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In this work we consider systems in which small normal-metal structures (N) are 

put into contact with a large superconductor (S), with the goal of spatially characterizing 

the superconductivity. Confined regions with suppressed superconductivity will support 

quasiparticle bound states, which can be measured spectroscopically. Using a custom-

built cryogenic scanning tunneling microscopy system, we have probed the bound states 

of an NS system consisting of Au (N) droplets of nanometer dimensions in electrical 

contact with bulk NbSe2 (S). A quasiparticle bound state was observed even when 

tunneling directly into the NbSe2, clear evidence for a significant reduction of the 

superconductivity inside the NbSe2 induced by the proximity of the Au over-layer. By 

invoking a proximity effect model, we are able to characterize the vertical and lateral 

variation of the pair potential A inside the superconductor. We find that a severe 

suppression occurs which is beyond the conventional theory. We believe that this effect 

arises from the short coherence length of the superconductor, so that the spatial variation 

of the interaction parameter g becomes important. The profile of A that we extract from 

our data then combines both the conventional proximity suppression of A and its 

modulation by the profile of g, representing the first observation of spatial structure of the 

interaction parameter. 
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1. INTRODUCTION 

Soon after experimentally demonstrating the first local and variable vacuum 

tunneling barrier in 1981, Binnig and Rohrer developed the scanning tunneling 

microscope (STM) which brought about a new era of surface science.1 Electron 

tunneling was known for many years, ever since the formulation of quantum mechanics. 

But prior to 1981, a vacuum tunneling barrier was considered unattainable 

experimentally. The problem was that to achieve a detectable current a vacuum gap of 

only ~10 A would need to be established and maintained. Moreover, due to the 

exponential dependence of the signal, vibrations ~0.1 A would need to be eliminated. 

For this reason, electron tunneling had been experimentally realized only by using 

material insulating barriers, such as a thin oxide layer. For example, Giaever's pioneering 

electron-tunneling spectroscopy experiments relied on an oxide barrier to tunnel into 

superconducting Pb.2 

The construction of an STM is very simple in principle. The basic requirement is 

the capability to control the position of a sharp metallic tip in close proximity to a 

conductive sample, while monitoring the tunnel current. Binnig and Rohrer overcame the 

problem of the small gap size by bringing the tip into position with high-resolution 

piezoelectric actuators, accurate to about 0.05 A. In addition, great care was taken to 

ensure extraordinary mechanical stability and to isolate the STM from vibrations. The 

unprecedented resolution of the instrument was demonstrated dramatically by rastering 

the tip over a rectangular area of length 100 A above the Si (111) surface.3 Amazingly, 

by imaging individual Si atoms on the surface, the structure of the famous 7x7 

reconstruction could be determined directly in real space. For their invention, Binnig and 

Rohrer were awarded the 1986 Nobel Prize in Physics. 
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The spatial resolution attainable with STM made studying the nanoscale 

characteristics of numerous systems possible for the first time. The subsequent 

development of cryogenic scanning tunneling microscopy (CSTM) permitted Giaever's 

techniques to be applied to the junction formed by the tip and a superconducting sample. 

This extended the imaging capabilities of STM to nanometer resolution electron-

tunneling spectroscopy. In fact, experimenters have found that the STM can work well 

over a wide temperature range and in a variety of environments. STM has established 

itself as an invaluable tool in the fields of physics, engineering, chemistry, and biology. 

The nanoscale spectroscopic capabilities of CSTM gives it great potential for the 

study of superconductivity. The first experimenters to exploit this potential successfully 

were Hess et al. who probed magnetic vortices in superconducting NbSe2.
4 This 

experiment serves as an outstanding example of how powerful CSTM can be as a probe 

of superconductivity. The measurements showed a striking feature in the electronic 

density of states at the Fermi energy: a pronounced peak when the tip was positioned 

directly above the center of a vortex. Initially, this came as a great surprise to 

experimentalists and theorists alike. Prior to this experiment, the conventional wisdom 

assumed that CSTM spectroscopy would be similar to the standard Giaever 

measurements. However, there is a key difference: a planar tunnel junction probes the 

average behavior of many excitations over the area of the junction, while the local nature 

of STM tunneling allows for the possibility to observe individual electronic 

wavefunctions. Six months after the initial measurements, theorists showed that Hess1 

peak follows from the quantum mechanics of a superconducting vortex.5 The physics is 

conceptually simple, much like the familiar problem of a particle-in-a-box. In a 

superconducting system, the electron-like single-particle excitations are known as 

quasiparticles. A vortex presents a region of reduced superconductivity forming a 

potential well for the quasiparticles. Near the Fermi energy, discrete quasiparticle bound 

states form inside the vortex. In analogy to the particle-in-a-box, the wavefunction of the 
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lowest energy bound state has the highest amplitude near the vortex center. Thus, there is 

a Fermi level peak in the density of states at this region. 

Because the above explanation relies on theory that has been well established 

since the 1960's, it seems surprising that the spatial structure of quasiparticles bound in 

vortex was completely unanticipated. Perhaps this was justified prior to the invention of 

the STM when such small length scales were experimentally inaccessible. However, for 

at least a year prior to Hess' successful measurements, it was well known that 

experimenter were attempting to study vortices by CSTM. While many theorists 

understood the potential sensitivity to electronic structure, no one thought to explore the 

consequences of locally probing a region with bound wavefunctions. Indeed, by 

extending the reach of electronic measurements to atomic length scales, the STM has 

directed physicists to new and exciting phenomena. 

This work addresses a superconducting system in which small normal metal 

particles (N) have been put into contact with a large superconductor (S). The 

superconductivity is reduced in the normal metal, forming a region electronically similar 

to a magnetic vortex, which supports quasiparticle bound states. Our focus is to apply 

CSTM as a probe of the variation of superconductivity due to the proximity of the normal 

metal. Before any measurements could be taken, a great deal of time and effort went into 

the design and construction of the CSTM system. Our apparatus is described in detail in 

Chapter 2. For use in comparison to the NS measurements, Chapter 3 shows a baseline 

of measurements of isolated superconductors. Chapter 4 then describes the basic theory 

of bound states in NS structures. Lastly, our observations and analysis of the Au (N)-

NbSe2 (S) system are presented in Chapters 5, 6, and 7. 
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2. CRYOGENIC SCANNING TUNNELING MICROSCOPY (CSTM) 

2.1 Basic Principals of STM and CSTM 

STM is based on the quantum mechanical phenomenon of electron tunneling. 

When two conductive materials are brought sufficiently close together, the wavefunctions 

of the conduction electrons overlap. This allows electrons to traverse the classically 

forbidden region between the two materials. A tunneling current 7 can be produced by 

the application of a bias voltage V between the two conductors, which gives a preferred 

tunneling direction. In addition to the voltage dependence, the current depends on the 

electronic density of states , the temperature T, and the separation a of the two materials. 

An STM consists of two such electrodes: a sharp metallic tip, and a conductive sample. 

As the tunneling current falls off exponentially with a, STM is an extremely sensitive 

measure of variations in tip-sample spacing. The lateral resolution is determined by the 

geometry of the tip which confines the current to a narrow channel. The width of the 

current channel can be as small as ~1 A, orders of magnitude better than other local 

probes, such as point-contact spectroscopy. 

The key innovation of scanning tunneling microscopy was to mount the tunneling 

probe on a three-dimensional piezoelectric drive, as shown in Figure 2.1. This allows the 

tip to be positioned at various locations x,y so that the sample's topography or electronic 

structure can be mapped out with atomic resolution. In terms of the electronic structure, 

there is a great advantage to operating an STM cryogenically: at sufficiently low T, the 

local density of states N(E,x,y) can be directly measured on the sample surface with 

atomic resolution. Hence, CSTM represents the ultimate local probe of the electronic 

structure of a surface. 
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Fig. 2.1 (Left) Geometry of the Scanning Tunneling Microscope.6 

(Right) Atomic-scale enlargement of the tip and sample. The short lines 

indicate the path of the tunneling electrons. 
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2.1.1 Control of the STM tip 

Piezoelectric ceramics provide direct electromechanical conversion, with 

conversion factors ranging typically from a few to several hundred angstroms per volt. 

Originally, the designs of most STMs consisted of a tripod of piezoelectric rods to 

provide the necessary x, y, and z motion for the tunneling tip (see Figure 2.1). The x and 

y rods rastered the tip over the surface of the sample, while the z rod controlled the 

tip/sample separation. More recent STMs, with improved vibrational tolerances, instead 

use piezoelectric tube-scanners which are more easily incorporated into compact and rigid 

designs. These tubes are fashioned into four quadrants that can each be made to lengthen 

or shorten independently. The z motion is accomplished simply by changing the length 

of the four quadrants in unison. To get x or y motion, one quadrant is lengthened while 

the opposing quadrant is shortened. Because the tip is coaxially mounted, the net z 

displacement is negligible, but there is lateral displacement as the tube bends in the 

direction of the shortened side. In this way, a single tube-scanner achieves the full three-

dimensional motion necessary for the tunneling tip. 

Figure 2.2 shows a schematic of our control electronics, which is based on typical 

designs.7 We obtain the topography of the sample in the usual way, called the constant-

current mode. Once the tip, electronically held at virtual ground, is brought into 

tunneling range, a current is established due to the bias voltage V applied to the sample. 

An amplifier of gain 108 V/A converts the signal into a voltage, which is compared to a 

reference voltage chosen to yield a desired tunneling current. The resulting error signal is 

fed into a circuit element which creates a feedback voltage. The feedback is a 

combination of a voltage proportional to the error, and a voltage proportional to the 

error's integral. If applied to the piezoelectric element controlling the z-position of the 

tip, the feedback maintains the tip/sample spacing consistent with the desired tunneling 
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Fig. 2.2 Schematic of the electronic circuitry used to control the motion of 

the tip while generating a topographic image of the sample surface. 
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current. While the tip is moved in the x direction, the feedback necessary tc keep a 

constant tunneling current can be monitored. Under the assumptions of a constant local 

work function and local density of states (at the particular V), the feedback signal 

represents a profile of constant tip-sample separation along this line. The full topographic 

image can then be constructed from multiple profiles obtained by rastering the tip over a 

rectangular area. 

2.1.2 STM resolution 

To better understand how the STM achieves its outstanding spatial resolution, we 

begin by examining the system with respect to z, parallel to the direction in which the tip 

points (this direction will also be perpendicular to the surface of the tip at the point 

closest to a planar sample surface). We can understand why the tunneling current falls 

off so abruptly with tip-sample separation o by considering the basic quantum mechanics 

in one dimension. If the bias voltage is small compared to the work functions of the tip 

and sample, then to a good approximation the tunneling barrier can be taken to be 

rectangular with height equal to the average of the two work functions <(>av. We assume 

that the transmission coefficient across the barrier is much less than unity to further 

simplify the calculation. Now for an incident electron near the Fermi level in the sample, 

the wavefunction falls off inside the barrier as v)/(z) = Ae-*2, where K = -yj2m§av /h, and A 

is roughly unity, as sketched in Figure 2.3. After traversing the barrier, the wavefunction 

resumes its oscillation as v|/(z) = TexkeZ, where kF is the Fermi wave number and T is the 

transmission coefficient. Because our assumptions imply K a » l , the wavefunction slope 

diy/dz is approximately zero as the wavefunction approaches the vacuum/tip interface. 

The continuity of iy and d\|//dz then requires that the value of the wavefunction at the 

interface be equal to its amplitude inside the tip, i^cr) = Ae"Ka = \T\. That is to say, the 

absolute value of the transmission coefficient is exponential in a. As the tunneling 
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Fig. 2.3 The vacuum barrier as a function of z, shown with a tunneling 

electronic wavefunction \\i superimposed. The quantities u ^ and < ^ 

refer respectively to the chemical potential and work function of the 

sample (tip). 
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current is proportional to the transmission probability |J|2, we immediately confirm that 

it is also exponential in a: 

/ o c ^ * . 2.1 

Calculations of far greater detail and precision have been performed considering 

such issues as tip sharpness and the effects of different atomic orbitals on the tip or 

sample. Although these factors affect the exact expression for the tunneling current, the 

z-dependence given by Eq. 2.1 remains approximately correct. Since typical work 

functions are about 3 eV, K~l A-1. Hence, the tunneling current drops by nearly an order 

of magnitude for each additional 1 A of tip-sample separation. As 7 can be measured to 

an accuracy of 1% in most cases, STMs routinely achieve a z resolution ~10*12 m! 

The exponential z sensitivity of the STM directly leads to its outstanding x-y 

resolution. This follows from the fact that tunneling tips usually have a small cluster of 

atoms, if not a single atom, which is closer to the surface than all the others. Even if the 

proximity difference is slight, a distance as small as a single angstrom will cause the 

majority of the tunneling to occur at this point. As indicated in Figure 2.1, an effective 

tunneling tip of atomic dimensions results, which in turn localizes the sampled area of the 

surface to atomic dimensions. Stoll et al. have examined STM tunneling in detail, 

solving for the incident and transmitted wavefunctions in three dimensions.8 The 

resulting current density is shown in Figure 2.4, for which the following typical 

parameters were used: <bav=2.41 eV, a=4 A, and a tip curvature radius of 1.7 A. We see 

that most of the tunneling current is confined to a channel of radius 3 A on the sample 

surface. This sets the x-y resolution for STM topographical and electronic measurements. 

