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In this thesis, I discuss my use of a millikelvin scanning tunneling microscope
(STM) to investigate tunneling phenomena in superconductors. As part of an ef-
fort to construct an STM to measure the superconducting phase difference, I first
describe how I modified a dual-tip scanning tunneling microscope by electrically con-
necting the two tips together with a short (3 mm) strip of flexible 25 pum thick Nb
foil. T also discuss the technique I developed for keeping each tip in feedback when
only the total tunnel current through both tips can be measured. I then describe
simultaneous room-temperature imaging with both tips on samples of Au/mica and
highly oriented pyrolytic graphite (HOPG).

Next, I report single-tip results from scanning tunneling microscopy of 25 nm

and 50 nm thick films of superconducting TiN at 0.5 K. I found large variations



in the tip-sample conductance-voltage characteristics in these samples. At some
locations the characteristics showed a clear superconducting gap, as expected for
superconductor-normal (S-I-N) tunneling through a high barrier height. At other
locations there was a distinct zero-voltage conductance peak, as expected for S-N
Andreev tunneling through a low barrier height. I compare the data to the Blonder-
Tinkham-Klapwijk (BTK) theory and the Dynes model of tunneling into a super-
conductor with broadened density of states. I find that the BTK model provides
better fits and reveals a remarkable correlation between the superconducting gap
A, the temperature T and the barrier height Z. Possible causes for this correlation,
including local heating and surface contamination, are discussed.

Finally, I describe measurements of I(V) characteristics of a Josephson junction
formed by a scanning tunneling microscope with a Nb sample and a Nb tip at 50 mK
and 1.5 K. To better understand the physics of this system, I generalized the multiple
Andreev reflection (MAR) theory of Averin and Bardas to describe junctions having
electrodes with different superconducting gaps. For tunneling resistance R,, between
10 M€2 and 100 k{2, there was no observable supercurrent at 50 mK or 1.5 K. For R,
between 100 k2 and about 10 k€2, the junctions showed hysteretic behavior, with the
forward-sweep switching current I, larger than the reverse-sweep retrapping current
I.. In this regime, the critical current I, was suppressed and the current-voltage
characteristics showed a relatively small non-zero resistance Ry at V' = 0 that scaled
with R2. For R, less than the quantum resistance (~ 12 k), the I-V characteristics
deviate from single channel MAR theory. In this limit, the tip makes contact with

the sample, as revealed by the dependence of the junction conductance curves on



the tip-sample separation. By fitting my two-gap MAR theory to the I(V) data,
I obtain superconducting gaps of the tip and sample as a function of the tunnel
resistance R,. I find the sample has nearly the full gap of bulk Nb (A ~ 1.5 meV),

but the tip gap is only about 0.67 meV, and decreases for R, < 10 k).
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CHAPTER 1

Introduction

High transition temperature superconductors [1-7] were discovered more than
30 years ago. Despite theoretical advances and experimental discoveries, many basic
questions remain unresolved; the most important being what is the mechanism
causing pairing [8-10]. Many interesting phenomena have been observed in high 7.
materials, including the existence of competing charge ordering phenomena [11, 12],
the possible existence of different superconducting order parameters [13-17] and the
occurrence of rapid variations in superconducting properties at atomic length scales
[18, 19]. Such phenomena have naturally been examined at the atomic scale using
low-temperature scanning tunneling microscopes (STM) [20]. Using normal metal
tips, STMs allow sensitive measurements of the superconducting gap and energy
level spectrum via quasiparticle tunneling [21-29], as I discuss in Chapter 2.

An STM with a superconducting tip and a superconducting sample can form
a Josephson junction. Josephson junctions allow current to flow from one electrode
to the other electrode with no voltage drop [30, 31]. Interestingly, STMs with

superconducting tips are not very common. Hamidian et al. [32] reported the use



of an STM with a superconducting tip to investigate variations in the Cooper pair
density around zinc impurities in BisSrosCaCusOg,,. Although in this case both
the tip and sample were superconducting, the relatively large tunneling resistance
(>1 MQ) and the small tip-sample capacitance made it impossible to obtain a true
Josephson supercurrent due to phase diffusion [33]. Instead one finds a dissipative
current flow that peaks at a non-zero voltage [32-38] due to incoherent tunneling of
Cooper pairs [39)].

Previously in our lab at LPS, Anita Roychowdhury et al. [39-41] built a dual-
tip mK STM as part of a project to operate an STM that showed a real Josephson
supercurrent [42]. They demonstrated that each Nb-STM tip could independently
scan the surface of a sample [40, 41] and observed photon-assisted tunneling of
incoherent Cooper pairs in a single Josephson junction [39].

In this thesis, I first report further progress on the developement of a mK
Josephson STM with two independent tips [43]. T describe the technique I used to
simultaneously scan two connected STM tips when only the total current through
both tips can be measured. To do this I had to connect the two tips together and
develop a novel feedback system.

The second project I discuss involved using our STM system to measure 50 nm
thick and 25 nm thick superconducting TiN films. I was surprised to observe features
in the superconductor-insulator-normal (S-I-N) tunneling characteristics that were
clearly due to Andreev reflection effects. This required me to analyze the data
by fitting it to the Blonder-Tinkham-Klapwijk (BTK) theory of Andreev tunneling

(44, 45).



TiN has been the subject of much research in recent years due to its po-
tential applications in superconducting quantum computation [46-50] and its high
kinetic inductance, which is potentially interesting for constructing superconducting
microwave kinetic inductance detectors for x-ray spectroscopy and sub-millimeter-
wave astronomy telescopes [51-55]. The final project I discuss involves observation
of multiple Andreev reflection effects in Nb-Nb S-1-S tunneling.

In Chapter 2, I discuss two fundamental elements which form the basis for the
rest of the thesis. I first discuss scanning tunneling microscopy (STM) and describe
the two imaging methods [ used, constant current and constant height. I then discuss
scanning tunneling spectroscopy (STS), which I used for investigating the electronic
density of states of samples. In particular, I describe the two operating modes I
used, voltage biased mode and current biased mode, and why I needed to use the
current-biased mode for Josephson tunneling experiments. In addition I describe
the three basic tunneling situations I encountered: tunneling from a normal tip to
a normal sample (N-I-N), tunneling from a normal tip to a superconducting sample
(N-I-S), and tunneling from a superconducting tip to a superconducting sample
(S-I-S). Finally, I briefly discuss STM measurements at millikelvin temperatures.

In Chapter 3, I describe the mK STM setup that I used. I begin with a
discussion of the principles of operation of a dilution refrigerator and the operating
procedure. I move on to describe the dual-tip mK STM apparatus and the wiring
of the STM at each stage of the dilution refrigerator. I also discuss a difficulty I
encountered, when the heat exchanger exploded during mixture removal, and the

subsequent repairs to bring the system partially back into service. Finally, I discuss



the UHV chamber used for sample preparation, the control electronics for operating
the STM, and the superconducting STM tips that I used.

In Chapter 4, I describe an important step towards constructing a true Joseph-
son STM based on forming an asymmetric SQUID [42]. In particular, I first describe
how I connected the two STM tips in our dual-tip system with a short flexible link
made from thin Nb foil. T then discuss another challenge of this approach, which is
how to implement feedback to control both tips when they share the same current
lead. I present a new feedback technique that separates the current signal for each
tip and then show results from simultaneously scanning two connected tips at room
temperature. I finish by examining the electrical performance of the system and the
mechanical compliance of the link.

Chapters 5 and 6 cover the second main topic I worked on. In Chapter 5,
I discuss the Bardeen-Tinkham-Klapwijk (BTK) theory of Andreev reflection and
their expression for the I(V) characteristics of S-N junctions with different trans-
parencies. In Chapter 6, I discuss my STM measurements of 50 nm and 25 nm
thick superconducting TiN samples in the mK-STM. While at first sight most of
the I(V) characteristics appeared to show standard N-I-S tunneling, we eventually
realized we were seeing obvious Andreev reflection effects, including zero bias con-
ductance peaks at some locations. This is expected from Andreev reflection effects
for a highly transparent barrier. Using BTK theory, as opposed to a standard tun-
neling approach to fit the data, I extracted spatial maps of the superconducting
gap A, temperature T" and barrier height Z which showed large spatial variations.
I found striking spatially-dependent correlations between these parameters, as well

4



as differences between the two films, and I conclude with a discussion of a simple
model which may explain this surprising aspect of the data.

Chapter 7 and Chapter 8 describe the final major topic that I worked on.
In Chapter 7, I extend Averin and Bardas’s theory of Multiple Andreev Reflection
(MAR) in S-I-S junctions to the case where the electrodes can have different gaps. I
use this theory to obtain current-voltage characteristics for a single superconducting
channel with arbitrary transparency at temperature 7. Using this theory I also
work out the critical current of a Josephson junction for arbitrary transparency.
Although this chapter includes a lot of mathematical detail, it is based on the
simple and physically appealing scattering matrix approach of Averin and Bardas.
In Chapter 8 I present measurements at 50 mK and 1.5 K of the current-voltage
characteristics of S-I-S junctions formed by a Nb STM tip and a Nb(100) sample.
The characteristics show clear features due to MAR and I apply my two-gap MAR
theory from Chapter 7 to extract key parameters such as the superconducting gaps
of the sample and tip.

In Chapter 9, I conclude with a summary of my main findings and discuss

some possible future work to complete a dual-tip Josephson STM.



CHAPTER 2

Scanning Tunneling Microscopy

2.1 Introduction

The first scanning tunneling microscope was described by G. Binning and H.
Rohrer [56-58] in 1981. The ability to resolve individual atoms stimulated consid-
erable research world-wide and they were awarded the Nobel Prize in Physics in
1986. The invention of the STM opened up atomic scale imaging in real space and
allowed researchers to manipulate single atoms and molecules. Moreover, spectro-
scopic techniques were developed to reveal the electronic properties of samples, such
as the local density of states (LDOS). Unlike classical transport mechanisms such as
diffusion and drift, the underlying principle of operation of an STM is quantum me-
chanical tunneling of electrons through a vacuum barrier, which cannot be explained
using a classical picture.

In Section 2.2 I first discuss quantum mechanical tunneling in one dimension
and give a brief overview of scanning tunneling microscopy. Next, in Section 2.3 I

discuss two modes that are often used in imaging the surface of samples for STM,
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constant current mode and constant height mode. I then discuss a powerful spec-
troscopy tool for investigating the electronic states of the samples in Section 2.4. 1
discuss voltage-biased spectroscopy in normal-insulator-normal (N-I-N) tunneling,
normal-insulator-superconductor (N-I-S) tunneling and superconductor-insulator-
superconductor (S-I-S) tunneling. I go on to describe current-biased spectroscopy
for use in Josephson STM tunneling. Finally, in Section 2.5 I briefly discuss a mK

cryogenic system is needed for conducting my STM experiments.

2.2 Theory of 1-D tunneling and principle of STM

Tunneling phenomena can be treated using a time-independent approach,
which involves finding the wavefunctions inside and outside of a barrier and match-
ing them at the boundaries, or using Fermi’s golden rule, which arises from first order
time-dependent perturbation theory [59-61]. Typical introductory discussions con-
sider simple one-dimensional barriers and this is a good approximation for planar
metal-oxide-metal junctions. On the other hand an STM tip and planer sample have
a 3D geometry and a more complicated analysis is required to accurately describe
the behavior.

Nevertheless, let me first review simple 1-D tunneling. To proceed, I consider
an electron with energy E and mass m that is in region A and is incident from
the left onto barrier B (see Fig. 2.1). The barrier in region B has a uniform height

u. Classically, the particle can only get over the barrier if its energy E is greater
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than the barrier height (£ > ). In quantum mechanics, due to the wave nature of
matter, there is some probability to penetrate through the barrier even if £E < u.
I can write Schrodinger’s equation and find the wave function in each of the three

regions (Fig. 2.1). In region A, Schrédinger’s equation is

S (2.1)
and the wavefunction is,
Uy = e 4 Ae e (2.2)
where
k* = 2::—2E (2.3)
For region B, Schrodinger’s equation is
h? A2,
o A2 +u¥y, = BV, (2.4)
and we can write
Uy = BeX¥ 4+ Ce™X* (2.5)
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Figure 2.1: A particle with energy FE is incident from the left in region
A. In region B, the potential barrier u is larger than the energy F, but

there is some probability for the particle to penetrate through the barrier
into C.
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where

2m(u — E)
nro

For region C, Schrodinger’s equation is

o Ev, (2.7)
and
Uy = De'™® (2.8)
where
k2 = QZZE . (2.9)

The rate at which electrons go through the barrier determines the tunnel cur-
rent. This is calculated from the ratio of the transmitted current density j; to the in-
cident current density j;; i.e. the transmission coefficient is T'=j;/j;=(hk/m)|D|*/(hk /m)=|D|>.
By matching the wave function and the first derivative of the wave function at the

boundary z = 0 and x = s, one finds [62]

1 2
I'= 1+ (k2 4 x2)/(4k2x2) sinh?(xs) = DI (2.10)

10
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Assuming a relatively high and wide barrier, so that the wave function in the barrier
is strongly attenuated,

16k2y?

~ —2xs 2.11
(k2 +X2)2€ ( )

where from Eq. (2.6) x is given by

(2.12)

The factor e 2X* in Eq. (2.11) is crucial for STM tunneling because it indicates
that the current depends exponentially on the barrier width s. Assuming a barrier
width of s = 5 A and effective vacuum barrier height of u — E = 4 eV gives
T ~ 107°. For these parameters, changing the barrier width by 1 A will change the
barrier transmission by an order of magnitude.

Figure 2.2 shows a schematic of the setup of an STM, including an atomically
sharp conducting tip, a vacuum tunnel barrier and the surface of a conducting
sample. To control the z, y and z motion of the tip, the tip is attached to a
piezoelectric scanner that has five electrode plates (x*, 27, y™,y 7, 2) insulated from
each other. Applying voltage to specific electrodes causes the tip to move in z,y or
z due to the piezo shrinking or expanding, depending on the voltage applied. When
the tip is brought very close to the sample and a voltage is applied between the
sample and the tip (typically mV to a few volts), a small current (typically in nA

range) tunnels through the vacuum gap between the tip and sample. The tunneling

11
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Figure 2.2: Schematic diagram of STM setup. The tip position is con-
trolled by applying voltages to the zt, 27, y",y ™, 2z electrodes on the
scan piezo. The tunneling current from the tip is detected when the
sample is voltage biased and the tip is close to the sample. For topo-
graphic imaging, the voltage applied to the z electrode is adjusted to
keep the tunneling current constant.
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current is amplified and converted to a voltage which is fed to the control electronics.
This voltage is compared to a set point and the difference is used to generate an error
signal that is fed back to the z-piezo to keep the tip—sample separation constant.
Because the tunnel current is extremely sensitive to the distance between the tip
and the sample, the feedback forces the vertical motion of the tip to precisely follow
the surface topography if the tip is moved laterally.

For a measureable tunneling current to be present, the tip has to be brought
very close to the sample. This is done using a coarse approach mechanism, in our
case a Pan-Style walker [63]. During the coarse approach, a dc bias voltage is applied
to the sample and the tip is effectively grounded. For each step of the walker the
tip typically moves forward a few 10s of nm. The z-piezo is then extended up to full
range to see if the tunneling current increases. If no current signal is found, the z
piezo is retracted, the walker moves one step closer toward the sample. This process
is repeated until the tip is close enough to the sample that a tunneling current is
detected.

Once the tip is in tunnel range, it is moved to an (z,y, z) position defined by
the user. To raster scan an area, the lateral (x,y) motion is controlled by applying
voltages to the x*, 27, y" and y~ electrodes. The vertical z-motion is controlled
by the z-piezo feedback control electronics. Recording the voltage applied to the
z-piezo as a function of the position (z,y) gives us the surface topography of the

scan area.

13
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2.3 Topographic imaging

As mentioned earlier, an STM tip has a 3D geometry and the 1D time-
independent Schrodinger equation does not accurately model the situation. Ter-
soff and Hamann [60, 61] used time-dependent perturbation theory to model the
3-dimensional tip structure and calculate the corresponding current and conduc-
tance. Their theory also produced an exponential dependence of the current on the
tip-sample separation, which is used in constant current mode of imaging. More-
over, they showed that the conductance is proportional to the density of states of
the sample. This is particularly useful for spectroscopy and understanding images
taken in the constant current mode. The other imaging mode I discuss in this sec-
tion is the constant height mode. This mode is not used as much as the constant

current mode, but it has some advantages in certain situations.

2.3.1 Constant current mode

In Section 2.2, I examined tunneling in one dimension and found the trans-
mission through the barrier depended exponentially on the barrier thickness. Thus

we expect that the tunneling current will obey

I o e 25, (2.13)

14
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where y is given roughly by Eq. (2.12) and s denotes the distance between the
sample surface and the front of the tip. The useful feature for imaging is that the
current is exponentially sensitive to the separation s.

A feedback loop is used to control the tip-sample separation so that the tunnel-
ing current between the tip and the sample remains constant. As such, the recorded
z signal can be interpreted as the topography as a function of the position (x,y) of

the sample.

2.3.2 Constant height mode

The main disadvantage of the constant current mode is the finite response time
of the feedback loop, which limits the maximum scanning speed. This drawback
also makes it harder to capture atomic scale features because the feedback responds
less to high-frequency components of the tunneling current due to small surface
features. An alternative is to use constant height mode, which involves turning off
the feedback and recording the tunneling current while scanning in z and y. A
significant drawback of constant height mode is that without feedback the tip is
prone to crashing into the sample if it is not atomically flat.

In practice, samples can be scanned using a mixture of constant height and
constant current modes. For this mixed mode, the system is set up for constant
current mode, and as usual when the tip scans over a sharp feature, the feedback
does not respond immediately and the current will not be constant. A map of the

tunnel current versus position will thus show some contrast from sharp topographic
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features. Thus by recording both the z-piezo voltage and the tunnel current, we can

obtain mixed-mode images.

2.4 Spectroscopy

Besides being able to generate topographic images, STMs can also perform
tunneling spectroscopy to measure electronic properties of a sample at the atomic
scale such as the local density of states (LDOS). Tunneling spectroscopy typically
involves moving to a fixed location, turning off the feedback, and then sweeping
the bias voltage V' while recording the tunneling current I. The feedback is then
switched back on to prevent the tip from drifting into the sample.

In standard voltage-biased spectroscopy, voltage V' is applied to the sam-
ple while the current I and the conductance dI/dVare acquired. The resulting
I —V or dI/dV — V characteristics depend on the materials used in the junction.
Next, I examine the standard cases of normal-insulator-normal (N-I-N) tunneling,
normal-insulator-superconductor (N-I-S) tunneling and superconductor-insulator-
superconductor (S-I-S) tunneling. In the standard approach [64] the tunnel barrier is
assumed to be relatively high so that Andreev reflection effects [44] can be neglected.
In Chapters 5 and 7 I present a more general discussion of I — V' characteristics, in-
cluding effects from the Andreev processes in N-I-S and S-I-S junctions. In addition
to voltage-bias spectroscopy, I also briefly discuss current-bias spectroscopy, which

I used for investigating S-I-S junctions as described in Chapter 8.
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As Tersoff and Hamann [60, 61] emphasized, it is important to understand
that the conductance dI/dV can produce direct information about the local density
of states (LDOS) of a sample. In principle, one could measure the current at finely
spaced voltages V' and then numerically take a derivative of the current with respect
to the voltage. However the result tends to be extremely noisy. Instead we add a
sinusoidal modulation to the DC bias voltage so that V(t) = Vj + Asinwt, and use
a lock-in amplifier to measure the resulting current /. at the frequency w. Using a

Taylor expansion of the current

dl
IV)=I1I(V) + — Acoswt + O(A?) (2.14)
aviy_y,

we see that the zeroth-order term is the non-modulated current I(Vp). The ampli-
tude of the first-order term is proportional to the derivative of the current, i.e. the
conductance G,, = dI/dV. With a suitable choice of the drive frequency and lock-in
time constant, the I(Vp) and dI/dV vs. Vj data can be obtained simultaneously.
Another useful technique is the current-bias mode. The I — V characteristics
of an S-I-S Josephson tunnel junction is often acquired by sweeping the current
while measuring the voltage across the junction. This is done because the voltage
will remain zero until the bias current exceeds the critical current, at which point
a voltage appears across the junction. Depending on the junction parameters, the
voltage may jump discontinuously from zero to a substantial value, typically on
the order of the gap. In this case one also typically sees hysteretic behavior when

the current sweeping direction is reversed, this hysteretic behavior is obscured by
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voltage-biased technique.

Naaman et al. [33], for example, used the voltage-biased method to measure the
I —V characteristics of a superconducting tip and a Pb film junction. Unfortunately,
the voltage-biased technique cannot tell the true behavior of the I(V) because of the
discontinuity of the voltage jump when the critical current is exceeded. In my work,
I modified the existing STM electronics to take both voltage-biased and current-
biased I-V characteristics for a given junction resistance.

Figure 2.3 shows schematics for the voltage-bias mode and the current-bias
mode. Figure 2.3 (a) shows a conventional setup for tunneling spectroscopy in
which voltage V, is applied to the sample and the tunneling current I is recorded
as a function of Vj. Figure 2.3 (b) shows the current-bias mode which has a resistor
with a large resistance R connected in series with the STM junction to fix the
current [ passing through the junction. A differential amplifier is used to measure
the voltage V' across the junction as a function of the current I. If the resistance R
is much larger than the junction resistance, i.e. R > R, the current can be found
from the applied voltage Vj, divided by R. Otherwise, I = V,/(R + R;) and the
junction resistance needs to also be taken into account to find the current flowing

through the junction.

2.4.1 N-I-N tunneling

Figure 2.4 shows a schematic diagram of electron energy levels for N-I-N tun-

neling. Figure 2.4 (a) shows the situation in thermal equilibrium with no applied
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Figure 2.3: (a) Schematic diagram of spectroscopy mode using voltage
bias V} in which a voltage is applied to the sample and the current [
flowing through the junction is measured with a current preamplifier.
(b) In current-bias mode, a large resistor R is connected in series with
the junction to set the current I/ through the junction and the voltage
V' across the junction is measured using a differential amplifier.
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voltage so that both Fermi levels are aligned (the shaded light blue areas indicate
filled states). Figure 2.4 (b) shows the situation when the right normal metal has
a voltage +V applied while the left electrode is grounded (0 V). As shown, this
effectively raises the Fermi level of the left electrode with respect to the Fermi level
of the right electrode and causes a net flow of electrons from the left to the right.
To calculate the net tunneling current, we need to find the difference between the
rightward and leftward currents. Following Tinkham [64] we can write the current

flowing from the left electrode to the right electrode as

I1p= 4—26 T IMPENy (e — eV) f(e — eV)Na(e) (1 — F(e))de (2.15)

—0o0

where N;(E) is the density of states on the left, f(e) = 1/(eE=0/ksT 1 1) is the
Fermi distribution and M is the tunneling matrix element. Here Nj(e — eV/)f(e)
represents the filled states in the left electrode and Ny(e)(1 — f(€)) represents the
empty states in the right electrode. Similarly, the current flowing from the right

electrode to the left electrode is

4rre

Inop=—— N |M >Ny () f(e)Ni(e — eV)(1 — f(e — eV))de. (2.16)

—0o0
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The total current flowing from left to right is then

I = [LHR - [RHL

_ % _OO IMPENy(e — eV)Ny(6)[f (e — eV)(1 — f(e)) — (1 — fle — eV))f())de
— % _oo M2 Ny (e — eV)Ny(e)[f(e — eV) — f(e)]de (2.17)

Let’s look at how Eq. (2.17) behaves at 7' = 0. Notice on the left side that
for € > eV, we have f(e —eV) = 0 (see region A in Fig. 2.4 (b)) while for ¢ > eV
we have f(e) = 0 on the right. Therefore region A contributes no current. For
0 < e < eV (region B in Fig. 2.4 (b)), we have f(e — eV) = 1 for the left electrode
and f(e) = 0 for the right. Therefore [f(e¢ —eV) — f(¢)] = 1 and Eq. (2.17) gives a
net current in this region. Finally for € < 0, we have f(e —eV) = f(e) = 1 in both
the left and right electrode (see region C in Fig. 2.4 (b)) and therefore this region
contributes no current.

Given the behavior of the Fermi function at 7" = 0, the integration range in

Eq. (2.17) can be cut off at zero and eV, and Eq. (2.17) becomes

4 eV
I= %e |M[2Ny (€ — eV)No(e)de (2.18)
0

For typical metals of interest, we can take Ni(e —eV') and N;(e) as constants N (0)

and N»(0), the density of states at the Fermi level. Similarly, we will assume that
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(a)

»

Ni N2

(b)

Figure 2.4: (a) Schematic of the density of states in N-I-N tunneling at
T = 0 for ideal normal metals when no voltage is applied. (b) The right
electrode is biased at voltage V' above the left electrode, which effectively
raises the Fermi level of the left electrode, causing a net flow of electrons
from the left to the right electrode.
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|M|? is independent of energy and this then gives

4me?

h

I [ M]*N1(0)N2(0)V

= GyyV (2.19)

where the conductance of the N-I-N junction is

4re?

h

G = | M| N1(0) N2 (0) (2.20)

For the same assumptions except that 7" > 0, one finds the same result [64].
Therefore we see that an N-I-N junction acts like an ideal, temperature-independent

ohmic resistor.

2.4.2 N-I-S tunneling

The situation becomes more interesting if one electrode is superconducting.
Tunneling experiments conducted by Giaever and Megerle [65] between a supercon-
ductor and a normal metal demonstrated that the superconducting gap could be
measured electrically and this helped to further establish the validity of the BCS
theory.

We can apply Eq. (2.17) to the N-I-S situation by writing [64]

4re

Ins = = T IMEN (e — V)N ()[f(e — V) — f(lde,  (2.21)

—00
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where N,,;; = N,,1(0) is the density of states of the normal metal on the left and

L N, (0) for |E| > A

Ny = (2.22)
0 for |[E] < A

is the density of states of the superconductor on the right where N,,5(0) is the density
of states of the normal state of electrode 2. Figure 2.5 illustrates the situation for
T = 0. Note that if the voltage V' applied to the superconducting electrode is
smaller than A/e, where A is the superconducting gap, there are no states for
the electrons from the normal side to tunnel into the superconducting electrode.
Therefore there is no tunneling current unless eV > A. For T' = 0, the Fermi

function and superconducting density of states cut off the integration to the range

A<e<eV.ForT=0and V > A/e, Eq. (2.21) becomes

dre [V

Ins = —— |M|>N,,1(e — eV)Ny(e)de
A
dre [V
= T |M|2Nn1(O)N52<€>d€
A
4re [ Ny (e€)
= — M|*N,1(0)N,5(0)=—= d
b [ PN 0N 0) 5 e
4re v €
= —|M?N, N, —d
A | | nl(o) n2(0)/A \/m €
G

eV
nn €
-2,y
G /(VE = 22

- (2.23)

For eV < A, one finds I = 0, while Eq. (2.23) gives the current [ as function of
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(a)

(b)

Ni Sz/

Figure 2.5: (a) Schematic drawing of energy diagram for N-I-S tunneling
with no applied voltage. The left electrode (/V;) is normal while the right
electrode (S3) is superconducting. (b) The superconducting side (S55) is
voltage biased by V', causing the electrons to flow from the left to the
right.
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voltage V for V> Aje. At T = 0, If we take the derivative of the current with

respect to the voltage we can show that

GnneV
dl,,, NG for [eV]| > A
0 for |eV] < A

Comparing Eq. (2.22) to Eq. (2.24) we see that the differential conductance
Gns(V') has the same functional form as the superconducting density of state. This
is an example of how d//dV can reveal the local density of states (LDOS), as Tersoff
argued.

For T > 0, thermal broadening becomes important and we write

¢l _ G 0f(c— V)

o €
dV € /OO \/52 — A2 ov

de. (2.25)

The function 0f/0V in Eq. (2.25) is a peak of width kgT" and effectively rounds off
the divergence in the density of states at the gap.

Figure 2.6 shows a plot of conductance vs. voltage for temperatures T'= 50
mK (red), 300 mK (blue) and 1K (green) for A = 0.5 meV. From the plot we can see
there is a sudden rise of conductance around the value of superconducting gap; these
are called coherence peaks. As Fig. 2.6 also shows, non-zero temperature smears
out the coherence peaks.

This is a good place to briefly discuss the Dynes formula [66]. This formula
has frequently been used to extract the superconducting gap from STM conductance

measurements. Dynes et al. [66] argued that the finite lifetime of quasiparticles
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Figure 2.6: Plot of normalized conductance GLM% vs. voltage V at
different temperatures. The red curve is at 50 mK, the blue curve is at
300 mK, the green curve is at 1 K. In all three cases the superconducting
gap A = 0.5 meV. The temperature mainly broadens the coherence

peaks, which occur at V = £A/e.
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would cause broadening of the coherence peaks. To account for the lifetime they

modified the BCS density of states to :

e — 1l
\/(e—iI’)Q—A2

] (2.26)

where T'/I is the quasiparticle scattering rate. The main effect of non-zero T is to
cause broadening of the coherence peaks. The advantage of using this form is that
it is simple to fit to conductance data because it is a simple analytical function. In
contrast, application of Eq. (2.25) requires a careful numerical integration. Although
the physical basis for Eq. (2.26) has been disputed, it captures the qualitative be-
havior and has found widespread application for extracting the superconducting gap

value.

2.4.3  S-I-S tunneling

For S-I-S tunneling, Eq. (2.17) becomes [64]:

fss = 25 [ IMPN.s(e = V)N (e — V) = F(e)lde
. Gnn & 51(6 — GV) NSQ(G)

[f(e—eV) — f(e)]de

 Gun [T le — eV €] o
E /—oo \/(G—BV)Q—A%\/EQ—Ag[f( V)= f(e)ld (2.27)

where Ny (e —eV) is the density of states in the left electrode, Ngy(€) is the density

of states in the right electrode, and G, is the conductance of the junction when
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both electrodes are in the normal state.

Figure 2.7 shows the energy level diagram for S-I-S tunneling at 7" = 0. Notice
that when eV > A; + A,, quasiparticles will flow from one electrode to the other
electrode, while for eV < A; + A,, no current will flow. In general for T' # 0
numerical integration is required to compute the I — V' curves. Figure 2.8 shows
examples of I — V' characteristics obtained by numerical integration of Eq. (2.27)
at temperatures of 300 mK (red), 3 K (blue) and 5 K (green). For these examples,
I used A1 = 1 meV and Ay = 0.5 meV. All three curves show a sharp rise at
V = (41 + As)/e = 1.5 mV. When the temperature is large enough, one also
sees a sharp peak at |[A; — As|/e = 0.5 mV and a region with negative differential
resistance. Although the numerical integration is relatively straightforward, I did
not see such peaks in my S-I-S tunneling data. Instead I saw step-like structures
inside for V' < (A1 + Ay)/e. As I discuss in Chapter 7, this turned out to be due to

multiple Andreev reflection (MAR) in junctions with relatively high transparency.

2.5 Cryogenic STM’s

The superconductors that I investigated were TiN thin films, which had su-
perconducting transition temperatures of T, ~ 4 K, and a single niobium crystal
with T, ~ 9.2 K. Clearly I needed to cool below T, to see superconducting behav-
ior. Furthermore, by using a much lower temperature, I could obtain less thermal

broadening, and get much better resolution spectroscopic data.
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Figure 2.7: (a) Schematic drawing of electron energy levels in the left
and right electrode for S-I-S tunneling at 7= 0 for V' = 0. (b) Energy
levels for V' = (A; + As)/e and (¢) V > (A; + Az)/e. When the bias
voltage V' is greater than (A; + As)/e, a current will flow.
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| (arb.)

V (mV)

Figure 2.8: I —V characteristics from numerical evaluation of Eq. (2.27)
for S-I-S tunneling with A; = 1 meV, and Ay = 0.5 meV. The red curve
is for temperature T = 300 mK, the blue curve is for " =3 K, and the
green curve is for "= 5 K. The current rises at V' = (4A; + Ay)/e ~1.5
mV. At the higher temperatures, we see a current peak at the difference
of the superconducting gaps V = (4; — Ay)/e = 0.5 mV.
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Finally I note that a Josephson Scanning Tunneling Microscope (JSTM) must
be operated at mK temperatures in order to see a measureable critical current
[42, 67-70]. In a JSTM there are three important energy scales: the Josephson
energy E; = hly/2e, the charging energy Ec = ¢2/2C and the thermal energy kpT.
Iy is the critical current of the Josephson junction. In a standard STM setup, the
capacitance of the tip-sample junction is on the order of fF and in my setup the
critical current can be typically of order 1 nA. This leads to E;/kg = 0.1 K and
Ec/kp = 1 K. Therefore we need to cool our STM to T' < E;/kp or millikelvin
temperatures using a dilution refrigerator to prevent phase diffusion from thermal
excitation of the junction [34-36, 38, 71]. In addition, with E; << E¢ charging
effects become important and this leads to suppression of the critical current [64, 72—

74] and even greater sensitivity to phase slips, as discussed in Chapter 7.
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CHAPTER 3

Experimental Setup of the Millikelvin STM

In this chapter, I discuss details of the setup, construction and operation of our
millikelvin scanning tunneling microscope and associated systems. In Section 3.1 I
describe the working principle of a 3He/*He dilution refrigerator. Next in Sections
3.2, 3.3 and 3.4, I describe the design and operation of our dual-tip STM, including
the wiring and filtering used from room temperature to the mK temperature stage.
In Section 3.5 I discuss the accident in June 2016 which resulted in damage to the
dilution refrigerator and the subsequent partial repairs which allowed compromised
operation to about 0.5 K. I next describe the ultra high vacuum (UHV) sample
preparation system (Section 3.6), which allowed me to prepare and transfer samples
to the cold-stage while maintaining UHV conditions. Finally, I describe the opera-
tion and components of the control electronics (Section 3.7) and the preparation of

Nb and vanadium STM tips (Section 3.8).
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3.1. DILUTION REFRIGERATOR

3.1 Dilution refrigerator

The working principle of a dilution refrigerator [75] is based on the behavior
of liquid mixtures of *He and *He (see Figure 3.1). Liquid “He becomes superfluid
[76] at 2.177 K (zero viscosity) and can flow without loss of kinetic energy. *He,
which is a fermion, does not become superfluid until 2.491 mK [76]. By diluting the
‘He liquid with 3He, the temperature of the superfluid transition is lowered. The
boundary line is called the A-line.

