of superconduc-
tivity at T, we go back to the spectra in the survey from which the gap maps were
made and remove the effective background of the high temperature spectra from the
low temperature ones. We thus calculate a normalized differential conductance Gy
as a function of energy E, position 7, and temperature T by the common technique
of dividing out the background, in this case a spectrum from the same position at a
higher “normalization temperature” Ty > T¢:

G(E, 7, T)

GN(B.F.T) = Grrs.

(4.1)
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Figure 4-3: Gap maps made from spectral surveys of the same 1754 x 175A region
on an overdoped Bi-2201 sample of T,=15K, at a range of temperatures: T=5K, 8K,
11K, 13K, 15K, and 17K. All gap maps share the same color bar.
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Figure 4-4: (a,b) Individual spectra taken at the four locations identified in Fig. 4-1

at T=6K and 16K respectively, representative of the wide spectral variation across
v N : G(6K :
the samples. (¢) Normalized spectra Gy = (7%7()_) of the same locations. Note that

all high energy variation is removed, leaving a small, consistent gap.

We use division here for two reasons. First, it is often the correct normalization
scheme, as, for example, in conventional (BCS) superconductors where the onset of
superconductivity creates a superconducting density of states Ng by opening a gap

which multiplies the normal state density of states Ny:

E
VE? — A%

Z\‘rS ~ ]\"'0 (42)
By dividing, we treat the temperature independent part of the spectra as the normal
state of density, which is reasonable in the temperature range we are concerned with.
Second, other normalization schemes, such as subtraction. are difficult given that.
STM measured differential conductance is only proportional to the density of states,
where the constant of proportionality is unknown as well as temperature and position
dependent.

We show the result of this normalization on several distinct spectra in Fig. 4-
4. The locations of these spectra are marked in Fig. 4-1. Fig. 4-4(a) and (b) show
the spectra taken at those four points at 6K and 16K, respectively, indicative of the
widely varying spectra observed across these samples. After division, the temperature
independent. inhomogeneous gap is removed and we find that a small gap remains,
shown in Fig. 4-4(c).

Now applying the same normalization techunique to every one of the more than

fifteen thonsand spectra in the entire survey behind the gap map of Fig. 4-1(b) demon-
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Figure 4-5: Gap map made after normalization of the spectral survey taken at 6K by
the spectral survey taken over the same region at 16K, showing significantly increased
homogeneity (Ay = 6.7 &+ 1.6meV). The small remaining Ay variations show no
correlation with Agx or Asx.

strates that this small gap is present throughout the sample, and is significantly more
homogeneous than the larger gap we normalized away (Fig. 4-5). The mean and
standard deviation of measured gap magnitudes (Fig. 4-1(b) and Fig. 4-5) drop from
Ajarge = 16 = 8meV to Agpeu = 6.7 = 1.6meV.

Not only is this newly revealed small gap homogeneous, it must also have a dif-
ferent temperature dependence than the large gap that we normalized away for this
normalization scheme to successfully produce this result. In order to clarify this, we
plot (Fig. 4-6(a)) the average of normalized (Tny=17K) spectral surveys at several
temperatures below T,=15 K. In contrast to the apparent temperature independence
of the unnormalized spectra, we find that the normalized spectra are strongly tem-
perature dependent, with the small gap vanishing near T..

One might protest that by choosing a normalization temperature T close to T
we enforce this disappearance of the small gap. After all, Gy(T' = Tw) must be a
straight line. In fact, the above results are relatively insensitive to our choice of Ty.