In terms of topography, the sensitivity is sufficient to detect the corrugation of individual 

atoms, in agreement with countless experimental demonstrations. 
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Fig. 2.4 Calculated current density distribution for tunneling from a tip to 

a corrugated surface, assuming an effective barrier height of 2.41 eV, a tip 

radius of 1.7 A, and a=4 A.8 
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2.1.3 CSTM spectroscopy 

The electronic structure of the sample can be obtained by interrupting the 

scanning and holding the position of the tip fixed. Now the voltage can be varied to get 

the local I- V characteristics. However at room temperature, thermal excitations in the tip 

and sample mask most of the electronic features, with only features ~1 eV discernible. 

The achievable energy resolution greatly improves by going to low temperatures, ~1 K. 

In addition, to observe superconducting phenomena, as is the focus of this work, the 

sample must be cooled to below the relevant transition temperature; hence, CSTM is 

essential. The following discussion quantitatively introduces the significance of CSTM I-

V measurements. 

To obtain an expression relating the tunneling current to the electronic structure of 

the tip (t) and sample (s), we begin with the usual assumption that tunneling transitions 

all occur at constant energy after adjusting the relative chemical potentials by eV to 

account for the applied bias voltage,9 as indicated in Figure 2.3. The total current can 

then be calculated by summing up all the contributions from each energy level. At a 

given energy E, for temperatures 7>0, the number of occupied states in the sample is 

Ns(E)f[E) where TV is the density of states of the electrode and / is the usual Fermi 

function f(E) = l/(eE^BT + l). Electrons in these states can tunnel only into empty 

states of the tip, the number of which is given by N^E-eV)[\-J[E-eV)]. The tunneling 

current from the sample to the tip can then be written as 

00 

4 - t « J F\2 Ns(E)f(E)Nt(E-eV)[l-f(E-eV)]dE 
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where \T\2 is the transmission probability for tunneling from a particular initial to final 

state. This quantity is independent of E to a good approximation, if only energies close to 

the Fermi level are considered. To be more precise, if V and kBT/e are much less than the 

tunneling potential barrier, typically «3 V for STM, then the \T\2 factor can be pulled out 

of the integral and absorbed into the constant of proportionality. The net tunneling 

current is obtained by subtraction of the reverse current IUs. We find 

I * jNs(E)Nt(E-eV)[f(E)-f(E-eV)]dE. 

To facilitate further simplifications, we make use of the fact that STM tips are 

typically composed of noble metals and alloys, such as Au or Ptlr, which have a constant 

density of states near the Fermi level, i.e., Nt is independent of E. Differentiation with 

respect to eKthen relates the differential conductance dl/dVXo the density of states of the 

sample: 

^(r)=cj/V,(2) df(E-eV) 

d(eV) 
dE. 2.2 

Since -df(E-eV)/d(eV) is a bell-shaped weighting function peaked at E=eV, with 

width ~kBT and unit area under the curve, it is clear that as kBT->0, Eq. 2.2 approaches 

$p(yi *Ns{eV). 2.3 

Thus, we see that in the low temperature limit, the differential conductance gives 

a direct measure of the sample's density of states. By performing this spectroscopic 
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measurement at arbitrary x,y tip positions, CSTM represents an unprecedented probe of 

electronic structure, yielding the complete local density of states of a surface, N(E,x,y). 

2.2 Integrated CSTM and Sample Preparation System 

2.2.1 Design criteria 

STM designs and techniques have undergone considerable improvements since 

the pioneering work of Binnig and Rohrer.1'2 Instrumentation development has closely 

followed scientific progress, to meet the demands of numerous experiments in a variety 

of research fields. In our case, the goal was to construct a cryogenic STM system 

(CSTM) suitable for the study of superconducting systems with nanoscale structures. 

Before embarking on a full scale design, preliminary experiments were conducted to 

determine the most important design considerations. For this purpose, a modest system 

was constructed which consisted of an STM scanning head mounted on a 120 cm length 

of stainless-steel tubing. A simple scheme was used for cooling: after placing the sample 

in position near the tip, the scanning head was lowered from the laboratory air directly 

into a liquid helium reservoir. 

Although these preliminary experiments enjoyed some success,10 the majority of 

samples showed very poor tunneling characteristics after being cooled. We believe that 

the unavoidable period of exposure to air, ~10 minutes for these measurements, resulted 

in unacceptable surface contamination. The fact that this contamination persisted despite 

our efforts to protect the surface with inert overlayers highlights the importance of surface 

cleanliness for CSTM. Depending on the amount of air exposure, metal surfaces may 

acquire one or more monolayers of absorbates (e.g., oxides, water) which are largely 

transparent to room-temperature STM. Although it seems improbable that the STM 

would work at all with the tunneling tip poking through this layer of dirt, indirect 
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evidence suggests that this commonly occurs.1' As long as the layer is insulating and the 

tunneling tip can move through it without being altered, there is little degradation of the 

STM performance. We believe that in our case such a layer would freeze solid upon 

cooling and severely affect the delicate tunneling tip. This caused extremely unstable 

behavior when performing CSTM even though atomic-resolution imaging was often 

possible on the same samples at room temperature.12 Clearly, a suitable CSTM system 

would allow a sample to be prepared and probed while avoiding the contamination which 

results from exposure to air. 

To keep the sample sufficiently clean, the design of our CSTM system would 

need to include in-situ cleaning and modification of the superconducting samples. The 

system would need to be operable from room temperature down to ~1 K, in order to 

perform topographic and spectroscopic measurements near the relevant transition 

temperatures and to achieve an energy resolution ~100uV. Furthermore, the desire to 

probe structures of nanometer size scale demands atomic resolution. Lastly, the 

capability to apply a magnetic field would be useful, as future plans include experiments 

that will probe superconductor magnetic flux structures. 

2.2.2 System design 

To satisfy our criteria, we constructed a CSTM system operable from room 

temperature to 1.5 K with an integrated sample preparation chamber.13 Both the sample 

and the tunneling tip can be cleaned and/or modified in a UHV processing chamber 

which is connected to the top of a liquid-helium flow cryostat. Figures 2.5 and 2.6 show 

photographs and schematics of the system respectively, with the processing chamber 

oriented to the right of the cryostat. The system features a compact STM scanning head 

mounted to a threaded rod inside the sample tube of the cryostat. This allows the 

scanning head to be translated vertically from the top position, where a newly prepared 
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Fig. 2.5 Photographs of our cryogenic system. The top picture shows the 

cryostat and adjacent processing chamber, situated to the right. At bottom 

is the STM scanning head mounted to its vertical-translation assembly. 
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Fig. 2.6 (a) Sketch of our cryogenic system drawn roughly to scale, (b) 

An enlargement of the scanning head and vertical-translation assembly. 

(c) An enlargement of the fittings used for sample manipulation. 
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sample from the processing chamber can be transferred, to the bottom position, where it 

can be operated cryogenically. In this way, in-situ sample preparation can be performed 

to minimize surface contamination. The cryostat includes a superconducting solenoid 

capable of applying magnetic fields as great as 8 T. Because the system currently 

employs a horizontally-oriented scanning head, the direction of the applied field lies 

parallel to the sample surface. To accommodate an experiment which required a 

perpendicular field, a vertically-oriented scanning head could be incorporated.14 

The 43 cm high x 15 cm diameter stainless-steel processing chamber is designed 

to allow for the deposition of thin films by sputtering and thermal evaporation, and for 

the cleaning of the surfaces by ion milling.15 The sample (or substrate) is attached to the 

side of a sample holder block, which can be loaded into a Teflon sample basket. The 

basket is fitted to a horizontal rotary/linear manipulator, as shown in Figure 2.6(a,c). 

This allows the sample holder to be turned so that the sample faces any one of three ports 

on the top, back, or bottom of the chamber. These three ports hold the ion mill, sputter 

gun, and evaporation boats respectively, with the space in front of the sample basket 

reserved for a viewport/door. The orientation of the sample basket with respect to the 

scanning head also allows manipulation of tunneling tips. The chamber is equipped with 

a 240 1/s turbomolecular pump providing an ultra-high-vacuum environment ~10"9 torr. 

The processing chamber is coupled directly to the helium cryostat through a gate 

valve, as indicated in Figure 2.6(a). Because some components of the cryostat are 

vacuum coupled with Viton o-rings and gaskets, the system typically attains pressures 

~10"7 torr with the gate valve open. In order to transfer a newly prepared sample onto the 

scanning head, two rotary/linear manipulators are used. The long horizontal manipulator 

can translate the basket to the cryostat top, where it is positioned directly beneath a 

second vertically-oriented manipulator at the top of the cryostat. This manipulator is 

equipped with a hook that can latch on to the sample holder so that it can be lifted off the 
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basket, rotated 90° (the sample now facing the tunneling tip), and lowered into position 

near the tip. 

The scanning head is mounted on a captive Acme threaded rod which is coupled 

to a dc gear motor via a direct-drive feedthrough (see Figure 2.6) so that it can be moved 

vertically throughout the sample tube of the cryostat. The electrical leads (12 low-heat-

leak stainless-steel coaxial cables) are tethered to a phosphor-bronze support strip which 

constrains them to follow the STM's motion in a controlled way. Following the behavior 

of a common metallic tape-measure, a curvature introduced across the width of a 1.3 cm x 

0.16 mm x 150 cm strip of this non-magnetic, low thermal-conductance alloy gives it a 

tendency to stay straight along its length. Such a strip is attached so that it drapes 

beneath the support block that holds the scanning head, with straight sides and a well-

defined loop at the bottom, as shown in Figure 2.6(b). We attach the electrical leads to 

this strip by wrappings of Teflon tape every few centimeters, which easily slide along the 

inner surface of the sample tube. The bottom loop is used to hold the extra length of 

leads, which is necessary to move the scanning head downward from the top position. In 

this way, the scanning head with a newly prepared sample in place can be lowered to the 

bottom of the cryostat. Once the system has been cooled, however, we find that the 

scanning head must remain stationary due to the insulation in the coaxial leads. Below 

100 K, this material becomes too stiff to safely bend around the bottom loop without the 

risk of cracking. 

A He4 flow cryostat16 was chosen that enables the tip/sample temperature to be 

varied either by helium gas flow (300 K to 1.8 K) or by immersion in liquid helium (4.2 

K to 1.5 K). In order to reach temperatures below 4.2 K, the sample tube of the cryostat 

is evacuated with a 66 1/s mechanical pump. Although the pump is only used when vapor 

is flowing or when the STM is immersed in liquid helium, a liquid nitrogen cold trap is 

installed in the pumping line to insure that no oil backstreams into the cryostat sample 

tube. The direct contact between the tip/sample and the helium gives a large cooling 
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power, which allows us to reach these low temperatures despite the multiple leads to the 

scanning head. 

The scanning head is a compact design which easily fits inside the 5.7 cm inner 

diameter of the sample tube. Its normal modes of vibration are high frequency, resulting 

in relatively low sensitivity to building vibrations (see section 2.2.3). However, because 

it is rigidly coupled to the rest of the system, good vibration isolation is important to 

achieve a stable tunneling signal. We isolate the system from floor vibrations by resting 

it on four air springs inflated to 30 PSI and stacking 400 kg of lead bricks onto the base. 

In order to eliminate vibrations from the mechanical pump (located 10 m away from the 

cryostat), the final vacuum connection is made to the system with flexible rubber vacuum 

tubing. To reduce coupling to acoustical noises in the lab, the system is surrounded with 

sound-damping foam-rubber panels.17 

The tunneling current is detected using a current-to-voltage preamplifier18 

mounted directly to the top of the cryostat to minimize the effects of electromagnetic 

interference. Most of the measurements presented in this work were obtained using 

custom-built control electronics, although the more recent data were taken with a 

commercially purchased unit.19 Both systems feature standard feedback and scan-control 

circuitry, interfaced with a personal computer through a data acquisition board (see 

section 2.1.1 and Figure 2.2). The high-voltage output to the scanning piezoelectric tube 

has a maximum range of ±250 V yielding a scan range of 5 um at 300 K and 0.6 um at 

1.5 K. 

2.2.3 Scanning head design 

At the heart of the system is a horizontally-oriented thermally-compensated STM 

scanning head designed by Lyding et al.20 The scanning head has a compact length of 

only 3.8 cm and a rigid design which result in very high normal-mode vibration 
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Fig. 2.7 Diagram of the piezoelectric scanning tube used in the Lyding-

design STM.20 The outer metallization defines four quadrants, labeled 1-

4, to produce the tunneling tip's three-dimensional motion, (b) Complete 

schematic of the Lyding-design. Thermal compensation is achieved by 

supporting the sample with a second piezoelectric tube (labeled outer 

piezo). 
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frequencies, greater than 20 kHz. This compact and rigid design utilizes piezoelectric 

tubes made from a ceramic material commercially known as PZT-5H. The scanning tube 

is uniformly metallized on its inner surfaces, but has four independent quadrants of 

metallization on its outer surface, as indicated in Figure 2.7(a). The tunneling tip is 

mounted coaxially at one end of the tube, while the other end is firmly anchored to a 

base. With the inside electrode of the tube grounded and a voltage applied to one of the 

four outer electrodes, the wall thickness of the quadrant will increase (or decrease). 