Above 67.5% atomic concentration of 3He in *He , superfluidity does not exist.
Interestingly, below 0.867 K, 3He/*He mixtures separate into two phases. One phase
is rich in *He (the concentrated phase), and the other phase is rich in *He (the dilute
phase). In the limit where the temperature of the mixture is zero, the concentrated
phase becomes pure 3He. However, the concentration of *He in the dilute phase
does not approach zero as T' goes to zero, rather it reaches a limiting concentration
of 6.6% *He [75]. This phase separation and finite solubility of *He in *He is crucial
to the operation of a 3He-*He dilution refrigerator.

Figure 3.2 shows a schematic diagram of a dilution refrigerator. For proper
operation, the dilute/concentrated phase boundary should be in the mixing chamber,
and the liquid level of the dilute phase should be in the still. Since *He is denser
than 3He, the concentrated phase floats on top of the dilute phase. The cooling
power of the dilution refrigerator comes from the latent heat absorbed when 3He
atoms are transferred from the *He rich side to the *He poor side.

Examining Fig. 3.2, we see that the dilute phase extends from the still to the
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Figure 3.1: Phase diagram for *He/*He mixtures from Ref. [75]. ‘He
becomes superfluid at 2.177 K. Mixing *He with *He lowers the temper-
ature of superfluidity boundary. At 0.87 K, liquid helium separates into
two phases: a dilute phase with mostly “He and a concentrated phase
with mostly *He. Note that the dilute phase has 6.6 % *He at 0 K.
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3.1. DILUTION REFRIGERATOR

mixing chamber. A pumping line is attached to the top of the still. The still operates
at about 0.7 K, at which temperature the vapor pressure of 3He is much larger than
the vapor pressure of *He, ensuring that mostly *He evaporates. The difference
in *He concentration between the still and the mixing chamber creates an osmotic
pressure gradient in the ®He, which acts to reduce the 3He concentration in the
dilute phase in the mixing chamber. In the mixing chamber 3He in the concentrated
phase then crosses the phase boundary to the dilute phase in order to maintain the
6.6 % 3He concentration of the dilute phase. This process is effectively *He liquid
evaporating into a *He vacuum and this absorbs latent heat. The latent heat is
provided from the mixing chamber and results in cooling of the mixing chamber.
In principle, there is no lower limit to the temperature that can be reached, but
in practice heat leaks, heating of the flowing liquids and inefficiency of the heat
exchangers limits the minimum temperature.

Most commercial refrigerators are now “dry” in that a separate 4K cryo-cooler
is used for the initial cool-down and for cooling the returning *He gas. The additional
cryogenic systems create some vibrations and noise, which are serious problems for
the operation of a cryogenic STM. As a result, we use a “wet” refrigerator to cool
our millikelvin STM system. This involves maintaining 4 K liquid *He around the
vacuum space (see Fig. 3.2). This bath needs to be refilled with liquid helium as
the liquid evaporates, but otherwise it is relatively free from vibration.

To cool the system from room temperature, I start by closing up the inner
vacuum can (IVC)(see Fig. 3.2) and raising the custom made super-insulated liquid-
helium cryostat [77]. I then fill this dewar with liquid nitrogen at 77 K and introduce
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Figure 3.2: Schematic diagram of our dilution refrigerator.
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3.1. DILUTION REFRIGERATOR

a small amount of *He exchange gas into the inner vacuum can to thermally couple
the dilution refrigerator unit to the 77 K bath (see Fig. 3.2). After about 1 day, the
system has settled to 77 K and the liquid nitrogen is then removed. The dewar is
then slowly filled with liquid helium to allow the refrigerator to cool to 4 K. Once
the refrigerator is at 4 K, the exchange gas is pumped out so that the refrigerator
stages are no longer thermally coupled to the bath.

With the system at 4 K and the exchange gas removed, we can begin to
circulate the *He/*He mixture. A small amount of mixture is released from the
dump (a container that stores the mixture in gas form at room temperature) and
passed through a nitrogen trap kept at 77 K. This removes impurities such as Ny
and O, as well as oil from the pumps. The mixture next flows through a liquid He
cold trap which is inserted into the helium bath. This captures remaining impurities
that were not captured from the nitrogen trap, such as Hs.

The mixture then flows into the condenser line and condenses at the 1 K pot
which is actually at about 1.5 K. The 1 K pot is a small copper chamber which
is connected to the He bath through a capillary tube. Pumping on the pot sucks
liquid helium from the bath and evaporation of the liquid in the pot causes cooling
to about 1.5 K, which is not cold enough for the mixture to reach phase separation,
but allows liquid to condense, cool and fill the heat exchangers, mixing chamber and
still. To achieve phase separation, we pump on the still, which cools below 1.2 K due
to evaporate of He. The condensed mixture from the 1 K pot passes through the
still heat exchanger and, as 3He is preferentially pumped from the still, the still cools
to the phase separation point. Additional pumping moves the phase boundary until
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3.2. OVERALL EXPERIMENTAL SETUP OF THE MILLIKELVIN STM

eventually it reaches the mixing chamber, which then cools to a base temperature
of about 200 mK after several hours. With additional root pump running, it cools

down to 20 mK.

3.2 Overall experimental setup of the millikelvin STM

Figure 3.3 shows the overall experimental setup of the millikelvin STM system
[41]. A UHV sample preparation chamber and a UHV transfer chamber sit on top
of an optical table in an rf-shielded room. The 3He-*He dilution refrigerator is
mounted below the transfer chamber and the STM is bolted to the bottom of the
mixing chamber. This design allows us to clean the sample under UHV conditions
and transfer it into and out of the mK-STM without breaking vacuum, therefore
preserving the quality of the sample surface. We use a horizontal magnetic transfer
rod to bring samples from the preparation chamber to the transfer chamber. We
then use a vertical magnetic transfer rod [41], which runs through the center axis
of the dilution refrigerator to take the sample from the transfer chamber to the mK
stage of the STM.

Our dilution refrigerator is a customized Oxford Instruments Kelvinox with a
cooing power of 400 pW at 100 mK. The dilution refrigerator has an inner vacuum
can (IVC) which is pumped to high vacuum using a scroll pump and a turbo pump
prior to cooling down. The IVC and rest of the refrigerator insert sit in a custom

made super-insulated liquid-helium cryostat [77]. It serves as a liquid helium bath
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Figure 3.3: Hlustration of mK-STM setup with UHV sample preparation
chamber and transfer rods.
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3.3. DUAL-TIP STM

and enables our STM to thermally couple to the helium bath and cool to 4 K. The
base temperature of the refrigerator was 6-7 mK, but due to the heat load from
the large amount of wiring for the dual-tip STM [41], the actual operating base

temperature was around 30-35 mK.

3.3  Dual-tip STM

Our STM is a highly modified co-axial Pan-style design [63] which has two
independently controllable tips. The tips can be connected to operate in a SQUID
configuration [42] with a superconducting sample. A detailed description of the dual-
tip STM, including connection and characterization of the two electrically connected
STM tips, can be found in Chapter 4.

Figure 3.4 shows the overall layout of the STM. The main body is made out
of Macor. The sample is mounted on a sample stud (1) that is loaded from the
top and the two STM tips (2) approach from below. The two STM tips are spaced
about 1 mm apart with each tip attached to its own set of piezoelectric actuators
[41]. Each tip is controlled by a piezoelectric walker (5,6) and scanner (3,4) which
allow for coarse motion in z (vertical) and fine 3-D motion, respectively. The outer
tip assembly is moved vertically (z) by the large outer walker, which also carries the
smaller inner walker and inner tip assembly, thus moving the two tips together. The
inner walker moves the inner tip vertically (z) relative to the outer walker [40, 41].

To monitor the movement of the walkers and tips, a capacitance bridge [78]

41



3.3. DUAL-TIP STM

Figure 3.4: (a) Cross sectional view and (b) photograph of the dual-tip
STM. Labels are (1) the sample stud, (2) two STM tips, (3) outer tip
scanner, (4) inner tip scanner, (5) outer tip walker, (6) inner tip walker
and (7) the capacitance sensor for the outer tip and the inner tip. Figure
from [40].
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3.4. WIRING

was used to measure the capacitance (see Fig. 3.4) during the coarse approach of
each tip to the sample. The capacitance sensor reading for the outer walker varied
from 11 pF to 19 pF over the 24 mm z-range. For the inner walker, the capacitance
sensor reading varied from 1.8 pF to 6 pF over the 8 mm range. At cryogenic
temperatures, the maximum lateral scan range of the inner-tip piezo-tube scanner
was about 2 um while the lateral scan range of the outer-tip piezo-tube scanner was

about 1 pm.

3.4  Wiring

We used two kinds of wires in our STM system to connect the room tempera-
ture electronics to the STM [41]. “Signal wires” were used for connecting to the two
STM tips, for applying sample bias and for reading out the two capacitance /monitor
sensors. “Drive wires” were used for supplying control/drive signals to move the two
walkers (646 lines), to drive the x-y-z motion of the tip piezos (5+5 lines) and for
the thermometry lines.

In order to transmit the very small voltages or currents carried by the signal
wires, the wired need to be well-shielded against rf pickup and microphonic noise.
We also need to minimize heat flow between different refrigerator stages. This was
done by using semi-rigid CulNi microcoax lines from 300 K to the mixing chamber
stage. Figs. 3.5-3.10 show detailed views of the signal lines at each stage. To heat

sink the wires as they went from 300 K to 30 mK, the coax was clamped to Cu
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3.4. WIRING

Figure 3.5: The 1 K pot (1) was custom built to 1.5 times the normal
size. (8) NbTi microcoax signal wires are bolted to the Copper heat
sinks.
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3.4. WIRING

Figure 3.6: Label (2) indicates the still. NbTi microcoax signal wires
are bolted to the Copper heat sinks (9).
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Figure 3.7: Label (3) indicates the 3He/*He heat exchanger. NbTi mi-
crocoax signal wires are bolted to the Copper heat sinks (10).
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3.4. WIRING

Figure 3.8: Label (4) indicates a sintered silver heat exchanger and (5)
is the mixing chamber. (11) are NbTi microcoax signal wires, which are
bolted to the Copper heat sinks.
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3.4. WIRING

Figure 3.9: Label (6) is the bronze powder filter. The NbTi microcoax
wires (12) entered the bronze powder filter with output on Cu coaxial
wires (13) at the mixing chamber stage.
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3.4. WIRING

14

Figure 3.10: Label (7) is the can inside of which the STM is mounted.
All of the Cu coaxial wires are heat sunk by clamps (14) that press the
wires onto the Au-plated Cu extension.
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3.4. WIRING

posts at the 1K pot stage (see Fig. 3.5), the 600 mK still stage (Fig. 3.6), and
7.5 c¢cm long posts at the 150 mK stage (Fig. 3.7). At the mixing chamber stage
(Fig. 3.8), these microcoaxe lines were fed into bronze powder filters (Fig. 3.9) [79]
with SSMC connectors. From the mK bronze powder filters to the STM (Fig. 3.10),
the signal lines were made of semi-rigid coax with Cu shielding and an Ag-plated
Cu inner conductor. The Cu coax lines helped to carry away heat from the STM
tip and the sample. This was critical to cool the STM, since the main body of the
STM were made from macor, which is very thermally insulating.

The drive wires were made from four Oxford Instruments wiring looms [80],
each with 12 twisted pairs of 100 pm diameter wire. From 300 K to 1.4 K, two
Constantan wiring looms were used as they provided a low heat load and resistances
that varied only slightly with temperature. From 1.4 K to the mixing chamber, we
used two CuNi-clad NbTi looms that were superconducting below 9 K. To ensure
adequate thermal anchoring, the looms are wrapped around Cu heat sinks at each
stage on the refrigerator. For the last section from the mixing chamber to the STM,
semi-rigid Cu coax wires which are the same type used for the signal wires are used.
Figure 3.11 shows detailed views of the looms and copper heat sinks at each stage.
Figure 3.11 (a) shows the 1K pot. Figure 3.11 (b) shows the still and the heat
exchanger at the still and the cold plate stage. Fig. 3.11 (c) shows the filters and
wiring at the mixing chamber stage, while Fig. 3.11 (d) shows the filter and wiring

section from the mixing chamber to the STM stage.
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3.4. WIRING

Figure 3.11: (a) Cylindrical heat sinks for the loom wires ((4),(5),(7)
and (9)) are tightly bolted onto the 1K stage, (b) the still, and (c) the
mixing chamber plate. (d) At the mixing chamber stage, the loom wires
are soldered into a plug and connected to Cu coax lines using thin Cu
wires. The signal wires and all Cu coaxial wires are heat sunk by clamps
(10) that press the wires onto the Au-plated Cu extension. (11) is the
STM.
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3.5. DAMAGE TO THE HEAT EXCHANGER AND PARTIAL REPAIR

3.5 Damage to the heat exchanger and partial repair

While the mixture was being removed early on June 29, 2016, a diaphragm
valve between the still and the *He circulation pump broke. Air entered the system
and created a complete blockage in the *He/*He line. Since the 1K pot was not
running at that time, the mixture slowly warmed up and eventually the remaining
liquid in the refrigerator turned into gas. This caused one of the sintered silver
heat exchangers to fail due to severe over-pressure and we ended up losing all the
mixture. Figure 3.12 (a) shows a photograph of the broken sintered silver heat
exchanger. The white objects are sintered silver plates from the inside of the heat
exchanger, which increase the contact surface area with the mixture.

Due to limited funding we were not able to immediately replace the unit and
instead, we applied a temporary fix to get the system back in operation. Figure 3.12
(b) shows the mixing chamber stage, detached from the rest of system. Figure 3.12
(c) shows the brass flange for the input line at the cold plate stage (2) and the bigger
brass flange (3) for the still line.

To reseal the heat exchanger, I tested two solders. I first tried EutecRod 157
[81], which is a lead-free soft solder that can be used for joining capillary tubes. The
second solder I tried was Wood’s metal. The Wood’s metal did not stick well to the
surface of the heat exchanger, so I used the EuteRod 157 for the repair.

Figure 3.13 (a) shows the mixing chamber stage detached from the rest of the
system and clamped onto a work table, ready for soldering. The soldering process

was done at 450 °C using EutecRod 157 [81]. Once the soldering was done, a ‘He
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3.5. DAMAGE TO THE HEAT EXCHANGER AND PARTIAL REPAIR

Figure 3.12: (a) and (b) show photos of the damaged second sintered
silver heat exchanger. Label (1) indicates the second plate of the heat
exchanger. (c) Photos of the brass flange connector (2) for the incoming
line for the mixture, and the larger brass flange (3) for the return line
that goes to the still.
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3.5. DAMAGE TO THE HEAT EXCHANGER AND PARTIAL REPAIR

Figure 3.13: Photos of the re-sealed sintered silver heat exchanger. (a)
The system is clamped onto a work table for soldering. (b) The repaired
heat exchanger has been reattached to the dilution refrigerator. The
color of the brass flange changed due to the soldering.
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3.6. ULTRA HIGH VACUUM (UHV) SYSTEM

leak test was performed to verify the seal was leak tight at room temperature. After
reassembling the dilution refrigerator system, we performed a leak test again with
the system at 4 K. Figure 3.13 (b) shows the final result after the dilution refrigerator
was reassembled.

After we replenished the mixture, the refrigerator was able to cool to a min-
imum temperature of only about 300 mK. However the operation was not stable
and the phase boundary did not seem to be in the mixing chamber. We also found
out that there was a cross leak between the input and output lines between the 1K
pot and the still plate; presumably this leak was created during the accident. This
was likely the main reason the system would not cool below 0.3 K. Nevertheless,
the system was able to maintain a stable temperature at 500 mK and this was the

temperature of the titanium nitride (TiN) data presented in Chapter 6.

3.6 Ultra high vacuum (UHV) system

Our STM system has a UHV preparation chamber and a transfer chamber
that are separated by a gate valve (see Fig. 3.14). Each chamber has its own ion
getter pump [82], titanium sublimation pump [83], and ion gauge [84]. To prepare
the UHV environment for both chambers, we first pump it out using a turbo pump
[85] backed by an oil-free scroll pump [86]. The chambers are then baked at 150 °C
for 24 hours to remove water and allow outgassing.

The sample preparation chamber has a residual gas analyzer [87], two electron
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3.7. CONTROL ELECTRONICS AND MEASUREMENT CIRCUIT

beam evaporators [88], and an argon ion sputter gun [89] (see Fig. 3.15). The sample
stage is attached to an XYZ manipulator [90]. Samples can be heated to 600 °C by
a resistive heater or by a direct current heater.

Samples are mounted on copper, stainless steel, or molybdenum sample studs
that fit into the STM. To start, we epoxy a sample to a sample stud, put it into
the load lock, evacuate the load-lock, and transfer the sample into the preparation
chamber. After the sample is treated (cleaned, milled, annealed, etc.) in the cham-
ber, it is moved to the transfer chamber. To move samples, the sample stud sits
inside a sample transfer plate and we use a magnetic transfer rod to transfer the
sample plate [40]. To move a sample from the transfer chamber to the cold STM,
we use a top loading system with a 3 cm diameter access shaft in the dilution re-
frigerator. A detailed description of the transfer mechanism can be found in Ref.

[40].

3.7 Control electronics and measurement circuit

To control the two tips, each tip has its own electronics to allow it to approach
and scan a sample. One of the tips is controlled by an RHK Technology STM control
system [91]. It has a maximum piezo voltage of 220 V and uses analog feedback.
This system uses an [VP-300 RHK trans-impedance amplifier with a conversion
factor of 1 nA/V to maintain the tunnel current. The other tip is controlled by an

RHK-R9 system [92]. It has a maximum piezo voltage of 220 V and uses digital
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3.7. CONTROL ELECTRONICS AND MEASUREMENT CIRCUIT

Figure 3.14: The UHV preparation chamber sits on top of an optical
bench. The transfer chamber sits on top of the optical table on the left
side. The dilution refrigerator is underneath the transfer chamber and
the STM unit is bolted to the mixing chamber plate from below. Label
(1) indicate magnetic transfer rods, (2) are the XYZ manipulators, (3)
is the argon ion sputter gun, (4) are the electron beam evaporators, (5)
is the gate valve, (6) is the dilution refrigerator and (7) is the STM.
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3.7. CONTROL ELECTRONICS AND MEASUREMENT CIRCUIT

feedback. The current amplifier [93] for this tip can run from 1075 to 107 A/V.

In standard STM operation, the STM is run in a voltage-biased mode: a
voltage bias V' is applied to the sample and the tunneling current 7 is detected
from the tip. The feedback mechanism adjusts the z-piezo to maintain a constant
tunneling current as the tip scans in x-y across the sample, allowing us to image the
surface topography. I —V spectroscopy can be obtained by turning off the feedback
and then sweeping the voltage bias V' while recording the tunnel current /. A circuit
diagram of the voltage-biased mode is shown in Figure 3.15 (red). In our two-tip
system, the other tip can be kept away from the sample so that no current flows
through that branch or it can be brought close to the sample to allow simultaneous
tunneling.

To facilitate measurement of hysteretic I — V' characteristics we also used a
relay box that let us switch from the voltage-biased mode to the current-biased
mode. In current-biased mode, we sweep the current I applied to the junction and
measure the voltage V' across the junction. To measure I — V curves in current-
biased mode during a scan of a sample, we first set the junction resistance R,, while
biased at a certain voltage (R,, defined as the voltage across the junction divided
by the tunneling current), turn off the feedback, switch the system to the current-
biased mode using the relay box, take I — V' curves, switch back to voltage-biased

mode, and then turn the feedback loop back on, and move to the next location.
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Figure 3.15: Schematic diagram of setup for interchangeable voltage-
biasing mode (red) and current-biasing mode (green) using a home built
relay box. We utilized the two measurement configurations in measure-
ments of hysteretic Nb-Nb S-I-S tunneling characteristics (see Chap-
ter 8).
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3.8. STM NIOBIUM AND VANADIUM TIP PREPARATION

3.8 STM niobium and vanadium tip preparation

Much of my research was aimed at realizing a true Josephson STM. For it to
work, it is necessary to have an S-I-S junction with a non-negligible super current
between a superconducting STM tip and a superconducting sample. As discussed
in Chapter 8, I used a Nb crystal and a Nb superconducting tip for these tests.

The process I used for making a Nb STM tip is briefly described below. The
recipe was developed by Anita Roychowdhury and additional details may be found
in her thesis [40] and Ref. [94]. To make tips, I first cut 50 mm-long sections of
250 pm diameter Nb wire and place them, sticking up, in a 12 cm x 12 cm X 2 cm
aluminum block. I then used a drop of Fujifilm 906-10 photoresist around each tip
to glue them in place and then baked the aluminum block at 150 °C for 10 minutes.
I next placed the block with its Nb tips in a plasma reactive ion etcher (RIE) [95]
and etched the tips for 85 minutes. The recipe used an SFg gas with flow rate of 10
SCCM, a pressure of 100 mTorr, and an applied rf power of 150 W. No O, was used

Once the tips were etched, I chose the tip that looked sharpest and placed
it into the STM. Newly made Nb tips usually lasted for about 12 hours in air at
300 K before they became too oxidized to use. This allowed enough time for us to
mount the STM back onto the system, test it at room temperature, make sure it
was working and then close the system and cool it to cryogenic temperatures. Once
the STM reached base temperature, we usually kept it cold for a few months.

Finally, I also found out that I could use a vanadium tip as a replacement

for the Nb tip. The main advantage was that it could be easily made at room
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temperature and put into the tip holder right away. This process involves using
pliers to rip off the end of the vanadium wire. This not only saved me time, but
also meant I did not need access to the clean room equipment. This was important
because there were a few months when the clean room was not running. Although
vanadium tips seemed to work pretty well, as I discuss in Chapter 6 I did not observe
a superconducting gap for the vanadium tips when the tip was scanning my TiN
samples. This may have been due to contamination on the tip or some other issue
with V. Another drawback of using the vanadium tip is that the critical temperature
of vanadium is only 5.6 K. I also found that it was harder to prepare vanadium so
that it had a nice sharp tip, in contrast to Pt-Ir, which are very easy to prepare so

that the tip is sharp.

3.9 Conclusion

In this chapter, I described the overall layout of our millikelvin STM sys-
tem including the dilution refrigerator, dual-tip STM, wiring and the UHV sample
preparation system. Additional details about the construction and operation of the

dual-tip STM can be found in Chapter 4.
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CHAPTER 4

Simultaneously Scanning Two Connected Tips in

a Dual-tip STM

4.1 Introduction

Josephson STMs that are sensitive to coherent tunneling of Cooper pairs have
recently been proposed [42, 67-70]. Unlike existing STMs, in principle such systems
could be used to measure variations in both the magnitude and phase of the order
parameter of the superconducting state on the atomic scale.

The approach I describe here involves obtaining a phase coherent signal from
an atomic size junction (J;) by connecting it to a larger superconducting junction
(J2) using an inductive shunt L to form an asymmetric SQUID [96]. The total
switching current I, of the SQUID will be dominated by J, and can be deter-
mined accurately using current switching measurements [42, 97]. For Iy < Ipo,
the SQUID’s switching current I achieves a maximum value of Iyy + Iy, when
the current through J; and J, are in phase. A minimum switching current of Iy,
- Io; results when the junctions are 180° out of phase. Iy; and Iy are the critical
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currents of the small and large junctions, respectively and I have assumed Iy < Ipo
< Oy/2L.

By coupling J; to the larger junction .J; we can lock the phase difference across
J1 with respect to J; and reduce its uncertainty. The relative phase difference across
the two junctions is determined by the effective flux, which is the flux applied to
the SQUID loop plus contributions due to the pairing symmetry of the sample at
the location of the tips. By measuring the SQUID’s switching current I, versus
applied flux ®,, one can extract the critical current Iy; of the small junction and
the effective flux for a given tip location. For example, if one junction moves from
a location where it is tunneling into a positive phase in a d-wave superconductor to
a location where it is tunneling into a negative phase, we would see an equivalent
shift of ®¢/2 in the I4(P,) characteristic [98].

For this approach to work the tips must be independently controllable, and
the connection between the tips must be superconducting and have a sufficiently
low inductance. The connection must be mechanically flexible enough that the tips
can be moved independently. The total loop inductance L of the SQUID should be

small because the minimum uncertainty o, in the phase difference across the small

262 Cl Cl —1/4
A — | — + — 4.1
O~1 3 <LJ1 + L ) ) ( )

where Lj; = ®y/2mly is the Josephson inductance and C; the capacitance of the

junction is [97]

small junction. For L < Lj; the minimum phase uncertainty will be small if Z

= /L/Cy < hj2¢* = R, = 2.035 kQ. For a 1 nA STM junction, a 1 pA fixed
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junction, a loop inductance of 1 nH, and an STM junction with total capacitance
6 fF, one finds Z; = 234 2 and o, =~ 0.44 radians, which is small enough to obtain
a measurable critical current [42], provided thermal fluctuations and external noise
are sufficiently small.

Sullivan et al. [42] completed a proof-of-principle experiment that demon-
strates the phase across a small junction can be significantly stabilized by coupling
to a large junction via an inductance. A small Al/Al;O3/Al junction was first pre-
pared (C ~ 6 fF), that exhibited a highly suppressed switching current at 50 mK
due to phase diffusion. An identically prepared small junction was then fabricated
as part of a highly asymmetric, hysteretic SQUID with the junctions having capac-
itance of 100 fF and 6 fF. The switching current of the SQUID was measured, and
the I — ® curve displayed a periodic modulation of ~ 1 nA on top of the ~ 800
nA total switching current. This result strongly suggests that a superconducting
dual-tip STM with comparable parameters will be capable of imaging the gauge
invariant phase of superconductors on the atomic scale.

To construct an STM with two connected tips, we started from an existing
dual-tip STM [41] that can operate at room temperature or in a dilution refrigera-
tor with a base temperature of 30 mK. Previously, the feasibility of scanning both
tips independently at mK temperatures was demonstrated using plasma-etched su-
perconducting Nb tips [94]. In Section 4.2, T describe how I modified this system
to enable operation with two tips that are electrically connected via a flexible link
made from thin Nb foil. In Section 4.3, I next discuss one of the main challenges of

operating two connected tips independently: only the total tunnel current through
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both tips can be measured, so that a new technique for controlling both tips us-
ing one current needed to be devised. I describe a technique for keeping each tip
in feedback and then demonstrate simultaneous imaging with both tips. Finally, in
Section 4.4, I describe images obtained by simultaneously scanning two tips at room
temperature and examine the electrical performance and mechanical characteristics

of the system.

4.2  Room temperature system setup

To form a SQUID, the two tips, connecting link and sample must be super-
conducting. We chose to use niobium for the tips, tip holders and connecting link
due to its toughness, high critical temperature, ability to make sharp tips and slow
oxidation rate [94]. (Alternatively, vanadium could also be used. Vanadium wire
is not as brittle as un-annealed niobium wire and it can be cut using wire cutters
to produce sharp points.) By attaching the connecting link to tip holders, instead
of directly to the tips, we get a stronger connection and can exchange tips without
having to remake the connection. Each tip slides into a small hole in its holder and
is held by friction. A disadvantage of connecting the holders is that this makes the
connector longer, which increases the SQUID loop inductance L and pickup area,
which would increase the phase diffusion in J; and make the device more sensitive
to magnetic noise.

To make the link I used bow-tie shaped connectors that were cut from 25 pum
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Figure 4.1: Two laser-cut Nb foil connectors shown on a ruler with 1 mm marks.
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thick Nb foil (see Fig. 4.1). The cutting was done using an 800 nm wavelength laser
with a 100 fs pulse length, an average power of 1 W and spindle speed of 100 rpm.
The pads of the bow-tie allow a larger contact welding area to the tip holders and
the neck in the bow-tie gives flexibility so that each tip does not pull too strongly
on the other. The Nb connector was spot welded [99] to each tip holder (see Fig.

4.2) using a hand-held Cu spot-welding clamp.

4.3 Scanning two tips independently

With the tips electrically connected together by the Nb bowtie, the controller
can only measure the sum of the tunneling current from both tips. Since an inde-
pendent current signal from each tip is not available, a conventional STM constant-
current feedback mode (Chapter 2) cannot be used to control the tip-sample sep-
aration of both tips simultaneously. Instead, we devised a technique that involves
modulating each tip’s z-piezo voltage at a different frequency and then extracting
from the total current a separate feedback signal for each tip.

To understand this feedback technique, note that for a single STM tip at

a distance z above a surface, the tunneling current can be written as [61] (see
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Figure 4.2: Nb tip holders connected by spot welded Nb foil.
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Chapter 2)

I / M 2Ny (€ — €V7) - Nuwie(€)[f (€ — eV, T) — f(e, T)]de

x e " (4.2)

where T is the temperature, 1/k is the effective tunneling length scale, € is the
electron energy (with respect to the Fermi level of the sample), Ny, is the density
of states of the tip, Nsample is the density of states of the sample, V' is the voltage
applied to the sample with respect to the tip and |M|? is the tunneling matrix
element, which decreases exponentially with distance from the sample.

From Eq. (4.2), the derivative of the tunneling current with respect to distance

7 gives

% = —rl. (4.3)
Thus the dI/dz signal from a tip is proportional to the current I through the tip,
with a constant factor of simply -x.

Figure 4.3 shows our dual-tip electronics setup. One of the tips is controlled
by an RHK Technology SPM 1000 Scanning Probe Microscope Control System [91].
It has a maximum output piezo voltage of 220 V and uses analog feedback. The
other tip uses a Topometrix SPM control system [100] [obsolete] with a maximum
output piezo voltage of 220 V and digital feedback.

Figure 4.4 shows an STM measurement of I versus z and Fig. 4.5 shows a

measurement of d/(z)/dz versus z, where I used a Pt-Ir tip and a Au/mica sample
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: Safety
Out1 Out2
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Figure 4.3: Experimental configuration for using d//dz signals to gener-
ate feedback for two electrically connected STM tips with two indepen-
dent position controllers. The RHK electronic controller has a built-in
modulation mode for the z—piezo, whereas the Topometrix system re-
quires an external modulation box. The safety box checks the total
output current and retracts both tips if the total current exceeds a set
value, preventing the tips from crashing into the sample.
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at room temperature. For this data, I parked the tip close enough to the sample
that there was an appreciable tunneling current (nA), and turned off the feedback.
I then retracted the tip a few A from the surface while recording the tunnel current
and the dI/dz signal while the tip z position was modulated at an amplitude of 12
pm. As expected, dI/dz and I both decreased exponentially with the tip-sample
distance z. Thus the plots of I vs. z and dI/dz vs. z are approximately straight lines
on a semilog plot. Fitting Eq. (4.2) to the I(z) data, we find 1/ ~ 0.30 nm. Since
dl/dz is proportional to I (see Fig. 4.5), we can use the d//dz from a z-modulated
tip as a feedback error signal when operating the STM.

To distinguish the currents from each tip, we add a small modulation of a
few mV at different frequencies (between 1 and 10 kHz) to the z-piezo of each
tip. I then used two lock-in amplifiers to monitor the total current and detect
dl/dz at each driving frequency. In practice we found that the total current has
an in-phase (resistive) component and a 90° out of phase (capacitive) component
at each frequency. The amplitude of the capacitive contribution to the current is
I, =2 27 fV(Cd/z, where z is the distance between the sample and the tip, C' is the
effective tip-sample capacitance, d is the amplitude of the tip z-modulation, and the
sample is held at voltage V. For example, for C' = 10 fF, frequency f = 5 kHz, bias
voltage V =1V, 2z = 0.5 nm and d = 6 pm, the capacitive current amplitude is I,
= 10 pA which is not small given a typical tunneling current range of pA to nA.

Fortunately, since the two components are out of phase by 90°, we can easily
measure and separate out the unwanted capacitive part; only the in-phase resistive

component will obey Eq. (4.3) and be useful for generating the feedback signal. To
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Figure 4.4: Semi-log plot of measured tunneling current I (blue points)
versus distance z between a Pt-Ir tip and a Au/mica surface. The red
line is a fit to an exponential decay with 1/ = 0.30 nm for z < 0.3 nm.
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Figure 4.5: Semi-log plot of measured |d//dz| (blue points) versus dis-
tance z acquired simultaneously with Fig. 4.4. The red line is a fit to
data for z < 0.3 nm.
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find the phase ¢, of the capacitive current, we measure the current while the tip is
somewhat beyond the z-range where there is a detectable tunneling current. Apply-
ing an ac voltage to the scanner, we find a capacitive signal and determine the phase
. at which the output from the lock-in is a maximum at the applied frequency;
this is the phase ¢, of the capacitive component. With the tip in tunneling range,
we then extract the component at ¢, + 90° using the lock-in amplifier and use this
signal to generate the z-feedback signal for the tip, note this also gives a way to
measure C', which is an important parameter for the STM SQUID.

There are several factors to consider when choosing the z-modulation frequency
for our d//dz feedback technique. A high frequency is desirable because this allows
a large feedback bandwidth and thus a high scan rate. If, however, the modulation
frequency is much higher than the piezotube’s resonant frequency, the tip will stop
responding to the applied modulation voltage. Our outer scanner has a resonance
at a few kHz and cuts off at 4.6 kHz, whereas for the inner scanner, the cut off is
around 11 kHz. The large difference in the scanner resonance frequencies allows us
to drive the two piezos with little crosstalk or interference using two well-separated
frequencies.

Our use of two modulation frequencies requires some additional modifications
to the standard feedback control. In standard constant current imaging mode (see
Chapter 2), the feedback control system naturally prevents the tip from crashing
into the sample. The tunnel current is compared to a set point and the feedback
system tries to maintain this value by moving the tip toward or away from the

sample. Even if the current amplifier saturates when the tip gets too close to the
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sample, the error signal will be large and the feedback control will pull back the tip.
However, for our dI/dz technique we are only monitoring d//dz. Saturating the
current amplifier will cause the d//dz feedback signal to drop to zero, which is less
than the set point, and the feedback control will push the tip forward, causing the
tip to crash into the sample.

