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Abstract

A Search for Alternative Electronic Order
in the
High Temperature Superconductor Bi,SroCaCuy0g s

by Scanning Tunneling Microscopy
by
Jennifer Eve Hoffman
Doctor of Philosophy in Physics
University of California, Berkeley

Professor J. C. Séamus Davis, Chair

High temperature superconductors were discovered in 1986, but despite a frantic pace
of research, resulting in some 10 publications per year for the last 16 years, these ma-
terials remain poorly understood. Because their electronic structure is both inhomoge-
neous and highly correlated, a full understanding will require knowledge of quasiparticle
properties both in real space and momentum space. These materials also exhibit a rich
three-dimensional phase diagram parameterized by temperature, magnetic field, and car-
rier concentration. Despite numerous theoretical predictions for exotic phases, large regions

of parameter space remain unexplored due to experimental limitations.

In this thesis, I will present the first application of Fourier-transform scanning tunneling
spectroscopy (FT-STS) to a high temperature superconductor, BigSroCaCuyOgs5. For the
first time, a single experiment can simultaneously probe the real space and momentum
space properties of the quasiparticles. FT-STS shows that the quasiparticles in optimally
doped BSCCO at 4.2 K and zero applied field can be described by a d-wave superconducting

phase, without the need to invoke any exotic order parameters.

I will also present scanning tunneling microscopy (STM) studies of nanoscale features
in BSCCO. With such a local probe, we may take advantage of spatial inhomogeneity to
gain insight into phases inaccessible to bulk experiments. Crystal inhomogeneity allows the

use of single atom defects to probe nanoscale domains of very underdoped BSCCO, sug-



gesting that the electronic structure there is very different from that in the superconducting
state. Field inhomogeneity, because BSCCO is a type-1I superconductor, allows the study of
magnetic vortices, another kind of nanoscale domain where superconductivity is destroyed.
Remarkably, in vortices I find evidence of a four-unit-cell periodic “checkerboard”-like elec-
tronic structure. This may be the first local glimpse into the structure of the mysterious
“pseudogap” phase whose bulk properties are exhibited by all high temperature supercon-

ducting materials outside of the superconducting dome.

™
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Professor J. C. Séamus Davis
Diséertation Committee Chair
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Chapter 1

Introduction

A superconductor is a material which exhibits the following two properties:

13 T>T, T<T,
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Figure 1.1: Two requirements for superconductivity: (a) vanishing of electrical resis-
tivity below a critical temperature 7,, discovered in mercury by Kamerlingh-Onnes!
in 1911; and (b) expulsion of magnetic flux below a critical field H., discovered by
Meissner and Ochsenfeld? in 1933.2

“T attempted to find an original figure from the Meissner paper, to match this famous original figure from
the Kamerlingh-Onnes paper. To my surprise, I found that despite reporting one of the most important
results in experimental condensed matter physics, the original Meissner paper exists only in German, is a
mere 3/4 of a page long, and contains no figures and no numerical data.



2 CHAPTER 1. INTRODUCTION

1.1 Conventional Superconductors

The phenomenon of superconductivity was first discovered in mercury by Kamerlingh
Onnes' in 1911. As legend has it, Kamerlingh Onnes at first attributed the sudden drop
in resistivity to an experimental error, such as an accidental short circuit. But careful
repetition assured him that he had indeed discovered a new electronic phase. The discovery

of vanishing resistivity in several other elements such as tin and lead soon followed.

The second, equally surprising characteristic of superconductivity, expulsion of mag-
netic flux from the superconducting state, was discovered by Meissner and Ochsenfeld in
1933.2 Over the next several decades, theorists struggled to find a microscopic theory for
superconductivity. Major advances were made with the London theory? in 1935 and the
Ginzburg-Landau theory? in 1950. But it was not until 1957, a whole 46 years after the orig-
inal experimental discovery of superconductivity, that a universally accepted microscopic

theory of the phenomenon was put forth by Bardeen, Cooper, and Schrieffer.’

The basic idea of BCS theory is that electrons (fermions) pair via phonon coupling,
and the pairs (bosons) condense into a single coherent ground state which allows the elec-
trons to move cooperatively through the crystal without losing their forward momentum.
The underlying points of the theory are that the Fermi surface is unstable to infinitesi-
mal attractive forces,® and phonon coupling provides such an attractive force.” Therefore,
the total energy of the system can be reduced by allowing electrons to pair, which causes
an increase in kinetic energy but a much larger decrease in potential energy. The paired
electrons have equal and opposite momentum, and must scatter in tandem, so the total
momentum of the electrons in the system (i.e. the current) is conserved by scattering; thus

the superconductivity.

Two of the key experimental facts that led to the BCS understanding were:

1. The density of states is gapped at the Fermi surface. This was determined exper-
imentally first by the measurement of an exponential specific heat.®? This led to
the realization that some kind of pairing is occurring (i.e. electrons are thermally
activated across a gap with Boltzmann probability). The gap was later confirmed by
electromagnetic absorption in aluminum'® and lead.'! 12

2. Phonons are involved. This was shown experimentally by the isotope effect:'3 1 the
critical temperature T, was found to vary as the inverse square root of the nuclear
mass. Since the phonon frequency varies as \/k/—M , the discovery of the isotope effect

led to the realization that phonons are involved.



1.2. HIGH-TEMPERATURE SUPERCONDUCTORS 3

Armed with these and other experimental facts, BCS were finally able to put the whole
picture together. Numerous details were filled in over the next few decades, but the problem

of superconductivity was largely considered solved by BCS in 1957.

1.2 High-Temperature Superconductors

For obvious technological reasons, the search continued for materials which could super-
conduct at higher temperatures. Despite much work, for decades the highest T,.’s belonged
to NbsSn (18K) then Nb3sGe (23K), and the field was considered by many to be at a dead

end. A history of the increase in record T is shown in figure 1.2.
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Figure 1.2: Highest T, discovery history. (Points circled in red garnered a Nobel Prize
for their discoverers: Kamerlingh-Onnes in 1913 and Bednorz & Miiller in 1987.)

1.2.1 Discovery and Initial Questions

Three decades after BCS, in 1986, a startling discovery reopened the field of supercon-
ductivity research. Bednorz and Miiller, working at IBM in Switzerland, discovered a new
class of superconducting materials starting with LaBaCuO, which is superconducting up to
30 K.' The following year, the liquid nitrogen temperature barrier (77 K) was broken with
the discovery of YBayCuzO7_s, superconducting at 90 K.'® Soon a whole host of related
materials were found. Since the common component in all these new high temperature

superconductors is a CuQOs plane, these materials are referred to as the “cuprates.”
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The discovery of superconductivity in the cuprates was surprising for several reasons.
No previous oxide superconductors had ever been found. Furthermore, in their stoichio-
metric form (with no additional oxygen or other dopant atoms added) these materials are
antiferromagnetic Mott insulators. It is conventional wisdom that magnetism cannot co-
exist with superconductivity. For example, Abrikosov and Gor’kov showed that magnetic

impurities disrupt superconductivity and depress T,.'7> 18

The obvious differences between these new high-temperature superconductors (HTSCs)
and the old conventional superconductors created a great deal of excitement. Rapidly, all
the old experiments which had lead to the unifying theory of conventional superconductors

were repeated. But the results were often confusing and/or contradictory.

Pairing

It is now generally agreed that there is a gap in the density of states, but instead of
the simple symmetric s-wave gap found in conventional superconductors, the gap is dy2_2-
wave. This was shown by flux modulation measurements in a YBCO DC-SQUID' and
then more unambiguously by flux quantization in a tri-crystal YBCO junction.? In simple
terms, this d,2_ 2-wave gap means that electrons traveling different directions in the crystal

feel a different pairing potential.

As would be expected from the gap in the density of states, it is generally agreed that
electrons are paired. It was shown unambiguously by measurement of h/2e flux quanta,?!

which indicates that the charge carriers have charge 2e.

It is not generally agreed what causes the pairing. Of course the first thing to look for is
phonons, but tests for the isotope effect have been inconclusive, in part because it’s not clear
which phonons are key. The cuprate crystal structures are much more complicated than
the conventional superconductors, with typically four or five different elements per unit cell.
Different atoms are involved in different phonons, so it’s not obvious which isotope should

be varied. No clear dependence of T, on isotope has been found.

Because magnetism is known to play a role in the crystal at low carrier concentration,
many argue strongly that electron pairing in high temperature superconductivity is caused
by magnons or other magnetic consequences. But there are also strong arguments that

pairing is indeed caused by phonons.??
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Doping

Perhaps the most notable complicating factor in the high-7, superconductors is the
existence of a whole new parameter which can be tuned: carrier concentration. This leads
to a 3-dimensional phase diagram rather than the simple temperature vs. B-field phase
diagram of the conventional superconductors. In HT'SC materials, the stoichiometric parent
compounds are insulators, and it is not until charge carriers are added that these materials
become superconducting. Typically charge carriers in the form of holes are added by doping
oxygen interstitially (e.g. BisSroCaCusOg.s), by substituting a monovalent atom with a
divalent atom (e.g. replacing La with Sr in Las_,Sr,CuQy), or by removal of oxygen from
their stoichiometric positions (e.g. YBayCu3zO7_s). In any case, the carrier concentration
is an important variable upon which the properties of the material depend strongly. We

now have a 3-dimensional phase diagram, as shown in figure 1.3.

There have also been discovered many electron-doped superconductors, with a phase
diagram that is approximately the mirror image of the hole-doped materials. But the T.’s
of the electron-doped materials are not as high, and these materials will not be discussed

in this thesis.

R
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Figure 1.3: High-7, 3-dimensional phase diagram. The state of the system is para-
meterized by carrier concentration (doping), temperature, and magnetic field. Two
known phases are antiferromagnetism (at low doping) and superconductivity; little is
known about the electronic structure throughout the rest of phase space.
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Figure 1.4: Structure of the three high-7, cuprate superconductor families:
(a) Lag,xerCuO4, (b) YBaQCU307_5, and (C) BiQSIQCaCUQOg+5.

1.2.2 Materials and the Proliferation of Experiments

There are three main families of hole-doped high temperature superconductors studied
today. However, much of the confusion in the study of HTSC results from the fact that
each material is accessible to different experimental techniques. For example, it is easy to
measure the electronic density of states of BiaSraCaCugOgys, but harder to measure its
magnetic properties. In the quest to find a unifying theory for all HT'SC, it is tempting to
treat these three families as one material, and combine the experimental results from all
families. Because of this common practice, the field of high-T, research is rife with conflict

and apparent contradictions.

A good summary of the zoology of many of the known hole-doped HTSC materials
along with an explanation of the variation in their 7,’s is given by Eisaki et al.?3

Las_,Sr,CuOy

The lanthanum family of high-T.’s was the first family of materials to be discovered, by
Bednorz and Miiller in 1986.1° The structure of LSCO is shown in figure 1.4(a).
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LSCO is physically the hardest of the three materials, and with stronger bonds it is
easier to grow large (> 1 cm!) single crystals. Neutron scattering experiments, which probe
the magnetic structure of the material, are typically limited to studying LSCO because of

their requirement for large single crystals.

But LSCO has not been successfully studied with an STM, because so far there has
been no successful recipe to obtain an atomically flat surface with tunnel access through an

insulating layer to the relevant unperturbed CuO; plane.

YBaQCu307_5

The discovery of YBCO followed that of LSCO within a year.!'® YBCO was the first
material to break the 77 K (liquid nitrogen) temperature boundary. The optimal 7, is now
~ 90 K. The structure of YBCO is shown in figure 1.4(b). YBCO has perhaps been the
most highly studied because it is the cleanest and most ordered crystal. But studies of
YBCO can also be quite confusing because there are two CuO planes: the square plane
and the chain plane. By analogy with the other HT'SC families, it is thought that the
superconductivity originates in the square plane, but it is hard to isolate the behaviors of

the planes.

Furthermore, the one-dimensional chains complicate the study of YBCO crystals, be-
cause as-grown crystals display many domains, separated by “twin boundaries” in which
the chains run orthogonal directions. YBCO crystals may be “de-twinned” by application
of pressure, for more careful studies, but many existing results on YBCO are ambiguous

due to twin domains.

YBCO is not an ideal material for STM studies, because it typically cleaves on the chain
plane. Very nice studies can be made of the chain planes with an STM,?* but this is not

usually thought to access the intrinsic superconducting properties of the material.

YBCO has typically been used in nuclear magnetic resonance (NMR) studies, which
probe the spatial distribution of magnetic field. This is because YBCO is so well ordered
that all atoms of a particular species will live in the same electronic environment (not true
for BSCCO or LSCO).

BiQSPQCacu208+5

Finally we come to BSCCO, the favorite material for STM and ARPES. BSCCO

was discovered in 1988.2° BSCCO itself can have one, two, or three CuO planes, where
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T. increases with the number of planes. Bismuth can also be replaced with thallium or

mercury, which results in the highest 7. material known (142K).

BSCCO competes with YBCO as the most technologically useful material. YBCO has
been used in magnetic field applications because it is easier to pin flux. YBCO can be used
to grow high-T, SQUIDS with grain-boundary Josephson junctions. Their higher operating
temperature than conventional SQUIDs makes them useful in the study of living biological
materials. BSCCO has been more useful so far in bulk applications: it has been formed into
superconducting wires (with silver) and placed into the Detroit power grid, but problems

in maintaining vacuum have delayed the success of this operation.

The structure of BSCCO is shown in figure 1.4(c). Surface sensitive techniques such
as STM and ARPES can study BSCCO because it cleaves easily between layers, leaving
an atomically flat surface for study, and, it is thought, direct tunnel access to the relevant
unperturbed CuOy plane. However, the down-side of the easy cleavability of BSCCO is that
the weak bonds make it very difficult to grow large single crystals. Therefore, magnetic
experiments such as neutron scattering, which require large crystals for measurable signals,

are challenging at best, and often impossible.

1.2.3 Phase Space and the Proliferation of Theories

Because these materials have three tunable parameters (temperature 7', magnetic field
B, and carrier concentration p), there is a vast expanse of unexplored phase space avail-
able for theoretical prediction. We already know there are at least three phases present:
antiferromagnetic, superconducting, and neither. But what other phases exist, and how
do they interact? For example, is antiferromagnetism competing with superconductivity
or is it somehow helping? Since doping p is tunable at zero temperature, are some phases

connected by quantum critical points?2%

The more experiments published, the more hints of new phases, transitions, and quan-
tum critical points seem to pop up, which in turn incites theorists to even more creative

predictions. A sampling of the predicted phases includes:

1. resonating valance bond (RVB) state by Anderson (1987)%7

2. staggered flux phase (SFP) by Affleck and Marston (1988);28: 29, 30
later work relating to SFP as a “spin gap” phase by Wen et al. (1996);3!
and SFP in vortices by Kishine et al. (2001)3
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3. stripes by Zaanen and Gunnarson (1989);%3
later Kivelson and Emery and Zachar (1998)3% 35 and White and Scalapino (1998)3°

4. multiple “stripe” and “checkers” phases of various periodicities by Low et al. (1994)37
5. SO(5) theory by S.-C. Zhang (1997)3%

6. spin density wave (SDW) by Vojta and Sachdev (1999)37;
coexisting SDW 4 superconductivity by Demler et al. (2001)4°

7. time-reversal symmetry breaking phase by Varma (2000)41

8. d-density wave (DDW) phase by Chakravarty et al. (2001)42

9. fractionalized nodal liquid (superconductivity without pairing) by Senthil et al. (2001)*3
10. QED3 phase by Franz et al. (2002)%*

11. gossamer superconductivity by Laughlin (2002)4°

Both the staggered flux phase and the d-density wave phase may fit reasonably well
with most existing data. At low energies, both the staggered flux phase®’ and the d-
density wave phase?? have the same single particle spectrum as a d-wave superconductor,
so experiments which measure density of states may support the existence of SFP or DDW
phases. The idea of a spin density wave phase also finds strong support from neutron
scattering experiments, and almost certainly plays a key role in some areas of phase space.
The quantitative predictions of Demler et al.*% for coexisting SDW + superconductivity in

a magnetic field are particularly well matched by elastic neutron scattering experiments.*6

One phase which has garnered a lot of recent attention and vocal supporters is electronic
“stripes”, a phase in which the doped holes self-segregate into one-dimensional charge rivers
spaced approximately four unit cells apart. There is no doubt that some form of stripes do
exist in materials closely related to high temperature superconductors,*” but it appears that
stripes are at their strongest where superconductivity is itself suppressed. Some vehemently
argue that stripes are a necessary part of the mechanism of high temperature superconduc-
tivity itself,*® while some believe that stripes are an unrelated or even competing part of

the phase diagram.
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1.3 Organization of this Thesis

In this thesis, I will report on experiments we have done with a scanning tunneling mi-
croscope to elucidate the nature of the superconducting quasiparticles in BizSroCaCusOgys.
From these results we can make inferences about the phases present in the material across a
range of doping and magnetic field. All measurements reported in this thesis were obtained
at 4.2 K and far below the upper critical field H.o, so the material was always in a bulk

superconducting state.

In chapter 2, I will describe the measurements one can make with a scanning tunneling
microscope. The measurements reported in this thesis were all obtained with a home-built
STM mounted on a high vacuum, 250 mK ®He fridge, constructed by Shuheng Pan and Eric
Hudson, in the Davis group at Berkeley.*? (I have also modified this design and built a UHV-
compatible STM to be used for variable temperature studies. Details of this construction
can be found in Appendix C and details of the vibration environment required for proper
functioning of an STM can be found in Appendix B.) In addition, I will briefly summarize
some other experimental techniques, such as angle-resolved photoemission spectroscopy,
neutron scattering, and nuclear magnetic resonance, which can be used to measure or infer

complementary information about the density of states.

In chapter 3, I will discuss the relationship between E—space and %—space in BSCCO. I
will describe Fourier transform scanning tunneling spectroscopy (FT-STS), or how an STM
can actually access both R- and E—space simultaneously. F'T-STS is used to investigate the
nature of quasiparticles in optimally doped BisSroCaCuz0Og4s at 4.2 K in zero applied field.
From these studies I conclude that there is no need to invoke an alternative phase to explain
results in optimally doped BSCCO.

In chapter 4, I will talk about extending the search for alternative phases, using an
applied magnetic field. Although H.s is too large for us to destroy bulk superconductivity,
we can use our local probe to investigate the modified electronic structure within a single
vortex. Here we find a periodic modulation of the electronic density of states which may

signify the onset of a new phase.

In chapter 5, 1 will talk about extending the search for alternative phases into the
underdoped side of the phase diagram. Although extremely underdoped crystals are not
available for bulk studies, I will give brief evidence for inhomogeneity in underdoped samples,
which enables access to nanoscale patches of far underdoped regions of phase space. I will
describe the use of both intentionally introduced impurities and native defects to probe the

electronic structure of the far underdoped phase.
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Finally, I conclude that although no alternative phases are needed to explain the behav-
ior of BiaSroCaCuy0g45 at low temperature, zero magnetic field, and optimal doping, there
are definitely some interesting phases lurking just away from optimal doping along all three
axes of phase space. The use of STM as a local probe has enabled me to obtain information
about two directions in phase space (low doping and high field) for which bulk samples
are currently unavailable. In both cases, I find evidence for a starkly different electronic

structure than the simple d-wave superconducting order.

Forty-six years elapsed between the original discovery of low-temperature superconduc-
tivity in 1911 and its explanation by BCS in 1957. Maybe by the year 1986 + 46 = 2032
there will be enough experimental information available for a brilliant trio of scientists to

present an underlying theory for these even more complex high-7, materials.

Figure 1.5: Perhaps the future solvers of high-temperature superconductivity are
somewhere in this crowd. (Photo taken at the first International Conference on
Women in Physics in Paris, France in 2002, attended by more than 250 women
physicists from around the world.)
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Chapter 2

Materials and Techniques

This thesis documents the use of a scanning tunneling microscope (STM) to study the
high temperature superconductor BisSroCaCus0Ogis (BSCCO). This chapter introduces
both the material BSCCO, and the scanning tunneling microscope which can be used to
measure its density of states. I also explain the relationship between STM and several
other experimental techniques, such as angle-resolved photoemission spectroscopy, neutron
scattering, and nuclear magnetic resonance, which can be used to measure or infer comple-

mentary information about the density of states.

2.1 BigSI‘QC&CHgOg_H;

We choose to study BSCCO with our STM, because BSCCO has weak bonds between
the two BiO layers, so it can be easily cleaved to achieve an atomically flat surface. The
structure of BSCCO is shown in figure 2.1(a).

Because an STM rasters a sharp tip within a few Angstroms of the sample surface, it is
essential that the surface be atomically flat. One loose atom on the surface could hop to the
tip and cause the tip to become energetically unstable. The atom will flop around in several
closely spaced energy states so that no further useful information can be obtained from the
sample surface because it is swamped by spurious effects from the tip. The following are
two requirements for STM study of a surface: (1) The surface must cleave exactly between
layers, leaving no residual chunks of a mostly missing layer. (2) The surface must be free

from other contaminants, for example helium or water molecules which may land on it.

To achieve a satisfactory surface, we cleave the BSCCO sample while it is surrounded
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Figure 2.1: (a) Chemical structure of BisSroCaCugOgys. The sample cleaves easily
between the two BiO layers, and we image the exposed BiO layer. Note that two
layers beneath every Bi atom (blue) lies a Cu atom (orange). (b) Photograph of a
cleaved BSCCO sample, glued with conducting epoxy to a copper sample holder. The
samples we use are typically ~1 mm square and ~10s of pym thick.

by a cryogenic UHV environment. Cleaving is mechanically simple. First we glue a small
sample to the copper sample holder, then we glue a small rod to the other side of the sample.
When the whole setup has been inserted into the correct cryogenic UHV environment, we
knock the rod off, and it splits the BSCCO sample in two, exposing an uncontaminated
surface. A photo of a cleaved surface (after the experiment, now sitting in air) is shown in
figure 2.1(b). The rod is typically knocked off by swinging another rod perpendicular to it
just before the sample is inserted into the STM.

In practice, there are many details, such as use of the correct glue to avoid cracking
when exposed to cold temperatures, or shattering the BSCCO due to differential thermal

contraction. The temperature may also vary: BSCCO may be cleaved in a cryogenic UHV
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environment without itself actually being at a cryogenic temperature, if it is suspended
from a hot rod to room temperature. Another variable is the speed at which the cleaving
occurs. No controlled tests have been carried out, but the speed of cleaving must influence
the local temperature at the cleaved surface, and could in the future be tuned to increase

the success rate of cleaves.

One concern is whether the violent act of cleaving locally heats the surface and /or causes
some kind of surface redistribution. It is apparent from topographic measurements that the
bismuth atoms remain ordered as expected upon cleaving, but is possible that this violent
action has some effect on the redistribution of the oxygen dopant atoms, which are so far
invisible to STM.

The related technique of angle-resolved photoemission spectroscopy (ARPES) is not as
surface sensitive as STM, but it is still somewhat surface sensitive. A surface reconstruction
resulting in different electronic surface states would prevent ARPES from seeing the true
bulk density of states. However, a few unwanted junk molecules on the surface, or a flaky or
terraced cleave, would probably not preclude a good ARPES measurement, as they would

preclude any kind of STM measurement.

Therefore, at the present time, BSCCO is the preferred material for study by STM and
ARPES, although ARPES has successfully studied many other HT'SC materials, and even
STM is starting to branch out as more reproducible cleaving recipes are slowly figured out

for other materials.

The BSCCO crystals studied in this thesis were grown by the floating zone method
with superconducting transition temperatures ranging between underdoped (7, = 65 K)
and slightly overdoped (7T, = 85 K). The samples are cleaved at the BiO plane in cryogenic

ultra high vacuum and immediately inserted into the STM head.

If all the interesting interactions of the superconductivity are thought to occur in the
CuO plane, one might ask why are we satisfied with studying the BiO plane? Two layers
beneath the BiO plane is the CuO plane. So in order to access the CuO plane, we need to
tunnel through the BiO and SrO planes. Luckily, it is thought that both of these planes
are insulating (or at least semi-conducting with a large gap)®® so they can be treated as an
extension of the vacuum tunneling barrier. In fact, their presence on top of the CuO layer
of interest may be a blessing in disguise, because they protect the oxygen dopant atoms on
both sides of the CuO plane, and thus preserve the charge carrier concentration in the CuO
plane. If the top BiO layer were removed in the act of cleaving, the CuO plane would likely

lose half of its charge carriers.
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2.2 Scanning Tunneling Microscopy

The scanning tunneling microscope was invented in 1982 by Binnig and Rohrer,®! for
which they shared the 1986 Nobel Prize in Physics. The instrument consists of a sharp
conducting tip which is scanned with respect to a flat conducting sample. When a voltage
V' is applied between tip and sample, a current will flow, and this current can be measured
as a function of (z,y) location and as a function of V. This is illustrated schematically in

figure 2.2.

F ;
Bi>Sry_yLayCuOg,s

Figure 2.2: Schematic of STM tip and sample. The tunneling current [ is measured
as the sample bias voltage V' and/or the (z,y) position of the tip are varied.

2.2.1 Calculation of Tunneling Current

The current which flows between the tip and the sample can be calculated by time-
dependent perturbation theory. If the sample is biased by a negative voltage —V with
respect to the tip, this effectively raises the Fermi level of the sample electrons with respect
to the tip electrons. Electrons will tend to flow out of the filled states of the sample, into
the empty states of the tip. This situation is illustrated in figure 2.3. The elastic tunneling
current from the sample to the tip for states of energy e (with respect to the Fermi level of

the sample) is:

Isampleﬂtip = —2e- %‘MP (ps(g) : f(g)) (pt(€ + €V) : [1 - f(€ + €V)]) (21)
————

# filled sample states # empty tip states
for tunneling from for tunneling to

where the factor of 2 out front is for spin, —e is the electron charge (we are tunneling single

electrons, not quasiparticles or Cooper pairs), 27 /h comes from time-dependent perturba-
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Figure 2.3: Schematic of tip-sample tunneling. Energy is along the vertical axis, and
density of states of the sample and tip are shown along the horizontal axes. Filled
states are shown in green. In this case, a negative bias voltage —V has been applied
to the sample, which effectively raises its Fermi level by eV with respect to the Fermi
level of the tip. This allows for filled states on the left (sample) to tunnel into empty
states on the right (tip). The tunneling current is measured by an external circuit.

tion theory, |M|? is the matrix element, Ps(t)(€) is the density of states of the sample (tip),
and f(e) is the Fermi distribution:

1
1 + eE/kBT

fle) = (2.2)

Though the dominant tunneling current for negative sample voltage —V will be from

sample to tip, there will also be a smaller tunneling current of electrons from tip to sample:

2T
Iipsomple = —2¢ - M (e + eV) - Je+eV))  (ps(e) - [1= FE)]) (2.3)
# filled tip states # empty sample states
for tunneling from for tunneling to

When we sum these, and integrate over all energies ¢, we arrive at the total tunneling

current from sample to tip:
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dre [°

T= =0 | o PR+ V) (O 1 = e+ eV)) = 1= SO e + eV de
(2.4)

We can simplify this expression in several ways. First, all measurements reported in
this thesis were taken at T' = 4.2 K. At this low temperature, the Fermi function cuts off
very sharply at the Fermi surface, with a cutoff width of kT = 0.36 meV. (For reference,
the width of the band in BSCCO is several eV, and many of the features studied in this

thesis have widths on order several meV.)

