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In this thesis, I first describe the design and construction of a dual-tip mil-
likelvin STM system. The STM is mounted on a dilution refrigerator and the setup
includes vibration isolation, rf-filtered wiring, an ultra high vacuum (UHV) sample
preparation chamber and sample transfer mechanism.

Next I describe a novel superconducting tip fabrication technique. My tech-
nique involves dry-etching sections of 250 um diameter Nb wire with an SF¢ plasma
in a reactive ion etcher. I present data taken with these tips on various samples
at temperatures ranging from 30 mK to 9 K. My results demonstrate that the tips
are superconducting, achieve good spectroscopic energy resolution, are mechanically
robust over long time periods, and are atomically sharp.

I also show data characterizing the performance of our system. This data is in
the form of atomic resolution images, spectroscopy, noise spectra and simultaneous
scans taken with both tips of the STM. I used these to examine the tip-sample sta-
bility, cross talk between the two tips, and to extract the effective noise temperature
(~185 mK) of the sample by fitting the spectroscopy data to a voltage noise model.

Finally, I present spectroscopy data taken with a Nb tip on a Nb(100) sample
at 30 mK. The enhanced spectroscopic resolution at this temperature allowed me
to resolve peaks in the fluctuation-dominated supercurrent at sub-gap voltages. My
analysis indicates that these peaks are due to the incoherent tunneling of Cooper
pairs at resonant frequencies of the STM’s electromagnetic environment. By measur-
ing the response of the STM junction to microwaves, I identified the charge carriers
in this regime as Cooper pairs with charge 2e. The amplitude of the response cur-
rent scales as the square of the Bessel functions, indicating that the pair tunneling
originates from photon assisted tunneling in the incoherent regime, rather than the
more conventionally observed Shapiro steps in the coherent regime.
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Chapter 1: Introduction

The scanning tunneling microscope [1] is essentially a mobile tunnel junction
that can produce atomic resolution images and probe the local density of states
of conducting samples with extremely fine precision. At ultra-low temperatures,
an STM can not only achieve sub-Angstrom spatial resolution, but can provide
unprecedented spectroscopic energy resolution. The combination of the two makes
it a unique and extremely powerful surface analysis tool that can be used to image
materials ranging from noble metals to doped semiconductors, superconductors, and
most recently topological insulators.

STM studies of the local properties of superconductors are particularly inter-
esting when the material has a short coherence length, resulting in varying super-
conducting properties at atomic length scales. Thus, Hess was the first to use an
STM to image a vortex lattice in NbSey [2] and many other such studies followed
[3, 4]. Other groups used STMs to study high 7. superconductors, including MgBs
[5-7], BSSCO [8-13] and the effect of atomic impurities on local superconducting
properties of high 7. materials [11, 14-16].

Nearly all of the STM studies on superconductors to date have probed the

quasiparticle density of states using normal metal tips made of W, Pt-Ir, or Au.



A tool that could instead provide spatially resolved information on the supercon-
ducting condensate by directly probing it using tunneling Cooper pairs, could prove
particularly useful in studying superconductors with locally varying superconduct-
ing properties. A “Josephson STM” which tunnels quasiparticles at high biases and
Cooper pairs at low or zero bias, would combine the spatial resolution of an STM
with the tunneling properties of a Josephson junction.

There have been several proposals to exploit the physics of a Josephson STM
[17-19]. There has also been work on developing techniques to fabricate supercon-
ducting STM tips [20-24] and studies have been reported using such tips on super-
conducting materials between 2.1 and 4 K [21, 25-31]. However, phase diffusion is
a serious limitation in all such experiments. Phase diffusion occurs in ultra-small
Josephson junctions due to thermal noise [32] and quantum uncertainty [33], caus-
ing the supercurrent to be highly suppressed. Simultaneously acquiring information
on the atomic scale, while maintaining a measurable pair tunneling current has
therefore proved extremely difficult to achieve in STM SIS junctions. Meanwhile,
new materials with interesting superconducting properties or phases are still being
discovered [34-38]. Hence there remains a need for tools that can directly study
superconductivity in such materials, as well as in the high-T. materials for which
the underlying mechanism producing superconductivity is still not understood.

Theoretically, a very low STM junction temperature is favorable for obtaining
a measurable supercurrent, especially at the relatively high junction resistances typ-
ical of a scanning STM junction. A Josephson STM that could operate at millikelvin

temperatures could also provide enhanced spectroscopic resolution, and offers the



potential to uncover new physics that is inaccessible at higher temperatures. Fur-
thermore, a Josephson STM that could provide spatially resolved phase sensitive
information could provide new insights into superconductivity.

In this thesis, I report progress towards the realization of a dual-tip mK Joseph-
son STM. I discuss both the classical and quantum physics of ultra-small junctions,
and also present data that demonstrates Cooper pair tunneling in our millikelvin
STM. This thesis is organized with the first third describing the design and charac-
terization of the dual-tip STM and millikelvin system, the second third focusing on
the physics of ultra-small junctions, and the final part focusing on my measurements
on the dual-tip system.

In Chapter 2, I introduce the theoretical foundations of scanning tunneling mi-
croscopy, including a description of the two main imaging modes. I also present the
relevant theory for interpreting scanning tunneling spectroscopy data. Since my goal
was to build a Josephson STM, I compare tunneling from a normal conducting STM
tip into a normal conducting sample (N-I-N), to tunneling from a superconducting
STM tip into a normal sample, and tunneling from a superconducting STM tip into
a superconducting STM sample. Finally, I present our motivations for undertaking
the arduous project of building a millikelvin STM system.

In Chapter 3, I describe the design and implementation of the millikelvin dual-
tip STM. I begin by discussing the dual-tip STM design and assembly in detail. The
most unusual feature of our instrument is that it has two tips that can independently
scan a sample while operating at millikelvin temperatures on a dilution refrigerator.

I include a general explanation for the operation of our dilution refrigerator and



describe the modifications that were made to accommodate our STM. Details of the
wiring and filtering are also provided. I also describe the UHV sample preparation
chamber and our novel in situ sample transfer mechanism that allows us to exchange
samples while the STM remains cold. Finally I discuss operation of the system.

In Chapter 4, I present a novel fabrication technique for making sharp and
mechanically robust superconducting Nb tips. I discuss our motivation for devel-
oping this method, and discuss the physics and relevant parameters chosen for the
etch. I also present data characterizing the Nb tips and demonstrating their per-
formance. These results show that the tips are superconducting, atomically sharp,
and mechanically robust over long time periods (~ 12 hours) even at relatively low
junction resistances.

In Chapter 5, I present data acquired with the instrument to calibrate the
system and evaluate its performance. This includes atomic resolution images with
both tips, simultaneous scans, and spectroscopy indicating that the actual temper-
ature accessible to the instrument is less than 100 mK. I also show that the effective
noise temperature is approximately 200 mK by fitting spectroscopy data taken for
a range of temperatures to a voltage noise model. To characterize the performance
of the two tips in the simultaneous imaging mode, I also present images and noise
power spectra for each of the tips for various configurations of the other tip. Fi-
nally, I demonstrate the operation of our magnet dewar via measurements of the
superconducting gap of Nb as a function of magnetic field strength.

Having described and characterized the dual tip STM system as well as the

fabrication and performance of superconducting STM tips, the rest of the thesis fo-
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cuses on the physics of ultra-small junctions, and measurements I made that exploit
this physics and the spectroscopic energy resolution of the system.

In Chapter 6, I provide a theoretical overview of the dynamics of ultra-small
Josephson junctions such as that formed by a superconducting tip and sample in
our STM. I first introduce the general physics of Josephson junctions, and the well
known RCSJ (resistively and capacitively shunted junction) model that is used to
provide an intuitive and quantitative picture of junction dynamics. I then discuss
the electromagnetic environment that the junction is embedded in, and the effect
this has on the dynamics of the junction, according to the quasi-classical theory for
thermally induced phase diffusion in ultra-small junctions. The second half of this
Chapter focuses on the quantum P(F) theory that treats both the electromagnetic
environment and the junction embedded in it. The P(FE) theory predicts that under
the right conditions, one can observe the incoherent tunneling of Cooper pairs at
non-zero voltages. This theory also predicts that the application of microwaves to
the junction results in photon-assisted tunneling of incoherent Cooper pairs, rather
than the Shapiro steps that arise from a coherent junction response.

In Chapter 7, I present measurements taken with a Nb STM tip on a Nb(100)
sample at 30 mK. The data is in good qualitative agreement with what one expects
from P(E) theory. By coupling microwaves to the STM and characterizing the
junctions response as a function of microwave amplitude, I also observed photon-
assisted tunneling of incoherent Cooper pairs. The data and simulations (using the
theory described in Chapter 6) show close agreement. Furthermore, the spacing

between the peaks in this data revealed that the charge carriers responsible for the



current at low biases in my STM S-I-S junction are Cooper pairs. I also present
measurements of the junction response to microwaves as a function of microwave
frequency, rather than amplitude, as well as fits of some of the spectroscopy curves
to theory.

Finally in Chapter 8, I conclude by summarizing my main findings and then
discuss my contributions towards building a superconducting phase STM. I discuss
the proposal by our group to reduce phase diffusion due to quantum mechanical
uncertainty in the phase and connect this to reducing thermally induced phase
diffusion as observed in our STM. I also discuss the feasibility of this project in
terms of the experimental parameters and basic physics and technology involved in

realizing such an instrument.



Chapter 2: Scanning Tunneling Microscopy: Theoretical Foundations

The Scanning Tunneling Microscope (STM), first described in 1981 by G.
Binnig and H. Rohrer [39], is a remarkably powerful surface analysis tool capable of
probing the local density of states of a sample on the atomic scale. It has also served
as inspiration for a host of new scanning probe techniques that were developed in the
decades since its invention, including the atomic force microscope (AFM) [40], the
magnetic force microscope (MFM) [41], the scanning near-field optical microscope
(SNOM) [42], the scanning gate microscope (SGM) [43] and the spin-polarized STM
[44]. All of these techniques involve a probe that is raster scanned very close to the
surface of a sample, allowing variations in a signal to be measured on the atomic
scale. The type of probe determines the particular signal and physics that can be
studied.

In this Chapter, I first describe the standard STM setup and operation, and
introduce the basic working principle of the instrument. I then describe the various
STM operation modes and discuss the relevant theory for each of them with a
particular focus on spectroscopy using superconducting tips. Finally I discuss the

desirability of cryogenic temperatures since this is central to the rest of my thesis.



2.1 STM operation and experimental setup

Figure 2.1 shows a schematic of the general setup used to run an STM (I
describe my specific STM setup in Chapter 3). The STM tip is attached to a piezo
with z, y and z electrodes. In our case, this piezo is a hollow cylindrical tube with
+x and +y electrodes on opposing quadrants of the outer surface of the tube (see
Fig. 2.1). A single z electrode is on the inside of the hollow tube. When a voltage
difference is applied to the x piezo electrodes, for example, one side shear expands,
while the side of the tube with the opposite polarity shear shrinks. This causes
the tube to bend and the tip to trace out a small portion of an arc. Applying the
opposite voltage difference causes the tube to bend in the opposite direction. By
applying appropriate x or y voltages, the tip can raster scan the sample. The z-piezo
causes the tube to shrink away from the sample, or expand towards it, in response
to the polarity and magnitude of the voltage applied to it. This controls the fine-z
motion of the scanner as the tip scans the sample.

Before a tunneling current can be established, the tip must first be brought
within tunneling distance of the sample via a coarse approach mechanism, in our
case a Pan-style stick-slip walker [45]. The tip typically “walks” a distance of 1-
4 mm during approach. In order to generate a tunneling current, a bias voltage
is applied, usually to the sample with the tip grounded. Once the tip is within
tunneling distance of the sample, a current on the order of 1 nA is detected through
the tip, and the coarse approach is stopped when it matches a user-defined set point.

This tunneling current is amplified and converted to a voltage by a trans-impedance



STM Controller High Voltage Amplifier

=r

Z-feedback
Output
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- Amplifier
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Surface step

Figure 2.1: Simplified schematic of a typical STM setup. The bias voltage, set point
current, and other feedback loop parameters (time constant, gain) are user-defined
via the computer connected to the control unit. The z, y, and z piezos of the
tube scanner are connected to a high voltage amplifier that in turn is connected
to the STM controller. The tip current signal is amplified and converted into a
voltage before being fed into the controller. For this input, the controller generates
a feedback output that controls the z-piezo voltage to keep the tip a fixed distance

above the sample.



amplifier with a resistance in the 0.1-1 G{2 range. This voltage is fed to the control
electronics, which compares it to the set point and generates an error signal that
is then fed back to the z-piezo to keep the tip-sample separation constant. The
principle of quantum tunneling is thus crucial to the operation of an STM and the

fundamental theory is introduced in the next Section.

2.2 Tunneling basics

The basic physics underlying the STM is the principle of quantum tunneling of
electrons through a potential barrier [46]. When a sharp conducting tip is brought
within a distance of ~ 1 nm of a conducting sample, the tip and sample form an ultra-
small tunnel junction. The tunneling probability can be calculated by matching a
plane wave solution to Schrodinger’s equation inside the sample to an exponentially
decaying wave-function inside the barrier. For a uniform, square barrier in one

dimension, one finds

(22 = [W(0)[2e2eV2n U= /n? 2.1)

where W(0) is the amplitude of the wave function at the surface of the sample, z is
the barrier width, U is the barrier height, m is the electron mass in its rest frame,
and h is Planck’s constant. When a voltage V4, is applied across the STM tip and

sample, and the barrier is a vacuum gap, then we may write equation Eq. (2.1) as

(=) = |B(0) eV oV (22)

where ¢; and ¢, are work functions of the tip and sample respectively, and the height
of the barrier may be roughly approximated as the average work function of the tip
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and sample.
An expression for the the electron tunnel current between two electrodes (la-
belled by i and v subscripts) with a bias voltage applied between them, was first

developed by Bardeen in 1961 [46] and is given by

4“Z| My (£(E,) — F(B,)3(E, — B, — Vi) (2.3

where f(E,T) =1/(1+exp(E/kgT)) is the Fermi function at temperature 7" and F
is energy measured from the Fermi energy. M, is a matrix element that describes

the overlap of the wave functions between the two electrodes and is given by

1 -
M,, = ~% /(@bZV@Du — 1, V5)dS (2.4)

where the integration is over any surface S lying entirely within the vacuum gap
separating the two electrodes. If we assume the system is 1-dimensional, and use the
local density of states (LDOS) for the STM tip and sample, pyp = 3, [¢0,|*0(E,—E)

and psample = Y, [ |*0(E, — E), the tunnel current may be written as

4 oo
It = %’MF/ [fiip(E) = fsample(E + €V3)]piip(E — €V psample (E)dE. (2.5)

Here I have assumed that the tunneling matrix element M is independent of energy,

M2 = exp (—22\/2 (“bt ; ¢>) . (2.6)

From Egs. (2.5) and (2.6) it can be seen that the tunnel current depends

and is given by

exponentially on z. This exponential dependence of the tunnel current on the tip-

sample separation is exploited in an STM to create an extremely sensitive probe
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of the topography and the local density of states (LDOS) of a conducting sample.
The exponential dependence is also critical to keeping the tip at a constant but

extremely close distance from the sample by maintaining a constant tunnel current.

2.3 Constant current and constant distance imaging

The two main modes of imaging a sample with an STM are the constant
current and constant distance modes. In the constant current mode, variations in
the z-piezo voltage are recorded as a function of the tip’s z-y position as it raster
scans the sample. The tunnel current is held constant by a feedback circuit which
compares the measured value to a set point defined by the user, and adjusts the
voltage on the z-piezo accordingly. The feedback loop has an integrator with a time
constant that must be adjusted by hand to suit the sample being studied. Careful
adjustments of the feedback parameters are required to achieve good images in the
constant current mode. A feedback that is too slow results in the tip being unable
to follow the sample topography accurately, and it might cause the tip to bump
into protruding features and lag over “cliffs.” A feedback that is too fast causes
an underdamped response, and feedback oscillations. Such oscillations are difficult
to distinguish from tip instabilities or coupling between the tip and mechanical
oscillations in wires somewhere in the circuit.

For a metallic surface, constant current images generally reflect surface topog-
raphy, although analyzing and interpreting the data in a precise manner is difficult.

The essential problem in comparing an image to theory is the need to calculate the
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tunneling matrix element in Eq. (2.4). To do this integration, explicit expressions
for the tip and sample wave functions ¥, and ¥, are needed. The 1-dimensional
approximation discussed above is easily calculable but not very realistic.

In 1985, Tersoff and Hamann [47] described an approach that improved on
the 1D approximation. They used first order perturbation theory and a simple
model of a spherically symmetric and atomically sharp tip to calculate the tunneling
matrix element. For small bias voltages, at low temperatures, and taking only elastic

tunneling into account, they wrote the tunnel current as

B 32m3e2?