To prevent this, I incorporated a safety box into the control system (see
Fig. 4.3). The inputs to the safety box (see Fig. 4.6) are the two dI/dz signals
from both lock-in amplifiers and the total tunnel current. If the total current is
larger than a threshold value (typically 7 nA), the safety box outputs 10 V to the
tip feedback system to force both tips to be pulled back. Otherwise the safety box
just outputs the detected dI/dz signal for each tip. A downside of this method is
that both tips are pulled back, since I do not determine which tip caused the safety
box to trigger. In principle, this could be determined by examining the d//dz
signals. In practice, I set the threshold current close to the maximum output of
the current amplifier and adjust the scan parameter so that the safety box is not

triggered too often during a scan.

4.4  Simultaneously scanning two STM tips on test samples

To test the two-tip feedback system with both tips connected together, I used
the STM to image HOPG and Au/mica samples with Pt-Ir tips at room temperature

in air. In the first set of tests I brought one tip into tunnel range and scanned the
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Comparator dl/dz 1 N Output 1
Input / -
r +

Set Point - Output 2

+

dZl/dz 2

Figure 4.6: Simplified circuit for the safety box. If the combined tunnel-
ing current signal sent to Input [ is higher than the set point, the output
of the comparator switches from 0 V to -10 V, which makes outputs 1
and 2 switch to 10 V, causing both tips to retract. Otherwise the output
of the comparator is 0 V and feedback outputs 1 and 2 are determined
by the corresponding dI/dz signal.

sample while the other tip was out of tunnel range and vice versa. I used the RHK
controller as the feedback system and set the lock-in phase so that the capacitive
contribution to the lock-in output was minimized.

Figure 4.7 shows a topographic image of the Au/mica surface that was scanned
with the inner tip using its tunneling current as the feedback signal in the standard
way. Single atomic layer steps are clearly seen. After the image was taken, I added
a small modulation of ~6 pm at a frequency of 9.103 kHz to the inner tip z—
piezo and recorded the modulation of the current signal at that frequency using a
lock-in amplifier with an averaging time constant of 0.3 ms. Figure 4.8 shows the
corresponding image of the same region taken using the inner tip in d//dz mode.

Before switching to the d//dz mode, I moved the tip back ~ 20 nm out of tunnel
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range. I then switched the feedback input to d//dz, brought the tip back into tunnel
range, and resumed taking images. Comparing the images, the steps in Fig. 4.7 are
not as sharp as in Fig. 4.8, but overall the two images are remarkably similar, as
expected.

Figure 4.9 shows an image with atomic resolution on an HOPG sample taken
with the outer tip using current feedback. The corresponding image in d//dz mode
is shown in Fig. 4.10 and it is quite similar, although some distortion is visible in
Fig. 4.10 due to the feedback reacting slower during the scan. With the inner tip, we
were not able to achieve atomically resolved images on HOPG. Typically, the inner
tip was less stable than the outer tip because the inner scanner is located above
the inner walker [41], so the overall lever arm is longer, making the inner tip more
susceptible to vibration.

After demonstrating the feasibility of using the d//dz mode for imaging, I
scanned both tips simultaneously. To do this, I used the Topometrix SPM control
system for the inner tip and the RHK SPM100 for the outer tip (see Fig. 4.3).
The modulation frequency was 4.517 kHz for the outer tip and 10.007 kHz for the
inner tip. The threshold of the safety box was set to 6 nA and the tips were raster
scanned at different rates. Figure 4.11 (a) and (b) were taken with the outer tip
while Fig. 4.11 (¢) and (d) were taken with the inner tip. Figure 4.11 (a) and (c)
were taken with one tip scanning using d//dz as the feedback signal while the other
tip was retracted. Figure 4.11 (b) and (d) were taken with both tips scanning at
the same time and the resulting images can be compared directly to Fig. 4.11 (a)

and (c). The two images taken with the outer tip are very similar. White spots in
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Figure 4.7: Topographic STM image of Au/mica taken with the inner
Pt-Ir tip using current for generating the feedback signal for the z-piezo.
The sample bias is 1 V and the tunneling current is 80 pA. The z color
scale range represents the height difference of 8 nm.
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Figure 4.8: Topographic STM image of Au/mica taken with the inner
Pt-Ir tip using dI/dz for generating the feedback signal for the z-piezo.
The same region as in Fig. 4.7 has been imaged.
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0 0.5 1.0 1.5
X (nm)

Figure 4.9: (a) Topographic STM image of HOPG showing atomic reso-
lution taken with the outer Pt-Ir tip using current as the feedback signal.
(b) Line section of the topographic signal z vs. z along the blue line in

(a).
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resolution taken with the outer Pt-Ir tip using d//dz as the feedback
signal. (b) Line section of the topography z vs. x along the blue line in
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Figure 4.10:
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Fig. 4.11 (d) are pixels at which the outer tip scanned across a step edge and caused
the safety box to trigger and retract both tips. Other than that, the tips seem not
to affect each other significantly.

Although the images in Fig. 4.11 do not show obvious effects from mechanical
coupling between the tips which were connected together with the Nb bow-tie, note
that the inner tip assembly, due to its long lever arm, will be pulled by the outer
tip if the outer tip moves a significant distance. Figure 4.12 shows an image of the
HOPG sample taken with the inner tip while the outer tip was scanning at the same
time with a scan range of 16 nm x 16 nm. The appearance of the steps was not
affected significantly while the outer tip was scanning over this small range. For
comparison, Fig. 4.13 shows an image of the same region taken using the inner tip,
but this time while the outer tip was moved around a 2 ymx 2 pm region. Initially
the outer tip was at the bottom right corner of the total scan area. After scanning a
few lines with the inner tip, we moved the outer tip to the bottom left corner of its
scan area and waited for a few lines while the inner tip kept scanning. We repeated
the same procedure, moving the outer tip to the other corners before returning the
outer tip back to the starting corner and repeating the entire cycle.

Comparison of Fig. 4.12 and Fig. 4.13 shows that while Fig. 4.13 was being
acquired the inner tip moved significantly each time the position of the outer tip
changed. The white arrows and labels 1 to 4 indicate the image sections for which
the outer tip was at the extreme corner of its scan range (see inset). Analysis of
the images shows that the inner tip moved by about 40 nm in Fig. 4.13 when the

outer tip changed from position 1 to position 2 (indicated by a green line at 45° with
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Figure 4.11: Topographic STM images of Au on mica. The top row
images (a) and (b) were taken using the outer tip with a z-modulation
frequency of 4.517 kHz. Bottom row images (c) and (d) were taken using
the inner tip and a z-modulation frequency of 10.007 kHz. (a) and (c)
used dI/dz as feedback input while the other tip was out of tunneling
range. Images (b) and (d) were taken simultaneously, i.e. with both
tips scanning at the same time. White spots in (d) are pixels where the
safety box retracted both tips when the outer tip scanned over a large
step edge.
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Figure 4.12: Topographic images taken with the inner STM tip on the
surface of HOPG while at the same time, the outer tip was scanning a
16 nm X 16 nm area.
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Figure 4.13: Topographic images taken with the inner STM tip on the
surface of HOPG while, at the same time, the outer tip was moved
around its maximum 2 pym X 2 pm scan area. Step edges are shifted
due to the outer tip pulling the inner tip as the outer tip is moved to
a new location. Labels 1, 2, 3, 4 indicate the corner at which the outer
tip was located when the inner tip was scanning the corresponding lines.
The green line shows the inner tip displacement vector change when the
outer tip moved from corner 1 to corner 2.
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respect to the horizontal axis). This corresponds to a reduction by about a factor
of 50 in the relative motion of the inner tip due to the outer tip, indicating a very
flexible connection. We note that motion of the inner tip has a much smaller effect
on the outer tip due to the greater rigidity of the outer tip walker. This behavior
suggests it would be best to use the outer tip as a large fixed junction (reference
junction) and use the inner tip as the small junction for scanning across the sample

to image changes in superconducting phase.

4.5 Conclusions

In this chapter I described how I electrically connected two tips together in a
dual-tip STM using a bowtie shaped Nb foil connector. I also described images of
HOPG and Au/mica samples obtained with the system at room temperature. Both
tips showed good images, with the outer tip obtaining atomically resolved images on
HOPG. Using dI/dz feedback, I obtained topographic images, successfully scanned
both tips at the same time and measured the mechanical coupling between the tips.
These results are a significant step towards using our dual-tip STM to measure the

gauge-invariant phase on a superconducting sample.
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CHAPTER 5

Superconductivity and BTK Theory

In Section 5.1 I start by describing the basic principles of superconductivity
and the Bardeen-Cooper-Schrieffer (BCS) theory. I introduce a few important con-
cepts which will be used throughout the thesis, namely the superconducting gap A,
critical temperature T,, and density of states D(E). In Section 5.2 I then discuss the
theory of Andreev reflection and subgap structure observed in the I — V' character-
istics of N-I-S junctions. When an electron-like quasiparticle is incident on an S-N
interface from the normal side, a hole-like quasiparticle is reflected at the interface
due to the Andreev reflection, thus creating a Cooper pair on the superconducting
side. In the discussion for the BTK theory, I show that the theory describes an S-N
junction for arbitrary transparency. This is different from the behavior of a standard
N-I-S junction in the low transparency limit (tunneling limit) that I described in

the Chapter 2.
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5.1 Introduction to superconductivity

The Bardeen, Cooper, Schrieffer (BCS) theory [101, 102] provides a micro-
scopic quantum description of superconducting phenomena. A key feature of the
theory is that two electrons with opposite momenta can bind together to form a
Cooper pair [103]. The attractive force is due to the first electron polarizing the
medium (lattice) by attracting positive ions. The ions in turn attract the second
electron. The effective attractive interaction between the electrons can overcome
the Coulomb repulsion between electrons, which is reduced by screening.

At sufficiently low temperature, the formation of Cooper pairs creates an in-
stability in the Fermi sea of electrons, and the Cooper pairs condense into a single
ground state. The BCS ground state wavefunction of the electrons can be written
as [101, 102]

Wpeos) = H (up + VkCL,TCJLk,i) Do) (5.1)
k=k1,ka....kn

where CLTCT_ k., is the pair creation operator with zero total momentum, lvg|? is the
probability of the pair being occupied, |ug|?=1 — |vi|? is the probability that the
pair is unoccupied and |®g) is the vacuum sate with no particles present.

The BCS Hamiltonian of a superconducting system can be written as [101,
102]:

f{ = Z(Ek — ,U)C;L’UC]W, + Z ‘/ICZCJ]L’TCT_]C’J,Cfl,‘LCl,T (52)

ko kL
The first term is the kinetic energy of all the free electrons with respect to the

chemical potential p of the system. The second term is the attractive interaction
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between electrons with interaction coupling strength V.

Given Eq. (5.1) and Eq. (5.2) the goal is to find the parameters u; and vy, for the
ground state such that the energy E=(Vpcg] H |V pes) is minimized. The easiest
way to do this is to use a variational method [101, 102]. However the technique is
somewhat clumsy when dealing with excited states that occur for 7" > 0. Instead,
[ will use mean-field theory [104, 105] to handle both the ground state and excited
states. I note that this approach only works well in standard BCS theory in the
weak-coupling limit [106, 107].

The ground state of a BCS superconductor is a many-body state composed of
a phase-coherent superposition of pairs of electrons occupying states (k 1, —k J).
Due to the coherence, operators c_j ¢y can have non zero expectation values and
we can write ¢_g cpr = (c_k Crt) + (C—gCht — (k) Ct)), Where the second term can
be small. Substituting this expression into the interaction term in the Hamiltonian

Eq. (5.2), one finds:

H = (e — )k o+ Y Vaallclpel ) (conen) + (clely ) (e
ko Kl

— (o) + (clyel = (elyel ) (eonen))

= (e = 1)k pcho + D Viallehpel ) enen + elyely (eonen)
ko k)l

— {efacl ) (o) (5.3)
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Defining the order parameter A, = — Z Vi (c_i cir), the Hamiltonian then becomes
1
H=Y (e —m)cp e — 3 (Ahcomem + Miciyelyy — Alepel))  (5.4)
k,o k

The last sum in Eq. (5.4) is just a constant term, which we will retain because of
the condensation energy of the superconducting state.
To diagonize the Hamiltonian, we introduce the quasiparticle operators o, 7,11

via the Bogoliubov-Valatin transformation [105]

Crt = Uvho + ViV

CT—m = —Vpo + Uk%il (5.5)

I now rewrite Eq. (5.4) in the matrix form

- Sk — Ay, Cit
H=> [ (CLT Ck¢> + & + Arb} (5.6)

where & = ¢, — p and by = (c_g cxy). Using Eq. (5.5), we can now write

X U —Uj & —Ay uy Uk Vo
=3 (5 )
k

Vi o uy =4 =& —vp ur) \ (5.7)

+&k + Akb;t}

To diagonize the Hamiltonian Eq. (5.7) in the v basis, we expand the middle
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three matrices and choose the u; and v, so that the coefficients of the off-diagonal
terms 7,107,:1 and Yg1Yko vanish. Multiplying out the three middle matrices from

Eq. (5.7) gives:

(Jur|® = [v]?)éx + Apugvi + Azt Qs — ui Ay + VEAS
QviE, — uPAL + U2 A —((Jur]?® = |)®)&r + Apurry + Afuivy)
(5.8)
The coefficients of the unwanted (off-diagonal) terms will vanish if
Multiplying Eq. (5.9) by A;/u? gives:
A* A* QA*
u u
k k
Rearranging gives:
Arv Arv
()2 4 26 () — [A = 0 (5.11)
U U

and solving the resulting quadratic equation gives:

A;;Vk /&2 A )
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where

e =& + A2 (5.13)

and Fj is the quasiparticle energy. From Eq. (5.13) the minimum energy to excite
a single quasiparticle is the energy gap |Ag|. The quantity Ay is also the order
parameter [64, 108, 109] for the superconducting state and vanishes for 7" > T..
Given the normalization requirement |uy|? + |vx|* = 1 and Eq. (5.12), we can
write:
&k

1
vl =1~ Jwl* = 5= Fk) (5.14)

The remaining diagonal terms in Hamiltonian Eq. (5.7) can be evaluated and the

Hamiltonian becomes

H= Z Ek(%:o’Yko + ’Y;iﬂkl) + Z(Sk + AkbL — Ey) (5.15)
k k

The last term is the energy difference between the superconducting state and normal
state at 7" = 0, and is called the condensation energy. Equation (5.15) gives the
excitation energy from the ground state in terms of the number operators 7,1%.
Therefore the 74 describe the excitations of the systems. They are called 'Bogoliubov
qausiparticles’ or 'Bogoliubovons’.

To see what the 49 and 7,; mean physically, I invert the transformation
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Eq. (5.5), and get
Tt
Voo = UgCry — ViCkl
(5.16)

7111 = uZCT—m + VjCry
7,10 effectively creates Bogoliubovon of momentum & and spin 7, since c_j| subtracts
a particle with (—k& |) from the system, which is the same as adding a particle (k 7).
Similarly, ’7111 creates a Bogoliubovon with wave vector —& and spin .

Inserting Eq. (5.5) into the equation for the order parameter A, = — Z V(e cn),
1

one finds:

A ==Y Viauim(l = (o) = (). (5.17)
l

At T = 0, no quasiparticles are excited and Eq. (5.17) becomes

] 1 A
Ak = —zl:‘/}clull/l = —§ZZ:V]€ZE (518)
where the BCS interaction is,

-V if |£k‘ < hw
Vi = (5.19)

0 otherwise.
Here w is the Debye cutoff frequency of the ions in the lattice. This means that
the electron-phonon interaction happens within a thin shell near the Fermi surface.
In the BCS model of the elctron-phonon interaction [101, 102], the gap is constant
and does not vary with the direction of k, i.e. it is isotropic or s-wave symmetric.

This model can be extended to describe unconventional superconductivity where
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the order parameter (energy gap A) has other symmetries. For example, p-wave
superconductors [110] or d-wave superconductors [111].
Inserting Vi, from Eq. (5.19) into Eq. (5.18) one obtains a self-consistency
equation
v A -
e if |&| < hw

A — i (5.20)

e}

otherwise.

Note in Eq. (5.20) that the sum is over a thin shell around the Fermi energy with
k] = |ex — p| < hw. The sum over k can be replaced by an integration over energy

¢ from —hw to hw. Canceling the gap A from both sides, Eq. (5.20) becomes

(5.21)

hw 1

The factor of 2 in Eq. (5.20) disappears due to the symmetry of the integration
over £. To proceed, I substitute £ = xA and note that the normal metal density of
states D(£) can be taken as constant D, over the small integration range provided

hw < Ep. Equation (5.21) becomes

hw/A Ad hw/A d
1:VD0/ =Y _vyp, e
0 AV1+ 22 0 V14 2?

VD /tanh_l(hw/A) sec2 Odb VD /tanh_l(hw/A) o6
= = Sec
0 0 sec 0 0

= VDgln|sec + tan 0||Banh71(hw/m =VDyln|vV1+ 22+ :c||§“"/“

h
= VDysinh™' z[l*/4 = VD, sinh_l(Zw) (5.22)
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The gap equation then becomes

hw

Ae Y e /PoV 5.2
sinh(1/VDo) ¢ (5:23)

The last approximation is valid in the limit V' Dy < 1.
For finite temperatures, the presence of quasiparticles needs to be taken into
account. The probability of having a quasiparticle excitation with energy E}, is given

by the Fermi function

1

f(Ey) = CEnlRT 41 (5.24)
Equation (5.17) then becomes [64, 101, 102]:
Ap == Vaju[l = 2(f(B))] ==} Vi tanh ( =2 (5.25)
l l 2El 2]€BT

Again using Eq. (5.19) and assuming that A is independent of the &k direction, I

obtain an implicit equation for the gap as a function of temperature:

11 tanh(Ey/2kgT)
v =3 Xk: 5 (5.26)
Similar to the T'= 0 case, I get
| e tanh (/€7 + A42/2k,7)
= = D(¢)d 5.27
7=/ N EmGL (5.27)

Using equation Eq. (5.27), one can find the superconducting gap as a function
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of temperature T' and the critical temperature where the gap disappears and the

material becomes a normal metal. Substituting A =0 at T = T, we get:

B " tanh(¢/2kpT,)
1= VDO/O : de. (5.28)

With &/2kpT,. = x, Eq. (5.28) becomes

hw/2kpT tanh d hw/2kpT
1= VDO/ tanh(z)dz = VDo(lnmtanhﬂgw/%BT - / In z sec? wdx)
0 0

x
(5.29)
Assuming hw > 2kgT, one finds:
1
VD= (In (hw/2kpT) —1n0.44) (5.30)
and thus
kpT, = 1.136%we /Y Po (5.31)

If we compare Eq. (5.23) and Eq. (5.31), we obtain a relationship between the
superconducting gap A(0) at zero temperature 7" = 0 and the critical temperature

Ie,

A0) 2
= = —1.764 32
kpT. 1.13 7 (5:32)

Thus there is a direct relationship between the critical temperature 7. and the

superconducting gap A(0) at 7'= 0 in conventional BCS theory.
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Finally to calculate the superconducting gap as a function of temperature
[64], we have to use numerical integration, as there is no direct way of simplifying
Eq. (5.27). In Fig. 5.1, I plot the superconducting gap A versus the temperature T
from the BCS theory. The temperature 7" is normalized to the critical temperature
T. and the superconducting gap A is normalized to the superconducting gap A(0) at
zero temperature. From the plot, we can see that the superconducting gap does not
vary much until 7" > 0.47 of the critical temperature of the material. Other than
T. and A(0), this behavior does not depend on the material, provided the material

has s-wave pairing and a weak electron-phonon coupling constant.

5.1.1 Density of states

Here I derive the density of the excited states in a superconducting material.
In a normal metal, states above the Fermi energy can be occupied by exciting
an electron, while an empty electron state below the Fermi level can be treated as

a hole excitation. The density N(E) of excited states in a superconductor obeys:

N(E)dE = N(£)d¢ (5.33)

For a metal made which contains a non-interacting Fermi gas, d¢/dF = 1, and

In the superconducting case, there are no excited states with |F| < A, but we
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Figure 5.1: Normalized BCS superconducting gap A/Aq as a function
of normalized temperature 7'/T..
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still have

N,(E)dE = N, (€)d¢ (5.34)

since we are only interested in energies that are within a few meV from the Fermi
energy (the typical energy scale of A), we can take N, (§) = N,(0) as constant.

From Eq. (5.34) and Eq. (5.13), we then find

E
Ny(B) _ d¢ ) v (IE] > 4) (5.35)

0 (|E| < A)

Figure 5.2 shows a plot of Ns(E)/N,(0) as a function of E. Note in particular
that the density of states diverges as F approaches A from above, while for |F| < A,

there is zero density of states.

5.2  Andreev reflection

In Chapter 2, I discussed the current-voltage characteristics of tunnel junctions
made with a normal metal electrode and a superconducting electrode. For S-I-N
tunneling the main takeaway was that since there are no states in the superconductor
with energy |E| < A, there was no tunneling current for [eV'| < A at T' = 0. However
experimentally when the tunnel barrier is low enough, step-like increments of the
current occurs for |E| < A. This phenomenon is explained by Andreev reflection

[44]. Andreev first considered the situation where there is no tunnel barrier. For a
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Figure 5.2: Normalized plot of density of states of a superconductor as
a function of energy.
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quasiparticle with momentum hkr and a plane wave as a trial function, he solved the
superconducting Bogoliubov-de-Gennes equation [64, 104, 105, 112]. After ignoring
higher order terms in the Hamiltonian, he found a wavefunction with one component
representing an electron traveling to the right in the normal metal and another
component representing a hole traveling to the left in the normal metal. When the
electrons are incident on the S-N interface from the normal metal at energies £ < A,
they cannot enter the superconductor because there are no available quasiparticle
states with £ < A. Instead, Andreev’s solution reveals that a hole is reflected back
and a Cooper pair with charge 2e is added to the superconductor. This process is
called Andreev reflection.

Blonder, Tinkham, and Klapwijk (BTK) [45] generalized Andreev’s picture to
obtain the I —V curve of S-N interfaces with different transparency [44]. To do this
they introduced a d-function potential barrier of strength Z at the S-N interface
and solved the Bogoliubov equations [45] to find the probability of tunneling as a
function of Z. When the barrier is high, Z > 1, one recovers the tunnel limit
results described in Chapter 2. This is the high-Z limit where Andreev effects are
suppressed. In contrast, when Z < 1, the barrier height is low, the interface is
very transparent, most of the electrons are Andreev reflected, and Andreev effects

dominate the conductance.
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5.2.1 BTK theory

To find the I — V characteristics of a normal-superconductor junction, the
key idea of the BTK theory is to use the Bogoliubov Hamiltonian Eq. (5.6) to
find the wavefunctions of electrons and quasiparticles in the normal electrode and
superconducting electrode. To deal with the interface, they included a J-function
potential. Matching the wavefunctions at the interface yields the transmission and
reflection coefficients.

For the superconductor, one can start from Eq. (5.6) and write the one-

dimensional Bogoliubov equation [45, 64]:

EE o HNE AW ww)| [

A*(z) B0 u—Hd(z) | \v(2) v(x)

On the normal side there is no superconducting gap and Eq. (5.36) reduces to

h? 82
— 5 — 0 u(z) u(z)
am 0 - (5.37)
0 %38—; + v(x) v(x)

h2k2

Solving this equation for the eigenvalues £, we obtain E = 414/ (%>

()? where

p = —.-E. One solution corresponds to an electron with wavevector k. such that

R2k2
2m

ke > kp and energy E = — i, the other solution corresponds to a hole with

JE— JE— 2
wavevector kj, such that |k;| < kp and energy E = —% + p. The solutions for the
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wave function can then be written as

1 " 2m

U, (z) = eFiker, where k., = ?(E + p) (5.38a)
0
0 4 2m

Uy (x) = etk where kj, = ?(,u —F) (5.38b)
1

EQk%
2m °

On the superconducting side, we obtain £ = +\/(% — p)? + A? where p =

Again there are two solution for the energy, vV E? — A2 = % — p for the electron
2

case with ¢, > kp, and v E? — A2 = —% + p for the hole case with ¢, < kr. The

wavefunction on the superconducting side can be written as

Uo 4 2

U (x) = etiaer, where ¢, = h—?(\/ E? — A% 4 p) (5.39a)
Yo
Yo +igpx 2m 9 2

Uy (x) = e>tane where ¢, = ?(u —VE? - A?) (5.39b)
Ug

If we plug in the energy E and wavefunction defined in Eq. (5.39) into Eq. (5.36),
we get ug = 1/3(1+ @) and vy = \/1(1 — @) The form for uy and vy
are the same as in Eq. (5.14).

Given Eq. (5.38) for the wavefunction in the normal (left) electrode and
Eq. (5.39) for the wavefunction for the superconductor (right) side, we now as-
sume that the wavefunction for the left side has incident and reflected waves. The

incident electron wave function, incoming from the normal left electrode towards

103



5.2. ANDREEV REFLECTION

the interface S-N, is

eiker (5.40)

This wave is reflected back into the normal left region and consists of a left-moving
electron and a a left-moving hole. Note that the momentum k of a left moving hole

will be negative [113] and thus

(o)
Wreflect (T) = e iher o e eiknT, (5.41)
Here r.. represents the amplitude of the reflection coefficient of the electron,
rhe represents the amplitude of the Andreev reflection coefficient of the holes from
incident electrons and v, >~ v, ~ v is the Fermi velocity on the left side.
On the right side (superconductor), the transmitted wave contains right-moving

electron-like particles and right-moving hole-like particles

tee ) the %) )
gtiver 4 he e~ (5.42)

N N

o U

\I]trans (ZL‘) -

where t.. is the amplitude of the transmission coefficient of the electron and ¢, is the
amplitude of the transmission coefficient of the holes. I note that the wavefunctions
are normalized by the different velocities w and v, on the respective sides of the

barrier, due to conservation of probability. To determine the velocity of the electrons
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and holes in the normal electrode and superconductor electrode, we can use the

relation v = |‘fl—ﬂ to obtain:

1
h

hk. hky,
Ve = ~ VR Vpb = — X VUp
m m
VE? — A2 hg, VE? — A2 hqy,
Wy = ————— Wy = —m————— —— (5.43)
E m E m

Finally, we need to match the two wavefunctions at the S-N interface. From

Eq. (5.36), we have

(———=— — pu(x) + Hod(x)u(r) + A(x)v(x) = Eu(x) (5.44)

Integrating the equation over an infinitesimal section spanning the boundary at

x = (0, we obtain

n oul”
- a—z + Hou(0) = 0 (5.45a)
.
ou(0* ou(0~ 2mH,
(3(’3; ) _ (,gx ) _ - %u(0) (5.45b)

This is also true for the v(z) case. Thus we obtain four equations that need to be
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satisfied at the boundary:

u(07) =u(07) (5.46a)

(0% = v(07) (5.46b)

8“8(2+) - 87“‘8(2_) - 2”;[ 0.u(0) (5.46c)

a”;f) _ augg—) _ 2”;5%(0) (5.46d)

We now plug Eq. (5.40), Eq. (5.41) and Eq. (5.42), into Eq. (5.46) and arrive at

four equations for the parameters t.., the, Tee, The:

1 Tee tee the
= 5.47
e + e w, Uo -+ on IZ0) ( a)
The tee the
5.47b
z/Up w/weyo—i_ w/whuo ( )

. tee . the . Tee 2mHO 1 Tee
e - ke ke - 547
e g o — tan—pmvo = dhe T ik T = e (e ) (54T)
2mH
bee Vo — iqp t ug — iky, The _ 270 The (5.47d)

Blonder et al. [45] solved these four equations

Eq. (5.47) by using a semi-

classical approximation. This approximation is based on the fact that £ and A

are relatively small compared to the Fermi energy p. To proceed, in Eq. (5.38) and

Eq. (5.39), we retain just the lowest order in k, with k. =k, = ¢ = q,, = ky =
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so that Eq. (5.43) then becomes

Ik
Ve = vy = —2 (5.48a)
m
VE? = A% Iik
we =wy = ~—— mf (5.48b)

Plugging Eq. (5.48) into Eq. (5.47) and solving the four equations for the four

parameters, we obtain:

he = Z‘;‘J(Z; 03 e (5.492)
2 : 2 2
Fee = (fg iggigo_ V:;‘))) (5.49D)
(1 —iZ)ug\/ud — 1§
ug + 2 (ug — vg)
iZvo\Juid — V3

ug + 22 (uf — vg)

tee =

(5.49c¢)

the = (5.49d)

where the barrier height parameter is Z = Hom/h’k; = Hy/hvy.

The transmission and reflection coefficients can be obtained from Eq. (5.49).
Here we preserve the convention in Ref. [45]. A = |rp.|* gives the probability
of Andreev reflection. B = |r..|? gives the ordinary reflection probability of elec-
trons, C' = |t.|? is the transmission amplitude of electrons without branch cross-
ing while D = |tj|* is the transmission of the holes with branch crossing. Ta-
ble 5.1 gives A, B,C, D for both £ > A and E < A, where ug = %(1 + @),
vo = 1/3(1 — @), for the F > A case. For £ < A, we have to use the defi-

E
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Table 5.1: Transmission and reflection coefficients in the BTK theory. A is the
probability of Andreev reflection. B is the probability of ordinary reflection of
electrons. C'is the probability of transmission of the electrons. D is the probability
of transmission of the holes.

A B C D
E > A u%yg (u%—yg)ZQ(l—&-Z?) u%(u%—ug)(l—i-ZQ) Vg(u%—ug)
[ud+22(ug—12)]? [ud+22(u2—vd)]? [ud+22(ug—13)]? w2+ 22(u2—v)]?
E<A A2 1—A 0 0
E?4+(A%2—-E?)(14222)?

nition uy = \/%(1 + i@), vy = \/%(1 — z@) and plug into Eq. (5.49). 1
note that in this case C'= D = 0.

In Fig. 5.3, I plot the coefficients A (blue) and B (red) as a function of energy
for different values of Z. As we can see in Fig. 5.3(a), Z = 0 is the ideal transparent
limit. In this case A = 1 inside the gap, meaning all incident electrons in the N-
region are Andreev reflected as holes. For energies above the gap, we see that an
electron has a finite probability to be transmitted as an electron. On the other
hand, for £ < A and Z > 1 (see Fig. 5.3(d)), the electrons are almost completely
reflected as electrons, and there is barely any Andreev reflection. This is also the
reason why in the tunnel limit, no current flows across the junction for V' < A/e.
Note also that for ¥ < A: A = 1 — B, i.e. the probability of transmission plus
reflection must be equal to 1. So an increased probability of electron reflection will

lead to a decrease of Andreev reflection.
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Figure 5.3: (a)-(d) plot of Andreev reflection probability A (blue) and
normal electron reflection amplitude B (red) as a function of normalized
energy F/A at different values of the barrier height Z. For Z = 0 and
E < A, all electrons are Andreev reflected at the interface. For £ > A
electrons are partially reflected. For Z > 1, the electrons are completely
reflected for £ < A and partially transmitted for £ > A.
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5.2.2 Calculation of I-V Characteristics for S-I-N junction from the

BTK model

In this section I discuss the BTK model for how the current-voltage charac-
teriscis behave as a function of the barrier height Z. The derivation is somewhat
complicated and a very nice and detailed derivation can be found in lecture notes
from Kopnin [114].

Essentially there are four processes that contribute to current flowing across
an S-I-N interface. The first process is due to electrons that are incident on the
S/N interface from the normal side. Such electrons have a probability to be An-
dreev reflected as holes and normally reflected as electrons, while the rest will be
transmitted as quasiparticles into the superconducting side. The second process is
due to holes incident on the S/N interface from the normal side. The third process
involves electron-like quasiparticles starting out on the superconducting side and
transferring electrons or holes to the normal side. The last process involves hole-like
quasiparticles incident on the S/N interface from the superconductor. We need to
sum up the current from these processes to get the total current. One finds a fairly

simple expression by considering the resulting net current on the normal side [45]:

[ = 2N(0)evso / [folE — eV) — fo(E)](1 + A(E) — B(E))dE. (5.50)

Here N(0) is the density of states of single spins at the Fermi energy p, o is the

effective cross sectional area of the junction, and vy is the Fermi velocity of the
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electrons in the normal metal. The normal junction resistance R, = 1/2N(0)ev;0.
Another way of looking at this expression is that incoming electrons with unity
probability are Andreev reflected as holes with probability A(FE), which increases
the electron flow. The probability B(FE) describes normally reflected electrons which
decrease the net flow of electrons through the interface. Taking the derivative of I

with respect to the voltage V', we get the conductance:

Gns(v)

dal 1 /°° UE =V . 4(p)— B(E))E (5.51)

:W_eRn oV

—0o0

Scanning tunneling microscopy (STM) enables us to measure the conductance G
versus V', which can be compared directly to Eq. (5.51). The resulting dI/dV curves
depend strongly on the transparency parameter Z, provided Z is not too large
compared to unity.

Figure 5.4 shows an example of plots of the conductance versus energy for
Z =0 (red), 0.5 (blue), 1.5 (green), and 5 (purple) at 75 mK. As we can see, when
the junction is very transparent (Z = 0) and eV’ < A, the conductance is doubled
in value compared to the conductance at eV > A. Conversely, in the tunnel limit
Z > 1, there is zero conductance for eV < A, recovering the traditional S-I-N
tunnel junction behavior discussed in Fig. 2.6.

For comparison, Fig. 5.5 shows an example of plots of the conductance versus
energy for Z = 0 (orange), 0.5 (cyan), 1.5 (yellow), and Z = 5 (magenta) at
T = 500 mK. As we can see, thermal broadening rounds off conductance peaks,

and the effect shows up more in the tunnel limit (Z > 0) than in the low Z limit.
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N

0
eV/A

Figure 5.4: Normalized BTK S-I-N conductance R,dI/dV as a function
of normalized voltage eV// A at a temperature of T=75 mK for supercon-
ducting gap A =0.5 meV. Red curve is for Z = 0, blue for Z = 0.5, green
for Z7 = 1.5 and purple for Z = 5. Notice that in the very transparent
limit (Z = 0), the conductance becomes twice that of the normal state.
In the tunnel limit Z > 0, the curve recovers the classic tunneling limit.
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When the junction is very transparent (Z = 0) the conductance at edge eV ~ A is
rounded but this is less obvious than rounding of the coherence peak in the high Z
limit.