In the approximation of a perfectly abrupt cutoff, the integral breaks into 3 parts (where

e is still referenced to the Fermi surface of the sample):

I.0<e

fle)=0; fle+eV)=0
= fle)[1—fle+eV)]—[1—f(e)] fle+eV)=0-1—-1-0=0 (2.5)

II. —eV <e <0

fley=1; f(e+eV)=0
= fle)[1—fle+eV)]—[1—=f(e)] fle+eV)=1-1-0-0=1 (2.6)

II1. e < —eV

fle)=1; fe+eV)=1
= fle)[1—fle+eV)]—[1—f(e)] fle+eV)=1-0—-0-1=0 (2.7)

Therefore, the relevant range of € over which we must integrate to find the tunneling
current is reduced to —eV < ¢ < 0. (Likewise, if we had applied a positive bias voltage
V to the sample, our range of integration would be 0 < & < eV.) So we are left with

approximately:
0
I~ — |M?ps()pe(e + eV)de (2.8)
—eV

In reality equation 2.8 will be modified by an apparent smearing of energy features with
~ kT width.
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Second, we pick a tip material which has a flat density of states within the energy range
of the Fermi surface that we wish to study. For example, if we wish to study the sample
density of states within 200 meV of the Fermi surface, then the measured tunneling current
will be a convolution of the density of states of the tip and sample in this energy range. So
we pick a tip material which has a flat density of states in this range, so that p;(c + eV')

can be treated as a constant and taken outside the integral.

0
I~ 50(0) [ MPou(ee (2.9
—eV

In practice, most of the measurements reported in this thesis were taken with a tungsten
tip, sharpened in situ by field emission onto a gold surface. Tungsten is thought to have
a flat density of states near its Fermi surface. As an extra check of this assumption, one
can verify that density of states spectra taken with a tungsten tip are flat from -200meV to
+200meV at a number of locations on the gold surface (because gold definitely has a flat

density of states in this energy range). Other common tip materials include Pt and Ptlr.

Bardeen first laid out a basic theory for vacuum tunneling in 1961.52 Perhaps most
importantly, he showed that under the realistic assumptions that (1) the tip and the sample
each have their own independent density of states, (2) each of their wavefunctions fall
exponentially to zero in the tunneling barrier, and (3) the overlap is small enough (i.e. tip-
sample separation is large enough) that each side is insignificantly influenced by the tail of
the wavefunction from the other side, then the matrix element for tunneling will be virtually
independent of the energy difference between the two sides of the barrier. The matrix will
remain unchanged even if one side transitions from the normal state to the superconducting
state. In other words, to a reasonable approximation, we can take the matrix element
outside the integral and treat it as a constant. Cohen et al. in 1962 reformulated this

tunneling theory in a slightly easier to read fashion, in terms of a tunneling Hamiltonian.??

I~ S MEn0) [ D e (2.10)

—eV
But what is [M|?? The matrix element comes from the assumption that both tip and
sample wavefunctions fall off exponentially into the vacuum gap. Basically, we assume that
the vacuum barrier is a square barrier, and we do a WKB approximation. In reality, there
will be some tilt to the top of the barrier, but the tilt will be the applied voltage (on order
100 meV) while the height of the barrier will be on order the energy required to remove an

electron from a metal, i.e. the work function, of several eV. Therefore, the tilt of the barrier
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will be much smaller than the height of the barrier, and can be ignored.

WKB says that the tunneling probability through a square barrier will be |M|[? = =27
with v given by:

5 2myp
yo= /0 2 dx
= % omp (2.11)

where m is the mass of the electron, s is the width of the barrier (tip-sample separation),
and ¢ is the height of the barrier, which is actually some mixture of the work functions of

the tip and sample.

We can measure the work function by recording the tunneling current as a function of

tip-sample separation.

I o e~ 2sV2me/h (2.12)

Therefore, we can measure ¢ from the slope of Inl vs. s. Typically, we find ¢ ~ 3-4 eV.
The higher ¢, the more the tunneling current will vary for a given change in s, therefore a

higher ¢ gives a better resolution tip.

Lang made specific calculations in 1987 with a Na atom tip,>* to show the crossover
regime between point contact (where we expect Bardeen’s assumptions to break down and
universal conductance phenomena to dominate) and vacuum tunneling, where we expect
wavefunctions on either side to fall off exponentially. He found for the simplest-to-calculate
case of a sodium atom on the end of the tip, this crossover regime occurs around 5-8 A

(nuclear distance between closest tip and sample atoms).

Empirically, our tunneling experiments are occurring in the exponential regime, so we
may guess that nucleus-to-nucleus tip-sample separation s exceeds 8 A. However, due to
the exponential fall-off, we have no way of measuring the absolute value of s. This at
times causes us much grief, because there is no way to know for sure if we are making
measurements at a constant tip-sample separation. So if we see variation from one point
on the sample surface to another, we can’t be sure whether the variation is due to intrinsic
inhomogeneities in the sample at the specific energy of measurement, or due to a varying

tip-sample separation.
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In summary, the tunneling current is fairly well approximated by:

4 . /8me 0
I~T% h;pt(O)/ ps(e)de (2.13)

—eV

2.2.2 Measurement Types

Our STM holds the tip at virtual ground, and applies a bias voltage to the sample.
The tunneling current is measured from the tip. The tip sits at the end of a piezo tube
scanner (with 4 quadrants +2 and +y on the outside, and a single electrode for z on the
inside), which can control its motion with sub-Angstrom precision in 3 directions. The
voltage output to the scanner is 220 V, with a 16-bit DAC, which is sent through a simple
RC filter with rolloff around 3 kHz, to remove high frequency noise leaking out from the
electronic control unit. This gives a bit size of 440V/2'® ~ 6.7 mV and a spatial control

resolution of approximately 0.03 A at 4.2K (with a 200 nm total scan range).

We can measure tunneling current as a function of 4 variables: z, y, z, and V. In
practice, we attempt to keep z constant by employing a feedback loop to keep the tunnel-
ing current constant at a fixed bias voltage. Assuming that z is constant, we then take

measurements as a function of x, y, and V.

Topography

The most common mode of STM measurement employed by STM groups around the
world is a topography. In this mode, we raster the tip across the surface at a fixed sample
bias voltage —Vget, and employ a feedback loop which controls the voltage on the z piezo
to keep the tunneling current constant at Iy . By recording the voltage to the z piezo, we

can effectively map the height of the surface.

It’s actually not clear what we mean by the “height” of the surface. One obvious
suggestion would be some contour of constant charge density. However, as we can see from
equation 2.13, the tunneling current does not depend on the total charge density, but only

the charge density within eV below the Fermi surface, where —V is the applied bias voltage.

One might argue then that we should apply an arbitrarily large voltage so that we can
capture more of the charge density, but we then run into two problems: (1) BSCCO is a
fragile compound with weak bonds, and if we apply a large voltage locally, pieces of the
surface will literally rip off. (2) If V' is too high (on order ¢), our tunneling approximation

breaks down.
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So we are stuck with this somewhat arbitrary definition of the “height of the surface”
as the tip-sample separation for which tunneling current is fixed at a particular constant
value It for a particular applied bias voltage Viet. In practice we usually choose to fix the
current at -100 pA, for a bias voltage of -100 mV. This is arbitrary, but gains some validity
from the fact that we do see atoms and other structural features as expected, even over a
wider range of choices of It and Viei. The most widely varying density of states features

of our BSCCO samples seem to be within 75 meV of the Fermi level.

Density of states

From equation 2.13 we see that if we hold the tip-sample separation constant, at a given

(z,y) location, and put a negative bias voltage —V on the sample, we have:

I=1 /0 ps(e)de (2.14)
—eV

In other words, we can measure the integral of the density of states, down to any energy

—eV, by varying —V. Note that for a negative bias voltage on the sample, we are tunneling

electrons from sample to tip, and we are measuring the integrated density of full states below

the Fermi level in the sample. For a positive bias voltage on the sample, we are tunneling

electrons from tip to sample, and we are measuring the integrated density of empty states

above the Fermi level in the sample.

OK, that’s nice, we have the integrated density of states (IDOS). But it would be much
nicer to just have the density of states (DOS). After acquiring an IDOS vs. V' curve, we
could take a numerical derivative of our data to get the DOS. But taking a derivative
numerically is a horribly noisy thing to do. It is much better to measure the derivative

directly.

So we employ a lock-in amplifier to modulate the bias voltage by dV (typically a few mV)
around a voltage V of interest. As a result of the voltage modulation dV we can measure
a current modulation dI at the same frequency. We call this dI/dV the conductance g(V').

Now, we can write:

g(V) = j—é x DOS(eV) (2.15)

Therefore, by using a lock-in and varying V', we can map out an entire density of states

curve.
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The energy resolution is limited by the amplitude of the wiggle (until the modulation
becomes less than ~ kT = 0.36 meV). So ideally, we could make the voltage modulation
smaller than 0.36 mV. But in practice, we can’t get enough signal-to-noise at this low
amplitude without prohibitively long averaging times. Most of the data reported in this
thesis was measured with a 2 mV RMS modulation, therefore blurring our energy resolution

by approximately 5.6 meV.

Linecut

In the previous section, we discussed a single DOS curve at a single location. Since we
have (x,y) control over the location of our tip using the piezo tube scanner, we can measure
DOS curves anywhere we want. Some samples, like good metals (without impurities), should

have a completely homogenous DOS everywhere.

But some more interesting samples, for example BSCCO, are inhomogeneous. For
example, we can measure a full DOS curve at every point along a straight line, spaced a

few A apart, and we see a “linecut”.

DOS map

What we have discussed so far is a 3-dimensional data set: 2 spatial dimensions x and
y (by varying the position of the tip) and 1 energy dimension (by varying V). We can view
this 3-dimensional data set as a series of DOS-vs-energy curves at every location (x,y), or
we could view it as a series of 2-dim DOS-maps at each energy eV. Mapping the DOS at
a specific energy is a good visual way to see the inhomogeneities in the density of states.

The various ways of viewing the STM measurements are shown in figure 2.4.

Most of the action in the density of states due to the superconducting gap happens
within the energy range -100 meV to 4100 meV. Most energy features, for example due to
impurity resonances, have widths on order a few meV. So in order to get a good picture of
the density of states, a minimal spectra has 101 points, which gives 2 meV energy resolution
from -100 meV to +100 meV.

The high temperature superconductors have a short coherence length, & ~ 10 — 20 A.
Therefore, the density of states may be changing significantly on this short length scale. So
in order to capture spatial variations in the density of states, we require spatial resolution

at least one pixel per 5 A.

Therefore, for a minimal survey of the density of states in a ~ 500 A square area, we
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Figure 2.4: (a) An STM has access to an essentially 3-dimensional dataset: two spatial
dimensions (z,y) and energy E. This 3-dimensional data space can be explored in 4
different ways (b)-(e). (b) Topography: the tip height z is adjusted through a feedback
loop to maintain a constant current Ii; at a constant bias voltage Vie; recording the
tip height effectively maps out the height of the surface. (c) dI/dV map: the density
of states at a fixed energy E is mapped as a function of position (x,y) on the sample
surface. (d) dI/dV spectrum: the density of states as a function of energy is measured
at a single point on the sample surface. (e) Linecut: the density of states as a function
of energy is mapped at several points along a line on the sample surface.

require 101 (energy) x 128 x 128 (spatial), or greater than 10° measurements! Even at a
meager 100 ms per measurement, such a DOS map requires almost 48 hours. Even making a
single measurement in 100 ms is no small feat, because each measurement requires changing
the DC bias to a new value V', modulating a small AC bias dV on top, and locking in to the
new dI, which necessarily takes several frequency cycles to stabilize after the change in DC
bias V. The AC modulation frequency for maps is typically ~ 1.1 kHz, and other carefully

optimized parameters such as ramp time, wait time, and measurement averaging time can
be found in Eric Hudson’s PhD thesis.?

Of course, a more detailed DOS map with higher spatial resolution for identification of
smaller features (such as short wavelength DOS standing waves, or impurity resonances)
may require 101 (energy) x 512 x 512 (spatial) measurements, which takes 16 times longer.
Therefore the spatial registry must remain locked in place for up to a month (spanning
multiple tip retractions for liquid helium transfers)!
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2.2.3 Noise Considerations
Vibration Noise

Vibration noise can affect the STM measurement two ways: (1) change in the tip-sample
separation, which is amplified exponentially in the tunneling current, and (2) motion of the
wire carrying the tip current, which capacitively couples to its environment and therefore
causes current spikes when moved. The latter issue can be addressed by carefully clamping
all of the wires in place, so that they cannot move with respect to each other due to
helium boiling vibrations or external building vibrations. Measurement of external building

vibration noise is discussed in more detail in Appendix B.

Electronic Noise

In practice, after fastidious attention to vibration isolation, the largest source of noise
is electronic noise. The current preamplifier has a gain of 10° which means that the

op-amp has a feedback resistor of 1 Gf2. The Johnson noise at room temperature is

0.13y/R(Q)nV/vVHz = 4.11uV /v/Hz.

In topographic mode, we are essentially integrating over a 3 kHz bandwidth, which
amounts to 0.23 mV of rms noise. This is only 0.23 pA of effective current noise, which is
generally not a problem in topographic mode where our setpoint current is typically Is; =
100 pA.

In dI/dV mode, the effect of the noise is limited to a band around the frequency of
bias voltage modulation. Typically the effective width of this band with feasible averaging
times is ~ 100 Hz. The rms voltage noise is therefore 41 pV which means an effective
minimum current noise of only 0.04 pA. In fact, due to other imperfections in the electronics,
the current noise can be somewhat higher than this. When attempting to measure small

features in the density of states, this can be a significant problem.

This current noise could be improved by putting the current preamplifier down on the
fridge at 4.2 K. Then the Johnson noise would be reduced by a factor /300K /4K = 8.66.

Capacitive Coupling

Our STM holds the tip at virtual ground, and applies a bias voltage to the sample.
The tunneling current is measured from the tip. Many successful STMs instead bias the tip

and measure the tunneling current from the sample. However, the current measurement is



2.2. SCANNING TUNNELING MICROSCOPY 25

the most sensitive part of the whole operation, and most subject to noise from capacitive
pickup. It is necessary to shield the current-measurement side with a ground plane from as
many angles as possible, for example to prevent capacitive pickup from the high and rapidly
sweeping voltages on the scan piezo. Since the tip is more geometrically compact than the
sample (& attached sample holder), and thus easier to shield, it seems logistically easier to

bias the sample and measure the tip current.

2.2.4 Inhomogeneity in ff—space vs. Anisotropy in E—space

An STM is an excellent tool for measuring the density of states as a function of position
with sub-A resolution. Real-space resolution is important for the study of BSCCO in the
following experiments: quasiparticle scattering imaging (discussed in chapter 3), magnetic

vortex imaging (discussed in chapter 4), and impurity imaging (discussed in chapter 5).

But what about momentum space?

2 3
energy [eV]

- 4
= o
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(a) Normal state. (b) Superconducting state (A = 500 meV).

Figure 2.5: Isotropic band structure and density of states for a hypothetical perfect
s-wave superconductor. (a) The blue line shows the Fermi surface in the normal
state. (b) The Fermi surface is completely gapped in the superconducting state. The
magnitude of the superconducting gap, A = 500 meV, has been exaggerated for visual
clarity. The density of states curves shown in the insets are calculated by numerical
integration from the band structure contour maps.
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An STM tip collects (emits) electrons from (to) all directions in the sample indiscrimi-

nately. Therefore, the DOS curves measured by an STM are an average over E—space.

Why do we care? For many materials, we don’t. For example, a conventional low-
temperature superconductor has an isotropic s-wave order parameter. This means that the
electrons bound into Cooper pairs have an isotropic wave function. They don’t care which
direction they’re traveling; they still see the same binding energy. The energy landscape
in the first Brillouin zone for an ideal isotropic s-wave superconductor in the normal and
superconducting states (with an exaggerated large gap for clarity) is shown in figure 2.5.
The corresponding density of states (found by numerical integration over the contour map)
is shown in the insets. When we drop into the superconducting state, we merely push
the contours of constant energy (circles) closer together at the Fermi level. The contour
corresponding to the Fermi level itself disappears; there are no more states at that energy
due to the opening of the superconducting gap. The density of states is the same in every
direction; i.e. no matter which direction k we take a cut out from zero energy in the center,

we see the same thing.
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(a) Normal state. (b) Superconducting state (A = 36 meV).

Figure 2.6: Anisotropic band structure and density of states for BSCCO, a dg2_, -
wave superconductor. The blue line shows the Fermi surface in the normal state (a);
the Fermi surface is gapped in the superconducting state (b) except for four nodal
points, shown as blue dots. The band structure and magnitude of the superconducting
gap A = 36 meV are realistic for optimally doped BSCCO. The density of states curves
shown in the insets are calculated by numerical integration from the band structure
contour maps.
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However, BSCCO is a d-wave superconductor; the bound electrons in the Cooper pairs
have d-wave, four-fold symmetry. This means that the energy landscape is different in
different directions. Figure 2.6 shows the energy landscape of BSCCO in the normal state

and in the superconducting state.

In BSCCO, an electron entering the tip from one direction may see a 10 meV square
gap, while an electron entering from another direction may see a 30 meV square gap. What
we measure with an STM is a sum of all these processes from every direction. The average
of all the square gaps gives us a V-shaped gap. Therefore, each individual STM spectrum
forfeits the E—space information. The BSCCO cross-shaped energy landscape in E—space
shown in figure 2.6 was actually deduced from angle-resolved photoemission (ARPES), not
from STM.
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Figure 2.7: Demonstration of the density of states, as seen by an STM, averaged over

—

k for s-wave and d-wave superconductors. (a) Gap A(k) is constant as a function
of angle for an s-wave superconductor. (b) Therefore when the STM averages over
angle, the resultant density of states still shows a square gap. (c) Real data:*° density-
of-states spectrum on s-wave superconductor NbSes. The imperfection of the square
gap is due in part to thermal broadening, and in part to the very slight anisotropy in
the NbSey s-wave gap. (d) Gap A(E) is angle-dependent for a d-wave superconductor.
(e) Therefore, when the STM averages over angle, it combines square-gapped spectra
with all different values of A, and the resultant average shows a V-shaped gap. (f)

Real data: typical density-of-states spectrum on d-wave superconductor BSCCO.
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2.3 Other Experimental Techniques

There are many other experimental techniques which provide complementary infor-
mation about the cuprates. In order to better understand the relevant results of these

experiments, I will summarize the basic techniques here.

2.3.1 Angle-Resolved Photoemission Spectroscopy

ARPES is a technique for measuring the DOS of a sample with momentum resolution
instead of spatial resolution. ARPES takes advantage of the photoelectric effect: shoot in
photons with a well known energy, then measure the direction and energy of the emitted
electrons. A schematic of the experiment geometry (courtesy of Z.-X. Shen) is shown in
figure 2.8. Conservation of energy and momentum allows reconstruction of the energy-

momentum relation (dispersion relation) of the electrons within the crystal.

Ekin = hv— ¢ - ’EB‘ (216)

15“ = hk‘” = 1/ 2meEkin sin ¢ (217)
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Figure 2.8: Angle-resolved photoemission spectroscopy (ARPES) experimental geom-
etry. Figure borrowed from Damascelli et al.’® The incoming photon has significant
energy hv but negligible momentum. The energy and momentum of the outgoing elec-
tron are measured with a high-resolution Scienta detector (the hemisphere shown).
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A few caveats:

(1) ARPES works well only on 2-dimensional materials. If the electrons in the material
are moving around with an unknown z component to their momentum as well as the x and
y components, then it is impossible to reconstruct the dispersion relation: there are too few

measurables, and too many variables.

(2) ARPES spatially averages. Therefore, all of the compelling reasons for studying
the spatial dependence of BSCCO DOS (such as electronic inhomogeneity, vortices, and
impurities) are unaddressed. Spatial averaging can also create apparent spurious effects
in the data. For example, suppose we had some short-length-scale segregation between
two different phases. Suppose that one phase had a narrow gap width with sharp coherence
peaks, while the other had a wide gap with rounded gap-edge peaks. If we spatially average,
we will come up with an intermediate spectrum that looks nothing like any true spectrum

in the crystal.

Spatially averaging can be deceiving in more subtle ways. Suppose we have a continuous
distribution of gap widths A, each with sharp coherence peaks. But if we spatially average,
we will arrive at a spectrum with broader coherence peaks. The width of the coherence peak
is inversely proportional to the quasiparticle lifetime. So an ARPES measurement on an
inhomogeneous surface could give a false impression of a very short quasiparticle lifetime.
But ARPES experiments on BSCCO do see long quasiparticle lifetimes in some parts of

E—space and short quasiparticle lifetimes in other parts.

(3) ARPES measures only filled states (i.e. states with £ < ep), not empty states above
the Fermi level. This is because ARPES measures only photo-ejected electrons; an electron
can only be ejected at a certain energy if there was a filled state in the crystal at the
corresponding energy to begin with. Unlike STM, ARPES cannot measure empty states by

reversing the process and putting electrons back into the sample.

(4) ARPES cannot work in a magnetic field, because it depends on the ejected electrons

traveling in a straight line from the sample to the detector at the angle of interest.

Fermi surface

Despite these caveats, ARPES has been tremendously successful at mapping out the
Fermi surface of many 2-dimensional materials, such as high-T,. superconductors, by mea-

suring number of ejected electrons vs. energy at many different detector angles.

What ARPES actually measures is the spectral function A(k,w) times the Fermi func-
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tion f(w) times some matrix element Iy(k, v, A) which may have some k and A dependence
and also some dependence on v, the energy of the incoming photon. A more detailed discus-
sion of the ARPES matrix element may be found in a comprehensive review of ARPES on
high-7,. superconductors by Damascelli et al.’® In practice, ARPES experiments typically
make measurements at several different incoming photon energies and polarizations, to ver-
ify that any effects they may be seeing are not dependent on a specific incoming photon
energy hv. As for matrix-element dependence on k and A, several approximations show

these should not be so large as to overwhelm the useful A(E,w) information.

For our purposes, we note that both STM and ARPES have matrix elements which
may influence experimental results. But the important point is that the matrix elements
have totally different physical origins and totally different forms and dependencies for the
two experiments. So if the same result can be found from both STM and ARPES, then we
can probably conclude that the matrix elements are not affecting our ability to extract the

density-of-states information from either experiment.

So let’s assume ARPES is just measuring the spectral function times the Fermi function.
By measuring this spectral function along a line in E—space which crosses the Fermi surface,
they will see a peak in emitted electron intensity which disperses towards the Fermi level,
then disappears as k (i.e. the angle of the detector) passes through the Fermi surface. The
intensity disappears above the Fermi surface, because the Fermi surface is defined as the
location above which there are no more filled electron states. And if there are no filled
electron states, then no electrons can be ejected. So by mapping the locations in E—spaee
at which the intensity peaks disappear, ARPES can map the location of the Fermi surface.

ARPES also maps the dispersion F vs. k for the electrons below the Fermi surface.

Below T,

Below T, in a d-wave superconductor, things get more interesting because an anisotropic
gap opens up in the density of states at the Fermi level. ARPES can measure the energy
of the gap as a function of position in E—space by using gold (in contact with the BSCCO)
as a reference for the real Fermi level, and noting the shift in the energy where the BSCCO
peak disappears vs. the gold peak. What they find is that below T, the gap is zero only at
4 points, along the a and b crystal axes (the “nodal” points), and largest along the x and y
axes (the “anti-nodal” direction). The angle dependence of the gap has been mapped out

157 58, 59, 60, 61, 62, 63

by Ding, et al.°’ and other groups.

In summary, we have from STM the energy landscape of BSCCO in ﬁ-space, and from
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ARPES the energy landscape of BSCCO in E—space.

2.3.2 Neutron Scattering

Neutron scattering is the best way to obtain E—space information about the magnetic
properties of a material. A good introduction to the experimental techniques of neutron

scattering can be found in a conference presentation by Boothroyd.%*

Neutron scattering is a bulk probe with no spatial resolution (but with the benefit that
it is definitely not sensitive to surface effects or to the specifics of cleaving procedure).
Neutrons are so weakly interacting that a sample of size ~ 1 cm? is required for adequate
signal strength. Therefore most neutron scattering experiments are performed on LSCO,

the best material for growth of large crystals.

Neutrons can probe two different aspects of a crystal: the locations of the atomic nuclei,
or the magnetic structure of the electrons. Elastic neutron interactions with the nuclei give
us Bragg diffraction peaks, which enable determination of the crystal structure. Inelastic

neutron interactions with the nuclei give the phonon dispersion relations of the crystal.

For comparison with STM searches for alternative phases in HT'SCs, the neutron inter-
actions with the electron spins are more relevant. These elastic and inelastic interactions
measure the static and dynamic electron spin ordering in the crystal, respectively. Specifi-
cally, neutron scattering off electron spins measures the magnetic susceptibility as a function

of E—space.

The neutron scattering setup is similar to ARPES: columnated, monochromatic neu-
trons are incident on the cuprate crystal parallel to the CuOs plane. The energy-resolved
neutron detector is then moved through a range of solid angles above the crystal, and the
number of incident neutrons are counted for each solid angle interval d€2 and (in the case

of inelastic neutron scattering) each energy interval dE.