I
h

pup(Er)e >y |, (ro)|*8(E, — Er) (2.7)

where ¢ is the effective height of the local potential barrier, K = (2m¢)/h is the
spatial decay constant in the barrier, R is the effective tip radius, and 7y is the
center of curvature of the tip. Also, psample(Er,70) = Y., ¥, (r0)|?0(E, — EF), is the
LDOS of the sample at the Fermi level. Using this expression, images obtained in the
constant current mode may be interpreted as contour maps of constant surface LDOS
at Fr. However, we note that in general the current signal cannot be interpreted to
represent solely the electronic structure of the sample, and a full treatment would
involve de-convolving the tip states from those of the sample. Again, this is an
extremely difficult problem since the precise structure and composition of a tip is
not usually known.

An STM may also be used to image in the constant height mode. In this mode,
the tip is raster scanned over the surface at a constant height without any z feedback,

and the resulting variations in tunnel current are recorded and transformed into an
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image. Since the tip-sample separation is typically on the order of 1 nm or less,
very small features on the sample can result in the tip crashing into it. Thus, this
method of imaging is typically only used to study atomically flat terraces of cleaved
or single crystal samples.

Both the constant current and constant height modes have their advantages.
For example, overviews of large areas (1-3 wm) with unknown topography are usu-
ally obtained using the constant current mode, whereas small atomically resolved
images are usually easier to obtain using the constant height mode. Both modes are
typically used to calibrate the piezo scanner of a new STM: images of atomic steps
on a single crystal with known lattice constants taken in the constant current mode
provide z-calibration, and the atomic lattice imaged in the constant height mode

provides x and y calibrations.

2.4 Scanning tunneling spectroscopy

In the spectroscopic mode the STM tip is parked at a chosen point of a topo-
graphic image, the feedback circuit turned off, and the bias voltage V' swept between
two user defined values. The tunneling current [ is recorded as a function of volt-
age, at specific user defined values. At the same time, a lock-in amplifier is used
to measure the conductance dI/dV. In principle dI/dV could be found by numer-
ical differentiation of the I-V curve, but the lock-in technique provides a better
signal-to-noise ratio.

Scanning tunneling spectroscopy (STS) involves the simultaneous recording of
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a topographic image and spectroscopy data. In this mode the tunnel current is first
recorded at a user-defined fixed bias voltage, after which the feedback loop is turned
off and the bias voltage swept. The I-V and dI/dV vs. V data are then recorded.
The feedback loop is then turned back on, the tip moved to the next pixel, and the
procedure repeated. Obtaining atomically resolved spectroscopic data in this way
is arguably the most powerful capability of an STM, as it allows mapping of the

LDOS of a sample on the atomic scale.

2.4.1 N-I-N tunneling

The simplified energy band model shown in Fig. 2.2 provides an intuitive
picture of how d//dV conductance data may be interpreted. This 1-dimensional
model shows two normal metal electrodes representing the tip and sample. The
two electrodes are separated by a vacuum gap. The distribution of quasiparticles
depends on the temperature of the system and is determined by the Fermi function.
At 0 K, as shown in the figure, the Fermi function reduces to a step function with
all states occupied by quasiparticles up to the Fermi energy. In the absence of an
external voltage, the Fermi energies line up (Fig. 2.2(a)). When a voltage bias, V'
is applied to the sample, the Fermi energies are shifted by eV with respect to each
other, allowing tunneling from occupied states in one electrode to unoccupied states
in the other (see Fig. 2.2(b)).

If a positive bias potential V' is applied to the sample, the net quasiparticle
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Figure 2.2: Band diagram depicting N-I-N tunneling at temperature 7" = 0 for (a)
V =0, and (b) |[V| > 0, where V is the negative bias voltage applied to the sample,
and the tip is grounded. The y-axis depicts the energy E of quasiparticle states.
Quasiparticles from occupied states (yellow) from the sample tunnel into unoccupied
states in the tip only when the applied voltage bias shifts the Fermi level of one with

respect to the other.
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tunnel current flowing to the STM tip from the sample can be written as [46, 48]

2 o)
1) = L (™ 1) = frampt (B + V)] i (Epame (B + V1B (25)

—00

where |M| is the average value of the tunneling matrix element, assumed to be
independent of energy, fii, and feample are the electron energy distribution functions
in the electrodes which reduce to the Fermi distribution in thermal equilibrium,
and pip and psample are the local electronic density of states (LDOS) of the tip and
sample at the point of contact.

If the tip and sample are both normal metals, and the Fermi energy for both

can be treated as approximately constant, we can write [48]

o0

I = (47 P pamien Opunn0)/1) [ [F(B) = F(E+ VB (29)

where piipn(0) and psamplen(0) are the density of states of the tip and sample respec-
tively at the Fermi energy. In the limit of small applied bias voltage (eV < kgT),

the integral reduces to eV, and we can write
=G,V (2.10)
where the tunnel conductance in the junction’s normal state is
G = 4me* | M |* psampie.n (0) pripn (0) /7 (2.11)

Since M depends exponentially on the tip-sample separation, the tunneling current
I will depend exponentially on z.

While Eq. (2.10) is useful for simple metals, many STM studies are conducted
on materials with a LDOS that depends on energy. It is these materials that are

17



interesting to probe through spectroscopic tunneling measurements. In general, Eq.

(2.8) can be rewritten in the form

I= 6ptiP7ﬂ<O)iSnample,n<O) /Z [f(E) - f(E + GV)] ptip(E)psample(E‘l‘@V)dE, (212)

where piipn(0) is the density of states of the tip at the Fermi energy when the tip is
in the normal state. If we assume that the density of states of the tip is constant,

i.e., prip(E) = pripn(0), we may write

G, oo
I= prammen(0) /_Oo F(E) = f(E 4+ eV)] psampie(E + eV)dE (2.13)

Typically dI/dV is difficult to compute from Eq. (2.13) at non-zero temper-
atures. Conductance (dI/dV’) data at such temperatures is therefore nontrivial to
interpret. However, if we consider the limit 7" — 0, the Fermi function f(E) be-

comes 1 —O(FE), where O(F) is the Heaviside step function. In this case, Eq. (2.13)

IedU_CGS to
epsample,n“)) 00 sample E/
— G—n </ OSaII]ple(E 6[ ) / Ps 1e(E )dE> (2 4)
epsample,n<0) eV amp + 6[/ ]

G 0
___Un Peampie(E + €V)dE
epsample,n(O) /eV P

If we shift the variable of integration, we can write

eV
1= G—(m /0 peampte(E)E (2.15)

€Psample,n

The conductance, dI /dV, is now easy to calculate by applying the first fundamental
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theorem of calculus.

dl G, d [
G:_:—_ sameEdE
IV " prampten(0) dv/D Prampiel E)

Gn
= —— 7~ €Psample eV (216)
epsample n(()) P ( )

npsample (GV)
psample H(O)

Thus we have

dl

v X Psample(€V). (2.17)

We can see from Eq. (2.16) that it is extremely preferable to perform spectroscopy
measurements in the 7' — 0 limit, as they provide a way to directly probe the LDOS
of a sample. This is in fact the primary motivation behind designing STM systems

such as ours that operate at millikelvin temperatures.

2.4.2  S-I-N tunneling

Figure 2.3 shows a band diagram illustrating tunneling between a supercon-

ducting tip and normal sample. In this case we can write

ar G, [~

&G / F(E + V) Nogmse E + €V) Ny (B)dE, (2.18)
where G, is given by Eq. (2.11), and the normalized density of states for the tip
and the sample are given by Neample(E + €V) = psample(E + €V)/ psamplen(0) and
Niip(E) = piip(E)/ptipn(0). For a tip made from a BCS s-wave superconductor,

Niip(E) is given by [49]

Nip(E) = Re [\/%} . (2.19)
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Figure 2.3: Band diagram depicting S-I-N tunneling at temperature 7" = 0 for (a)
V' =0,and (b) |V| > A¢p/e, where V is the negative bias voltage on the sample. The
y-axis depicts the energy of quasiparticle states, E. Quasiparticles from occupied
states (yellow) from the sample tunnel into unoccupied states in the tip only when
the applied voltage bias shifts the Fermi level of one with respect to the other by

an energy larger than the gap energy.
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From the above equations and Fig. 2.3(b), one can see that the singularity at £ = A
in the density of states of the tip provides a way to resolve variations in the sample
LDOS when the bias voltage is swept.

If either the tip or the sample is superconducting, spectroscopy measurements
provide a way to probe the LDOS and electron distribution of the other electrode.
For temperature 7' > 0, a conducting sample with an approximately constant density

of states, and a superconducting tip, Eq. (2.18) reduces to

I df
W X d_E o Ntip(GV) (220)

where df /JdE = —sech®(E/kgT)/2kgT, and Ny,(eV) has singularities at eV = +A.
Thus the effect of temperature is to broaden the conductance data in a quantitatively
predictable manner. In principle, this can provide an estimate for the temperature
of the electrons in the non-superconducting electrode. In Chapter 6, I describe how
we have used conductance measurements to obtain an estimate for the temperature

of our STM junction at the base temperature of the dilution refrigerator.

2.4.3 S-I-S tunneling

Figure 2.4 shows a band diagram for quasiparticle tunneling in a junction
composed of two superconductors. At T' = 0, for superconducting materials with
superconducting gaps A; and A,, a bias voltage of V' = (A; + Ay)/e has to be

applied before quasiparticles from the occupied states of one electrode line up with
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Figure 2.4: Band diagram depicting S-I-S tunneling at temperature 7 = 0 for (a)

V =0, (b) Aup/e < |V]| < (Asample + Asip)/e, and (¢) [V| > (Agp + Asample)/€ -

V' is the negative bias voltage on the sample. The y-axis depicts the energy E of

quasiparticle states. In (b), tunneling does not occur despite a positive bias voltage

because quasiparticles in the occupied states of the tip DOS are not lined up with

available unoccupied states in the sample DOS. Quasiparticles from occupied states

(yellow) from the sample tunnel into unoccupied states in the tip only when the

applied voltage bias shifts the Fermi level of one with respect to the other by an

energy larger than the sum of the gaps.
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available states in the other electrode. The quasiparticle current can be written as:

[ =G, / N [f(E+eV) = f(E)]Neample(E + €V)Nyp(E)dE

o0 (2.21)
B 00 VY |E+ eV| |E|
G [ B+ ev) = (D) TS e

The expression for dI/dV is clearly more complicated than for S-I-N tunneling, and
the effects of tip and sample are harder to deconvolve. However, such an S-I-S
junction is interesting because the STM tip and sample form a Josephson junction.
In addition to quasiparticle tunneling, one might therefore expect a supercurrent
consisting of Cooper pairs to tunnel from the tip to the sample at 0 V [50]. In
addition, one might expect to observe Andreev reflections due to electrons and
holes combining at energies smaller than the gap to form Cooper pairs [51].

While most STM experiments on superconductors involve measurements of the
quasiparticle density of states, a Josephson STM could directly probe the supercon-
ducting condensate of a sample on the atomic scale. Unfortunately, the realization
of such an instrument is more complicated than one might naively expect due to
a combination of engineering difficulties and constraints imposed by the physics of

ultra-small junctions, as I describe in Chapter 6.

2.5 Cryogenic temperatures

There were three main reasons for undertaking the construction of the mi-
likelvin STM system that is described in this thesis. The most straightforward

reason follows directly from Section 2.4 above. When both the tip and sample are
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normal metals, the Fermi function reduces to a delta function in the low tempera-
ture limit, and STS measurements may be used as a direct probe of the LDOS of
the sample. Higher temperatures smear spectroscopy, obscuring fine spectroscopic
features.

Second, a cryogenic scanning tunneling microscope is an extremely sensitive
tool for probing physics associated with extremely small energy scales. Examples
are the physics of single atomic spins [52, 53], single atom defects [54, 55|, and
macroscopic quantum states such as superconductivity that are manifest only at
cryogenic temperatures. While superconductivity is of specific interest, there are
many other physical phenomena for which millikelvin temperatures are desirable.

The final reason for building a mK STM is specific to our goal of building
an STM that tunnels Cooper pairs in addition to quasiparticles. In particular, we
wanted to build a dual-tip STM that can image the gauge-invariant phase difference
of superconductors on the atomic scale [19], as I describe in Chapter 8. The basic
idea is that a superconducting tip and sample form an ultra-small Josephson junc-
tion, the physics of which is determined primarily by three competing energy scales.
These are the Josephson energy Ej = hil./2e, where I is the critical current of the
junction, the capacitive energy Ec = ¢?/2C, and the thermal energy Er = kgT.
For typical STM parameters C' = 1 fF and I. ~ 1 nA, we find F;/kg ~ 0.25 K, and
Ec/kg =~ 1 K. In order to prevent thermal noise kgT from dominating the dynam-
ics of the junction, we need to operate at temperatures much less than FE¢/kp and

E;/kg, for example in the 50-150 mK regime.
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Chapter 3: Design and Implementation of the Millikelvin Dual-Tip

STM

3.1 Introduction

Since the invention of the scanning tunneling microscope (STM) [39], numer-
ous systems have been built that operate at cryogenic temperatures [45, 56-62].
Cryogenic temparatures not only provide the potential for achieving finer energy
resolution, but also open up the possibility of exploring otherwise inaccessible phe-
nomena such as superconductivity and a wide range of solid state quantum effects.
In the 1990’s a variety of 4 K STMs [59, 63-66] were developed and used to perform
pioneering studies at the atomic scale. Since then, several groups have successfully
implemented STM’s on single shot 3He refrigerators [45, 60, 67-69] and dilution
refrigerators [60-62, 70-73].

The advantage of using a dilution refrigerator instead of single shot cooling
methods is that the former can supply significant cooling power continuously to an
experiment, without a set time limit, at a stable temperature. Cooling power can be
critical to millikelvin STM experiments due to the heat load from the STM'’s several

high voltage wires and moving piezos. Furthermore, some types of STM data can
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take days to weeks to acquire. Temperature variations induce thermal drifts in the
piezos that are extremely undesirable while taking such data.

Despite the impressive science being conducted by the systems mentioned
above, there are still relatively few instruments that operate reliably at sub-Kelvin
temperatures. This is mainly due to the inherent difficulties in constructing a system
that operates at ultra-low temperatures, in ultra-high vacuum, with the mechanical
stability necessary for STM measurements. In this Chapter, I describe details of
the design, construction and operation of our dual-tip millikelvin STM. I start with
general design principles and an overview of our system. I follow this with a descrip-
tion of our dual-tip STM, and a brief description of the principle of operation of a
dilution refrigerator. I then discuss design considerations specific to our instrument
such as our UHV sample preparation and transfer mechanism, vibration isolation,
filter design, wiring choices, and materials used. Finally, I describe the operation of

our system.

3.2 System design

Designing an STM that can operate at millikelvin temperatures involves satis-
fying several stringent requirements. First, the STM tip and sample obviously need
to be cooled to mK temperatures. Although dilution refrigerators routinely reach
millikelvin temperatures, achieving such temperatures in an STM is non-trivial. The
high voltages necessary for the coarse approach motor and piezo tube scanner gen-

erate substantial heat that must be carried away and sunk at upper stages of the
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fridge. In order to strongly thermally couple the STM body to the mixing chamber,
some groups have resorted to making the STM body out of high purity silver [61, 62],
to ensure good thermal conductivity in the entire temperature range. Although our
STM head is machined out of MACOR, we have taken several other measures, dis-
cussed below, to ensure thermalization of the STM junction to the temperature of
the mixing chamber.

Another critical requirement is the mechanical stability of the STM junction.
Vibration isolation is critical to the operation of an STM because the tunnel current
I depends exponentially on the tip-sample spacing z, i.e. I = Iye */?0. Typically
the current changes by an order of magnitude when the spacing is changed by 0.1
nm which gives zg = 0.23 nm. A small change ¢z in z leads to a change in current
01 = (I/z,)0z. Hence to stabilize a 1 nA current to 10 pA requires dz < 2.3 pm.
This illustrates the extreme stability required for the tip/sample spacing.

Our dilution refrigerator requires a host of attached pumps in order to operate
and these can produce substantial vibrations. In addition, the continuous *He circu-
lation can introduce unavoidable low-frequency mechanical noise. For our system,
we require voltage resolution of 10 uV or better, and current resolution as fine as 1
pA. Voltage noise carried down through the wires smears signals and raises the effec-
tive temperature of the STM junction. Our strategies for filtering both mechanical
and electrical noise are described in Sections 3.6 and 3.9.

Finally, samples must be kept in vacuum at a pressure of 10~! Torr or better
to prevent contamination of the surface. Ideally it should be possible to clean or

cleave a sample and transfer it to the STM without breaking vacuum.
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3.3 Dilution refrigerator: working principle and operation

A dilution refrigerator works by exploiting the phase separation that occurs
when a mixture of two stable isotopes of helium (*He and “He) is cooled below
its tri-critical point at 0.86 K. One of the phases is *He rich, while the other (the
dilute phase) is *He rich, and the enthalpy of 3He is different in the two phases.
When 3He passes through the phase boundary from the *He rich phase to the dilute
phase, the internal energy of the 3He rich phase is reduced. This is analogous to
evaporative cooling. The phase boundary exists all the way down to 0 K—i.e.,
the *He equilibrium concentration in the *He-rich phase is non-zero even at 0 K.
So in principle, there is no lower limit to the temperature that can be attained
by the “evaporative” cooling of 3He. Continuous cooling requires using a pump to
continuously remove the He atoms from the dilute phase and returning >He to the
3He-rich phase.