Figure 5.6 shows all the curves from Fig. 5.4 and Fig. 5.5. From the plot we
see that the coherence peaks in the limit Z — oo is effected strongly due to the
thermal broadening. In contrast, for the low-barrier case Z =~ 0, the curves appear

to be only slightly rounded around eV ~ A.

113



5.2. ANDREEV REFLECTION

0
eV/A

Figure 5.5: Normalized BTK S-I-N conductance R,dI/dV as a function
of normalized voltage eV/A at a temperature of T=500 mK for super-
conducting gap A =0.5 meV. Orange curve is for Z = 0, cyan is for
Z = 0.5, yellow is for Z = 1.5 and magenta is for Z = 5. Comparing
Fig. 5.4 to Fig. 5.5, we see that thermal broadening affects the curves
more for Z > 0 than for (Z < 1).
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Figure 5.6: Overlapping of all curves shown in Fig. 5.4 and Fig. 5.5 to
get a better comparison of the thermal broadening effect for different
barrier height Z.
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CHAPTER 6

Scanning Andreev Tunneling Microscopy of

Titanium Nitride Thin Films

6.1 Introduction

Thin-film superconducting titanium nitride (TiN) has attracted recent interest
because it can have very low loss and this makes it attractive for building microwave
resonators and possibly other devices for applications in quantum computation [46—
50]. TiN can also have a high kinetic inductance and this also makes it potentially
interesting for constructing superconducting microwave kinetic inductance detec-
tors for x-ray spectroscopy and sub-millimeter-wave astronomy telescopes [51-55].
In practice, good superconducting films of TiN are not so easy to grow repro-
ducibly. In particular the loss, the superconducting critical temperature T, the
micro-structure, grain size and stress all depend on the growth conditions. Al-
though kinetic inductance measurements suggest a well-defined gap [53], atomic
scale scanning tunneling microscopy (STM) [20] of typical films show very rough

surfaces and small grains. Furthermore measurements of thin TiN films have re-
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vealed a superconductor-insulator transition and inhomogeneous superconducting
gap [115-117].

In this chapter, I describe my results on scanning tunneling microscopy [41] of
superconducting 50 nm and 25 nm thick TiN films taken at 500 mK. In Section 6.2,
I discuss some basic properties of the films. In Section 6.3, I show fine scale maps
of the 50 nm film which show significant spatial variations in the superconducting
gap that are correlated with the topography. In addition I observed a distinct zero-
bias conductance peak at some locations. Such peaks are characteristic of Andreev
S/N tunneling [44] through a high transparency barrier, as opposed to conventional
superconductor-normal quasiparticle tunneling [66, 118] through a low transparency
barrier. Using an analysis based on the Blonder-Tinkham-Klapwijk (BTK) model of
Andreev tunneling [45] (see Chapter 5), I extract maps of the superconducting gap
A, temperature T and barrier height Z and examine some interesting features in
the maps. In Section 6.4, I then show the topography and maps of A, Z and T on a
larger scale. I find that both the 50 nm thick and 25 nm thick films show significant
variations in A. Much of the variation in A in the thicker film (50 nm) appears to be
due to variations in the local temperature, while in the thinner film (25 nm) the A
variations are correlated with variations in the barrier height. Finally, in Section 6.5,
I discuss some possible explanations of the T' variations and the correlations between

A, Z and T.
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6.2 TiN film growth and basic characteristics

Our TiN films were deposited by Kevin Osborn’s group [119] on a high re-
sistivity (100) silicon wafer (p > 20000 pf2-cm, float-zone). The substrate was
pretreated in an Oy plasma for 30 s before being put into the sputtering system.
After evacuating the sputter chamber, the substrate was heated to 350°C. During
DC magnetron sputtering 400 W of rf power was applied to a 7.6 cm diameter Ti
target while maintaining a pressure of 3.5 mTorr with Ar and Ny gas flowing at 15
SCCM and 10 SCCM, respectively.

The T, of the 50 nm thick film was found to be 4.7 K using an inductive
measurement while the 25 nm TiN film had 7,=3.6 K. From T, the BCS coherence
length was estimated to be £ = 18 nm for the 50 nm thick film and £ = 15 nm for
the 25 nm thick film. (Measurements were done by Serena Merteen from Leonardo
Civale’s group at Los Alamos National Laboratory.) Resonators made from the 50
nm film showed an internal quality factor of Q; = 2x10°, whether or not an O,
pretreatment was used, while the 25 nm thick film had Q;= 1.5x10* with an O,
pretreatment, compared to Q;= 2x10° without O, pretreatmeant. (Quality factor
measurements were done from Kevin Osborn’s group at Laboratory for Physical
Sciences.) For the 50 nm film kpl=h(37%n)?/3/e?pn'/3 ~ 24, while kpl ~ 16 for the
25 nm film, where n is the carrier density obtained from Hall measurements and p
is the resistivity. Based on these values neither films violates the loffe-Regel limit
[120] and both films are weakly disordered.

Prior to imaging with the STM, each film was mounted on an STM sample
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stud [41], and then sonicated in isopropanol for five minutes to remove dust particles.
The sample was then transferred to the custom UHV setup [41] and the surface was
cleaned by sputtering using 750 eV Ar ions while gently heating the sample at
T ~ 300 °C for 60 minutes. We note that heating the TiN samples above 400
°C caused T, to decrease substantially. The sample was then transferred without
breaking vacuum to the cold-stage of a mK-STM [41] for imaging with a vanadium
tip or a Nb tip. The vanadium tip was used to image the 50 nm thick TiN film
while the Nb tip was used to image the 25 nm thick TiN film.

Since niobium has a critical temperature T, of 9.2 K and vanadium has a
critical temperature T, of 5.03 K, one may ask why we see an S-I-N junction. The
possible reason is that since the TiN film is very granular and the surface is not
flat, the tip easily picks up debris from the surface which makes it an effectively
normal tip. Another possible reason is that for spectroscopy measurements, I needed
to set the sample bias as low as 5 meV. This leads to a junction resistance of
over 50 M and places the tip close to the sample. Normally in an STM, the
sample bias is around 1 V when STM performs surface imaging, and the junction
resistance is around 1 G§2. Due to how close the tip is to the sample when performing
spectroscopy measurements, the tip can easily pick up debris and become normal.
I note that I did find some data sets that showed S-I-S behavior, however the tip

changed after acquiring just part of the spectroscopic map (see Appendix B).
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6.3 STM measurements and Andreev effects

Figure 6.1 (a) shows an STM topographic map of a 42 nm X 42 nm region on
the 50 nm thick TiN film. This image was acquired at 0.5 K using a vanadium tip
and there are 256 x 256 pixels. I used a voltage bias V = 4 mV and a tunneling
current I = 100 pA. In this false color topographic image, blue and purple are higher
grains while red and yellow are lower. The surface is very granular.

As the topography was being measured for Fig. 6.1 (a), I-V curves were also
acquired at 128 x 128 pixels by sweeping the bias voltage V' from 4 mV to -4 mV
while recording the tunnel current /. Conductance dI/dV versus V' curves were also
obtained simultaneously by adding a small ac modulation voltage (140 ©V) to the
voltage bias and using a lock-in amplifier to extract the ac signal from the tunnel
current.

Figure 6.1 (b)-(f) show dI/dV vs. V curves at five selected locations in Fig. 6.1
(a) taken at 0.5 K using a vanadium tip. The range of behavior is striking. Quali-
tatively Figs. 6.1 (b) and (c¢) show a clearly recognizable superconducitng gap, as ex-
pected for superconducting-normal tunneling through a convenional low-trasnparency
barrier [64], although there appears to be much more leakage current at low voltages
than expected. On the other hand, Fig. 6.1 (d) seems to show a gap and coherence
peaks, but the conductance at zero volts is almost the same as at high voltage, which
is not what is expected for a conventional S/N tunnel barrier. Finally, Figs. 6.1 (e)
and (f) show a distinct peak in the conductance at zero bias, reaching about two or

three times the conductance at high voltage, respectively. This is what is expected
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Figure 6.1: (a) Fine scale (42 nm x 42 nm) topographic map of 50
nm thick TiN film at a temperature of 0.5 K using a vanadium tip.
(b) Measured conductance dI/dV versus voltage V (black points) at
(x,y)=(36.42 nm, 9.19 nm) as well as fit to BTK model (blue) for Z =
3.15 and A = 0.35 meV and Dynes model (red) for A = 0.395 and I" =
0.235 meV. (¢) Measured dI/dV ws. V (black points) at (x,y)=(26.91
nm, 13.78 nm) as well as fit to BTK model (blue) for Z = 1.44 and
A =1.39 meV and Dynes model (red) for A = 1.274 and I' = 0.34 meV.
(d)-(f) dI/dV ws. V at (2.63 nm, 5.25 nm), (8.20 nm, 36.09 nm) and
(34.78 nm, 13.45 nm), respectively. Blue curves are fit to BTK model
for Z =0.56, 0.00294 and 0.00217, respectively, and A =0.66, 0.44, 0.25,

respectively.
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from S/N tunneling through a highly transparent barrier when Andreev reflection
[44, 45] is taken into account. Reexamining the curve in Fig. 6.1 (d), it appears
consistent with Andreev tunneling through a barrier that is of intermediate barrier
height.

To analyze the conductance vs. V' data, I fit it to the conductance from the
BTK [45] model of Andreev reflection at a superconductor/normal interface. The
key model parameter is the barrier height parameter Z of the interface. For Z much
less than 1, the interface is very transparent, i.e. D = 1/(1 + Z?) ~ 1 while for Z
much greater than 1, the barrier has a low transparency, i.e. D = 1/(14+2%) ~ 1 and
one recovers the conventional S/N tunneling limit [118]. As discussed in Chapter 5,
the BTK model conductance can be expressed as [45]:

* Ofo(E —eV)

S (1+ A(E) - B(E))dE. (6.1)

mm:%x/

—00

Here fo(E) is the Fermi function, which is dependent on the temperature 7', A(E) is
the amplitude of the Andreev reflection at the S/N interface, B(F) is the amplitude
for the reflection of normal electrons of energy F and Ay = (1 + Z?)/(eRy). A(E)

and B(E) depend on the barrier height Z of the barrier and the superconducting

gap A [45]:
[E2+(A2f§22)(1+222)2]7 for £ < A
AE) = ) (6.2)
2 for £ > A

[E+VE2—A2(1+222)]2’
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AQ
B(E) _ 1— [E2+(A2—FE?)(1+222)7] for < A (63)
AZ*(14+2°)(E?—A%) for £ > A.

[E+VE?—A2(1+222))2°
I evaluated Eqs.(6.1) to (6.3) numerically and varied A, 7" and Z to obtain the
best fit to the measured d//dVws. V' curve at each location. As the blue curves in
Figs. 6.1 (b)-(f) show, we find good qualitative agreement except for the curve in
Fig. 6.1 (f).
For comparison, the red curves in Figs. 6.1 (b)-(f) show fits to the conductance
in a junction with a conventional tunnel junction characteristic, i.e. through a low

transparency barrier, with a Dynes gap function [66]. In this case we can write:

1 [ Ofg(E—eV) E—il
cv= eRy, /_oo ov V(E—il)? - A?dE (64)

here I' is the broadening parameter, fo(FE) is the Fermi function and A is the gap.
Comparing the measurements (blue) to the Dynes fits (red) in Figs. 6.1 (b)-(f), we
see reasonable fits for Figs. 6.1 (b) and (c), but quantitatively and qualitatively poor
fits in Figs. 6.1 (d)-(f) where the best fits yield A ~ 0.

Table 6.1 summarizes the fit parameters (A, Z, T') obtained from the BTK fits
shown in Fig. 6.1 (blue). The curves have significantly different gaps, temperatures,
and Z values. For example, for Fig. 6.1 (b) I found Z = 3.15, which is somewhat
large compared to 1, indicating the junction is not far from being in the conventional
S/N tunneling limit [64]. For comparison, fitting to the curve in Fig. 6.1 (d) yield

Z = 0.56, which indicates a fairly transparent barrier. BTK fits to Figs. 6.1 (e)
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and (f) yielded Z = 0.003 and Z = 0.002, respectively, which indicates a highly
transparent barrier. I note in particular the BTK fit in Figs. 6.1 (e) is reasonable and
the behavior is just what one expects for Andreev tunneling in a highly transparent
S/N junction.

I note that this application of the BTK model only assumed a single channel
with well-defined Z, A and T'. Better fits could be obtained by allowing for two or
more channels with different Z. Also, the BTK fit in Fig. 6.1 (e) is not good around
the zero bias voltage and it might suggest that mid-gap states are present [26].

Although only a few sample curves are shown in Fig. 6.1, the range of behavior
is just what one expects from S/N Andreev tunneling through barriers that range
from highly transparent (Fig. 6.1 (e) and (f)) to low transparency (Fig. 6.1 (b)
and (c)). Although the fits to the BTK model are not perfect, they much more
faithfully represent the data than the fit to a Dynes model, Eq. (6.4). Thus I
conclude that Andreev effects are important in interpreting the STM data from
our TiN samples and that using a Dynes model here would potentially result in a
mistaken interpretation.

To better understand the sample, I took additional images of the region (see
Fig. 6.2). Figure 6.2 (a) shows the same topographic STM image as in Fig. 6.1 (a),
with a different color scale. Figure 6.2 (b) shows a topographic image of the same
region, scanned just before taking the spectroscopy. It shows the grains more clearly
and there is no apparent drift (white boxes in (a) and (b) represent the same area).
Figure 6.2 (c) shows a topographic image of a larger region on the same 50 nm film.
There seems to be some features on the grains that line up in different directions on
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Figure 6.2: (a) Topographic image showing the same data as Fig. 6.1 (a)
but with a different color palette. (b) This image was taken before the
spectroscopy data and has better resolution and less drift. (c) Another
nice topographic image of the sample and (d) high resolution image
showing fine texture on top of individual grains.
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Table 6.1: Extracted parameters (A, T, Z) from fitting the conductance curves in
Figs. 6.1 (b)-(f) to the BTK model Eq. (6.1).

No. A(meV) T (K) Z

(b) 035 1.95 3.15
(¢)  1.39 243 1.44
(d) 066 0.94  0.56
() 044 260 0.003

() 025 042  0.002

different grains, with no clear step structure. Figure 6.2 (d) shows a fine scale image
with many small grains decorated with particles that have different alignment on
each grain. The surface is clearly poly-crystalline, with a grain size of order 10 nm
in this small region.

Figure 6.3 (a) again shows the topography of the 50 nm TiN film, while
Figs. 6.3(b)-(d) show the corresponding maps of A, T" and Z obtained from fit-
ting the conductance curves at each point to the BTK model. Again, all the data
was taken at 0.5 K. First, note that there are distinct, spatially correlated variations
in all four maps, but they are most obvious in the topography and gap, i.e. Figs. 6.3
(a) and (b). If we compare the topography in Fig. 6.3 (a) to the A map in Fig. 6.3
(b) one sees a distinct correspondence between the colors. Thus for example, topo-
graphically high points (blue in Fig. 6.3 (a)) correspond to small values of A (blue

in Fig. 6.3 (b)). Similar but less pronounced variations in 7" are evident in Fig. 6.3
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Figure 6.3: (a) Topographic and (b) false color map of superconducting
gap A for 50 nm thick TiN film. (c¢) Maps of temperature 7" and (d)
barrier height 7, all from fitting the conductance curves to the BTK
model. The dark blue regions indicate locations with a zero bias con-
ductance peak and small Z. All of these data was taken at 0.5 K using
a vanadium tip.
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(c), with higher points tending to give higher temperature. Such topography corre-
lated variations are also present in Z, but they are much less obvious due to larger
point-to-point random variations.

To verify that the large spatially correlated variations in the gap are directly
visible in the raw data, Fig. 6.4 shows a false color plot of dI/dV ws. V along a
line cut (indicated by arrows in Fig. 6.3 (b)). Distinct regions are clearly visible
where the superconducting gap differs by a factor of 2. The transition appears to
be abrupt on the nm scale, perhaps suggesting grain-to-grain variations from one
disconnected grain to another. One also sees a section with a prominent zero-bias
conductance peak (red), consistent with Andreev effects in an S/N junction with a
high transparency. The fact that TiN shows large local variations in A is perhaps not
surprising given the granular nature of the films. Also, variations in barrier height
Z are not surprising because they are likely due to surface contamination or local
damage created while preparing the film. What is surprising is to see correlations
between the topography and 7" or Z. To understand what is going on, I acquired

additional data, including on the 25 nm TiN film, as discussed in the next section.

6.4 A, Z, T, h correlations in the 50 nm and 25 nm films

Figure 6.5 shows larger scale topographic images of the 50 nm and 25 nm
TiN films. Both of the films were very granular. From analysis of the images, the

maximum grain size of the 50 nm thick film was 20 nm while for 25 nm thick film
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Figure 6.4: False color plot of conductance dI/dVversus position x and
voltage V' along the line cut indicated by black arrows in Fig. 6.3 (a).
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Table 6.2: General properties of the 50 nm and 25 nm thick TiN film.

Film thickness | T (K) | ¢ (K) Q; roughness (nm) | grain sizes (nm)

50 nm 4.7 18 2x10° 4 20

25 nm 3.6 15 | 1.5x10* 2 10

the average grain size was about 10 nm. The surface roughness is 4 nm for the 50
nm thick film and 2 nm for the 25 nm thick film. Overall we see that the thicker
(50 nm) film had a rougher surface and a larger grain size. Table 6.2 summarizes a
few properties of the two films.

Figure 6.6 (a) shows a 350 x 160 nm? topographic image of the 50 nm film
acquired at 500 mK taken with a vanadium tip. For this image, we used a voltage
bias V' = 4 mV and a tunneling current I = 100 pA. The resulting topographic
map had 256 x 113 points, and I acquired spectra at each location. Figure 6.6
(b) shows the corresponding map of the superconducting gap A obtained by fitting
the conductance d//dV vs. V data at each location to the BTK model, Eq. (6.1).
Gray points in the map indicate curves where we did not obtain a good fit (see
Appendix A). Figure 6.6 (c¢) shows a line section through the topographic image
(gray) and the gap map (blue). Examining the plot, we see that the superconducting
gap is strongly anti-correlated with surface height (note the reversed scale for A).
To verify that this is not an artifact from fitting to the BTK model, I also show in
red the gap extracted from a fit to the Dynes model, Eq. (6.4). Although Eq. (6.4)

does not fit the conductance data as well as Eq. (6.1), the resulting line section
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Figure 6.5: (a) Topographic image of 50 nm thick TiN film and (b) the
25 nm TiN film. (c) Line section along white line in (a), and (d) along
white line in (b), showing surface height versus distance = along line.
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plot nevertheless shows the same qualitative anti-correlation between A and the
topography.

Figure 6.7 (b) and (c) show the corresponding map of the temperature T
and the barrier height Z from fitting the conductance data to the BTK model.
Comparing the topography Fig. 6.7 (a) to the gap, temperature and barrier height
maps, we again see some remarkable correlations: the higher the grain, the smaller
the superconducting gap and the higher the temperature. The barrier height map
appears featureless.

Similar behavior shows up in the 25 nm thick TiN film. Figure 6.8 (a) shows a
280 nmx 112 nm topographic image of the 25 nm thick film taken at 7" = 0.5 K with
a Nb tip. The grains in the image are somewhat distorted by a tip artifact; the actual
grain size is somewhat smaller (Fig. 6.5 (b)). Spectroscopy data was taken at 256
x 101 = 25856 locations; I vs. V and dI/dV vs. V were recorded simultaneously.
Figure 6.8 (b) shows the corresponding map of A, extracted by fitting conductance
curves at each point to the BTK model. Examining the topographic image (Fig. 6.8
(a)) and the gap (Fig. 6.8 (b)), we again see a distinct anti-correlation, with higher
regions having smaller superconducting gap. To see more clearly the correlation
between the topography and the gap, Fig. 6.8 (c¢) shows a line cut through the
surface topography (gray) and the BTK gap map A (blue). For comparison we also
show A extracted from fitting to the Dynes gap model (red). Again note the reverse
scale for A. As with the 50 nm thick film, the 25 nm film shows a remarkable
anti-correlation between surface height and gap.

Figure 6.9 (b)-(c) show the corresponding maps of 7" and Z, extracted by
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Figure 6.6: (a) Topography of 50 nm thick TiN film taken at 100 pA
and 4 mV bias showing rough surface. (b) Corresponding maps of the
gap A. (c) Line section through (a) and (b) showing anti-correlation
between the gap and topography (gray). Note reversed scale for A, i.e.
large gaps correspond to small h. Red curve shows A vs. x from fits to
the Dynes model. All data taken at T'= 0.5 K using a vanadium tip.
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Figure 6.7: (a) Topography of 50 nm thick TiN film taken at 100 pA
and 4 mV bias showing rough surface. Corresponding maps of the (b)
temperature 7" and (c) barrier height parameter Z from fits to the BTK
model. All data taken at T'= 0.5 K using a vanadium tip.
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Figure 6.8: (a) Topography of 25 nm thick TiN film taken at /=100 pA
and V=3 mV. There is some distortion from the rough surface imaging
the tip shape, instead of the tip imaging the surface. (b) Corresponding
map of gap A. (c) Line sections through (a) and (b) showing anti-
correlation between the gap A (blue) and the topography h (gray). Note
reversed scale for A, i.e. large gaps correspond to small h. Red curve
shows A vs. z from fits to the Dynes model. All data taken at T = 0.5
K using a Nb tip.
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(a)

Figure 6.9: (a) Topography of 25 nm thick TiN film taken at I=100 pA
and V=3 mV. There is some distortion from the rough surface imaging
the tip shape, instead of the tip imaging the surface. Corresponding
maps of (b) temperature 7" and (c) barrier parameter Z extracted from
fits to the BTK model. All data taken at T'= 0.5 K using a Nb tip.
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fitting conductance curves at each point to the BTK model. Unlike what I found
in the 50 nm film, the temperature map for the 25 nm film (see Fig. 6.9 (b)) shows
little obvious correlation with the topography. On the other hand, the Z map (see
Fig. 6.9 (c¢)) reveals that high Z regions tend to have lower superconducting gap
(see Fig. 6.8 (b)), which was not obvious in the 50 nm thick film in Fig. 6.7 (c).
To better understand the range over which the gap is varying, the blue curve
in Fig. 6.10 (a) shows the histogram of gap values obtained from Fig. 6.6 (b) on the
50 nm thick film. The red curve shows the results from the Dynes fits. In general,
the gap distribution from the BTK fits is more symmetric than that of the Dynes fit,
which as we noted above does not do a good job of capturing the observed behavior.
In addition, the Dynes fit gives counts at A=0 meV, because of its inability to fit
data with a zero bias conductance peak, while no such points occur in the histogram
of A from the BTK fits. Fig. 6.10 (b) shows the corresponding histograms for the
25 nm film for the data set shown in Fig. 6.8 (b). Note that the histogram for the 50
nm film has a peak at about 0.6 meV, while the histogram for the 25 nm has a peak
at about 0.4 meV. This is only qualitatively consistent with the 7. measurements,
which gave T, = 4.7 K for the 50 nm thick film and 7, = 3.6 K for the 25 nm thick
film; for a BCS superconductor, these transition temperature would imply a gap of

about 0.72 meV for the 25 nm film and about 0.55 meV for the 50 nm thick film.
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Figure 6.10: The blue curves show histograms of the superconducting
gap from (a) the gap map in Fig. 6.6 (b) for the 50 nm thick film and
(b) the gap map in Fig. 6.8 (b) for the 25 nm thick film. Red curves
show histograms of the superconducting gap using the Dynes fit. Black
arrows indicate A from measured T, of the film.
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6.5 Physical mechanism causing correlations between A, T,

Z and h

To check whether my local measurements of the gap were consistent with weak-
coupling BCS theory, I measured the temperature dependence of the gap at a fixed
location. Figure 6.11 shows selected, averaged conductance curves as a function of
temperature from the 25 nm TiN film. These were obtained by increasing 7', and
using a vanadium tip at a fixed location. Above 2.65 K, there was no hint of the
superconducting gap and we see a featureless background curve from the normal
state. Below 2.5 K, we see a clear gap and coherence peaks that both increase as T’
decreases.

To understand what might be producing the correlations between h vs. A, I
did some further analysis of the maps shown in Fig. 6.6 and Fig. 6.8. Figure 6.12
shows the correlation between A and h from the smaller scale 50 nm TiN film (42
X 42 nm?), the large scale 50 nm TiN film (350 x 160 nm?) and the large scale 25
nm TiN film (280 x 112 nm?). Here the binned height is plotted (red, left axis) vs.
the binned superconducting gap. For reference, I also show the number of counts
within each superconducting gap bin size of 0.01 meV (black, right axis). In each
case, we clearly see that the height h of the surface and A are anti-correlated.

For comparison, Fig. 6.13 shows the 3D relation between A, Z and T for the
small scale 50 nm, large scale 50 nm and 25 nm film. For the 50 nm thick TiN

film, the superconducting gap is strongly anti-correlated with 7" (see red projected
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Figure 6.11: Temperature dependence of the conductance dI/dV curves
vs. V at a fixed location on the 25 nm TiN film. For 7" > 2.5 K, no
superconducting gap was observed.
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Figure 6.12: (a) Black points show the histogram of the superconducting
gap A with a bin size of 0.01 meV and red points show the corresponding
average height h versus the gap of points corresponding to this height
for the 42 x 42 nm? image of the 50 nm TiN film. (b) Corresponding
plots for the 350 x 116 nm? image of the 50 nm film and for the (c) 280
x 112 nm? image of the 25 nm film.
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curve in Fig. 6.13 (a)); the higher the temperature 7', the lower the gap A. This
behavior suggests that the gap is being reduced at some locations due to heating.
In contrast, for the 25 nm film, A appears to be well correlated with Z, and less
well correlated with 7', which varies over a small range. This behavior suggests that
there are thermally disconnected regions in the thick film, but not in the thin film.
Given that TiN films can have large stress [121], this suggests that the thicker films
are cracking and producing grains which may be poorly connected to the rest of the
film.

We know that surface roughness is higher in the 50 nm film, indicating that
the grains stick out further from the surface. During tunneling spectroscopy mea-
surements, heat is generated due to the tunneling current (Joule heating) and it will
have a harder time dissipating from disconnected higher grains. Therefore those
regions should show a higher temperature. This argument works for the 50 nm film
as a possible explanation for why there is a smaller gap on higher grains. However,
for the 25 nm film the temperature map does not show a similar correlation with A.
Instead we see a clear correlation between Z and h. Therefore the lower supercon-
ducting gap in parts of the 25 nm film does not appear to be due to an increase in
temperature, but something such as surface damage or contamination that causes
an increase in the barrier height Z while suppressing A.

Figure 6.14 illustrates a possible mechanism which would generate correlations
in A, T,7Z and h. During Ar ion cleaning isolated grains will charge up, leaving
disconnected regions that stick up and are less clean. This leads to a higher barrier

height in regions with a smaller superconducting gap and these are also regions that

142



6.5. PHYSICAL MECHANISM CAUSING CORRELATIONS BETWEEN A, T,
Z AND H

Figure 6.13: Three-dimensional scatter plots show correlation between
the superconducting gap A, temperature 7" and barrier height Z for the
(a) 42 x 42 nm? image of the 50 nm film, (b) 350 x 116 nm? image of
the 50 nm film and (c) 280 x 112 nm? image of the 25 nm film.
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tend to stick up. Since isolated grains may also be thermally disconnected, they will

also correspond to higher T'.

6.6 Conclusions

In conclusion, T used an STM to image 50 nm and 25 nm thick TiN films
at 500 mK. The films show rough granular surfaces, and a large variations in the
superconducting gap that are anti-correlated with the topography. My BTK analysis
of conductance provided a better fit to the data than fitting to the Dynes model.
It also allowed me to extract temperature and transparency maps, and accounted
for distinct Andreev features in the spectroscopy that occur for highly transparent
tunnel barriers. I found a puzzling correlation between topography, A,T and Z,
with reduced gap and higher barriers and higher temperature on higher surfaces.
This may be due in part to increased heating from poor thermal conduction in
disconnected grains, which also leads to higher barriers on top of the grains because

the grains are not cleaned well during ion milling because they charge up.

144



6.6. CONCLUSIONS

cleaning k\\\

after cleaning

Figure 6.14: Illustration showing isolated grains will charge up during
the Ar ion cleaning, leaving disconnected regions that stick up and are
less clean, which gives a higher barrier height Z and reduced gap, and
will heat up more because they are disconnected.
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CHAPTER 7

Theory of the I-V characteristics in S-I-S

Junctions with Multiple Andreev Reflection

7.1 Introduction

In Chapter 5 and Chapter 6, I described the physics of S-I-N junctions, in-
cluding the phenomenon of Andreev reflection. In this chapter, I examine S-I-S
junctions. When two superconductors with gap A are connected by a weak link, the
current rises when the voltage V' = 2A/e. In addition, Andreev effects give current
steps at subgap voltages V = A/en, where n is a positive integer. The theory used
to explain this phenomenon involves Multiple Andreev Reflections (MAR) and the
Josephson effect [30, 31]. In the Josephson effect two superconductors are coupled
by a weak link and current can flow through the junction without any voltage ap-
plied. This current is called supercurrent and the junction is called a Josephson
junction.

In Section 7.2 and Section 7.3, I discuss the approach developed by Averin and
Bardas [122] to describe MAR behavior in symmetrical S-I-S junctions with trans-
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parency D = 1 and D # 1. This theory describes the current-voltage charasteristics
of a single S-I-S superconducting channel with arbitrary transmission [122-125].
While there have been many theoretical descriptions of MAR, many are not easy to
follow. Moreover, most of the calculations, including Averin and Bardas’s, assumed
the two superconductors had the same superconducting gap. In my STM, the S-I-S
junction formed by the tip and the sample were usually asymmetrical, i.e. the tip
and sample had different gaps. I then need a theory that can describe asymmetrical
junctions.

In Section 7.4 T generalize the scattering approach developed by Averin et al.
[122] to the asymmetrical case, and demonstrate that this yields results that are in
agreement with Wu et al. [126], who used a Green’s function approach to describe
MAR in asymmetrical Josephson junctions. I make some general comments about
asymmetrical junctions and describe results for the supercurrent and subgap current
from this model.

In Section 7.5, I discuss the dc and ac Josephson effects. In Section 7.6, I
examine expressions for the critical current derived previously and my derivation of
MAR effects in asymmetrical junctions. Finally, in Section 7.7, I conclude with a

summary of my main results from the analysis.

147



7.2. MAR IN SYMMETRICAL JUNCTION WITH TRANSPARENCY D =1

7.2 MAR in symmetrical junction with transparency D =1

7.2.1 Averin-Bardas model

In 1995, Averin and Bardas (AB) presented an accesible description of An-
dreev and ac Josephson effects in an S-I-S junction with a single quantum channel
[122]. They considered a model of a junction as a short constriction between two
superconductors and obtained a quantitative description of the current-voltage char-
acteristics and how it depends on the temperature and barrier transparency. The
single quantum channel can be thought of as a normal channel (A=0) and, de-
pending on the transparency, the junction can be used to describe S-N-S or S-I-S
tunneling.

Figure 7.1 shows an illustration of the AB model of an S-I-S junction. The
left lead is a superconductor with gap A; and the right lead is an superconductor
with gap A,;. The center is the weak link, which acts as a scattering region for
quasiparticles. If there is no scattering, the link is completely transparent, and
the channel has transparency D = 1. On the other hand, if the scattering is not
zero the quantum channel will not be completely transparent, and the transparency
parameter D will be between 0 and 1. Here the transparency D is different from the
barrier height Z defined in Chapter 6. However they are related as D = 1/(1+ Z?).
Andreev reflections [44, 45] happen at each S/N interface and quasiparticles also
scatter within the link region. This leads to the possibility of multiple Andreev

reflections and multiple scattering, which greatly complicates the analysis. Averin
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S, N, barrier N, S,
% Incoming electron: B, Incoming electron: C_
N . L
7
_ 2 ---------- +«—O O >
%/ Incoming hole: A, ) _
% Incoming hole: D,

/% Andreev reflected hole: a, B, Andreev reflected hole: a,  C,

Andreey reflected electron Andreev reflected electron: a, D
+Source term J incident )

from the left: a, A +J5 |

Figure 7.1: Illustrate of Andreev reflections off of two S/N interfaces

and Bardas proceeded by defining a scattering matrix and determining separate
relations for Andreev reflections at each S/N boundary.
As T discussed in Chapter 5, Andreev reflection at an NS interface can be

characterized by a reflection amplitude a that depends on quasiparticle energy e

[122]:

e —sgn(e)(e? — A2, for |e| > A

g —i(A% —e2)1/2, for |e| <A
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AB then defined a scattering matrix to account for the weak link [122]:

T t
S = . (7.2)

t—rrt/tr
where 1 is the probability of the quasiparticle being reflected in the normal region,
and t is the probability of the quasiparticle being transmitted in the normal region.
Here the transparency is D=|t|> = 1/(1 + Z2). They then wrote the wavefunctions
in region 1 in the channel (see Fig. 7.1) generated by a quasiparticle incident from

the left superconductor as [122]:

2pel = Z[(GQTLAH + Jéno)eikx + Bnefikx]efi(erZneV)t/h (73&)

n

wh _ Z[Aneikx + aZHBnefikx]e*i(€+2neV)t/h (73b)

n

Here k and e are the wave-vector and energy of the incident quasiparticle, and
Ay = a(e +meV). The second term in Eq. (7.3a) corresponds to a quasiparticle
incident from the superconductor, which produces an electron in the normal region
with effective source amplitude J(¢) = [1—|a(g)|?]"/2. For this case the wave function

in region 2 of the channel (see Fig. 7.1) can be written as,

¢el _ Z[Cneikx + a2n+1Dne—ikx]e—i(8+(2n+1)eV)t/h (748,)

n

@bh _ Z[QQn—i—lCneilm + Dne—ikr]e—i(a+(2n+1)ev)t/h (74b)

n
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where the sum over n represents contributions from multiple reflections and is taken
over all integers from -oo to oo.