Inelastic Neutron Scattering

An inelastic neutron scattering event involves both a momentum transfer and an energy

transfer:

hQ = h(k; —ky) (2.18)
hw = E;—Ef=n(ki—k})/2m (2.19)
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The scattering event is therefore characterized by (Q,w). The scattering probability is

represented by the differential cross-section:

d?o B ﬁ
dQdEy ok

S(Q,w) (2.20)

The ky/k; factor is sometimes important, for example if the neutron loses a lot of energy
(ky < k;) then the intensity is much reduced. But S(Q,w) contains all the physics of the

system, and is given by the fluctuation-dissipation theorem:

S(Qw) % ;e Q) (221)

1
S "
Bose factor X' (Q,w)

where x(Q,w) is magnetic susceptibility, i.e.:

M(va) - X(va)H(va) (222)

Inelastic neutron scattering has been used to look for dynamic spin fluctuations in
LSCO% and YBCO% and recently even BSCCO®" (albeit with much larger linewidths
than LSCO or YBCO).

Elastic Neutron Scattering

Elastic neutron scattering is really just a special case of inelastic neutron scattering,
with w = 0. Therefore, elastic neutron scattering measures the static spin ordering. The
technique is analogous to mapping the positions of nuclei in crystals using X-ray or neutron

diffraction, except it is the static spins of the electrons which are being mapped.

Studies of static spin ordering have been carried out in LSCO*® and LCO.%®

2.3.3 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) can explore the spatial distribution of magnetic
field within a sample. Reviews of NMR on high-T; superconductors have been written by

1'69 l.70

Rigamonti et al.®” and Berthier et a

For a material such as BSCCO with a complicated unit cell, NMR can individually

access the magnetic environment at each atomic species, because each species will have a
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different Larmor precession frequency. The linewidth around the central frequency for each
species will give information about the degree of disorder and local field distribution in the
sample. In fact, large NMR linewidths in BSCCO were some of the first evidence for gross

electronic inhomogeneity.

NMR also measures the inverse spin-lattice relaxation time 1/77, which is a measure of
spin fluctuations. NMR studies showing additional spin susceptibility at low temperature
in BSCCO indicated strong electronic disorder.”* Since YBCO is a more ordered crystal
than BSCCO (the oxygen dopants fit into known crystal lattice sites in the chain plain,
instead of squishing in interstitially like BSCCO), the narrower linewidths in YBCO make
it easier to extract quantitative NMR information. Therefore, most NMR studies on the

cuprates have been carried out on YBCO.

NMR is very useful for studies of vortices in superconductors. The Larmor frequency of
the probe nucleus is a measure of the local field. Therefore, the full Larmor lineshape can
be seen as a sort of “histogram” of atomic locations relative to the vortex center.” This can
be used to determine the spatial symmetry of the vortex lattice (triangular, square, etc.),

or the properties of quasiparticles existing in different local fields.

2.4 Summary

In summary, this thesis documents the use of a scanning tunneling microscope (STM)
to study the real-space dependence of the density-of-states in BisSraCaCusOg,5 (BSCCO),
with sub-A resolution. Angle-resolved photoemission spectroscopy (ARPES) is a com-
plementary technique which accesses the E—space dependence of the density-of-states in
BSCCO. Both STM and ARPES are surface sensitive techniques which require clean,
flat surfaces for effective study. Of the 3 families of hole-doped high-T, superconductors,

BSCCO is easiest to cleave and produce such a clean, flat surface.

Neutron scattering and nuclear magnetic resonance (NMR) are two more techniques
which access the magnetic information in a crystal. Both are bulk probes, insensitive to
surface effects. Neutron scattering measures the dynamic and static spin ordering in the
crystal in E—space, and is typically limited in application to large single crystals (~ 1 cm)
such as the lanthanum family of cuprates. NMR measures the distribution of magnetic
fields in a sample, and is a useful tool for studying vortices. NMR is typically most effective
on well-ordered crystals such as YBasCusO7_s (YBCO).
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Chapter 3
Quasiparticle Interference

This chapter details the use of Fourier-transform scanning tunneling spectroscopy (FT-
STS) to yield simultaneous real space and momentum space information in the high temper-
ature superconductor BiaSroCaCusOgys (BSCCO). Because quasiparticles in BSCCO are
both inhomogeneous and highly correlated, a full understanding of their properties will re-
quire knowledge of both their ﬁ—space and E—space behavior. This work represents the first
application of FT-STS to a cuprate superconductor. The trick of this analysis technique
is to take advantage of scattering, which leads to interference patterns in the quasiparticle
density of states that can be imaged with scanning tunneling microscopy and spectroscopy.
By Fourier-transforming then inverting the real-space interference patterns, we can access

the E—spaee information in the sample.

In this work, FT-STS is applied to optimally doped BSCCO samples at T' = 4.2 K, with
B = 0 Tesla. The BSCCO phase space explored in this chapter is shown in figure 3.1.

3.1 Basic Scattering Explanation

In an ideal metal, the Landau quasiparticle eigenstates are Bloch wavefunctions charac-
terized by wavevector k and energy €. As discussed in chapter 2, their dispersion relation,
5(12), can be measured with momentum resolved techniques such as angle resolved pho-
toemission spectroscopy (ARPES). By contrast, real space imaging techniques, such as
scanning tunneling microscopy (STM), cannot be used to measure (k). This is because the
local density of states LDOS(F) spectrum at a single location 7 is related to the k-space

eigenstates W (7) by
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Figure 3.1: A schematic phase diagram of BisSroCaCuyOgys. The red circle shows
the area in phase space covered in this chapter. Optimally doped samples are studied
at T'= 4.2 K, with B = 0 Tesla.

LDOS(E, ) o< > [Wi(P)*6(E — e(k)) (3.1)
k

Substitution of a Bloch wavefunction into Eqn. 3.1 shows LDOS(FE) to be spatially uniform.

Sources of disorder such as impurities or crystal defects cause elastic scattering which
mixes eigenstates of different k but the same 5(1_5) In other words, elastic scattering mixes
states that are located on the same quasiparticle contour of constant energy (CCE) in
E—space. When scattering mixes states k:_i and k:_é, the result is a standing wave in the
quasiparticle wavefunction Wy, of wavevector Gy = (k:_i —k:_é) /2. Since LDOS is proportional
to the norm of the quasiparticle wavefunction |¥y|?, the LDOS will contain an interference
pattern with wavevector ¢ = ky — k_é, or wavelength A\ = 27/¢. LDOS modulations can be

observed by STM as spatial modulations of the differential tunneling conductance dI/dV .

The Bogoliubov quasiparticles in a BCS superconductor are also Bloch states, but with

dispersion

Eyi(k) = £1/e(k)? + A(k)? (3.2)

where |A(E)| is the k-dependent magnitude of the energy gap at the Fermi surface (CCE

-

for (k) = 0 in the normal state). Elastic scattering of Bogoliubov quasiparticles can also

result in conductance modulations. The trick we employ is to measure the wavelengths of
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Figure 3.2: Brillouin zone schematic. (a) Contour map of the energy landscape in the
first Brillouin zone of BSCCO in the superconducting state. At the four gap nodes
(shown in blue), quasiparticle states exist down to zero energy while, at other ks,
a quasiparticle energy E = |A(kpg)| is required to create the first excitation. (b)
A perspective view of half the first Brillouin zone. The superconducting energy gap
|A(kps)| (green) is shown as a function of the location kpg along the normal state
Fermi surface (black). Vectors connecting areas of the normal state Fermi surface
with identical |A| are shown and labeled by blue and red arrows depending on the
type of elastic scattering process at F = |A| that connects them.

the conductance modulations as a function of energy, and use the E—space symmetries of
the band structure (as determined by ARPES) to work backwards to a quantitative map of

certain CCE in E—space.

At low temperatures in BSCCO, a E—dependent energy gap A(E) opens on the Fermi
surface and new quasiparticles appear. As discussed in chapter 2, both the Fermi surface
location in momentum-space, kps, and its energy gap at these locations, ]A(%Fs)\, have
been comprehensively studied by ARPES. In Fig. 3.2, we reproduce the superconducting
energy landscape in E—space as a contour map, and also as a perspective map with energy
along the z-axis. The latter view perhaps makes it more clear that the energy gap rises

from 0 meV at the four nodal points up to a maximum at the edges of the Brillouin zone.



3.1. BASIC SCATTERING EXPLANATION 37

3.1.1 Octet Model

A glance at figure 3.2(a) shows that the CCE are complicated. If there is elastic scat-
tering from every point on a given CCE to every other point, there will be density of states
modulations of all wavevectors; these will be impossible to untangle. But it turns out that

the elastic scattering is dominated by just a few wavevectors.

In a simple metal, the amplitude of scattering obeys Fermi’s golden rule:

wli = f) o< V(@i B, R (B, Fy) (33

where F; = Ey for elastic scattering, ¢ = Ef — k;, and V(q) is the Fourier component of the
scattering potential at wavevector ¢. For simplicity, we will start with the assumption that
V(q) is relatively flat in ¢.

In a superconductor there is an additional complication from coherence factors:™

. 2w . .
w(i — f) oc = (urur, £ Ok e )V (@) (B ki)ng (Ey, k) (3.4)

where the minus sign is for non-magnetic scatterers, the plus sign is for magnetic scatterers,

and ug and v for a d-wave superconductor are given by:

€k .
2 2 ’
\/ AL +ex

It is apparent from equations 3.3 and 3.4 that a particular wavevector ¢ can dominate

1
vi=—|1-— up =1 — v} (3.5)

the quasiparticle interference at energy F, if the E—pairs on the CCE connected by ¢ have
a large joint density of states (joint-DOS). So we need to ask, for a given energy E, which
locations in the Brillouin zone have the largest DOS for that energy? The density of states

is given by:

1

DOS(E) = n(F) x o Bl

(3.6)
Therefore, the largest DOS will occur where the gradient |/ (E)| is smallest, i.e. where the
contours are farthest apart. Because the Brillouin zone has 4 axes of reflection, there will be
8 equivalent locations of highest DOS for a given non-zero energy E. These locations will be

at the end of the “banana”-shaped contours, as shown in figure 3.3. The highest joint-DOS
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Figure 3.3: Contours of constant energy up to 100 meV in the first Brillouin zone
of BSCCO in the superconducting state. At a given energy, say £ = 30 meV, the
largest contribution to the DOS will come from the eight points where the slope in
this “energy landscape” is shallowest, i.e. from within the eight red circles at the ends
of the four 30 meV “banana”-shaped contours.

for quasiparticle scattering at this energy occurs at the g-vectors connecting these eight
points. We therefore expect the interference-induced conductance modulations to dominate

at these connecting ¢-vectors.

For a given octet at a given energy, there will be 8x7=56 ¢-vectors connecting the
8 points, but symmetry reduces the set of unique ¢-vectors to 32. However, since the
g-vector manifests itself in our STM images as a modulation at a given wavelength, we
cannot distinguish between +¢ and —¢. This further reduces the number of independent
g-vectors we can measure to 16. In fact, because of the 8-fold symmetry of the Brillouin
zone, there are theoretically only 6 truly independent vectors, but we can measure some
of them several times, rotated by 90°, or flipped across an axis of symmetry, and thus we
can make 16 independent measurements. The symmetry of these scattering g-vectors is

demonstrated in figure 3.4.

3.1.2 Dispersion

Figure 3.3 shows the relevant octet of points for energy £ = 30 meV, and figure 3.4

shows the expected scattering wavevectors for that energy. But this octet will move as a
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ay [1vag]

Figure 3.4: Expected scattering wavevectors from octet model. (a) The octet of k-
states with highest DOS, and seven labeled g-vectors connecting one point to all its
partners. (b) The symmetrized set of ¢-vectors we would expect to see in a g-space
area twice the size of the Brillouin zone. Note that the scale is not the same in (a)
and (b): (a) is just the first Brillouin zone, while (b) is two Brillouin zones across.

function of energy; the bananas get longer with increasing energy. For example, we expect
¢1 to decrease with increasing energy, while we expect ¢7 to increase with increasing energy.

A schematic of the dispersion is shown in figure 3.5.

3.1.3 Joint-DOS Calculation

The previous two sections presents the simplest of all possible models: for a given energy
we deal with only eight points in E—space. We can make a slightly more complicated (but
equally naive) check by actually calculating the joint-DOS for the whole Brillouin zone,
thereby taking into account points that aren’t at the ends of the bananas. We can also
include the coherence factors, which will tell us which points in ¢~space may be due to

potential or magnetic scattering.

We start with Norman’s tight-binding parameterization of the normal state band struc-
ture of BSCCO for p = 0.17 hole doping.™
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Figure 3.5: Column (a): The octet of k-states with highest DOS, at 4 different en-
ergies, with a representative set of ¢~vectors connecting them. Column (b): The full
symmetrized set of 32 ¢-states we would expect to see at the corresponding energies.
Note the scale difference between column (a) and column (b).
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+t1 * [cos(ky) + cos(ky)]/2

+to * cos(k;) cos(ky)

+ t3 * [cos(2k,) + cos(2ky)]/2

+ 1ty * [cos(2k,) cos(ky) + cos(ky) cos(2ky)]/2

+ t5 * cos(2ky) cos(2ky) (3.7)

where the t; are given in table 3.1. (Note that this does not include bilayer splitting, because
at the time of publication (1995) bilayer splitting had not been observed in BSCCO.)

Norman has given several different BSCCO parameterizations® in different papers:

1. Tight-binding fit by Radtke et al.”® to normal state ARPES data from Dessau et al.®

measured in 1993.

2. Tight binding fit by Norman et al.” to new normal state ARPES data measured in
1995 by Ding et al.8” on an instrument with higher energy resolution. However, it
should be noted that this data still did not show any bilayer splitting (which has since
been observed,® but only in overdoped BisSraCaCugOgy5) and also the supercon-
ducting part of this data showed two nodes in the gap, at 35° and 55°, rather than
the single node at 45° which we now know to exist, due to the d,2_,» pairing. Because
this was a fit to normal state data, it probably doesn’t matter that the gap data was
wrong. This parameterization agrees well with data in another paper by Ding et al.,*?

which also shows no bilayer splitting.

3. Some modifications were made to these parameters by Norman et al.:®3 the energy
contours near the anti-nodal points were flattened, and the nodal points were moved
away from (0,0) to compensate. These changes were made to investigate the effects

of nesting, but they do not necessarily agree with experimental data.

’s,84 which is discussed fur-

4. Norman has a later paper giving an alternative set of ¢;

ther by Escrig et al.8% These alternative parameters are less appropriate because they

“Analogous parameters for YBCO have been given in several papers:

1. Norman parameterization by Radtke et al.™ based on Campuzano data from 1993.76, 77

2. More recent experimental results from ARPES.”®

3. Calculated results from a slave-boson approach, which include only the terms to, 1, and t2.79

Parameters for LSCO have also been given by Radtke et al.™
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represent a “bare” dispersion without any interactions; the real material would of
course be renormalized by interactions. These changes were made so that these theo-
rists could investigate what kind of interactions might restore the parameters to their

experimental values.

The most relevant set of ¢;’s is therefore from the second paper” and is reproduced in the
second column of table 3.1. However, Norman cautions that the normal state peaks as de-
tected by ARPES are quite broad, so “the accuracy of the dispersion may not be completely
adequate.” Furthermore, “the dispersion is definitely renormalized in the superconducting

state relative to the normal state.”P

Note that the column 2 parameterization we are using was a fit to a sample with p =
17% doping. This is close to optimally doped. It corresponds to an average gap of 36 meV,

so we will use Ay = 36 meV when we impose a gap on the normal state parameterization.

We can check the doping of the parameterization simply by adding up the area of the
hole pocket. The undoped Mott insulator has an exactly half-filled band, so the hole pocket
area would be 50% of the total first Brillouin zone area. For a doped crystal band structure,
the fractional area of the hole pocket will be f > 0.5. Then the doping can be defined as
p =2x(f—0.5). T have verified that the column 2 parameterization does indeed correspond
to p = 17% doping. To a reasonable approximation, the parameterization can be adjusted
to reflect a different doping level simply by adjusting the parameter ¢y to expand or contract

the hole pocket to the correct area.®

t; function Radtke Norman | Norman | Eschrig
1994 1995 2000 2000
to 1 0.0607 0.1305 0.0879 0.0989
ty % [cos(ky) + cos(ky)] -0.525 -0.5951 | -0.5547 | -0.5908
to cos (k) cos(ky) 0.1 0.1636 0.1327 0.0962
ts 3 [cos(2k,) + cos(2k,)] 0.0287 -0.0519 0.0132 -0.1306
ta | 3 [cos(2k,) cos(ky) + cos(ky) cos(2ky)] | -0.175 -0.1117 | -0.1849 | -0.0507
ts cos(2k; ) cos(2ky) 0.0107 0.0510 0.0265 0.0939

Table 3.1: Several different parameterizations of the BisSroCaCuyOg, 5 normal state
band structure. I will use the second column in all further calculations, which is for
a hole doping close to optimally doped of p = 17%, which corresponds to an average

gap of Ay ~ 36 meV.

®Norman: private communication, 2002
“Norman: private communication, 2002
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(a) normal (b) superconducting

Figure 3.6: Comparison of band structure parameterizations. Column (a) is the
normal state and column (b) is the superconducting state. Rows 1-4 in this figure
represent columns 3—6 in table 3.1, respectively.
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To find the superconducting state band structure, we need a formula for the super-
conducting gap as a function of angle, Ap. Several possibilities exist in the literature.

Theorists®® tend to use:

Ay, = Ag[cos(ky) — cos(kz)]/2 (3.8)

The ARPES community parameterizes the gap as a function of angle from the (7, 7) point
(the Y point) in the first Brillouin zone. The lowest order terms consistent with d,2_,»

symmetry are cos(26) and cos(66). Therefore, Ay can be written as:

Ay = Ag[Bcos(20) + (1 — B) cos(60)] (3.9)

where B is a parameter which depends on doping, according to table 3.2.9> The comparison

between the two methods of gap calculation (and several values of B) is shown in figure 3.7.

doping | T, B value
OD 80K | 1.0
oD 87 K | 0.96
UD 83 K | 0.92
UD 75 K| 0.89
UD | 75 K | 0.885 (2" sample)
UD 80 K | 0.88

Table 3.2: Mesot parameterization of BizSroCaCusOg, s superconducting gap Ay.%3

We can perform another check on the validity of Norman’s parameterization by compar-
ing directly to our own data. After imposing the superconducting gap, we can integrate the
density of states from Norman’s entire first Brillouin zone. We should arrive at a spectrum
very similar to that observed via STM with a 36 meV gap. The actual comparison is shown

in figure 3.8.

We can also include the coherence factors u; and vg. Again, there are several different
sign and phase conventions for parameterizing these. 1 use the sign convention according

to equation 3.35 in Tinkham:™

1
ﬁ:§1——ii—- wl =112 (3.10)

9, 2|’
VALt ek
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) Aolcos(ky) — cos(k
= 0.96 =0.88

Figure 3.7: Comparison of several possible parameterizations of a d-wave supercon-
ducting gap. (a) Theorist version of a d-wave gap, calculated using eqn 3.8. Experi-
mentalist version of a d-wave gap, with (b) B =1, (¢) B = 0.96, and (d) B = 0.88.
From this point forward, for our calculations, we will use the gap shown in 3.7(a).

4r 1.8
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Yoo w00 80 100 -100 -50 0 50 100

(a) calculation (b) raw data

Figure 3.8: Density of states comparison: (a) calculation by numerical integration
over Norman’s tight-binding band structure parameterization vs. (b) typical STM
spectrum on the surface of BSCCO (raw data).
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These parameterizations of u; and vg are shown in figure 3.9.

} ' . | 1
- . -1
(a) uk (b) vk

Figure 3.9: (a) u, and (b) v, for a d,2_,2-wave superconductor, according to
Tinkham™ and equation 3.8.

Finally, having decided all our conventions, we may begin the calculation. The joint-
DOS was calculated on a 512 x 512 pixel array, using the normal state band structure
parameterization given in column 2 of table 3.1, with gap given by equation 3.8 and Ag
= 36 meV. The basic plan is for each energy, to make a 3-dimensional “histogram” of
all allowed scattering ¢’s. In other words, for each pair of states at k_i and k:_é which can
clastically scatter, we will add one to the 3-dimensional histogram at energy (k1) = (k)

and location ¢ = k_i — k_é

The experiment was performed at temperature 7' = 4.2 K which gives an energy broad-
ening of ~ 4kpT = 1.44 meV. (One factor of 2, because the Fermi function step function is
smeared by approximately kpT on either side of ep, and the other factor of 2 because we
have thermal broadening in both the initial and final states.) So in the calculation, I allow
E-states to “elastically” scatter to other k-states whose energy would differ by up to 1.44
meV in the zero temperature band structure. For example, if £(k;) = 10 meV and e(ky) =

11.44 meV, I include ¢ = ks — k1 in the count of the scattering wavevectors.

The experiment was performed with a bias voltage modulation of 2 mV RMS, or 5.6
mV peak-to-peak. But energy maps were taken with a 2 meV spacing. So for each pair of
states kﬁ and k:_é which can “elastically” scatter (subject to finite temperature broadening),
T add one to the histogram in each energy layer within 2.8 meV of s(k_i) or 5(1%) In other
words, some scattering ¢’s are double-counted in several energy layers, which simulates the

real experimental conditions.

For the simplest joint-DOS calculation, I ignore the coherence factors up and v, and

simply add one to the histogram at the appropriate energy and ¢ for each allowed pair k_i
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and k. These results are shown in column (a) of figure 3.10. These results confirm visually

that the joint-DOS is actually dominated by the banana octet.

The algorithm used was:

compute the normal state energy contour map in a 256 x 256 pixel array
impose the superconducting gap
compute the 256 x 256 pixel u_k and v_k arrays
allocate 3 different 512 x 512 pixel x nEnergies arrays
to hold the results of the plain joint-DOS,
potential scattering, and magnetic scattering

for each point k1 in the Brillouin zone {
for each point k2 in the Brillouin zone {
if ( le(k1)-e(k2)| < 4 k_B T ) then {
q =kl - k2
for each energy E {
if |E - (e(kl)+e(k2) )/2] <4 k BT+ edV{
add 1 to jdos(E)
add u_kl * u_k2 + v_k1 * v_k2 to mag(E)
add u_k1 * u_k2 - v_k1 * v_k2 to pot(E)
rr P}

Note that realistic parameter choices are essential to arriving at this result. First, if we
don’t use a high enough resolution = x y grid, we arrive at confusing results. The real mate-
rial, of course, has a grid of infinite resolution. [Note that our STM measurements sample
at finite resolution, but the interference patterns themselves do have infinite resolution.] So
our 512 x 512 pixel grid comes closest to approximating the real situation. Results from
smaller grids are shown in figure 3.11. Secondly, if we don’t use realistic energy broaden-
ing parameters, we arrive at confusing results. The real material is sitting at T = 4.2 K,
so there really will be some “elastic” scattering between k locations whose energies differ
slightly. And the real experiment does include ¢ states from a finite energy range in each
map, even overlapping with the map at nearest energy. Results from unrealistically small

energy broadening parameters are shown in figure 3.12.

One interesting aspect of this calculation is that the most naive joint DOS calculation
shows 16 distinct peaks in g-space, while magnetic and scalar scattering each show a com-
plementary set of 8 ¢“peaks. In the real experiment, we see all 16 peaks, which suggests

that we have multiple types of scattering present in the crystal.

However, we caution that even this calculation is exceedingly naive. We are effectively

taking into account only the imaginary part of the Green’s function. A full scattering model
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(@) joint-DOS (b) potential (c) magnetic

Figure 3.10: The results of a joint-DOS calculation on the full Brillouin zone, with
(a) no coherence factor; (b) coherence factor (uy,ux, — vk, vk, ) for potential scatterers;
and (c) coherence factor (ug,ug, + vk,vx,) for magnetic scatterers. Scalebars show
arbitrary units, which are however consistent from one energy to the next.
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(a) 128 x 128 pixels (b) 256 x 256 pixels (c) 512 x 512 pixels

Figure 3.11: Comparison between joint-DOS calculations with different pixel resolu-
tion, at £ = 24 meV. If the calculation is performed with insufficient pixel resolution,
as in (a), the dominant scattering vectors do not stand out as strongly against the
background, as they do when the calculation is performed at higher spatial resolution,
as in (c).

(a) kBT = 0.36 meV; (b) 2kgT = 0.72 meV; (¢) 4kpT = 1.44 meV;
energy resolution 1 meV energy resolution 2 meV energy resolution 5.6 meV

Figure 3.12: Comparison of joint-DOS calculations at £ = 24 meV with different
energy broadening. Both thermal broadening and experimental energy resolution
increase from (a) to (c). Results in (a) and (b) may be misleading, whereas the
broadening parameters and resulting joint-DOS in (c¢) most closely approximate the
real crystal.



50 CHAPTER 3. QUASIPARTICLE INTERFERENCE

would include also the real part of the Green’s function, which leads to the appearance of

other points in ¢-space.®6

3.2 Data

I will show here the results of high-resolution LDOS imaging at 4.2 K on BSCCO crystals
grown by the floating zone method with superconducting transition temperature ranging
between underdoped (7. = 78 K) and slightly overdoped (7. = 85 K). The samples are
cleaved at the BiO plane in cryogenic ultra high vacuum and immediately inserted into the
STM head. Atomic resolution is achieved throughout the studies reported here. On these
surfaces, we acquire maps of the differential tunneling conductance (g = dI/dV’) measured
at all locations (z,y) in the field of view. Because LDOS(E = eV') x ¢g(V'), where V is the

sample bias voltage, this results in a two dimensional map of the LDOS at each energy F.

Figure 3.13 shows a topographic image and three LDOS maps for quasiparticle energies
centered at 12, 16, and 22 meV, all acquired in the same 650 A field of view with 1.3 A
spatial resolution. Periodic LDOS modulations are evident in all images (although one also
sees remnants of impurity scattering at low energies and of gap disorder at high energies).

Notably, quite different spatial patterns and wavelengths are observed at each energy.

At low energies, the strongest modulations run along the a and b axes. At high energies,
the strongest modulations run along the z and y axes. At intermediate energies, both
orientations are apparent. We expect multiple modulations to be present across all energies,

but there is no way they can all be discerned in real space by eye.