Figure 3.1 shows a schematic of a dilution refrigerator. The refrigerator has
several thermal stages that are maintained at different temperatures. The top-most
is the 1K stage which is cooled by the 1K pot. The condenser is attached to the pot
and is responsible for condensing the mixture (primarily *He) that is output from the
room temperature circulation pump. The “still” stage is continually pumped on to
pull 3He from the dilute phase and also cools the incoming mixture to 600 mK. The
“cold plate” sits in the middle of the heat exchangers between the still and mixing
chamber and lacks active cooling power, but typically settles at a temperature of

~ 150 mK. Finally, the mixing chamber stage, contains the 3He-*He phase boundary
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Figure 3.1: Schematic of the dilution refrigerator for the dual tip mK STM system.
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and cools the mixture to ~ 6-30 mK. An outer dewar containing liquid *He functions
as a ~ 4 K bath and reservoir for the 1K pot. While the refrigerator is not being
operated, the warm *He/*He mixture is stored in the “dump” at room temperature.

The inside of the refrigerator is first cooled to 77 K from room temperature by
filling the outer dewar with liquid Ny and introducing a small quantity of exchange
gas, typically 3He into the vacuum space between the dilution refrigerator unit and
the dewar. Once the refrigerator has cooled to 77 K, the liquid N, is replaced by
liquid *He. It is helpful if the exchange gas condenses at a temperature lower than
4K, as this aids in coupling the 4K *He bath to the the dilution refrigerator. Once
the inside of the refrigerator has cooled to 4.2 K, the exchange gas is pumped out,
and the circulation of the mixture is begun. The dilution refrigerator operation is
controlled from the front panel of the main control unit; this unit directly controls
all of the valves in the gas handling unit. We also used a Labview VI to operate the
refrigerator automatically.

While circulating the mixture, it is first passed through cold traps kept in
a 77 K nitrogen bath. The traps contain activated charcoal and are designed to
condense and absorb vapors of unwanted impurities such as Ny, Oy or other gases
present in the mixture. This is particularly important when using an oil-based scroll
pump in the circulation path, as small quantities of hydrocarbons make their way
into the mixture. In practice, care must be taken to pass the mixture through the
cold trap at a rate of < 200 cm?®/minute to ensure that the mixture is adequately
cleaned. In the next step of the cycle, the mixture flows through a 4.2 K trap that is

inserted in the dewar, to capture any residual impurities, such as Hs,, that were not
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captured by the 77 K traps. The cold traps need to be periodically cleaned to avoid
clogging. This is done by valving them off from the rest of the system and gently
heating them to ~ 100° C, while simultaneously pumping away any released gas. A
residual gas analyzer (RGA) attached to the pump is very useful for determining
the composition of impurities, and for identifying small leaks.

Next, the mixture makes its way to the condenser inside the 1K pot where it is
cooled to ~ 1.5 K. The 1 K pot is a small cylindrical copper chamber, connected to
the “He bath through a fine capillary tube that forms a flow impedance. Pumping
on the pot causes it to suck liquid *He into its body, and evaporation of the liquid
produces cooling to ~ 1.2 K. The mixture next makes its way to a heat exchanger
on the still (~ 0.6 K). In the main body of the still, outgoing *He is pumped out
of the mixture by the main circulation pump. After passing through the still heat
exchanger, incoming mixture is cooled even further when it passes through several
coils of a heat exchanger that couples the input mixture flowing down to the colder
mixture flowing up from the mix to the still. Finally, the incoming mixture reaches
the mixing chamber where the phase boundary is maintained. The mixing chamber
is the coldest part of the cryostat with the greatest cooling power, and the STM

assembly is rigidly clamped to it.

3.4  System overview

Figure 3.2 shows an overview of our system. A UHV sample preparation and

transfer system sits on an optical table directly above a 3He-*He dilution refrigerator
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Figure 3.2: Overview of dual tip mK STM system. The dewar and radiation shields

that surround the dilution refrigerator are not shown.

32



that has the STM assembly mounted to the mixing chamber. A vertical sample
transfer rod runs along the central axis of the refrigerator to enable top loading of
samples from the UHV system into the microscope. The dilution refrigerator is a
customized Oxford Instruments Kelvinox with a cooling power of 400 uW at 100
mK and a no-load base temperature of 6-7 mK. The operating base temperature
for our STM however is 30-35 mK due to a thermal heat-load of about 30 uW from
the system wiring. Radiation shields clamped to the mixing chamber and the still
(0.7 K) prevent black-body radiation from higher stages from reaching the STM. A
custom made super-insulated liquid-helium cryostat [74] provides a 4 K bath. This
dewar is interchangeable with a custom made 13.5 Tesla superconducting magnet
dewar with a LHe capacity of 140 liters [75]. The magnet is a high field (vertical
bore) solenoid system, with a rated field of 13.8 T, and a rated current of 99.8 A. The
entire setup sits inside a copper and steel-walled rf shielded room with a nominal

attenuation of 100 dB or greater from 1 kHz to 10 GHz.

3.5 The dual-tip STM

Our dual-tip STM is a modified version of an STM design by Pan et al. [45].
The main difference is that we have double the number of parts in order to allow the
independent operation of two STM tips (see Fig. 3.3). Key aspects of Pan’s design
are its emphasis on mechanical rigidity and the use of materials that are matched as
closely as possible to minimize stress from thermal expansion. In our case, this was

achieved by making the main STM body from a single 94 mm long Macor cylinder
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with an outer diameter of 50.8 mm and an inner diameter of 35.6 mm.

Figures 3.3(b) and 3.3(c) show details of our STM design. The sample stud
(11) is loaded from the top, and the two tips approach the sample from below. The
“Inner” tip (1) is attached to the center or “inner” piezo tube (4), and the “outer”
(off-center) tip (2) to the “outer” piezo tube (3). The tips are side-by-side, about 1
mm apart while the piezo tubes are concentric and share a common axis (see Fig.
3.2(b)). Each piezo tube is epoxied onto a Macor scanner holder. The large outer
scanner (3) operates in a hole in a large sapphire prism (6). The small scanner tube
(4) is located above the corresponding small sapphire prism (7) rather than within
it.

The coarse approach mechanism is driven by six shear piezo stacks for each tip
(see Fig. 3.3(b)). Four large stacks (5) are epoxied to the inside of the outer Macor
STM body (10) and two to a Macor piece (14) held in place by a Cu-Be spring plate
(13). Likewise, four small stacks (8) are epoxied onto the smaller inner Macor body,
and two to a small Macor piece (15) held in place by a small Cu-Be spring plate
(16).

Figure 3.4 shows the main components used to build the dual-tip STM before it
was assembled. Figure 3.4(a) shows the main Macor STM body, and the components
of the tip, scanner and walker components for the outer tip. Figure 3.4(b) shows
the small Macor STM body, and the tip, scanner and walker components for the
inner tip.

Figure 3.5 show the STM in various stages of assembly. In Fig. 3.5(a), we can
see piezo stacks glued onto the large and small Macor bodies. The large piezo stacks
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Figure 3.3: (a) Close-up photograph of STM tips, (b) inner and outer tip assemblies,
(c) cross section view and (d) photograph of the STM. The figures show the inner tip
(1), outer tip (2), large piezo scanner (3), small piezo scanner (4), large piezo stacks
(5) and (14), large sapphire prism (6), small sapphire prism (7), small piezo stacks
(8) and (15), inner tip (9), outer Macor body (10), sample stud (11), capacitance

plates (12) and Cu-Be spring plates (13) and (16).
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Figure 3.4: Some of the components used to build the dual-tip STM. (a) Macor
main STM body (1) that forms part of the coarse approach for the outer tip, the
large sapphire prism (2), the large tube scanner assembly (3), the large CuBe spring
plate (4), and the copper and Macor parts of the tip cup for the outer tip (5). (b)
Small Macor STM body (6), the small sapphire prism (7), the small piezo tube
scanner assembly (8), the small CuBe spring plate (9), a Cu piece that attaches the

small prism to the large piezo scanner (10), and the small Cu tip cup (11).
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and large sapphire prism are responsible for the coarse approach for the outer tip
which carries the inner tip assembly with it as well (see Fig. 3.5(c)). The small piezo
stacks along with a small sapphire prism allow the inner tip to approach the sample
independently. Amorphous aluminum oxide pads epoxied onto the stacks are placed
in contact with sapphire prisms. The friction between these pads and the sapphire
prisms is controlled by the tension of the screws against the Cu-Be spring plates.

The coarse approach uses a stick-slip motion of the piezo legs against the
sapphire prisms [45]; voltage is applied to one leg at a time, which slides it backward
while the static friction from the other five hold the prism in place. When all six
legs have slid, the voltages on all of them are ramped down simultaneously, resulting
in the prism moving forward by one step. This entire process is repeated at 60 Hz.

For first approach, I position the two tips with the inner tip just behind the
outer tip (out of tunneling range), and then drive the large piezo walker so that both
tips are carried forward and the outer tip makes contact with the sample first. I
then retract the outer tip, and approach with the small piezo motor until a tunneling
current is detected with the inner tip.

With this arrangement, our outer walker carries the weight of the inner walker
(see Fig. 3.5(c)). I found that the standard design with four piezos per stack [45]
was not strong enough to reliably approach the sample at mK temperatures. This
was especially the case after we lost one or two of the connections to arcing due to
the layer of *He exchange gas that adsorbed to the surface. In order to address this
problem, I rebuilt the walker with six piezos per stack to incorporate redundancy
even if a few of the piezo connections are lost due to arcing. I also redesigned the new
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Figure 3.5: Photographs of STM while it was being assembled. (a) The large walker

with 6-stack piezos and wiring, and the rebuilt small walker with 4-stack piezos. (b)
STM with the small coarse approach walker attached to the large piezo tube scanner
assembly. (¢) STM with sapphire prism around the large tube scanner. The small
Cu-Be spring plate completes the small coarse approach walker. The large CuBe

spring plate and the end pieces that complete the Macor body are not shown.
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stacks to have “wings” (see Fig. 3.5(a)) that tripled the distance between ground
and high voltage connections, making short circuits less likely. The wings also make
it easier to repair the connections if necessary.

As a final precaution against arcing, I painted a thin layer of GE varnish
around the stacks, and over the connections to prevent conduction through *He
gas adsorbed to the surface. Although GE varnish is typically avoided in UHV
environments due to outgassing, I decided that the benefits in this case outweighed
the costs, especially since outgassing is negligible at cryogenic temperatures. I tested
the breakdown voltage of varnish up to 500 V, before and after several thermal cycles
of being dipped in liquid N5. The varnish held up to these tests, but might eventually
develop cracks after repeated thermal cycling. It should probably be redone every
15 months or so.

Testing of the six-piezo stacks at various voltages through their whole range
of motion revealed that they walked about twice as fast as our four-piezo setup.
The small walker for the inner tip carries less weight and four piezos per stack were
sufficient. I note that the tight space makes wiring the small stacks challenging, and
the prototype developed shorts after a couple of years of use. Our later design for
the small walker uses replaceable piezo stacks epoxied onto copper plates that are
screwed onto the small Macor body.

During operation, I monitor the relative position of each scanner-tip assembly
by means of a capacitance sensor connected to capacitance plates mounted on the
body (12), the small scanner section, and the large scanner section (see Fig. 3.3(c)).
A capacitance bridge [76] was used to measure the capacitance, which ranges from
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~ 11 pF to 19 pF on the outer coarse approach mechanism, over the coarse motion
range of 24 mm. On the inner coarse approach mechanism, the capacitance ranges
from 1.8 pF to 6 pF over the maximum coarse motion range of 8 mm. I also note
that at cryogenic temperatures the maximum lateral scan range of the inner tip
piezo tube scanner is &~ 1 wm while the lateral scan range of the outer tip piezo tube
scanner is /~ 2 pum.

The Macor STM body is bolted rigidly to the mixing chamber plate of the di-
lution refrigerator via a Cu flange and three L-shaped Cu bars. The lowest internal
vibrational modes of the mixing chamber plate were stiffened with the help of ad-
ditional braces [77]. The STM body is enclosed in a Au-plated Cu can for electrical
and heat shielding. This can is surrounded by a 150 mK heat shield, which is in
turn enclosed by the inner vacuum can (IVC) and the LHe dewar.

One of the tip-scanner-walker subsystems of the microscope is controlled by
an RHK Technology STM control system [78]. It has a maximum piezo voltage of
220 V and runs in analog feedback. This subsystem uses an IVP-300 RHK trans-
impedance amplifier with a conversion factor of 1 nA/V to maintain the tunnel cur-
rent. The other tip-scanner-walker subsystem is controlled by a Thermomicroscopes
SPM control system (now obsolete), with a digital feedback electronic control unit,
and a maximum piezo voltage of 220 V. A variable gain trans-impedance amplifier

monitors the tunnel current [79].
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3.6  Vibration isolation

The STM must be kept as vibrationally isolated as possible—ideally with the
tip-to-sample distance stable to better than 5 picometers (pm) in order to resolve
atomic scale features in topographic images and fine scale structures in spectroscopy.

We chose a Pan-style design [45] for the STM head because it is resistant to
vibrational noise. Vibration isolation of the entire system is achieved by mounting
the refrigerator on an optical table with a pneumatically damped air suspension
system (see Fig. 3.1) [80]. The nominal isolation efficiency is 97% at 5 Hz and
99% at 10 Hz, with a resonance frequency of 0.8-1.7 Hz for the vertical mode. The
horizontal mode has an isolation efficiency of up to 90% at 5 Hz and 95% at 10 Hz
with a resonance frequency of 1-2 Hz [81]. Another potential source of vibrations is
whistling in the 1 K pot, as liquid *He is drawn in through the siphon. To eliminate
whistling, the pot was custom-made to a larger size, allowing data to be taken for
1.5 days between fillings.

To reduce vibrations from the rotary circulation pumps, we placed them on
large rubber pads in an adjacent room. The pipes from these pumps go through
a sand box and vertical and horizontal aluminum bellows for additional vibration
isolation. Pumping line connections to the top of the optical table present a critical
vibration isolation problem. We use bellows in a “sideways T design” [77] to min-
imize the transfer of pressure variation from the pumping lines to the table. The

T-bellows box rests on a rubber pad and has 113 kg of Pb added to it.
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3.7 The ultra high vacuum (UHV) subsystem

An ultra high vacuum sample preparation and transfer mechanism is an ex-
tremely desirable feature for a low-temperature STM for several reasons. First, it
allows the exchange of samples without breaking vacuum, or having to warm the
system to room temperature. This also facilitates our standard procedure for clean-
ing the STM tip via high voltage field emission against an Au(111) single crystal,
and then exchanging it out for a more interesting sample of our choice. Second, the
exposure of any sample to air, even for a few seconds, results in the adsorption of a
thin layer of water and other contaminants on the sample’s surface. Upon cooling,
this layer freezes in place and impedes one’s ability to scan and interpret atomic
scale features on the sample surface.

At this point I should note that with our dilution refrigerator based STM,
there is an additional complication from adsorbed gases. During operation, I use a
very small quantity of *He during cool down, to couple the inside of the refrigerator,
including the STM to the 4 K “He bath in the dewar. This exchange gas is pumped
out before starting circulation of the 3He-*He mixture. However, if we cool the
system with the sample placed in the STM, some residual 3He nevertheless remains
adsorbed on the sample surface. In fact, a thin layer of *He atoms will collect on all
of the STM surfaces, including the piezo stacks used for the coarse approach mech-
anism. This film can lead to an arc discharge between the high-voltage piezos in the
coarse approach motor, weakening its power or preventing the tip from approaching

the sample. This has led other mk STM groups to replace the exchange gas with a
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heat switch [61], or pre-cooling loop [62]. In our case, since we had already bought
and installed our refrigerator as well as all of the STM wiring and filtering, we ad-
dressed this problem by making a minor modification to the STM head, described
in Section 3.5. It is also undesirable to condense the exchange gas on the sample
surface. Our in situ transfer mechanism allows us to insert the sample into the STM
after pumping out the exchange gas. This prevents the accumulation of 3He atoms
on the sample surface.

Figure 3.6 shows a photograph of our UHV subsystem, which consists of a
preparation chamber and a transfer chamber that are separated by a gate valve.
Each chamber has its own ion getter [82], titanium sublimation pumps [83], and ion
gauge [84]. The system is roughed out using a detachable turbo pump [85] backed
by an oil-free scroll pump [86] and can be baked to 150° C using heater tape. A
load lock allows the introduction of samples into the preparation chamber. Samples
are mounted on sample studs that fit into the STM and can be moved throughout
the UHV system on a transfer plate using a magnetic transfer rod.

The sample preparation chamber has a residual gas analyzer [87], two electron
beam evaporators [88], and an argon ion sputter gun [89]. The sample stage in this
chamber is attached to an XYZ manipulator [90]. Samples may be heated to 600°
C by a resistive heater or by a direct current heater [91]. The preparation chamber
also has a room temperature STM for examining samples before we transfer them
into the mK STM.