In Fig. 4-6(b) we show that low temperature (T<T.) spectra normalize to the same
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Figure 4-6: (a) Temperature dependence of spatially averaged, normalized spectra at
T=5K, 8K, 11K, and 13K. The gap vanishes near T.=15K. (b) A T=13K spectrum
(point A in Fig. 4-1) normalized at Ty=16K (bottom) and Ty=19K (middle) shows
insensitivity of our results to the choice of Ty, as both curves show a small gap, in
contrast to spectra taken above T, which normalize to an ungapped spectrum (top).

small gap regardless of Ty, while high temperature (T>T.,) spectra do not. That is,
the small gap is present below T, but not above it. We choose to work with Ty close
to T, because the larger gap is not completely temperature independent and because

at higher temperatures thermal broadening begins to obscure the picture.
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Chapter 5

Significance of the Two Gaps

We report the first STM imaging of the existence of two gaps in HTSC materials,
specifically in overdoped Bi-2201. A natural interpretation of this result is that the
gap revealed by normalization, which is homogeneous and vanishes near T, is the
true superconducting gap and coexists with the large inhomogeneous gap. The large
gap is characteristic of a state (likely the pseudogap state) that develops at some
temperature above T, and exists unperturbed down to T=0K (or at least below
our measurement temperatures). It is worth noting that even though the samples
we are working with are well overdoped, in Bi-2201 the pseudogap phase, which is
typically associated with underdoped materials, has been observed to exist in this
part of the phase diagram [22, 36, 37]. This coexistence is similar to that observed in
the conventional superconductor NbSe,, where a superconducting gap that appears
at T.=7.4K is superimposed on a bowl shaped charge density wave gap that opens
at Tcpw=35K, and the resulting spectra are the multiplicative product of the two
effects [38].

It is reasonable to ask why, after so many years of high resolution STM spec-
troscopy on a wide variety of high-T, materials, the superconducting gap may only
have been revealed now. One important reason is our newly constructed STM, which
is the first capable of making temperature dependent measurements while maintain-
ing a constant position on the sample. This ability is necessary for our normalization

technique since previously, all that could have been done was to compare spatially
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averaged spectra in temperature. Our STM has allowed us to compare spectra point
by point in space in temperature. The large inhomogeneity of the effective back-
ground of the pseudogap further highlights the advantage of the ability to normalize
spectra point by point. Another reason lies in our choice of sample, Bi-2201, where
the energy scales of the small and large gaps are well enough separated that they
may both be clearly resolved, whereas most previous STM work had been done on
Bi-2212, in which the pseudogap and superconducting gap happen to have similar
energy scales [39].

5.1 Comparison with ARPES Results

This result is also consistent with recent angle-resolved photoemission spectroscopy
(ARPES) measurements demonstrating the existence of two distinct gaps in both
deeply underdoped Bi-2212 [40] and in optimally doped Bi-2201 [41]. ARPES uses
the principle of the photoelectric effect by illuminating the sample surface with high
energy photons to gather momentum information of the electrons in the sample as
a function of the angle at which the photons are scattered off the surface. ARPES
probes HTSC in momentum space, and is a nice complimentary technique to STM
which probes HTSC in real space. Both of these recent ARPES studies found that in
regions of momentum space near the antinode, spectra are characterized by a large
gap, while near the node, spectra have a narrow gap. In the case of Bi-2201, Kondo et
al [41] reported the observation of a small gap with a sharp peak below T, that closes
at T, in the nodal region of moment space, and a broad gap with a large energy gap
of ~40meV that is unchanged across T, in the antinodal region. Tanaka et al [40]
found in Bi-2212 the antinodal gap is not characterized by coherence peaks and the
gap opening increases with underdoping while the nodal gap has coherence peaks and
does not increase with underdoping, suggesting that the two gaps must be of different
origins and governed by different mechanisms. Similarly, using Raman spectroscopy
on HgBayCuOyy,, Le Tacon et al made the same identification of distinct energy

scales found in antinodal and nodal spectra [42].
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5.2 Uniting STM Results

Not only is our STM imaging of the two gaps significant in its own light, our results
call for an reinterpretation of previous STM results, in the hope of resolving previ-
ous controversies introduced by STM measurements for a more unified experimental

picture of HTSC.

5.2.1 Smooth Evolution Through T,

In retrospect, the smooth evolution through T, observed by STM, first reported by
Renner et al shown in Fig. 3-4, is most likely the largely temperature-insensitive
pseudogap rather than the superconducting gap. The closeness of the energy scales
of the two gaps in Bi-2212 near optimal doping is a possible explanation for the inter-
pretation of the pseudogap as the superconducting gap. STM spectral measurement
is more sensitive to the antinodal gap because of larger phase space, hence the spec-
tral behavior observed by STM is possibly dominated by the pseudogap rather than
the superconducting gap, resulting in the observation of a smooth evolution through

Te.