From the basic properties of waves, we can relate the incoming electrons to
the outgoing electrons in regions 1 and 2 using a scattering matrix. Similarly there

will be a scattering matrix connecting the holes in the two regions. AB wrote this

as:
Bn a2nAn + J(snO An a2an
~ S, : - (7.5)
Cn CL2n—|-ll)n Dn—l a2n—10n—1
where
. r t
Sp = Sel’ Sel = . (76)
t _ r*t
t*

At this point in this paper [122], AB present a recursion relation for finding
the A,,, B,,, C, and D,,. The authors omit detailed steps and only consider the case
where the left and right superconductors have the same gap. This is clearly not true
in our case, and it is important to understand how to find the recursion relation
before trying to generalize it to our situation where the superconducting gaps are
different on the left and right.

If we stare at the Eq. (7.5), we see that B, is a function of A,, and D,,. Moving
the equation around, we get D,, as a function of A,, and B,,. Since C,, is a function

of A, and D,,, we can now use D, (A,, B,) to get Cy,(An, By,). From Eq. (7.5) I find:
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B, = rags, A, +rJono + tas, 1D, (7.7a)
r*t
Cn = tagnAn -+ tJ(Sno - o a2n+1Dn (77b)

To proceed, I rearrange Eq. (7.7a) and plug it into Eq. (7.7b) to get C,, and

D,, as a function of A,, and B,,:

D, = B, — A, — (7.8)
laon 41 taon 41 tagn i1
r|? r r|?
Cn = ( . Aopn + tCLQn)An — t—*Bn + (t_* + t)J(SnO (79)
Similarly for the hole equation, I find:
An = T*agan + t*CLQn,lCnfl (710&)
. rt*
Dn,1 =1 (lgan — / agn,lcn,l (710b)
From Eq. (7.10a), we can write:
App1 = 1" a9p2Bpi1 + a0, (7.11)
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I now substitute C,, from Eq. (7.9) into Eq. (7.11) to get:

. . r 2 7"* r 2
An+1 =17 CL2n+QBn+1 —|—t a2n+1[(t—*a2n + ta2n>An — t_*Bn + (% + t)Jéno}
= r*agny2Bni1 + Rasnaoni1 Ay + Dasyas, 1A, — a1 B,

+ Ra2n+1j§no + Dagn_H (712)
and thus:
An—i—l - a2n+1a2nAn = \/E(GIQTH—ZBn—H - CL2n—i—1Bn) + Ja15n0 (713)

where R=|r|*. Equation (7.13) is exactly the same as the second recursion relation
Eq. (5) from the AB paper [122].
To derive the recursion relation for B, I proceed as follows. From Eq. (7.10b),

I can rewrite :

. rt*
D, = t*as,+2Bp1 — 7a2n+1cn (7.14)
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Plugging in D,, and C,, from Eq. (7.8) and Eq. (7.9) then gives

1 _ _razn _ rJdno
tagpy1 = tagpy1” ™ tasnt1

rt*

r|2 ~ |2
i a2n+1[(|t—la2n + t(lgn)An — t_*Bn + <| | + t)Jdno]

t*

= t"agn42Bn41 —

2
Ay 1T O2n Ay — TA2, A,

= Da2n+1a2n+2Bn+1 + [agnHR — 1]Bn + T'Jéno — a%n+17"<]5n0

2
a a a R—1
rag, A, = D—Z";l 2"1“ B+ j;‘“ — B, —rJdn
2n+1 2n-+1

(7.15)

Eq. (7.15) is important because it shows that A, is related to B,y and B,,. Plugging
Eq. (7.15) into Eq. (7.13) gives us a recursion relation for B, 1, B,, B,_1 which
eventually gives me the first recursion relation Eq. (5) from the AB paper [122].

To proceed, I rewrite the index from Eq. (7.13) so that

Ay — agn_102,2A,1 = Rl/Z(BnGQn — By1a2,-1) + Jai10,-10 (7.16)

Plugging A,, from Eq. (7.15) into Eq. (7.16), I get:

D a2n+1a2n+28 1 a%nHR — 1B J 5
2 1 n+1 + 2 1 n n0
raon A3p4q — Tagn Qo4 — Qon,
2 2
- ( )Bn—1 + Jasn—16n-10

r(a%n—l - 1) " r CL%n—l -1

= VR(agn By, — agn_1Bn 1) + Ja10p,-10 (7.17)

After rearranging terms, I arrive at the first recursion relation Eq. (5) in the AB
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paper [122]:

2 2 2

Da2n+1a2n+2B a1 R—1  Daj, a3,

1—a? nH_(a2 1 a2 —1
2n+1 2n+1 2n—1

af2n—1a2n(a%n—1R - 1)

_Ra%n)Bn + ( - Ra2na2n—1)Bn—l

2
a3p—q — 1

= —T'J(Sm() - TJCLQCLl(Sn_LO + TJa2a15n_170 (718)

This recursion relation is important because it gives us the wavefunction am-
plitudes A,, and B, for different transparency D. From the wavefunction, we can
determine an expression for the current flowing through the S-1-S junction, as I
discuss in the next section. After that, I discuss how to generalize to the case of

different gaps for the left and right superconductors.

7.2.2 Finding the expression for the current when the gaps are the

salne

In this section, I work out Eq. (6) from Averin-Bardas. This gives the current
through an S-I-S junction when the superconductors have the same gap and there is
Multiple Andreev Reflection (MAR). This will help us understand the physics and
how to generalize to the case where the left and right superconductors have different
gaps. To simplify the discussion, I examine the situation for D=1. This is the case
of no scattering of the electrons or holes, i.e. a completely transparent weak link
with Z = 0.

For an electron-like quasiparticle with energy ¢ that is incident from the left
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S, 0 N Vv S,

J(e)as(eteV)a,(et+2eV)az(e+3eV)

ay(e+4eV)=a,A, O—> - --- oo A

J(e)as(eteV)ay(et2eV) @g—pp - - - - oo oo o]l

=a,A, e+5eV
incident electron-like J(e) e+3eV
quasiparticle --------- O —P» e
EF A ‘ gteV
eV 4
------------------ EF
e+2eV
et+d4eV

——————————————————— <« J(g)as(e+eV)=A1

Y <«— J(g)as(e+eV)ay(e+2eV)ay(e+3eV)
:A2

J(g)a,(e+eV)a,(e+2eV)as(e+3eV)
as(etdeV)as(e+5eV)=As

Figure 7.2: Configuration of the multiple Andreev reflection at trans-
parency D = 1. An electron-like quasiparticle (filled circle) is incident
from the left with energy ¢ and is Andreev reflected with amplitude A
as a hole (open diamond) from the right S/N interface. Note that a hole
below the Fermi level has positive energy.
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superconducting electrode onto the S/N interface, the probability amplitude of an
electron being created in the normal region is [122]: J = /1 — |a(¢)]?. ] now assume
voltage V' is applied to the right electrode and the left electrode is at 0 V (Fig. 7.2).
Again for simplicity, I consider D = 1, so there is no scattering, and nothing is
reflected back while traveling in the normal region, so that all particles reach the
right electrode. Since the right electrode is at voltage V' (V' > 0), the quasiparticle
arrives at the right electrode with E=¢ + eV. The particle will then be Andreev
reflected back [44, 122] as a hole with amplitude a;(¢ +¢eV'). This Andreev reflected
hole will travel back to the left, and since it is a hole, it will pick up additional
energy eV and reach the left electrode with energy ¢+ 2eV. It will then be Andreev
reflected as an electron with amplitude as(e+2eV), ete. (see Fig. 7.2). Keep in mind
that, if the energy E = |e+neV/| after reflection is smaller than the superconducting
gap A of the electrode at the interface, then the electron will be Andreev reflected
as a hole.

Since D = 1, we have R = 0 in the scattering matrix Eq. (7.6), and the

scattering matrices become

0 1
Sp =253 and Sy = . (7.19)
1 0
Plugging this into Eq. (7.5), I get four relations:
Bn = a2n+1Dn (720&)

157



7.2. MAR IN SYMMETRICAL JUNCTION WITH TRANSPARENCY D =1

An = a2n—10n—1 (720C)
Dn—l = a2an (720d)

In this case, with D = 1, Ag = 0, there is no scattering so B,, = 0 and thus D,, = 0.
From Eq. (7.20), I can now construct A, and C,, recursively. For example:
Co=J, A = a1Cy = a1J,Cy = asA1, Ay = a3C = azasaqJ, etc. We can also see

that the A,, are only non-zero for positive n and for D =1, I find

A_3 = A_2 = A_l = AO =0 (721&)
Ai(e,V) = J(e)ai(e +€V) (7.21Db)
Ay(e, V) = J(e)ar(e + eV )az(e + 2V )as(e + 3eV) (7.21¢)

As(e, V) = J(e)ai(e + eV)az(e + 2eV)az(e + 3eV)ay(e + 4eV')as(e + 5eV)

(7.21d)

(7.21e)

Thus, the A, (¢, V) are functions of the incident quasiparticle amplitude J at energy

¢ and the quasiparticle picks up energy eV each time it transits the normal region.
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From Eq. (7.18), Eq. (7.20) and Eq. (7.3) the wavefunction can now be written as:

zﬂel = Z[(G’QHATL + J(SnO)eikx]efi(eJaneV)t/h (722&)

n

¢h _ Z[Aneikm]e—i(e—l-QneV)t/h (722b)

n

where the n’s are positive integers. Notice that the electron wavefunction has com-
ponents traveling to the right, represented as e’**, while the hole wavefunction has
components traveling to the left, represented as e’**; note that the hole travels in
the opposite direction of the k vector [113].

From the wavefunction, we can calculate the electron and the hole probability

current density using the well-known quantum expression:

h

j = 5=V = V) (7.23)

For the electron probability current density, I find:

Q/}el _ eikx({]efiet/h + aQAlefi(€+2eV)t/h + a4A267i(5+4eV)t/h + aﬁAgefi(€+6eV)t/h + )

(7.24a)
770:[ _ e—ikx(Jeiet/h + a;Aiei(eﬁ-QeV)t/h + aZAzei(a—MeV)t/h + aéAgei(s—&-GeV)t/h + )

(7.24b)
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and thus:

Jet = % * Qik([\JIQ + las|AL? + |ad)?| Ao + |ag*|As] + ]
+ [Jab A + ayAjal Al + agAsal A% + .. ]et 2Vt
+ [Jat AL + agAjal AL + agAyali Al + . )eeVR [ etV
+ [J*ag Ay + abAta Ay + afASagAg + .. Je 2V

-+ [J*(I4A2 + CL;ATQGA?, + (IZA;(ZgAAL + ...]6_i48Vt/h + [...]6_i66Vt/h + ) (725)

For the probability current density from the holes that are generated by

electron-like quasiparticles incident from the left, I find:

wh _ 6ikx(A1€7i(E+26V)t/h + A2efi(s+4eV)t/h + Agefi(€+66V)t/h + ) (726&)
w; — efikm<A>1kei(s+QeV)t/h _'_A;ei(€+4eV)t/h +A§ei(s+66V)t/h + ) (72611))

. h :

Jn= g sz([mlﬁ + Ao + |As]® + ..
+ [Af Ay + ASAs + e VIR L [AT Ay + A3 Ay + e MV 4 [Len 0V
+ [AS A + ALAy + ]ePVUR L (AL AL + AG A + . ]eVIR ] etV 4 )

(7.27)

The total probability current density is then j = j, + jn, where the direction of

the charge flow has been taking care of from the definition of the wavefunction
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Eq. (7.22). I find

Jlet) = % (UJl2 + AP (14 Jazl®) + [Ao* (1 + |aa?) + |As (1 + |as|*) + ...]

+ [JazAf 4+ AL A1 + apal) + Ay AS(1 + agal) + .. ]e2eVh

+ [Jaj A5 + ALAS (1 + a2a7) + A Af(1 + agag) + . Je VM 4 [V 4
+ [J*ag Ay + Ay AL (1 + agal) + AsA5(1 + agal) + ...]e 2VE/n

+ [J*asAs + A3 AL (1 + agal) + AgAL(1 + agal) + .. ]e VIR 4 [ ]e—0eVt/n

T ) (7.28)

Equation (7.28) gives the probability current density due to an electron-like
quasiparticle with energy ¢ incident from the left superconducting electrode. The

probability current density can be written as a sum of Fourier components:

hk ,
jety=— > (e, V)ePKVi/n (7.29)
m K=0,£1,+2

where K are integers. Summing up the probability current density from all energies,
weighted by the Fermi distribution, I obtain the total probability current density
coming from the left electrode.

Since this is a 1-channel problem, the total electrical or charge current is

directly proportional to the probability current density, and I can write:

e m [

Iot) = 5 | dej(e ) (E) (7.30)
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where f(¢) is the Fermi distribution for the incident quasiparticle at energy e. For

the left electrode, this gives

1u(ert) = g [ A= (I7 LAPO faa®)  LAa( fa) + LA0+ ol
o]+ [Ja3AT + AL AL (1 + azal) + A A5(1+ agag) + . ]V
+ [JazAs 4+ AL AL + agal) + Ay AL(1 + agal) + .. ]V 4 [ ]eeVih
+ [ apAr + A AT (1 + aaal) + Az A (1 + agaj) + .. Je 2V

[J CL4A2 + AgA (1 + CL(;CL2> + A4A (1 + CLgCLZ) + ...]€7i4evt/h + ['”]efiﬁth/h

zQKthh
+..) ea/kBT+1 Z / (7.31)

where the last expression is written as a sum over Fourier components.

This completes half of the story. For the net current, we also have to consider
the current due to electron-like quasiparticles incident from the right electrode.
This is similar to the case discussed above of quasiparticles incident from the left
electrode, however an electron-like quasiparticle traveling from right to left picks up
energy —eV rather than eV as it traverses the normal region.

To proceed, note again that for D = 1, I will have B, = 0 and D,, = 0, i.e.
no scattered wave. Since the right electrode has applied voltage V', it effectively
shifts the Fermi level down. To simplify the equations, I consider an electron-like
quasiparticle incident from the right with energy €+ eV and source term J (e +eV').
Examining Fig. 7.3, one can see that when an electron travels from right to left,

it loses energy eV, and thus then Andreev reflection amplitude at the left S/N
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S1 0 N V Sz
J(et+eV)a,(g)ay(e-eV)as(e-2eV)
a,(e-3eV)as(e-4eV)=Ay ) »
JereVia()ay(e-eViase-2eV)y g JEte)] T AT incident electron-like
=A, e D S quasiparticle
BF e-3eV
£-2eV 2 N ev I
ereVia@rAT s EF
J(e+eV)ay(e)ay(e-eV
oV (e+eV)a(e)a(e-eV)
=aA,
-------------------------- <«—0 J(e+eV)a,(g)ay(e-eV)as(e-2eV)
a,(e-3eV)=a,A,

Figure 7.3: Illustration of multiple Andreev reflection of an electron-like
quasiparticle that is incident at € from the right electrode. Since the
right electrode has voltage V', it effectively brings down the Fermi level

of the right side.
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interface will be a;(e + eV — eV') = a;(¢). Thus the energy of the electron that will
be Andreev reflected as an hole is . The hole will travel to the right, and it loses
energy eV, which gives a reflection amplitude of as(e — eV') at the right electrode.
This process continues and each time the particle’s energy decreases by eV when

traveling across the normal region. Thus I obtain:

A_g = A_Q = A_l = AO =0 (7328,)
Aj(e+ eV, =V) = J(e+eV)a(e) (7.32b)
As(e+eV,=V) = J(e+eV)ai(e)as(e — eV)az(e — 2eV) (7.32¢)

As(e +eV,=V) = J(e+eV)ai(e)az(e — eV)as(e — 2eV)ay(e — 3eV)as(e — 4eV)

(7.32d)

(7.32¢)

The wave function due to an electron-like quasiparticle incident from the right side

is thus, for D = 1:

Ve =Y _[(a2nAn + J6y0)e **)e 72neVIn (7.33a)

wh — Z[Anefikx]efi(szneV)t/h (733b)

n

The corresponding current due to electron-like quasiparticles incident from the right
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is then:

e o0
Ip(e,t) = - d€<HJ|2 AL+ fazl) + [A2* (1 + aal”) + [As*(1 + ag*

2mh o
+ ) F [Jab A+ A AL + agal) + Ay AL + agal) + .. ]e 2V

+ [Jaj A5 + A A5 (1 + asag) + A AG(1 + agag) + . Je VI eV
+ [T ap Ay + A AT (1 + asal) + Az A5(1+ agaj) + .. ]V /"

+ [J*ag Ay + As AL (1 + agal) + ALA5(1 + agal) + ...]e ViR p [ ]eeVi/h 4 )

o0

1 (K) i2KeVit/h
K=—00

where the last expression is written as a sum over Fourier components. Also note
in Eq. (7.34) that the chemical potential ug of the right electrode is -eV.

I can now find the total current by combining the current from the left and
the right side. For simplicity, let’s look at the DC case. Taking the zeroth Fourier

component K = 0 in Eq. (7.31) and Eq. (7.34), I find:

Ipc = / N de(I(e) + Ip(e))

o

~ 27 U " GE[TEF + 1A VP + [azle +2eV)P) + [Ag(e, V)P

1

+ las(e +4eV)P) + [As(, VIF L+ las(e, VIF) + )

—/ G| T (2 + V)2 + [Ar (e + eV, = V)1 + |as(e + eV — 2eV) )

+ |As(e + eV, = V)P (1 + |as(e + eV — 4eV)[*) + |A3(e + eV, =V [ (1+

1
/k‘BT + 1

lag(e + eV — 6eV)[*) + ...] wE (7.35)
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Substituting for the A, from Eq. (7.21) and Eq. (7.32), I can write

Ioc = 5= [ | ORI+ ) + 1) Plar(e +eV)P

1
ea/kBT + 1

— /_OO de[|J (e + eV)|* + [T (e 4+ eV)[*|ar(e)]* + | T (e + eV)[*|as(e)[*|as(e — eV)[?

o0

las(e + 26V)|2 + |J(5)|2|a1(5 + eV)\2|a2(€ + 26V)|2|a3(5 + 36V)|2...]

2 2 2 2 1
+|J (e + eV)|7|ar(e)|"|az(e — eV)|"|az(e — 2eV)| ...]6(E+6V)/kBT+1] (7.36)

Let’s look at the |.J(¢)|* terms first. I find:

00 9 1 2 1
/oo dg("](“:)' et 1 e VI T

— /_oo dg((l — |a(€)\2)m — (1 —la(e + ev)‘2>e(e+eV)/k5T i 1)

o0 1 1 ) .
n /—oo de |:(65/kBT +1 - ele+eV)/kpT 4 1) - <|a(€)‘ ce/EsT 1 1‘

1

— |a(e + eV)|2e(€+ev)/kBT " 1) =eV (7.37)

This eV is the first term in Eq. (6) in Averin and Bardas [122].
For the rest of the terms, I change variables for the incoming current from the

right. Defining ¢’ = € + eV, I can now write Eq. (7.36) as

o e?V € > 2 2 2 2 2
ch_ﬁ+%[ / dz=[|J (&) |as (e + eV)[* + |7 ()] as (e + eV) Plaz(z + 2¢V)]

o0

1

2 2 S (R —
+[J(e)[*|ai (e + eV)[*|az(e + 2eV)|[as(e + 3eV)| "']es/kBT 1

oco+eV
- / de'[|1(&)Flar(e' — eV)[* + [J(€)lar (e — V)’ |aa(e’ — 2¢V)|*

oco+eV
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1

12 , 2 ’ 2 / 2
HIE P (& eV)Plaa(e’ — 26V) Plaste — 8V

(7.38)

We see there is some kind of the symmetry for the case of equal gaps. From the
definition of J(g) = /(1 — |a(¢)|?), this is an even function: J(¢)=J(—¢). In terms

of a(e), by inspecting the definition from Eq. (7.1), we get the following relation:

a(—F) =—a(F)=—a*(E), for |E|>A
(7.39)
a(—E) = —a*(E), for |E] < A
[ use E to represent the total energy of the particle to avoid confusion in the notation.

¢ is the original energy that the incident particle carries. V' is the voltage that the

incident quasiparticle sees. Thus:

an(—e, =V) =a(—e —neV) = a(—F)

= —a"(E) = —a*(e + neV) = —a’(e,V) (7.40)

Using Eq. (7.40), I can show that there is a relation between A;(e,V) =

J(e)ai(e +€eV) and Ay(—e, V) = J(—¢)a1(—e — eV), where I find:

Ai(—e,=V) = =Ai(e,V) (7.41)

This relation holds for Ay, As, As..., as each A,, has an odd number of factors of a(e),
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therefore it always picks up a minus sign. Thus the general relation for A(e, V') is:
Ap(—e,=V)=-Ar(,V) (7.42)

as stated by AB [122].
Using Eq. (7.41) and Eq. (7.42), the negative €’ terms in Eq. (7.38) can combine

with the positive € terms, and I find:

Ie= 5o [ev + [ IO e + VP + T (e + V) laale + 26V

1

+ |J(€>|2|a1(€ + ev)|2’a2(€ + 2€V)|2|a,3(€ + 3€V>|2] GE/kBT n 1

- [ delIa (e — V) I (e - V)P

lag(—e — 26V)|2 + |J(—€)|2\a1(—a — eV)|2|a2(—a — 26V)|2|a3(—6 — 36V)|2

1
=T

:%[w*/ del|J () Plar(e + V) + [ T() ] as (e + V)P as(e + 2V

+ | J(e))|ar (e + eV)[*|az(e + 2eV)[*|as(e + 3eV) |

1 1
"'](es/kBT+ 1 o e—¢c/ksT + 1)

- /__OO de[|J (=€) Plar(—¢ = eV)[* + [T (=€) P’lar (—¢ — V) [*|az(—e — 2¢V)[*

co—eV

1

2 2 2 2
+ |J(—€)| |CE1(—€ — GV)l |a2(—€ — 2€V)| |CL3(—E — 36V)| ]m

-/ T A () Plar (= — V) 4 (=) Plar(—e — V) Plas(—c — 2V

oco—eV
1
2 2 2 2
+ | J (=) |ai(—e — eV)[ |az(—e — 2eV)|"|az(—e — 3eV)| ]m
€ oo € 2 2 2 2
- - h( ——
5T {eV /_Oodetan (2kBT> (\J(e)\ lai(e +eV)|" 4+ [ (e)|"|ai(e + V)|
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las(e + 26V)|2 + |J(8)|2|a1(5 + eV)|2|a2(s + 26V)|2|a3(5 + 3@V)|2...)

o0

oco+-eV
_ / d5(|J(5)|2la1(5 — eV)|2 + |J(€)|2]a1(5 - eV)\2|a2(5 — 2€V)|2

1

2 2 2 2 )
6 ar(e = V) Plaats = 269)Plaa(e = 36V )

+/_ da(|J(5)] la1(e — V)" + |J(e)|"]ai(e — eV)|"|az(e — 2eV)|

o0

2 2 2 2 \__ 1L
+ () |ai(e — eV)[*|az(e — 2eV)[*[as(e — 3eV)| ) ce/keT 1 1]

e o0 c
~ orh {GV ‘/ d“aﬂh(—%BT> (|J(e)|2|a1(e V)P 4 T Plai(e + V)

—0o0

|ag(e + 2eV)[° + [J(e)|*|ar (e + eV)||aa(e + 2¢V)|*|as(e + 36V)’2...>}

(7.43)

The second integral vanishes because the Fermi function vanishes as ¢ — co. The
last integral also vanishes because a(e) goes to zero as ¢ — —oo, as can be seen
from Eq. (7.1). Later on, when I consider the case where D is not equal to 1, the
last term will need to be reexamined.

A similar analysis can be done with the other Fourier components in Eq. (7.31)

and Eq. (7.34). In particular, I find that for the first Fourier component K = 1:

Lic = I} (t) + Ig(t)

= ei2eVit/n_C / de[J(e)as(e, V)AL, V) + Ay (e, V) AS(e, V(1 + as(e, V)

2rh J_ o
* * * - !
ai(e, V) + Ao, V) A5(e, V(L + aa(e, V)ag(e, V) + )
‘ e oco+eV
_ ezQth/h_/ de[J*(e)az(e, V) Ai(e, =V) + Aj(e, =V ) As(e, = V) (1
27th —oo+eV

+ay(e,=V)ay(e, =V)) + A5(e, = V) As(e, = V) (1 + aj(e, —V)ag(e, =V))
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1
ec/keT +1

+ . (7.44)

This can be rearranged to give

Lio = eV [ I E)aye VIAIE V) + A V)AYE V) + as(e, V)

—00

1

ai(&, V) + Ao(e, V) A3 (e, V(L + as(e, Viag(e, V) + ] gy

co—eV
— et [T el (~eaal-5, ~V)Ai(—e, V) + Af(=2, V)
mh —oo—eV

AQ(_57 _V)(l + a;(—g, _V>a4<_57 _V)) + A;(_Ea _V)A?)(_E’ _V>

1

(1+ai(=e, —Vias(—&, V) + ]

= —eize‘/t/h%/ detanh(%ZT)[J(s)aS(s, V)Ai(e,V)

—00

+ Ay (e, V) A (e, V)(1 + az(e,V)ay(e,V)) + Aa(e, V) A5(e, V)

(14 ay(e,V)ag(e,V)) + ...]

oco+eV
. eiQth/hﬁ/ de[J*(e)az(e, =V )A1(e, = V) + Al(e, =V ) As(e, V)

(14 a3(e, —V)ay(e, =V)) + As(e, =V ) As(e, = V) (1 + aj(e, =V )ag(e, =V))

1
eE/k’BT _I__ 1

4]

—oco+eV
N eizewm% / de[J*()as(e, V) Ai (s, = V) + Aj (e, V) As(e, = V)

(14 a3(e, —V)ay(e, =V)) + As(e, =V ) As(e, = V) (1 + aj(e, —V)ag(e, =V))

1
e&/kBT _|_ 1

+..] (7.45)
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Finally I find:

i2e € OO € * * *
Iio = —e Vt/h% /_oo de tanh<2k3T> [J(e)as(e, V)AL (e, V) + As1(e, V) A5(e, V)

(14 as(e,V)ay(e,V)) + Aa(e, V) A (e, V) (1 + as(e, V)ag(e,V)) + ...

(7.46)
If we do the analysis for all the Fourier components, I find:
I(t) =) Ie™Vh (7.47)
k
where
I, =2 x %[ev&go — /_Z de tanh<2kEBT> (J(e)(a3, Ay + a—arA_y)
+ nioo(l + agnaz(nJrk))(AnA;‘Hrk))] (7.48)

I note that this expression has Ap=0 for £ < 0 and it holds only for the very special
case where there is no scattering, ¢.e. D = 1.

Examining Eq. (7.48), we see that the current component I;, has a leading
factor of 2. This accounts for a hole-like quasiparticle incident from the left and
a hole-like quasiparticle incident from the right, where the sum of both terms con-
tributes exactly the same as an electron-like quasiparticle incident from the right
and an electron-like quasiparticle incident from the left. However this situation only

applies when the left and right superconductors have the same gap A. In a later
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section, we will see that when the electrons have different gaps, one needs to consider
four different scenarios (electron-like quasiparticle incident from the left, electron-
like quasiparticle incident from the right, hole-like quasiparticle incident from the
left, hole-like quasiparticle incident from the right) in order to obtain the correct

current expression.

7.3 MAR in symmetrical junction with D # 1

To find the current where the barrier transparency D # 1, we need to account
for quasiparticles being reflected at the barrier in the weak link (see Fig. 7.1). For

D # 1, when a quasiparticle is incident from the left the wave function is

wel _ Z[(a2nAn + Jé‘no)eik:c + Bne—ikr]e—i(a+2neV)t/h (749&)

n

wh _ Z[Anezk:c + aQnBnefikx]efi(eJaneV)t/h (749b)

n

From this wavefunction, we can get the total probability current j = j.; + j, using
Eq. (7.23). As we see above the wavefunction of the electron and the hole have
taken care of the current flow.

For the electron wave function:

wel — eik:p(a74A72€7i(sf4eV)t/h + a72A71€7i(€72eV)t/h + (J + CloA(])eiiEt/h

+ aQAlefi(erQeV)t/h + a4A2€fi(6+4eV)t/h + a6A367i(5+66V)t/h + )
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+ e—ikac(B_Qe—i(s—4eV)t/h + B_le—i(e—Qe\/)t/FL + Boe—ist/h + Ble—i(8+26V)t/h

4 Bye eI/ Ly (7.50)
and thus

77Z):l _ e‘ikx(a’“_4A’k_26i(5_4ev)t/h + aizA*_lei(E_%V)t/h + (J + aEkJAa)eist/h
+ a;ATei(e-l-ZeV)t/h + CLZA;@i(E+4eV)t/h + agAgei(s—&-GeV)t/h + )
+ eikx<Bi26i(sf4eV)t/h + leei(szeV)t/h + Bgeist/h

+ Bikei(erQeV)t/h + Bgei(€+4eV)t/h + ) (751)
I then find the probability current density:

. h . . 1%

Je = 5 % 2216{ ([ + la—a|A o + Jaca*[As [ + [T* + J(agAo + ajAj)
+ laol*|Aol* + laz|® + [As|* + [aa|*| Ao|® + |a6|*|As]* + ..] = [.. + | B_a|* + | By |?
+ |Bo)* + |Bi|* + |Bo|* + ]) + ([...a4A2a*_2A*_1 +a_y A1 (J + ajAp)

+ (J + Clozq(])a;zéri< + CLQAlaZA; + CL4A2(LZA§ -+ ] — [ + B,QBil -+ B,138

+ ByB} + B.B; + ]) VR [ JeteVh [ ]e0eVih
+ <[ + a,gA,laLlAfQ + CLiQAil(J + CL()A()) + (J + CLSAS)(IQAl + a;AiazlAQ
+ajAsagAs +..] — [... + B.yB*y + BoB* | + B B; + ByB; + ]) eTi2eVE/h

+ [ ]eT MV L[ e VR } (7.52)
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For the hole wave function:

wh — eikm(Aizefi(€f4eV)t/h+A7167i(€72eV)t/h+Aoefist/h_|_Alef’i(8+26V)t/h
+ A2€fi(6+4eV)t/h + ) + efik:x(a74372€7i(574eV)t/h + &72B7167i(5726V)t/h

+ aoBOe—iat/h + azBle—i(a-‘rQeV)t/h + a4B2€—i(E+4eV)t/ﬁ + )

(7.53)
and thus
¢Z _ e—ik:c(A*_Qei(a—%V)t/h + Ailei(a—%\/)t/h + Aseiat/h + ATei(a-ﬁ-QeV)t/h
+ Aéei(a+4e\/)t/h + ) + eikm(aﬂﬁ_4Bi26i(a—4eV)t/h + a*_QBilei(a—%V)t/h
+ aéBgeist/h + a;Biei(a—&-QeV)t/ﬁ + aZB;ei(e-iAeV)t/h + ) (754)

I then find the probability current density:

jp = % * 2ik{ ( — L+ AP AP+ A + AL + AP + ]
+{la_al’|Boa|* + la—o|*| Boa|* + |ao|*| Bol* + laz|*| Bi|” + |aal*| Baf” + ])
+ ( — [A1AS + AgAT + A1 A + Ao AY ] + [ae Bray By + agBoas By
+a_oB_1a5B; + a4Bga*QB*1]) VR [ JeHeVh [ e0eVth
+ ( LA As £ ATAL 4 A Ag+ AT, A 1 [a3BrasBs + i Bas By

+a*,B*jagBy + a*_4Bf2a_2B_1]>e_i2th/h 4 []e eV L[ etV 4 }

(7.55)
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From Eq. (7.52) and Eq. (7.55), I can now get a version of Averin and Bardas’s

Eq. (6) in [122] that is valid for all D:

I(t) =) Ie™Vh (7.56)
k

where

e o 3 . ax
Iy =2 x %{eVéko - / dstanh<2kBT) [J(s)(a%Ak + a9 A k)

—00

00 —oo+eV
+ Z (1+ aQna;(n-i-k))(AnA:;-‘rk - BnB;Jrk)} + / de [‘](5) (a2 A

n=—oo o0

- * * * 1
+a_opAg) + Z (1 + a20a3( 1)) (AnAp i — Ban—k)] m}

n=—oo

€ > € x A*
= —h{eVDéko - /_ de tanh(szT) [J(g)(a%Ak +a_oA_g)

m )

[e.o]

+ Z (1+ a2”a’;(n+k))(AnA:L+k - B”B:L+k)i| } (7.57)

n=—oo

I note that the eV’ D 6o term in the final expression is not equal to eV in this case
because the last term does not disappear when D # 1. One finds that the ByBj
terms in the sum yield eV R, which then combine with the first term eV — eV R =
eV D. Note that in Eq. (7.57) the A and B terms are in general non-zero for all ,
which are the integers 0, £1, 42, +3, ....

To calculate the I — V' characteristics from Eq. (7.57), one needs to use the
definition of a(e) from Eq. (7.1) to plug into the recursion relation Eq. (7.18) and
Eq. (7.13) to get A,, B,. Once I have the A, and B, terms, I plug them into

Eq. (7.57) and numerically integrate the equation to get the current at coltage V'
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(see Appendix C).

Figure 7.4 shows the calculated dc I — V' characteristics of an S-I-S junction
that I obtained from Eq. (7.57) for k=0. The different curves are for different trans-
parency D. For example, for D = 0.01 and T' = 0, the barrier has low transparency,
and the junction I(V) curve goes to the conventional S-I-S tunneling limit [64].
There is a clear rise in the current at the sum of the superconducting gaps, but no
obvious subgap behavior on this scale. In contrast, the other curves with D > 0.1
are for more transparent junctions, and these show current steps at eV = 2A/n,

where n = 1,2, 3...is an integer.

7.4 MAR in Asymmetrical junctions

In the previous section I showed how to obtain Averin and Bardas’s expres-
sion for the I(V) characteristics of an S-I-S junction when both electrodes have the
same gap. Here I generalize their approach to the case where the electrodes have
different superconducting gaps. The key thing to note is that the Andreev reflection
amplitude will now depend on which interface is reflecting the particle. To simplify
the discussion, let’s again start by looking at the case D = 1. Consider an electron-
like quasiparticle incident from the left with energy € and a voltage V' applied to
the right electrode. Now when a transmitted electron goes from the left to the

right interface, its energy becomes € + eV and the Andreev reflection amplitude will

be Ai(e,V) = JE(e)af(e + eV). An Andreev reflected hole will then travel from
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Figure 7.4: Calculated I —V characteristics of a symmetrical S-1-S junc-
tion with MAR. The superconducting gap is the same for the two super-
conductors and the different curves correspond to D values of 1, 0.99,
0.9, 0.7, 0.4, 0.1 and 0.01 from top to bottom. G is the normal state
conductance of the channel Gr = e*D/rh.
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right to left and pick up extra energy eV. This hole will be Andreev reflected at
the left interface, producing a rightward traveling electron with amplitude aZ(g)A;
=JE(e)al (e +eV)ak(e+2eV). When the electron again travels to the right, it picks
up another energy increment of eV and at the right interface yields an Andreev
reflected hole with amplitude J%(¢)af (e + eV)a% (e + 2eV)all(e + 3eV'). This is the
same process shown in Fig. 7.2, it is just that we need to keep in mind that the
left and right sides produce different reflection amplitudes because they may have
different gaps.