As we noted above, a very desirable feature in a low-temperature STM is the

ability to exchange samples without having to warm the system to room temper-
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Figure 3.6: Photograph of the UHV subsystem used to prepare and transfer samples
into the STM. It consists of the sample preparation chamber (1), with a load lock
(2) and gate valve (3). The argon ion gun (4) and e-beam evaporators (5) and (6)
are used to prepare the samples. Nitrogen is bled into the chamber during venting
via a nozzle (7). A magnetic transfer rod (8) is used to introduce samples into the
transfer chamber (10). Each chamber is equipped with an XYZ manipulator (9) to
adjust the position of a sample holder. Finally, the sample is transferred into the

STM via a collapsible sample transfer rod (11).

44



ature. Our design allows for top loading of samples via a 3 cm diameter access
shaft in the dilution refrigerator. Figure 3.7(a) shows the sample transfer rod with
a sample stud attached to it as it is being lowered through the central shaft of the
dilution refrigerator. The top-loading system uses a collapsible rod that fits inside
a 4’ long magnetic transfer rod [Fig. 3.7(a) and 3.8(a)]. The collapsible rod has an
outer tube made from a 0.5” diameter thick-walled aluminum tube with a slot cut
along almost the entire length. Inside the slot there is a brass pin that is attached
to a thin-walled stainless steel tube. The lower end of the inner tube is fitted with
a sample exchange fork [91] for engaging the sample stud and a guide piece. The
brass pin can be locked in place at either end of the outer tube. The locks have an
L-shaped cut [Fig. 3.8(b) and 3.8(c)] and are operated by a short wobble stick while
the pin is held in place by a clamping mechanism.

Figure 3.9 shows the two spring-loaded clamp arms. The springs force the
clamping arms open while a pulley system is used to close them. The clamps are
operated by a push/pull feedthrough hooked into a steel rope loop running around
the pulleys. Each arm has a short spike. The spikes fit into counter bores on the
brass pins in the inner stainless steel tube. This arrangement allows the inner rod to
be held in place while the outer rod is moved between the upper and lower latching
positions, allowing transfer of the sample from the transfer chamber to the mixing

chamber.
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Figure 3.7: (a) Sample transfer tube (1) with sample grabber (2) and sample stud (3)
as the sample is being inserted through the central shaft of the dilution refrigerator.

(b) and (c) Two different sample grabber designs (4) and (6) that lock into sample

studs (5) and (7) respectively.
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Figure 3.8: (a) Overview of collapsible transfer rod. (b) Locking mechanism in the
open and (c) closed position. (1) Shell of magnetic transfer rod, (2) coupler, (3)
upper lock, (4) outer rod, (5) clamp with lower lock inside, (6) inner rod, (7) guide
piece, (8) sample grabber, (9) lock, (10) outer shaft, (11) slot in outer shaft showing

brass pin mounted on inner rod.
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Figure 3.9: Transfer rod clamping mechanism in the (a) closed and (b) open position.
(1) lock, (2) outer shaft, (3) brass pin mounted on inner rod, (4) clamp arm, (5)

spike and (6) pulley system.

48



3.8  Wiring

The two main kinds of wires in our system are (1) “signal wires” for the two
STM tips, sample, and capacitive sensors, and (2) “drive wires” for the piezo drives
and thermometry [77].

To achieve good energy resolution for tunneling spectroscopy, the signal wires
must be shielded and filtered to prevent heating and smearing of non-linear electrical
tunneling characteristics by broad-band noise. The length of each wire (see Table
3.1) was chosen so that heat leaks between stages were not too large. Since the
body of our STM is made from Macor, which is thermally quite insulating, we used
Cu wires from the STM to the mixing chamber stage to carry away heat generated
during coarse approach and tunneling measurements. The wire insulation must work
with tunneling resistances that range up to 100 G{2, and must be able to withstand
several hundreds of volts applied during field emission in order to clean the tip.

Figure 3.10 shows details of the wiring and filtering on each stage of our
dilution refrigerator. One potential source of noise in our system is microphonic
pickup on the signal wires for the tips. To reduce this pickup we used semi-rigid
coax for all signal wires inside the vacuum space of the cryostat (see Fig. 3.10(a)).
This also provides good shielding against rf pickup and allows us to use rf-tight
connectors. To minimize thermal load between stages, we used CuNi microcoax
(see Table 1). The coax was clamped to 3.35 cm long Cu posts at the 600 mK still
stage, and 7.5 cm long posts at the 150 mK stage (see Fig. 3.10(b)). At the mixing

chamber, these lines are connected to bronze powder filters [77] by SSMC connectors.
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Figure 3.10: Photographs of (a) the 1K pot stage, (b) the still stage and cold plate,

and (c) the mixing chamber stage and STM. The 1 K pot (1) was custom built to
1.5 times the normal size. Copper heat sinks ((2) and (5)) for the NbTi microcoax
signal wires are tightly bolted to each stage of the dilution refrigerator. Cylindrical
heat sinks ((3) and (7)) for the loom wires are also tightly bolted to each stage.
Figure 3.7(b) also shows the still (4) and continuous heat exchangers (6). Copper
coax wires (8) were used for good thermal coupling between the mixing chamber
stage (9) and the STM (12). The signal wires pass through bronze powder filters
(10) that are tightly bolted to the mixing chamber stage. All of the Cu coaxial wires
are heat sunk by clamps (11) that tightly press the wires against the Au-plated Cu

extension rods.
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As shown in Fig. 3.10(c), from the mixing chamber filters to the STM, the signal
lines are semi-rigid coax with Cu shielding, and a Ag plated Cu inner conductor to
allow heat to be conducted away from the STM tip, sample, and piezos.

Four woven wiring looms [93], each with 12 twisted pairs of ~ 100 um diameter
wire were used for the thermometry and piezo wiring. 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. The Nb-Ti
loom can be seen in the close up photograph of the still stage and cold plate in
Figure 3.10(b). These lines were connected to the STM via semi-rigid coax as was
done for the signal wires. The looms are wrapped around copper heat sinks at each
stage on the refrigerator. To ensure adequate thermal anchoring, 40 mm tall heat-
sink posts were used at the 4 K, 1.4 K, and 0.6 K stages, and 75 mm tall posts were

used at the 150 mK shield stage and mixing chamber.

3.9 Cryogenic filters

To prevent external rf and microwave interference from reaching the STM, the
signal wires are filtered with low pass m-filters on entry into the shielded room and at
the top of the cryostat. We also used bronze powder filters on the signal wires at the
mixing chamber stage (see Fig. 3.11(a)). The CuNi microcoax used for the signal
wires also provides some filtering. The cable length of 1 m from room temperature

to 4 K, and 1 m from 4 K to the mixing chamber, provides a total attenuation of
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Figure 3.11: (a)Photographs of the mixing chamber stage showing the Au plated Cu
box (1) designed to accommodate filters for all the non-signal lines, bronze powder
filter boxes (2), heat sinking clamps (3) to ensure thermalization of the STM to the
mixing chamber temperature, and the STM (4). (b) Photograph of the powder filter
boxes (5), with CuNi micro-coaxial wires leading into them. Rectangular Cu heat

sinks (6) are used to ensure thermalization of the coaxes to the mixing chamber (7).

52



about 39 dB at 1 GHz and 120 dB at 10 GHz [95].

The bronze powder filters we used were based on the design by Miliken et
al [96] which in turn are based on the original powder filters built by Martinis et.
al. in the 1980’s [97]. The principle of operation of these low-pass filters relies on
a combination of the skin effect, and the large surface area to volume ratio of the
metal powder. Eddy currents are created on the surface of each metal grain, causing
dissipation in the metal powder/epoxy mixture. The length scale associated with
the surface currents is the skin depth, ¢ = \/m, where p is resistivity, f is
frequency, and p is the magnetic permeability of the metal. The power dissipated is
proportional to p/d. Hence, the larger the surface area to volume ratio of the metal
powder, the greater the dissipation at high frequencies. Figure 3.11(a) and (b)
show the CulNi micro-coax signal lines leading into the copper boxes that house the
bronze powder filters which are clamped beneath the mixing chamber stage. Each
filter used 5.0 m of 50 um Cu-clad NbTi wire. The wire was wound in four sections
with alternating chirality around rods made from Stycast 2850 F'T to minimize
magnetic coupling between the filters. The rods were cast in drinking straws, which
were slit lengthwise and peeled off after the epoxy was cured for ~ 24 hours. They
were then cut to length (7.9 cm), and small holes were drilled into each end to
fit brass connectors that mate to pins connected to the wiring. Finally, the rods
were weighed to ensure the absence of air bubbles and embedded in an 80% bronze
powder/20% epoxy composite. Two Cu boxes of four filters each were made (see
Fig. 3.11(b)).

During development of these filters, a prototype developed short circuits at
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voltages > 100 V. We found that the problem was between the bronze powder in
the composite and the brass connectors. To fix this problem, we modified the design
to include a < 1 mm thick insulating layer of Stycast 2850 epoxy that separated the
bronze powder /epoxy mix from the connectors. This design had breakdown voltages
up to 500 V, even after shocking them by dropping the Cu filters into liquid Ns.
The measured attenuation of the filters scales approximately as 1/f with about 35

dB attenuation at 100 MHz [77].

3.10 Operation

Samples are mounted on copper, stainless steel, or molybdenum sample studs
that can be changed in situ. A sample can be attached to the holder with silver
epoxy or held in place by an L-shaped clamping arm. I used etched W and Nb wires
as STM tips [98]. The tips cannot be changed in situ—the microscope has to be
warmed to room temperature and the vacuum can vented in order to replace a tip.

After STM tips are installed, the vacuum can is evacuated to ~ 107 Torr. I
then fill the dewar with liquid Ny and bleed *He exchange gas into the inner vacuum
can (IVC). Overnight cooling brings the STM to 77 K. The nitrogen is then siphoned
out and slowly replaced with liquid helium. After cooling to 4.2 K in about a day,
the exchange gas is then pumped out, the 1K pot filled, and standard operation of
the dilution refrigerator begins.

After reaching a base temperature of 30-35 mK, we insert a sample of single

crystal Au(111) or Au(100), and clean each tip using high voltage field emission.
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This is done by turning off the z-feedback loop, retracting the tip a few nm away
from the sample surface, and ramping the tip-to-sample voltage up to 80-100 V.
The current is ramped up until the tip-to-sample current jumps to 0 A, indicating
that a piece of the tip has fallen off. After cleaning, the I-V curve for each tip is
examined to ensure we have a stable, sharp and metallic tip. The gold sample is
then exchanged via the sample transfer system for other samples of interest. Sample
exchange takes 12-15 hours, including about 3 hours spent pre-cooling the rod at
the top plate and about 3 hours pre-cooling at the 1 K stage.

Once the STM is cold, and an interesting sample is put into the STM, I have
taken data for 5-6 months without needing to warm up the system. Data taken with

the STM is presented and discussed in detail in Chapter 4 and 7.

3.11 Conclusions

In this chapter, I described in detail the design and construction of the main
components of our millikelvin STM system including the dual-tip STM, the dilu-
tion refrigerator, and details of the wiring. Building the system was a challenging
endeavor that occupied myself, Mark Gubrud and Michael Dreyer for several years

and constituted the majority of my work for this thesis.
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Table 3.1: Wiring for dual-tip mK-STM

Wire type _ _ . Cap- 10 GHz
Temp. and Dimensions Re?;;;?ice acitance | Atten. | No.
range Length [m] O.D. [mm] [pF/m] | [dB/m]
301%?{7 CuNi coax | CuNi 0.08 wire 75
[92] PTFE 0.26 | 96.2 61 12
10 K — ~2m CuNi 0.40 shield 5.2
MXC '
300 K - | Constantan Constantan
10 K loom [93]
(twisted 0.10 66 ~50 ~100 | 48
10 K~ . polyester
14 K pairs) 0.12
~ 3.5m
CuNi-clad
NbTi loom | NbTi 0.05
14K - 193] CuNi 0.08
~ ~1 4
MXC (twisted polyester o2 o0 00 8
pairs) 0.10
~1m
Cu coax Cu 0.29 .
1\84%(1\3 [94] PTFE 0.94 ggg 96.1 3.7 48
~ 0.7 m Cu 1.19 ’
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Chapter 4: Fabrication of Superconducting Nb Tips

4.1 Introduction

In this Chapter, I describe a reactive ion etching technique for fabricating ultra
sharp superconducting Nb tips. I also examine the performance of these tips via
atomic resolution images, temperature dependent spectroscopy and a conductance
map. My results indicate that the tips are superconducting, mechanically stable and
atomically sharp. Furthermore, the the tips display excellent spectroscopic energy
resolution at mK temperatures. The tips are fabricated ez situ and could be used
in a range of STM setups. The tip radius of curvature is often the limiting factor in
field emission techniques [99, 100], atom manipulation techniques [52, 53] and STM
based lithography [54, 55, 101-104]. My recipe offers a way to fabricate batches of

multiple ultra-sharp probes that may be used for diverse applications.

4.2 Motivation

STM tips are typically fabricated out of normal metals such as Pt-Ir or W,
for which wet etching techniques yield atomically sharp tips with minimal surface

oxidation [105, 106]. Such tip materials also have an approximately constant density
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of states (DOS) near the Fermi level. Thus the tunneling conductance df/dV versus
the bias voltage V between the tip and sample provides a direct measurement of
the local DOS of the sample.

By using a superconducting STM tip rather than a normal metal tip, one can
obtain enhanced spectroscopic resolution due to the singularity at the gap edge in
the superconducting DOS [17, 23, 31, 107]. Enhanced resolution is important in
observing many phenomena, including superconducting gap anisotropy and multi-
band superconductivity. In contrast, a normal metal tip is subject to thermal or
Fermi broadening (see Chapter 2). Furthermore, superconducting STM tips can
directly probe the superconducting condensate on the atomic scale [19, 24, 29, 108].
Finally, the study of topological insulators using STM techniques has been of recent
interest [109]. For example, it has been predicted that Majorana bound states may
be supported by the state induced by the proximity effect between an s-wave super-
conductor and a topological insulator [110-112]. Scanning tunneling spectroscopy
(STS) of the topological insulator surface state with a superconducting tip would en-
able us to explore arrangements of superconductor/topological insulator interfaces.

Despite their potential advantages, it has proven challenging in practice to
reproducibly fabricate superconducting tips that are mechanically robust and sharp
enough to obtain atomic resolution. Common superconducting elements such as Al
and Pb oxidize quickly in air. Materials such as MgB, and high-7T. superconductors
are brittle and difficult to work with due to surface degradation. Despite these diffi-
culties, some progress has been made using a variety of techniques. One approach is

to mechanically stretch a Nb wire in UHV until it breaks at a designated weak point
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[24]. Another approach involves repeatedly indenting a tip into a sample made of
a superconducting material until a relatively sharp tip is formed [23, 60, 113]. The
main disadvantage of such methods however, is that they require UHV tip exchange
capabilities or an in-situ z-y stage, approaches that are difficult to use in a scanning
probe microscope that is mounted on a dilution refrigerator.

Superconducting tips based on the proximity effect have also been fabricated
by depositing a layer of a Pb on a conventional Pt-Ir tip, and protecting it by a thin
layer of Ag to prevent oxidation [28, 114]. This method renders a UHV environment
unnecessary, but such tips have yet to yield atomic resolution topographic images.
Small crystals of high-T, superconductors have been successfully used as STM tips
by attaching them to the end of a Ptlr wire [5, 22, 29, 31]. This method has yielded
stable superconducting tips with good spatial resolution. However, the anisotropic
wave function of these superconductors renders spectroscopic information about the
sample more complicated to deconvolve than an s-wave BCS density of states.

I chose to make our tips from Nb for several reasons. Nb is a conventional
s-wave superconductor with a transition temperature 7, = 9.3 K. This allows us to
operate up to a relatively high cryogenic temperature. Also Nb has much slower
growing oxides than Al and this allows for ez situ fabrication. Furthermore, Nb
is more mechanically robust than Pb, which one expects should allow for better
imaging. Finally, techniques for patterning thin film and bulk Nb are well known
from the fabrication of superconducting microelectronics circuits and rf cavities

115, 116].
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4.3 Reactive ion etching tip fabrication technique

Since the ultimate goal of our project is the realization of a Josephson STM
that can image the gauge-invariant phase difference between arbitrary points on
superconducting surfaces [19], it was important to develop a reproducible technique
for fabricating sharp and robust superconducting tips. In particular, since two
such tips would ultimately have to be connected by a superconducting wire, it was
important that the bulk of the tips be superconducting. This constraint meant
that we could not use some of the most successful superconducting tip fabrication
techniques developed in the last decade, including those that involve attaching a
superconducting micro-crystal to the end of a metallic non-superconducting holder
23, 24, 60, 113].