5.2.2 Nanoscale Inhomogeneity

The nanoscale inhomogeneity reported by STM also deserves to be reevaluated. We
have shown that before normalization, the gap maps show large order of inhomo-
geneity on small scales (Fig. 4-1(b)), similar to what had been reported previously.
However, we have shown that this inhomogeneity is due to the broad pseudogap,
not the superconducting gap. Moreover, our observations highly suggest that the
pseudogap has very little, if anything, to do with high-T, superconductivity. This
interpretation may also explain the low energy homogeneity observed in even very
inhomogeneous samples [34, 43, 13], as low energy behavior is dominated by the
homogeneous superconducting gap. It also explains why probes of low energy exci-

tations, such as heat capacity measurements [35], as well as STM measurements of
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quasi-particle interference patterns [43, 44], are impervious to high energy inhomo-

geneity.

5.2.3 Subgap Kink

The interpretation of our results also offers a solution to a previously reported mystery
in STM spectral measurements—the existence of a ubiquitous subgap kink [34, 8, 13].
Our results suggest that this kink is a manifestation of the small gap that exists on
top of the broad pseudogap. Moreover, the ubiquity of this small kink fits well with

our observation of the homogeneity of the small gap.

5.3 Uniting Gap Theory

Besides uniting the experimental picture, our findings also represent a unifying step
in the two gap picture of HT'SC in particular, where a large, spatially inhomogeneous
gap (the pseudogap) opens near the antinode above T, and then coexists with a
smaller, spatially homogeneous gap (the superconducting gap) that opens near the
node at T,. The opening of this sharp gap at T, may prove difficult to explain by “one
gap” theories [9, 14, 15, 16, 17, 18, 19|, in which the pseudogap and superconducting
states differ mostly in the onset of phase coherence, and seems more in line with
theories in which the pseudogap is due to some other, possibly competing, phase,
in which the magnitude of the pseudogap and superconducting gaps are not directly

related [13, 45, 46, 47, 11, 48, 49, 50, 51, 52, 18].

5.4 Future Experimental Directions

Our measurements were done on overdoped Bi-2201. One important future direction
is to replicate this study at other dopings and on other materials. In particular, it
is important to measure doping dependence in the underdoped regime, where STM
and ARPES measured gap widths typically diverge from other measurements [29),

and verify that these two gaps follow two different energy scales (superconducting,
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T., and pseudogap, T*), as indicated by new Raman [42] and ARPES [40] measure-
ments. Even more generally, this normalization technique I have introduced clearly
demonstrates the possibility of identifying and disentangling the two gaps of different
energy scales. The existence of this technique in itself already lends credit to the
co-existing two gap picture, and holds promising potential for further opening up and

exploration of this two gap picture in ways that were not available before.
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Chapter 6

Conclusion

I have presented the first scanning tunneling microscopic imaging of two gaps in
the high temperature superconductor. By using our specially designed temperature
variable STM and the new analytical technique of point by point normalization,
we observe in a sample of overdoped Pb-BizSroCuQg,s of T.=15K a new, narrow,
homogeneous gap that vanishes near T,, superimposed on the typically observed,
inhomogeneous, broad gap, which is only weakly temperature dependent. Not only
does this finding strongly support the two gap picture of HTSC, it also suggests that
a reinterpretation of previous STM measurements could very well resolve some of
the previously reported experimental constroversies between STM and other mea-

surements for a more unified step towards the emergence of a microsopic theory of

HTSC.
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Appendix A

Data Processing Techniques

All data were organized and processed using the IDL-based package NIST View, orig-
inally developed by E.W. Hudson. Several techniques were added in preparing data
for the analysis carried out in this thesis. Here I document the most crucial pieces

used in this analysis.

A.1 Gap Finder

A gap finding algorithm is used to indentify the gap magnitude A from a given
spectrum. The algorithm used was orginally written by K. Lang and revised by J. E.
Hoffman (5], on top of which I made my own modifications.