A note on image size & resolution

It is important to choose carefully the data image size and resolution. Ideally, all mea-
surements would be instantaneous, and we would have time to measure an arbitrarily large
field of view with arbitrarily fine resolution. But in practice, we are limited by measurement
time. Doubling the linear dimension of the image quadruples the time, as does doubling
the image resolution. So with a finite amount of time to make a measurement, we must

prudently balance the advantages of large images and fine resolution.

A large ﬁ—space image leads to fine g-space resolution, while a fine ﬁ—space resolution
leads to large g-space image. In order to look for weakly dispersing ¢-vectors, we need ¢-
space resolution ~1% of the Brillouin zone, which means that our }?—space image must have

extent at least 100ay = 383 A. In order to see all ¢-vectors, we must have ¢-space extent
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(c) 16 meV LDOS (d) 22 meV LDOS

Figure 3.13: Four unprocessed images of a single 650 A field of view with 1.3 A
resolution. All measurements reported in this paper were obtained at a junction
resistance of 1 G2 set at a bias voltage of -100 mV, so the total junction conductance
is 103 picoSiemens (pS). All LDOS images were acquired with a bias modulation
amplitude of 2 mV root mean square. From the atomic resolution in (a) one can
see the direction of the Cu-O bonds and the incommensurate supermodulation of
wavelength ~ 26 A at 45° to the bonds. A cartoon showing the relative orientation of
the Brillouin zone is superimposed in red. The LDOS images show checkerboard-like
modulations of the LDOS: (b) 45° to the Cu-O bonds at ¢7 ~ 0.21(£27/ag, 27 /ayp);
(c) both 45° to and along the Cu-O bonds at g7 ~ 0.25(+27/ag, £27/ag) but also
at @i ~ 0.22(0,£27/ag) and q1 ~ 0.22(£27/ap,0); (d) along the Cu-O bonds at
q1 ~ 0.20(0,4+27/ag) and @1 ~ 0.20(+27/ay, 0).
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at least twice the size of the first Brillouin zone, which means that our ﬁ—space resolution

must be at least 1 pixel per ag/2 = 1.9 A. This relationship is demonstrated in figure 3.14.

Real space_ g(r E)

oﬁ\/z 600 A

q-spacg; 9(d, E)

> ' ' >
|Omax] 2T 0.6% O t2may +q |
1stBZ

Figure 3.14: Relationship between ﬁ—space and ¢-space resolution. By choosing a

ﬁ—space image with size 600 A and resolution 1 pixel per 1.2 A, we arrive at a ¢space
image with size 3 Brillouin zones, and resolution 0.6% of a Brillouin zone.

3.3 Analysis

To explore the evolution of all these LDOS modulations with energy, I compute the
magnitude of the Fourier transform, |[FT(E, )|, shown in figure 3.15. In Fourier space (g-
space) we can clearly visually separate the different coexisting modulations; each appears
as a distinct bright spot in the Fourier transform. By comparing these maps with the
joint-DOS prediction in figure 3.10, we can already see qualitatively that all the peaks are

present and in approximately the correct positions.

In the remainder of this chapter, I will focus on the two inner points ¢i and ¢7, as
labeled in figure 3.4. First, ¢ is oriented toward the (+m,0) and (0,£7) direction. It
appears at finite |g] at very low energy and then moves steadily inwards towards (0,0)
(i.e. |q1| decreases as E increases). Second, ¢7 is oriented along the (£, +m) direction.
It appears and moves steadily to larger |¢] with increasing energy (i.e. |g7| increases as E
increases). These same phenomena associated with ¢i and ¢7 have been observed for all
eight samples we have studied in this manner, but the exact dispersion of the peaks varies

systematically with doping.

In figure 3.16, I plot the measured value of |[FT(E, )| versus |¢] along the (m,0) and
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(a) 12 meV [FT(DOS)| (b) 16 meV [FT(DOS)| (c) 22 meV |[FT(DOS)|

Figure 3.15: Fourier transforms of the 3 LDOS images shown in figure 3.13. The local
maxima in these images represent the dominant ¢’s associated with quasiparticle scat-
tering at each energy E. The innermost scattering wavevectors oriented parallel to
(£7,0) and (0,47) become shorter as energy rises. In contrast, the innermost scat-
tering wavevectors oriented parallel to (£7,+7) become longer as energy rises. The
harmonics of the supermodulation are sharp features observed at the same location
in all FT(FE, ¢) images.

(m,7) directions, at several energies, for an underdoped sample with A = 50.2 meV. These
cuts pass directly through peaks ¢ and 7, respectively. The locations of the |[FT(E,q)]
peaks are measured by fitting an exponential decay plus a Lorentzian. The dispersion in the
unprocessed data is obvious. In figure 3.17, I show the energy dependence of the peaks in
FT(E,q) for ¢-vectors oriented toward the (m,0) direction [gi(E)], and towards the (m, )
direction [¢7(E)]. The dispersions of these two types of conductance modulations were
analyzed in detail for data for three of the samples. One is underdoped with mean energy
gap value A = 50.2 meV (red squares), the second is near optimal with A = 43.7 meV
(green circles), and the third is slightly overdoped with A = 36.7 meV (blue triangles). In
general, one can see that at fixed F, ¢;(E) becomes shorter, whereas ¢7(FE) becomes longer,

as the doping is increased.

Now we compare our ¢-space data quantitatively with the directly measured ARPES
E—space data. Consider first the ¢ data from the (m,0) direction, which corresponds to
the blue arrow in figure 3.2(b). These wavevectors are parallel to (0,£7m) or (£m,0) but
have different |§}| depending on the value of A at the points being connected. We estimate
the expected @i (A) in our model using ARPES measurements of |A(k)| and locations of
kpg.5T The result is shown as grey bands in figure 3.17(a). The ARPES-derived results
and our measured ¢; are in excellent quantitative agreement. With increasing doping, the

measured range of ¢; becomes systematically shorter, as shown in figure 3.17(a). This would
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Figure 3.16: The amplitude of FT(F, q) versus |q] along (a) the (7,0) direction and
(b) the (7, ) direction are shown for six quasiparticle energies. The data are shifted
vertically relative to each other by 0.4 pS for clarity. Each solid black line is a fit to
an exponential decay from ¢ = 0 plus a Lorentzian peak. An arrow points to the local
maximum in |§] for each energy.

be expected if increased hole density expands the hole pocket and moves the almost-parallel

sections of the Fermi surface closer together.

Now consider the ¢7 data from the (7, 7) direction, which corresponds to the red arrow
in figure 3.2(b). The ¢7 peaks evolve very differently with energy than those oriented
toward (7,0). Their dispersion has opposite sign and is substantially faster. We consider
scattering that connects the same range of k-states on the Fermi surface as for the (m,0)-
oriented process, but now diagonally across the inside of the hole pocket by the vector g7
parallel to (m,7) (Fig. 1, red arrows). We can again estimate the expected |¢7(A)| using
ARPES data.’” The result is shown as a grey band in figure 3.17(b). The ARPES-derived
results and our measured ¢7(E) are in excellent quantitative agreement. Furthermore, with
increasing doping, the range of ¢7(A) moves to higher values, again as expected if increased

hole density increases the area of the hole pocket and the distance between relevant sections

of the Fermi surface.
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Figure 3.17: The measured ¢(F) for (a) the (m,0) direction and (b) the (7, 7) direction
are plotted for samples of three different dopings. The error bars shown at the end
of the data ranges are representative of the uncertainty in identifying the location
due to the peak width. The shaded grey bands represent the expected dependence
¢(E) derived from ARPES using the model described in the text. Note that ARPES
measures only the electron-like portion of the spectrum. The width of the band
represents uncertainties in the published ARPES data. These ARPES data from a
T, = 87 K Bi-2212 sample®” should be compared with data from our similarly doped
sample (green circles), which are in excellent agreement with the simplified model.
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3.4 Sources of Scattering

Does disorder cause the scattering?

There is much evidence from experiments other than STM that quasiparticle scattering
is important in BSCCO. For example, THz spectroscopy shows that low-temperature qua-
siparticle mean free paths in optimal BSCCO are about two orders of magnitude below that
of optimal YBCO,®” indicating that appreciable quasiparticle scattering exists in BSCCO.

ARPES also shows a short quasiparticle lifetime for anti-nodal quasiparticles.®®

With our spatially resolved tools, we ask what is the range of coherent quasiparticle
interference patterns and where are the scattering centers? The smallest ¢-space extent of
any FT(E, ¢) peak in figure 3.16 is Ag ~ 0.17/ag. This indicates that the longest coherence
length for any modulation is £ ~ 80 A. Several phenomena such as Ni and Zn impurity
resonances with spacing ~100 A (visible in figure 3.13), gap disorder with patch size ~30
A 899095, 92 o1 oxygen atoms with spacing ~13 A at this nominal doping, may influence

this DOS modulation coherence length ¢.

However, we observe qualitatively the same quasiparticle interference patterns indepen-
dent of the concentration of Ni or Zn impurities. In fact, we see the quasiparticle interference
patterns even in samples with no Ni or Zn impurities. Therefore the Ni and Zn impurities
cannot be solely responsible for the quasiparticle interference. All samples have some na-
tive point defects, but a direct correlation between the point defects and the quasiparticle

interference has not yet been possible.

We can also conclude from the joint-DOS modeling with coherence factors in figure
3.10 that there are significant sources of both magnetic and potential scattering. The
experimental data shows all 16 quasiparticle interference peaks in ¢-space, while either

magnetic or potential scatterers alone would result in only 8 g-space peaks.

Furthermore, in all samples there are multiple non-dispersing single-pixel “peaks” in
the vicinity of each broader, dispersing ¢; peak. Examples of these single-pixel peaks are
shown in figure 3.18 for several samples. These non-dispersing single-pixel peaks can be
explained as simply the power spectrum of a random impurity distribution, as described in
figure 17 of Capriotti et al.?® The fact that these single-pixel peaks do not appear at the
same wave-vector from one sample to the next, or in fact even from the z-axis to the y-axis
within the same sample, suggests that they result from disorder rather than from a more

fundamental underlying order of fixed wavevector.
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Figure 3.18: Single-pixel, non-dispersing ¢-space peaks for four different samples.
These peaks result from the power spectrum of the particular random impurity dis-
tribution in the field of view measured. A red vertical line is shown in each figure
at ¢ = 0.25[27/ag] for reference, to demonstrate that the single-pixel peaks occur at
different values of ¢ in each sample.

Does order cause the scattering?

We also consider the possibility that the observed quasiparticle interference patterns are
caused primarily by scattering off an underlying charge or “stripe” order of fixed wavevector

3.2 % According to equation 3.4, reproduced here,

. 2 . .
’U)(’L — f) X E(ukzukf + vkika)\V((j')IQni(Ei,ki)nf(Ef,kf),

the scattering intensity is a product of the scattering potential V() and the joint-DOS. If
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the scattering potential consists solely of an underlying order of single fixed wavevector ¢p,
then V(q) = 6(¢ — qo), so scattering intensity will be non-zero only at ¢ = ¢y. However, if
the underlying order has a short coherence length L, due to disorder and/or pinning, then
the scattering potential V' (¢) will consist of a peak of finite width dq ~ 1/L centered around
do- The scattering intensity will be enhanced at ¢ = ¢y, but because of the simultaneous
influence of the joint-DOS, the wavevector of maximum scattering intensity may disperse

across the range dq.

We can make a few relevant observations as follows. First, in all samples studied, we
clearly see 16 dispersing bright spots in ¢~space. In order to explain this solely as scattering
off underlying order of fixed ¢ = ¢p, we would need 16 different underlying orders with 16
different fixed ¢p’s. Furthermore, some of these 16 underlying orders would need a very
short coherence length, such that the width dq of the V(gp) peak could accommodate the
full dispersion of the joint-DOS wavevectors. The full dispersion is, for some ¢;’s, up to
30% of the Brillouin zone, meaning the underlying “order” would actually be disordered on

a three unit cell length scale.

If the scattering is based on random disorder plus susceptibility to an underlying order,”
we would expect a peak in scattering intensity at a specific go. The intensity of dispersing
¢’s we observe do peak at certain values. But the peak values appear to vary from one
sample to another. For example, the scattering intensity vs. wavevector ¢ is shown for

three samples of different dopings in figure 3.19.

In conclusion, we do not see a single underlying order which has the same fixed wavevec-
tor ¢y in each sample. Even within a single sample, the dispersing modulations we see cannot
be explained wholly in terms of scattering off an underlying ordering of fixed wavevector,
unless we postulate 16 underlying orders all coincidentally similar to the 16 wavevectors
selected by the joint-DOS analysis. Furthermore, we caution against interpreting non-
dispersing, high-intensity single pixels as signs of an underlying order; unless they are
repeatable from sample to sample they must be just a remnant of the random disorder in

each sample, as demonstrated in here in figure 3.18 and in figure 17 of Capriotti et al.%
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Figure 3.19: Scattering intensity vs. wavevector ¢; for three samples of different dop-
ing. For each dI/dV map at each energy FE, the relevant bright spot in ¢-space was
fit to find both the value of ¢} and the area A under the ¢ peak. Here the results are
plotted as A vs. ¢;. To account for differences in tips, for each axis of each sample, the
largest scattering intensity has been normalized to one. The wavevector ¢; of maxi-
mum scattering intensity A increases with decreasing doping. This figure is, however,
somewhat misleading. In order to extract the maximum susceptibility o< V(§) from
the maximum scattering intensity, we would need to divide out by the joint-DOS.
Since the joint-DOS increases with increasing energy, and ¢ decreases with increas-
ing energy, division by joint-DOS will shift the maximum susceptibility wavevectors
to larger values, or shorter wavelengths. A more thorough analysis is needed.

3.5 Review of Related Studies

3.5.1 Prior STM measurements of Quasiparticle Interference

Although this work represents the first application of FT-STS to the cuprates, I would
like to credit similar techniques which have previously been applied to other materials.
STM studies of conductance modulations allowed the first direct probes of the quantum
interference of electronic eigenstates in metals and semiconductors. Quasiparticle interfer-
ence was first observed in copper at 4 K% then in gold at room temperature?” due to step

edges and impurities. Subsequent experiments on Cu and Ag”® used a model of Friedel
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oscillations” from a step edge to extract the quasiparticle lifetimes from the spatial de-
cay length of the interference patterns. An experiment on sub-surface impurities in the
semiconductor InAs used the energy dependence of the interference patterns surrounding
the impurities to find the depth of the impurity below the surface and its scattering cross
section.'% A later experiment focused on a semiconductor 2DEG by studying a thin layer
of InAs grown epitaxially on GaAs.'! Quasiparticle standing waves have been imaged by
STM in the conventional superconductor Nb due to adsorbed magnetic Mn or Gd impurity
atoms.'?? The method of using LDOS modulations to reconstruct certain CCE in %—space
by analyzing the Fourier transform of the real-space LDOS(E) image has been employed

before on anisotropic metals.%8: 103, 104

3.5.2 Other DOS Modulation Measurements in Cuprates

For the cuprates in general, it had long been proposed that conductance modulations
due to quasiparticle scattering should occur, and that both the homogeneous electronic
structure and superconducting gap anisotropy could be extracted from measurement of

105 Dispersing one-dimensional quasiparticle interference patterns have pre-

their properties.
viously been observed in the CuO chains of YBCO?* due to unknown scatterers (possibly
the configuration of the oxygen atoms themselves). However, no attempt was made to
Fourier transform these dispersions or to match to a specific band structure in order to find

the momentum space properties of the quasiparticles.

Howald et al. have observed 4aq periodic LDOS modulations at F = 25 meV in BSCCO,'%6
similar to the ¢; modulations reported here, although Howald reports his modulations to
be non-dispersing. Howald’s modulations have been interpreted as stemming from the si-
multaneous existence of another electronic ordered-state. This interpretation was based on
the apparent static nature of the modulations; however the g-resolution of Howald’s study

was not high enough to rule out an unresolved dispersion.

Dung-Hai Lee first proposed the alternative quasiparticle interference explanation® for
observed DOS modulations in BSCCO, which has been discussed in detail in this chapter.
The higher resolution data shown here support the conclusion that observed conductance
modulations stem from quasiparticle interference effects. The data in figure 3.15 appears
to be due primarily to the quasiparticle interference effect because (i) all modulations have
appreciable dispersion, (ii) the dispersions are consistent with scattering between the identi-
fied E—Space regions of high joint-DOS, and (iii) the evolution of the dispersions with doping
is consistent with expected changes in the Fermi surface. Thus, it appears that quasiparti-

cle band-structure effects play the primary role and must be understood before departures
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from them can be ascribed to other order parameters.

Stronger “checkerboard” modulations around magnetic vortex cores'%” have also been
observed, and will be discussed in chapter 4. Dispersion has not been detected in the
vortex modulations, so it remains very likely that these two phenomena, although similar

in appearance, actually stem from quite distinct physical origins.

3.5.3 Theories of Quasiparticle Scattering in Cuprates

Byers, Flatte and Scalapino'® predicted originally in 1993 that quasiparticle scattering
would be a useful tool to study the cuprates. Following the first theoretical explanation for
our observations and verifying calculation by Wang and Lee,® there have been a number
of additional theories exploring further details of the problem and providing suggestions for

future experiments.

Zhang and Ting'%® commented on the existence of additional ¢-space peaks. Pereg-

109" commented on the importance of coherence factors, and predicted

lllO

Barnea and Franz
the quasiparticle interference pattern for a possible QED3 phase. Bena et a predicted
the quasiparticle interference pattern for a d-density wave (DDW) phase. Though these
calculations provide a valuable ruler against which to measure the continuing search for
alternative electronic order, they rely on a limited or unrealistic distribution of scatterers,

and have had limited success matching the experimental data so far.

Zhu, Atkinson, and Hirschfeld,'"! working in the ordinary d-wave superconducting state,
were able to incorporate a more realistic distribution of scatterers, including point scatters to
simulate single atom defects, plus a continuously varying background potential to simulate
the inherent gap disorder. This more realistic scattering model led to a much closer match
between theory and experiment. However, so many parameters had to be tweaked to match
the calculation to experiment, that the authors concluded the ¢-vectors of the observed
interference patterns were more dependent on incoherent scattering effects than on the joint-
DOS. While this calculation has done an admirable job matching theory to experiment, the
fact remains that the simple joint-DOS calculation of section 3.1.3 also matches the data

quite well.

Podolsky et al.? has also focused attention on coexisting sources of scattering: both
random point defects and underlying charge order. The search for underlying order coex-
isting with random disorder should revolve around the study of highest intensity ¢’s, as
shown in figure 3.19. The systematic dependence of these highest-intensity wavevectors on

sample doping is suggestive of an increased susceptibility to a doping-dependent ordering.
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This will be reported in more detail in a future paper by McElroy et al.

Vojta and Sachdev originally presented a theory of fluctuating spin density wave (SDW)
order in the cuprates.?® In a following paper, Polkovnikov, Vojta and Sachdev consider
dynamic SDW fluctuations as the primary collective degree of freedom and couple it directly
to the electrons.''? The dynamic SDW fluctuations are pinned by disorder and result in a
static LDOS modulation at a fixed wavevector whose intensity varies with energy. Following
the STM experiments reported here, Polkovnikov, Sachdev and Vojta computed LDOS
modulations in a model of electrons scattering off charge density wave order produced by
the disorder-induced pinning of the fluctuating SDW, and were able to reproduce “many
of the features observed in recent STM experiments.” '3 Specifically, they focused on one

dispersing wavevector in reasonable qualitative agreement with our observation of ¢j.

Han'' similarly examines whether the observed dispersing LDOS modulations may
be explained by a pinned fluctuating SDW order of fixed wavevector Q. While he does
find dispersing LDOS modulations resulting from his fixed wavevector starting point, the
directions of the dispersions do not all agree with experiment. He concludes that the single

Q SDW cannot account for our observations.

15 shows that the different quasiparticle interference pattern resulting from

Andersen
scattering off two proximate non-magnetic impurities can be used to distinguish between a
d—density wave phase, vs. another form of pairing without superconductivity, in the myste-

rious pseudogap regime.

Voo et al.'1% study a quasiparticle interference model on YBCO which has a d,2 _y2 s or-
der parameter resulting from the well-known orthorhombicity of the unit YBCO cell. They
conclude that a single impurity scatterer will produce an anisotropic, quasi-one-dimensional
quasiparticle interference pattern very similar in appearance to “stripes” but different in
origin. Furthermore, they propose a distinguishing test: increasing the concentration of im-
purities would weaken a quasiparticle interference pattern because of the phase incoherence
of randomly placed impurities. However, increasing the concentration of impurities should

increase “stripe”-pinning and make “stripes” stand out more strongly.

Zhu et al."'" point out the coupling between the magnetic resonance peak at energy
~ 40 meV and the superconducting gap A( at an impurity site. The magnetic resonance
peak will have little effect on the impurity spectra at low energies, but at energies £F > A
the impurity will show an alternating modulation pattern of dips and humps in the spectra

at +F; and —FE; on-site, nearest neighbor, next nearest neighbor, etc.

Quasiparticle scattering between high joint-DOS regions of E—space has now received



3.6. CONCLUSION 63

direct experimental support as a mechanism for incommensurate, dispersive, spatial mod-
ulations of the superconducting electronic structure. Incommensurate, dispersive modula-
tions of the superconducting magnetic structure have also been observed in YBCO% and
LSCO.'"® A related process, similar to our high joint-DOS scattering, in which a quasi-
particle is scattered across the Fermi energy into a quasi-hole and vice versa, has been
theoretically discussed as a potential explanation.!?> 120, 7, 83 Renewed exploration of such

scattering-related explanations for these magnetic phenomena may therefore be appropriate.

3.6 Conclusion

In summary, I show via FT-STS that the dominant DOS modulations in optimally
doped BSCCO can be well explained as quasiparticle interference. A simple model of
the locations in E—space of highest joint-DOS, “the octet model” quantitatively explains the
data. There is no need to invoke alternative order parameters or other phases to explain the
DOS modulations we observe in optimally doped BSCCO. However, this new experimental
technique for looking at the cuprates and simultaneously accessing ﬁ—space and E—space
quasiparticle information, has prompted a large body of new theoretical work, which in

turn provides further promising directions for related experimental study.
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Chapter 4

Vortex Checkerboard

There is no need to invoke alternative order parameters to explain observed DOS modu-
lations in optimally doped BiySroCaCusOgys. To continue the search for interesting alterna-
tive order parameters in BSCCO (which might manifest themselves as DOS modulations),
we must search in other areas of the high-T. phase diagram. In this chapter, I will re-
port on a search for alternative order parameters in BSCCO in high magnetic fields. The

relationship of these studies to the phase diagram of BSCCO is shown in figure 4.1.

Scanning tunneling microscopy is used to image the additional quasiparticle states gen-
erated by quantized vortices in BSCCO. They exhibit a Cu-O bond oriented “checkerboard”
pattern, with four unit cell (~ 4ag) periodicity and ~ 30 A decay length. These electronic
modulations may be related to the magnetic field-induced, 8ag periodic, spin density modu-
lations of decay length ~ 70 A discovered in Laj g4Srg.16Cu04.9° One proposed explanation
is a spin density wave localized surrounding each vortex core.*0 General theoretical princi-
ples predict that, in the cuprates, a localized spin modulation of wavelength A should be
associated with a corresponding electronic modulation of wavelength \/2,33: 37, 35, 48, 39, 36

in good agreement with our observations.

4.1 Low-T7. and Cuprate Vortex Phenomenology

In conventional s-wave type II superconductors, the superconducting order parameter
is suppressed in the cores of quantized magnetic vortices, and recovers over a distance of
about one coherence length ¢&. Bound quasiparticle states can exist inside these cores!?!
with lowest energy given approximately by E ~ A?/2¢p, where £ is the Fermi energy and

A is the superconducting gap. Such “core” states at the Fermi energy were first imaged by
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Figure 4.1: A schematic phase diagram of BisSroCaCuyOgi5. The red arrow shows
the direction in phase space covered in this chapter. Optimally doped samples are
studied at T" = 4.2 K, while the B-field is increased to 7 Tesla.

Hess et al. using low temperature STM.!?2

A simple description of a vortex in an s-wave superconductor is a particle-in-a-box. In
the vortex core, the superconducting order parameter is destroyed, so the quasiparticle has
no binding energy and can exist freely. However, outside the vortex “box”, the unattached
quasiparticle has energy A greater than it would have if joined into a Cooper pair. So we
can think of the quasiparticle as sitting in a circular potential well of height A and radius &.
No matter how shallow the well, there will exist at least one bound state, which will decay

exponentially outside the box.!?3

However, the cuprate superconductors have a d,2_,2 order parameter. This means
there are four gap nodes, which would imply that there are four holes in the walls of the
vortex “box”. So we might expect that such a leaky box would contain only scattering
states, which decay as a power law with distance. Indeed, initial theoretical efforts focused
on the quantized vortex in an otherwise conventional BCS superconductor with d,2_,»
symmetry. 124 125, 126, 127, 128 = Thege models included predictions that, because of the gap
nodes, the local density of electronic states (LDOS) inside the core is strongly peaked at the
Fermi level. This peak, which would appear in tunneling studies as a zero bias conductance
peak (ZBCP), should display a four-fold symmetric “star shape” oriented toward the gap

nodes, and decaying as a power law with distance.

Scanning tunneling microscopy studies of HT'SC vortices have revealed a very differ-

ent electronic structure from that predicted by the pure d-wave BCS models. Vortices
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Figure 4.2: Density of states spectra from (a) YBayCuzO7_s (from Maggio-Aprile
et al.'?%) and (b) BisSroCaCuyOg,s (adapted from Pan et al.'3!) Red traces show
spectra inside the vortex cores, while black traces show spectra taken far from the
vortices. In (b) we show also a spectrum at an intermediate distance (green trace),
outside the vortex “core” but still clearly influenced by the vortex.

in YBapCuzO7_s (YBCO) lack ZBCPs but exhibit additional quasiparticle states at £5.5
meV,'?? whereas those in BSCCO also lack ZBCPs.!3% More recently, the additional qua-
siparticle states at BSCCO vortices were discovered at energies near 7 meV.'3! Typical
DOS spectra from BSCCO and YBCO vortex cores are shown in figure 4.2.

Thus, a common phenomenology for low energy quasiparticles associated with vortices

is becoming apparent. Its features include:
1. The absence of ZBCP’s.
2. Low energy quasiparticle states at £5.5 meV (YBCO) and £7 meV (Bi-2212).