I first attempted to etch Nb tips using conventional wet etching techniques
[105, 117], that are commonly used in making W tips. For the wet etch, I used
concentrated (30%) HCI as the electrolyte, and a Pb counter electrode. T immersed
one end of a 0.25 mm Nb wire of 99.99% purity in the electrolyte, and covered the
immersed portion almost entirely with a sleeve, exposing only a narrow (~ 1 mm)
region to the electrolyte. I applied an ac voltage of 30 V for ~ 1 hour, and reduced
it by 2 V every 30 minutes until the voltage was 2 V. The Cl~ ions etched the tip
isotropically in the exposed region. As the exposed wire narrowed, it was stretched
downwards by gravity pulling on the sleeve-protected wire beneath. Once I had
reached 2 V, I switched to a dc voltage of 2 V and waited until the etched sections

of the wire narrowed enough that the weight of the wire beneath it caused it to drop

60



off. The dc voltage at the end was important as it left behind a smooth and sharp
tip. This tip fabrication technique is routinely used in making atomically sharp
STM tips out of tungsten [105]. The main drawback of using this method with Nb,
was that that the long etching times (> 12 hours) in ambient conditions resulted
in significant oxidation of the tips while etching. Tungsten tips by comparison can
be etched in 20-30 minutes. Although the resulting Nb tips were sharp, the tip
apex was typically brittle and insulating due to oxide growth during several hours
of exposure to the etching solution.

I tried to reduce the etch time by increasing the voltage used, but I was unable
to shorten it to much less than 10 hours, even with quite high voltages (~ 150 V).
I should also note that wet etch recipes for fabricating STM tips typically involve
lowering the ac voltage as the etch progresses and switching to a DC voltage for
the final stage, in order to produce a well-defined and sharp tip [117]. So there is a
trade-off between speeding up the process and producing a finer tip.

Another way to reduce the etch time would have been to use an electrolyte
containing more electronegative ions, i.e. HF rather than HCl. However, I did
not try using HF but instead I thought it might be possible to etch the tips using
fluorine ions in the plasma generated by an reactive ion etcher (RIE), as long as I
could produce an anisotropic etch that would sharpen the tips. Furthermore, using
an RIE seemed likely to eliminate the problem of oxidation. In an RIE, the etch
would take place in a vacuum with a controlled pressure of etching gas of ~ 1074
Torr, a vast improvement over ambient conditions. Furthermore, it had the potential

to eliminate the need for constant oversight necessary during a wet etch to watch
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for the drop off. It took me a few weeks to develop a recipe for etching Nb tips that
were suitable for STM use.

Figure 4.1(a) shows a photograph of the Plasma-Therm 790 series RIE used
to etch the tips, and Fig. 4.1(b) shows a schematic of a cross section through the
RIE chamber. The RIE has a non-load-locked reaction chamber within which a
plasma is sustained by applying a few hundred watts of rf power at 13.56 MHz.
The power is applied to two parallel plates, with the upper plate grounded (see Fig.
4.1(b)). This plate is made from aluminum and has a dense array of fine channels to
uniformly deliver SFg into the reaction chamber. The bottom plate has a custom-
fitted solid graphite cover over the RF powered aluminum electrode underneath,
and is electrically isolated from the chamber.

A blocking capacitor is connected in series between the bottom electrode and
the RF source to allow control of the dc self-bias that builds up on the bottom
electrode. The rf power ionizes the gas molecules to create a plasma. The plasma
consists of cations, anions, and radicals that recombine to produce a characteristic
glow from the plasma. Some of the electrons generated from ionization of the gas
strike the chamber walls and are conducted to ground. The plasma is thus left
with a small net positive charge. The bottom electrode or cathode, develops a large
negative charge, or dc self-bias because the electrons that strike it are prevented
from escaping to ground by the blocking capacitor. The upper electrode, or anode,
is grounded. It should be noted that the plasma is positively charged with respect
to both plates.

The typical base pressure of the reaction chamber is = 50 uTorr. The operating
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Figure 4.1: (a) Photograph of the RIE system used to etch the Nb tips, showing
the main vacuum chamber, the pipe that carries the gases into it from above, and
the computer that controls the process [118]. (b) Schematic of a cross section of the
RIE chamber. The gas used to etch the substrate/tips enters the vacuum chamber
through several fine channels at the top of the chamber. 13.56 MHz rf power is
applied to the bottom electrode (cathode). A plasma is formed between the two
electrodes and the substrate/tips to be etched are placed on an aluminum holder on

the cathode.
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pressure can be chosen in the 5-500 mTorr range, and the dc self-bias voltages can
be chosen from approximately 10-600 V. The gas pressure controls the rate at which
the gas is introduced into the chamber and there is an interdependence between the
gas pressure and DC self-bias.

Samples to be etched are typically placed on the bottom electrode or cathode
which attracts positive ions from the plasma. lons drift towards the sample, and
are accelerated across the 0.01-10 mm wide Child-Langmuir (steady-state) sheath
that forms immediately around the substrate or anything immersed in the plasma
[119, 120]. Nearly all of the potential is dropped across this sheath, which is formed
to counteract further electron losses to the surface. The sheath width depends on the
plasma parameters—i.e. pressure, power, and frequency of the oscillating electric
field.

Most applications of the RIE involve samples that are wafers, which have an
essentially two dimensional geometry. In this case, the ions accelerate vertically
downwards across the sheath, and sputter the substrate at normal incidence, pro-
ducing an anisotropic mechanical etch; the ions etch the sample by a combination of
mechanical sputtering and chemical interactions with the substrate material. The
ion energy ranges between a few to several hundred electron volts, and is inversely
proportional to the plasma pressure, which in turn determines both the self-bias and
the mean free path of the ions. At low pressures (0.05-90 mTorr), the mean free path
is longer, the self-bias voltage higher, and mechanical sputtering dominates [121]. In
this case, the energy with which the ions strike the substrate is maximized. When

a combination of anisotropic mechanical sputtering and isotropic chemical etch is
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desired, the 100-200 mTorr range is chosen along with a gas whose ions react chem-
ically with the substrate. For primarily chemical etching, a pressure much higher
than 100 mTorr is necessary [121]. Although there exists a vast repertoire of litera-
ture on matching gases with materials for chemical etching, the precise mechanism
involved in a particular process can be difficult to pin down.

To etch my Nb tips, I placed 50 mm long pieces of bare 250 um diameter Nb
wire vertically in an SFg plasma generated by the reactive ion etcher [118]. Multiple
tips were etched simultaneously, held in holes drilled in a 12 cm x 12 cm x 2 ¢cm Al
block (see Fig. 4.1(b)). Aluminum was chosen for the tip holder because SFg does
not etch Al. The tips were glued rigidly into the Al holder with Fujifilm OiR 906
10 photoresist cured for 10-15 minutes at 150 °C. I found that this prevented the
formation of split, double or triple tips.

I spent several weeks tweaking the etch parameters and experimenting with
recipes that included a brief O, plasma etching step. The recipe I converged on
uses no Og, an SFg flow rate of 10 scm?, a pressure of 100 mTorr, and an applied rf

power of 150 W. The resulting dc self bias potential is typically around 52 V.

4.4 Characterization

Figure 4.2(a) shows an SEM image of a Nb tip at the end of the etch. All of
the wire has been etched away away except for a 600-800 um long tapered conical
apex. The base of the tapered region is defined by the photoresist and Al holder.

The aspect ratio of the cone was controlled primarily by the plasma gas pressure,

65



which determines the ratio of isotropic to anisotropic etch rates [121]. Pressures
lower than 100 mTorr resulted in more anisotropic etching due to the longer mean
free paths of the ions. The precise geometry of the tip apex varied somewhat from
tip to tip, and for use in the STM, I chose tips that appeared to be sharp and
mechanically sound.

Figures 4.2(b) and 4.2(c) show that the surface of the etched tip appears rough
at the 10 um scale and at the 1 um scale. Typically the etch conditions result in
a fairly isotropic etching process, except for geometry dependent variations in the
local electric field and sheath properties. The sharp spiked microstructures seen in
Fig. 4.2(b) and 4.2(c) are evidence for self sharpening on the Nb surface, which can
occur when the Child-Langmuir (steady state) sheath width is much larger than the
radius of curvature [122]. For our parameters, the expected sheath width that forms
conformally around the wire is typically 0.1-1 mm, which is indeed much larger than
the 10-100 nm tip radius. Since nearly all of the potential is dropped across this
sheath, its structure around the cathode significantly affects the ion trajectories
and impact angles, resulting in geometry dependent etch rates that vary locally.
Analysis of complex cathode geometries suggest that the ion impact rate and angle
in the vicinity of protrusions on the surface of the wire create a self sharpening effect
[122-124).

A well known and prohibitive problem with fabricating STM tips out of super-
conducting elements such as Al and Pb, is that they oxidize rapidly in air, prevent-
ing tunneling. Our experience with Nb indicates oxidation of Nb tips leave hopping
states in the oxide layer that are activated at room temperature, but inaccessible
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Figure 4.2: Scanning electron microscope images of a single Nb tip fabricated in a

reactive ion etcher at length scales (a) 100 pm, (b) 10 pm and (c¢) 1 pum.
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at cryogenic temperatures. If the Nb tip apex is oxidized it becomes essentially
insulating and such a tip would crash into a conducting sample if it was used in an
STM. To avoid this problem during the first coarse approach, we clean our tips via
field emission against an Au single crystal, until the oxide layer is thin enough for
electrons to tunnel through during the initial approach at low temperatures.

If a tip is exposed to air for too long, the oxide layer grows too thick to suc-
cessfully approach the sample. Studies on Niobium oxides have primarily document
their growth in air on Niobium thin films [125]. We cannot assume that these results
will hold for our STM tips which possess an entirely different geometry. Hence I
devised a simple experiment to determine how long the tip could be in air at room
temperature before the oxide layer was too thick to allow an initial approach on Au.

For these tests I fabricated Nb tips in the clean room, transferred them im-
mediately to our STM and approached an Au sample at room temperature in air.
I-V curves were taken every 12 hours or so after the initial approach. The I-V
curve typically started off showing a conducting tip, but the conductance decreased
gradually over the next couple of days. I examined two tips in detail and in both
instances the conductance of the tips became too small to measure by the 4th mea-
surement, ~ 40 hrs after the tips were made. From this I concluded that we could
safely transfer the tips from the RIE to our STM, test them at room temperature
and then pump down to UHV within a few hours without risking the formation of
a prohibitively thick oxide layer.

Since our STM has a sample exchange mechanism but no tip exchange mech-
anism (see Chapter 3), our tips needed to be in place when we cooled down and
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ideally we wanted to use a tip for extended periods of time without having to warm
the system up. Since I was able to make 15 (or more) tips simultaneously, there
were always several sharp tips to choose from. In practice I was able to successfully
take data with two Nb tips in the dual-tip system, continuously over several months
at 4.2 K and at mK temperatures. Some of this work is described below and in

Chapter 7.

4.5 Performance

Although the fine-scale geometry of our Nb tips is non-standard, the tips
have yielded good topographic and spectroscopic STM data. In our STM setup we
typically use field emission to clean the tip, which removes part of the tip. This is
done by turning off the z-feedback loop, retracting the tip a few nm away from the
sample surface, and ramping the tip-to-sample voltage up to 80-100 V. The current
is ramped up until the tip-to-sample current jumps to 0 A, indicating that a piece of
the tip has fallen off. The high corrugation on the etched Nb surface increases the
chance of the remaining tip possessing a sharp tip apex, thus extending the usability
of our tip. In practice we have used up to 25 or 30 field emissions on a single Nb
tip, over a period of up to 6 months.

To test the resolution and stability of our tips, I used them in an STM to
examine single crystals of Au(111), Au(100), Nb(100), and the topological insulator
BisSes. Figure 4.3(a) shows an atomically resolved topographic image of a BisSes

sample, indicating that the Nb tip used was both mechanically stable and atomically
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Figure 4.3: (a) Unfiltered atomic resolution image taken with a Nb tip on a BisSe;
sample at 35 mK. (b) Plot of normalized conductance G /G, vs. tip-to-sample voltage
V for the Nb tip and BisSes sample shown in (a). Black points are measured data
and red curve is fit to Eq. (4.1) with energy gap A = 0.54 meV, temperature

Tog = 184 mK, and I' &~ 10~° meV.
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sharp. Figure 4.3(b) shows a measurement of d//dV on this sample. This data was
taken using a millikelvin STM at 30 mK. The red curve in Fig. 4.3(b) shows a good

fit to

dl o
W == Gn/ g(E + €V)Ns7tip(E)dE (41)

where G, is the normal conductance, f(F) is the Fermi function at energy F, g(E) =
—0f/O0F, and the normalized local density of states of the tip is Nstip(E). For a
superconducting tip with a BCS density of states, an energy gap A, and a finite

quasiparticle relaxation rate I" [126],

|E — T

Neiin(E) = Re
n(F) V(E -T2 —A?

(4.2)

Our tips typically exhibit gap values that vary from 0.54-1.4 meV, comparable to
the variation seen in other Nb STM tips [20]. We attribute this to finite size effects
such as diffusion of Oy into the atomically sharp tip apex.

Figure 4.4 shows topographic images of atomic reconstructions on surfaces of
Au(111) and Au(100) single crystals scanned at 4.2 K and 1.5 K respectively. Figure
4.4(b) was scanned by the outer tip of the dual-tip STM attached to the dilution
refrigerator [127]. The atomic reconstructions, step edges and presence of single
atoms show that the tip used are atomically sharp and mechanically robust.

A series of dI/dV curves measured on this sample between 1.5 K and 9 K are
shown in Fig. 4.5. The temperature was varied by applying power to the mixing
chamber of the dilution refrigerator, while extracting the He3-He* mixture from it.
A RuO, thermometer at the mixing chamber supplied with the dilution fridge was
used to record the temperature. The evolution of the superconducting gap with
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Figure 4.4: Topographic images of (a) Au(111) at 4.2 K taken with a Nb tip showing

the Herringbone reconstruction [128, 129], and (b) Au(100) sample at 1.5 K showing

a striped reconstruction [130].
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Figure 4.5: Plots of a series of normalized conductance G/G,, vs. bias voltage V,
taken with a Nb tip on the Au(100) sample from Fig. 4.4(b). The legend indicates

the temperatures at which each curve was obtained.
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temperature is consistent with BCS theory.

Figure 4.6 shows a scanning tunneling spectroscopy map taken with a Nb tip
on a BisSes sample at 4.2 K. In addition to topography (Fig. 4.5(a)), a spectroscopy
(dI/dV vs. V') curve was taken at each point of the image, with the bias voltage
being swept from —8.5 to 6.5 mV. Figure 4.5(b) shows a sample frame for V= —8.5
mV, and Figs. 4.6-4.13 show several more constant voltage conductance frames.
This data clearly shows the tip is sensitive to spatial variations in the conductance.
The singularity at the gap edge of the tip enables the Nb tip to resolve very small
spectroscopic features at extremely small bias voltages. This conductance map was
taken over a 12 hour period, and at resistances as low as 5 M(), indicating that
the tips are robust. I stress here the importance of tip stability (while remaining
atomically sharp) at close proximity to the sample surface because at cryogenic
temperatures it is the primary limiting factor in an STM’s ability to obtain spatially
resolved conductance information with high energy resolution.

Finally, Fig. 4.14 shows a series of dI/dV curves taken on a bulk Nb(100)
sample at 30 mK at different tunneling resistances. The Nb tip and sample form an
ultra-small Josephson junction. For this plot the bias voltage was swept between
—1 mV and 1 mV, well below the superconducting gap for a Nb-Nb junction. As
expected, there is a small phase diffusive “supercurrent” at finite voltages [114].
Examination of the plot also reveals prominent sub-gap features in the zero bias
conductance peak of the phase diffusive “supercurrent.” These features are fairly

reproducible at different tunnel resistances, as well as with different tips at different
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2.5 nm

Figure 4.6: Topographic and spectroscopic images taken with a Nb tip on a BisSes
sample at 4.2 K. (a) Topography in the vicinity of triangular BisSes defects caused
by the replacement of single Se atoms with Bi. (b) A single slice (at V' = 8.5 mV)

of a conductance map of the region shown in (a).
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Figure 4.7: Slices of a conductance map at (a) V = —7.69 mV and (b) V = —5.89

mV of the region shown in Fig. 4.6(a)
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Figure 4.8: Slices of a conductance map at (a) V = —4.54 mV and (b) V = —3.49

mV of the region shown in Fig. 4.6(a).
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—2.74 mV and (b) V = —-1.84

(a) V =

78

Figure 4.9: Slices of a conductance map at
mV of the region shown in Fig. 4.6(a).



Figure 4.10: Slices of a conductance map at (a) V' = 0.71 mV and (b) V = 1.31 mV

of the region shown in Fig. 4.6(a).
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Figure 4.11: Slices of a conductance map at

of the region shown in Fig. 4.6(a).
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Figure 4.12: Slices of a conductance map at (a) V = 3.41 mV and (b) V =4.01 mV

of the region shown in Fig. 4.6(a).
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Figure 4.13: Slices of a conductance map at (a) V' = 5.51 mV and (b) V = 6.41 mV

of the region shown in Fig. 4.6(a).
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locations on the sample. This behavior is consistent with P(E) theory [131, 132]
which predicts peaks at voltages where the pairs can radiate energy to electromag-
netic modes of the environment. Both the theory and the data are described in more
detail in Chapter 6. Here, the data is shown to attest to the mechanical stability of
the tip, and to show that spectroscopic resolution of about 8 uV may be attained
at ultra low temperatures.