Because the material conserves its total volume, the length of the quadrant decreases (or 

increases). Full range of motion in the x, v, and z directions can then be accomplished, as 

described in section 2.1.1. 

The major innovation of the Lyding design is a geometry that minimizes 

displacements of the tip relative to the sample due to temperature fluctuations, a 

phenomenon known as thermal drift. This is accomplished by supporting the sample 

stage with a second piezoelectric tube, of equal length to the scanning tube. The two 

tubes are coaxially anchored to the same base, as shown in Figure 2.7(b). With this 

geometry, length changes of the scanning tube due to thermal expansion or contraction 

are matched by equal changes of the outer tube; thus thermal compensation in the z 

direction is achieved. With regards to the lateral directions, coaxial mounting of the tip 

and sample assures minimal displacement due to thermal drift. 

In addition to thermal compensation, the outer tube provides the motion necessary 

to bring the sample into tunneling range by means of inertial translation. The sample 

stage consists of a sample holder block which can slide with little friction along a 

grooved quartz support tube; quartz was chosen for its negligible expansion properties. 

Now, low frequency voltage waveforms applied to the outer tube cause the sample holder 

to oscillate in z. But if the frequency is increased to several kHz, the static-friction limit 

is exceeded due to the inertia of the sample holder. This prevents it from following the 

motion of the support tube, and the sample holder remains stationary. The trick to getting 
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the sample holder to "walk" towards the tip is to apply an asymmetric waveform, such as 

a sawtooth. The sample holder will follow the support tube's motion during the slow 

portion of the signal, but will remain stationary during the fast portion. In this way, the 

sample slips a small distance, causing a net translation, typically -500 A. 

Of course, it is important to prevent the sample from walking too far and coming 

into mechanical contact with the tip, a phenomenon known as crashing. This is easily 

accomplished by stopping the sawtooth as soon as any tunneling current is detected by 

the preamplifier. The feedback signal to the scanning tube will then adjust the z position 

of the tip, resulting in the desired amplitude for tunneling current. For the purpose of 

electrical contact to the sample, the upper surface of the support tube is metallized as are 

contact pads on the bottom of the sample holder. These metallized surfaces must be well 

polished and clean to insure that the inertial translation will work reliably during 

cryogenic operation. 

2.2.4 Operation 

In a typical data run the cryostat sample tube is first purged with nitrogen gas and 

evacuated with a mechanical pump to a pressure of a few hundred millitorr (with the gate 

valve shut). The sample holder is then loaded into the processing chamber and placed in 

the sample basket. By evacuating the processing chamber with the turbomolecular pump, 

the sample surface can be prepared in a UHV environment. Once the sample is ready, the 

gate valve is slowly opened so that the sample tube of the cryostat is evacuated. The 

sample holder is then transferred onto the scanning head and subsequently lowered down 

the sample tube to the cryostat bottom. 

We have found that precooling the system while the sample tube is filled with an 

exchange gas causes unnecessary contamination of the sample surface. The problem is 

that contaminants drawn from the warmer stainless steel walls near the top of the cryostat 
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are then cryopumped downward to the sample. The surface is kept much cleaner by 

continuing to evacuate the sample tube with the turbo pump as liquid nitrogen is 

introduced into the cryostat reservoirs (with the needle valve connecting the sample tube 

to the helium reservoir shut). This allows the scanning head to precool by radiation in a 

high-vacuum environment ~10"7 torr. The resulting low temperature gradient (0.2 7min) 

minimizes thermal-contraction stresses on the STM which can significantly shorten its 

operating lifetime. 

When the STM reaches around 150 K, liquid helium is introduced into the 

cryostat. The gate valve is then shut and the turbo pump switched off as further cooling 

is achieved by helium vapor rising through the needle valve at the bottom of the sample 

tube. Again, to avoid high thermal stress on the STM, the vapor flow rate is adjusted so 

that cooling proceeds at =0.7 7min. Therefore, we take about 16 hours in total to cool a 

newly prepared sample to liquid helium temperatures. For temperatures at or below 

4.2 K, we have achieved the best results by immersing the tip and sample in liquid 

helium. This environment provides excellent temperature stability while freezing out any 

residual contaminants. In practice, tunneling through liquid helium (an insulator) is much 

like vacuum tunneling. Due to the long cooling time, the system is not suitable for 

atomic-resolution applications involving reactive surfaces. However, by the use of 

samples which are chemically inert, such as Pbln, NbSe2, graphite, or noble metals, the 

cleanliness of the surface can be maintained, allowing atomic resolution. 

Once the desired cryogenic temperature has been reached, there are a variety of 

ways in which the sample can be characterized. The data presented in this work were 

obtained using two modes of operation which directly yield the relevant information: the 

constant-current scanning mode, and the spectroscopic mode. As described in section 

2.1.1, the constant-current mode provides an atomic-resolution topographical image of 

the surface by rastering the tip while maintaining a constant tip-sample separation. In 

addition to identifying prepared structures on the surface, the topographical data can 
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indicate if the atomic lattice of the substrate is obscured by absorbates, serving as a good 

test of the surface quality. The software that controls the scanning also allows 

spectroscopic measurements to be taken concurrently at discrete points. This is 

accomplished by momentarily interrupting the scan at selected x,y points, while turning 

off the feedback to fix the z position of the tip. As discussed in section 2.1.3, the 

complete density of states of the surface N(E=eV,x,y) can be obtained by measuring the 

local dl/dV while ramping the bias voltage V through the range of interest (as long as eV 

stays much less than the Fermi energy and the tip/sample workfunctions). 

As opposed to measuring / versus V and then numerically taking the derivative, 

we take advantage of the noise rejection capability of a lock-in amplifier to immediately 

get dl/dV. Following the usual scheme, a small sinusoidal voltage is superimposed on the 

relatively slow V ramp. The resulting ac tunneling current, which has an amplitude 

proportional to dl/dV, is the input to the lock-in amplifier. As the output of the lock-in is 

proportional to amplitude of the input at the driving frequency, a dc signal proportional to 

dl/dV is obtained. This procedure, which typically takes about a minute per voltage 

ramp, demands very high stability: a constant tip-sample separation must be maintained 

to a precision -0.01 A without the use of feedback. To get reproducible spectroscopic 

data, the mechanical quality of the tip must be excellent, and special attention must be 

given to the vibration isolation features of the system. 

We have found our system capable of high-quality topographical and 

spectroscopic measurements at both room temperature and cryogenic temperatures. 

Variable temperature operation is demonstrated in Figure 2.8. The sample is NbSe2 

which has distinct electronic features. It undergoes two phase transitions: a charge 

density wave (CDW) transition at 33 K, and a superconducting transition at 7 K. The 

charge density wave with a period of approximately three atomic spacings adds a 

modulation to the topographic images, as shown in Figure 2.8 (top). In terms of the 

electronic structure, each of the phase transitions gives rise to a respective energy gap in 
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Fig. 2.8 Demonstration of variable temperature operation on NbSe2. 

(Top) Two 30 A x 30 A topographic images showing atomic resolution at 

room temperature and additional CDW corrugations below the COW 

transition temperature. (Bottom) Spectroscopic data showing the 

appearance of both a CDW gap (ACDW) and a superconducting gap (Asc) 

about the Fermi level, as the temperature is lowered. 
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the density of states. The spectroscopic curves shown in Figure 2.8 (bottom) display 

features of both the CDW gap and the superconducting gap, as indicated. 
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3. CSTM OF ISOLATED SUPERCONDUCTORS 

3.1 BCS Relationships 

In 1957, Bardeen, Cooper, and Schrieffer (BCS) produced their landmark theory 

of superconductivity,21 which formed the basis for a majority of the ensuing theoretical 

work. In the BCS theory, it is shown that for temperatures below a critical value Tc a 

weak attraction can cause pairing between electrons near the Fermi level, resulting in a 

system which can be characterized as a macroscopic quantum state. Such an attraction 

can result from interactions with phonons, coupling electrons into so-called Cooper pairs, 

which comprise the superconducting charge carriers. We can understand how a phonon-

mediated interaction can overcome the Coulomb repulsion between electrons in the 

following way. The bare Coulomb interaction between two electrons (1 and 2) inside a 

solid will be screened, by the other electrons and also by the positive ions in the lattice. 

In fact, the ions can have a very large response, effectively over-screening the negative 

charge of the electron. This results in a positive cloud in the vicinity of electron 1, which 

can then attract electron 2.22 The following discussion is by no means intended to be a 

survey of the BCS theory.922 Rather, select BCS relationships are introduced for 

comparison to measurements of isolated superconductors, and to provide a starting point 

for the later discussion of normal-metal / superconductor (NS) structures. 

Because a large number of electrons participate in the superconducting state, the 

BCS ground state is most conveniently expressed using creation/annihilation operators. 

In this context, a term c\c*_ . creates a Cooper pair consisting of a spin-up electron of 

momentum tik and spin-down electron of momentum -hk. BCS took the form for the 

ground state wavefunction to be 
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k 

where |\|/0) is the vacuum state. The physically significant quantities |vft| and 

\uk\ =l-|v*| yield respectively the probability that the pair (k,-k) is occupied or 

unoccupied. The Cooper pairs have an extended nature, with a characteristic size set by 

the coherence length £. This quantity is typically -3000 A for low-rc superconductors. 

The BCS theory shows that the condensation of Cooper pairs lowers the energy 

with respect to the ordinary Fermi-sea ground state. The theory also shows that the 

energy of the system can be increased by fermion elementary excitations which are 

referred to as quasiparticles. Relative to the Fermi energy EF, the energy of a 

quasiparticle of momentum M is given by 

where Ak is referred to as the pair potential, and sk=(h2k2/2m)-EF. Because even at the 

Fermi surface E*=|A*|>0, Ak represents an energy gap in the quasiparticle density of 

states. For the solution to be self-consistent, Ak must satisfy the condition: 

A*=-SgW";v/[l-2/(£j] 3.1 

where gkl is the matrix element for the attraction between electronic states k and /, and/is 

the usual Fermi function f(Ek) = \/(eEk/k"T +1). 

We conclude this section with three relationships that assume a weak attractive 

interaction, independent of k, for a homogeneous superconductor which is well below Tc 

and in the absence of a magnetic field. In this case, gkl can be replaced with an effective 
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interaction constant g«l/N0, where NQ is the normal-state density of states (assumed 

constant as we are interested in energies only a few meV from EF). A* can then be taken 

as a positive real constant, which we designate as the bulk energy gap A*,. Measuring 

energies with respect to the Fermi level, the BCS density of states can be written as 

NBCS{E) 
E ,E>A„ 

V^-Ai . 3.2 
0 ,E<AX 

As shown in Figure 3.1, the absence of quasiparticle states inside the gap is compensated 

for by enhanced densities beyond the gap. In fact, the total number of levels is the same 

as for the normal state. We can also express the coherence length in terms of Am, 

£ =^£- 33 
SBCS . •>••> 

%Aoo 

where vF is the Fermi velocity. Lastly, we give the famous BCS relationship between the 

zero temperature energy gap and the critical temperature: A*=1.76 kBTc. 
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Fig. 3.1 The BCS density of states NBCS(E). The curve is broadened 

slightly to remove the divergence at E=A%,. 
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3.2 Measurements 

Before presenting the results of density of states measurements of NS structures, it 

is expedient to first address CSTM spectra of isolated superconductors. We have 

performed such measurements on both single crystals and polycrystalline films using 

NbSe2, Nb, and Pb-In. This represents an important test of the capabilities of our 

cryogenic system to obtain reproducible measurements on the scale of the energy gap. Of 

course, of equal importance is to determine the limitations of CSTM spectroscopy. 

Similar results are obtained for each of the tested superconductors; here we show spectra 

from two samples immersed in liquid He at 1.6 K: NbSe2 and Pb-In. 

We first demonstrate spatial reproducibility on the homogeneous surface of 

NbSe2, an anisotropic layered superconductor with a Tc of 7 K. Cleaving a crystal 

parallel to the layers with Scotch tape allows a fresh, atomically-flat surface to be 

exposed, as shown in Figure 2.8. Single crystals were grown using an iodine-assisted 

transport reaction in a gradient furnace.23 The material is chemically inert, allowing for 

negligible contamination during the few minutes of air exposure between the cleave and 

subsequent placement into the vacuum system. Figure 3.2 shows (a) 16 consecutive 

dl/dV vs. V curves taken on NbSe2 at different locations, and (b) an enlargement of a 

representative curve. All the measurements have been normalized to the value observed 

at high voltage. The sampled locations form a 4 x 4 square grid with a nearest neighbor 

spacing of 20 A as indicated. We clearly see gap-like spectra, reminiscent of the BCS 

energy gap, which is approximately the same at each location, as expected. However, the 

data show a background slope which varies from curve to curve (this slope is most 

evident in the (x,y)=(60 A, 60 A) curve). In fact, this effect is not a reproducible function 

of position, but appears to be random in time. We believe that we are simply observing 

the results of a gradual thermal drift on the uK scale, which induces changes to the tip-
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Fig. 3.2 (a) Sixteen measurements of dl/dV vs. V taken at different 

relative (x,y) position on the a NbSe2 crystal, as indicated, (b) An 

enlargement of a representative measurement compared with a BCS curve. 
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sample spacing a of a few mA. To correct for this, we routinely subtract a background 

slope from the data after normalization, as was done for Figure 3.2(b). 