3. A radius for the actual vortex core (where the coherence peaks are absent) of ~10 A3

4. A radius of up to ~75 A within which these states are detected, and apparently decay

exponentially.!3!

5. The absence of a four-fold symmetric star-shaped LDOS.

In response to these discoveries, theorists began to play with the possibility that the
superconducting order parameter has an additional component. For example, a smaller
coexisting s component or a d,, component would eliminate the gap nodes and could
allow an exponentially decaying bound state to exist. However, these proposed components

would have to have magnitude greater than the energy of the bound state (in order for it



4.2. THEORIES OF ALTERNATIVE ORDERED STATES 67

to be bound). With bound states at 5.5 meV and 7 meV, the additional order parameter
component would thus have magnitude at least 15-20% of the d,2_,» gap. It is unlikely
that such a large order parameter of different symmetry could have escaped detection by

other experimental methods such as ARPES.

So theorists turned to investigations of alternative, non-superconducting order parame-
ters which may be competing with superconductivity, and may be able to appear where

superconductivity is weakened or destroyed in and around the vortex core.

4.2 Theories of Alternative Ordered States

Theory indicates that the electronic structure of the cuprates is susceptible to transitions

into a variety of ordered states as summarized in section 1.2.3.

Experimentally, antiferromagnetism (AF) and high temperature superconductivity
(HTSC) occupy well known regions of the phase diagram, but outside these regions, several
unidentified ordered states exist. For example, at low hole densities and above the super-
conducting transition temperature, the unidentified “pseudogap” state exhibits gapped elec-

132

tronic excitations.'? Other unidentified ordered states, both insulating®?® and conducting,!3*

exist in magnetic fields sufficient to quench superconductivity.

Because the suppression of superconductivity inside a vortex core can allow one of the
alternative ordered states to appear there, the electronic structure of HTSC vortices has

attracted wide attention.

Zhang®® and Arovas et al.'® first focused attention on magnetic phenomena associated
with HTSC vortices with proposals that a magnetic field induces antiferromagnetic order
localized by the core. More generally, new theories describe vortex-induced electronic and
magnetic phenomena when the anticipated effects of strong correlations and strong an-
tiferromagnetic spin fluctuations are included.!3% 49 32,136, 137 Common elements of their

predictions include:

1. The proximity of a phase transition into a magnetic ordered state can be revealed
when the superconductivity is weakened by the influence of a vortex.!3%: 40, 32, 136, 137

135,40, 136 (1. orhital 32 137

2. The resulting magnetic order, either spin will coexist with

superconductivity in some region near the core.

3. This localized magnetic order will generate associated spatial modulations in the qua-

siparticle density of states.10 32 136, 137
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Theoretical attention was first focused on the regions outside the core by a phenomeno-
logical model that proposed that the circulating supercurrents weaken the superconducting
order parameter and allow the local appearance of a coexisting spin density wave (SDW)
and HTSC phase® surrounding the core. In a more recent model, which is an extension
of Zhang®® and Arovas,'3® the effective mass associated with spin fluctuations results in
an AF localization length that might be substantially greater than the core radius.'*® An
associated appearance of charge density wave order was also predicted'3? whose effects on

the HTSC quasiparticles should be detectable in the regions surrounding the vortex core.°

4.3 Experimental Evidence for Alternative Ordered States

in Magnetic Fields

Other experimental information on the magnetic structure of HT'SC vortices is available
from inelastic and elastic neutron scattering on the lanthanum-copper-oxide family of high-

T, superconductors, and also nuclear magnetic resonance (NMR) studies on YBayCuszO7_s.

4.3.1 Inelastic Neutron Scattering

Near optimum doping, some cuprates show strong inelastic neutron scattering (INS)
peaks at the four k-space points (1/2 + 6,1/2) and (1/2,1/2 + ), where § ~ 1/8 and
E—space distances are measured in units of 27/ag. This demonstrates the existence, in
real space, of fluctuating magnetization density with spatial periodicity of 8ag oriented
along the Cu-O bond directions, in the superconducting phase. The first evidence for field-
induced fluctuating magnetic order in the cuprates came from INS experiments on optimally
doped Lag_,Sr,CuOy (r=0.163) by Lake et al.% When Laj g37S10.163Cu0Qy is cooled into
the superconducting state, the scattering intensity at these characteristic E—space locations
disappears at energies below ~7 meV, opening up a “spin gap.” Application of a 7.5 T
magnetic field below 10 K causes the scattering intensity to reappear with strength almost
equal to that in the normal state. These field-induced spin fluctuations have a spatial
periodicity of 8ag and wavevector pointing along the Cu-O bond direction. Their magnetic
coherence length L, is at least 20aq although the vortex core diameter is only ~ 5ag. This

implies that magnetic ordering is taking place in the region surrounding the core.
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4.3.2 Nuclear Magnetic Resonance

NMR studies by Mitrovi¢ et al.” explored the spatial distribution of magnetic fluc-
tuations near the vortex core. NMR is used because 1/77, the inverse spin-lattice re-
laxation time, is a measure of spin fluctuations, and the Larmor frequency of the probe
nucleus is a measure of their locations relative to the vortex center. In near-optimally
doped YBayCuzO7_s at B = 13 T, the 1/T} of 7O rises rapidly as the core is approached,
then diminishes inside the core. This experiment is consistent with vortex-induced spin

fluctuations occurring outside the core.

Spatially resolved NMR is used by Kakuyanagi et al.'® to probe the magnetism in and
around vortex cores of nearly optimally doped TlyBayCuOg.s (T = 85 K). The NMR re-
laxation rate 1/7} at the 2°5TI site provides direct evidence that the antiferromagnetic (AF)
spin correlation is significantly enhanced in the vortex core region. This AF enhancement
near the T1-2201 vortices is a factor of two orders of magnitude, compared with a factor of
2-3 in YBCO. In the core region, Cu spins show a local AF ordering with moments parallel
to the CuOs planes and Néel temperature Ty = 20 K. Kakuyanagi implies that the AF
enhancement extends some distance outside of the vortex core, but claims still that the AF

vortex core competes with superconductivity.

4.3.3 Elastic Neutron Scattering

More recently, elastic neutron scattering experiments were performed on related com-
pounds in the lanthanum-copper-oxide family of high-7, superconductors. While inelastic

neutron scattering probes spin dynamics, elastic neutron scattering probes static spin order.

Studies by Khaykovich et al.% on LasCuOy,, found field-induced enhancement of
elastic neutron scattering (ENS) intensity at these same incommensurate E—space locations,
but with Lj; > 100ag. Thus, field-induced static AF order with 8ag periodicity exists in
this material. They were not able to perform measurements in fields above 9 T, but an
extrapolation of the observed increase in static spin ordering to higher fields predicted that
the whole area of the sample would be spin-ordered at an applied field well below Ho,

implying that static AF order and SC can coexist in the same area in LagCuOyy,,.

1.6 on under-

A second elastic neutron scattering experiment was performed by Lake et a
doped Lag_,Sr,CuOy4 (z=0.10). This experiment showed that static spin order was absent
at temperatures T' > T,.. But below T, static spin order increased with decreasing 7" and
with increasing applied field H. At T' = 2 K and H = 14.5 T, the order has an in-plane

correlation length of ¢ > 400 A, which is much greater than the vortex core size, and greater



70 CHAPTER 4. VORTEX CHECKERBOARD

even than the vortex-vortex separation distance of 130 A, implying again that AF and SC
coexist at the same spatial location in underdoped LSCO. Perhaps most significantly, Lake
showed that the square ordered moment per Cu site increased as M?H/H oo In(H.o/H) (with
M? = 0.12p% per Cu®"), in excellent quantitative agreement with the coupled SDW + SC
theory of Demler et al."

4.4 STM Vortex Data in Bi;SroCaCu;yOg;

All of the neutron scattering and NMR, data implies a coexisting magnetic order and
superconductivity, but since none of these probes are real space probes, there is no direct
picture of the two orders coexisting in the same location in the crystal. We need a real space
probe like an STM to look for other types of ordering in superconducting regions of the
crystal (i.e. regions outside the vortex core). All of the neutron scattering data indicates
a spin order with periodicity 8ag. We cannot look for spin order directly, but we expect a

coupled charge order with period 4ag.

To test for DOS modulations on these length scales, we need higher resolution maps of

the vortices first imaged by Pan et al.'3!

For these experiments, I show data from two dif-
ferent crystals: (1) “As-grown” BSCCO crystals are generated by the floating zone method,
are slightly overdoped with T, = 89 K, and contain 0.5% substitution of Ni impurity atoms.
(2) “As-grown” BSCCO crystals are generated by the floating zone method, are slightly un-
derdoped with T, = 84 K, and contain a nominal 0.6% substitution of Zn impurity atoms.
Unprocessed topographies and DOS maps at the vortex state energy +7 meV are shown in

figure 4.3.

The most detailed study of the vortices was made using the Ni-doped sample, which will
be discussed in the remainder of this chapter. To study effects of the magnetic field B on
the superconducting electronic structure, we first acquire zero-field maps of the differential
tunneling conductance (g = dI/dV) measured at all locations (z,y) in the field of view
(FOV) of figure 4.3(b). Because LDOS(E = eV') x g(V') where V is the sample bias voltage,
this results in a two dimensional map of the local density of states LDOS(FE, z,y, B = 0).
We acquire these LDOS maps at energies ranging from -12 meV to +12 meV in 1 meV
increments. The B field is then ramped to its target value and, after any drift has stabilized,
we re-measure the topograph with the same resolution. The FOV where the high-field LDOS
measurements are to be made is then matched to that in figure 4.3(b) within 1 A (~ 0.25a0)
by comparing characteristic topographic/spectroscopic features. Finally we acquire the
LDOS maps, LDOS(E, z,y, B # 0), at the same series of energies as the zero-field case.
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Figure 4.3: Raw data: topographies and density of states maps for two distinct
samples. Panel (a) shows a topographic image of a 490 A square area of Zn-doped
BisSraCaCuOgys. Panel (c) shows the DOS in the same area at +8 meV in an
applied field B = 7 T. Panel (b) shows a topographic image of a 586 A square area
of Ni-doped BisSraoCaCug0Ogys. Panel (d) shows the DOS in the same area at +7
meV in an applied field B = 5 T. In panels (a) and (b), the supermodulation (with
wavelength ~ 26 A) is clearly visible, at 45° to the Cu-O bond directions. In panels
(c) and (d), schematics of the Brillouin zone show the x and y crystal axes (whose
directions can also be discerned from the raw data in the topographies). In both DOS
images (c) and (d), approximately 6 vortices can be seen, with a “checkerboard”-like
pattern oriented along the x and y axes with approximately 4ag periodicity. This
checkerboard is qualitatively the same in two samples with very different types of
impurities (and also in a nominally impurity-free sample, not shown here).
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Figure 4.4: The vortex-induced LDOS is centered at energy E = 7 meV, but has
significant weight over a range of energies around 7 meV. We integrate over energies
from 1 to 12 meV to maximize the vortex-induced signal.

4.5 Analysis

We can clearly see the checkerboard ordering inside the vortices in the raw data in
figures 4.3(c) and 4.3(d), but other effects (such as the impurity resonances) are distracting
and inhibit our ability to obtain an accurate measure of the wavelength of the structure.

So we employ several tricks:

1. Integrate the maps over all energies influenced by the vortices, so as to capture all the
signal under the peak centered at 7 meV, rather than just the signal from the single

energy 7 meV. This is demonstrated in figure 4.4.

2. Subtract the zero-field-integrated data from the field-integrated data, to remove effects
from impurities and other inhomogeneities which don’t change with field. This is

demonstrated in figure 4.5.
3. Take a Fourier transform to obtain an accurate measure of the wavelength. This is

demonstrated in figure 4.6(a).

To focus preferentially on B field effects, we define a new type of two dimensional map:

E>
SP(x,y,B) =Y [LDOS(E,z,y, B) — LDOS(E, z,y,0)] dE (4.1)
Ey

which represents the integral of all additional spectral density induced by the B field be-

tween the energies F1 and Es at each location (x,y). This technique of combined energy
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Figure 4.5: A map of S{%(z,y,5) showing the additional LDOS induced by the seven
vortices. Each vortex is apparent as a “checkerboard” at 45° to the page orientation.
Not all are identical, most likely due to the effects of electronic inhomogeneity. The
units of Si2(x,y,5) are picoAmps because it represents Y dI/dV - AV. In this energy
range, the maximum integrated LDOS at a vortex is ~ 3 pA, as compared with
the zero field integrated LDOS of ~ 1 pA. The latter is subtracted from the former
to give a maximum contrast of ~ 2 pA. We also note that the integrated differential
conductance between 0 mV and -200 mV is 200 pA because all measurements reported
in this paper were obtained at a junction resistance of 1 G{2 set at a bias voltage of
-200 mV.

integration and electronic background subtraction greatly enhances the signal-to-noise ra-
tio of the vortex-induced states. In BSCCO, these states are broadly distributed in energy
around £7 meV,™! so Silu(:c, y, B) effectively maps the additional spectral strength under
their peaks.

Figure 4.5 is an image of S{2(z,y, 5) measured in the FOV of figure 4.3(d). The locations
of seven vortices are evident as the darker regions of dimension ~100 A. Each vortex displays
a spatial structure in the integrated LDOS consisting of a “checkerboard” pattern oriented
along the Cu-O bonds. We have observed spatial structure with the same periodicity and
orientation, in the vortex-induced LDOS on multiple samples and at fields ranging from 2
to 7 Tesla.

In all 35 vortices studied in detail, this spatial and energetic structure exists, but the
“checkerboard” is more clearly resolved by the positive-bias peak. This energy asymmetry

may be due to the asymmetric set-up condition of the STM which determines the tip height
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Figure 4.6: Fourier transform analysis of vortex-induced LDOS. (A) PS[Si2(x,y, 5)],
the two dimensional power spectrum of the S{2(x,y,5) map shown in figure 4.5. The
four points near the edges of the figure are the E—space locations of the square Bi
lattice. The vortex effects surround the & = 0 point at the center of the figure. (B)
A schematic of the PS[S{%(z,y,5)] shown in (A). Distances are measured in units of
27 /ag. Peaks due to the atoms at (0,%1) and (£1,0) are labeled A. Peaks due to
the supermodulation are observed at By and By. The four peaks at C; and their
companions at Cy occur only in a magnetic field and represent the vortex-induced
effects at k-space locations (0,£1/4) and (£1/4,0) and (0,+3/4) and (£3/4,0).

while imaging: the tip height is fixed by requiring the total tunneling current be 100 pA
while the sample is biased at -100 mV, thus fixing the integral of the density of states out to
-100 meV below the Fermi level. It’s possible that if the setup condition instead fixed the
integrated density of states up to 100 meV above the Fermi level, we would see the vortex

pattern more clearly at negative energies. (We have not yet carried out this experiment.)

We show the power spectrum from the two-dimensional Fourier transform of S{%(z, v, 5),
PS[S}2(x,y,5)] = |FT[S{?(x,y,5)]|?, in figure 4.6(a) and a labeled schematic of these re-
sults in figure 4.6(b). In these E—space images, the atomic periodicity is detected at the
points labeled by A, which by definition are at (0,£1) and (£1,0). The harmonics of the
supermodulation are identified by the symbols B; and By. These features (A, By, and Bj)
are observed in the Fourier transforms of all LDOS maps, independent of magnetic field,
and they remain as a small background signal in PS[S{%(z,y,5)] because the zero-field and
high-field LDOS images can only be matched to within 1 A before subtraction. Most im-
portantly, PS[S12(z,y,5)] reveals new peaks at the four E—space points which correspond
to the spatial structure of the vortex-induced quasiparticle states. We label their locations

C. No peaks of similar spectral weight exist at these points in the two-dimensional Fourier
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Figure 4.7: A trace of PS[Si?(z,y,5)] along the dashed line in figure 4.6(b). The
strength of the peak due to vortex-induced states is demonstrated, as is its loca-
tion in the k-space unit cell relative to the atomic locations. The spectrum along

the line toward (0,1) is equivalent but there is less spectral weight in the peak in
PS[S1%(z,y,5)] at (0,1/4). Note also the weaker peak at ~ (0, 3/4).

transform of these zero-field LDOS maps.

To quantify these results, we fit a Lorentzian to PS[S1*(z,y,5)] at each of the four points
labeled C in figure 4.6(b). We find that they occur at k-space radius 0.062 A~! with width
o = 0.011 4+ 0.002 A~!. Figure 4.7 shows the value of PS[S}?(z,,5)] measured along the
dashed line in figure 4.6(b). The central peak associated with long wavelength structure,
the peak associated with the atoms, and the peak due to the vortex-induced quasiparticle
states are all evident. The vortex-induced states identified by this means occur at (+1/4,0)
and (0,£1/4) to within the accuracy of the measurement. Equivalently, the “checkerboard”
pattern evident in the LDOS has spatial periodicity ~ 4aq oriented along the Cu-O bonds.
Furthermore, the width o of the Lorentzian yields a spatial correlation length for these
LDOS oscillations of L = (1/70) ~ 30+ 5 A (or L ~ 7.8 + 1.3a¢). This is substantially
greater than the measured?! core radius. It appears in figures 4.3(d) and 4.6(a) that the
LDOS oscillations have stronger spectral weight in one Cu-O direction than in the other.
The ratio of amplitudes of PS[S{2(x, y, 5)] between (£1/4,0) and (0, £1/4) is approximately

three. But this could be explained by an asymmetric tip.
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4.6 Interpretation

How might our observation of ~ 4ag periodic B-field-induced electronic structure relate
to the spin structure®® 72 68,46 of the HTSC vortex?

Antiferromagnetic Vortex Core

38, 135

The original suggestion of an AF insulating region inside the core cannot be tested

directly by our techniques, although the Fermi-level LDOS measured there is low, as would

be expected for an AF insulator.30> 131

However, the structure we see has periodicity ~ 4ay,
so the vortex core must have some additional structure beyond a simple AF state with 2ag

periodicity.

Staggered Flux Phase

The staggered flux phase®? also cannot be directly tested via STM. But its predictions
include a 2aq periodic orbital magnetic order. Again, the structure we see has periodicity

~ 4dag so it cannot be explained by the SFP phase alone.

Stripes

»33, 37, 35, 48

Another possibility is that 8ag periodic “stripes are localized surrounding

the core, but that two orthogonal configurations are apparent in the STM images because of

34, 141 or because of bilayer effects. This explanation

fluctuations in a nematic stripe phase,
gains some credibility from the fact that an 8ag periodic spin structure is expected to be

coupled to a half-wavelength 4aq periodic charge structure, similar to what we observe.

Coexisting Spin Density Wave + Superconductivity

A more recent proposal is that when the HTSC order parameter near a vortex is weak-
ened by circulating superflow, a coexisting SDW-+HTSC phase appears, resulting in a local
magnetic state M(r) surrounding the core.?® A second proposal is that the periodicity, ori-

entation, and spatial extent of the vortex-induced M(r) are determined by the dispersion

138

and wavevector of the pre-existing zero field AF fluctuations.'*® In both cases, the 8ag spa-

tial periodicity of M(r) is not fully understood but is consistent with models of evolution

of coupled spin and charge modulations in a doped antiferromagnetic Mott insulator.3? 36
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Figure 4.8: (a) Superfluid velocity v(z) rises and the HTSC order parameter |U(x)]
falls as the core is approached. The periodicity of the spin density modulation deduced
from INS® is shown schematically as M(x). The anticipated periodicity of the LDOS
modulation due to such an M(z) is shown schematically as LDOS(x). (b) A schematic
of the two-dimensional “checkerboard” of LDOS modulations that would exist at a
circularly symmetric vortex core with an 8ag spin modulation as modeled in (a). The
dashed line shows the location of the ~ 5ay diameter vortex core. The dark regions
represent higher intensity low energy LDOS due to the presence of a vortex. They are
2ay wide and separated by 4ag. (c) The two dimensional autocorrelation of a region
of S{2(x,y,5) that contains one vortex. Its dimensions are scaled to match the scale
of (a), and it is rotated relative to figure 4.3(d) so that the Cu-O bond directions are
here horizontal and vertical.

Figure 4.8(a) shows a schematic of the superflow field and the magnetization M(r) local-
ized at the vortex. Almost all microscopic models predict that magnetic order localized near
a vortex will create characteristic perturbations to the quasiparticle LDOS.40: 32, 136, 137, 139
In addition, general theoretical principles about coupled charge- and spin-density-wave or-

der parameters?’?” 37, 35, 48, 39, 36

indicate that spatial variations in M(r) must have double
the wavelength of any associated variations in the LDOS(7). Thus, the perturbations to the
LDOS(r) near a vortex should have 4ay periodicity and the same orientation and spatial
extent as M(r) as represented schematically in figure 4.8(a). In an LDOS image this would
become apparent as a checkerboard pattern, shown schematically in figure 4.8(b). In figure
4.8(c), we show the autocorrelation of a region of figure 4.3(d) that contains one vortex, to
display the spatial structure of the BSCCO vortex-induced LDOS. It is in good agreement
with the quasiparticle response described by figures 4.8(a) and 4.8(b). Therefore, assuming
equivalent vortex phenomena in LSCO, YBCO and BSCCO, the combined results from INS,
ENS, NMR, and STM could lead to an internally consistent new picture for the electronic

and magnetic structure of the HTSC vortex
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4.7 Further Questions

Unfortunately we are unable to distinguish between the various scenarios in the previous
section. Some questions we would like to ask in future experiments to address these scenarios

are summarized here.

4.7.1 One-Dimensionality

Some degree of one-dimensionality is evident in these incommensurate LDOS modula-
tions because one Cu-O direction has stronger spectral intensity than the other by a factor

of approximately two.

However, this could easily be caused by a tip effect. An asymmetric tip will blur the
DOS in one direction, but may still allow very high resolution in the orthogonal direction.
The best way to check for an asymmetric tip is to image an isolated impurity with high
resolution. If it appears distorted, then it’s likely the tip is asymmetric. Another check is to
look at the autocorrelation of an image: a double tip will show peaks in the autocorrelation
at the length scale of the double tip.

Another possibility is that there is just so much disorder in the system (from at least
100 Ni atoms in the FOV, plus at least 10 other impurities of uncertain origin) that the

pinning forces distort the vortices.

The best way to check for asymmetry would be to look at vortices far from impurities,
with a tip which has been previously checked for asymmetry by imaging a single isolated

impurity.

4.7.2 Dispersion

The vortex-induced modulations are the same orientation and a very similar wavelength
to the ¢1 modulations discussed in the previous chapter. In fact, the wavelength of the ¢}
modulations disperses through the apparently static wavelength found here for the vortex
modulations (although not at 7 meV). So we must ask, have we missed detecting a dispersion

because we have integrated over the whole range of relevant energies from 1 meV to 12 meV?

The ¢1 peak disperses only weakly: from 0.22 to 0.25 of the Brillouin zone. In order
to see this weak dispersion, we need ¢-space resolution at least 1% of the Brillouin zone,
which means we need a real field of view of size at least 100ag &~ 400 A. But the vortices are

only ~ 100 A, which gives us a g-space resolution ~ 4% of the Brillouin zone. Even though
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Figure 4.9: Search for dispersion in vortices. The non-integrated vortex power spec-
trum, extracted along the line in figure 4.6(b), is shown in figure for energies from 0
meV to 12 meV. The curves are smoothed for visual clarity.

we have seven vortices in our field of view, our resolution is increased only by a factor of
~ /T = 2.6. This would likely not be enough to definitively measure a dispersion. The
non-integrated vortex power spectrum, extracted along the line in figure 4.6(b), is shown

in figure 4.9 for energies from 0 meV to 12 meV.

The search for a dispersion of the vortex resonance is so far inconclusive. One possibility
to detect or rule out a dispersion in the future might come from imaging vortices in higher
magnetic fields. If, as neutron scattering experiments imply, the magnetic-field induced
ordering comprises a larger and larger fraction of the area as the field is increased, until
the ordering covers the whole area, then it is possible that we could achieve more %—space
resolution in high fields. In the foreseeable future, the highest possible field for this type of

slow, high-resolution STM measurement is approximately 15 T.

4.7.3 Charge Density Wave

One way to check for a charge density wave is to look for a spatial phase flip across the
Fermi level ep. The data shown here are not sufficiently well-resolved to determine whether
there is a phase flip. Spatial resolution is only 1 pixel per 2 A, but also there are too many

impurities influencing the pinning and making it difficult to see clearly.
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More importantly, these data were taken only with a negative setup condition (requiring
the total current to be constant at a fixed negative bias voltage). These data should be
retaken at higher spatial resolution, and with both positive and negative setup conditions,
ideally on a sample with fewer impurities, to resolve the question of the phase flip and test

definitively for a charge density wave.

Matsuba et al.'*? recently showed the first STM images of an ordered vortex lattice in
BSCCO, which implies that their vortices are unpinned. Although their images are lower
resolution, they do offer some support for the quasiparticle checkerboard we observed, and
specifically for the increased strength and clarity of the positive-energy states. This is
intriguing because they used an opposite setup condition: they required a constant current
with a positive bias of +0.5 V on the sample, instead of a negative bias of -0.1 V as we
used. Despite the opposite setup condition they also saw increased intensity for the positive-
energy states. Before we draw any conclusions from this, we emphasize that the same group

should measure both setup conditions in the same area of the same sample.

4.7.4 Field Dependence

The neutron scattering experiments all show an increase in spin ordering (both static
order and fluctuating order, in different related compounds) on increasing applied B-field.
It would be very useful to look at our vortex-induced DOS ordering as a function of applied
B-field to see if it increases in strength with the same field dependence. STM is not a very
reliable measure of absolute DOS amplitude, due to the tricky normalization procedure
and related uncertainty of tip-sample separation. However, a careful study could be made
of multiple fields on the same field of view with a few reliable impurity resonances to
calibrate and cross-normalize the amplitude of maps taken at different field strengths. Or,
the impurity resonances themselves may change with applied B-field, so another background
signal might be needed instead for normalization. But as long as we can guard against a
tip change while ramping the B-field, it seems likely that such a study is possible and will

be very useful.

The Demler theory of coexisting spin density wave order plus superconductivity gives a

clear quantitative prediction for the increase of SDW order with increasing applied H-field:

M? < H/HzIn(He/H) (4.2)

Equation 4.2 governs spin ordering, but STM is sensitive to charge ordering. However, the

two are predicted to be coupled, so we should do a careful study to look for an increase
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in vortex-induced DOS modulations following equation 4.2. This would lend extra support
to Lake’s finding”® that the static spin order obeys Demler’s prediction,’ and also give
evidence to support the common assumption that the spin and charge order are coupled in

the cuprates.