Another interesting question I examined with the Nb tips that I fabricated was
the effective temperature of the junction in our millikelvin STM. The temperature
of the STM junction is a measure of the success of our noise filtering and heat
sinking efforts, and is one factor in determining the spectroscopic energy resolution
attainable by our instrument. In Chapter 5 I discuss this aspect of the tips and also
how I characterized the STM performance in terms of stability and current noise.
Finally, I note that the superconducting tips are of interest primarily because they
offer the potential to directly probe a superconducting condensate via the tunneling
of Cooper pairs in an S-I-S STM junction. Chapters 6 and 7 describe my effort at
understanding the physics of ultra-small Josephson junctions, such as that formed
by a superconducting STM tip and sample. There I show that the charge carriers

at and near zero bias in such a junction are in fact Cooper pairs.
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Figure 4.14: Conductance G = dI/dV versus bias voltage V' data taken on a Nb(100)
single crystal with a Nb tip at 30 mK for different tunnel resistances. At the start
of each curve, the bias voltage was set to 1 mV and the current was set to fix the
tunnel resistance of the junction (see legend). The z-feedback loop was then turned
off during the measurement. The successive traces show the evolution of the zero

bias conductance peak and sub-gap excitations with tunnel resistance.
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Chapter 5: Characterization and Performance of Dual Tip STM

5.1 Introduction

Having invested several years in designing, building and assembling the dual-
tip mK STM system, it was important to carefully characterize its performance in
terms of reliability, the effective temperature attained by the STM junction, the
mechanical stability, and the system’s resilience to noise.

The first major challenge I faced while testing the mK system involved op-
erating the coarse approach mechanism, which was idiosyncratic and unreliable at
sub-Kelvin temperatures due to a combination of factors. First, I found that the
shear range of the piezos was reduced at cryogenic temperatures by a factor of 3
to 6 from the room temperature values. Although this could be addressed by us-
ing higher voltages on the piezo walkers, stressing the walker mechanism in this
way increased the probability of arcing between the high voltage and ground con-
nections on the piezos. A possible contributing factor to arcing was our use of an
exchange gas (*He) that resulted in a thin layer settling on all the surfaces in the
STM, including the piezo walkers. Although the exchange gas was pumped out, a
thin residual layer could have been left. The combination of high voltages (4220

V) several times a second over 12 hour periods, and electrode to ground distances
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< 0.5 mm, produced conditions that proved to be all too conducive to arcing and
shorting out of these connections.

Another early problem I encountered involved the fact that our STM was de-
signed with the large walker carrying the entire weight of the smaller walker assembly
against gravity during coarse approach (see Chapter 3). Attaching the STM to the
mixing chamber upright allowed for sample exchange while cold, and prevented the
tip from crashing into the sample due to gravity. However, it meant that the large
walker needed to be more powerful in order to carry the extra weight. Furthermore,
although we chose materials with closely matched thermal expansion coefficients, it
was difficult to accurately predict whether the friction between the aluminum pads
(on the piezos) and the sapphire prism would increase or decrease when cold. Not
only did this depend on whether the piezos tightened against the prism when cold,
but also on other less predictable factors such as the extent of condensation of gas
on the prism surface during cool-down providing either lubrication (when liquid) or
increased friction (when solid). Finally, the tension of the wires attached to the tips
also probably played a role in slowing down the walker at certain points during the
approach. I tried to reduce the effect of the wires by using extremely springy and
thin copper wires for the STM tip connections at the STM.

After several attempts at repairing the connections lost due to arcing on both
large and small walkers, I decided to redesign both walkers to increase redundancy
and ease repair. These modifications are discussed in detail in Chapter 3. Additional
steps included testing the full range of the walker motors at 35-40% of its maximum

power at room temperature 2-3 times before cool down, and ensuring that there is
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no dust on the sapphire prism prior to cool down. Since we still used He as an
exchange gas, an additional precaution I took during operation was to ensure that
the STM was the warmest part of the system during cool down so that any residual
gas would tend to condense and adhere to the walls of the IVC rather than on the
piezo stacks in the STM.

Ultimately, my effort at building a reliable coarse approach mechanisms for
both STM tips was successful, as demonstrated by data we were able to obtain over
the past ~ 1.5 years and 6-7 thermal cycles between room temperature and 30 mK.
During this time (January 2013 to May 2014) we approached the sample with each
of the tips over 30 times, without observing arcing between piezo stack connections.

Once the coarse approach mechanism could reliably move the STM tip within
tunneling distance of the sample, the next major challenge involved achieving a
temperature at the STM junction that was as close to that of the mixing chamber
as possible, without sacrificing mechanical stability. Unlike pre-fabricated tunnel
junctions, the STM junction has a variable tip-sample distance (and resistance)
controlled by a voltage driven feedback loop. This makes the tip particularly vul-
nerable to mechanical and electrical noise.

The measures that we took to achieve both stability and a low effective temper-
ature are described in detail in Chapter 3. In Section 5.2, I first present topographic
images that demonstrate the success of our UHV sample preparation techniques.
Next in Section 5.3, I describe our method for estimating the effective temperature
of the sample, and present a simple model that incorporates the effect of voltage

noise fluctuations. Data in the form of spectroscopy curves, and fits to theory are
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also shown. In Section 5.4, 1 discuss the stability of each of our tips by analyz-
ing unfiltered atomic resolution topographic images, line profiles, and current noise
spectra. Since the simultaneous performance of the two tips is important for the
ultimate goal of building a phase STM with coupled tips, I analyze the coupling
between the two tips in Section 5.5. Finally in Section 5.6, I demonstrate the mag-
netic field capability of the system with a series of spectroscopy curves taken by a
single-tip STM mounted on our refrigerator. The data shows the dependence of the

superconducting gap of a Cu,BisSes sample on magnetic field strength.

5.2 Topographic images taken with the STM

An STM can be thought of as a nano-scale tunnel junction that can be placed
at specific locations on a sample with atomic precision to obtain position dependent
tunneling characteristics on a sample. Atomic scale spatial resolution is the main
capability that distinguishes the STM as an imaging tool for probing and character-
izing materials. In order to take advantage of this in a millikelvin STM, it is crucial
that the sample being studied have a surface that is free of impurities such as HyO
and Ny molecules, oxides, or organic contaminants. For this reason it is preferable
that samples can be prepared in UHV conditions and transferred into the cold STM
once the exchange gas (*He) has been pumped out of the inner vacuum can (IVC).

To test the sample preparation, we sputter-annealed a Au(100) single crystal
[133] sample in the UHV chamber and transferred it into the STM at 1.5 K. Prepa-

ration of the crystal involved multiple sputter/heat cycles over 2-3 days with 1-2
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keV Ar ions and 400-600° C heating. This was done to remove multiple 20-50 nm
polishing grains that were embedded on the surface. Right before transferring the
sample into the STM, we sputtered it for around 30 minutes with 750 eV Ar ions,
followed by heating at 400-500° C for ~ 15 minutes.

Figure 5.1 shows topography and current images of the Au(100) single crystal,
taken with our STM when cold. The raised dot like structures are individual atomic
impurities on the surface. The striped atomic reconstruction [130] can be seen in
the top right hand corner of the image, while the rest of the image is covered by
atomic steps. The clarity of the atomic scale features in this topographic image,
and in many others, indicate that we can successfully prepare samples by sputter-

annealing in UHV conditions, and transfer them in situ into the STM.

5.3 Effective temperature of our mK STM

An important metric in characterizing our instrument was the effective tem-
perature of the STM junction. As described in Chapter 2, the singularity in the
gap edge in the BCS density of states of a superconductor can be used to probe the
width of the Fermi function in a normal metal electrode of an S-I-N tunnel junction,
and this width is directly related to the temperature of the electrons.

The quasiparticle tunnel current between an STM tip and sample [46] is given

2 [e’¢)
I(V) = %/L [ftip(E> - fsample(E + €V>]ptip(E)psample(E + €V)dE, (5'1)

where |M| is the average value of the tunneling matrix element, assumed to be
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20 nm

Figure 5.1: (a) Topography and (b) current images taken simultaneously with a Nb
tip and an Au(100) sample at 30 mK. The scattered white dots are single atomic
impurities adhering to the surface of the sample.The striped surface reconstruction
can be seen in the top right hand corner of both images. The rest of the image

shows atomic steps on the sample’s surface.
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independent of energy, fii, and fiample are the electron energy distribution functions
in the electrodes which reduce to the Fermi distribution in thermal equilibrium,
and pyp and psample are the local electronic density of states (LDOS) of the tip and
sample at the point of contact.

For a normal metal sample, we assume that the density of states of the sample

is constant, and can write

Gn *
1= S [0~ eV ol E)E, 52)

where piipn(0) is the density of states of the tip at the Fermi energy when the
tip is in the normal state, and G, = 47e?|M|*psample(0)piipn(0) /% is the tunnel
conductance in the normal state. Taking a derivative with respect to V', we obtain

the conductance

dI -G, [* 0 prip(E)
G dv e /_oo 8Vf ( +€V),oﬁp,n(o)d (5:3)

It is convenient to define g(E) = —f'(E) = —df/dE, in which case g will
be positive everywhere and may be considered a probability distribution. For a

superconducting tip this yields

% =G, / g(E + eV)N,(E)dE, (5.4)

where the normalized density of states of the tip Ny(E) = puip(E)/pripn(0) is given
by [49]

N,(E) = Re [\/%} . (5.5)

Dynes incorporated finite quasiparticle lifetime effects into the density of states
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by including broadening of the singularity at the gap edge [126]. Adding an imagi-

nary term ¢I" to the energy, Eq. (5.5) becomes

|E — T
VE —iD)? — A2

Ny(E) = Re (5.6)

Physically, the recombination rate I'/% is the rate at which a quasiparticle near the
energy gap edge scatters inelastically or recombines into the superfluid condensate.

To obtain the effective temperature and energy resolution of our instrument,
I measured the conductance (dI/dV') between a superconducting tip and a normal
sample. The effective temperature was extracted by fitting the data to Eq. (5.4).
The blue points in Fig. 5.2 show dI/dV measurements using a Nb inner tip and a
BisSes sample at a nominal mixing chamber temperature of 35 mK. The measure-
ments were taken by modulating the junction voltage with a small (4 1V) sinusoidal
ac voltage at 1.9 kHz, and detecting the corresponding current response signal with
a lock-in technique. Examining the plot, we see that the gap is A =~ 0.7 meV,
which is about half that of bulk Nb, possibly due to this particular tip not being
completely cleaned during field emission.

Figure 5.3(a) shows similar dI/dV curves measured as a function of the tem-
perature of the mixing chamber from 35 mK to 500 mK, and Fig. 5.3(b) shows a
closeup of the right conduction peak. We note that although the difference between
the 35 mK curve and the 50 mK curve is negligible, there is a noticeable difference
between the 50 mK curve and the 100 mK curve, as well as between subsequent
curves. This suggests that our sample was able to cool to temperatures on the order

of 100 mK.
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Figure 5.2: Plot of normalized conductance G//G,, versus tip-to-sample voltage V' for
a Nb tip and a BisSes sample at T1,;, = 35 mK. Blue points are measured data and
red curve is fit to Eq. (5.1) with energy gap A = 0.54 meV, temperature T,z = 184

mK, and I' =~ 107 meV.
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Figure 5.3: (a) Normalized conductance G/G,, versus tip voltage V measured from
35 mK to 500 mK using a Nb tip on a BiySes sample. (b) Detailed view of right
conductance peaks near 0.6 mV reveals significant temperature dependence to the

peak for temperatures above 50 mK.
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In order to obtain an estimate for the effective temperature of our instrument,
we fit each curve in Fig. 5.3(a) to Eq. (5.4). Since we used a superconducting tip

made of Nb, we used

|E — il

Netip(E) = Re
n(F) V(E -T2 —A?

, (5.7)

where we assumed a BCS density of states for the tip and a finite quasiparticle
relaxation time I" [126]. Fitting our data using a weighted least-squares minimization
via the Levenberg-Marquardt [134, 135] algorithm, we extract A, I', and the effective
temperature Tog, which enters through the Fermi function. The fit indicates that

the effective temperature of our STM is Ty ~ 184 mK, rather than 35 mK.

5.3.1 Voltage noise and effective temperature

In order to pin down the factors limiting our energy resolution, in this Sec-
tion I describe a simple model below that incorporates the effect of voltage noise
fluctuations.

Nyquist-Johnson voltage noise fluctuations can be characterized by a proba-
bility distribution function P(V') that we assume to be a Gaussian with zero mean
and standard deviation V,. The experimentally observed conductance can then be

written as
<%(V)> = /P(V’)j—é(v +V)dv’
e / N.(E) / POVYG(E + e(V + V') dV'dE (5.8)
=Gy / N,(E)(P % g)(E + eV)dE.
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where we have used Eq. (5.4) and used * to represent the convolution of P and g.

Setting F' = P % g, we have

<5_‘]/> x / N, ip(E)F(E)dE. (5.9)

We note that F'(F) is a sharply peaked function of £ with standard deviation op
that determines the sharpness of features such as the increase in conductance at the
gap.

Because F' is a convolution of P and g, which may both be considered as
approximately Gaussian probability distributions with mean zero, their variances

op and o, add and we can write
oh =¢eop+ o (5.10)

where the factor of e is necessary because o, has dimensions of energy and op = V;
has dimensions of voltage. For a Fermi distribution it can be shown that 03 =
[2 E?g(E)dE = k{T?x?/3. Since Nj is also a sharply peaked function, the total

width of the measured coherence peak, |047/4v|, should scale as
Oarjav X 0, + €*0p + o4, (5.11)

where the standard deviation of the voltage noise is given by op = V,, and oy, =T

is a measure of the width of p. This yields

k2T

1/2
Od1/dv X ( + €2Vn2 + F2> (512)

From Eq. (5.12), we see that the effect of voltage noise is indistinguishable from
that of excess temperature when it comes to the broadening of /-1 characteristics.
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Assuming I'? < €*V?2, and setting k3T %72 /3 = k3T?m%/3 + e*V2, we can define the
effective temperature of the instrument as [136]

3e2V2

Teg = 4| T7? .
i * k&2

(5.13)

The blue points in Fig. 5.4 show a plot of the effective temperature T.¢ versus
the temperature T),;x of the mixing chamber. The red solid curve in Fig. 5.4 shows

that our data is well explained by a simple model of votage noise [136]

Tog = /T2, +T¢, (5.14)

where the fitting parameter Ty = \/W is the minimum effective sample
temperature due to rms voltage noise V,. From the fit, we find Ty = 184 + 6 mk.
This is equivalent to an energy resolution of kgTy/e ~ 16 peV. The good agreement
between our data and Eq. (5.4) suggests that the sample is physically cooling to
T ~ Thix, but the energy resolution of our instrument is limited by voltage noise.
This also suggests that additional cryogenic filtering on the scanner and walker wires
might reduce the effective temperature.

Finally, additional evidence that voltage noise on the leads contributes to the
effective temperature of our junction can be seen in Fig. 5.5, which shows a series
of dI/dV curve taken with the outer Nb tip of our dual-tip STM and a Nb(100)
sample, at temperatures ranging from 35 to 400 mK. A close up of the right peak
in Fig. 5.6(a) shows that unlike the coherence peaks of the S-I-N junction in Fig.
5.3, the width of these peaks don’t correlate as clearly with the temperature of the
mixing chamber. However, a gaussian fit to the left 35 mK peak yields a width
Orms = 26 uV. This is equivalent to ~ 300 mK when divided by kg.
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Figure 5.4: Plot of effective temperature T.g vs. temperature T' of the mixing cham-
ber. Blue points were extracted from fitting BCS theory to the data shown in Fig.
5.3. The red curve is Eq. (5.13) with Ty, = T and Ty = 184 mK. The straight line

shows Tog =T

98



12 T T T T T T

—35mK
—50 mK 1
10 — 75 mK |
— 100 mK
150 mK 1
—— 200 mK
250 mK|
—— 300 mK 4
— 350 mK

Q 6| —— 400 mK]
O | ]

-2 R l 0
V (mV)

Figure 5.5: Normalized Conductance G/G,, versus tip voltage V' measured from 35

mK to 400 mK for Nb tip and Nb sample.
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Figure 5.6: (a) Detailed view of right conductance peaks in Fig. 5.5 near 0.93 mV
shows that the temperature dependence of the peaks is small in the measured tem-
perature range. (c) Gaussian fit to one of the left peaks in Fig. 5.5 has a width of

Orms =~ 26 LV which yields an effective noise temperature of ~ 300 mK when divided
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Figure 5.7: Unfiltered atomic resolution images of BiySes taken using Nb tips at 35
mK with (a) outer tip and (b) inner tip. Top: Topographic images. Bottom: Line
scan plots of tip height z vs. distance scanned d, showing atomic corrugation with

peak to valley heights of ~18 pm for the outer tip (a) and ~8 pm for the inner tip

(b).
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Figure 5.8: Root mean square noise power spectral density of the inner tip tunneling
current with the tip retracted (blue), engaged (green), and scanning (pink) for the

frequency ranges (a) 0-200 Hz and (b) 0-800 Hz.
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Figure 5.9: Root mean square noise power spectral density of the outer tip tunneling
current with the tip retracted (blue), engaged (green), and scanning (pink) for the

frequency ranges (a) 0-200 Hz and (b) 0-800 Hz.
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5.4 Stability and noise characteristics

Figure 5.7 shows unfiltered atomic resolution images taken with the inner and
outer Nb tips on a BiySes sample. The peak to valley atomic corrugation over the
line sections shown of the outer and inner tips are ~18 pm and ~8 pm respectively.
To characterize the noise, we Fourier transformed these images, filtered out the
atomic lattice, and then analyzed the inverse Fourier transform. The rms roughness
of the resulting background noise for the outer and inner tip images were 3.55+0.03
pm and 1.7540.01 pm, respectively. The noise level for each tip was thus well below
the signal for atomic scale features. We note that these measurements were taken
with the 1K pot running. We calibrated the scanners in the x, y, and z directions
from these images and images of mono-atomic steps on Au(100).