As we can see from this description, all the odd indices for a,, come from the

right electrode, and all the even indices for a, are from the left electrode. To get

L

R
even and Uodd-

Ay, As, As..., we have to calculate the amplitude using corresponding a
To help keep things straight, we emphasize that here we first consider quasiparticles
incident from the left electrode at energy e, and now we relabel the A;, As,.. as
Aip(e, V), Asr(e, V), Asp(e,V)... We will go on to consider quasiparticles incident
from the right.

Previously for the case of electrodes with the same superconducting gap, I
obtained Eq. (7.39) and Eq. (7.42). These relations are important because they
allowed me to simplify the calculation of the current. For the case of different gaps,
I need to re-examine these relations to see if they still hold.

To see what happens to Eq. (7.42), let’s examine the situation when an
electron-like quasiparticle is coming from the right electrode with energy —e and
the left electrode is at the potential of 0 V' while the right electrode is at the poten-

tial of V. When it goes from the right to the left interface, its energy decreases by
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eV with respect to the Fermi energy on the left side. An Andreev reflected hole with
amplitude A;(—e, —V) = JE(—¢)al(—e — eV) will then travel from the left to the
right and its energy decreases by eV on reaching the right side. An Andreev reflected
electron then propagates from the right to the left with amplitude aff(—e — 2eV) A,
=JB(—¢g)al(—e — eV)al(—e — 2eV). At the left interface the electron energy will
again decrease by eV, and an Andreev reflected hole will be generated with ampli-
tude Ay = JB(—¢)af(—e — eV)al(—e — 2eV)ak(—e — 3eV)....etc.

Clearly A,(e,V) = JE(e)ali(e + eV) and A (—e,—V) = JE(—¢)al(—e —eV)

if the gaps are not equal, i.e.

Ai(e, V) # —Aj(—¢,-V) (7.58)

because aff(e + €V) is different than al(—e — €V') because of the different gaps.

Therefore, to calculate the total current, we have to first calculate the current
I}, from quasiparticles incident from the left by summing over all possible energies
and weighting them by the Fermi distribution. I then need to find the current
Ir due to quasiparticles incident from the right superconductor by summing over
all possible energies and weighting with the Fermi distribution. I can then find
I = I}, — I, which is the net current that flows through the junction.

Let’s again start by finding the dc part. Starting from Eq. (7.43) and keeping

track of the left and right, I can write,
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(&

~ onh [/Oo d’SHJL(5)|2 + ‘JL(5>‘2|GF(5 + eV)‘2 + |JL(6)|2‘af“(s+ eV){2

—00

|ag (e + QeV)}2 + !JL(S)ﬁafL(e + eV)maf(e + 26V)|2

1

2

— /oo de[|J" (e + eV){2 + | T e + eV)malL(s)‘Q + |JR(6 + eV)ﬁaf(s){2

’af(e — eV)|2 + ’JR(e + eV)!z‘a{“(s)maQR(e — eV)’2

1

L 2
‘Cl?) (8 - QGV)‘ ] eleteV)/kpT +1

= % {/_Oo d5H']L(5)|2 + ‘JL(S)‘2|af”(5 + eV)‘2 + |JL(€)|2]af‘(€+ eV)|2
‘%L(g + 2€V)}2 + !JL(€)|2‘af(5 + eV)‘z‘ag(é‘ + 2@V)|2

1

2

— /OO ) ds[‘JR(s)IQ + |JR(€)‘2|af(€ - eV)}2 + !JR(€)|2’a1L(€ — eV)|2
—oo+eV

‘af(a — 26V)‘2 + }JR(8)‘2|CL1L(€ — eV)ﬁaf(g — 2eV)|2

1

2
‘aé(a — BeV)‘ "']—ee/kBT 1

(7.59)

To proceed I now arrange things to make the integration limits look much
nicer. This will result in an expression with the same “format” as Averin found in
a paper on multi-channel MAR for the case of identical gaps [127]. Working with

the limits of integration, I can write:

e

Ipc = s {/ d&tHJL(&?)‘z + ‘JL(a)‘2|af(€ + <5V)|2 + ‘JL(s)‘Q‘af(a + eV)‘2
—oo—eV

|a§(5 + 26V)]2 + ‘JL(g)‘2|af(6 + eV)ﬁa%(s + 26V>‘2
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1

2
|agi(e + 3eV)| e

- /OO de[| " (e + e\/)]2 + | TR (e + 61/)‘2|a1L(6)|2 + | TR (e + eV)|2]af(5)]2
—oco—eV

(e — eV)|* + | TR (e + eV)|*|al (o) adi(e — ev)|”

1
eleteV)/kpT +1

|a§(5—26V)|2...]
" anh [/w A + [T e+ eV + |7 af(e +ev)

|a§(€ + ZeV)‘2 + ‘JL(a)‘2|af(€ + eV)Waé(e + 2€V)‘2

1

2

_/_m TP 1 |7 Plab e — V) 4 [T Plab (e — V)P
|a§“(5 — 2€V)|2 + ‘JR(€)|2‘CL1L(€ — eV)’Q‘af(g — 2€V)‘2
|a§(6—36V)|2...];}

e&/kBT + 1

e

- ﬁ{ /—oo—ev de DJL(@‘Q + ‘JL(E)‘2|a?(5 + eV)‘2 + |JL(6)|2‘af(e+ eV)|2

|a§(5 + 261/)]2 + ‘JL(e)‘2|af'(s + eV)ﬁaé(e + 2€V)‘2

1
GE/k‘BT _|_ 1

|a§(€+36‘/)|2...]
_ /OO Vde[[JR(_5)|2 + ’JR(—5)|2{af(—g _ eV)‘2 " |JR(_5)‘2
|a1L(_5 - GV)‘Q}ag(—e - 26‘/)‘2 + |JR(_€)‘2}QIL(_€ _ 6V)‘2

1
|a§'(—5 — 2€V)‘2|CL§(—€ — 3€V)|2:| m} (760)

Note that when the gap of the left and right electrodes are the same, the term in
square brackets in each integral is the same and the two integrals can be combined

such that the two Fermi functions produce an overall leading factor of m —
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m = —tanh<2k€BT>. This yields an equation for the current that has the
same overall form as Eq. (4) in Averin’s multi channel paper [127].

Unfortunately, when the electrodes have different gaps, a quasiparticle will
have different reflection amplitudes at the left and right S/N interfaces. In this
case I realized that it was necessary to explicitly consider the hole-like quasiparticle
current incident from the left and right, as well as the electron-like quasiparticle
incident from the left and right, a total of four separate processes.

Let’s now consider the situation when a hole-like quasiparticle is incident from
left superconducting electrode onto the right S/N interface and voltage V' is applied
to the right electrode. Figure 7.5 illustrates this situation for a hole-like quasiparticle
incident above the Fermi energy with energy . In contrast to the case of an electron,
the Fermi level for the holes on the right electrode is shifted upwards; 7.e. the

hole loses kinetic energy as it moves from left to right across the normal region.

Considering the D =1 case, A,, can then be written as:

A_g = A_2 = A—l = A() =0 (761)
A(e, =V) = JE()ali(e — eV) (7.62)
Aon(e,=V) = JE(e)al (e — eV)ak (e — 2eV)ali (e — 3eV) (7.63)

Asp(e,=V) = JE(e)all(e — eV)ak (e — 2eV)al (e — 3eV)ak (e — 4eV)af (e — 5eV)
(7.64)

The wavefunction produced when a hole-like quasiparticle is incident from the left

can then be written as
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S; 0 N \Y S,

J(e)ay(e-eV)a,(e-2eV)a,(e-3eV)
<« ay(e-4eV)as(e-5eV)=A,

J(€)a(e-eV)ay(e-2eV)as(e-3eV)

incident hole-like A™~"" """ jigy™ """ <« A
quasiparticle------t-—---- P i le-eV]
------------------- EF
le-4eVl| e ] i_‘?\_/ ___________ II£-36V|
EF Y A e (eV)AT
J(€)as(e-eV)ay(e-2eV) e-5eV|
=aA,

J(e)as(e-eV)ay(e-2eV)az(e-3eV)o—» - - - - - - - - - - - - - - oo -
a,(e-4eV)=a,A,

Figure 7.5: Illustration of multiple Andreev reflection for transparency
D =1 for a hole-like quasiparticle incident from the left with energy e
and voltage V' applied to the right electrode while the left electrode is
grounded. The hole experiences repulsive force from the right electrode
and decreases its kinetic energy. This effectively shifts the Fermi energy
of the holes on the right electrode up by eV'.
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Un =Y [(aznAn + Jong)e ™ F¥|e 7 e 2neVIi/n (7.65)

n

77Z)el _ Z[Ane—ik:c]e—i(s—2neV)t/h (766)

n

The electrical current that is then produced by an incoming hole from the left, can

then be written as:

tin(ert) = ~55 [ a=(I91 4 1A+ o)+ LA+ o)+ 1400+ el
+ ]+ [Jas A + ALAS (1 + aga)) + A2 A5(1 + agag) + .. Je V"
+ [Jaj Ay + A A (1 + agal) + Ao AG(1 + aga) + ..]e VD []emBeV/R
o [ gy + A AL+ asa) + A3 A5(1 + agaj) + e
+ [J*agAy + As AL (1 + agal) + AgA5(1 + agal) + ..]e VR [ ]eeVi/n

+ ) _ (7.67)

X 65/kBT _|_ 1

I also need to consider the situation when there is a hole-like quasiparticle
incident from the right with energy € — eV and voltage V' is applied to the right. As
shown in Fig. 7.6, this time the hole increases its kinetic energy each time it travels

from the right to the left. I can then write for this process:
Asg=A,=A1=4=0 (7.68)

Ap(e — eV, V) = JB(e —eV)al(e) (7.69)
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S, 0 N \Y S,

J(e-eV)a4(e)ay(eteV)as(e+2eV)
a,(e+3eV)=a,A,

------------------ €< J(e-eV)a,(e)ay(e+eV)

le+deV| =aA
J(e-eV) P ‘
et+2eV incident hole-like
| | I D VA quasiparticle
___________________ A E
v & I eV A A F
EF — le+eV]
le+3eV|
J(E-6V)a()=AT@—P - << 56V,
J(e-eV)a (€)ay(eteV)as(e+t2eV) @—P~ - - - - - - - - - - - - - - - - - m - \/
:A2
O — > - - - - - Y.

J(e-eV)a,(€)ay(e+eV)as(e+2eV)
ay(e+3eV)as(etdeV)=A;

Figure 7.6: Illustration of multiple Andreev reflection for a hole-like
quasiparticle incident with energy € — eV from the right electrode, which
has voltage V' applied. The hole increases its kinetic energy when it
moves from right to left.
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Agp(e — eV, V) = JB(e — eV)al (e)ali (e + eV)ak (e + 2eV) (7.70)

Az (e — eV, V) = JB (e — eV)al(e)al (e + eV )ak (e + 2eV)al (e + 3eV)ak (e + 4eV)
(7.71)

The resulting wavefunction for the case of a hole incident from the right electrode,

then can be written as:

U = Z[(GznAn + Jano)eikx]efi(erZneV)t/h (7.72)

n

wel _ Z[Aneikm]e—i(s—i-QneV)t/h (773)

n

The electrical current produced by the hole incident from the right side is then:

e
Ign(e,t) = 2 / ds<[|J|2 + |A1|2(1 + |a2|2) + |A2|2(1 + |a4|2) + |A3|2(1 + |a6|2)

+ ] [Jas AT + A A (L + axal) + A AL + agal) + .. )eVh
+ [Jaj Ay + A A1 + agal) + Ay AL(1 + agal) + ... ]e VY 4 [ ]V 4
+ [J*ag Ay 4+ Ay AL (1 + agal) + AsAS(1 + agal) + ...]e2VE/R

+ [J*agAg + As AL (1 + agal) + AgAL(1 + agal) + ...]e HeVt/R

1

ele—ur)/keT 1 1 (7'74>

+ [ ]e0VEn > X

where the chemical potential pg of the right electrode is —eV'.
The total dc current due to hole-like quasiparticles incoming from the left and
right can now be expressed as:

Ipch = % [ — /Z deHJL(E)}Z + |JL(€)|2‘(Z{?’(€ — eV)|2 + ‘JL(s)mafL(e — eV)’2
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|a§(5 — 26‘/){2 + ‘JL(s)‘2|af(5 - eV)‘2|a§(5 - 26V)|2

1

2

+ /_°° de[| T e — eV + |77 — V)@ + | 7He — V) ak(e) [

|a§(5 + eV)}2 + {JR(E — eV)}2|a1L(5)|2‘a§(s + eV){2

1
(e—eV)/kpT +1

|ag (e + 26‘/)‘2...]6

" 2mh [ - /OO dgHJL@)}Q + {JL(@ma?(&? - eV)|2 + ‘JL(s)‘Q}af(g - eV)‘Z

|ag (e — 26V)|2 + ‘JL(S)‘2|af“(5 - eV)‘2|a§(5 - 26V)|2

1

2
|laf (e — 3eV)| "']—es/kBT .

co—eV
—I—/ ds[|JR(5)‘2 + |JR(5)|2{af(5 + eV){2 + ‘JR(s)‘Z‘alL(e + eV)‘2

—oo—eV
a3 (e + 26V)|2 + ‘JR(s)IQ‘alL(E + eV)‘2|a§”(5 + 26V)|2

1

2

(7.75)

To summarize where we are in the calculation, I now have Eq. (7.59) for the
current due to electron-like quasiparticles incident from the left and right. T also
have the current due to hole-like quasiparticles incident from the left and right
superconductors Eq. (7.75). Adding the electron-like quasiparticle current and the

hole-like quasiparticle current, I get the total dc current.

Ipc = Ipce + Ipcn

e

— 5o | [ EPOF + 1 ale 4 VI 7 ol 4 eV
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|ag (e + 26V)}2 + {JL(s)maf(s + eV)‘z‘aé(e + 26V)|2

1
]a§(6+3eV)‘2,..]—€E/kBT 1
ooteV R 2 R 2 L 2 R 2 L 2
—/_ +Vda[\J @ + |77 Plab(e — V)] + [77() Plab(e — V)|

|ag (e — QGV)‘Z + }JR(s)‘2|a1L(5 - eV)‘2|a§(5 - 26V)|2

1

2

- /OO del| TH ) [* + |T5 ) |aR(e — V)| + [JE(2)|*|al(e — ev)|?

|aj (e — 26V)‘2 + |JL(5)|2’af(e - eV)ﬁa%(s - 2@V)‘2

1

2
|ag (e — 3eV)| s

e[+ |7 Plat e+ eV + ) ek + eV

|ag (e + 26V)‘2 + |JR(5)}2|af(5 + eV)ﬁaf(e + 2@V)‘2

1

2

(7.76)

Regrouping terms and changing variables, I find:

e

T [/Z de[|TH @) + | T |l (e + V)| + [ T5(2)||af(e + V)|

Ipc =

|lag (e + 26‘/)‘2 + |JL(5)|2|a{%(e + eV)ﬁaé(s + QGV)‘Q

(e +3eV) o)
- /_OO del| T (=) " + | TH (=) [*|af (e — eV)[* + | TH (=) [*|af (=2 — eV) [

a3 (— = 2eV)[* + [J4(=)[*[af(—e — eV)[*]ag (=& — 2eV)[*

1

R 2
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oco+eV
—/ de[| TR )" + |T7E)[*|a (e — eV)|* + [T7(E)|*|al (e — ev)|”

oco+eV
g (e — 26V)|2 + ’JR(e)ﬁalL(s — eV)’Q‘af(s — 26‘/)‘2

1
6E/k‘BT + 1

oco+eV
+ / deHJR(—e)|2 + ‘JR(—5)|2‘af(—e + eV)|2 + [JF(—e)

oco+eV

|lag (e — 36‘/)‘2...]

| 2

o (—e + eV)|*|aft(— + 2eV)[* + | TR (=&)|*|al (& + V)|’

1

g (7.77)

lag(—e + 26V)|2‘a§(—6 + 36‘/)‘2...]

Additional simplification gives:

(&

Ipc = —
be 2mh

{/OO dsHJL(e){z + ‘JL(s)‘2|af(5 + eV)‘2 + |JL(5)|2‘af(e+ eV)|2

‘aZL(a + 26‘/)}2 + |JL(5)|2‘afL(5 + eV)ﬁaé(e + 26V)|2

1 1
es/ksT 11 e—e/ksT 4 1

|af (e + 3eV)|..( )

—/OO e del| TR () + [TRE) [ |aF (e — eV) [P + | TR () |al (e — eV)|?

oco+eV
‘ag(e — 26‘/)‘2 + }JR(S)‘2|af(€ — eV)‘2|a§(€ — 26V)|2

1 1
es/ksT 11 e—e/ksT 41

lak(e — 3eV)| .. )

(&

~omh UZ A=l 7HE)[ + |7 @) [af' (e + eV)[* + |70 af (e + V)

‘a%(a + 26‘/)}2 + !JL(e)mafL(a + eV)ﬁaé(a + 26V)|2

1 1

R 2
o' (e + 3V o7 — e 1)

- /OO de[| TR )" + | TR E) [ |ak (e — eV)|[* + [T*E)[ |l (e — ev)|”

‘ag(e — 26V)’2 + }JR(S)‘2|af(€ — eV)‘2|a§(€ — 26V)|2
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L 2 1 1
‘a3 (e — 36V)‘ "'](ee/kBT 1 T 1)
oco+eV
YINTE 1 1
_/oo d€}J (5)‘ <€a/kBT_|_1 - e_E/kBT+1>
—oo+eV

R 2 ]. ]_
+/_OO |7 s — ) (7.78)
Since JE(e) = /1 — |af(e)]? and |ag| — 0 as ¢ — oo, the second to last

L+€V 1

integral reduces to —ngrolo i ds(—m) = eV. Similarly the last integral

also reduces to eV. Therefore the dc current for the case of D = 1 and different

gaps case can be written as:

IDC = % |:26v — /OO dstanh(Qk;T) [|(]L(g){2 —+ ‘JL(5>‘2|CL§<€ + €V>‘2
+ | TH@)|[al (e + eV)[*|ak (e + 2eV)[* + |T5 ()| |af (e + eV)|?
+ |ag (e + 26V)|2{a§(5 + 36‘/)‘2...]
+ /Z detanh(ﬁ) [TEE)) + [TRE)[*|a (e — eV + | TR ()|
| (e — eV)[*|afi(e — 2eV)|* + | TR (&) "] ak (e — eV)[*|afi(e — 2¢v)|”

lak (e — 3eV)\2...]] (7.79)
To check this expression, if Ay = Ay then Eq. (7.79) becomes

e 0 €
Ipc =5 — [QeV — /OO dstanh<m> 1T + [J(e)*lai(e + eV)|* + [J(e) |
a1 (e 4 eV)*|as(e + 2eV) | + | (e)|*]ar (e + eV)|?

las(e + 2eV)[*|as(e + 3eV)|*...]
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+ /OO detanh(%gT) 1T + | () |ar(e — eV) > + |J(e)]?

lai(e — 6V)‘2’(I2(€ — 26V)|2 + |J(5)]2\a1(6 — eV)|2|a2(€ — 26V)]2

(e — 36V)|2...]}

=57 |:26V /_Z datanh( ok T) [T (&) ar(e + eV)]> +|J(e)|
a1 (e + V)’ |az(e + 2eV)|* + |J(e)]ay (e + eV)]?

|as(e + 2eV)*las(e + 3eV)[>..]

+/_OO dftanh( o T)[U( e)Plai(—e — eV) [ + | J(—e)?

la1(—e — eV)|2]a2(—£ — 261/)\2 + |J(—€)|2|a1(—€ — 6V)|2

|ag(—e — 2eV)||as(—e — 36‘/)’2...]1

= o lpev -2 [ dtmin (G YR+ V)P 4 L

—00

a1 (e + V)’ |az(e + 2eV)|* + |J(e)*]ay (e + eV)]?

+ |ag(e + 2¢V)||as(e + 36V)|2...]}

- = {eV /Oo dstanh(% T) 17(e)Plas (e + V)P + ()2
lay(e + V)P |az(e + 2eV)|? + |J(e)]]ay (e + V)]

+ |as(e + 2eV)||as(e + 3€V)|2...]:| (7.80)

which is the same as Eq. (7.43) for the case D = 1 except Eq. (7.80) is twice as
large because we included both hole-like quasiparticles incident from the left and
right and electron-like quasiparticle incident from the left and right.

I can now generalize to the case of two different gaps and transparency D not
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restricted to one. Consider for example the k& = 1 Fourier component which gives
the e2¢Vt/" terms. To make the source of each contribution clearer, I use subscripts
R and L to label contributions that are from the right (R) and left (L) interfaces or

electrodes. Thus I find from:

. e o0
Lo = %V C / de[J1(2)as, (e, V)AL (6, V) + Au(e, V)AL (e, V)

(1 +agr(e, V)ay(e,V)) + Aap(e, V) A3, (e, V)

1

(1 + aar(e, V)ag(e,V)) + .| es/kBT 4 |

_eizth/h% / de|J5(e)azn(e, V) Aig(e, V) + Al p(e, —V) Agg(e, =V)

(1 + a;R(& _V)a4R(5’ _V)) + A;R(57 _V)A3R(57 _V)

1

(1+ajp(e, =V)agr(e, =V) + ]m

- et C [ el ans e, V) Ao, —V) + Assle, V) ATy (e, -V)

(1 + aar(e, =V)az(e, =V)) + Asp(e, =V) Az (e, =V)

1

(1 +ae(e, =V)ay (e, =V)) + .. es/kBT 4 |

. e [~
" ezQth/h%/ de[Jr(e)asp(e, V)AIR(e, V) + Air(e, V) Asp(e, V)

(1 + aQR(ga V>GZR(5’ V)) + AQR(& V)A?;R(g’ V)

1

(1 + asr(e, V)agp(e,V)) + .. ce/heT 1 1

(7.81)

The first term in Eq. (7.81) comes from electron-like quasiparticles that are incident
from the left electrode. The second term is due to electron-like quasiparticles that

are incident from the right electrode. The third term is due to hole-like quasipar-
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ticles that are incident from the left electrode and the last term is due to hole-like
quasiparticles that are incident from the right electrode.

Examining the first term and the third term, we will show that they can
be combined. Similarly, we will see that the second and the fourth terms can be
combined. To see this, I change the integration variable from ¢ to -¢ in the third
and the fourth terms, and after some rearranging so that the two L terms are first
and the R terms second:

o = e [ / Al (2)az (6, V) AL (e, V) + Ar(, V) As (e, V)

(1 +agr(e,V)ay (e, V) + Aar(e, V) A5, (e, V)

1

(1 + aar(e, V)ag(e,V)) + .| es/ksT 11

— /OO del[J} (—e)agp(—e, =V )AL (—e, = V) + Ay (—e, =V ) Al (=&, =V)

(1+ agp(—e,—V)as, (—e,=V)) + Asp(—e, = V) A5, (—e,=V)

1
e—¢/ksT +1

— /OO delJg(e)asr(e, =V )Air(e, = V) + Alg(e, =V) Aog(e, =V)

(1+agr(—e,—V)ay (—e,—V)) + ...]

(1 + CL;R(&:, —V)CL4R(€, —V)) + A;R(E, —V)AgR(E, —V)

1

(1 +ayg(e, =V)asr(e, =V)) + ]m

+ / " Gl n(—)akn(—e, V)AL (=2, V) + Avn(—z, V) Abp(—e, V)

(1 + asp(—e, V)asp(—e,V)) 4+ Aor(—e, V) Aip(—¢,V)

1

(14 asr(—¢, V)agp(—¢,V)) + .. e—</ksT 4 |

(7.82)
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I can now use Eq. (7.39) and Eq. (7.42) to simplify Eq. (7.82) and arrive at

Tac = elzew/h%[—/ de[Jp(e)asy (e, V)ATL(e, V) + Ai(e, V) A5 (e, V)

—00

(1 + CLQL(E, V)CLZL(?E, V)) + AQL(€, V)A;L(ﬁ, V)

(1+ agr(e,V)ag,(e,V)) + ...] tanh ( )

2kpT

+ /_00 de[Jp(e)asr(e, —V)A1r(e, = V) + Alp(e, = V) Agr(e, =V)

e}

(14 azp(e, —V)agr(e, —=V)) + Asr(e, =V ) Asg(e, —V)

(14 ajp(e, —V)agr(e,—V)) + ...] tanh ( ) (7.83)

2%kpT

Finally take all the Fourier components and combine them with the dc term, we get

the final current expression for the case of different gaps:

I(t) =) Ie™Vh (7.84)
k

where the k-th Fourier component is:

o

e

+Z 1+ aiallt) AP AL — W prh)y)

2(n+k) n n+k n+k

detanh( )<JL< J(ap D 1 ath) A0

2kpT

[e.9]

+/ detanh(kaT) (JR(E)((I;];)AI(CR) + *(ﬁ)A (,f))

*(R) * *
# Y0+ el AP A, - BB (7.5
In this expression o™ _ = a®i9" (e +-meV) and o' ..., = aXIt(e + meV).
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Note that for a quasiparticle incident from the left, the Andreev reflection amplitude
depends on the interface it hits. If it is an odd number subscript, then the Andreev
reflection amplitude is for the right superconducting gap (Ag). On the contrary, for

an even number, the Andreev reflection amplitude is for the left superconducting gap

(Ar). Similarly for a quasiparticle incident from the right, affzxdd = al*/t(e—meV)
and aff_)>even = a9 (¢ — meV); the odd indices are for the left superconducting

gap (Ap) while the even indices use the right superconducting gap (Ag). Thus:

1 e —sgn(e)(e? — A2V |e| > Ap
CLLeft(€) = A_ X t (786)
t e —i(A2 — )12, le| < Ay
while
| L | emsone@ = a2, el > a
QR () = _ & (7.87)
Ap :
e —i(A% — g2)1/2) le| < Ag.

To calculate the I — V' characteristics from Eq. (7.57) for the asymmetrical
junction with the MAR effect, one needs to use the definition of a(e) from Eq. (7.86)
and Eq. (7.87) to plug into the recursion relation Eq. (7.18) and Eq. (7.13) to get
A%R), A%L), B and B, However keep in mind that the two electrodes have
different superconducting gap, thus we need to be careful of which Andreev reflection
amplitude to use. For example, the recursion relation for an incoming electron
incident from the left can be expressed as:

A5LL+)1 - a2Rn+1a§nA(L) = \/E(agn—&—QBffk)l - a§n+lB£LL)) + Jaf(Sno (7-88)

n
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and

R L R 2 L \2
D &2n+1a2n+22 Br(Lﬁ-)l . |:D(1 (a2n+1) 4 (a2n) )2) +1— (agn)21 B&L)

1- (a%nﬂ) - (a§n+1)2 - (aé%n—l "
a§ a§ 1 (L)
+D—="—B," = =V RJb,o (7.89)
1 - azR . n—1 5

we then obtain AYY and B{" terms. Similarly, I can also get AP and BYY. 1
plug them into Eq. (7.85) and numerically integrate the equation to get the cur-
rent. For this calculation, I modified the Fortran code provided from Averin for the
symmetrical MAR effect case (see Appendix D).

Figure 7.7 shows an example of the dc I —V characteristics of an asymmetrical
S-I-S junction calculated using Eq. (7.85) for different values of D and for 7' = 0.
Here I set the ratio of the two superconducting gaps to Ar/A; = 2 so that the
sum of the gaps is A;, + Agr = 1.5Ag. As expected, the I — V shows a sudden rise
at V = 1.5Ag/e. For D = 0.4, for example, we see clear subgap current steps at
V =Ag/eand V = AL /e.

I also used Eq. (7.85) to examine what happens to the I(V) characteristics
when the temperature is not at T' = 0 K. Figure 7.8 shows examples of the dc [ —V
characteristics calculated using Eq. (7.85) at different temperatures. In this case,
I set the transparency parameter to D=0.25 and used a superconducting gap ratio
Ar/AL=1/0.47. Notice that when the temperature is higher, the current increases
in the subgap region. This happens because there are more quasiparticles present
to generate MAR. Examining Fig. 7.8, one also sees that the subgap steps become

more rounded for higher temperatures.
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Figure 7.7: Calculated I — V characteristics of an asymmetrical S-1-S
junction with MAR at T" = 0. The ratio of the two superconducting
gaps is Ar/Ar, = 2 and the different curves correspond to D value of 1,
0.99, 0.9, 0.7, 0.4, 0.1. and 0.01 from top to bottom.
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Figure 7.8: Calculated I — V' characteristics for transparency D = 0.25
and Ag/A; = 1/0.47. The different curves correspond to kgT/Ag val-
ues of 1, 0.3, 0.2, 0.1 and 0.005 from top to bottom.
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Another interesting effect that we can examine by a trivial modification of
Eq. (7.85) is what happens to the I(V) curves when the big gap superconductor
and the small gap superconductor have different temperatures. Asymmetric junc-
tions have been used as electronic refrigerators [128-130] and thermal transport and
heating effects can be important in small junctions. For example, in the supercon-
ducting STM, since the STM tip sits on the end of a long thin superconducting wire,
it may have more difficulty dissipating heat and reach a higher temperature than a
superconducting sample when the junction is biased at a non-zero voltage. I also
show in Chapter 5 how local heating effects seamed to be important.

Figure 7.9 shows four I —V characteristics for four different scenarios. For all
the curves I set the superconducting gap ratio to Agr/A;=1/0.47, the transparency
to D = 0.1 and Az = 1 meV. The red points are for T, = T = 0.06 K. The black
points are T;, = 0.06 K and Ty = 2.3 K. The blue points are for T, = T = 2.3 K
and green diamonds are for Ty, = 2.3 K and T = 0.06 K. Comparing the red and
the black curves, we see that the characteristics seem not to be affected. This is not
surprising because Ar > kgT and Ap > kgT'. In contrast, comparing the green
curve to red or the black curve in Fig. 7.9, we see the current is somewhat higher
in the subgap region for the green curve, causing the I — V characteristic curve to
be shifted upwards. This suggests that the characteristics are more sensitive to the
temperature of the electrode with a smaller superconducting gap, which is what we
would have expected since more quasiparticles will be excited in this case. Finally,
comparing the blue and green curves, we see the I —V characteristics are essentially

the same, even though the temperature of the high gap side is different. Again, this
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is consistent with the characteristics being less sensitive to the temperature of the
electrode with the larger superconducting gap. In principle this behavior can be

used to determine the temperature of each electrode in the junction.

7.5 The Josephson effect

Electrons in a superconductor form Cooper pairs with charge 2e below the
transition temperature 7.. The ground state of a superconductor system can be
described by a single macroscopic wave function ® = |v/N|exp(i¢) where the phase
¢ is well defined and N is the number density of pairs. A Josephson junction is
formed when two superconducting pieces are separated by a thin insulating layer.
Ignoring quasiparticles and assuming that the barrier is sufficiently high so that
we can ignore MAR, many of the electrical properties of such a junction can be
understood by using simple quantum mechanics [131].

Following a discussion in Feynman’s Lecture on Physics, we can write the

wavefunction of the pair as

2
U =>" Catha (7.90)
a=1

where 1), is non-zero only in superconductor 1 and 5 is non-zero only in supercon-
ductor 2. If the two superconductors are uncoupled, then we can write Schrodinger’s

equation for each superconductor as:

Oy
ih= = Eatla (7.91)
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Figure 7.9: Calculated I — V' characteristics for different electrode tem-
peratures with transparency D =0.1, Ag =1 meV and Ay = 0.47 meV.
The open red triangles have T, = T = 0.06 K. The solid black squares
lie on the red points but have 7, = 0.06 K and T = 2.3 K. The open
green diamonds have T = 0.06 K and 7, = 2.3 K. The blue points have
T, =Tk = 2.3 K and lie on top of the green diamonds.
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Here E,, (for a = 1,2) are the energies of the uncoupled superconductor 1 and 2.
If the superconductors are now joined by a thin insulating region and the

insulator thickness is small enough, the wavefunctions from the two superconductors

can overlap with each other, and the wavefunction of the coupled superconductors

should satisfy the Schrodinger equation

ov A
h—= = HV, 7.92
th— (7.92)
where
E1 —|— G*V/Q —K
H= (7.93)

—K  Ey—e'V)2

is the total Hamiltonian. The diagonal elements Hy; = E; + e*V/2 and Hy =
Ey — €*V/2 correspond to the energies of state 1 and 2, where e* = —2¢ is the
charge of a Cooper pair. The off-diagonal elements Hi;, = Hy; = —K describe
couplings between the two superconductors. Substituting Eq. (7.90) and Eq. (7.93)

into Eq. (7.92), we have

a(é (7.94)
ma—t? = —KCy(t) — eV Oy(t)

I now let C} = /N1, Cy = /Nye'®? where N; and N, are the number density of
Cooper pairs in superconductor 1 and 2. Separating the real and imaginary parts,

we find equations for the N; part,
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dN,

FLW = -2K NlNQ Sil’l((f)g - le) (795)
or:
th% = —€VN1 + K\/ NlNg COS(¢2 - ¢51) (796)

Similarly we have for the N, part,

dN.
hd—tQ = 2K /Ny Ny sin(¢y — ¢1) (7.97)

or:
hNQ% = 6VN2 + K\/ N1N2 COS<¢2 - ¢1) (798)

Adding Eq. (7.95) and Eq. (7.97) we find d(N; + N3)/dt=0 and N; + N, must
be constant, as required by charge conservation. If we multiply Eq. (7.95) and

Eq. (7.97) by the charge —2e, I find

dN K

—2ed—tl = e/ NiN2sin(62 — 1) (7.99)
N. K

26% = de—/NiNysin(6z — ¢1) (7.100)

Examining Eq. (7.99) and Eq. (7.100) we see that they have the same form as the

dc Josephson equation [30, 31],

I,=1.sin¢ (7.101)

where ¢ = ¢ — ¢9 is the phase difference between the two electrodes, Iy = dQ/dt =
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2e(dNy/dt) = —2e(dNy/dt) is the supercurrent that flows between the two super-
conductors and the critical current of the junction I, = 4eK+/N; Ny /h.