We can further check if the gap-like curves are consistent with BCS theory by 

comparing them to NBCS. We accomplished this using Eq. 3.2, adding the reflection on 

the negative-energy side. (The resulting density of states will then reduce properly to the 

normal metal density of states as A^->O.) Next, the curve is thermally broadened via 

Eq. 2.2, resulting in a simulated dl/dVvs. Vcurve. As shown in Figure 3.2(b), the BCS 

density of states, with Aoo=1.30 meV, reproduces excellently the measured dl/dV. This is 

consistent with previous CSTM measurements of NbSe2 taken at millikelvin 

temperatures, which show a gradual onset of conduction at ±0.7 mV and peaks at ±1.3 

mV, indicating a distribution of energy gaps from 0.7 to 1.4 meV.24 

However, the measured d//dFis smeared energetically much more than it should 

be, as to achieve a good fit, the effective broadening temperature T must be taken to be 

7.6 K, a value much greater than the bath temperature of 1.6 K. Alternatively, the 

measurements could be fit using the experimental temperature by incorporating a 

phenomenological lifetime broadening term.25 While the intrinsic distribution of energy 

gaps in NbSe2 may account for some of the discrepancy, perhaps 1 K, the remaining 

source of broadening is unknown. In fact, this phenomenon is not limited to NbSe2, as it 

has been consistently observed it to some degree in all CSTM spectroscopic 

measurements. In most cases, the extra smearing is blamed on the high current density 

inherent to STM.6 This could result in non-equilibrium breaking of Cooper pairs which 

would alter the density of states. 

If, indeed, the tunnel current were responsible for the energy smearing, the extent 

of the smearing should be a function of the current density. We have tested for current 

density effects using films of superconducting Pb-In alloy (T=7 K). This material allows 

for stable tunneling characteristics while varying the tip-sample spacing (or) over a range 

of about 3 A, enough to achieve a three orders of magnitude variation in the current 
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a BCS density of states as indicated. The tunnel current at 10 mV was 0.5 

nA. (b) Four successive measurements taken at the same location, but 

with a different current. Successive curves have been shifted upward for 

clarity. 
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density. In contrast, attempts to vary a over a significant range with NbSe2 result in an 

unstable current; the difficulties probably arise from tip-sample interactions which can 

exert forces on the loosely-coupled layers. The samples were prepared in situ by 

coevaporation of Pb and In (20%) to a thickness of 1000 A on a graphite substrate. 

Figure 3.3(a) shows a typical dl/dV curve fit with the BCS density of states; the best-fit 

parameters are A00=1.35 meV and 7*=4.1 K. as indicated. Once again, an excellent fit is 

achieved using an energy gap approximately consistent with the accepted value,26 but 

with an effective temperature much greater than the experimental one of 1.6 K. Figure 

3.3(b) shows four additional spectra taken at the same location and with the same tip 

(chemically etched Pt-Ir) as the spectrum shown in (a). As indicated, a has been adjusted 

for each successive curve to increase the tunnel current by an order of magnitude. 

Assuming a tunneling area of 10 A2, this corresponds to a variation of the current density 

at 10 mV from 2 x 105 A/cm2 to 9 x 107 A/cm2. To reduce scatter, the positive and 

negative branches of each spectrum have been averaged together. We see that despite the 

450-fold current increase, there is no discernible change in the normalized dl/dV. 

We conclude that CSTM spectra of isolated superconductors consistently yield 

the expected BCS density of states. We believe that it is unlikely that the extra, non

thermal energy smearing arises due to the STM's high current density, as we find no 

current-density dependence over a three order of magnitude range. 

Another possible source of the energy smearing is a manifestation of the 

uncertainty principle. The effect could arise from the confinement of electrons to the 

narrow channel during the STM tunneling process. Assuming this constitutes a quantum-

mechanical determination of the electronic positions, there should be an accompanying 

smearing of the energies. However if this were the case, the uncertainty principle must be 

at work in a subtle way. For example, taking the diameter of the tunneling channel to be 

-10 A, a straight-forward application of the relation AxAp - h leads to an uncertainty in 

energy of roughly 1 eV. But we consistently observe much less energy broadening 
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- 1 meV. Clearly, the source of the non-thermal energy smearing in STM spectra 

remains an open question. 
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4. THEORY OF BOUND STATES IN 
NORMAL/SUPERCONDUCTOR (NS) STRUCTURES 

4.1 Bogoliubov-de Gennes (BdG) Equations and the Superconducting Proximity 

Effect 

If a superconductor is placed in electrical contact with another metal, or in a 

magnetic field, the pair potential A will vary in space. A framework to calculate the 

quasiparticle properties in these situations is provided by the Bogoliubov-de Gennes 

(BdG) equations, which can be viewed as a generalization of the Schrodinger equation for 

single-particle excitations in a superconducting system. In this section we introduce the 

BdG equations and their relevant parameters. As the equations are based on BCS theory, 

this brief discussion will refer to analogous quantities introduced in Sec 3.1. 

The standard derivation22 begins by recasting the problem in terms of position 

eigenfunctions u(r) and v(r) instead of the momentum eigenfunctions uk and vk. In this 

case the u and v correspond to quasiparticle excitations, with |w(r)|2 and |v(r)|2 yielding 

respectively the probability for finding a quasielectron and quasihole at location r. 

Creation and annihilation operators are defined with respect to the new u and v, and Ak is 

replaced in favor of the spatially dependent pair potential A(r). The BdG equations then 

follow as the requirement for diagonalization of the original hamiltonian: 

SM(r) = 3C0w(r) + A(r)v(r) 

4.1 

Sv(r) = - ^ v ( r ) + A*(r)M(r) 

38 



where S is a positive energy eigenvalue, and M0 is the hamiltonian for the system in the 

absence of pairing, with energies measured relative to EF. In analogy to Eq. 3.1, A(r) is 

required to follow a self-consistency condition27 

A(r) = g(r)£v;,(rH(r)(l -2/(S„)) = g(r)F(r), 4.2 

where g(r) is the effective interaction parameter, and F(r) is the condensate amplitude. 

It is illuminating to apply the BdG equations to the case of a normal metal, for 

which A(r)=0 for all r. Eqs. 4.1 then decouple into two independent Schrodinger-like 

equations: one for u with eigenenergy above the Fermi level, and one for v with 

eigenenergy below the Fermi level. Clearly, these eigenfunctions play the role of 

quasiparticle wavefunctions, with u and v being the electron and hole wavefunctions 

respectively. 

Returning to Eq. 4.2, we see that the spatial variation of the pair potential is 

constrained by F and g. This relationship is fundamental to the understanding of the 

superconducting proximity effect, a phenomenon that occurs when a superconductor (S) 

comes into contact with a normal metal (N). As F is a measure of the local pair density, 

it cannot vary discontinuously across the interface due to the extended nature of the 

Cooper pairs. Instead, some paired electrons leak across the boundary, so that F falls off 

smoothly. This results in a weakening of superconductivity in S, and induced 

superconductivity in N. F varies with distinct length scales in the two materials, £s and 

4M; 4S is the superconducting coherence length introduced in Sec. 3.1, while the normal-

metal coherence length 4N is given by hvFN/kBT in the clean limit. For systems with 

typical coherence lengths, greater than 300 A, g can vary rapidly compared to F, 

depending mostly on the local materials properties. For this reason, the conventional 

picture of the proximity effect allows g to vary discontinuously at the SN interface. So if 
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A = gF 

Fig. 4.1 The conventional picture of the proximity effect in which it is 

assumed that g can vary rapidly on the scale of 4s and 4N- Here we show 

the behavior of A (solid) and F (dashed) in the case of gjf=0 and gg=l, as 

indicated by the step function (dots). 
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gA=0, there will be no induced pair potential in N, despite the presence of 

superconductivity (as measured by F), as shown in Figure 4.1. 

For the case of short-coherence-length superconductors, allowing g to vary 

discontinuously may become a poor approximation. Microscopically, g must be 

continuous, with the length scale for significant variations set by a characteristic length 

4g. As described in Sec. 3.1, the attractive interaction responsible for pairing in the low 

temperature superconductors arises from screening effects. For this reason, %g is expected 

to be of order of the charge screening length, or the inverse of the Fermi wave number, 

\lkF
22 If the coherence length of the superconductor is short enough so that it 

approaches 4g, then to properly describe the situation at an SN interface, the detailed form 

of g must be considered in addition to F. This behavior represents a significant departure 

from the conventional picture, and has not been observed experimentally prior to this 

work. But the atomic scale spectroscopic capability of CSTM applied to such an SN 

interface allows for the possibility to detect the presence of a significant 4g-

4.2 de Gennes-Saint-James (dG-SJ) Model 

In a concise and elegant 1963 paper, de Gennes and Saint-James applied the BdG 

equations to the case of a normal-metal slab N of finite thickness in electrical contact 

with a semi-infinite superconductor S.28 They predicted that there will be quasiparticle 

states bound in the N layer due to the local reduction in A, giving rise to discrete states. 

Ten years later, the existence of quasiparticle bound states in planar NS structures was 

verified by experiments, which identified the bound-state peaks in the density of states by 

tunneling through an oxide-barrier.29 Although refinements to the original work have 

been made by other theorists,30'31 the standard theory of quasiparticle behavior in NS 

structures will be referred to as the de Gennes-Saint-James model (dG-SJ). 
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Before embarking on a detailed discussion of quasiparticle bound states based on 

the BdG equations, we can get an intuitive understanding of the physics by considering 

the fate of an electron inside N. (A thorough introduction can be found in reference 32.) 

If the energy of the electron is below the gap of S, it costs energy for it to exist there as 

unpaired free particle. Therefore, at the NS interface it will be reflected in some way. In 

fact, the electron is reflected back into N as a hole as a result of the process known as 

Andreev reflection.33 Assuming a long mean free path, this hole will return to the NS 

interface after a conventional reflection off the back N-vacuum wall. A second Andreev 

reflection converts the hole back into an electron, which will interfere with the original 

particle/wave. A discrete bound state can then be understood as meeting the conditions 

for constructive interference. 

4.2.1 Bound state behavior 

In the following discussion, we solve for the bound states in a simple, idealized 

system using the strategy employed by de Gennes and Saint-James.28 In light of the 

lessons learned from bound states in vortices as described in Chapter 1, we extend the 

original calculation to solve explicitly for the bound state wavefunctions. This treatment 

yields good insight into the behavior of quasiparticle bound states, serving as guide for 

our intuition as we confront more realistic models for NS structures. 

We begin with the simplifying assumption that the N layer, of thickness dN, and 

the semi-infinite S layer share the same Fermi velocity vF and effective mass m. We also 

restrict our attention to propagation perpendicular to the NS interface (z), which is the 

direction of confinement. The corrections introduced by considering trajectories parallel 

to the interface will be discussed in Sec. 6.2. The one-dimensional form for the BdG 

equations can then be used, where we let H0 be the free-electron-gas hamiltonian 
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Eqs. 4.1 become 

A= d̂  
Gw(z) = - | — — + EF \u(z) + A(z)v(z) 

Sv(z)= + 

2wdz2 

2m dz2 

4.3 

+ EF V(Z) + A(Z)M(Z) 

The dG-SJ model takes the pair potential to be a step-function with the 

discontinuity located at the interface (z=0) given by 

«HL:;:r" 
where A^ is the real, non-negative pair potential which equals the energy gap of the 

isolated superconductor. To simplify the algebra, we assume A*, is much less than EF 

throughout the analysis. No attempt is made to satisfy the self-consistency condition (Eq. 

4.2), which amounts to neglecting corrections to Eq. 4.4 due to the proximity effect. 

We now consider quasiparticle excitations inside the gap, 8<A00, which are 

forbidden to propagate freely into the superconductor. Beyond some characteristic length 

inside S the wavefunctions must vanish, analogous to the situation at a potential step in 

Schrodinger-equation quantum mechanics. Indeed, the following treatment closely 

parallels the textbook discussion of the familiar one-dimensional problem of a particle-in-

a-box.34 We start by identifying the form of the solution on each side of the interface. 