Low frequency noise is often the limiting factor in data obtained from STMs.
Figures 5.8 and 5.9 show the RMS noise power spectral density of the current noise
measured for inner and outer tips of our STM while the tip was retracted, in tunnel-
ing range, and scanning. The data was taken using typical operating conditions at
30 mK with the 1K pot running. In each case, the electronic noise floor—measured
with the tip retracted—was between 107'¢ and 10~ A/v/Hz. When the tip was
within tunneling distance, the mechanical noise results in the background level be-
ing raised to between 10~ and 10~'% A/y/Hz at low frequencies. The low current
noise characteristics indicate that the instrument will yield a good signal to noise

ratio for both topographic and spectroscopic data.
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Figure 5.10: Topographic images of same region taken with outer Nb tip on Au(100),
and corresponding Fourier transforms. The four different configurations and surface
roughnesses are: (a) inner tip is retracted (scan angle of outer tip and oyy,s = 14.2
pm, (b) inner tip is in tunneling but not scanning and o,,s = 22.2 pm, (c) inner tip
is simultaneously scanning (scan angle of outer tip: 0°) and oy,s = 13.1 pm, and (d)
inner tip is simultaneously scanning (scan angle of outer tip: 90°) and oy, = 12.3
pm. The yellow boxes enclose regions on a single terrace where surface roughness

Omms Was computed. (e-h) Fourier transforms corresponding to images (a-d).
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Figure 5.11: Topographic images taken with inner Nb tip on Au(100), and corre-
sponding Fourier transforms. The four different configurations and surface rough-
nesses are: (a) outer tip is retracted: ouy,s = 39.1 pm (b) outer tip is in tunneling
and o, = 39.2 pm, (¢) outer tip is scanning simultaneously with scan angle 0° and
omms = 160 pm, and (d) outer tip is scanning simultaneously with scan angle 90° and
Orms = 39.5 pm. Yellow boxes show regions on a single terrace where surface rough-
ness o.ms was computed. (e-h) Fourier transforms corresponding to images (a-d);
Comparing (e-f) to (g-h), note prominent vertical lines due to additional frequencies

in (g) due to coupling to the outer tip.
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5.5 Simultaneous imaging mode

Ultimately, to exploit the capability of an STM with two tips, the performance
of each tip while the other tip is scanning simultaneously is important. Figures 5.10
and 5.11 show a series of topographic images of Au(100) taken with each Nb tip at
1.5 K. The images show the same area scanned with one tip for different configura-
tions of the other tip. The r.m.s. roughness ., of the points within the selected
boxes was used to compare noise levels. Although these measurements were taken
on atomically flat terraces, they include corrugation due to surface reconstruction.
Hence the values for o,,s obtained from these images is significantly higher than
those obtained from the atomic resolution images above. By comparing o, values
in Figs. 5.11(c) (160 pm) and 5.11(d) (40 pm), we found that the angle at which the
outer tip was scanned resulted in additional noise on the inner tip current signal.
In contrast, Fig. 5.10 shows that there was no detectable effect on the outer tip due
to the inner tip.

Further experimental study revealed that the effect of the outer tip on the
inner tip is greatest for outer tip scan angles of 0° and 180°, increasing the oy
value to ~ 120 pm. The cross talk was least at 90° and 270°, producing little
additional noise at these angles. This can be understood from the geometry of the
STM design, which involves over 3 dozen wires confined to an extremely limited
space. The close proximity of the current wire for the inner tip and the z-piezo
drive wire of the outer scanner produces capacitive coupling and results in cross

talk in the inner tip signal. In contrast, the current wire for the outer tip is far from
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scanner wires from the inner tip, and hence does not couple to them. Finally we
note that while there is crosstalk present while simultaneously scanning both tips, it
is insignificant in that it does not severely degrade the resolution of either tip, and
atomic steps on Au(100) can still be clearly resolved, especially with proper choice

of the tip scan angle.

5.6 Magnetic field

We also tested that our system could be used with a magnet. For this test, we
used a standard single tip Pan-style STM mounted on the refrigerator, a tungsten
tip, and a Cu,BisSes superconducting sample. Figure 5.12 shows a series of spec-
troscopy curves measured at different field strengths. The superconducting gap and

coherence peaks were predictably diminished with increasing magnetic field.

5.7 Conclusions

In this Chapter, I presented data that shows the stability and spectroscopic
energy resolution of our dual-tip STM. The results are comparable to that of other
single tip mK STMs [61, 62]. In addition, I analyzed the cross-talk between the two
STM tips, and demonstrated the performance of a single-tip STM mounted on the
refrigerator under applied magnetic field. The rest of this thesis is devoted to an
analysis of data taken by this STM that exploits the millikelvin temperatures and

ueV resolution that can be attained with the STM.
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Figure 5.12: Plot of normalized conductance G /G, versus tip-to-sample voltage V'
for a tungsten tip and copper-intercalated BisSes sample at Ti,; = 35 mK for a
series of applied magnetic fields. The superconducting gap is noticeably reduced as

the magnetic field is increased to 1.8 T.
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Chapter 6: Fluctuation-Dominated Tunneling in Ultra-Small Junc-

tions

6.1 Introduction to Josephson junctions

Superconductors are characterized by a continuous phase transition at a criti-
cal temperature T, below which electrons combine to form a superconducting con-
densate composed of Cooper pairs with charge 2e. The Cooper pairs in the con-
densate occupy a single state that can be described by a single macroscopic wave
function ¢ = || exp(i¢) with a well defined phase ¢.

A Josephson junction is formed when two superconducting electrodes are sep-
arated by a thin insulating layer. The overlap of the superconducting wave functions
for each electrode allows the tunneling of Cooper pairs, as described in Chapter 2.
The robustness of the phase coherence in conventional macroscopic Josephson junc-
tions allows the junction dynamics to be modeled semi-classically. Brian Josephson
predicted in a pioneering paper [50] that even in the absence of a voltage between the
electrodes of a superconducting tunnel junction, there would exist a supercurrent
given by

I = 1I.sin¢. (6.1)
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Here, I, is the critical current, the maximum supercurrent in the junction before
it switches to its ohmic or normal conducting state, and ¢ is the gauge invariant
phase difference between wave functions in the two electrodes. This counter-intuitive
behavior of junctions is now called the dc Josephson effect. Josephson also predicted
that in the presence of a voltage, V', the evolution of the gauge-invariant phase

difference is given by

_ hdg

_ hao 2
2e dt (6:2)

Integrating Eq. (6.2), the phase across a junction biased by a voltage V is
Ydp  2eV
pu— _— = _t .
o= [ G=5 (6.3)

Substituting ¢ from Eq. (6.3) into Eq. (6.1), we see that an oscillating supercurrent

develops across the junction, given by

J@ZMmG%Q (6.4)

with frequency f = 2eV/h. This is known as the ac Josephson effect, and relates
voltage and frequency entirely through fundamental constants.

The dynamical variables that are natural choices to describe the physics of
a Josephson junction are ¢, the gauge invariant phase difference between the two
electrodes, and @), the total charge of the Cooper pairs that tunnel between them.

The ac Josephson effect may be used to relate them via

h d

V= h do = Q, (6.5)
2¢dt C

where C' is the junction capacitance. In fact, the quantum operators corresponding

to @ and ¢ are conjugate variables that obey the commutation relation [¢, Q] = 2ie.
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Since these operators do not commute, they obey an uncertainty relation A¢pAQ >
e. Josephson junctions can thus display two limits of coherent behavior: one with a
well defined phase, and the other with a well defined charge.

The Hamiltonian of an unbiased Josephson junction can be written as [137]

2

H(Q.6) = Be'% — Bycoso, (6.6)

where the first term is the kinetic or electrostatic energy of the junction, and the
second term is the potential or Josephson coupling energy. In this expression the
charging energy of the junction is Eq = €2/2C, where C can be approximated by
treating the junction as a parallel plate capacitor, in which case C' < €A/d, where d is
the separation between the electrodes, A is the plate area, and ¢ is the permittivity
of the material separating them. The potential energy stored in the junction can be

calculated from

t B(t)
by do Dy . Dol
U= | IJVdt = I = — 1 = 1— .
/ v / . (27T dt) dt = o Lo, < sin ¢pdo o ( cos(¢)) (6.7)

The Josephson coupling energy, E; = ®ql. /27 sets the scale for the potential energy
term of the Hamiltonian, where ®; = h/2e is the flux quantum and we have chosen
6(0) = 0.

The Ambegaokar-Baratoff relation for the critical current in a relatively opaque,

symmetric junction composed of BCS superconductors is given by [138]

T A(T) A(T)
I.= eRn tanh {m} (6.8)

where A(T) is the superconducting energy gap, T is the temperature, and Ry is the
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normal state tunneling resistance. The corresponding Josephson energy is

wh A(T) A(T)
_rh h .
142 Ry M {%BT (6.9)
At temperatures T' < A/kg, this reduces to
h A
= —— 6.10
J 862 RN ( )

This expression is often used to estimate Ej in tunnel junctions because it relates
the coupling energy to A and the normal tunneling resistance Ry, both of which are
measurable. For an asymmetric junction with superconducting gaps A; and Ay, an

analytic result for Fj exists only at 7'= 0 and is given by [13§]

) (6.11)

Ey =

h A1, i Ay — Ay
€2RN Al + AQ A1 + AQ

where K is a complete elliptic integral of the first kind.

6.2 Josephson junction dynamics

The dynamics of a Josephson Junction are generally determined by the ra-
tios of the characteristic energy scales of the device (the charging energy E¢, the
Josephson energy Fj, and the thermal energy kgT') and coupling of the junction
to the frequency dependent impedance Z(w) due to the electromagnetic environ-
ment. This environment can generally be considered to have a low impedance
when Re[Z(w)] < Rq and to have a high impedance when Re[Z(w)] > Rq, where
Rq = h/(2e)* = 6.4 kQ is the quantum of resistance.

For typical experimental conditions, we can define a junction as being “macro-
scopic” or in the “phase limit” when Ej > FE¢. In this case the superconducting
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wave function is well localized in the minimum of the Josephson potential well, and
¢ may be treated as a sharply defined quantum variable. Provided the temperature
is not too low, ¢ typically acts as a classical variable. In the limit £y < E¢ on
the other hand, the charge () is not a good variable because it is subject to large
quantum fluctuations. The device behavior in this regime is dominated by the dc
and ac Josephson effects. The classical phase dynamics of a conventional Josephson
junction are described in more detail in Section 6.3 below. In Section 6.4, I intro-
duce Shapiro steps which describe the response of classical phase coherent Josephson
junctions to microwave radiation.

As the charging energy increases from F¢ < Ej towards E¢ ~ Ej, quantum
fluctuations in the phase ¢ become increasingly important. () now takes on the role
of the well-defined variable that may be used to describe the system. In ultra-small
junctions, one can easily achieve Ec > FEj, and the fluctuations in ¢ can be on
the order of 27. This leads to the junction’s current-voltage characteristic show-
ing a suppressed switching current because measurements of supercurrent involve
averaging I = I.(sin ¢).

A key point that is sometimes ignored, is that real junctions are not completely
isolated but rather are always coupled to an external measurement circuit or other
electromagnetic environment. This influences the junction dynamics significantly,
especially in the ultra-small junction limit. The coupling between the junction and
an external circuit may be treated quasi-classically or quantum mechanically. In
Section 6.5, I present a classical description of the environment, followed in Sec-
tion 6.6 by a quasi-classical treatment of the phase diffusive regime of ultra small
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junctions. Junction dynamics are more comprehensively described by the quantum
mechanical P(FE) theory [132, 139-141], which reduces to the classical case in the
appropriate limit. For an ultra-small junction in a low impedance environment,
i.e. Re[Z(w)] < Rq, the P(E) theory predicts that dissipation will occur via in-
coherently tunneling Cooper pairs that release energy to the environment. On the
other hand, if an ultra-small junction is embedded in a high impedance circuit i.e.
Re[Z(w)] > Rq , the theory predicts that the fast discharge of the junction is pre-
vented, and single charge effects such as Coulomb blockade [131, 139, 142] and Bloch
oscillations [143, 144] will dominate. In Section 6.7, I briefly review the quantum me-
chanical description of the environment using the Caldeira-Legget model [145, 146].
Finally, in Section 6.8, I present the key ideas of the P(E) theory, including a pre-
diction for the supercurrent behavior of an ultra-small junction coupled to a finite

transmission line, as well as the supercurrent response to microwave radiation.

6.3 The RCSJ model

A real Josephson junction not only has an ideal Josephson element, but some
dissipation and some capacitance C'. For simplicity, the dissipation is often modeled
as a linear, frequency-independent resistor R that shunts the junction. For macro-
scopic junctions with with E;/FE¢ > 1, I will assume the wavefunction describing
the system is localized in a minimum of a potential well, so there is a well defined
phase ¢. Furthermore, most real junctions that are connected to leads correspond to

the case of a low impedance environment. Typically leads connected to a junction
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may be approximated as a transmission line with an impedance on the order of the
free-space impedance, Zy & 377 Q [137, 147]. In this situation, the Resistively and
Capacitively Shunted Junction (RCSJ) model [137, 148] described provides an accu-
rate and intuitive description of the classical behavior of a real Josephson junction.

The RCSJ model [137, 148] describes a real Josephson junction as an ideal
Josephson junction shunted by a resistor R and a capacitance C. Figure 6.1(a)
shows an RCSJ junction biased by an ideal current source I,. However, our STM
has a voltage-biased configuration which may be modeled as shown in Fig. 6.1(b).
I note that the results derived for the current-biased RCSJ model may be applied
to a junction with bias voltage Vi, when Vj, = I, R [141].

Using Kirchhoft’s laws, the circuit equation for the voltage-biased case can be
written as

av

Vo= IR = Rlsing +V + RO—-. (6.12)

The equation of motion for the phase difference ¢ between the two junction elec-
trodes can then be obtained by substituting Eq. (6.5) for V' in terms of ¢ from the

AC Josephson effect,

P N e
]b_[CS1n¢+ﬁ%+7W' (613)

This is recognizable as the differential equation for a driven damped harmonic os-
cillator. The Hamiltonian corresponding to this equation of motion, if dissipation
is ignored, is

1 (27\? , @
H(py, ¢) = el ((}?0) Py — %(Ic cos ¢ + I,). (6.14)

where ¢ is the generalized position coordinate, and py is the the generalized mo-
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Figure 6.1: Schematic of RCSJ model with (a) current-biased configuration and (b)

voltage-biased configuration. The two are equivalent if V}, = RI,,.
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mentum coordinate, defined as p, = C(®o/27)*d¢p/dt. This Hamiltonian describes

a ball of mass m = C(®,/27)? in a tilted washboard potential

U(y) = —%(Ic cos ¢+ Ihp) = —Ejcos ¢ — I (%) ¢ (6.15)

where the tilt is determined by the bias current. Although dissipation was ignored
in formulating the Hamiltonian, the equation of motion Eq. (6.13) may be recovered
by considering the ball to be subject to a viscous drag force (h/2¢)*(1/R)d¢/dt.
Figure 6.2 shows a sketch of the tilted washboard potential for various Iy,/1.
ratios. When [, < I., the particle is confined to a local minimum in the washboard
potential, and a well-defined and non-zero supercurrent I, flows. For ¢ < 1, the
potential may be approximated as harmonic, and a perturbation will cause the phase

to oscillate in the minimum of the potential well with a plasma frequency

| k 1271,

For I, > I., the overall slope of the washboard is large enough that there are no

local minima of the potential, leading to a current at finite voltage and a steady
increase in ¢ at an average rate of 2eV/h. For I,, = I., the junction carries the
maximum current /. at zero voltage.