4.7.5 Doping Dependence

Ando and Boebinger have led experiments to investigate the transport properties of
Lag_;Sr,CuQy, across a range of dopings x, in magnetic fields sufficient to quench super-
conductivity. They have found a significant crossover from unusual insulating behavior in

underdoped,®? to conducting in overdoped,'3* in very high magnetic fields.

We have so far investigated vortices in BSCCO samples only very close to optimally
doped. It will be very important to look for differences in the induced order in further
underdoped samples. If the induced order really is a charge density wave of some sort, we

might expect it to be significantly enhanced in underdoped samples.

1.3 shows that the energy of the vortex-

A recent experiment by Hoogenboom et a
induced state varies systematically with the local gap in the neighborhood of the vortex.
For larger local A (i. e. more underdoped) the vortex-induced resonance also has larger
energy. However, the error bars on this study are large, and the import of the result is not
clear, since the gap inhomogeneity has a length scale of ~30 A while the vortex-induced
resonances appear over a ~100 A length scale, so the vortex-induced resonance may be
influenced by several regions of very different local A. It would be useful to look again at

this result with a number of samples of wider variation in bulk doping.

4.8 Conclusion

The vortex-induced electronic structure has some superficial similarities to quasiparticle
interference. Both display ~ 4ag periodic CuO bond-oriented order. At ~ 7 meV, the den-
sity of states pattern surrounding the vortex looks quite similar by eye to the quasiparticle

interference density of states pattern filling all space in zero applied field at ~ 10-20 meV.

However the vortex electronic structure is 10-100 times stronger than the quasiparticle
interference. Also, while the zero-field quasiparticle interference varies with energy, the
vortex electronic structure apparently doesn’t disperse, although we can’t know for sure
from existing data. Furthermore, the quasiparticle interference shows 16 ¢-space peaks,
while the vortex structure shows only 4: (1/4,0), (0,1/4), (3/4,0), and (0,3/4). Since the
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vortex electronic structure appears where we know the SC to be destroyed, it seems very
likely that the vortex-induced electronic structure is evidence of another competing order.

If so, it would be the first real-space image of a new periodic electronic state in the cuprates.

Independent of models of the vortex structure, the data reported here are important for
several reasons. First, the ~ 4ag periodicity and register to the Cu-O bond directions of the
vortex-induced LDOS are likely signatures of strong electronic correlations in the underlying
lattice. Such a 4ag periodicity in the electronic structure is a frequent prediction of coupled
spin-charge order theories for the cuprates, but has not been previously observed in the
quasiparticle spectrum of any HT'SC system. This may be the first local glimpse into the
structure of the mysterious “pseudogap” phase whose bulk properties are exhibited by all

high temperature superconducting materials outside of the superconducting dome.
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Chapter 5
Impurities

Since the discovery of high temperature superconductivity in 1986, there has been a
great deal of speculation about the nature of the underdoped phase(s). An undoped cuprate
is an antiferromagnetic Mott insulator. The physics of a doped Mott insulator, which
must connect the antiferromagnetic and superconducting phases, is not well understood
theoretically, and few other real manifestations of a doped Mott insulator have been found.
Above the superconducting transition temperature 7., underdoped materials also exhibit a

132, 144

mysterious “pseudogap” phase, where density of states is gapped and electrons may

be paired but there is no bulk superconductivity.

One reason these regions of phase space remain so mysterious is that extreme under-
doped cuprate crystals have proven very difficult to grow, and have not been available for
experimental study. In this chapter I will discuss scanning tunneling microscopy and spec-
troscopy results from inhomogeneous BiySraCaCusOgi 5 (BSCCO) crystals which may give
us access to nanometer-sized patches of extreme underdoping. In these regions, we find
a notable absence of defect scattering resonances, which may indicate a novel electronic
structure. The relationship of the studies in this chapter to the phase diagram of BSCCO

is shown in figure 5.1.

Possible explanations for the “disappearance” of defect resonances in underdoped crys-
tal regions include a modified Kondo effect, a loss of particle-hole symmetry, or spin-charge
separation or other electron fractionalization. More mundane possibilities include conver-
gence of the hole dopants around the impurities during crystal growth or annealing, or
perhaps the impurities themselves suppress the superconducting order parameter and lower

the surrounding superconducting gap.
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Figure 5.1: A schematic phase diagram of BisSroCaCuyOgi5. The red arrow shows
the area in phase space covered in this chapter. Samples ranging from optimally
doped to underdoped were studied at T' = 4.2 K and B = 0 Tesla.

5.1 Inhomogeneity

Recently there has been much evidence for inhomogeneity in BSCCO.%1 99 92, 145 There
has been some controversy as to whether the observed inhomogeneity is intrinsic or an ar-
tifact of dirty samples or poorly distributed oxygen atoms. Hoogenboom et al. claimed
to have achieved homogeneity in slightly overdoped BSCCO following a specific annealing
procedure, but they have never shown any 2-dimensional DOS maps to prove it. They also
admit they have not been able to achieve homogeneity in underdoped BSCCO crystals. 46
Practically speaking, the apparent inevitability of inhomogeneity in underdoped crystals
presents an additional challenge for bulk experimental studies: if novel properties are ob-
served in underdoped crystals, one must ask whether they represent a single underdoped
phase, or whether they are an artifact of the granularity or inhomogeneity itself. In any
case, for our purposes, it matters not at all whether the inhomogeneity is an intrinsic or
unavoidable phenomenon. The point is that we do see inhomogeneity in our crystals, and
because we have a local probe, we can make use of the inhomogeneity to access different

areas of phase space within a single crystal.

A useful way to quantify the inhomogeneity is to make a “gapmap”. To do this, we
measure a density of states (DOS) spectrum (101 energy points) at every single point in
a 128 x 128 pixel, ~ 500 x 500 A field of view. From each spectrum, we extract the local
gap A in the density of states at the Fermi level. (Note that this may or may not be a
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superconducting gap; it’s possible that in some spatial locations it is actually a pseudogap.)

We have measured these “gapmaps” on more than 10 different samples with nominal
bulk doping ranging from p ~ 0.1 to p ~ 0.17. In all samples, we find segregation of the
sample into patches of different local A. Each patch is 2-3 nm across. Within a typical
sample, the variation in A from one patch to another can be as large as 100%. Example

gapmaps for two samples of different bulk doping can be seen in figure 5.2.

Figure 5.2: Gapmaps for (a) underdoped (A = 50.6 meV) BSCCO and (b) “as-grown”
(slightly overdoped, A = 35.3 meV) BSCCO with 0.5% Ni substitutions.

Relating A to 7, and p

From many different experiments on the cuprates, there are well-documented relation-
ships between the independently controlled bulk doping p and the measured parameters 7,
and mean gap of a bulk sample A. T, can be related to hole concentration p using the

following formula given by Presland et al.'4"

T./T™ =1 — 82.6(z — 0.16)> (5.1)

This parabolic form seems to be quite general for many of the hole doped cuprates.!*® The
relationship is plotted in figure 5.3(a) with 7}"** = 92 K for optimally doped BSCCO.

Bulk mean gap A can be related to hole concentration p using a compilation of measure-

ments from SIS tunneling and ARPES. A plot from Miyakawa et al.'*® compiling results
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Figure 5.3: (a) Presland formula for critical temperature 7. vs. doping p. (b)
Miyakawa plot of gap A vs. doping p. Filled black circles are SIS tunneling re-
sults measured by Miyakawa et al.'4%; open circles and open diamonds are other SIS
tunneling results; and open triangles and open squares are ARPES results. Colored
circles show the measured bulk A for seven different samples we have looked at. We
cannot measure p directly, so I have just used our measured A to place our samples
onto the Miyakawa trend line.

from several experiments is reproduced here in figure 5.3(b). (Some other relevant results re-
lating A to p have been presented by Nakano et al.'®® and Ozyuzer et al.'*>) The Miyakawa
plot shows a clear trend: as bulk doping p decreases, bulk A increases. The best fit to the
data shown by Miyakawa et al. gives the relationship:

A = 79.58 — 273.85p (5.2)

I also plot in figure 5.3(b) colored circles representing seven of the crystals we have
studied. Note that we measure A but we cannot measure p directly. I have just plotted
our points on top of the Miyakawa trend, with the assumption that our samples follow the
same trend, so that bulk p can be estimated from the measured A. A summary these seven

crystals is given in table 5.1.

It seems reasonable to suppose that the Miyakawa trend also holds locally in the crys-
tal. If this is true, then a nanoscale region with low local A may have a high local hole
concentration. Conversely, a nanoscale region with high local A will give us a window into
the very underdoped region of the BSCCO phase diagram. As can be seen in the Miyakawa
plot, the most underdoped samples available to all six different research groups who con-

tributed data to this plot have p ~ 0.1 with A ~ 50 meV. However, in our “gapmap”
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A [meV] D T, T.

(measured, | (Miyakawa | (Presland (measured,
STM) plot) formula) Eisaki)
35.3 0.163 92K 83K (0.5% Ni)
36.8 0.157 92K 85K (over)
38.9 0.150 91K 85K (0.2% Ni)
1.4 0.140 89K | 84K (0.6% Zn)
43.7 0.132 86K 85K (0.2% Ni)
50.6 0.107 71K 79K (under)
50.9 0.106 70K 75K (under)

Table 5.1: Summary of measured A and 7T}, and calculated p and T, for seven different
crystals studied. All crystals are grown by Eisaki and Uchida, using the floating zone
method. There is some disagreement between the calculated and measured 7. shown
in this table. Some likely explanations for this disagreement include: (1) It is known
that T, is depressed by approximately 5 K per atomic percent by the presence of Zn
or Ni impurities.’®! Therefore, the measured T, for the Zn and Ni substituted crystals
should be lower than the 7, calculated from doping p alone. (2) The 7, measurement
was made by the crystal growers long before the crystals were inserted into the STM.
It is possible that oxygen content changed during the long shelf time of up to several
months. (3) The inhomogeneity may influence the relationship between p and T,. If
a connected path of high-T, patches exists, then the measured bulk 7T, may be higher
than the average of the local T.’s from each patch.

studies, we see nanoscale patches with local gap A in excess of 70 meV. This indicates that
with the spatial resolution of an STM we may be able to access properties of the material

in a far-underdoped region of phase space inaccessible to bulk studies.

5.2 Types of Impurities

What can we learn about a new region of phase space if we have access only to a
nanometer-sized patch of it? One way to probe a small region of material is to stick
an impurity in, and see how the surrounding electronic structure responds. We cannot
intentionally stick impurities into specific regions of the sample. But BSCCO crystals can
be intentionally grown with known concentrations of impurities, so we can study the patches

they happen to land in.

I will discuss three different types of impurities, all of which are centered at the Cu lattice

site: intentionally substituted Zn, intentionally substituted Ni, and a native defect which
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Figure 5.4: Density of states maps and spectra at (a) Ni, (b) Zn, and (c) native defect
resonances in BSCCO. All maps are 50 A square. A spectrum on the center atom of
a Ni impurity shows peaks at +9 meV and +18 meV; a spectrum at a Zn impurity
shows a peak at -1.5 meV; and a spectrum at a native defect shows a peak close to
0 meV. Black curves show typical spectra far from the impurities, for comparison.

Each map was measured near the peak energy of the corresponding resonance: (a)
+9 meV; (b) -1.5 meV; and (c) -0.5 meV.

has a strong zero bias conductance peak (ZBCP). The origin of the native defect is not
known for sure, but based on a combination of topographic and spectroscopic information
it seems likely that it is a missing Cu atom, or a missing apical oxygen atom from directly
above the Cu atom.' The spatial and spectroscopic signatures of these three types of

impurities are shown in figure 5.4.

I will report in detail on three samples:

1. nominal 0.6% Zn substitution (actual observed ~ 0.13%);
“as-grown” T, = 84 K

2. nominal 0.2% Ni substitution (actual observed ~ 0.21%);
also contains ~ 0.14% native defects with ZBCPs;

“as-grown” T, = 85 K
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3. nominally “clean”, but ~ 0.13% native defects with 4-fold symmetric ZBCPs;
overdoped T, = 85 K

If these impurities are randomly distributed throughout the crystal, then they will land
in many different patches of different A. By measuring the properties of the electronic
perturbations caused by these impurities as a function of their local environment A, we
may be able to probe patches of the very far underdoped region of the crystal. The punch-
line to this story is that the impurities apparently do not even show up in the very large A

(or very underdoped) regions of the crystall

5.3 Defect Properties vs. Local A

To catalog the properties of large numbers of defects versus their surrounding local gap,
automatic algorithms are needed for (1) identifying defects; and (2) computing the local

gap A.

5.3.1 Identifying Defects

Each type of defect produces a resonance in the density of states at a characteristic
energy. One correlation to look for is dependence of the strength of this resonance on local
gap A. Since it’s possible that the resonance will be significantly weaker in some local
environments than others, we need a clear-cut algorithm for distinguishing between a weak

impurity and a noise spike.

It’s easier to make the distinction between real defects and noise when the data has
higher energy resolution and higher spatial resolution. Due to limitations in the helium
hold time of the fridge, most of our datasets have only 4 A spatial resolution and 2 meV
energy resolution. (A summary of the available data resolution is shown in table 5.2.) The

identification of real impurities in low spatial resolution data can be somewhat ambiguous.

Zn impurities

Zn impurities have a peak in the density of states at -1.5 meV. This peak is strongest
on the central atom, and falls off to about 1/5 of the value on the next nearest neighboring
atoms.'® In order to look for Zn resonances, I plot in figure 5.6 the strength of all local

maxima in the 0 meV density of states map. Of course this includes all of the local maxima
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nominal spatial energy
impurities | resolution | resolution
0.6% Zn 41 A 2 meV
0.2% Ni 4.7 A 2 meV
none 1.3 A 2 meV

Table 5.2: Spatial and energy resolution available for the three samples studied in
this chapter.

in the background noise too. By examination of this plot, I impose a sensible cutoff at 0.2
nS zero bias conductance. From this cutoff, I find 25 Zn impurities in a 530 x 530 A field

of view, resulting in an actual concentration of 0.13% Zn substitution.
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Figure 5.5: True vs. nominal impurity concentration.'® Despite the introduction of a
large number of impurities into the melt while the crystal is growing, some impurities
do not incorporate well into the crystal, but are rather swept along by the melt.
Therefore the true impurity concentration, measured by independent means after
crystal growth, may be much less than the nominal impurity concentration, which is
the % of impurities in the melt. This figure is borrowed from vom Hedt et al.'®!

The nominal Zn substitution was 0.6%, a factor of almost 5 higher than that observed.
There are two possibilities for this discrepancy. One possibility is that the crystal actually
contains fewer Zn atoms than the crystal growers thought. The crystal was grown by the
floating zone method, so it is possible that most of the Zn impurity atoms introduced in
the Cu mix are simply swept along instead of incorporating into the crystal. In fact, vom
Hedt et al.'®' grew Zn-substituted BSCCO crystals by a similar method, and reported
that the Zn concentration incorporated into the crystal saturated at 0.4% even as the
starting Zn concentration in the melt was increased to 4%. The true impurity concentration
(as measured by x-ray wavelength-dispersive microprobe analysis) is shown vs. nominal
concentration in figure 5.5. According to the vom Hedt plot, our measured Zn concentration

of 0.13% is very close to what we should expect for a nominal Zn concentration of 0.6%.
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Figure 5.6: Strength of all local maxima in the 0 meV dI/dV map vs. local gap A, in
nominal 0.6% Zn-substituted BSCCO. Over 500 local maxima are shown here as blue
squares, but clearly the vast majority are just local maxima in the background noise.
A sensible cutoff of 0.2 nS is imposed to separate true resonances from local noise
maxima. A histogram of the gapmap values is plotted in the background in grey for
comparison.

Another possibility is that more Zn impurities are present but for some reason we
cannot see all of them, perhaps due to differences in their local environment which render
them invisible to our STM technique. This may be true, but as we shall see, it would
only account for ~18% missing zinc atoms, not the ~80% discrepancy we see. The most
likely explanation for the bulk of the discrepancy is that the number of Zn atoms actually
incorporated is significantly less than the number of Zn atoms introduced in the melt, and

the “nominal” impurity concentration is simply not a reliable quantity.

Ni impurities

Ni impurities are more complicated (because they have spin 1, as opposed to Zn which
has spin 0, so Ni resonance peaks are split in two). They have peaks in the density of states
at +9 meV and +18 meV on the central atom, but they also have peaks in the density of
states at -9 meV and -18 meV close to the nearest neighbor atoms.'® The central atom
peak is the strongest, so we look for Ni atoms in the positive density of states maps. We
find Ni atoms by their +18 meV resonance (instead of their +9 meV resonance) for two
reasons. First, since our sample has only 2 meV energy resolution, we would need to look for
the +9 meV peak in the +8 meV or +10 meV maps, where it will not be at full strength.
Second, this sample also contains a high concentration of native impurities, which have

strong density of states peaks near zero bias. The tails of these strong peaks are still visible
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Figure 5.7: Strength of all local maxima in the 418 meV dI/dV map vs. local gap A,
in nominal 0.2% Ni-substituted BSCCO. Over 500 local maxima are shown here as
red squares, but a sensible cutoff of 0.7 nS is imposed to separate true resonances from
local noise maxima. A histogram of the gapmap values is plotted in the background
in grey.

as far away from zero bias as 10 meV, which makes it difficult to distinguish between Ni

impurities and native impurities by looking at a +10 meV map.

The strength of all local maxima in the +18 meV map is plotted in figure 5.7. Here
it is somewhat less clear where to impose a cutoff than in the Zn case. We impose a low
cutoff at 0.7 nS conductance, and risk including some noise amongst our Ni resonances,
rather than omit any real Ni resonances. This cutoff leads to 53 Ni resonances in the
field of view. In fact, we are almost certainly including some noise, since the nominal Ni
concentration is 0.2% but the observed Ni concentration is 0.21%. It’s more likely that the

true concentration is somewhat less than the nominal concentration, as shown in figure 5.5.

Native Defects

Unintentional native defects appear in most samples, and are similar to Zn impurities
in that they have a strong peak in the density of states near zero bias. The local maxima
of zero bias maps for two samples are shown in figure 5.8. Based on these plots, thresholds
are imposed at 0.4 nS and 0.2 nS. The values are slightly different, most likely because the
lock-in amplifier phase was set incorrectly in the 0.2% Ni-substituted map. An incorrect
phase merely results in a constant offset in the conductance measurement. Indeed, the green

value plots in figures 5.8(a) and 5.8(b) are very similar, just shifted by 0.2 nS vertically.

The spatial pattern of the native defects is somewhat different from the Zn spatial
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Figure 5.8: Strength of all local maxima in the 0 meV dI/dV map vs. local gap A, in
(a) nominal 0.2% Ni-substituted BSCCO, and (b) nominally clean BSCCO with no
intentional impurities. Over 500 local maxima are shown here as green squares, but
sensible cutoffs of (a) 0.4 nS and (b) 0.2 nS are imposed to separate true resonances
from local noise maxima. Histograms of the gapmap values for the two samples are
plotted in the background in grey.
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Figure 5.9: Sample curves from potential native defect sites. In order to find the
native defects, we impose two constraints: zero bias conductance must exceed a certain
threshold, and the spatial signature must include two adjacent pixels with high zero
bias conductance. (a) circles several definite zero bias defects and several borderline
“local maxima”, while (b) shows sample spectra from the chosen circles examples
in (a). We can see that the automatic criteria were good; only red, blue, and black
deserved to be called zero bias conductance peaks, and only these three spectra passed
the automatic criteria.
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pattern. Unlike Zn and Ni, the native defect resonance has more strength on neighboring
atoms than it does on the central atom. Therefore we impose an additional constraint when
looking for native impurities in the low spatial resolution dataset in figure 5.8(a). They must
have two adjacent pixels with a high zero bias conductance. In figure 5.9(a), the three local
maxima eliminated by this additional constraint are circled in yellow, cyan, and orange. In
figure 5.9(b) spectra from these and several other local maxima are shown for comparison.
It is apparent from these spectra that there is really no zero bias conductance peak in the

eliminated local maxima.

The other dataset, in figure 5.8(b) has high spatial resolution, so we impose the addi-
tional constraint that observed ZBCPs must exhibit clear 4-fold symmetry in the zero bias
conductance map. This eliminates 4 of the 34 local maxima which exceeded the cutoff of
0.2 nS. (All 4 eliminated had local A < 35 meV.)

5.3.2 Local Gap Determination

The local gap needs to be determined at a large number of pixels, so it is impractical
to look at every single spectra individually and determine the gap by eye. The spectra are
also somewhat noisy, so the determination of gap by eye might in some cases be somewhat
subjective. This might lead to a false correlation between impurity characteristics and local
gap, if the by-eye-gap-determiner really wants the local gap to take a certain value in order

to support an attractive hypothesis.

So it is safer to let a computer algorithm do the gap determination. Of course any
program is written by a human and may still be subject to systematic errors in gap de-
termination, but at least any such errors will be systematic and objective. The computer
algorithm to find the gap is summarized in appendix A. In summary, the algorithm looks

for positive and negative gap-edge peaks, then returns the average, A = (AL + A_)/2.

Local gap around an impurity

It is important to choose a consistent method to measure the local gap around an
impurity. In some cases, the impurity destroys the coherence peaks on site, so it is difficult
to determine the local gap. It makes more sense to look for the gap in neighboring pixels.
But how far away should we look? We could try 4 nearest neighboring pixels, 8 nearest
plus next nearest neighboring pixels, 12, 20, etc. The more pixels we average over, the more
likely we are to be sampling an adjacent nanoscale region with totally different local A.

Averaging over multiple pixels will have the effect of narrowing all gap distributions and



5.3. DEFECT PROPERTIES VS. LOCAL A 95

I single point
[ 4 nearest neighbors
10+ I S nearest neighbors
84
e
& 67
=S
4-
2 4
04

20 30 40 50 60 70 80
A [meV]

Figure 5.10: Comparison of gap histograms for different averaging schemes. Red
shows the true single-pixel gap histogram, which has the largest spread. Green shows
a histogram of the average of 4 nearest-neighboring pixels around each central pixel.
Blue shows the average of 8 nearest-neighboring pixels; blue has all but lost the tails
of the distribution.

eliminating the tails of the distributions. For example, figure 5.10 shows the histogram of
local gap in a single field of view for three different averaging schemes: (red) single pixel
distribution; (green) average of 4 nearest neighbors around each pixel; (blue) average of 8
nearest neighbors around each pixel. Note that the red distribution is broadest and has the

longest tails, while the blue distribution has lost significant weight in the tails.

In order to define the local gap around each pixel without inadvertently including pixels
from neighboring different-gapped regions, we define the local gap at a given pixel as the

average of the gap measured at its four nearest neighbor pixels.

5.3.3 Distribution of Impurities

Now that we have an objective algorithm to (a) locate impurities and (b) determine the
local gap A around the impurities, we can plot their distributions. Histograms of total gap
distributions and impurity local gap distributions are shown in figure 5.11. The locations of
the impurities are superimposed on the gapmaps in figure 5.12. It is striking that no defect

resonances of any type appear in large gap regions any of these three samples.
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Figure 5.11: Gap and defect histograms. Histograms of A from three spectral-surveys
are shown in gray. Histograms of local A at the impurity sites are shown in blue
(Zn substitution), red (Ni substitution), and green (native defect). For each impurity
resonance, the local gap is determined by the spatial average of A from the four nearest
neighbor pixels, effectively 4 points approximately 4-5 A away on all 4 sides. Although
for A < 35 meV the total A distributions and impurity site A distributions are
similar in shape, above A ~ 35 meV they rapidly diverge and the impurity resonance
distributions reach zero by 50 meV. Remarkably, no defect scattering-resonances are
observed in any region where A > 50 + 2 meV.

Are these distributions a statistical accident?

With a small number of defects, statistical fluctuations might result in the absence of
defects in regions where A > 50 meV. However, if the defects are distributed randomly,
and if all regions can support quasiparticle scattering resonances, our non-observation (in
three independent experiments on three different crystals) of defect resonances in regions

with A > Acytot (Where Acyiot ~ 50 meV) has a very low combined probability.

For each sample and impurity type, the probability of such a low-A distribution of
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Figure 5.12: Location of defect resonances with respect to gapmap. Spectral surveys
of 101 energies x 128 x 128 pixels were acquired at 4.2K on three BSCCO samples,
all with tunnel junction resistance of 1G{2. The gapmap calculated from each spectral
survey is shown with a color scale such that regions with A < 50 meV are light gray
and regions with A > 50 meV are dark gray. The locations of defect resonances are
superimposed on the gapmaps in blue (Zn substitutions), red (Ni substitutions), and
green (native defects). No defect resonances of any type were detected in dark gray
regions where A > 50 + 2.5 meV in any of the three samples.

visible resonances is:

P(Aimp < Acuto vV impurities) = (% area with A < Agugose) 7 Impurities observed) (5 3)

Combining the probabilities from our 3 samples results in a total probability of:

Protal = (0.824)% x (0.867)%% x (0.804)%2 x (0.904)%° =2 x 10719, (5.4)

very low indeed. However, in our excessive care to include all visible impurity resonances,
we may have inadvertently included some noise spikes. Reducing the exponents in equation
5.4 will increase piotal- S0 let us go back to figures 5.6, 5.7, and 5.8 and impose a more
stringent conductance cutoff, just to see how much it might increase our chances of acci-
dental occurrence of this low-A distribution. In the Zn-doped sample, the cutoff was very
clear; it does not need to be changed. In the “clean” sample, each defect was simultaneously
identified by its spatial pattern in a high-spatial resolution map, so the cutoff does not need
to be changed. However, in the Ni-doped sample we can choose a more conservative cutoff
of 0.85 nS for identification of Ni impurities, and a cutoff of 0.6 nS for identification of

native defects. This results in a new total of 22 Ni impurities and 20 native defects. The
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Acutoff probability of
# (highest A at % area with | accidental
sample | defect | observed | observed defect site) | A < Acytoft occurrence
0.6% Zn 7n 25 47.8 meV 82.4% 0.007910
0.2% Ni Ni 53 52.0 meV 86.7% 0.000519
0.2% Ni | native 32 49.8 meV 80.4% 0.000929
“clean” | native 30 45.8 meV 90.4% 0.032339

Table 5.3: Defect resonance gap distributions and their probability of occurrence.

new probability of these distributions occurring by chance is:

Drotal = (0.824)%° x (0.839)%2 x (0.804)%° x (0.904)*° =1 x 1077 (5.5)

Therefore, with either a liberal or conservative criterion for locating defects, chance occur-

rence of this low-A distribution appears ruled out.