Next consider Eq. (7.96) and Eq. (7.98). Since the individual phases should
play no physical role, we can set ¢ = ¢/2. ¢1 = —¢/2. Equation (7.96) and

Eq. (7.98) becomes,

d
hN1—¢ = €VN1 - K N1N2 COS<¢2 — (251)

C‘;t (7.102)
hNQd_f = €VN2 -+ K\/ NlNQ COS(¢2 — ¢1>

Adding these two equations, we get the ac Josephson equation [30, 31],

h(Ni+ No)dop

5 dt = €V(N1 —+ NQ), (7103)
which reduces to
dp  2eV
o _ .104
dt h (7.104)

Thus the voltage drop V' across the junction is related to the rate at which the phase

difference ¢ changes.
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7.6  Critical current in Asymmetrical junctions with MAR

In the previous section, I presented a simple discussion of the critical current
of a Josephson junction in the limit of small barrier transparency. However, it is
not obvious from that discussion exactly how the critical current is related to the
superconducting gap. In the next chapter I discuss my STM setup with a supercon-
ducting Nb tip and a superconducting Nb sample, which formed a Josephson tunnel
junction. In most cases, the superconducting tip did not show a full gap and thus
we need to understand how this affects the critical current.

Van Duzer in ”Principles of Superconducting, Devices and Circuits” [132]
pointed out that when one electrode has gap A; and the other gap A,, the quasi-

particle current rise Iy, at voltage (A1+A5)/e is given by:

I = G”WQ— ”6A1A2 (7.105)

In the experiment described in the next chapter, I show that A; and Ay can be ex-
tracted from the voltage at which Andreev steps are observed. We also can measure
the point where the quasiparticle current rises and the resistance R,, = 1/G,, of the
I(V) characteristics for V' >> (A; + As)/e. Thus we can compare the theoretical I
value to the measured value /,,. Of course these results are not for the junction
critical current but are for the quasiparticle current in a low-transparency barrier.
I can also measure the critical current of a junction and compare it to the

theoretical prediction of Ambegaokar and Baratoff [133, 134]. In this paper they
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used thermodynamic Green’s functions to find an expression for the critical current

of a junction with arbitrarily low transparency (i.e. MAR effects are not included).

They found:

Io= R A(D)AT) o Y [wf + MD)W + A3 (7.106)
1=0,41,42...

where wi=n(2l+1)/5, f = 1/kgT. In the limit 7" — 0, the sum can be replaced by
an integral and they found:

1
Ip = —R,"A(T)K([1 - ANT)/ A5(T)]'?) (7.107)
where A; is the smaller of the two energy gaps and K is the modified Bessel function

[135]. For a symmetrical junction Eq. (7.107) can be analytically simplified to:

I = ;@R;lA(T)tanh(%ﬁA(T)) (7.108)

which agrees with the well-known Ambegaokar-Baratoff formula [133, 134] for the
critical current of a Josephson junction.

Of interest here is that the critical current can also be obtained from the MAR
theory discussed in the previous parts of this chapter. In particular, Averin’s [122]
calculation of the ac current terms can be used to extract the critical current of a
junction with a single channel at different transparency parameters D, while my
analysis of the case of different gaps allows me to obtain [, for different gaps at

arbitrary transparency. In particular, the critical current is simply related to the
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first Fourier component.

Figure 7.10 (a) shows examples of the real part and the imaginary part of the
first Fourier component of the current I;(t)=I,e**V*/" from Eq. (7.85) with k = 1.
Note Re(I1)=0 when the transparency D < 1. Therefore the only contribution to
the critical current is from Im(/;). Notice in Fig. 7.10 (b), when the voltage V'
approaches zero, the current approaches a finite value. This “a.c. current at zero
volts” is due to the critical current of the junction.

To find an approximate expression for the critical current, we know from

Eq. (7.85) with £ = 1 that we can write:

I = |Im(I})|e 57 (7.109)
[y =|Im(I_,)|ee """ (7.110)
where |Im(/_1)| = |Im(/;)|. We will assume the critical current can be approxi-

mated as the sum of the first Fourier component term (i.e. I, I3...are small) and

write:

Iy="1+ 10 = [Tm(Iy)|(e "G5 4 &G0
2eViE 20Vt
= 2|Im(h)|cos<g — eh ) — 2|Im(-’1)\sin< eh ) 1)

Equation (7.111) is the same form as expected for the Josephson supercurrent.
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Figure 7.10: (a) Normalized real part and (b) imaginary part of the AC
current (first Fourier component) versus normalized voltage for different
transparency D and for Agp/A=1/0.5 at T=0.
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To see this, note that Eq. (7.101) and Eq. (7.104) can be combined to yield

I =1 sin(%;t) (7.112)

Comparing equations Eq. (7.111) and Eq. (7.112), we find the critical current of the

asymmetrical junction is:
I, =2|Im(L)| (7.113)

where [; can be obtained numerically from Eq. (7.85) for arbitrary D, Ay, Ay and
T.

As mentioned in Ref. [136], Haberkorn et al. obtained results for the critical
current for a junction with arbitrary transparency and electrodes with the same gap.
In fact, Averin et al. note in their paper that they obtained the same form as [136]
by using the ac current expression [122]. However the expression Haberkorn et al.
[136] found was only for a symmetrical junction. Here I have obtained results for
the critical current of an arbitrary transparency asymmetrical junction. In practice,
Eq. (7.85), Eq. (7.86) and Eq. (7.87) can be evaluated numerically to calculate the
value Iy = 2|Im(/y)| in the limit of V' = 0.

Finally, in Fig. 7.11 I plot the normalized critical current as a function of
the temperature 7' by evaluating Eq. (7.85) for Ap = 1 meV, k = 1, Ag/Ap=2
and D=0.5. Note that the critical current reaches a maximum value of about

0.62(2A/eR,,) at T = 0 and decreases rapidly above about 2 K. For the blue curve,
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I assumed that Ag and A, are independent of temperature, which is why the plot
still shows a critical current at relatively high temperature. For the orange curve
I assumed a BCS temperature dependence for the gaps with Az(0) = 1 meV and
A (0) = 0.5 meV. I then used BCS theory to calculate the corresponding gap at
specific temperatures and with these gap values, obtained the critical current by
evaluating Eq. (7.85). Note that this critical current decreases much more rapidly

above 2 K and goes to zero at 3.5 K, when the left electrode goes normal.

7.7 Conclusion

In conclusion, I first discussed Averin and Bardas’s derivation of a theoretical
model of the I(V) of symmetrical S-I-S junctions with MAR [122]. Once I under-
stood their Eq. (6) for the current [122], I moved on to generalize the theory to the
asymmetrical S-1-S junction with MAR. I showed that this generalization essentially
yields the same result for the I(V) as in Ref. [126], which used a Green’s function
approach.

Using the generalized theory, I also obtained an expression for the critical
current of an asymmetrical S-I-S junction and its dependence on the transparency
D. In Chapter 8, I will show the experimental results from STM of an asymmetrical
S-1-S junction with a Nb tip and a Nb sample. Although both the tip and the
sample are nominally the same material, the tip does not show a full Nb gap, hence

our junction is essentially an asymmetrical junction with different superconducting
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Figure 7.11: Semi-log plot of normalized critical current I./(ArGr/2e)
vs. logarithmic scale of temperature 7' calculated from Eq. (7.85),
Eq. (7.86) and Eq. (7.87) for transparency D = 0.5. The blue curve uses
fixed Ap =1 meV, Agr/A;=2 while the orange curve uses temperature
dependent gap from BCS theory Ax(7T') and AL (T) with Ag(0) = 1 meV
and Az (0) = 0.5 meV.
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gaps. [ also discuss the critical current of our STM formed Josephson junction using
the MAR theory of the critical current that I described in Section 7.6. Finally, I
note that a critical current is a signature of a phase coherent response of the tunnel

junction and it is essential for constructing a SQUID STM.
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CHAPTER 8

Ultra-small Josephson Junction Formed Using a

Nb STM Tip and Nb Sample

8.1 Introduction

Multiple Andreev Reflection (MAR) effects [137-141] become important when
two superconductors are connected through a weak link that has a non-negligible
transparency. As I discussed in Chapter 7, MAR causes current to flow at subgap
voltage V' = A/ne, where n is a positive integer. The current-voltage charasteristics
for a single superconducting channel with MAR and arbitrary transmission has been
calculated theoretically [122-125] and my own analysis for the case of different gaps
is presented in Chapter 7. Numerous previous experiments have demonstrated MAR
effects in mechanically controllable break-junctions [137, 138, 141, 142] and scanning
tunneling microscopy (STM) [71, 139, 140, 143]. However, investigations of MAR
effects in Josephson junctions that have electrodes with different superconducting
gaps is apparently relatively rare, not only experimentally but also theoretically
[71, 126]. Recent interest in Josephson STMs [32, 36, 144-146] has been driven
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by the need for better understanding of the physics of small Josephson junctions
[147-154] and the behavior of high 7T, superconductors.

In this chapter, I describe my use of a scanning tunneling microscope (STM)
[20] to look at atomic-scale superconducting tunnel junctions formed between a Nb
tip and a Nb sample. In Section 8.2, I discuss the sample preparation and the
experimental setup. In Section 8.3, I show the I — V' characteristics obtained at 50
mK and 1.5 K for junction tunnel resistance R,, from 10 M to 300 2. I analyzed
the I —V characteristics by fitting to the MAR theory of Chapter 7. Depending on
the temperature 7" and distance z between the tip and the sample, which determines
the tunneling resistance R,, and the junction capacitance C, the junction can be in
the phase-diffusion regime [34-36, 38, 71|, the underdamped small junction limit
[64] or the point contact regime [143, 155]. Next, in Section 8.4 I discuss some
important parameters extracted from the fits and some other phenomena, including
early switching current and finite resistance on the supercurrent branch. Finally, I

conclude in Section 8.5 with a summary and discussion of some implications.

8.2 Sample preparation and experimental setup

Each tip in the millikelvin dual-tip STM [41, 42] (see Fig. 8.1) was made from
250 pm diameter Nb wire etched in an SFg reactive ion etcher for about 90 minutes
[94]. Each tip was mounted on the STM and was usually cleaned by performing

high voltage field emission on an Au(100) or Au(111) single crystal under vacuum
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conditions. To perform field emission on a tip, I turn off the z-feedback, pull the tip
a few nanometers away from the sample, and then ramp the sample bias to 80-100
V. The current is monitored during the ramp until we see a sudden drop of the
current to zero, indicating that the front part of the tip has been ripped of. After
cleaning, the quality of the tip is checked by taking I — V' spectroscopy on the Au
sample to see if the tip is metallic (or superconducting) and by taking images to see
if the tip is atomically sharp. Once the quality of the tip is good, I use the sample
transfer system to take out the Au sample and put in the sample that I would like
to examine next.

[ used a 4.5 mm x 4.5 mm x 1 mm Nb (100) single crystal as our sample [156].
The sample was prepared by Ar ion sputtering with a kinetic energy of 2 keV at
an Ar pressure of 2.0 x 10~° mbar for 3-4 hours followed by annealing to 900°C in
UHV for 20 minutes. This cycle was repeated two or three times and the sample
was then transferred to the STM mounted at the mixing chamber without breaking
vacuum [41]. Figure 8.2 shows topographic images taken from the Nb(100) surface
at 1.5 K and 50 mK. Atomically flat terraces are clearly visible.

To measure I(V) characteristics I used a relay box to switch from a standard
voltage-biased mode to a current-biased mode (See Fig. 8.1). In voltage-biased
mode, I acquired topographic images, I(V) and d//dV — V curves. In the current-
biased mode, I used either a 1 M2, 10 MQ or 100 M{2 resistor in series with the
voltage source to set the current I and then measured the voltage V' across the
junction using an SR560 voltage amplifier. See Section 2.4 for a detailed description

of the current-bias mode.
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Figure 8.1: Relay box used to switch from STM topographic mode to
current bias mode. Ry is set to 1 M€, 10 M or 100 MS2, depending on
the tunnel junction resistance. R, = 220 € is the resistance of each wire
and R, is the contact resistance between the sample mounting stud and
the measurement wires.

50 mK-1.5K
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50 nm 50 nm

Figure 8.2: Topography of different regions on the Nb crystal surface
obtained using the STM at (a)-(d) 1.5 K and (e)-(f) 50 mK.
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8.3 I — V characteristics from a Nb tip and a Nb sample

Figure 8.3 shows three I — V' characteristics for junction tunnel resistances of
R, =72 k), 7.9 k2 and 460 €2. This data was acquired using the current-biased
mode at 1.5 K. The blue points are from the backward sweeps (from positive current
to negative current) and the black points are from the forward sweeps (from negative
current to positive current). Before plotting, the data was processed by subtracting
the effect of a contact resistance R, ~ 173 ) between the sample mounting stud
and the measurement wires (see Fig. 8.1).

Examining Fig. 8.3 (a), which shows I(V) when R,, = 72 k{2, we see that the
curve looks somewhat like a standard S-I-S tunneling junction with a well defined
current rise at voltage V' = (Ayp + Asample)/€ &~ 2.1 mV. The quasiparticle current
rise at V' = 2.1 mV is I, = 23 nA. The main discrepancies between this I(V) and
standard S-1-S tunneling characteristics are the apparent absence of a supercurrent
and the significant subgap current steps at about 0.67 mV and 1.4 mV. The current
steps are more easily seen in the detailed plot of the sub-gap current shown in
Fig. 8.4 (a), which also reveals a supercurrent of about 450 pA. The current steps
are what one expects from MAR and the voltages at which they occur provide a
direct measure of the gap in the electrodes. Moreover, Fig. 8.3 (b) and (c) show
that the steps and supercurrent increase rapidly as the tunnel junction resistance
decreases.

The red curves in Fig. 8.3 and Fig. 8.4 show my fits to the MAR theory, with

T = 0 and the other parameters given in Table 8.1. The theory replicates the clear
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Figure 8.3: I — V characteristics for junction tunneling resistance mea-
sured at T =1.5 K of (a) R, = 72 k2, (b) 7.9 kQ and (c) 0.46 k2. In
each, the blue curve is a forward sweep, the black curve is a backward
sweep, and the red curve is a fit to the asymmetrical MAR theory of
Chapter 7. Note the red line at zero voltage is the ideal critical cur-
rent Iy predicted from the MAR theory at 1.5 K. See Table 8.1 for fit
parameters.
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Figure 8.4: (a) Semi-log plot of I —V characteristics from Fig. 8.3 (a). (b)
and (c) show detailed view of low voltage section of I — V' characteristics
from Fig. 8.3 (b) and (c¢). The ideal critical current is off-scale and not
shown.
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Table 8.1: Extracted parameters R,,, Atip, Asample, Asum, D, Z from fitting the I —V
characteristics in Fig. 8.3 (a)-(c) to the asymmetrical MAR model at 7' = 0. Z is
the barrier height parameter and D is the transparency parameter.

Asample Atip Asum
R, (kQ) D A
(meV) (meV) (meV)

Fig. 8.3 (a) 72 k() 1.43 0.668 2.098 0.035 4.25

Fig. 83 (b) | 7.9 kQ 1.48 0.592 2.072 0.27 1.644

Fig. 8.3 (c¢) | 0.46 kO 1.4 0.56 1.96 0.6 0.816

sudden rise at the sum of the superconducting gaps, and the subgap steps. The
subgap structure is very sensitive to the transparency value D, with a best fit value
of 0.035 for the R,, = 72 k2 curve in Fig. 8.3 (a) and Fig. 8.4 (a). Fitting this curve
also gave two gaps with Agample = 1.43 meV and Ay, = 0.67 meV.

Figure 8.3 (b) shows the corresponding I — V' characteristics for R,, = 7.9 kQ,
again with the red curve being the fit to the MAR theory. At V = Ag/e = 2.1 mV,
the quasiparticle current I, ~ 250 nA. Fitting this curve to the MAR theory with
T =0 gives D = 0.27. Thus the junction characteristics in Fig. 8.3 (b) correspond
to a much more transparent tunnel barrier than that of Fig. 8.3 (a). The subgap

currents are also much larger in Fig. 8.3 (b) than Fig. 8.3 (a). Moreover, in Fig. 8.4
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(b), the switching current is Iy ~ 32 nA, which is about 80 times larger than the
switching current in Fig. 8.4 (a), even though R, differs by less than a factor of 10.
Note however that the switching current is not a true super-current because this
part of the I(V) curve has a non-zero resistance Ry ~ 373 Q. Fig. 8.4 (b) also shows
hysteretic behavior with a retrapping current I, (the current when switching from
a finite voltage state to the zero voltage state) of 4.6 nA.

If we keep lowering the junction resistance, the (V) curve continues to evolve.
Figure 8.3 (c) shows the situation for R, = 460 Q. The characteristics are very
rounded and very unlike a traditional S-I-S tunneling characteristic. Note that I,
has increased to nearly 5.1 pA while the switching current has increased to nearly
2 pA. In this regime, unlike the hysteretic behavior in Fig. 8.3 (b), the switching
current [, is nearly equal to the retrapping current I,.. Fitting the MAR theory to
this data at T'= 0, I found D = 0.6 and gaps of 0.56 meV and 1.4 meV.

Here is a good place to comment on the identification of the gap of the sample
and tip. I typically saw that one of the gaps was close to the value expected for
bulk Nb (1.52 meV) while the second gap was typically smaller and varied with the
tip cleaning. For this reason, I identified the larger gap as being due to the sample
and the smaller gap as being due to the tip. As Table 8.1 shows, Ay, is significantly
smaller at R,, = 460 €2 compared its value at R, = 72 k(). I also note that the red
fit curve in Fig. 8.3 (c¢) disagrees noticeably with the data below 1.5 mV, but overall
the fit does a remarkably good job of fitting the data. One possible explanation is
that our single channel MAR theory does not apply to the situation of low junction
resistance, and one needs to consider multiple channels with different transparencies
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[137-141].

Since we expect a single conductance channel can at most contribute a conduc-
tance of 2 x 2¢2/h ~ (6.5 kQ)~!, it is not surprising that the single channel MAR
theory may fail for R,, < R, = 12.9 k). To better understand this limit I measured
how the tunneling current at fixed voltage varied with the distance from the surface.
For these measurements, I set the sample voltage at 3 meV, which is above the gap,
and adjusted z to set R,. I then recorded the current / while retracting the tip
a distance Az = 1.5 nm. Figure 8.5 shows the conductance G = I/V, normalized
by the quantum conductance (2¢?/h) vs. the retraction distance Az. The different
colors represent curves with different starting resistances R,,. This also means that
the initial point of each curve has a different distance between the tip and the sam-
ple. T note that at V' >> (A; + Ay)/e, the junction resistance in the STM is set by
the bias voltage V' and the set current I, with R, &~ V/I. Here I actually set the
current, and since I o e~%* this requires a smaller tip-sample separation for a lower
junction resistance. The curves shown in the plot are not in chronological order.

Examining Fig. 8.5, one sees two orange curves starting at R, = 7.5 k(2. One
curve shows a fairly smooth exponential-like dependence while the other curve just
shows some small sudden jumps in conductance. This second orange curve was taken
after a scan in which the tip had made contact with the sample surface. Evidently
a slight deformation of the tip or sample occurred during the previous scan. The
red curves show the behavior when I set the initial resistance to 3 k2. Many large
random jumps appear as the tip is withdrawn. We can safely conclude that at 3

k€, the tip is making physical contact with the sample, causing deformation of the
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tip or sample, or causing the transfer of material between the tip and sample. As
the tip moves away from the sample, different parts of the tip leave the sample at
random times causing this irregular behavior in the I-Az curve.

As observed in break junctions, the typical variations in conductance are of
the order of the quantum conductance [137, 138, 140, 141]. Since the tip makes
solid contact with the sample for R < 3.9 k€2, and a single channel would have a
conductance of 6.5 k{2 (considering quasiparticles with both up and down spin), at
least two channels must be contributing. If these channels have different barrier
transparency, then my single channel asymmetrical MAR theory will not fit.

Another small but significant discrepancy between the MAR theory and the
measured characteristics is visible in Fig. 8.3 (a) and Fig. 8.3 (b) at V = 2.1 mV;
the theory systematically predicts less current or, we could say, the current rises
above the theory at the sum of the gaps.

To illustrate what might be going on, Fig. 8.6 shows the measured I — V
characteristics (blue) for a junction resistance of R, = 13.5 k2. A detailed view
of the subgap region of this curve is shown in Fig. 8.7. One sees a clear hysteretic
behavior with a switching current I, = 12 nA and a retrapping current [, = 1
nA. The green, pink, purple and red curves in Fig. 8.6 were calculated using MAR
theory for temperatures of 13.3 K, 8.3 K, 5 K and 0 K, respectively. Notice that
the 13.3 K curve (green) has more current at all voltages and in particular it follows
the data quite nicely for V' > 2.1 mV. Of course 7' < 13.3 K and the curve does not
follow the data for V' < 2.1 mV. Nevertheless this suggests that the junction may
be self-heating to a rather high temperature when biased at voltages above the sum
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Figure 8.5: Normalized conductance (G/Gy) vs distance Az for different
starting normal resistance R,, where Gy = 2¢?/h is the conductance
quantum and Az is the distance from the original tip position where we
set R,,. All measurements were made at V = 3 mV and T = 1.5 K.
Around G = G, the curves have occasional sudden jumps, suggesting
the tip is forming a point contact with the surface. For G > 3 Gy, the
tip probably makes solid contact with the sample and the large variation
in conductance is probably due to different parts of the tip leaving the
surface at slightly different times.
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Figure 8.6: Blue and black points show measured I — V' characteristics
at T'= 1.5 K for R, = 13.5 k2. Green, pink, purple and red curves
correspond to calculated MAR theory curves for T'=13.3 K, 8.3 K, 5 K,
0 K, respectively. Here I used Agample = 1.43, Agip = 0.667 and D = 0.15
for all curves.
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Figure 8.7: Detailed view of subgap current behavior shown in Fig. 8.6.
The blue points show the measured forward sweep (large current to small
current), the black points show the measured backward sweep and the
red curve is a simulation at 7" = 0 K. Note that the zero voltage supercur-
rent branch has a non-zero resistance. For this simulation Agampie = 1.43,

Ayp = 0.667, D =0.15, T = 0 K and R, = 13.5 k(.
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of the gaps. Note that this heating effect cannot be as significant in the sub-gap
region, but of course the dissipated power I x V is also much less in the subgap
region.

Figure 8.8 (a) shows Ay, + Agample (black squares), Ay, (red circles), and
Agample (blue triangles) versus R, extracted from fitting the MAR theory to the
measured I(V) curves. Note that A, + Asample i constant at about 2.2 mV for
R, > 10 k, but for R,, < 10 k{2, it drops steadily. The red dots show Agumple ~ 1.48
meV which are nearly constant, this is close to the full superconducting gap of bulk
Nb sample (1.5 mV). The blue triangles show the smaller gap value Ay, which is
only ~ 0.7 meV: since the Nb tip was exposed to air and Nb with O dissolved in it
has a lower T, it is perhaps not too surprising to see a reduced gap value. A gap of
Agip = 0.7 meV; suggests T, ~ 4.5 K, which is consistent with 5 % oxygen in Nb
[157]. This is below the solubility limit of 9% [158]. It may also be note that the
end of the tip was contaminated in some other way, producing a superconducting
gap that is less than the bulk Nb gap.

From Figure 8.8 (a), we see that the gap of the Nb sample Agumple stays almost
constant over the full range of R,, actually there is a drop of about 0.03 meV at
small R,, values, which is barely visible on the plot. In contrast, Ay, decreases as
R, decreases below 5 k(). I note that this decrease is consistent with the decreasing
in the sum of the superconducting gaps, which was measured separately from the
I(V) characteristics. One possible explanation is that when the junction resistance
is below 5 k(2, the tip starts to make contact with the sample. This applies pressure

to the material at the tip, reducing its 7,.. In contrast, the sample 7T, decreases
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Figure 8.8: (a) Superconducting gap of the Nb sample (red), Nb tip
(blue) and the sum of the gaps of the Nb sample and the tip (black) as
a function of tunneling resistance R, of the junction. (b) Transparency
parameter D as a function of R,,.
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relatively little, perhaps because pure Nb is less sensitive to pressure than oxygen-
doped Nb, or perhaps because the spindly tip compresses more than the sample.
Another possible explanation is that the large current running through the junction
causes heating. The small tip not only has a harder time dissipating heat than the
sample, but it has a smaller T, due to contaminants compared to the sample, leading
to a larger decrease in the superconducting gap.

Figure 8.8 (b) shows the corresponding plot of transparency D wvs. R,, from
fitting the asymmetrical MAR theory to the [(V) data at 1.5 K. As expected, D < 1
when the junction resistance R, is high, indicating very low transparency and the
junction is in the standard S-I-S tunneling limit [64]. As the tip and sample get
closer, R, decreases and the transparency D becomes larger. Interestingly, D did
not reach 1 as R,, — 0 but saturated at around 0.6.

Figure 8.9 shows plots of I, Is and I, vs. the junction tunneling resistance R,,.
I, is the largest current value around the voltage of the sum of the superconducting
gap where it has the sudden rise in current. I, is the current where it switches out to
the finite voltage state from the supercurrent branch, while I, is the current where
the junction is retrapped back to the supercurrent branch from the finite voltage
state. The filled points (squares, circles, triangles) were taken at 1.5 K and the
open points (squares, circles, triangles) were taken at 50 mK. The cyan stars are the
theoretical prediction of the critical current Iy from the asymmetric MAR theory
at 1.5 K and the red hexagons are the theoretical prediction of the quasiparticle
current I, from the asymmetrical MAR theory. The behavior can be divided into

three regimes. For 10 kQ2 < R,, > 100 k€2, no hysteresis and no switching current

230



8.3. I —V CHARACTERISTICS FROM A NB TIP AND A NB SAMPLE

is observed, consistent with thermal fluctuations destroying phase coherence [34—
36, 38, 71]. For R, < 100 k€, a small supercurrent branch and a switching current
I, are observed (triangles). In this regime, the switching current I, is only 1 % to
10 % of the ideal critical current [y (cyan stars). The retrapping current I, (green
circles) is relatively large, indicating significant damping in the junction. As R,
decreases, the retrapping current I, increases much more rapidly than the switching
current I,. For R, < 3 k{2, where the tip and the sample make contact, I, ~ .

I note that although there was a strong dependence of the junction behavior
on R, there was very little difference between the data at 1.5 K (filled symbols)
and 50 mK (open symbols). Although the thermal energy of the junction at 50 mK
was nominally 30 times smaller than at 1.5 K, I, was not significantly larger at 50
mK, nor was [, substantially smaller at 50 mK. This suggests that the value of the
switching current in our STM junction is not being limited to the thermal energy
of the bath. One alternative is macroscopic quantum tunneling [64, 159, 160] of
the phase, which becomes important because of the small critical current and small
capacitance between the sample and the tip. Another possibility is external noise
driving the system to switch into the non-zero voltage state. A third possibility
is that with an applied bias current, heating in the leads is creating temperatures
well-above the bath temperature. This last two alternatives are unlikely, as principle

measurements in our system have shown relatively low noise [40].
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Figure 8.9: Nb-Nb junction parameters including extracted quasiparticle
current I,, (black squares), switching current [, (blue triangles), and
retrapping current I, (purple circles) plotted vs. R,,. The filled symbols
were taken at 1.5 K whereas the open points were taken at 50 mK. The
cyan stars are the critical current values obtained by fitting the I(V) data
to the asymmetric MAR theory of Chapter 7 at 1.5 K. Red hexagons
are the quasiparticle current values obtained by fitting to the asymmetric
MAR theory at 1.5 K. Above 0.1 Mf), there was no observed supercurrent
branch and therefore I and I, were zero. Below 3 k€2, the STM tip makes
contact with the sample and hysteretic behavior disappeared. For R,
between 0.1 M) and 3 k€2, the junction showed hysteretic behavior.
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8.4 Dissipation analysis from the retrapping current

So far, I have shown that I could obtain reasonable fitting of the MAR I —
V' characteristics to my data. However, my observation of a relatively and large
retrapping current indicate that the junction is subject to significant dissipation. In
this section, I compare my results to the standard RCSJ model [64] to extract some
additional important junction parameters.

In the RCSJ model, the Stewart-McCumber [161, 162] hysteresis parameter

. can be extracted from a hysteretic I(V) characteristics by using [64, 163]:

/60 = ([qp/]r)Q (8-1)

where I, is the retrapping current and I, is the quasiparticle current at V' = (A4; +
As)/e. For . > 1, the system is underdamped, while for 5. < 1, the system is
overdamped. For small disturbance of the phase, the phase will oscillate at the
plasma frequency w, = \/W with a quality factor Q = v/f..

Figure 8.10 shows extracted values of . as a function of R, (black squares).
Note that for all R, values I found . > 1. If we look carefully at Fig. 8.3 (c),
this I(V) curve at R,, = 490 Q and (. ~ 10 does not look like a conventional S-I-S
overdamped I(V) curve because of MAR effects. Nevertheless, we see that hysteresis

is present, I, is about 90 % of the switching current I, and I, ~ %[qp.
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Figure 8.10: Extracted values of Stewart-McCumber parameter (.

(black) and total effective capacitance C' (red) of the junction versus
tunneling resistance R,,. [. > 1 indicates the junction is strongly un-
derdamped. The capacitance is roughly consistent with expected STM
junction capacitance in the range of fF to aF. Filled symbols represent
data taken at 1.5 K while open symbols represent data taken at 50 mK.
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The Stewart-McCumber parameter [161, 162] can also be written as:

e = 2, R*C /¥, (8.2)

where [ is the true critical current of the junction (as opposed to the measured
switching current I;), R is the total effective resistance shunting the Josephson
junction and C' is the total effective capacitance across the junction. Using the

extracted values of §. and assuming Iy = m1,,/4, I can use Eq. (8.2) to obtain:

C = 48.h/2el,,R*x. (8.3)

where the effective resistance at the retrapping voltage is simply:

R=V,/I, (8.4)

and V,. is the corresponding voltage at the retrapping current I,.

Figure 8.10 shows a plot of the resulting capacitance C' as a function of R,
(red points) at 50 mK (open circles) and 1.5 K (filled circles). This method yields
a capacitance value that appears to be in a reasonable agreement with one would
expect for an STM tip that is near to a conducting surface [164-166], which is on
the order of fF to aF. As expected, C increases as R, becomes smaller, because
the distance between the tip and the sample becomes smaller, resulting in a larger
capacitance value. For R,, > 100 k€2, I could not use this approach to determine C'

because the retrapping current was too small to measure.
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Although I used the RCSJ model to estimate 3. and C, the I —V characteristics
show some features that cannot be explained with just this simple model, including
MAR, early switching out of the supercurrent state and finite resistance of the
supercurrent branch. Although MAR explains much of the behavior for a non-
zero voltage, small Josephson junction physics is needed to explain the behavior
near V' = 0. This behavior of Josephson junction [64] is governed by the level of
dissipation and the relative size of four different energies: the Coulomb charging
energy Ec = €?/2C, the Josephson energy E; = I(®(/2m, the thermal energy kT
and the plasma energy w, X h, which is approximately the energy required to excite
the junction out of its lowest energy quantum state. Since f. > 1 for all R, (see
Fig. 8.10), the junctions are in the relatively low dissipation limit. Figure 8.11 shows
Josephson energy, Coulomb energy and plasma energy as a function of the tunneling
resistance R,,. As Fig. 8.11 shows, E; > hw, > E. > kgT for R, < 10 k. This
is the phase qubit limit, where phase is well-defined but quantum tunneling effects
(64, 159, 160] can be important and produce early switching of the super-current.

Also shown in Fig. 8.11 is the escape temperature Tgsc and the thermal energy
kgT. From the plot, Tgsc ~ 1 K which suggests macroscopic quantum tunneling is
important. For R,, greater than about 100 k€2, E,. dominates. In this limit charging
effects, phase diffusion and the impedance of the bias leads become important in
determining the I(V) characteristics, including in particular the size of the observed
phase-coherent supercurrent and the resistance of the supercurrent branch. As far
as we know, a full theory, including MAR, charging effects, and circuit impedance
has yet to be developed.
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Figure 8.11: Josephson energy FE; (black), charging energy Eo (red)
and plasma energy hw, (blue circles) of the Nb-Nb STM junction ver-
sus normal resistance R,, of the junction. Dashed dark gray lines show
temperature of 1.5 K and 50 mK. Green circles show the MQT escape
temperature vs. IR,. Note that Trgc ~ 1K for a wide range of R,,.
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An important part of the small Josephson junction theory is understanding
effects produced by the lead impedance [73]. The plasma frequency w, = \/W
of a small junction is typically around 10'° Hz to 10! Hz and at such frequencies the
shunting impedance Z; of the bias leads has non-zero real and imaginary parts that
typically are of order 50 ). Thus Z; is typically orders of magnitude smaller than
the quasiparticle resistance. Our output leads act like a mismatched transmission
line and give high-frequency damping which produces the retrapping current and
a measurable non-zero resistance on the supercurrent branch due to the inelastic
tunneling of Cooper pairs [64, 159, 160, 167].

The high frequency damping effect also produces noise which causes phase
diffusion [74, 152, 153] and an average voltage in the supercurrent branch. For

thermally generated noise and E; < kgT', one finds a resistance of [64, 74]:
Ry =2Z,(kgT/E;)? (8.5)

In our system there can also be a contact resistance R. between the Nb sample
output leads and the sample bias lines (see Fig. 8.1). Equation (8.5) can then be

written as:

462kBTRn

Ry =22 |

r + R(T) (8.6)

Thus we expect that Ry — R, is proportional to the square of the normal resistance,
at least in the limit £; < kgT.