Because A=0 inside N, the quasiparticle wavefunctions u and v are independent, as 
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described in Sec. 4.1. We ensure that the wavefunctions vanish at the vacuum/N interface 

z=-dN, by choosing solutions of the form 

u(z) = Asin[ku(z + dN)] 
,-dN<z<0, 4.5a 

v(z) = 5sin|>v(z+ </„)] 

which is consistent with an infinite potential for z<-dN. An arbitrary phase can be added 

to the solution, just as for the particle-in-a-box problem; for simplicity, we choose A to be 

real (we will later see that this implies that B is also real). Now, inside S where A=A00, u 

and v are coupled and must share the same exponent. Eq. 4.3 allows the exponent to be 

complex, resulting in oscillatory solutions within an exponential envelope: e(±Kii®z, where 

K and k are real. Because u, v -» 0 as z -» +oo in our case, we take the form to be 

u(z) = a/-K+ik)z +a2e^K~ik)z 

,z>0. 4.5b 

v(z) = pie
(-K+i*>z+p2e

(-K-it)z 

Applying Eqs. 4.5 to Eqs. 4.3, we find that the ks and K can be solved for in terms 

of S and the Fermi wave number kF = ^2mEF /h. Making use of A*,, Z«EF, we find 

ku- kF + —=- , kv -kF-
F ^ , " . - " F ^ 

4.6 

K ^ - ^ - X - S 2 , k = kf h2k 
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From the requirement that u,v, du/dz, and dv/dz be continuous at the interface, 

z=0, we obtain the equation 

[(t + iK_t , )g^ -(A + iK + Ajg-^^[(t-iK + t , )g^" -0WK_t j / ^ ]g "+ -

[{k + iK-kv)e
lk*d» -{k + iK-kv)e

ik>d»\{k-iK + ku)e
ik»d» -{k-iK-ku)e

ik»d»} = 0, 

where the phase § is defined as 

cosd) = — , 0 < d> < - . 4.8 
A . 2 

The restriction of (j) to the interval between 0 and 7t/2 serves two purposes: (1) it ensures 

that only states corresponding to Aoo>0 are considered, and (2) upon finding the bound-

state solutions, it will prevent double-counting the number of states for a given dN. 

Eq. 4.7 greatly simplifies by making use of the following approximations, 

accurate to lowest order in ZIEF: 

k±he + kuv = 2kF , k±iK-kuv=0. 

We then find 

eW„-kv)dN = g i 2 ^ 

so that 

(ku - kv )dN = ij) + «n , n = an integer. 4.9 

Using Eqs. 4.6 and 4.8, this can be rewritten as 
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—cos$ = $ + tm, 4.10 
7C 4 

where 4, the characteristic length scale for dN, is 

4 = f&L. 
TtmAco 

More generally, the length scale for dN is set by the materials parameters of the normal 

metal. But because the de Gennes-Saint-James model assumes the normal metal and the 

superconductor share the same kF and m, this 4 is identical to the BCS coherence length 

in the superconductor, Eq. 3.3. 

The solutions to Eq. 4.10 determines the number of bound states and their 

energies. For a fixed value of dN, there is exactly one solution for each non-negative 

integer n such that 

„<44r- 4.ii 
% 4 

Hence, the number of bound states increases with dN/^, with at least one, corresponding 

to «=0, for any dN>0. This follows the analogy with the textbook particle-in-a-box, for 

which larger potential wells hold more bound states, with a minimum of one. However, 

in our case the level spacing is roughly constant, as can be seen from Eq. 4.10: 

Designating the energy for each bound state as S^A^cos §n, if both A00/S„ and dnlt, are 

much greater than one, we find 
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E*«A«,;^-(,, + %). 
2dN 

We also label the bound-state wavefunctions for each state as un and v„, with parameters 

kun, etc., given by Eq. 4.6. 

To complete the solution, the wavefunctions can be found explicitly by returning 

to the continuity requirements and solving for B, a,2, and (512 in terms of^, <j>„, and km. 

Eqs. 4.5 then become 

\A„sm[kun(z+dN)] ,-dN<z<0 
w»(z) = < 

[Ane-K"zsm(knz + kundN) , z>0 
4.12 

vn(z) = -
( - l ) % s i n [ ^ ( z + ^ ) ] , -dN<z<0 

where A has been labeled An for use as the normalization factor for each state. The 

normalization requirement follows from the fact that |w„(z)|2 and |v„(z)|2 give respectively 

the probability for finding the bound-state particle and hole at location z. Because the 

state must be either a particle or a hole which can be found somewhere, the value for An is 

determined by the requirement 

1= j(K(z)|2+|v„(z)|2)dz. 

We find 
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(a) dG-SJ Bound States 

4r=40S,,; A(z)/A, 

(b) Bound Quantity 

bk^ku-ky ACzVA. 

-sin(8^z 

-sin(63;z) 

-sin(8^z) 

-sin(8£0z) 

Fig. 4.2 (a) The 4 lowest-energy dG-SJ bound-state wavefunctions un for 

the case of 0 /̂4=40 (8 bound states in total). Only amplitude variations as 

a function of z are discernible, as the wavelengths of the oscillations are 

short on the scale of several 4- (b) Waves constructed from the difference 

of particle and hole wave numbers. These quantities follow approximately 

the behavior of the particle-in-a-box wavefunctions of elementary 

quantum mechanics. 
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Despite the simplicity of this expression, An is generally a complicated function of dN, as 

K„ can be found from Eq. 4.6 only after solving Eq. 4.10 for S„. 

Figure 4.2(a) shows the low-lying quasiparticle wavefunctions at their respective 

energies, E„«A<», superimposed with the pair potential well for the case of dN/E,=40. It 

is clear that despite the analogy to the Schrodinger-equation particle-in-a-box, the bound 

wavefunctions have a very different character. In the case of the particle-in-a-box of 

width La and infinite potential walls, the bound wave numbers ka are given by kj,= nnn, 

where «D=1,2,...34 The resulting wavefunctions have integral numbers of half-

wavelengths that fit inside the well, with nodes occurring at each boundary. In contrast, 

the wave numbers for the quasiparticle bound states, ku and ky, are set approximately by 

the Fermi wave number kF irrespective of the well width. In Figure 4.2(a), the resulting 

wavelength is sufficiently small so that individual oscillations are not even discernible, 

and all the low-lying wavefunctions look about the same. 

This comparison highlights the difference in the physics governing quasiparticle 

bound states. Unlike a Schrodinger well, a pair potential well is restricted to energies 

near the Fermi level, as it is essentially the energy-gap of the bulk superconductor. Only 

quasiparticles near the Fermi level are affected, with bound states forming as Andreev 

reflection mixes particles and holes. As a result, there is a wave number made up of both 

ku and kv that does follow roughly the particle-in-a-box behavior: bk = ku- ^ . Eq. 4.9 

shows that 5k follows a quantization condition similar to ka, except for an extra term of <|>. 

For low-lying states <|)«7t/2, so that waves can be constructed from 8k which are similar to 

particle-in-a-box wavefunctions with an anti-node at the vacuum interface and a node at 

the superconductor interface, as shown in Figure 4.2(b). These constructed waves can 
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help guide our intuition for more complicated models, but it should be emphasized that 

they are not measurable wavefunctions like un and v„. 

4.2.2 CSTM measurements 

With respect to experimental measurements, the quantity of interest is the local 

density of states, 

N(E,z) = ^un(z)\h{E-£n) + \vn(z)\h{E + Znj\. 4.14 
n 

As described in Section 2.1.3, N(Ej=-dN) can be measured with CSTM by positioning 

the tip above the normal layer's surface. Strictly speaking, this quantity is equal to zero in 

the dG-SJ model due to the boundary condition u„(-dN) and vn{-dN) equal zero. However 

in practice, the presence of the tunneling tip perturbs the wavefunctions with respect to z, 

resulting in a non-zero surface value which is proportional to the amplitude inside the 

normal layer. From Eqs. 4.12, we see that both \u„(-dN)\2 and \v„(-dN)\2 will then be 

proportional to A2. Writing N(Ej=-dN) as N(E), Eq. 4.14 becomes 

A r ( £ ) < x £ 4 [ 8 ( £ - S j + 5(£ + S j ] . 4.15 

So, local density of states measurements for |£|<A00 will yield the spectrum of bound 

states as 8-function peaks at ±S„, with the relative magnitudes given by A2. 

Anticipating the experimental results, we focus on dN<%n2l2 in which case there is 

only the «=0 bound state. Figure 4.3 shows the normalization factor for this state A2 

calculated as a function of dN. The gradual decrease as d^co is easy to understand: as 
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Fig. 4.3 Normalization factor for the lowest bound state A% shown as a 

function of dN. 
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the thickness of N increases, the likelihood for finding the state at a particular location 

inside N decreases. In contrast, the reason J4Q-»0 abruptly as d^O is more subtle and 

results from remarkable behavior of the state as the dG-SJ model reduces to an isolated 

superconductor. To meet the requirement of no quasiparticle states within the bulk gap, 

the bound-state energy must leave the range of 0<S0<Aoo in some way. From Eq. 4.10 

we find that as dN/Z,-+0, the state disappears by merging into the gap edge, En-fA*,, 

where there is a continuum of delocalized scattering states. In fact as dNlt, decreases, the 

bound state begins to look like a scattering state, as seen from Eqs. 4.6. We find that all 

bound states penetrate across the NS interface into the superconductor, with the 

penetration depth given by 

Low-lying states, dNl^»\, E^«A„, are clearly localized to the normal metal, as the 

penetration depth is only K„-'«jt4 (see Figure 4.2(a)). However as dN/^0 and our last 

bound state merges into the gap edge, Eq. 4.16 indicates that K0-' tends to infinity. In 

other words, there would be an equal likelihood of finding the state anywhere inside the 

semi-infinite NS system; this follows the behavior of scattering states beyond the gap 

edge. Of course, the probability of finding it inside the normal layer then becomes 

vanishingly small. 

The situation is shown quantitatively in Figure 4.4 which contrasts the normalized 

|M0(Z)|2 for two values of dN/£,: 1.0 and 0.1. The wavefunction of the d#/4=1.0 state (for 

which S0=0.857AoO) attenuates significantly inside S on the scale of 4- In contrast, the 

wavefunction of the dN/^=0A state (£0=0.998Aoo) is nearly constant, behaving much like 

a delocalized scattering state. Although the energies for the two states only differ by 

about 14%, CSTM should be able to easily distinguish them from the magnitudes of the 
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Fig. 4.4 The dG-SJ |w0(z)|2 for two values of dNl%: 1.0 and 0.1. Only 

variations in the amplitude can be discerned as in Fig. 4.2(a). We see that 

the state is much more localized in the dN/£,=\.0 case. 

53 

H 1 s 



respective bound-state peaks in N(E), which are proportional to the amplitude of |M0(Z)|2 

inside N. We see that the dN/£,=\.Q peak would have a magnitude about 500% greater 

than the < /̂4=0.1 peak. More generally, any dN in the range of Q<dNIZ<.\ could be 

accurately determined by CSTM by comparing the relative magnitude of the bound-state 

peak to the ^dependence of A2 shown in Figure 4.3. So if the normal metal thickness 

were not constant but rather a function of location on the sample surface, this approach 

would offer a sensitive probe of the local djfey). 

4.2.3 Density of states beyond the bulk gap 

Unfortunately, our present method becomes computationally-lengthy when 

applied to eigenstates above Aro. To see the behavior at arbitrary energy E«EF, we turn 

to calculations of N(E) based on Green function techniques.31 Figure 4.5 shows two 

surface plots of the density of states inside the N layer for the dG-SJ model, as a function 

of both E and dN/t,. Figure 4.5 (top) illustrates that as dN increases, more states enter into 

the bulk gap and the magnitudes of all the bound-state peaks decrease. Eventually, the 

peaks will sufficiently overlap so that individual ones are not discernible. The density of 

states will then look like a constant function of E, consistent with an isolated normal 

metal. Figure 4.5 (top) also shows the presence of small N(E) peaks outside the bulk gap. 

These peaks, known as Rowell-McMillan oscillations, smoothly move to the inside of the 

gap to become the bound states as dN increases. Not surprisingly, Rowell-McMillan 

oscillations are closely related to the bound states, arising from over-the-barrier Andreev 

reflection.35 

To see explicitly the manner in which the first bound state enters the bulk gap, 

Figure 4.5 (bottom) shows an enlargement of the region 0<dN/£,<l. As discussed in Sec. 

4.2.2, the magnitude of the bound state increases abruptly as dN increases from zero. The 

surface plot shows that the bound-state peak smoothly emerges from the peak at the BCS 

54 



N(E,dN) 

Fig. 4.5 N(E,dN) for the dG-SJ model calculated from an expression valid 

for all E«EF, based on Green function techniques.31 The top surface 

plot corresponds to -3 A00<£<3A00, 0<^/4<15. At bottom an enlargement 

of the region -2A«o<E<2A«, 0<dN/2,<\ is shown. 
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gap edge, highlighted in black. Moreover, we see that the increase in the bound-state 

magnitude inside the gap occurs at the expense of the BCS enhancement in N(E) for 

energies just beyond the gap. In this way, the character of the density of states changes 

significantly with the presence of a single quasiparticle bound state. 
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5. OVERVIEW OF Au-NbSe2 MEASUREMENTS 

Prior to this work, the only successful CSTM measurements of spatially-varying 

superconductivity probed the quasiparticle bound states in magnetic vortices, as discussed 

in Chapter 1. Instead, it would be compelling to induce spatial variations using normal 

metal contacts, creating artificially-prepared NS structures. Measuring the bound states 

in these structures is a more basic experiment, as magnetic flux and screening currents 

are now decoupled from the problem. The bound-state energies are a function of the pair-

potential well, the magnitude of which is determined by the N thickness and the 

superconducting proximity effect in both N and S. Thus in principle, the proximity effect 

can be characterized by simultaneously measuring the spectum of bound states and the N 

thickness. The capabilities of CSTM lend themselves excellently to such a study for 

structures in which the N and S regions can be identified by topography, such as N 

islands on a flat S substrate. Our goal was to probe locally the island-substrate geometry 

to measure the proximity effect at the unprecedented length scales achievable with 

CSTM. 