Are dopants attracted to defect regions during crystal growth?

One scenario which might explain our observations is that defects somehow seed nanoscale
regions, influencing them to develop into superconducting domains with A < 50 meV. Per-
haps oxygen dopant atoms are attracted to the vicinity of defect sites, either during crystal
growth, subsequent annealing, or mobility at room temperature during crystal storage.
Even if the oxygen atoms do not move at all, it is possible that the doped holes in the CuO
plane congregate near defects. These pockets of oxygen and their concomitant holes would
locally depress A and would thus explain our observed correlation between visible defects

and low-A regions.

This scenario seems unlikely, because visible resonances at both Ni and Zn (and possibly
vacancy) sites would have to attract holes. The Cu atoms in the crystal are believed to
have valance 3d” and charge +2. The Ni substitutions are believed to have valance 3d® and
charge +2. Zn substitutions are believed to have valance 3d'° and charge +2. So there is no
compelling reason why both Ni and Zn substitutions would attract oxygen atoms or holes.
In fact, since they are on opposite sides of Cu in the periodic table, one might expect that
if Ni attracts oxygen or holes, then Zn would repel oxygen or holes, or vice versa. Some
relevant properties of Ni, Cu, and Zn are shown in table 5.4. From this it can be seen that

almost all chemical properties of Cu are intermediate between the properties of Ni and Zn,
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so it is likely that Ni and Zn would have opposite chemical behavior with respect to Cu.

ionization energy (eV) | electronegativity covalent

element | 1% [ 27 | 3d (Pauling scale: 0-4) | radius (A)
Ni 7.635 | 18.15 | 35.16 1.91 1.15
Cu 7.726 | 20.29 | 36.83 1.9 1.17
Zn 9.394 | 17.96 39.7 1.65 1.25

Table 5.4: Some chemical properties of Ni, Cu, and Zn which might affect their
tendency to attract oxygen atoms or holes in a cuprate superconductor. For all
properties listed, Cu has values intermediate between those of Ni and Zn.

In summary, attraction of dopants to Zn substitutions, Ni substitutions, and native
defects is a possible scenario we cannot rule out. However, it seems unlikely because Zn
and Ni sandwich Cu in the periodic table, and thus might be expected to display opposite

chemical behavior, not the same behavior.

Does the impurity lower the gap in the surrounding region?

Defects of any type may suppress superconductivity and thus lower the superconducting
order parameter and local gap A (without actually affecting local dopant concentration).
One might expect that Zn (which has spin 0 and is non-magnetic) would have a more
disruptive effect than Ni (which has spin 1 and is magnetic) when substituting for the

magnetic spin-1/2 Cu atom. There is some conflicting literature in this regard.

Vom Hedt et al. report that Zn and Ni (and in fact Co and Fe too) substitutional
impurities in BSCCO have exactly the same effect on T, which might imply that no one
element is more disruptive to local superconductivity than the other. All four substitutional
impurities suppress 7, with an initial slope (at low concentrations) of -5 K / atomic %, as
shown in figure 5.13(a), copied from vom Hedt et al.'®! This slope holds up to 2% for Ni
and Fe, but it has not been measured beyond 0.4% for Zn, because of difficulties in sample
growth. Although the three closely spaced data points measured for Zn substitution in
BSCCO may be insufficient to establish a reliable trend, the effect of Ni substitution on 7T,
in BSCCO has been verified by Hancotte et al.'®

However, a later study by Westerholt et al. showed that Zn causes a much larger T,
suppression than Ni or Fe when substituted in YBCO. In YBCO it is apparently easier
to achieve high Zn concentration, and the T, drop is 15 K / atomic % Zn, compared to

approximately 2 K / atomic % Ni, as shown in figure 5.13(b). Other non-magnetic elements
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Figure 5.13: Bulk T, suppression by substitution of Ni, Zn, or Fe impurities in
BSCCO™! or YBCO'?6

such as Al and Mo also cause large T, suppression, while other magnetic elements such as

Fe have a weaker effect.!?6

Furthermore, S-I-S tunneling experiments, both STM and break junction, on Ni and Zn
substituted crystals have shown that Zn concentration up to 1% has little effect on gap A
(if anything, A decreases slightly). On the contrary, Ni substitution up to 2% increases A
by up to a factor of 2.1% However, a theoretical study of Ni atoms in BSCCO requires that
Ni atoms locally suppress A by 6 meV in order to achieve a good fit to the data.'®”

Microscopic studies show that Zn atoms locally destroy the superconducting coherence
peaks.'®3 Substitution of Ni at a Cu site has a much weaker effect on the local electronic
structure of superconductivity. Ni atoms retain particle-hole symmetry in the electronic
structure (a hallmark of superconductivity), when integrated over area. This is in stark
contrast to Zn atoms which display a single resonance at -1.5 meV. Furthermore, the su-
perconducting coherence peak is still strong at the Ni site and neighboring sites, in contrast

to the coherence peaks which are destroyed surrounding the Zn site.'?*

Therefore, while it might be reasonable to guess that Zn significantly depresses the su-
perconducting gap, we would expect that suppression of the gap by a Ni impurity would
be substantially less pronounced. However, both Zn and Ni display similar local A distri-
butions, as shown in table 5.5. Furthermore, impurity atoms are clearly not necessary to
create patches of low A, since these low-A regions exist even in samples with no visible
defects.
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‘ defect ‘ Atotal (meV) ‘ Adetect (meV) ‘ abs. difference ‘ % difference ‘

Zn 414 +£ 7.8 35.9 £ 5.7 9.5 13.3%
Ni 43.6 + 8.7 38.7 £ 6.4 4.9 11.2%
native | 36.8 £ 8.2 32.1 £ 4.8 4.7 12.8%

Table 5.5: Mean gap overall for three samples, and mean gap surrounding just the
defects in these samples.

Does the impurity intensity decrease with increasing local gap?

It is important to distinguish whether the defect resonances are actually absent in high-
A regions, or merely too weak to detect in the presence of noise. If the defect resonances
are decreasing in strength as a function of increasing local A then we would expect that at
some Acyioft the resonances would drop below the noise level and we would no longer be
able to detect them. However, we can see from figures 5.6, 5.7, and 5.8, that the strength
of the impurity resonance does not appear to be dependent on local A. Furthermore, the

impurity with largest detected A is not necessarily close to the noise level.

Are the impurities present but not visible in the high-gap regions?

The final, and most interesting, hypothesis is that Zn, Ni, and native defects are physi-
cally present in regions with A > 50 meV, but that they do not create scattering resonances
because these regions represent an electronically distinct phase. If defects are randomly
distributed, and if the locations of defect resonances indicate the local existence of super-
conductivity, then the distribution of superconducting regions has a similar shape to the
colored histograms shown in figure 5.11. The picture would then be of superconducting re-
gions when A < 50 meV, and an unidentified second phase (possibly the pseudogap phase)
when A > 50 meV. Data concerning typical shapes of the DOS spectra corroborates this
picture?? particularly because the energy where regions of low-A and sharp coherence peaks
disappear is identical to the energy where the defect resonances disappear.®? Overall, these
measurements suggest BSCCO is inhomogeneous, possibly with superconducting regions

embedded in an electronically distinct underdoped background.

Additional evidence: native defect concentration vs. doping

One experiment to distinguish between this chemical explanation for the correlation

between visible defect resonances and low-A regions, and the explanation that defects are
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present everywhere but for some reason invisible in the high-A regions is the following:
Grow a single sample with a uniform concentration of Ni or Zn substitutions. Then split
the sample into several pieces and anneal each piece in different oxygen environments to
change the bulk doping of the crystal. The oxygen annealing temperatures (~ 500°C)
are much lower than the crystal growth temperatures (~ 800 — 900°C), so the Ni or Zn
impurities would be unable to move, while the oxygens would be mobile. Then perform
STM mapping on all the samples. If the dopants merely congregate around the defects,
then we should see the same number of defects in all crystals. But if the location of the
dopants is uncorrelated to that of the defects, and defects are invisible in regions of high A,
then we should see more Ni or Zn defect resonances in the overdoped crystals, and fewer in
the underdoped crystals, despite the fact that all crystals were grown from the same melt

and therefore actually contain the same number of defects.

We have not had the opportunity to perform this experiment, because we have not had
access to such an intentionally specifically grown set of crystals. However, we have mapped
“clean” samples at three different dopings. Each of these three crystals contains some of
the same native defects discussed above, identifiable by a sharp zero bias conductance peak,
and a characteristic four-fold symmetric spatial pattern. However, as the doping decreases,

so does the number of these visible defects.

From topographic information, which shows an indentation at the defect site, we believe
that these defects are some kind of missing atom, perhaps missing Cu or missing apical O.
If these defects are really missing Cu atoms, we should expect that their numbers would
be the same for all three crystals, since the crystals are grown first, and doped second, at
a temperature too low for Cu atoms to be mobile. If the defects are missing apical oxygen
atoms, we might expect that the number of defects would increase as we underdope and
reduce the total number of oxygen atoms in the crystal. However, we see the number of

defects decrease as we underdope.

Zero bias conductance maps and their accompanying gapmaps are shown for three
samples in figure 5.14. The locations of four-fold symmetric defect resonances with ZBCPs

are shown as red dots superimposed on the gapmaps.

However, there are some additional ZBCPs observed without 4-fold symmetry. Their
resonances are not as strong as the 4-fold symmetric ZBCPs, and they do not have any
characteristic spatial structure. It is possible that they are a different manifestation of the
same underlying defect as the 4-fold symmetric ZBCPs, but lacking the d-wave symmetry
of the strongly superconducting nanoscale patches. These weak ZBCPs without 4-fold

symmetry will require further investigation.
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Figure 5.14: Location of defect resonances with respect to gapmap in three “clean”
samples of different doping: (a) p ~ 0.16; (b) p ~ 0.11; and (¢) p ~ 0.08. In (d)-(f),
impurity locations are superimposed on gapmaps with a colorscale cutoff of ~50 meV.
Red dots represent full four-fold symmetric defects, while green dots represent weaker
zero bias conductance peaks which display no four-fold symmetry. All red dots are
seen in low-A (lightly colored) regions of the gapmaps.
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4-fold symmetric total
ZBCPs ZBCPs
A % area with total | conc. in total
sample (meV) | A <50 meV | # | conc. low-A | # | conc.
85K over 36.8 94.9% 30 | 0.098% | 0.103% | 34 | 0.111%
75K under | 50.9 53.4% 4 |1 0.017% | 0.034% | 13 | 0.056%
65K under | 62.5* 20.8% 1 10.004% | 0.020% | 18 | 0.076%

Table 5.6: Native defect resonance gap distributions and their probability of occur-
rence. *This value of A is not reliable; the gapmap algorithm does not know how to
deal with values of local A > 75 meV, so in this very high-A sample, a large number
of pixels were simply binned into the 75 meV bin for lack of a better plan. Thus the
value 62.5 meV is likely too low.

One can see from table 5.6 that the concentration of 4-fold symmetric ZBCPs decreases
with decreasing fraction of low-A area in the sample. However, the sixth column shows that
even the observed concentration within the low-A area alone is decreasing with decreasing
doping. This comparison between three samples of different dopings suffers from two prob-
lems: (1) small number statistics, and (2) the unintentional nature of the impurities which
prevents a more complete knowledge of their source. Although we may tentatively sup-
pose that the decreasing number of visible 4-fold symmetric ZBCPs with decreasing doping
supports the hypothesis that they only appear in low-A regions although they are present
everywhere, we must reserve definitive judgement until a more carefully planned study with

known impurities can be carried out.

5.4 Possible Theoretical Explanations

The exciting conclusion is that we can locally access patches of underdoped phase, at
a doping so low that it is inaccessible to bulk studies. Numerous theoretical predictions
exist for this phase, so we can for the first time begin to make comparison between theory
and experiment. Some of the theories of underdoped cuprates which specifically address

the nature of impurity resonances in a non-superconducting phase are summarized here.

Sachdev

Polkovnikov et al. explains that a non-magnetic Zn impurity in BSCCO displays a

modified Kondo effect.!®® The spinless Zn replaces a spin-1/2 Cu atom, but causes a spin-1/2
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moment to be distributed among the four nearest neighbor Cu atoms. NMR observations

show that there is no Kondo screening of the moment at low doping.

However, Sachdev states that there is an onset of non-zero Kondo temperature Tk
at a critical doping beyond which the Tk rises rapidly. Near optimal doping, the Kondo
resonance is detectable by STM as a sharp peak in the density of states whose energy and
width are determined by T .'%"

This Kondo scenario would explain our non-observation of Zn resonances in high-A
regions. The local doping p in the high-A regions is simply too low, so Tk there is less than
4.2 K. Even if there is a Zn impurity in one of these regions, there is no Kondo resonance

to be seen.

Flatte

Tang and Flatté used the experimental on-site density of states spectrum at a Ni im-
purity to match a calculation with six adjustable but mostly independently determined
parameters. They fit the chemical potential ;1 based on the unperturbed superconducting
density of states far from a Ni impurity. Then they fit the Ni potential, both V{ (non-
magnetic) and Vg (magnetic) which set the energies of the Ni resonances at 9.2 meV and
18.6 meV. They then set the nearest-neighbor hopping dtp; based on the linewidth of the
resonances. Finally, they must assume a local suppression of the (2-component) supercon-
ducting order parameter A in order to explain the energy difference between the 9.2 and
18.6 meV resonances on one side of the Fermi level, and the large peak (“coherence peak”
or “van Hove singularity”) on the other side of the Fermi level. The best fit for the A

suppression is JA = 6 meV, starting from an unperturbed local A = 28 meV.157

A similar calculation and fit shows that a Zn impurity suppresses local A by dA = 8
meV, starting from an unperturbed local A = 30 meV. Missing Cu atoms should have a

similar effect.?

If both Ni and Zn impurities are locally suppressing A then it makes sense that we
see no Ni or Zn atoms in the highest-A regions. The actual shifts in the distribution
SA = A — Aot (from table 5.5) are 5.7 meV, 4.9 meV, and 4.7 meV for Zn, Ni, and
native defects, respectively. These are comparable to the Tang-predicted shifts of 8 meV,
6 meV, and ~8 meV. Therefore, according to the Tang calculation, our observation of the
low-A distribution for impurities would be entirely explained by the local suppression of A

by each impurity.

“Private communication from J.-M. Tang.
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Flatté!%0 also predicted that the resonance near the Zn impurity would be particle-hole
symmetric (i.e. appearing at both -1.5 meV and +1.5 meV) for a fully phase coherent
superconducting gap of 40 meV. But the resonance would lose particle-hole symmetry and
emphasize the -1.5 meV peak over the +1.5 meV peak if either (1) the gap became a non-
superconducting “pseudogap” or (2) the superconducting gap lost phase coherence. Since
we measure only the -1.5 meV peak, case (1) or (2) must be true. However, neither case

predicts that the -1.5 meV resonance should disappear as well.

However, Flatté!6!

has also predicted that the Ni atoms will be a local probe of su-
perconductivity. The Ni resonance will either lose its particle hole symmetry, or disappear

altogether, if placed in non-superconducting environment.

Ni atoms placed in regions where there is no pairing coherence would display only the
positive energy component of their associated quasiparticles. The negative energy compo-
nent, which appears only through pairing coherence, would not be visible. One can even
imagine circumstances where ordinary quasiparticles found in metals, which are usually
pure electron or pure hole, would lose their own coherence. For example, in the case of
spin-charge separation the electron itself dissolves into two exotic particles, the ‘spinon’
and the ‘holon’. In this event it is likely that neither an electron nor a hole component

would be associated with the Ni atom.

Balatsky

Balatsky and coworkers address the DOS at a nonmagnetic impurity located in a pseudo-
gap region. They find that the mere fact that DOS is depleted at the Fermi energy is
sufficient to produce a resonance near the nonmagnetic impurity, such as Zn. While no
superconductivity is required to form the impurity state in the PG, if the superconducting
fluctuations are present then an additional satellite peak should appear on a symmetric bias
due to the particle-hole nature of the Bogoliubov quasiparticles. The relative magnitude
of the particle and the hole parts of the impurity spectrum can be used to determine the
extend to which the PG is governed by the superconducting fluctuations. In the case of

fully nonsuperconducting PG there should be no observable counterpart state.'%?

Their work provides impetus for the use of impurities to distinguish between local phases
in cuprates. However, according to their theory, merely landing in a pseudogap region of the
crystal would not cause the Zn impurity resonance to vanish, as we see. In fact, according
to their theory, all of our observed Zn impurities must already be in pseudogap regions,

because none exhibit the particle-hole symmetry they claim is the hallmark of an impurity
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in a superconductor. It’s possible that the Zn impurities are so disruptive that they each

locally create their own pseudogap region.

Senthil & Fisher

Senthil and Fisher provide a formal mathematical theory for fractionalization of the
electron quantum number. Underdoped cuprates may have a tendency towards spin-charge
separation into new quasiparticles: ‘chargons’ and ‘spinons’. In some regions of the sample,
the quasiparticles may be orthogonal to ordinary electrons so the tip electrons can’t tunnel
in or out because there are no overlapping states available. This means that if the defects

created resonances out of these orthogonal quasiparticles, we wouldn’t see them.*?

Granular Superconductivity

Granular superconductivity occurs when microscopic superconducting grains are sep-
arated by non-superconducting regions through which Josephson tunneling between the
grains establishes the macroscopic superconducting state.'% Although crystals of the cuprate
high-T,. superconductors are not granular in a structural sense, theory indicates that at low
levels of hole doping the holes can become concentrated at some locations resulting in hole-
rich superconducting domains.!64: 33, 165, 166 Syperconductivity due to Josephson tunneling
through undoped regions between such domains would represent a new paradigm for un-
derdoped high-T, superconductors. Since we observe three different types of defects with
possibly starkly different behavior in two distinct types of sample region, it seems likely

that in some bulk doping range, BSCCO is best described as a granular superconductor.

5.5 Conclusion

In conclusion, I calculated gapmaps for BSCCO samples of several different dopings,
and showed that A is very inhomogeneous. I showed that three different types of crystal
defect, Zn impurities, Ni impurities, and native defects, appear only in low-A regions of the
crystal. This distribution is statistically significant. Although I cannot rule out a chemical
explanation for this distribution, I propose that the absence of visible defect resonances in
high-A regions is evidence for a quite different electronic phase. With a local probe such as
STM, we may be able to probe nanoscale patches of the far underdoped non-superconducting

phase, although bulk crystals in this doping regime are currently impossible to grow.
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Appendix A
Gapmap Algorithm

This algorithm to find A from a given spectrum was written by Kristine Lang and

subsequently extensively revised by me.

Main Gapmap Algorithm

The gapmap program calls a function FindPeakInSpectrum on each of the 128 x 128
pixels individially. FindPeakInSpectrum walks out from zero energy at the center of the
gap and looks for the first feature it can identify as a coherence peak, subject to several

filters described in the next section.

Generally the program is set to look for a peak in the range enl = 14 meV to en2 = 76
meV. Then it looks for a peak in the range enl = -14 meV to en2 = -76 meV. The results
Ay and A_ are averaged together to give the final output A.

A summary of the algorithm is as follows:
FindPeakInSpectrum{inSpectrum}
nPts = size(inSpectrum, /N_ELEMENTS)
maxVal = MAX(inSpectrum[enl:en2], maxVallIndex)
peakIndex = -1
posSpectrum = inSpectrum[enl:x*]

derivSpectrum = CalcSimpleDeriv(inSpectrum) [enl:*]
decrease = (derivSpectrum 1t 0)
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fiveptsum = decrease $
[decrease[1:%],0] $
[decrease[2:%],0,0] $
[decrease[3:%],0,0,0] $
[decrease[4:%],0,0,0,0]

+

+ o+ o+

; indices of points which satisfy 3/5 criterion
threeoffive = where((fiveptsum[0: (en2-enl1)] ge 3), count)

; if count<=0 then no peak was found between enl and en2,
; so return maxVallndex if we suspect the peak is just higher
; than the given range
; or return error code -1 if we don’t think the peak is out of range
if (count le 0) then begin
if outrangefil then peakIndex=maxVallndex+enl else peakIndex=-1

; 1f we are not skipping resonances, then we just return the local max
; by the first point satisfying the 30f5 criterion
end else if (not skipresfil) then begin
peakIndex = threeoffivel[0]
while ((peakIndex+1) le (en2-enl)) do begin
if (posSpectrum[peakIndex] ge posSpectrum[peakIndex+1]) then $
break $
else $
peakIndex = peakIndex + 1
endwhile
peakIndex = peakIndex + enl

; 1f we are skipping resonances, then find the first peak which
; satisfies the skiprespct criterion
; 1f such points exist, then we return the local max around the first omne
; but if such points don’t exist, we consider outrangefil
end else begin
peakIndex = threeoffive[0]
for i = 0, count-1 do begin
tempIndex = threeoffivel[i]
while ((tempIndex+1) le (en2-enl)) do begin
if (posSpectrum[tempIndex] ge posSpectrum[tempIndex+1]) then break $
else tempIndex = tempIndex + 1
end
if (posSpectrum[tempIndex] gt posSpectrum[peakIndex]) then $
peakIndex = templndex
if (posSpectrum[peakIndex] ge skiprespct/100.0 * maxVal) then break
end
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if (posSpectrum[peakIndex] ge skiprespct/100.0 * maxVal) then begin
peakIndex = peakIndex + enl
end else begin

; if outrangefil is true then we see if the peaklIndex we found
5 (which is the local max by the global max of all pts satisfying
; the 30f5 criterion) satisfies the outrangepct criterion
; (which is usually less stringent than the outrangecriterion)
; if so, then return peakIndex
5 if not, then return maxValIndex
; if outrangefil is false, then return -1
if outrangefil then begin
if (posSpectrum[peakIndex] ge outrangepct/100.0 * maxVal) then $
peakIndex = peakIndex + enl $
else $
peakIndex = maxValIndex + enl
end else begin
peakIndex = peakIndex + enl
end
end ; no peaks found above skiprespct * maxVal
end ; (skipresfil)
end ; (enl<en2)

Additional Gapmap Filters

Skip resonances: If the peak found is less than x% of the maximum value in the range,
then keep looking for higher peaks, and return the first one to meet the xJ% criterion.
If no such peak is found, and if Peak out of range is not set, then return 0 (error

code).

Peak out of range: If no satisfactory peak is found, set gap energy to the location of
maximum value in the range, which should be within 2 energy steps of the
maximum energy in the range. If Skip resonances is set, the peak must be at least

y% of the maximum value in the range; otherwise any peak is fine.
Max gap: Set equal to MAX{A,,A_} instead of (A4 + A_)/2.

Bad pixel: Wherever there is a bad pixel (i.e. no coherence peak found) set that pixel

equal to the average of its nearest neighbors.

Contiguity: If a pixel is not within threshold T; of half of its nearest neighbors (i.e. 2 of
4,1 of 3,1 of 2), then set that pixel equal to the average of its nearest neighbors.
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Pos/Neg Difference: If A, and A_ differ by more than threshold T,, then see which one
fits better with its nearest neighbors, set the average gapmap equal to that one. If

neither agree with nearest neighbors, set the average gapmap equal to (Ay +A_)/2.

All gapmaps shown in this thesis were calculated using the Skip resonances filter
(with x = 90%), Peak out of range filter (with y = 80%), and Pos/Neg Difference filter
(with 75 = 10 meV). It is particularly important to use the Skip resonances filter in the
Ni-substituted samples. Otherwise the gapmap algorithm will misinterpret the +18 meV

resonance as a coherence peak and report an erroneously low value for A.
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Appendix B

Noise Measurements

A scanning tunneling microscope is extremely sensitive to vibration noise. Changes in
the tip-sample separation are exponentially multiplied in the tunneling current: a change in
tip-sample separation of as little as an Angstrom results in an order of magnitude change in
the tunneling current. It is therefore extremely important to reduce all external vibrations
which might couple to the STM.

This appendix describes the process for measuring the velocity of floor vibrations using
a geophone. There is a brief description of electronic noise encountered in geophone mea-
surements, followed by a description of the inner workings of a geophone and a procedure
for geophone calibration. Finally, some representative building vibration measurements are

reported.

In describing the electronic noise and geophone calibration, I have relied heavily on
work done by Eric Hudson and Emile Hoskinson, respectively. I have made some small
corrections and clarifications and added a few measurements of my own. It is not my
intention to present this document as a body of independent work by myself. However I
hope that by bringing the Hudson, Hoskinson, and Hoffman contributions together in one

place, this document may serve as a useful reference for future vibration measurements.

B.1 Electronic Noise

Eric Hudson has written a thorough electronic noise summary,'6” and large portions of

this section are borrowed from his work. Basic types of electronic noise are:
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e Johnson Noise arises from fluctuations in voltage across a resistor. Johnson noise
takes the form AV = /4kgT RAf. For a resistor at room temperature, Johnson noise
becomes 0.13\/R(2) nV /v/Hz.1%8 This kind of noise, whose magnitude is flat as a

function of frequency, is called “white noise”.

e 1/f Noise arises from fluctuations in the value of the resistance itself, due probably
to motion of impurities.'® This kind of noise, which is the same for each decade of

frequency, is called “pink noise”.

e Shot Noise arises from the quantization of electric charge. At the macroscopic

currents we are considering, shot noise will not play a role.

To measure vibrations, one measures the voltage across the two geophone leads. The
geophone itself has a resistance r., and may also include a damping resistor R4. The voltage
signal is measured using a voltage pre-amplifier and a spectrum analyzer. Choices for the
pre-amplifier include: Stanford Research Systems SR560, or Princeton Applied Research
113. Choices for the spectrum analyzer include: Stanford Research Systems SR760 or

SR785. Each of these components may contribute electronic noise to the final measurement.

We can measure these sources of noise by working our way up stream from the spectrum
analyzer to the pre-amplifier to the geophone. We start by grounding the input to the
spectrum analyzer, figuring out the noise of the spectrum analyzer alone, then adding the

pre-amplifier, and finally the geophone resistor.