Two gap finding algorithms were used. The standard one, “three-of-five” is based
on the idea that at the edge of a gap, the slope of the spectrum changes sign. The
method begins by identifying the minimum of the spectrum in the middle as the gap
center and walking out towards the wings of the spectrum comparing the slope of
the spectrum at each data point. The algorithm looks at the slopes of the next five
consecutive data points and identifies the first occurance where three out of those five
slopes become negative. This is a safeguard measure to reduce false identification of
gap due to noise.

The other algorithm introduced is “slope Compare”, where again we begin from

the minimum of the spectrum in the middle and walk towards the wings of the
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spectrum comparing the slope at each data point to the slope at the center of the
gap. The gap edge is identified as the first occurance where the slope at the data
point falls below a certain fraction of the slope at the center. The need for this
algorithm grew out of the observation that most pseudogaps do not have well defined
gap edges like coherence peaks in superconducting gaps. There is often just a kink in
the spectrum rather than a drastic bending over of the spectrum. Since the slope at
the center of the gap is almost always well defined and sharp, looking for the change

in the ratio of slopes is a good way to identify these kind of gaps.

A.2 Warping

When the STM is warmed to a new temperature to take a spectral survey over the
same region, there is often some thermal drifting of the tip relative to the sample.
But to compare and then normalize spectra point by point, it is important to make
sure that we match the spectral surveys spatially. To do this, we use the fact that
the physical lattice of the sample does not change in temperature, which mean that
topographical measurement of the region is constant regardless of temperature. When
a spectral survey is taken, a simultaneous topography of the region is also taken.
We use this simultaneous topography to match the spectral surveys taken at each
temperature.

A survey is taken by making measurements at a grid of locations, which translates
into a grid of pixels in the resulting map and corresponding topography image. We use
distinct features such as bright atoms in the topography to first roughly correlate the
two maps. When the drift is low, we use a linear warping method by visually locating
two such markers on each topography, and use their locations in each topography
to calculate the stretch factor and the x and y displacements of the second survey
relative to the first survey. From this we then calculate a warp which, given the
coordinates of a pixel in the first survey, tells us the pixel coordinates in the second
survey.

This algorithm is used with the assumption that the drift between the two surveys
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is low and linear. We also developed a second algorithm for a more general case,
using local correlation to determine the warp pixel by pixel. This is done by first
using the linear warping method above to get a rough overall stretch factor and x
and y displacements. Then for each pixel in the first topography and its roughly
calculated corresponding pixel in the second topography, we take out an equivalent
small square area centered on each of the two pixels and perform a correlation map.
The position of the maximum correlation tells us the displacement of the pixel in
the second survey relative to the pixel in the first survey. The size of the local area
used can be decided based on the amount of nonlinear drift present and the pixel
resolution of the surveys. Typically, we found that a box-to-image size ratio of 0.3
worked reasonably well. This algorithm is then systematically performed pixel by
pixel, creating a warp map that maps the pixels in the second survey to the first
survey. For example, warping a topography of size pg x pp (pixels) to a topography
of size pa X p4 (pixels) would result in a warp map, W, having dimensions p4 X p4 X 2,
where each location Wia, ja] = (ip, jg) holds the x and y indices of the corresponding
pixel in survey B.

Of course no algorithm in practice is perfect, to reduce error, we implemented a
smoothing algorithm that takes the resulting warp map and does a planar fit to the x
indices and the y indices respectively. This is based on the expectation that no matter
how much drift is present, the survey is taken pixel by pixel in a systematic order,
ensuring that neighboring pixels should always be neighboring locations in space.

Using the resulting warp map, we can make a warp-corrected version of the second
survey that corresponds point by point to the first survey. To check the quality of
the warp, we plot the spectrum at each pixel from the two surveys on top of each
other. Even though the spectra feature at high energies vary wildly in space due to
inhomogeneity of the broad gap, we see that after warping, the spectra taken at the
same location from the two surveys match quite well most of the time in the high
energy wings. Since the entire warping process is done solely based on information

from topography, we are free to perform independent analysis on the spectroscopy.
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