Figure 8.12 shows a plot of Ry — R, as a function of R,. The black squares
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Figure 8.12: Plot of resistance Ry — R, of the supercurrent branch ver-
sus normal tunnel resistance R, of the junction. Blue circles are data
obtained at 50 mK, black squares show data obtained at 1.5 K and red
dashed line is a guide line showing Ry — R, is proportional to R2.
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were taken at 1.5 K while the blue circles were taken at 50 mK. The red dashed
line is a guide line showing Ry — R, scales as R2. T estimated the contact resistance

R. =173 Q at 1.5 K and R. = 15 Q at 50 mK. Although the data does not scale

2

n

exactly as RZ, it is remarkably close, suggesting that the critical current is being

suppressed by phase diffusion, as expected.

8.5 Conclusion

In conclusion, by varying the distance between a Nb STM tip and a Nb sample
at 1.5 K, I varied the normal junction resistance R,, and observed I — V' character-
istics that ranged from the low-transparency S-1-S tunnel limit to the high trans-
parency S-I-S limit with prominent MAR effects. The junction resistance varied
from R, = 5 MQ to 500 €2, with standard S-I-S low-transparency behavior above
100 k2. For R, between 3 k€2 and 100 k2, the junction behaved like a hysteretic
small Josephson junction with an early (premature) switching current I, and a small
but non-zero resistance R, on the “supercurrent” branch. Below 3 k{2, the STM
junction acts like a point contact and multiple channel MAR theory needs to be
taken into consideration. I also found that the superconducting gap of the tip was
significantly lower (70%) in this limit.

Using the retrapping current, I extracted estimates for the Stewart-McCumber
hysteresis parameter . and the capacitance C' of the junction. I also observed a

small, non-zero resistance of the supercurrent branch and found that this scaled as
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R?| as expected for phase diffusion. I note that early switching of the supercurrent
could be suppressed and the phase could be stabalized by using a SQUID-STM
configuration [39, 42, 43] in which two superconducting junctions can form a SQUID.
One tip could be pushed into the sample to achieve a relatively latge and stable
critical current while the other tip is scanned. One then picks up the coherent phase
signal detected by applying a small magnetic flux to the loop and then measuring

the switching current [39, 42, 43, 168, 169].
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CHAPTER 9

Conclusions

9.1 Summary of main results

In this thesis, I described results from my research on three main topics: (i)
work towards developing a dual-tip STM that can image the gauge-invariant phase
difference on a superconducting surface, (ii) STM imaging of Andreev reflection
effects on the surface of TiN which allowed mapping of local variations in the gap,
transparency and temperature, and (iii) the development of a theory of multiple
Andreev reflection and its application to the analysis of STM Nb-Nb S-I-S tunneling
characteristics. After an overview of the thesis in Chapter 1 and a brief review of
tunneling in Chapter 2, I described the millikelvin dual-tip STM system that I used
for all my research in Chapter 3.

In Chapter 4, I described how I modified the dual-tip STM to connect two
tips using a short flexible link made of Nb foil. T then described a new technique to
control both tips using d//dzand showed results from simultaneous imaging with

both tips at room temperature and discussed the potential application of the system
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to imaging superconducting phase differences.

In Chapter 5, I reviewed the BTK theory of Andreev reflection effects in S-N
tunneling. In Chapter 6, I then showed STM images and tunneling spectroscopy
on 50 nm and 25 nm thick TiN film at 500 mK. For the 50 nm thick TiN film I
used a vanadium tip while for the 25 nm thick TiN film I used a Nb tip. I observed
prominent Andreev effects in the tunneling characteristics and used the BTK theory
to analyze the I(V) and d/dV (V) data that I acquired. From the BTK analysis I
was able to extract maps of the gap, temperature and barrier transparency, which
showed large, correlated local variations. I presented a model that may explain the
correlated variation as well as differences between the thick and thin films.

In Chapter 7, I generalized the Averin and Bardas theory of MAR to describe
an S-I-S junction with electrodes with different superconducting gaps. Using this
theory I obtained an expression for the I(V) characteristics and a prediction of the
critical current as a function of the barrier transparency, gaps, and temperature. In
Chapter 8, I described my measurement of I(V) characteristics obtained at 50 mK
and 1.5 K using an STM with a Nb tip and a Nb sample. I then applied the theory
developed in Chapter 7 to analyze the I(V) characteristics and concluded that the
asymmetrical MAR theory worked remarkably well at describing the characteristics
over the full range of R, values. The main discrepancies occurred for R, < 5
k2, where the tip began to make contact with the sample. I also examined the
switching current and retrapping current and identified three regimes: the phase
diffusion regime (for R,, > 100 k), the underdamped regime (for 3 kQ2 < R,, < 100

k) and the point contact regime (for R,, < 3 k).
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One may well ask, since you succeeded in connecting two Nb STM tips together
and simultaneously scanning both tips, you should have been able to form an STM-
SQUID, measure flux sensitivity and image the gauge invariant phase difference. In
addition, was the observed supercurrent from the single S-I-S Josephson junctions
discussed in Chapter 8 phase coherent or incoherent tunneling of Cooper pairs?

Figure 9.1 shows the configuration of the STM controllers and read out elec-
tronics for running the SQUID setup. To operate the dual-point system as a SQUID,
I first stabilize the two STM tips at the desired junction tunneling resistance R,,
turn the z feedback off and switch the relay to the current bias mode. I then use the
function generator to output the current to the junctions and start the counter. The
counter waits for a signal from the relay box; once the voltage across the SQUID
reaches the threshold (because the SQUID switching out from the supercurrent
branch), the counter stops. I repeat this switching measurement many times and
for different flux applied to the loop. I can plot the applied flux ® vs. the switching
current I (converted from the time for the supercurrent state to switch out to the
voltage state). Once all the measurements are done, the relay box switched the
STM electronics back to the voltage bias mode, and the STM feedback is turned
back on.

I actually spent a total of about 6 months attempting to run the STM-SQUID
at 30 mK before the refrigerator was damaged and then at 1.5 K after the refriger-
ator was temporarily fixed. However, I did not observe an obvious critical current
modulation when the flux was applied to the SQUID loop [42]. Below I discuss
several possible reasons and suggest some possible improvements for the future.
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Figure 9.1: Configuration of the STM controllers and read out electronics
for running the SQUID setup.
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9.2. SOME SUGGESTIONS FOR FURTHER RESEARCH

9.2 Some suggestions for further research

9.2.1 Low temperature requirement

Previously most of the reports on Josephson STMs were conducted in the
phase diffusive regime [34-36, 38, 71] where the critical current is highly suppressed.
For a symmetric superconducting junctions (with electrodes that have the same
superconducting gap), the Ambegaokar-Baratoff formula [133, 134] gives a critical

current

A A
]0 = 26RN tanh (ijBT) (91)

where Ry is the tunneling resistance of the junction in the normal state [64]. For the
critical current I to be close to the measured switching current [, the Josephson
coupling energy E; = ’72% must be much greater than the thermal energy Fpr =
kgT. As we saw in Fig. 8.11, the Josephson energy FE; (black), charging energy
E¢ (red), and thermal energy kg7 (blue) can be relatively close to each other, and
for phase coherent operation for typical parameters we need to use a mK setup.
Unfortunately, as I described in Section 3.5, after the accident which damaged the
step heat exchanger, we found the refrigerator was stable down to about 0.5 K and
could not cool below 0.3 K. I tried to run the SQUID measurement at 0.5 K but

it was quite possible that the thermal energy was too big and the phase coherence

was not present for the range of junction parameters I tried. Clearly it would be
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9.2. SOME SUGGESTIONS FOR FURTHER RESEARCH

interesting to replace the refrigerator with a working mK unit and try again at 50

mK.

9.2.2 Smaller SQUID loop

As Roychowdhury et al. showed theoretically [40], it is better to have a smaller
inductance SQUID loop to observe a phase coherent response if one of the junctions
has a small critical current. Unfortunately, the STM tip length was relatively large
(~ 2 mm) (see Fig. 4.2). This also meant that the SQUID had a large pickup area,
which makes it very sensitive to magnetic field noise. A total RMS field noise as
small as 1 nT would have destroyed the SQUID modulation with applied flux. It
clearly would be interesting to try again with a smaller loop formed from shorter
STM tips and holders. One could also bend the tips toward each other so that when

the tips approached the sample, they would form a smaller SQUID loop.

9.2.3 DBetter shielding

Currently the IVC can is enclosed in an Amuneal Manufacturing Amumetal
4K shield [170] to reduce the strength of low-frequency magnetic fields and electrical
noise in the system. I note that this level of shielding may not be adequate given the
relatively large pickup area of the SQUID. With a pickup area of ~ 2 mm?, a field
change of 1 nT would produce a flux change of 1 ®; in the SQUID. Fluctuations

of this size would completely obscure measurements of the SQUID critical current.

247



9.2. SOME SUGGESTIONS FOR FURTHER RESEARCH

Since background 60 Hz fields alone are typically 100 nT, we should shield by at
least a factor of 1000. In the future, adding one or two more Amumetal shields
or a superconducting shield would be a priority. It would also be advisable to add
additional radiation shields at the plate or still to reduce black-body radiation at

the STM which can produce excess quasiparticle at mK temperature.

9.2.4 Intrinsic system constraint

Dan Sullivan’s proof of principle experiment [42] demonstrated the feasibility
of using a highly asymmetric SQUID to make phase sensitive measurements. He
used e-beam lithography to pattern thin film junctions that mimicked actual STM
conditions. In particular, the SQUID had ~ 1 nA of critical current modulation on
top of ~ 1 pA critical current. To satisfy this requirement in a dual-point STM,
that means one tip would have ~ 1 pA critical current, which is in the point contact
regime. The other tip can be in the nA range, which is in the underdamped regime,
just as Dan’s experiment.

During my data acquisition of the I —V characteristics, I often noticed that it
was hard to stabilize the tip with a fixed switching current in the nA range. When
I turned off the feedback to make SQUID measurements, the tip typically ended
up drifting and within a short time the junction’s switching current would change
significantly. Although I did not try to make the system run with a large and a small
junction, I did try to operate at 0.5 K with both tips having a large switching current.

It was stable enough to run the SQUID measurements. Unfortunately, I did not see
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9.2. SOME SUGGESTIONS FOR FURTHER RESEARCH

any modulation of the device critical current when I varied the flux. Although this
was in the point contact regime, I still should have observed a modulation. It is
possible that there was too much flux noise, or something was wrong with the coil I
was using to apply flux. In the future, it would be interesting to check these possible
problems by testing a conventional thin-film lithographically defined SQUID in the
apparatus. Another critical test of both the SQUID configuration and the single
STM point is to check the response to applied microwaves. As Roychowdhury et
al. showed, this can be used to distinguish phase coherent tunneling of pairs from

incoherent tunneling of pairs [40].
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APPENDIX A

y? fit for the TiN film

In Chapter 6 I showed several maps of the gap in TiN films. These supercon-
ducting gap maps had gray points which indicated points where I got a bad fit to
the BTK theory. Each conductance curve had 115 points and the uncertainty of
each measurement of conductivity was estimated to be 5 nS for V> A/e and 1 nS
for V< A/e. Tused x? > 5000 as the threshold for a truly bad fit in the image, in
Fig. 6.6 (b) and Fig. 6.8 (b), which had 28928 and 25856 pixels. Note that a good
fit should yield x? ~ 115. Points with y? > 5000 were colored gray in the maps in
Chapter 6. For Fig. 6.6 of the 50 nm film, there were 6617 points that gave bad fits
to the Dynes model in Fig. A.1 (a) (22.87 %), while 6748 points had bad fits to the
BTK model in Fig. A.1 (b) (23.32 %). For the 25 nm film, there are 6258 points
with bad fits to the Dynes model in Fig. A.1 (c) (24.20 %), while 4939 points had
bad fits to the BTK model in Fig. A.1 (d) (19.1 %). In the 50 nm film, the quality
of the fits to the BTK model and to the Dynes model are not so different. In the
25 nm film, the BTK model gave significantly better fits.

Figure A.1 shows gap maps without using gray to indicate poor fits. Most of

250



the formally gray points are now red, which suggests that the gap is high. However,
examination of these fits shows that this is misleading, as these fit curves have a
very poor correspondence with the data. Figure A.1 also shows histograms of the

corresponding 2 values, which display a long tail.
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Figure A.1: (a) Gap A map of the 50 nm thick TiN film from fitting to
the Dynes model and (b) the BTK model. (¢) A map of the 25 nm thick
TiN film from fitting to the Dynes model and (d) the BTK model. (e)
x? histograms of the 50 nm thick TiN film by fitting to the Dynes model
and (f) the BTK model. (g) x? histograms of the 25 nm thick TiN film
by fitting to the Dynes model (h) and the BTK model.
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APPENDIX B

50 nm TiN film showing S-I-S junction with a

vanadium tip

In the thesis, I mentioned that the superconducting tip did not show super-
conducting behavior due to it easily picking up debris from the surface. Here I show
that I successfully acquired one data set which shows the S-I-S junction on the TiN
surface.

Figure B.1 (a) shows a topographic image of a 70 nm x 33 nm region on
the 50 nm thick TiN film. The image was acquired at 0.5 K using a vanadium
tip and there are 256 x 122 pixels. The sample bias was set at 5 mV while the
tunneling current was set at 100 pA. Figure B.1 (b) shows the corresponding map of
A obtained from fitting the conductance curves at each point to the Dynes model.
Although in this case I did not use the BTK model to do the fitting (it is very
time consuming), from the map we can see that in general the values of the gap are
larger than the S-I-N data shown in Chapter 6. Figure B.1 (c¢) shows a histogram
of the superconducting gap using the Dynes fit. Compared to Fig. 6.10 where the

maximum of the superconducting gap value lies around 0.6 meV for the 50 nm film,
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in this case the peak of the superconducting gap is around 1.5 meV. This suggests
that the junction is S-I-S like, instead of S-I-N like.

Figure B.1 (d) shows a dI/dVvs. V curve taken from one location in Fig. B.1
(a). Qualitatively we see that the coherence peaks are much sharper and the spacing
of the coherence peaks is much wider, corresponding to the sum of gaps, 2(Ay, +
Agample)- Moreover, the conductance curve bottoms out at 0 for V' < Ay + Asample-
This suggest that there is no current flow inside the superconducting gap, which is
expected for a standard S-I-S curve. The red curve in Fig. B.1 (d) shows the fit
to the Dynes model. As we can see here, the fit is not very good, and it tends to
underestimate the gap. In this case the fit yields the superconducting gap of Ay, +
Agample = 1.44 meV. In principle, a better fit could be obtained from the Tinkham

formula which involves the numerical integration of the expression Eq. (2.27).
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Figure B.1: (a) Topography of 50 nm thick TiN film taken at 100 pA
and 5 mV bias.(b) Superconducting gap A map of the 50 nm thick TiN
film from fitting to the Dynes model. (c¢) Histogram of superconducting
gap from gap map in Fig. B.1 (b) using the Dynes fit. (d) Measured
conductance dI/dVwvs. V' (blue curve) as well as fit to the Dynes model
(red curve).
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APPENDIX C

Fortran code for symmetrical S-I-S junction with

MAR effect

In the symmetrical S-1-S junction code with MAR effect that I present below,
t is the transparency which is D in the Chapter 7, r is the reflection probability
which is R in the Chapter 7 and th is the temperature in kelvin. ne is the largest
integration upper limit ¢, e is the integration variable ¢, v is the voltage V' while
al is the current /.

I use function scat(t,r,n,e,v) to calculate A, and B,, defined in Chapter 7, and
it yields a(k) and b(k), respectively. The Andreev reflection amplitude is defined as
an(x) in the code. The Source J(g) in this code is used as so(x). ft(x,th) gives the
tanh (¢/2kgT) function.

Finally, I would like to thank Prof. Averin again for providing the Fortran code
for the symmetrical S-I-S junction case. I then modified the code and generalized it

to the asymmetrical S-I-S junction case (see Appendix C).
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41
42
43
44

45
46
47
48
49
50
51
52
53

54

program main

double complex a(-1000:1000) ,b(-1000:1000) ,w(-2000:2000)
double complex y,yy,sa,ai,an

double precision e,ft,so

common/amp/a,b,w

open(l,file="tmpl.dat’)
open(2,file=’tmp2.dat’)
open(3,file=’tmp3.dat’)
open(4,file=’tmp4.dat’)

[ This is the transparency parameter defined as D in the theory
write (*,*)’input barrier transparency t’

read (x,*)t

[ This is the temperature, normalized

th=0.005
11 R+T=1
r=1.0-t

't jj is the Fourier component of the current term
jj=o0.

1! v is the voltage
do 2 kv=1,150
v=0.02*%kv

' h is the integration interval
h=.001

!'! n is how many terms of a(k) and b(k) have
n=int (2./v)
if (n.LT.20) n=20

!''" ne is the maximum energy where the integration of the energy
goes up to
ne=int (20./h)
if(v.GT.1)ne=int ((18.+2.%v) /h)

' je is just to alternate the integration terms, one term is 4
one terms is 2, in the end it divides by 3
U "do 3" command sums up the current sa at each energy ke
sa=0.0
je=-1
do 3 ke=0,ne
je=-je

do 33 jth=1,2
! both positive energy side and negative energy side have to be

summed up
e=((-1)**jth) *(h*ke+1.0005)
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67
68
69
70
71
T2

73
T4
75
76
T
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

104
105
106
107
108

y is to calculate the current at certain energy e
call scat(t,r,n,e,v)
y=(w(2*jj)*a(jj)+conjg(w(-2*xjj)*a(-jj)))*so(e)
do 4 k=-n,n
kk=2%k
kj=k-jj
yy=1.+w(kk)*conjg (w(kk-2%jj))
y=y+yy*(a(k)*conjg(a(kj))-b(k)*conjg(b(kj)))
continue

sa is the summed current at specefic voltage v with fermi
distribution ft

sa=sa+(3.+je)*xy*xft(e,th)

continue

continue

the final current needs to multiply the interval of the
integration energy
ai=sa*h/(3.%*t)

write (*,*)v,ai
write (3,*)v,real(ai)
write (4,*)v,-imag(ai)

continue

stop
end

subroutine scat(t,r,n,e,v)

double complex a(-1000:1000) ,b(-1000:1000) ,w(-2000:2000)
double complex an,s,x,q,u,p,f

double precision e,so

common/amp/a,b,w
rr=sqrt (r)

do 1 k=-n-2,n+2
a(k)=cmplx (0.,0.)
b(k)=cmplx (0.,0.)

do 2 k=-2xn-4,2%n+4
w(k)=an(e+k*v)
continue

s=(0.,0.)

do 3 k=n,1,-1

j=2%k

jl=j-1

i1=j+1
u=t*w(j)/((1.,0)-w(j1)=*x2)
f=t*xw(il) /((1.,0) -w(il) *%2)
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q=f*w(j+2)

x=u*w(j1)

p=u*xw (j)+Efxw(i1)+(1.,0.) -w(j) *x*2
s=x/(p-q*s)

b(k)=s

s=(0.,0.)

do 4 k=-n,-1

j=2%k

j1=j-1

i1=j+1

u=t*w(j)/((1.,0.)-w(jl)*%2)
f=t*w(i1) /((1.,0.)-w(il) *%2)
q=f*w(j+2)

x=u*xw(j1)
p=u*xw(j)+f*xw(il)+(1.,0.) —w(j) *x*2
s=q/(p-x*s)

b(k)=s

u=t*w(0) /((1.,0.)-w(-1)*%2)
f=t*w (1) /((1.,0.)-w (1) **2)
q=f*w(2)

x=u*w(-1)

p=u*w(0)+f*w(1)+(1. ,0.) -w(0) *x*2
b(0)=rr*so(e)/(p-b(1)*q-b(-1)*x)

calculation of b(k)

b(1)=b(0)*b (1)
b(-1)=b(0)*b(-1)

do 5 k=2,n
b(k)=b(k-1)*b(k)
b(-k)=b(-k+1)*b(-k)
continue

calculation of a(k)

do 6 k=-n,-1

j=2x%k

ji=j+1

kl=k+1

u=a(k)*w(j)*w(j1)
f=rr*(b(k1)*w(j+2)-b(k)*w(j1))
a(kl)=u+f

continue

u=a(0)*w (0) *w (1)

f=rr*(b(1)*w(2)-b(0)*w (1))
a(1)=u+f+w (1) *so(e)

do 7 k=1,n
j=2xk
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167 jl=j+1

168 kl=k+1

169 u=a(k)*w(j)*w(j1)

170 f=rr*(b(k1)*w(j+2)-b(k)*w(j1))
171 a(kl)=u+f

172 | 7 continue

173

174

175

176 return

177 end

178

179 | 1! calculation of Andreev reflection amplitude
180 double complex function an(x)
181 double precision x,g

182 g=x*%2

183 if(g.GE.1.)goto 2

184 an=cmplx (x,dsqrt(1.-g))

185 goto 1

186 | 2 t=x*(1.-dsqrt(g-1.)/abs(x))
187 an=cmplx (t,0.)

188 |1 continue

189 return

190 end

191

192 | !! calculation of incoming current source J(e)
193 double precision function so(x)
194 double precision x,z

195 double complex an

196 z=Real (an(x))

197 so=dsqrt (1.-z**2)

198 return

199 end

200

201 function sig(x)

202 double precision x

203 sig=x/abs (x)

204 return

205 end

206

207 | ! ft corresponds to -tanh(e/2T)

208 double precision function ft(x,th)
209 double precision x,XxX

210 xx=x/th

211 if (xx.LT.0.)goto 1

212 if (xx.GT.40) goto

213 z=dexp (-xx)

214 ft=(z-1.)/(1.+2)

215 goto 3

216 | 2 ft=-1.

217 goto 3

218 |1 if (xx.LT.-40.)goto 4

219 z=dexp (xx)

220 ft=(1.-2)/(z+1.)

221 goto 3

222 | 4 ft=1.

223 | 3 continue
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224
225

return
end
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APPENDIX D

Fortran code for Asymmetrical S-I-S junction

with MAR effect

In this Fortran code, I calculated the ac part of the tunneling current, i.e.
jj=1, which is different from the dc part calculated in the previous Appendix C. As
I mentioned in Chapter 7, the main difference between the symmetrical junction and
the asymmetrical junction is that one has to be careful whether the quasiparticle is
reflected off the left electrode or the right electrode. For the case where the current
I;, is produced from the left incident quasiparticle Lac, the left electrode Andreev
reflection amplitude is an(x), while for the right electrode the Andreev reflection
amplitude is bn(x). In contrast, for the case where the current I is produced from
the right incident quasiparticle Rac, the left electrode is defined as bn(x) in the
code while an(x) is for the right electrode.

Finally, the total current from the asymmetrical S-I-S junction is calculated
using I = I, — Iz. In my calculation here, the ratio of the gap of the left electrode

to the gap of the right electrode is A /Ar =1/0.5 = 2.
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48

program main

double complex a(-1000:1000) ,b(-1000:1000) ,w(-2000:2000)
double complex y,yy,sa,ai,an,bn

double precision e,ft,so

common a,b,w

open(3,file="tmp3.dat’)
open(4,file=’tmp4.dat’)

jj=1.

do 2 kt=1,50
th=0.05*kt
t=0.5

v=0.01

h=.001
r=1.-t

n=int (2./v)
if(n.LT.20) n=20

ne=int (20./h)
if(v.GT.1)ne=int ((18.+2.*v)/h)

sa=0.0
je=-1
do 3 ke=0,ne
je=-je

do 33 jth=1,2

e=((-1)**jth)*(h*ke+1.0005)

call scat(t,r,n,e,v)
y=(w(2*jj)*a(jj)+conjg(w(-2*xjj)*a(-jj)))*so(e)
do 4 k=-n,n

kk=2%k

kj=k-jj

yy=1.+w(kk)*conjg (w(kk-2*jj))
y=y+yy*(a(k)*conjg(a(kj))-b(k)*conjg(b(kj)))
continue

sa=sa+(3.+je)*xy*xft(e,th)
continue
continue

ai=sa*h/(3.*t)

write (*,*)th,ai
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95

111

write(3,*)th,real(ai)
write (4,*)th,-imag(ai)

continue

stop
end

subroutine scat(t,r,n,e,v)

double complex a(-1000:1000) ,b(-1000:1000) ,w(-2000:2000)
double complex an,bn,s,x,q,u,p,f

double precision e,so

common a,b,w
rr=sqrt (r)

do 1 k=-n-2,n+2
a(k)=cmplx (0.,0.)
b(k)=cmplx (0.,0.)

do 2 k=-2*%xn-4,2*n+4,2
w(k)=an(e+k*v)
continue

do 3 k=-2%*n-3,2%n+3,2
w(k)=bn(e+k*v)
continue

s=(0.,0.)

do 4 k=n,1,-1

j=2%k

jl=j-1

i1=j+1
u=t*xw(j)/((1.,0)-w(j1)*x2)
f=t*xw(il) /((1.,0) -w(il) *%2)

q=f*w(j+2)

x=ux*w(j1l)
p=uxw(j)+f*xw(il)+(1.,0.) -w(j) *x*2
s=x/(p-q*s)

b(k)=s

s=(0.,0.)

do 5 k=-n,-1

j=2%k

j1=j-1

i1=j+1

u=st*w(j)/((1.,0.)-w(jl) *x*2)
f=t*w(i1) /((1.,0.) -w(il) **2)
q=f*w(j+2)

x=ux*xw(jl)

p=u*xw (j)+Efxw(i1)+(1.,0.) -w(j) *x*2
s=q/(p-x*s)

b(k)=s
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112
113 u=t*w(0)/((1.,0.)-w(-1)*x*2)
114 f=t*w (1) /((1.,0.)-w(1)**2)

115 q=f*w(2)

116 x=u*w(-1)

117 p=u*xw (0) +f*xw(1)+(1.,0.) -w(0) **2
118 b(0)=rr*so(e)/(p-b(1)*q-b(-1)*x)
119

120

121 b(1)=b(0) *b (1)

122 b(-1)=b(0)*b(-1)

123 do 6 k=2,n

124 b(k)=b(k-1)*b(k)

125 b(-k)=b(-k+1) *b(-k)

126 | 6 continue

127

128

129 do 7 k=-n,-1

130 j=2*k

131 jl=j+1

132 kl1=k+1

133 u=a(k)*w(j)*w(j1)

134 f=rr*(b(k1)*w(j+2)-b(k)*w(jl))
135 a(kl)=u+f

136 |7 continue

137

138 u=a(0)*w (0) *w (1)

139 f=rr*(b(1)*w(2)-b(0)*w (1))
140 a(1)=u+f+w (1) *so(e)

141

142

143 do 8 k=1,n

144 j=2%*k

145 jl=j+1

146 kl=k+1

147 u=a(k)*w(j)*w(j1)

148 f=rr*(b(k1)*w(j+2)-b(k)*w(j1))
149 a(kl)=u+f

150 |8 continue

151

152

153 return

154 end

155

156

157 double complex function an(x)
158 double precision x,g

159 g=X**2

160 if(g.GE.1.)goto 2

161 an=cmplx (x,dsqrt(1.-g))

162 goto 1

163 | 2 t=x*(1.-dsqrt(g-1.)/abs(x))
164 an=cmplx (t,0.)

165 |1 continue

166 return

167 end

168
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169 double complex function bn(x)
170 double precision x,g

171 g=X**2

172 if(g.GE..25)goto 3

173 bn=cmplx (2.*x,dsqrt (1.-4.%g))
174 goto 4

175 | 3 t=x*(2.-dsqrt (4.*g-1.)/abs(x))
176 bn=cmplx(t,0.)

177 | 4 continue

178 return

179 end

180

181

182 double precision function so(x)
183 double precision x,z

184 double complex an

185 g=X**2

186 if(g.LT.1.)goto 2

187 z=Real (an(x))

188 so=dsqrt (1.-z**2)

189 goto 1

190 | 2 s0=0.0

191 |1 continue

192 return

193 end

194

195

196 double precision function ft(x,th)
197 double precision x,xx

198 xx=x/th

199 if (xx.LT.0.)goto 1

200 if (xx.GT.40) goto 2

201 z=dexp (-xx)

202 ft=(z-1.)/(1.+z)

203 goto 3

204 | 2 ft=-1.

205 goto 3

206 | 1 if (xx.LT.-40.)goto 4

207 z=dexp (xx)

208 ft=(1.-2)/(z+1.)

209 goto 3

210 | 4 ft=1.

211 |3 continue

212 return

213 end
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1 program main

2 double complex a(-1000:1000) ,b(-1000:1000) ,w(-2000:2000)

3 double complex y,yy,sa,ai,an,bn

4 double precision e,ft,so

5

6 common a,b,w

7

8 open(3,file="tmp3.dat’)

9 open(4,file=’tmp4.dat’)

10

11 | ! calculate the AC part first Fourier component

12 jj=1.

13

14 do 2 kt=1,50

15 th=0.05*kt

16 t=0.5

17 v=0.01

18 h=.001

19

20

21 r=1.-t

22 n=int (2./v)

23 if (n.LT.20) n=20

24

25

26 | !! now the ne goes a little bit further due to e only starts from
0.5005 instead of 1.005

27 ne=int (20.5/h)

28 if(v.GT.1)ne=int ((18.5+2.%v)/h)

29

30 sa=0.0

31 je=-1

32 do 3 ke=0,ne

33 je=-je

34

35 do 33 jth=1,2

36

37 | !! the energy e where it starts to contribute some current is
outside the superconducting gap which is 0.5

38 e=((-1)**xjth)*(h*ke+0.5005)

39

40

41 call scat(t,r,n,e,v)

42 y=(w(-2%jj)*a(-jjd+conjg(w(2*jj)*a(jjd))*so(e)

43 do 4 k=-n,n

44 kk=2x%k

45 kj=k-3jj

46 yy=1.+conjg (w(kk))*w(kk-2*3j)

a7 y=y+yy*(conjg(a(k))*a(kj)-conjg(b(k))*b(kj))

a8 | 4 continue

49

50 sa=sa+(3.+je)*xy*ft (e, th)

51 | 33 continue

52 | 3 continue
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ai=sa*h/(3.*t)

write (*,*)th,ai
write(3,*)th,real(ai)
write (4,*)th,-imag(ai)

continue

stop
end

subroutine scat(t,r,n,e,v)
double
double
double

complex bn,an,s,x,q,u,p,f
precision e,so

common a,b,w
rr=sqrt (r)

do 1 k=-n-2,n+2
a(k)=cmplx (0.,0.)
b(k)=cmplx (0.,0.)

for the odd term it sees bn(x) function,
) function

do 2 k=-2*%n-4,2*%n+4,2

w(k)=an(e-k*v)

continue

do 3 k=-2*%*n-3,2%n+3,2
w(k)=bn(e-k*v)
continue

s=(0.,0.)

do 4 k=n,1,-1
j=2xk

ji=j-1

i1=j+1

u=t*w(§)/((1.,0)-w(j1)**2)
fot*w(il) /((1.,0) —w(il)*%2)

q=f*w(j+2)

x=u*xw(j1)
p=u*w(j)+f*xw(i1) +(1.,0.) -w(j) *x*2
s=x/(p-q*s)

b(k)=s

s=(0.,0.)

do 5 k=-n,-1

j=2%k

j1=j-1

i1=j+1
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complex a(-1000:1000) ,b(-1000:1000) ,w(-2000:2000)

even term it sees an(x




109 u=t*w(j)/((1.,0.)-w(jl) *x*2)

110 f=t*xw(il)/((1.,0.)-w(il) *%x2)
111 q=f*w(j+2)

112 x=u*w(j1)

113 p=uxw (j)+f*w(il)+(1.,0.)-w(j) **2
114 s=q/(p-x*s)

115 | 5 b(k)=s

116

117

118 u=t*w(0)/((1.,0.)-w(-1)**2)

119 f=t*xw (1) /((1.,0.)-w(1)*x%2)

120 q=f*w(2)

121 x=u*w(-1)

122 p=uxw (0)+f*w (1) +(1.,0.)-w(0) **2
123 b(0)=rr*so(e)/(p-b(1)*q-b(-1)*x)
124

125

126 b(1)=b(0)*b (1)

127 b(-1)=b(0)*b(-1)

128 do 6 k=2,n

129 b(k)=b(k-1) *b(k)

130 b(-k)=b(-k+1) *b(-k)

131 | 6 continue

132

133

134 do 7 k=-n,-1

135 j=2%*k

136 ji=j+1

137 kil=k+1

138 u=a(k)*w(j)*w(j1)

139 f=rr*(b(k1)*w(j+2)-b(k)*w(j1l))
140 a(kl)=u+f

141 |7 continue

142

143 u=a(0)*w(0) *w (1)

144 f=rr*(b(1)*w(2)-b(0)*w (1))

145 a(1)=u+f+w (1) *so(e)

146

147

148 do 8 k=1,n

149 j=2%k

150 jl=j+1

151 ki=k+1

152 u=a(k)*w(j)*w(j1)

153 f=rr*(b(k1)*w(j+2)-b(k)*w(jl))
154 a(kl)=u+f

155 | 8 continue

156

157

158 return

159 end

160

161 [!'! bn(x) function represents the full superconducting gap
162 double complex function bn(x)
163 double precision x,g

164 g=xX**2

165 if(g.GE.1.)goto 2
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bn=cmplx(x,dsqrt(1.-g))
goto 1
t=x*(1.-dsqrt(g-1.)/abs(x))
bn=cmplx(t,0.)

continue

return

end

an(x) function represents the half superconducting gap (0.5)
double complex function an(x)
double precision x,g
g=xX*%2
if(g.GE..25)goto 3
an=cmplx (2.%x,dsqrt (1.-4.%g))
goto 4
t=x*(2.-dsqrt (4.*g-1.)/abs(x))
an=cmplx (t,0.)
continue
return
end

so(x) function function starts from gap 0f 0.5 (see codition g.

LT..25)
double precision function so(x)
double precision x,z
double complex an
g=x*%2
if (g.LT..25)goto 2
z=Real (an(x))
so=dsqrt (1.-z*%*2)
goto 1
s0=0.0
continue
return
end

double precision function ft(x,th)
double precision x,xx
xx=x/th

if (xx.LT.0.)goto 1

if (xx.GT.40) goto
z=dexp (-xx)
ft=(z-1.)/(1.+z)

goto 3

ft=-1.

goto 3

if (xx.LT.-40.)goto 4
z=dexp (xx)
ft=(1.-2z)/(z+1.)

goto 3

ft=1.

continue

return

end
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