We selected Au and NbSe2 as the normal metal and superconductor, two 

chemically inert materials for which a clean, sharp, planar interface can readily be 

formed.36 No superconducting transition has been observed in Au down to 

3.8 x 10~5K.37 NbSe2 is a well-characterized, anisotropic, layered superconductor, which 

undergoes a superconducting transition at 7^=7.2 K with a bulk energy gap Aro of about 

1.3 meV as discussed in Sec. 3.2. It is similar to the high-rc superconductors in that the 

coherence length perpendicular to the layers approaches atomic length scales, 4s±=23 A; 

parallel to the layers the coherence length is somewhat larger, 4sir^7 A.38 NbSe2 also 

undergoes a charge-density-wave (CDW) transition at 33 K with a corresponding gap of 
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Fig. 5.1 A 30 A x 30 A topographic image of Au-NbSe2. The periodic 

corrugations correspond to the atomic lattice of Se atoms on the NbSe2 

substrate. We identify the irregular structure as Au, since it appears only 

after the thermal evaporation. 
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35 meV. Below 7 K, features of both the CDW and superconducting energy gap are 

present in the tunneling spectra, as shown in Figure 2.8. 

To minimize surface contamination, the samples were prepared in-situ using our 

customized CSTM system. Crystals of NbSe2 (typically 4 mm x 4 mm x 0.2 mm) were 

freshly cleaved prior to thermal evaporation of Au with nominal thickness of 2 A to 7 A, 

as measured by a crystal monitor. Topographic and spectroscopic measurements were 

taken with the STM immersed in liquid helium at a temperature of 7>1.6 K. We find that 

the deposited Au forms distinct islands having widths ranging from 40 A to 150 A with 

separations of 20 A to 100 A. In the flat regions between islands we observe an atomic 

lattice consistent with that of clean NbSe2, as shown in Figure 5.1. Spectra were obtained 

using a chemically-etched Pt-Ir tip, with tunneling resistances -108 Q. In addition to 

subtracting background variations due to thermal drift, the CDW gap feature was also 

removed. This was desirable because the CDW gap results in a distortion of the spectra 

beyond the superconducting gap, which can interfere with an accurate characterization of 

the bound states. 

5.1 Representative Spectra 

Before beginning detailed analyses of the data, we present a brief survey of 

spectra from different Au islands and discuss them in terms of the dG-SJ model. Figure 

5.2 shows four representative spectra: three from islands of various shapes with 

thicknesses ranging from 10 A to 140 A, and one from pure NbSe2. We first observe that 

the spectra from the less thick islands have a gap-like shape similar to the spectrum of 

pure NbSe2. That is to say, there is a dip at zero voltage with broad peaks occurring at 

approximately ±2 mV. However, all of the spectra exhibit an enhancement in the 

conductance at zero voltage compared to the pure NbSe2 spectrum. This is especially 

true for measurements from the thickest islands, such as spectrum A from the 140 A 
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Fig. 5.2 (top) Topographical images of three representative Au islands that 

have maximum thicknesses ranging from 10 A to 140 A as indicated. 

(bottom) Spectra obtained on the different islands, at the location marked 

above with an x. Included for comparison at bottom is a representative 

spectrum of pure NbSe2. 
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island, for which the zero voltage dip has all but disappeared. There are weak peaks 

inside the bulk gap, |K|<1.3 mV, but they are not robust and are difficult to identify above 

the background noise. These may be bound-state peaks which are more smeared in 

energy compared to those of thinner islands, an effect that can result from electronic 

trajectories parallel to the interface.30 Although we have been unable to characterize the 

behavior in detail for Au islands thicker than 70 A, the position of the peaks appears to be 

a function of both thickness and the x-y geometry. We conclude generally that the spectra 

have a less gap-like shape, with a significant density of states well inside the bulk energy 

gap. 

Returning to Figure 5.2, we next consider spectra B and C from islands of 

thickness 39 A and 10 A respectively. The topography of the islands is typical, as those 

more than 20 A thick tend to have irregular geometries, while thinner island tend to be 

more planar. Restricting our attention to only broad features in the spectra (~lmV), we 

see that the two are very similar, showing peaks near ±2 mV. However, there are 

significant differences with regard to the fine structure. Spectum C has well-resolved 

additional peaks occurring within the gap. These reproducible features occur at 

symmetric voltages with respect to zero, i.e., there are clear peaks at ±1.1 and 0.5 mV, 

with a less-resolved one at -0.5 mV. In contrast, spectrum B does not clearly show 

additional peaks. Although there are some hints of additional structure, symmetric 

features like those of spectrum C cannot be discerned from the background noise. All 

spectra from islands of thickness between 20 A and 70 A are qualitatively similar to B. 

In these cases, we consider only the broad peaks to be significant. 

We can use the dG-SJ model as a starting point to analyze the Au-NbSe2 data. 

Although the calculation presented in Sec. 4.2 is certainly idealized, neglecting such 

issues as the proximity effect and the three-dimensional geometry of the islands, it will at 

least provide a rough idea of the expected behavior. As discussed in Sec. 4.2.1, the 

length scale for dN will not be the superconducting coherence length, because Au and 
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NbSe2 are electronically distinct. Instead it will be set by the NbSe2 energy gap and the 

Au Fermi velocity, vm -1.40 x 108 cm/sec,39 resulting in an effective length scale of 

4* =ftv/w/7tA00 =2300 A. As this is at least an order of magnitude greater than the 

thickness of the Au islands in our experiment, we expect to be in the regime dN/%*«\. 

From Eq. 4.11, we see that all islands should have exactly one bound state. Therefore the 

spectra should show just two bound-state peaks, a quasielectron peak above the Fermi 

energy, and a quasihole peak below. This is consistent with our observations for island 

thicker than 20 A if we assume that the broad peaks arise essentially from the bound 

state. However, the multiple peaks observed for extremely thin islands are clearly 

beyond the scope of the dG-SJ model, as presented in Sec. 4.2. In fact, these peaks are 

completely inconsistent with the conventional theory using reasonable values for the 

effective length scales, even considering the issues of the proximity effect and the three-

dimensional geometry of the islands. 

In analyzing the data in detail, we first address the spectra of extremely-thin 

planar Au islands, of thickness less than 20 A, with the purpose of understanding the 

origin of the small additional peaks. This analysis also contributes to the study of the 

proximity effect by indicating the minimum value of A in the Au-NbSe2 system. We then 

turn to our main goal of locally characterizing the proximity effect. To this end, we 

consider the behavior of the broad spectroscopic peaks near ±2 mV, which are present in 

all islands of thickness less than 70 A. 
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6. SPECTROSCOPY OF EXTREMELY THIN AU ISLANDS 

CSTM spectra taken in the vicinity of extremely thin planar Au islands (of 

thickness less than 20 A) show behavior which is more complex than predicted by the 

standard theory: superimposed on the characteristic gap-like spectrum, there are fine 

structure peaks occurring at symmetric energies with respect to the Fermi energy. 

Qualitatively, this behavior is observed consistently in all of the several extremely thin 

islands we have probed. Unfortunately, in many cases it is difficult to characterize the 

features in detail due to relatively high levels of background noise. We observe generally 

that the energies and amplitudes of the peaks appear to be a function of the thickness and 

geometry of a particular island. In this chapter we focus on measurements in which the 

additional peaks were especially well-resolved. To this end, we consider spectra taken on 

and near two Au islands of thickness 10 A and 6 A. The structure will be discussed in 

light of recent work by Im, Jagla, and Balseiro, who postulate that it may arise from a 

single bound state that is split into multiple peaks due to effects of the small number of 

individual atomic layers in the normal metal.40 

6.1 Spectroscopic Measurements 

Figure 6.1 shows two spectra taken in the vicinity of an island of thickness 10 A. 

As indicated in (b), the location of spectum A is clearly on the Au, 20 A from the nearest 

edge. In contrast, spectum B which is located just 30 A away, corresponds to tunneling 

directly into the NbSe2. Figure 6.1(c) shows the two measurements with a representative 

spectrum of pure NbSe2 included as a reference. We first note that the general shapes of 

the two spectra are quite similar, with significant enhancement in the zero-voltage 

conductance compared to pure NbSe2. In fact, |A-B| does not exceed 0.10 in normalized 
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Fig. 6.1 (a) A 100 Ax 100 A topographic image of a very thin Au island. 

(b) A cross section of the island taken in the center region of (a), with the JC 

direction perpendicular to the island's edge, (c) Two spectra obtained from 

the indicated locations. A representative spectrum of pure NbSe2 is 

included for comparison. Successive curves are shifted upward for clarity. 
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units. It may seem surprising that spectrum B does not follow the pure-NbSe2 spectrum 

more closely. This consistently-observed behavior is very significant for spatially 

characterizing the proximity effect, and will be examined in detail in Chapter 7. Despite 

their similarities, A and B show significant differences with respect to fine structure 

features less than 1 mV in width: the small peaks in A at ±1.1 mV and ±0.5 mV, as 

indicated by the arrows, are either greatly reduced or missing altogether at the 

corresponding voltages in B. Thus these peaks are likely attributable to the Au film. To 

highlight this behavior, the difference of the two spectra, A-B, is plotted at the bottom of 

Figure 6.1(c). 

Although the energies of the small peaks vary from island to island, they occur at 

identical energies in spectra sampling the same island. This is demonstrated for the 6 A 

thick island shown in Figure 6.2(a). Figure 6.2(c) shows a series of five spectra taken on 

the Au at the indicated locations. Once again, on a broad energy scale the spectra 

generally exhibit enhancement at zero-voltage compared to pure NbSe2 (solid curves). 

With regard to the fine structure, each of the spectra have conductance peaks at ±0.80 mV 

discernible above the background noise. The fact that this feature persists at various 

locations, even along the sloped edge of the island, affirms the robust nature of the fine 

structure. To isolate the bound state contribution to the spectra, we subtract from each 

curve the spectum of pure NbSe2, which can be regarded as an approximation for the 

scattering state contribution. Figure 6.2(d) shows the resulting curves on the energy scale 

of the bulk gap. Now the ±0.80 mV peaks are the prominent features of each curve. The 

curves also show less prominent peaks at ±0.25 mV, with perhaps an additional feature at 

zero voltage. The amplitudes of the peaks are not symmetric in general. For example, 

the -0.80 mV peak rises 0.1 normalized units above the background in spectrum B, while 

the +0.80 mV peak rises only a fraction of that amount. The amplitude of corresponding 

peaks also vary with position, although it is experimentally difficult to map out these 
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Fig. 6.2 (a) A 250 A x 250 A topographic image of a thin, planar Au 

island, (b) A cross section showing the sloped edge of the island in the 

center region of (a), (c) A series of five spectra obtained from the 

indicated locations. Successive curves are shifted upward for clarity, (d) 

The approximate bound-state contribution to each spectrum, obtained by 

subtracting the pure NbSe2 spectrum (solid curves in part (c)). 
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variations. This behavior may reflect oscillations of the bound state wavefunctions in the 

z direction.41 

6.2 Im-Jagla-Balseiro (IJB) Model 

Our observations of energetically well-defined fine structure peaks localized to 

the normal metal, are reminiscent of behavior of dG-SJ bound states. However for these 

extremely thin islands, the spectra should show just two peaks due to a single bound state, 

as discussed in Chapter 5. In addressing these measurements, H. K. Im, E. A. Jagla, and 

C. A. Balseiro (IJB) have explored the possibility that a single bound state might produce 

multiple peaks in the local density of states N(E,r).40 Their insight was based on the 

three-dimensional nature of the problem. In the dG-SJ model, the fact that quasiparticles 

can have a component of momentum parallel to the interfaces, k^, leads to a 

straightforward correction to the calculation presented in Chapter 4 (where only 

perpendicular trajectories were considered). Quite simply, quasiparticles with more 

parallel trajectories travel through more normal metal before encountering the interfaces. 

Because these quasiparticles see a pair-potential well of increased magnitude, including 

them in calculating N(E,r) smoothly broadens the bound-state peak to lower energies.28-30 

But the dG-SJ model assumes a free-electron-gas in the absence of pairing, which may be 

a poor approximation for an island of atomic dimensions. Perhaps if electronic 

interactions with the atomic lattice were considered, quasiparticles with parallel 

trajectories would be found to behave in a more complex manner. 