What we are interested in is the “effective input noise”. The noise which comes out the
final stage of the spectrum analyzer may be quite large, but if we have a very high gain
on our pre-amplifier, then our signal is quite large too. The real effect of our output noise

must be divided by the gain in order to arrive at the effective input noise.

B.1.1 Spectrum Analyzer

The spectrum analyzer has a front end amplifier stage and an ADC, which each produce
noise. After the ADC, everything is digital, so there is no more noise produced after this
stage. The noise produced by the ADC does not depend on the spectrum analyzer input
gain. Therefore, at high input gain, the effective noise of the ADC is reduced, because
the actual noise must be divided by the high gain. Conversely, at low input gain (input
attenuation), the effective noise of the ADC is increased. Therefore, we can measure the

noise of these two stages independently by setting the input gain to its lowest and highest
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levels. At low gains, the ACD noise will dominate, while at high gains, the input amplifier

will dominate.

SR760 Spectrum Analyzer

The input gain level ranges from -60dB (i.e. a gain of 1000) to +34dB (i.e. an attenua-
tion of (1/10)(34/20) = (0.02). This gain and attenuation occurs in several steps, so the noise
may not vary smoothly from one input level to the next, as different gain and attenuation

stages are included or excluded.

In fact, as is shown in figures B.1 and B.2, the “noise” of the SR560 is below the level
of the lowest ADC bin for most values of the input gain. There remain a few unexplained
noise spikes at regular frequency intervals, but these most likely result from the details of
the 32-bit logic. All “noise” is below the quoted 90 dB dynamic range of the SR760.

DC offset,
0014 smearedout flat partindicates But where are are
1_by BMH window not enough sig. figs || these spikes
1E-3 - carried in digital coming from???
E FFT calculation?
w 1By A f‘m L saas
= 1 30 dB
;.—) 1E-5 - 20 dB
-~ E 10dB
2. 1664 ﬂ R L
UD') E -10dB
£ oo, Ly
o s = v e LL
Wit -50 dB
] -60 dB
1E-9 LI L | T T LA | T T Tt
1 10 100

frequency [Hz]

Figure B.1: SR760 noise, characterized in a 12.5 Hz frequency span, for 11 different
values of the input level from -34 dB attenuation to 60 dB gain. These spectra show
the output of the SR760 with a BNC grounding cap on its input. For the highest
values of the input gain, the total noise should be dominated by the input amplifier,
while for the lowest values of input gain (i.e. input attenuation), the total noise
should be dominated by the ADC. In practice, for all except the highest input gain,
the noise is dominated by a series of unexplained spikes superimposed on a constant
value which presumably represents the lowest digital bin of the ADC.
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Figure B.2: SR760 noise, characterized across 4 different frequency spans, for 3 dif-
ferent values of the input level from -34 dB attenuation to 60 dB gain. This figure
demonstrates that four spectra, all acquired in PSD mode with the same gain, but
with different frequency spans, don’t match up. The most likely explanation is that
they are all in the bottom bit of ADC input, but the digital FE'T output is divided by
the square-root of the frequency bin size, which is different for each span, to compute
the PSD. In order for this explanation to make sense, it must be true that the digital
calculations are carried out with more bits than the ADC. In fact, the ADC is 18-bit,
with 2 bits reserved for sign, while the digital logic is all carried out with 32 bits.

SR785 Spectrum Analyzer

Both the SR760 and the SR785 have an 18-bit ADC with 2 bits used for sign, so the
dynamic range is 2'¢ = 65536 bins or 90 dB. However the SR785 has a more advanced
chip which uses a technique called “noise injection” or “dithering”. If the actual signal is
relatively quiet, and sits, say 80% of the way between bins 1 & 2, then the ADC will always
convert the signal into bin 2. However, if the input signal contains some noise of amplitude
larger than the bin width, and if the ADC samples the input multiple times, then it can
actually measure a value to much greater accuracy than the bin size. Of course this is only
relevant if the internal digital calculations are carried out with greater bit resolution than
the nominal bit resolution of the ADC. In the case of the SR785, the input ADC is 18-bit
(with 2 bits reserved for sign) with input dithering, while the digital logic is carried out
with 32 bits, so the effective dynamic range is much larger than the quoted 90 dB.
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Figure B.3: SR785 noise characterization, by Hudson.'6” Measurements were taken
with the SR785 input grounded, at 3 different ranges, for 4 different frequency spans.

The input stage of the SR785, as characterized by Hudson!67, has a 1/f noise of ~ 2f~!
1V /vVHz and a high frequency noise floor of 8 nV/v/Hz. The signal then passes through a

—IL/20) " The input level

gain depending on the input level setting (IL in dBV): gain = 10(
ranges from -50 dbV to 34 dbV in 2 dbV steps. The ADC has a 1/ f noise of ~ 0.8 uV/vHz

and a high frequency noise floor of ~ 250 nV/v/Hz.

FFT Windowing

Another effect to consider is FFT windowing. The spectrum analyzer captures a time
sequence of voltage samples. But the FFT algorithm assumes that this sequence will be
periodic, i.e. that the first point will match up to the last point.!™ Of course this is not
generally the case for actual measurements of an arbitrary time sample, so there will be a
sharp step in the voltage at the boundary between the beginning and the looped around
end. This sharp step has high frequency components, higher than the Nyquist frequency of
1/2 the sampling rate. So these high frequency components will be folded back and create

inaccuracies in the output FFT.

The way to ameliorate (but not completely fix) this problem is to apply a windowing
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Figure B.4: Fourier transform windowing functions. (a) Real space windowing func-
tions: all go smoothly to zero at the beginning and end of the time trace except for
the square window. (b) Frequency effect of windowing functions: leakage to adjacent
frequency bins.

function to the captured time sequence, which sends the beginning and the end smoothly
to zero. None of these windows are perfect, and there will always be some leakage from
one frequency bin to the next. This is perhaps most relevant at very low frequencies. The
input stage of the spectrum analyzer has some DC offset. Although the spectrum analyzer
automatically self calibrates every half hour or so, it will always have some DC offset. In
practice, this offset seems to be is larger than the signals we are trying to measure at any
other frequency. Because of windowing, the DC offset becomes spread out across several

adjacent low-frequency bins, as can be seen in figure B.1.

By judicious choice of a windowing function we can minimize the number of adjacent bins
into which the DC offset signal will spill. A typical choice (recommended in the spectrum
analyzer manual) is the BMH window. Also, by taking measurements across lower and
lower frequency ranges (i.e. more and more time consuming measurements) we can push

down the frequency at which the DC offset will plague us.

B.1.2 Voltage Pre-Amplifier
SR560 Voltage Pre-Amplifier

The noise floor of the SR560 consists of two main components: a high frequency white
noise floor that depends on the gain and dynamic reserve setting, and a 1/f component.

At the highest gain and low noise setting, the minimum white noise is just less than 4
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nV/v/Hz. The white noise for all values of the SR560 gain is summarized in table B.1. The
1/ f noise prefactor appears to scale linearly with the white noise for each gain; the constant

of proportionality is ~ 4.5.

50k
20k

5k

500

PSD [V / sqrt(Hz) ]

50

1 10 100 1000
frequency [Hz]

Figure B.5: SR560 noise characterization for seven different values of the SR560 gain,
from 1 to 50,000. Measurements were taken with the SR560 input grounded, and the
SR560 output connected to the input of the SR760.

PAR 113 Voltage Pre-Amplifier

At the highest gain of the PAR 113, the minimum white noise is ~ 1-2 nV/v/Hz,
significantly better than the SR560.

B.1.3 Geophone

The resistor(s) in the geophone r. (and Ry if applicable), each contribute Johnson noise.
Our source resistance for the largest geophone used was r. = 4500 €2, and for the smaller
geophones used more frequently is typically r. = 500 €. Therefore, using the Johnson noise
formula 0.13\/m nV /vHz, the large and small geophones will contribute 8.7 and 2.9
nV /v/Hz, respectively.

The geophone resistors will also contribute a 1/f noise component. However, this 1/f

noise will be very difficult to separate from a true vibration signal.
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eff. input noise

Gain [nV/v/Hz]
1 56.9
2 38.4
) 29.2
10 13.3
20 12.0
50 9.0
100 4.3
200 4.1
500 4.1
1,000 4.1
2,000 4.0
5,000 3.9
10,000 3.9
20,000 3.7
50,000 3.6

Table B.1: SR560 effective input noise characterization, measured for all values of the
SR560 gain from 1 to 50,000.

B.1.4 Total Electronic Noise

Taking all noise sources together, the combined effective input noise from the geophone
r¢, the SR560, and the SR785, is given by:

Effective input noise (nV / vHz)

2 2
\/(<P1reamlpOutputNoise2 + (%) + 82> x 10(—1L/20) 4 (&fo) + 2502>

p— B-l
10(=1L/20) % PreampGain (B-1)

(@)2 +82+ ((&]P)Q + 2502> x 10(1L/20)

= A| PreampInputNoise? +
PP PreampGain?

(B.2)

where PreamplnputNoise is the geophone noise plus the effective input noise of the pre-
amplifier itself, and IL is the input level of the SR785. Equation B.2 makes clear that to
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minimize noise we want to use as large a pre-amplifier gain as possible (since the input
noise is fixed by the source impedance and the amplifier specifications) and as small an

input level as possible (to minimize effects of ADC noise).

To find the noise floor of the vibration measurements in real velocity units, we would

just divide this by the (frequency dependent) sensitivity of the geophone.

B.2 How a Geophone Works

Large portions of the section are borrowed from Emile Hoskinson’s geophone calibration

t 171

repor My modifications include:

e fixed a few errors in formulas
e additional figures & circuit diagrams

e equations to calibrate a geophone which has a permanent series resistor Ry

There are two common ways to make vibration measurements. One is intrinsically a

velocity-measurement device, while the other is intrinsically an accelerometer.

Typically, velocity is measured with a geophone, which consists of a massive coil on a
spring, which can move with respect to a fixed magnet. The motion of the coil with respect
to the magnet induces an emf in the coil, which can then be put in series with a resistor to

produce a measurable voltage. A diagram of a geophone is shown in Fig. B.6.

When the case of the geophone accelerates, the coil moves relative to the fixed magnet,

and induces a voltage across the coil:

dd do
V=-N—=—-N—z2 B.3
dt dx (B-3)
where N is the number of coil turns, and ® is the magnetic flux produced by the permanent
magnet. We see that the voltage produced is proportional to the velocity, therefore the
geophone is intrinsically a velocity-measuring device, with sensitivity GG defined by: V = Gz.

We can read off the sensitivity from Eq. B.3 as:

dd
G=-N_ (B.4)
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Figure B.6: (a) Schematic of a typical geophone. A massive coil on springs moves
with respect to a fixed magnet, inducing a current in the coil which can then be read
out as a voltage across the geophone resistance. (b) Photo of a small HS-J geophone
from GeospaceLP. (c) Photo of a monstrous green 3-axis geophone, which contains 3
separate GS-1 geophones.

Let’s give some thought to the direction of winding of the coil. In the center of the coil,
d®/dx < 0 by geometry. If the coil moves up with respect to the fixed magnet, then & > 0,
and d®/dt < 0. Lens’ law requires that the induced current oppose the decrease in upwards
pointing flux, so the induced current must create a flux ®;,q which points up, so the induced
current must be counter-clockwise. We define the direction of positive current flow to be
from the plus terminal to the minus terminal, down around the coil, or counter-clockwise
as viewed from above. Therefore an upwards motion of the coil with respect to the fixed
magnet produces a positive current and a positive voltage across the terminals from plus

to minus. This means that G > 0, as we would hope.

If the geophone leads are unconnected, no current flows and the only damping is me-
chanical, described by a damping constant D. If the geophone drives an external resistive

load Ry, then a current I flows through the geophone:

dl
V=Gt=I(Rq+r:) — LE (B.5)
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where r. is the coil resistance and L is the coil inductance. For an excitation at frequency
w, I(t) = wI, so the inductive term will be negligible if wL/(Ry + r.) < 1.

For example, the values from some GeospacelLP geophones are: #

geophone r[Q] | L[H] L/r wL/r wL/(R+T)
[f =10 Hz] | [f = 100 Hz]
[R = 107]
HS-1 (V) 208 | 0.029 | 1.40 x 1074 0.009 0.008
HS-J-L1 (H1) | 1232 | 0.327 | 2.65 x 1074 0.016 0.015
HS-J-L1 (H2) | 306 | 0.079 | 2.58 x 1074 0.017 0.015
GS-1 (V) 4613 | 1.440 | 3.12 x 1074 0.020 0.018
GS-1 (H1) 4557 | 1.903 | 4.18 x 1074 0.026 0.024
GS-1 (H2) 4555 | 1.982 | 4.35 x 1074 0.027 0.025

Therefore, we can safely ignore the voltage contribution from the inductance of the coil for
frequencies below f =~ 10 Hz with no damping resistor R, and for frequencies below f a 100
Hz with a damping resistor R = 10r. Neglecting the inductance, we see that the current is

proportional to the velocity:

G
I = ]
R—I—rx

(B.6)

There is an additional force on the mass when a current flows, due to the force of the
fixed magnetic field gradient which acts on the coil (approximated as a dipole of area N A,

where N is the number of loops and A is the area of a single loop).

2
F:mVB:NIAﬁzAN@I:—GI:— G T
dx dx Rg+re

(B.7)

For a & > 0, the current is positive, and the dipole m = NIA points up, while the
gradient in field points down, so the resultant force on the coil is down, opposing the
direction of motion. Therefore, the flow of current acts as an additional damping force with

damping coefficient G2/(R + r) so the total damping coefficient is now:

G2

d=D
+Rd+7“c

(B.8)

We can compare the strength of the two damping forces. Some approximate parameters

are (for an external resistor R = 0, short circuit):

“http://www.geospaceLP.com
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geophone D G [V/(m/s)] | 7[Q) | G*/r
HS-J-LL (V) | 11.0 | 30 1250 | 26.5
HS-J-L1 (H1) | 6.6 | 15 300 | 384
GS-1 (V) 0.15 | 350 4600 | 0.74
GS-1 (H1) | 0.23 | 420 4550 | 1.14

Therefore, we see that the electromagnetic damping is much larger than the mechanical
damping, so it is important to short the geophone when moving it, to electromagnetically
clamp the mass in place an avoid damage to the springs due to the fatigue from violent

stretching and compressing.

Taking into account both sources of damping, the sum of all the forces on the mass is

therefore:

mi = —GI — Di — kx (B.9)

B.3 Geophone Calibration

A nice, easy-to-automate way to calibrate the geophone (thanks to Emile Hoskinson'"")

is to put a resistor in series with the geophone, apply a sine wave voltage of variable
frequency, and map the response voltage across the geophone as a function of frequency.

The circuit diagram is shown in Fig. B.7.

For full generality, we have included a parallel damping resistor R, in addition to the
series resistor R, because some Geospace geophones such as the GS-1’s come with a perma-
nent damping resistor which can’t be removed. (In the smaller geospace geophones such as
the HS-J-L1’s, there is no damping resistor, so we can take Ry — o0c.) In the configuration

of Fig.B.7, the sum of all the voltages around the loop is:

Voe! + Gi = IR + Ipr (B.10)

where we have equated the sources of emf on the left side with the resultant voltages across
the components on the right side (again ignoring the contribution from the inductor, which

we already argued was negligible.)

The voltage across the geophone plus series resistor is therefore:

Voet = IR + Iyr — Gi (B.11)
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Figure B.7: Circuit diagram for automated geophone calibration. The geophone is
shown in yellow; it consists of an internal resistance r plus a coil with inductance L.
A damping resistor Ry may be in parallel with the geophone. The geophone is placed
in series with a third resistor R. A sinusoidal voltage V; is applied, and the resultant
voltage V), across the geophone is measured.

while the voltage across the geophone alone is:

Vleiwt _ Voeiwt IR = Iyr — Gi (B.l?)

We can measure the magnitude and phase of V;/V} as a function of frequency, fit each
to a pre-calculated functional form, and therefore have two independent measurements of

the important parameters of the geophone.

So let’s calculate the expected functional form of Vi /Vj. To do this, we first eliminate

the currents I and I5 from the ratio. We note that:

I=I+I; LRj=ILr = I=1I (1 n RL> (B.13)
d

We can find I from the modified version of Eq. B.9:

mi = —GIly — Di — kx (B.14)
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where the only difference is that now the current flowing through the geophone coil (which

is responsible for the damping) is called I3 instead of I.

This can be re-written as:

G
i+ 200wod + —Io + wiz =0 (B.15)
m

where wg = \/k/m is the mechanical resonance frequency, and ag = D/(2muwy) is the

mechanical damping as a fraction of critical damping.

Now we let & = vpe™!, where vy may be complex. We can substitute this into Eq. B.15,

and solve for Is:

. w2 v eiwt
Igz—[D—Fzmw( —w—gﬂ OG (B.16)

Now we can substitute Eqs. B.13 and B.16 into Eqgs. B.11 and B.12, and after some

messy algebra, we arrive at:

V; Ir — Gi 2sc(1 —
AR U R _Zse{l—e) ‘ (B.17)
Vo IR+ Ir—Gzt 2000 + 2sc + 1z

where we have defined the following (real) constants:

rRy G? w w?
_ . _ : =Y (1% B.18
= "R+ RRy+ R’ * = 2mwer’ T ( 319

Note that ¢ is just the ratio V4 /Vj at DC. In the case of no damping resistor, Ry — oo and
c—r1/(r+R).

After some more messy algebra, we can arrive at expressions for the magnitude and

phase of the ratio:

i 4b[2c1 + b]
—| = 1+ ——— B.19
Vo C\/ + 402 + 22 ( )
Im(V1/Vh) —2z
§ = arctan ———= = arctan B.20
Re(V1/Vh) 2001 + %(4&% + 22) ( )

where we have defined the additional constants:

a1 = o + 8¢ b=s(l—-c) (B.21)
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Figure B.8: Labview output for geophone calibration. The graph on the lower left
shows the fit to the phase of V;/Vj while the graph on the lower right shows the fit
to the magnitude of V7 /Vj.

Now we use a Labview program (primarily written by Emile Hoskinson) to sweep the
frequency and measure the response, and we can independently do a three parameter fit
(a1, b, and wy) to the magnitude and phase of the response to determine the three physical
parameters resonance frequency (fp via wy), sensitivity (G via b and aq) and damping (ag

via b and aq). A typical output is shown in figure B.8.

So now we know fy, ap, and G, how do we use them to turn our geophone’s output
voltage into a velocity in real world units? The full system is described by the differential
equation:

m(& + ) +di + kx =0 (B.22)

where x(t) is the displacement of the coil relative to the case, @ (t) is the acceleration of the

case (fixed to the ground), and d is the total damping constant (d = D in case of no damping
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resistor, while d = D + G?/(r + Ry) for damping resistor Ry). This can be rewritten as:

i+ 20wt + wiz = age™ (B.23)

where « is now the total damping constant as a fraction of critical damping, and we have
taken the acceleration of the case with respect to the ground for a fixed frequency to be

iwt
age .

This equation can be solved by substituting z = x.e™*. We solve for z. (the position

of the coil relative to the case) in terms of a4 (the acceleration of the ground):

Qg

= B.24
e (w? — wd) — 2Ziawow ( )

But we know that the emf produced by the geophone will be proportional to the velocity

(and we don’t care about phase, just maximum amplitude, so we take |v.| = |wz.| and
lag| = |wvgl), so we can write:
Gw?v
VI = |Gv.| = 4
Vi G ' (w2 —w?) — 2iawow‘
G(w—z Vg
= 0 (B.25)

There is one remaining complication: Eq. B.25 gives the total emf produced by the
geophone coil, but this emf causes a current to flow through r and possibly Ry (if there
is an Rgy). We assume for the purposes of measurement that we are using a pre-amplifier
with effectively infinite input impedance, so R — oo and no current flows except around
the loop through r and R4. Therefore the emf is split between the two resistors, and our
measured voltage is multiplied by a factor of Rgq/(Rq + r) (which of course reduces to 1 in

the case where there is no damping resistor Ry).

Therefore, our velocity in real world units is:

¢ () (1) .

2
_ 2 2f2
\/(1 f§) +datp

Vg = Vineas +
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where we must calculate o from ag according to the value of Ry:

P (D+ ¢ ) (B.27)

 2muwp Rg+r

B.3.1 Geospace Parameters

In the calibration procedure described above, the only parameter we need to use which
we can’t measure directly is the mass of the coil. We just need to take Geospace’s word for

this one. We can measure the resistances ourselves with an ohm-meter.

But it’s useful to put in reasonable initial guesses for the various parameters of our fit.
And it’s nice to be able to compare our final calibration results with the company specs.

So here is a list of parameters typically given by Geospace, and what they mean:

Geospace | Our
Parameter Symbol Symbol
Natural Frequency F, fo
Suspended Mass m m
Coil Resistance Reo T
Coil Inductance L¢ L
Damping Resistor Ry, Ry
Sensitivity G
Open Circuit Damping By Qg
Damping Constant Be
Shock
Coil/Case Displacement Limit
Overswing (A1)
Overswing (A2)

Of these parameters, we have discussed all but the last five. Shock is the maximum shock
sustainable by the geophone without damage (presumably this means with the geophone
leads shorted, although it doesn’t say so explicitly). For example, the maximum shock for
the GS-1 geophones (the ones inside the big green cylinder) is 50g which is approximately
equivalent to dropping the geophone from a height of 5 cm onto a tile floor which will

deform by 1 mm on impact.
The coil/case displacement limit is irrelevant to us.

The overswings Al & A2 are related to an alternate calibration method involving the
measurement of subsequent transient response peaks.'”™t A1 & A2 are the magnitudes of the
first two transient response peaks, apparently in terms of oscilloscope divisions as measured

at Geospace.
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The damping constant B, is redundant information with the open circuit damping Bj.
It is used for an easy determination of the damping resistance R4 the user must add to

achieve a given total damping «. Geospace gives the formula as:

Be

Ry = ——%— —
L= Br— B,

Re (B.28)

or, in our language:

Be = (a—ag)(Rqg+T) (B.29)

Comparing this to equation B.8 and recalling that a = d/(2mwg) we see that:

2
B = ¢

 2muwy

(B.30)

If we do this calculation for multiple geophones and compare our calculated Bo from
Geospace’s reported B, we find that we are consistently off by a factor of 159, which must

be some strange way that Geospace is reporting their units.

B.4 Vibration Results

The STM used in this thesis was located in the basement of Birge Hall at the University
of California, Berkeley. The room actually protruded underground from the main footprint
of the building, and was surrounded by dirt on five sides. This resulted in an extremely quiet
environment. However, even in this isolated “bunker”, external events would occasionally
couple vibrations into the STM. In rare cases, external vibrations were responsible for
crashing the STM tip into the sample, which invariably ended the data run and forced
a time consuming temperature cycle. Therefore, we conclude that the vibration profile
surrounding this STM defines an approximate cutoff for an acceptable STM operating

environment.

I have compiled vibration data from several STM labs around the United States (thanks
to Don Eigler for data from IBM Almaden, Séamus Davis for data from Cornell University,
Eric Hudson for data from NIST Gaithersburg and MIT, and Ali Yazdani for data from the
University of Illinois Urbana-Champaign). The comparison of the data from these STM
labs is show in figure B.9.
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Figure B.9: Vibration measurement results from several STM labs around the country,
shown in narrow band velocity units.

Vibrations from five of the labs lie within an order of magnitude of each other, with
Berkeley showing the best performance of the five. Conspicuously several orders of mag-
nitude quieter than Berkeley are the new ultra-low-vibration labs constructed by Séamus
Davis at Cornell University. These labs consist of 30-ton slabs of concrete, floating on air
spring isolators. The entire experiment is enclosed in a double-walled sound room, with the
outer wall of cinder blocks and sand, and the inner wall a commercial mineral rock product
from TAC. Although the steady-state vibration levels in these labs are perhaps overkill for
STM, the major advantage is complete freedom from the isolated very noisy events which

can crash an STM tip and destroy 3 months of work.

1/3-Octave analysis

We physicists prefer to display vibration data as a narrow band spectrum in (m/s)/v/Hz,
because it conveys the largest amount of data. However, the architectural standard for

talking about vibrations is 1/3-octave analysis. This is essentially a smoothing technique,
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which integrates noise over frequency ranges whose widths are proportional to their center
frequencies. Specifically, we display the total integrated rms noise in a band centered at
fo with width 213 x fo. A 1/3-octave band spectrum can easily be calculated from a

narrow-band spectrum by adding up the appropriate bins.

American architects also like to talk in pinches/s rather than m/s. They have defined
a set of vibration criteria, labeled VC-A through VC-E, where B is twice as quiet as A,
C is twice as quiet as B, etc. In order to meet a specific vibration criterion, a room’s
vibrations must lie entirely below the relevant VC line at at all frequencies. It turns out
that the minimum acceptable vibration criterion for STM lies well below the most stringent
criterion acknowledged by architectural standards, VC-E. In fact, if we extend the vibration
criteria lettering scheme using the same factor of 2 relations, we find that Séamus Davis’
new Cornell labs would satisfy VC-M! The same data from figure B.9 are replotted in the

architectural units in figure B.10.
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Figure B.10: Vibration measurement results from several successful STM labs, shown
in 1/3-octave band units. Vibration criteria A through E are standard architectural
criteria. The Davis STM lab at Cornell meets the non-standard criterion ‘VC-M’!
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Appendix C

STM Construction

I constructed a new scanning tunneling microscope and low-temperature probe with the

intent to study high-T, superconductors near their critical temperatures, around 90 Kelvin.

Because all of the studies reported in this thesis were done at T' = 4.2 K, maintaining
the ultra-high vacuum necessary for clean surface studies was not a challenge. However,
when planning an experiment at higher temperatures, one has to pay more consideration
to the cleanliness of the system in order to maintain proper vacuum. Therefore, although
I borrowed heavily from the existing 4.2 Kelvin STM plans, I redesigned some components
for better vacuum compatibility. Specifically, I redesigned all plastic parts, and all solder

joints. I also designed a lower impedance pump path between 300 K and 4.2 K.

Figure C.1: New STM construction: (a) photograph of the newly assembled STM (b)
first atomic resolution topography acquired with the new STM. This topography was
taken at T' ~ 4 K, on the surface of BisLa,Sro_,CuQOy.
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Figure C.5: Macor STM body, top.
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