IJB performed calculations which significantly modified the dG-SJ model. Using 

a tight-binding approximation that takes into account the atomic structure, it was shown 

that for normal-metal layers approaching atomic thicknesses, a single bound-state results 

in multiple peaks in N(E,r). The additional peaks arise from shifts in the dG-SJ bound-

state energy E0, caused by interactions with the normal-metal lattice. The amount of the 
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Fig. 6.3 The local density of states inside a Au film 5 atomic layers thick 

in contact with a bulk crystal of NbSe2, calculated from the IJB model.40 
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shift depends on the particular trajectory, leading to oscillations of E0 as a function of k^, 

where the number of minima is on the order of the number of normal-metal atomic layers 

%. Assuming that all trajectories contribute equally to the density of states, all ^ are 

included in the calculation. The resulting N(E,r) has a feature reminiscent of the dG-SJ 

peak; but there are additional peaks at energies closer to the Fermi level. As % increases, 

the amplitude of the oscillations in E0(k^ is reduced. Thus, the amplitudes of the 

additional N{E,r) peaks are also reduced, so that the dG-SJ form is retained in the limit 

nN -> oo. Reference 40 explicitly shows this behavior for %=30. If the additional peaks 

are responsible for the fine structure we observe, this behavior would be consistent with 

the fact that we are unable to resolve them for islands thicker than 20 A. 

Figure 6.3 has been reproduced from reference 40, showing the calculated IJB 

N(E,r) for a Au layer off%=5, in contact with a macroscopic NbSe2 crystal. In this case 

four additional peaks occur at £/AM equal to ±0.60 and ±0.26. This is in excellent 

agreement with the energies of the fine structure peaks observed on the 6 A island, for 

which E/A^ equals ±0.62 and ±0.19 with experimental uncertainties of ±0.10. 

Unfortunately, it is difficult to compare directly this calculation to our measurements 

because the exact experimental sensitivity to ^ is unknown; this will affect the 

amplitudes of the additional peaks. (CSTM spectroscopy is generally more sensitive to 

parallel trajectories than planar tunnel junctions, but we believe that the perpendicular 

contribution still dominates.) However, the agreement with respect to peak energies for 

the 6 A-island spectra, together with the qualitative agreement with the behavior observed 

on other islands, represents strong evidence that the additional peaks of the IJB model are 

indeed the source of the fine structure we observe in Au-NbSe2 spectra. 

Having established that a quasiparticle bound state is the most likely source of the 

fine structure, the data gives significant information with regard to the proximity effect. 

If the pair potential does not fall off to zero inside the normal metal, having a minimum 

value of Amin, the bound state energies must be equal to or greater that Amin. This has 
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been shown explicitly for the dG-SJ model,42 following from the fact that quasiparticles 

are forbidden at energies below the local A(r). Applying this principle to the fine 

structure peaks, we conclude that Amin must be equal to or less than the absolute value of 

the energy of the lowest peak. In the case of the 6 A island, clear peaks are resolved at 

±0.25 mV, indicating that the pair potential inside the Au is at most 0.25 meV. This is a 

significant reduction compared to 1.3 meV, the value several coherence lengths into the 

NbSe2. This behavior is contrary to the conventional wisdom which would assume a 

negligible change in the pair potential for such a thin layer in contact with a bulk 

superconductor. In the following chapter we use this information toward the main goal of 

this work: characterizing the complete A(r) profile in the Au-NbSe2 system. 
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7. DIRECT OBSERVATION OF THE PROXIMITY EFFECT IN Au-NbSe2 

Spectra taken in the vicinity of different Au islands all show qualitatively similar 

behavior with respect to the peaks near ±2 mV. In this chapter we analyze in detail 

representative CSTM measurements taken in the vicinity of a Au island of thickness 39A. 

High-quality spectra were obtained which sample several locations from the island 

summit down to the bare NbSe2 substrate, as indicated in Figure 7.1. This allowed us to 

probe the proximity effect inside a bulk superconductor at a much smaller length scale 

than achieved by conventional techniques using tunnel junctions, proximity-effect 

sandwiches, or point contacts.43 Surprisingly, we observe a bound state not only in the 

Au islands, but also when tunneling into the bare NbSe2 surface between islands. This 

clearly indicates a suppression of the pair potential inside the superconductor near the NS 

interface. By comparing the data with modeling based on conventional theory, we are 

able to infer the spatial variation of A both perpendicular and parallel to the interface. 

7.1 Spectroscopic Measurements 

Spectroscopic measurements were taken on the island at 25 A increments along 

the path indicated in black in Figure 7.1. A profile of the island is reproduced in Figure 

7.2(a), with all the sampled locations indicated. The spectra are shown in Figure 7.2(b), 

where the curves labeled A through E correspond to sampling from the highest point (A-

defined as x=0), down the sloped edge of the island, and finally to the bare NbSe2 surface 

off the island (D,E). At all locations, we see the gap-like spectrum with a pronounced dip 

at the Fermi energy and peaks on both sides, as expected from our considerations of the 

dG-SJ model. Although the local Au thickness varies substantially, the spectra show only 

small changes with position and, hence, the thickness: there is a variation in the zero-
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Fig. 7.1 A 250 Ax 200 A topographic image of the sample surface. The 

Au island on the left rises 39 A above the NbSe2 substrate plane. The path 

along which spectra were taken is indicated in black, with the arrows 

showing the locations of select spectra. 
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Fig. 7.2 (a) A cross section of the sampled path of the 39 A island 

indicating all the sampled location from %=-50 A to x=175 A. (b) The 

measured spectra. The sampled location is increased by an increment of 

25 A for each curve, with successive curves shifted upward for clarity. 
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voltage conductance of about 10% and a shift in the peak voltage of about 0.2 mV. 

To analyze the data, we begin with the usual assumption that the measured spectra 

represent the convolution of the true density of states with a smearing function. We have 

found it convenient to describe the smearing by using the Fermi distribution with an 

elevated effective temperature T>T, just as for the pure NbSe2 spectra discussed in Sec. 

3.2. Alternatively, a phenomenological lifetime broadening term could be used.25 

Although the spectra appear to be similar to the pure NbSe2 spectrum, comparison to the 

BCS density of states shows that they differ substantially. In the case of pure NbSe2, the 

spectra can always be well fit with a BCS density of states. This is demonstrated for a 

representative curve at the bottom of Figure 7.3, with fitting parameters Affl=1.3 meV and 

7*=7.6 K. In contrast, we find that for Au-decorated samples, the BCS form (for any 

choice of A„ and 7*) cannot adequately fit the tunneling spectra taken either directly on 

the islands or on the bare NbSe2 surface near the islands. For example, Figure 7.3 shows 

the unsuccessful fits which result near ±2 mV peaks for spectra A and E, by taking 

AM=1.3 meV adjusting T* until agreement is reached at zero voltage. Alternatively, 

agreement can be achieved at the conductance peaks only by sacrificing the good fit 

inside the gap. Basically, the peak feature is too tall and narrow to be consistent with the 

BCS peak at the gap-edge. 

Such poor BCS fits are surprising in light of the expected behavior of bound states 

in very thin N layers. Because dNIZ?«\ (see Sec. 5.1) there should be only one 

quasiparticle bound state which is so close to the gap edge that N(E,r) is nearly identical 

to JVBCS, as discussed in Sees. 4.2.2 and 4.2.3. We believe the discrepancy arises from the 

proximity effect of the Au islands which suppresses A inside S, creating a significantly 

larger potential well to support the bound state. The A suppression extends even into 

regions between Au islands because of the nonlocality of the pair-potential. 
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Fig. 7.3 An example attempt to fit spectra A, E, and a representative pure 

NbSe2 spectrum with the BCS density of states. In this case we take 

A„=1.3 meV and adjust T* until agreement is reached at zero voltage. 

(The resulting values are 12.7 K, 9.8 K, and 7.6 K respectively.) In 

general, Au-NbSe2 spectra cannot be adequately fit with any choice of Aa 

and r . 
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7.2 Proximity Effect Model 

Our basic approach is to determine the spatial profile of A in the vicinity of an 

island by fitting the measured tunneling spectra to solutions of the Bogoliubov-de Gennes 

equations for a trial profile. In lieu of an involved three-dimensional calculation, we use 

the following phenomenological model. We assume that the profile of A can be 

parametrized in a quasi-one-dimensional form, 

A(x,y,z)\z>Q = Amtanh 

inside the superconductor, and A=0 inside a normal-metal layer of thickness dN, as shown 

in Figure 7.4. We use the value of A on the S side of the interfacial plane, 

Arj(*,;y) = Amtanh[zQ(x,.y)/V24&J, as a convenient parameter to characterize the 

magnitude of the A suppression in S. This model follows the conventional behavior for 

the proximity effect inside S,22 and is consistent with the observations of low-energy 

fine-structure peaks in extremely thin Au overlayers. The resulting pair-potential well 

traverses the NS interface. Consequently, the strength of the well and, hence, the energy 

of the bound states, depend both on d^x,y) and A0(x,v). 

Although it is possible and somewhat illuminating to compute the density of 

states from the Bogoliubov-de Gennes equations directly,44 this procedure is 

computationally-lengthy. Instead, we have developed an efficient Green function 

algorithm for solving the Gor'kov equations numerically for an arbitrary one-dimensional 

profile A(z). Although we do not require the self-consistency condition, Eq. 4.2, to be 

met, the procedure yields a reasonable approximation to the electronic density of states. 

Our approach is to approximate the smoothly-varying pair-potential by a sequence of step 

z + z0(x,y) 

V24si 

76 



Fig. 7.4 Our proximity-effect model. In addition to the A=0 normal layer, 

the proximity effect induces a region of reduced A near the interface. For 

thin N, the resulting pair-potential well will support exactly one 

quasiparticle bound state, the wavefunction of which is indicated 

schematically by the oscillating curve. 
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functions (typically 50) and then calculate the surface density of states using a technique 

similar to that developed for a single-step pair-potential.45 The model includes distinct 

Fermi velocities vFM and vFS and effective masses mN and ms for the N and S layers to 

account for differences in their electronic structures. The model also includes a 8-

function single-particle potential to account for boundary imperfections. This term 

enhances the probability that a quasiparticle will undergo ordinary reflection rather than 

Andreev reflection, but we have found it unnecessary to invoke this in the present 

experiment. The calculated density of states is then thermally-broadened and fit to the 

experimental tunneling spectra by adjusting only two parameters: A0 and T. The 

effective temperature is allowed to vary with location because local surface structure may 

contribute to the spectral broadening. 

7.3 Proximity Effect Perpendicular to the Interface 

We have applied our proximity-effect model to the measured spectra at each 

sampled location, using the measured topographical height d^y) above the NbSe2 

surface, and the following material parameters for the NbSe2-Au system: A00=1.3 meV, 

4si=23 A, vFS/vFtf=0M, ms/m^2.76, and EF5/AQO=100.46'47 The values of A0 and T 

were determined by using a least-squares fit to the spectrum at each location. As shown 

in Figure 7.5, excellent fits to the measured spectra were obtained. The best fit values for 

Arj/Aoo varied from 0.07-0.38, with 7* nearly uniform in the range 7.9±0.6 K, as indicated 

in Table 1. 

To illustrate the sensitivity of our method to Ao, Figure 7.6 compares the best-fit 

curves to curves obtained with Arj=0 (maximum suppression in S) and Ao=AM (no 

suppression). At the summit of the island, location A (Figure 7.6(a)), we see that the best 

fit is achieved at a surprisingly low value of Ao=0.1 A^. In fact, this fit is only a slight 

improvement over the AQ=0 curve. The AQ=A00 curve, which corresponds to a pair-

78 



*(A) 

-25 
0 
25 
50 
75 
100 
125 
150 
175 

4/Ssi 

0.91 

1.57 

0.65 

0.51 

0.00 

0.03 
0.10 

0.03 

0.00 

Ao/Aco 

0.07 

0.12 

0.17 
0.21 

0.37 

0.14 
0.32 

0.38 

0.38 

T(K) 

7.3 
7.6 
7.9 
7.4 
8.0 
8.4 
9.9 
7.5 
7.7 

Zo/A. 

0.888 

0.892 

0.909 

0.920 

0.950 

0.904 

0.944 

0.952 

0.952 

Table 1 The parameters used to generate the theoretical curves. The first 

two columns list the topographical coordinates x and dj^=z{x) of each 

measured spectrum. The next two columns show the values of the two 

parameters, A0 and T, which were adjusted in the theoretical curves to 

achieve the best fit, followed by the corresponding bound state energy E0. 
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Fig. 7.5 The fit achieved by our proximity-effect model for a series of five 

of the spectra from the highest point on the Au (A) down to the NbSe2 

substrate (D,E) as indicated in Figures 7.1 and 7.2. The fitting parameters 

are shown in Table 1. 
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potential well only inside the Au, is clearly inadequate. Even at location E (Figure 

7.6(b)) where the tunneling is directly into the bare superconductor, Arj is substantially 

less than A*,, a definite indication that the pair-potential inside the superconductor is 

strongly suppressed by proximity to the normal metal island. 

The role of the A suppression at the interface can be clearly seen by removing the 

broadening from the calculated conductance curves, which yields the true density of 

states N(E). This is shown for the curves of Figure 7.6(a,b) in Figure 7.6(c,d). We see 

that at locations A and E, the best-fit N(E) (solid curves) are dominated by bound state 

peaks at 0.89 A„ and 0.95 A„ respectively. Figure 7.6(d) also highlights why the spectra 

cannot be adequately fit with the BCS density of states, which is shown by the dashed 

curve. (This curve corresponds to Arj=A«,and d^O, in which case our model reduces to 

the isolated BCS case.) Although the 8-function-like bound-state peak occurs only at a 

slightly reduced energy compared to the BCS peak, it has a greatly increased amplitude. 

In fact, as discussed in Sec. 4.2, the magnitude of the pair potential well influences 

drastically the amplitude of the peak. This is essentially the reason that our method 

allows Arj to be determined to a good precision by fitting the measured bound state 

feature. 

Our modeling also predicts that the conductance spectra should have little 

dependence on the local Au thickness dN, as we observe and in accord with the expected 

behavior for very thin N layers.30 In contrast, the spectra depend strongly on the 

magnitude of the A suppression inside the superconductor, even though this suppression 

only extends to a depth of 4s±> which is comparable to dN. This occurs because of the 

large mismatch in Fermi velocities between the Au and NbSe2, for which v^/v^lOO. 

To get an intuitive picture of this situation, it is helpful to consider the behavior of the 

waves constructed from the difference of particle and hole wave numbers, introduced in 

Sec. 4.2.1 while discussing the dG-SJ model. We can still think of the problem in terms 

of waves which oscillate with a much longer wavelength than the actual wavefunctions, 
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Fig. 7.6 (a,b) Demonstration of the sensitivity of our fitting procedure to 

A0, with the best fits shown as the solid curves. (c,d) The densities of 

states extracted from the (a,b) curves. The bound quasiparticle states are 

clearly seen as the dominant 8-function-like peaks. 
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Fig. 7.7 Schematic of the intuitive picture showing the behavior of the 

bound wave with two effective length scales, (a) The 4 lowest-energy 

waves for the dG-SJ model with a normal-metal layer N' in addition to the 

usual N. If vFN»vFN, we must allow the waves to oscillate with a much 

longer wavelength in N'. (b) Due to the different electronic parameters of 

Au and NbSe2, an analogous situation occurs for our proximity effect 

model in which the pair potential well traverses the NS interface. 
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qualitatively following the behavior of conventional bound states. However in the 

presence of a Fermi velocity mismatch, the oscillations must be considered to have 

distinct wavelengths in each material, as illustrated in Figure 7.7. In our present model, 

we can consider our bound wave to have two effective length scales: in the normal it is 

of order hv^/nA^»dN, whereas in the superconductor it will be of order 

hVfs/n^A^ - A0) ~ 4s • The resulting wave winds much more slowly in N than in S, so 

that the bound state energy is mostly determined by the magnitude of the well in S. It 

should once again be emphasized that we only construct these wave as a guide for our 

intuition; the physically significant quantities are the wavefunctions un and v„. 

7.4 Proximity Effect Parallel to the Interface 

We now examine the spatial dependence of the pair-potential in lateral directions. 

The behavior shown in Figure 7.8 is qualitatively consistent with measurements in all 

probed regions: the minimum A0 (maximum A suppression in S) occurs directly beneath 

the islands and the maximum A0 (or minimum suppression) occurs in the regions between 

islands. (As topographic data suggests dual tunneling sites at location JC=100 A, an effect 

encountered frequently when probing irregular structures by STM, we exclude this point.) 

For the case of an isolated Au island, the pair-potential is expected to recover to the pure 

NbSe2 limit of A0=Aoo beyond the some characteristic length scale L. Since L essentially 

measures the range of the proximity effect in the lateral direction, we expect it to be of 

order 4s|| (77 A). Unfortunately, the thermal evaporation method of sample preparation 

yields Au islands of a variety of shapes and sizes with no control of their relative 

positions. The resulting lack of sufficient separation prevents us from directly observing 

the isolated-island limit. 
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Fig. 7.8 Lateral dependence of interracial pair potential A0. The 

experimental values (dots) are compared to a simple model (solid curve) 

based on the Au topography. The dashed step function shows a cross 

section of the boundary-value based function Ao'sc(x,v), which is 

determined by the topography shown in the inset. Ao'sc(x, v) is then 

broadened in two dimensions in order to estimate the characteristic length 

scale L. 
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To deduce L approximately from our data, we use the following model for Ao0c,y). 

Because in the absence of lateral coherence A would only be suppressed directly beneath 

the Au islands, we construct a simple function Ao'sc(x,.y) which has the value A™" in 

regions covered with Au, but equals the full bulk gap A«, elsewhere; a profile of the 

resulting discontinuous function is shown dashed in Figure 7.8. The lateral proximity-

effect is then accounted for by broadening Ao'sc(;c,.y) by convolution in two dimensions 

with a Gaussian distribution of width L, 

Ao(p) = - # - r A r ( F ) e - 2 ( P - ^ ^ , 

where p = xx + yy in the interfacial plane. 

We apply this model to calculate AQ{X) along the trajectory of Figure 7.1. With the 

topography dictating the locations of the islands, only A™" and L are free parameters, 

determined by a least-squares fit to the data. We see that the results of the model, the 

solid curve in Figure 7.8, is a reasonable fit to the measured values of AQ(X). The best-fit 

value for L is 81 A=1.05 4s||, m excellent agreement with the accepted coherence length 

parallel to the layers that is expected to set the lateral length scale. The best-fit A™" is 

0.00A*,, which indicates that a complete suppression of the pair-potential would occur 

entirely inside the superconductor for a NbSe2 crystal with a thin, continuous Au over-

layer. 

7.5 Discussion 

In light of our examination of Ao in both the perpendicular and parallel directions, 

we conclude that the pair-potential is almost completely suppressed inside the NbSe2. 

This is in sharp contrast to the standard picture of the proximity effect. In this view, the 
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value of A on the S side of an NS interface is expected to be suppressed to 

A0 « A 0 0 [ 1 - 4 S / ( ^ S + ^ N ) ] > with even less suppression occurring for thin normal-metal 

layers, dN<£,N. As 4si=23 A and 4^~lum for our system, a suppression of no more than 

a few percent would be expected. In a detailed, self-consistent calculation following the 

conventional theory, specifically addressing the Au-NbSe2 system,48 a drop in A of 20-

30% inside the NbSe2 is found, significant but still considerably less than we observe. 

The mechanism for the severe suppression of the pair potential at the interface is 

not known. However, a plausible explanation for this effect follows from the fact that for 

our superconductor 4s does not exceed greatly Ay'. In fact, perpendicular to the layers, 

6/'=33 A so that kfa^OJ.46 In the conventional picture,27 it is always assumed that the 

effective interaction parameter g drops abruptly from its bulk value in S to a lower value 

in N over a length 4g which is much shorter than 4s- This leads to a profile for the pair 

potential which has two distinct regions: (1) a suppression of A over the length 4s due to 

the leaking of the Cooper pairs out of the superconductor, i.e., via the conventional 

proximity effect, and (2) a sharp drop to zero at the interface reflecting the profile of g. 

This behavior is shown in Figure 4.1. However, because 4g~V'1 m ' s view is applicable 

only when kp£,s»\, as discussed in Sec. 4.1. In the Au-NbSe2 system, 4s~£g s 0 that the 

clear separation of these regions cannot be made. Therefore, we believe that the profile 

of A that we extract from our data combines both the conventional proximity suppression 

of A and its modulation by the profile of g. This represents the first observation of spatial 

structure of the interaction parameter. 

Although no detailed calculations of this phenomenon have been performed, 

qualitatively, it is clear that an enhanced suppression of A can occur inside S if 4s~£g> as 

shown schematically in Figure 7.9. It should be stressed that as we believe the behavior 

to be beyond the standard theory, the tanh-shaped A profile of our model is only an 

approximation. The actual profile is probably more reminiscent of the one sketched in 

Figure 7.9. With regard to our modeling, the measured spectra are fit by selecting an 
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A = gF 

Fig. 7.9 Schematic view of the proximity effect under the condition 

4s~4g- Compared to the conventional picture shown in Figure 4.1, the pair 

potential can undergo a greater reduction (relative to 4s) inside S. 



interfacial value Ao significantly lower than the prediction of the standard theory. In this 

way, the model pair-potential well can assume the magnitude necessary to support the 

observed bound state. In other words, if we consider the areas of the respective pair-

potential wells, [(Ao, - A(z))dz, the true A(z) profile will give approximately the same 

value as the model A(z). Taking Ao=0, this works out to be 3.0 x 10'2 eV-A for the Au-

NbSe2 system. Generally speaking, behavior similar to Au-NbSe2 should occur for all 

NS interfaces with short coherence length superconductors. The enhanced A suppression 

should be particularly pronounced for the high-7c cuprates, having coherence lengths as 

short as ~3 A. 
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8. SUMMARY AND FUTURE DIRECTIONS 

In summary, we have performed local spectroscopic measurements across NS 

interfaces with CSTM by probing small Au islands in contact with a large 

superconducting NbSe2 crystal. On the extremely thin islands, we observe multiple-

peaked densities of states which we believe arise from the interactions of a single bound 

state with the normal-metal lattice of ions. In the case of an island of thickness 6 A, clear 

peaks are resolved as low as ±0.25 mV. This indicates that the pair potential falls off 

from the value of 1.3 meV several coherence lengths into the NbSe2, to at most 0.25 meV 

inside the Au. This behavior is contrary to the conventional wisdom which would 

assume a negligible change in the pair potential for such a thin layer in contact with a 

bulk superconductor. 

We characterize further the behavior of the pair potential by resolving the 

densities of states at various locations both on and near thicker islands. A quasiparticle 

bound state is observed even when tunneling directly into the NbSe2 between islands. 

This is clear evidence for a significant reduction of the pair potential inside the NbSe2 

due to the proximity of the normal Au. By invoking a proximity effect model, we are 

able to characterize the vertical and lateral variation of the pair-potential inside the 

superconductor. We believe that the severe suppression, which is inconsistent with the 

standard picture of the proximity effect, may arise from the short coherence length of the 

superconductor, so that the spatial variation of the interaction parameter becomes 

important. 

We have demonstrated the potential of CSTM measurements to elucidate the 

electronic structure of nanoscale superconducting systems. We hope to continue this 

work at a steady pace, although we find the measurements to be difficult to perform due 

to the extreme vibrational sensitivities, and the high degree of mechanical stability 
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demanded of the tip and sample. Surface cleanliness will also continue to be an issue as 

many of the planned experiments rely on electron-beam lithography to control the 

geometry of fabricated structures. While this capability can significantly improve our 

capacity to characterize spatially NS systems, it also involves exposing the samples to a 

variety of environments during the different processing stages. We find that extra care 

must be taken to minimize the resulting contamination in order to perform spectroscopic 

measurements. 

Future plans include experiments which will test and/or build upon the 

conclusions of this work. For example, the goal of a current effort is to resolve the 

density of states between adjacent Au islands on a Nb substrate. As the islands are 

fabricated with electron-beam lithography, their separation can now be varied over at 

least an order of magnitude, up to the 1 p. scale. This will allow the lateral extent of the 

proximity effect to be measured in detail, as opposed to the estimate performed in this 

work. With regard to the proximity effect perpendicular to the interface, we hope to 

repeat these measurements using a variety of superconductors with different coherence 

lengths. By measuring the pair-potential suppression in S as a function of 4s. we can test 

our belief that the large suppression found in the Au-NbSe2 system arises strictly due to 

the fact that 4s~4g. 

Another series of experiments will search for bound state structure due to lateral 

confinement inside superconducting layers of thickness less than 4s, induced by the 

proximity effect. For example, the electronic environment beneath a disk-shaped island 

of radius less than 4s should be similar to that of a magnetic vortex, i.e., there will be a 

cylindrical pair-potential well. Considerable insight could be gained by comparing the 

behavior of the bound states in such a system to the bound states of a vortex. Another 

instructive normal-metal geometry is a simple line. If the width of the line were less than 

4s while the length were much greater than 4s, m e confinement inside S would be 

effectively in one direction. Hence, the bound-state behavior could be tested against the 
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predictions of relatively simple modeling, similar to the dG-SJ model presented in 

Chapter 4. In this case, oscillations of the bound wavefunctions along the confinement 

direction may be resolved more directly than in the Au-NbSe2 samples of this work. 

Of course there are possible extensions of this work to many related systems. In 

particular, we would like to attempt to probe NS geometries which incorporate high-7 .̂ 

superconductors and semiconductor heterostructures. With respect to the high-rc 

superconductors, the spatial structure of laterally confined bound states should reflect the 

symmetry of the order parameter, a key issue in the current theories of these materials. 

With regard to semiconductor heterostructures, fabricating systems in which these 

materials electrically contact one or more superconductors, such as Nb, allows for the 

possibility to observe the bound-state behavior in highly ideal environments, where the 

dimensionality and electronic parameters of the normal region can be controlled. 
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