The dynamical behavior of a Josephson junction is strongly influenced by
damping. Rescaling time by setting 7 = w,t = 2w RI.t/¢o, the equation of motion
for a Josephson junction, Eq. (6.12), may be rewritten as

d*¢
dr?

dé
dr

1
Vi, = sing + — + Q?

1
IR (6.17)

where Q = w,RC is the quality factor, and fc = Q? is the Stewart-McCumber
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Figure 6.2: Sketch of the tilted washboard potential U(¢) vs. the phase ¢. I}, is the
bias current and I, is the critical current of the junction. The three cases shown are

for I, < I, in red, I, = I, in purple, and [, > I. in blue.
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damping parameter [149, 150]. @ may also be expressed as

R £y

Figure 6.3 shows I-V characteristics of a current-biased Josephson junction
for ) < 1 and ) > 1, corresponding to the overdamped and underdamped limits,
respectively. For ) < 1, the junction is in the overdamped regime. In the tilted
washboard model, if the ball is in a local minimum (i.e., I < I.), it will remain
stationary. When I > I., the ball rolls slowly down the washboard, giving rise to
a voltage across the junction V = (h/2e)d¢/dt. The ball drops more quickly over
the little potential hills, causing periodic voltage pulses at the Josephson frequency
f=2e(V)/h. The I-V curve for overdamped junctions is non-hysteretic [137].

For ) > 1, on the other hand, the junction is in the underdamped regime, and
the capacitance is large enough to play a significant role in the junction dynamics.
In the washboard model, the capacitance may be thought of as giving the ball a
ball a large mass with significant inertia, and very little friction. The I-V curve of
an underdamped junction is hysteretic (see Fig. 6.3). Once the junction is in the
non-zero voltage state, the phase difference ¢ increases at the rate 2eV//h. If the
bias current is reduced below its critical value, the voltage V' will not drop back to

0 until a “re-trapping current” I, = 41./ Wﬁé«/ ? is reached [137].

6.4 Shapiro steps

When a macroscopic Josephson junction is irradiated with microwaves of fre-
quency w, the Josephson frequency defined by Eq. (6.2) synchronizes with the ap-
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Figure 6.3: Sketch of the I-V curve of a classical macroscopic current-biased Joseph-
son junction in the (a) overdamped limit (@ < 1) and (b) underdamped limit

(@ > 1). The black dotted line corresponds to I = V/R.
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plied microwaves frequency, and the supercurrent exhibits current steps at precisely
defined voltages, V;, = nhw/2e, where n is an integer [151]. This can be understood
by treating the junction as having a bias voltage V' with a dc voltage V4, and an ac

voltage of amplitude V; at angular frequency w created by the microwaves.

V =V, + Vi cos(wt) (6.19)

Using the Josephson equation to replace V' with h¢/2e and integrating the resulting

expression, I obtain the phase across the junction

Qb(t) = ¢Const + wot + (26‘/1/75/(,«)) sin(wt), (620)

where wy = 2eVy/h and @eonse is the constant of integration. Inserting Eq. (6.18)
into the dc Josephson equation, and expanding sine in terms of Bessel functions,

one finds [137]

> n 2eVi\ .
Ishapiro = 1¢ Z (=1)"J, ( Foon ) sin(¢g + wot — nwit) (6.21)

From this equation, we see that the time averaged current through the junction
will be zero, except when when wy = nwy, or Vy = nhw;/2e. Thus Eq. (6.21)
suggests that the measured I-V curve will display a discrete jump or rise in current
at regularly spaced voltages. These features have come to be called Shapiro steps
[151] and the effect is used to define the standard volt. It should be noted that
this contribution to the total current is due to the response of the junction to
microwaves, and that a calculation of the -V characteristic of a real junction would

need to include the effect of the shunting R and C' components.
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6.5 The electromagnetic environment

The electromagnetic environment that couples to a superconducting STM
junction is important in understanding the dynamics of the junction. The envi-
ronment in the case of our millikelvin STM consists of the leads connected to the
tip and sample, that are filtered by bronze powder filters clamped to the mixing
chamber of the dilution fridge. These wires ultimately connect to room temper-
ature electronics. At the junction, the impedance of this external circuit can be
written as

Z(w) = (6.22)

where V' is the voltage across the junction, and I is the current through the junction.
The relevant frequency range for the junction dynamics is determined by its plasma
frequency, f, = v/8EjEc/h, which is typically in the 1-100 GHz range. At these
frequencies, the dc resistance of the remote current source is irrelevant because of
attenuation in the lines and the shunting impedance of the circuit. At frequencies
of 1-100 GHz, one expects that the junction damping is determined primarily by
the last few centimeters of the leads connecting the junction to the external circuit.
These leads are not matched or uniform and typically generate a capacitance that is
much larger than the junction capacitance. Hence, even if we use a current source to
bias the junction, it will charge this capacitor, creating an effective voltage source.

Taking the junction capacitance C' into account but ignoring any internal
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shunting resistance, the effective impedance seen by the junction is given by

1
2= iwC + Z1(w) (6:23)

where the junction capacitance is in parallel with the external impedance Z(w). At
GHz frequencies, capacitance in the leads will be much larger than the capacitance
of an ultra-small junction, and radiation from the leads will tend to produce an
impedance Zg,, ~ 377 {2, instantaneously removing charge transferred through the
junction [137, 142, 152]. Thus at high frequencies, we expect that an STM junction
“sees” a low impedance environment with Z,, < Rq, and is in the overdamped
regime. However, it is important to note that the junction may be underdamped at
low frequencies. This frequency-dependent damping is crucial to understanding the
junction behavior, as it may display overdamped characteristics at some voltages
or frequencies, and underdamped characteristics at others. It is also possible for
the junction to be underdamped at its plasma frequency—the energy scale which
determines the high-frequency phase dynamics, whereas it may be over-damped at

lower frequencies.

6.6 Classical phase diffusion in ultra-small junctions

When the tunneling resistance of a junction is large and when the area of the
junction is extremely small, it is easy to reach the limit Fj/Ec < 1. Since the typical
STM tip radius is 10-100 nm, our STM junction is an ultra-small Josephson junction
with C' ~ 1 fF, corresponding to a charging energy Ec/kg ~ 1 K. In this Section,
I will review the classical dynamics of such an ultra-small, overdamped junction in
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the presence of thermal noise [153-155]. Since this is a classical description, ¢ will
be treated as a classical variable rather than an operator.
For a current-biased Josephson junction in the RCSJ model, the phase obeys

the equation of motion

hC d%¢ h do
——— + ——— + I.si = [;. 24
2e dt? + 2eR dt +lesing b (6:24)

Thermal fluctuations can be included as a stochastic Johnson current noise gener-
ated by the shunt resistor R at an effective noise temperature 7,,. This can be mod-
eled as arising from a random voltage source that satisfies the correlation function:
(e(t)e(0)) = 2kpT,Ro(t) [153, 156]. In the tilted washboard picture, this thermal
current noise causes random fluctuations in the overall tilt of the washboard. These
fluctuations cause the phase to diffuse between multiple metastable states, in what
can be approximated as a discrete random walk [153]. T note that if the noise is
sufficiently large, there will be a lack of phase coherence.

Ivanchenko and Zil’berman treated this case by arguing that they could ignore
the second derivative term in Eq. (6.24) because C' — 0 [153, 157]. The circuit
equation for a junction biased with a voltage V4, including a fluctuation term to

incorporate thermal noise, can then be written as

L d¢ . -
e dt + RI.sing = Vi, + é(t), (6.25)

where I, = 27 E;/®, is the critical current. If we set 7 = (2¢RI./h)t,é = é/RI.,

u=VW,/RI.. and v = kgT,/Ej, Eq. (6.25) can be written as [153]

dp =~ . .
m +sin¢ = u + €(7), (6.26)
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where (€(7)€(0)) = 2v6(7). Equation (6.26) is the Langevin equation of the Joseph-

son phase, with the corresponding Fokker-Planck equation given by

aw d*W aw
?:vdgb? +Wcos¢+%(sm¢—u) (6.27)

where W is the probability distribution of finding the junction at a given ¢. W is a
periodic function of ¢, and I can write

W (¢, 7|0, 0) j{: e (6.28)
Multiplying both sides by e~ and integrating over ¢ gives

27 27
a/e%mwﬂ%m %/ e Mo, (6.29)
0

n=—oo

Since fo% eMPe=mPde = 216,,,, we have fo% e~ mOW (¢, 7|dg, 0)dp = 27w, And,
T, = fj;o ™MW (¢, 7, ¢o, 0)d¢p . Multiplying Eq. (6.27) by e and integrating over

¢ gives

d el
% = /dng e <§(m)2W + W cos ¢ + (sin¢ — e)) (6.30)
Substituting Eq. (6.28) for W one finds

% =-n ((W — i)z, (7) + Zot1(7) ; xnl(T)) (6.31)

This equation is easier to solve because we have converted a multi-variable differen-
tial equation to a single-variable differential equation. The solution can be written in

terms of the modified Bessel function I,,(z) which obeys a similar recursion relation:

2 1(2) = L)~ L (2) (6.32)

126



Lm/vv(l/v) satisfies Eq. (6.31) for 7 — oo, and

One can show that z,(c0) =
one can obtain the dc Josephson effect from this relation. To see this, note that as

T — o0 the system approaches a steady state. Hence,

— 2-1(0)
2

I = I{sing) = I. lim / " d6 sin W (6, 7|60, 0) = 1,210 (6.33)

Since the observed current is real, / = I*, and z}, = x_,. Then % = Im(zy). If

we set Vp = (2¢/h) Zenvkp Ty, we can write

[1_7;& (EJ/kBTH)
Vp

I1(Vy) =11 = 1.1 6.34
Vp
The voltage across the junction is [153]:
h d
= ——())=Vi, — I(W) Zonw 6.35
e dt<¢> b —1(W) (6.35)
We note that Z.,, is the generalized environmental impedance.
When Ej/kgT < 1, Egs. (6.34) and (6.35) yield [21, 153]
(V)= IiZan  V (6.36)
2 V24 Vg '

Figure 6.4 shows a plot of I(V') vs. V calculated using Egs. (6.36) for three
experimentally realistic tunnel resistances. Equation (6.36) may be rewritten in the

form

Zenw V

_ 2
[(V) = (Ihx) 2RZ V2 + V2’

(6.37)

and the value of I. Ry can be determined using the Ambegaokar-Baratoff formula,
Eq. (6.8). For this plot, I assumed we have a Nb-Nb STM junction (i.e., A ~ 1.4
meV), and chose Ry = 1 MQ, Ry = 2 MQ and Ry = 5 M. An environmental
impedance of Z.,, = 377 € and temperature T, = 0.2 K were also assumed.
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Figure 6.4: Plot of I vs. V calculated for tunnel resistances Ry = 1 MQ (green),

Ry =2 MS (blue), and Ry = 5 M (purple), assuming 7" = 200 mK and Ze,, = 377
Q.
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As the plot shows, the thermal fluctuations of the phase suppress the observed
critical current, transforming it into a peak with finite resistance rather than a
branch with infinite resistance. This smooth s-shaped curve is extremely similar to
the I-V characteristic observed by other STM groups at temperatures of 2.1 K and
higher [27-29, 31, 114]. It also bears some resemblance to what I observed in our Nb-
Nb STM junction at mK temperatures (see Chapter 7). However, we see additional
spiked features in the phase diffusive supercurrent that cannot be explained by the
quasi-classical picture presented here. In order to understand these features, it is
necessary to consider a quantum description of the electromagnetic environment and
the junction. In the next two Sections I provide a brief description of the aspects of

the model that are relevant to my experiment.

6.7 The Caldeira-Leggett model

In order to fully describe the behavior of a tunnel junction that is coupled to
a dissipative electromagnetic environment, a quantum mechanical treatment of the
circuit is necessary. The basic idea for the Caldeira-Leggett model involves coupling
the degrees of freedom of the tunnel junction, ) and ¢, to the degrees of freedom of
a circuit representing the environment [145, 146]. The starting point of this theory
is recognizing that an L-C' circuit is a harmonic oscillator, which may be shown as
follows. If V= Q/C is the voltage across a junction that is shunted by capacitance

C, then a phase ¢ may be defined via

o(t) = % / t V{t)dt'. (6.38)



This is essentially the ac Josephson equation, except that here the charge carriers are
quasiparticles with charge e rather than Cooper pairs with charge 2e. To develop a
quantum mechanical description of this system, we consider ¢, V and () as operators
which satisfy the commutation relation [¢, Q] = ie. The Hamiltonian for this system

may be written as

»? 1 (ko)

Here, gg and Q describe phase and charge measured relative to their mean values,
and are given by gE(t) = ¢(t) —e/hVt, and Q = Q — CV. The first term in the
Hamiltonian is the charging energy of the junction capacitor, and the second term
is the potential energy stored in the inductor.

In the Caldeira-Leggett model, the environment is described as N such har-
monic oscillators (L-C' circuits) that have a distribution of resonant frequencies that
all couple to the phase of the junction. The Hamiltonian for this environmental cou-

pling is given by

Q.5
Henv—%_FZ

£ aee]  ow

The first term is the charging of the junction capacitor C' and the second term sums

n=1

over all the environmental degrees of freedom in the circuit, with N — oo.
This Hamiltonian formulation is essentially phenomenological rather than mi-
croscopic, and has to fulfill the requirement that the reduced dynamics are described

correctly in the classical limit [141].
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6.8 P(FE) theory

6.8.1 Overview

P(FE) theory is a quantum-mechanical treatment of phase fluctuations in ultra-
small junctions. It was first introduced to describe single-electron charging effects
such as the Coulomb blockade [131], and to calculate charge transfer rates in ultra
small normal junctions [139]. The formalism was later used to describe phase fluc-
tuations in Josephson junctions [132, 140, 141, 158]. In this Section, I focus on the
latter as it is directly relevant to my experiments, i.e., a Nb-Nb STM junction at
30 mK, with a capacitance of ~ 1 fF, which gives a charging energy Ec/kg ~ 1 K.

I first consider a system with normal metal junctions. The Hamiltonian for

the junction electrodes and its electromagnetic environment is
H=Hy+ H., + Hr, (6.41)

where Hj describes the quasiparticle Hamiltonian for the two electrodes, He,, de-

scribes the environment which can be modeled using the Caldeira-Leggett model

described in Section 6.7, and Hp describes quasiparticle tunneling in the junction.
The quasiparticle Hamiltonian is given by

Hy = Z(ek +eV)el cry + Z echacqg, (6.42)

ko qo
where the quasiparticles with wave vectors k and ¢ have energies €, and ¢, respec-
tively. The first and second sum correspond to the left and right electrodes, with

the energies shifted with respect to each other by eV to account for a voltage bias.
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The tunneling Hamiltonian is the same as the conventional one, except for the
additional operator e~* [132, 141, 158]

Hr = Z TigChycroe™ + H.C. (6.43)

kqo

I note that ¢ and Q) = (—ie)d/d¢ are conjugate variables that satisfy [¢, Q] = ie,
and that @) acts effectively as a “translation” operator changing the junction charge
by e,

Qe = Q —e. (6.44)

In the limit of large tunnel resistance, i.e., Ry > h/4e%, we may assume that
the states on the two electrodes mix weakly as the tunneling matrix element is
inversely proportional to Rr. If we also assume that the system is in charge equilib-
rium, ¢.e., that the time between tunneling processes is larger than the charge relax-
ation time, then the tunneling rate can be calculated perturbatively using Fermi’s
Golden Rule,

i = 2| e85, — By), (6.45)

where the initial state |i) and final state |f) are equilibrium states.
In a Josephson junction, we can replace the tunneling hamiltonian with the
Josephson Hamiltonian, and ignore quasiparticle tunneling to lowest order. The

Hamiltonian then reduces to [132]
H = H.ny — Ejcos(9), (6.46)

where He,, in Eq. (6.46) describes a JJ coupled to environmental modes, and is
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given by

N

2
Henv:%—i_;

q,% AN o e 2
5C + (E) 5L, <§ — ﬁVt—gbn> ] . (6.47)

and

Ejcos(¢) = %e‘i‘b + H.C. (6.48)

I note that the operator e~ now changes the charge @ on the junction by 2e (rather
than by e as in in the quasiparticle case). Hence we may write [¢, Q] = 2ie, and
Qe = () — 2e. This process is related to the tunneling of a Cooper pair across
the junction, which is expressed in the Hamiltonian via the phase difference between
the superconducting wave functions in each electrode. When Ej < Eg, this term
can be treated perturbatively.

The tunneling rate I'y in the superconducting case can again be calculated

from Fermi’s golden rule, and one finds [141]

E2 +oo 2 e -
Iy(Vv) = 4—7;2/ dt exp (ith) <621¢(t)e’2’¢(t)> (6.49)

where ¢ is the fluctuating part of the phase as previously defined. The thermal aver-

age is taken with respect to the environment partition function: Tr[exp(—Heny/ksT)].

The correlation function may then be expressed as [141]
<e2"¢(~t)6_21¢(~t)> = J(t). (6.50)
The tunneling rate may be written in terms of this correlation function [141]

T(V) = (%) P(2¢V) (6.51)

133



where the probability that a tunneling Cooper pair emits energy E to the environ-

ment is given by

P(E) = . / e {J(t)+%m] dt. (6.52)

T 2rh )
The symmetry of the circuit demands that I'y(V) = ') (=V'), where I'; is the tun-
neling from the electrode 1 to electrode 2, and I'; is the tunneling from electrode 2

to electrode 1. The total Cooper pair current is then given by

Is(V) = 2e(T(V) = Ty(V)) = ”efJ (P(2eV) — P(—2eV)) (6.53)

Eq. (6.53) says that the supercurrent is directly related to P(E). Thus measuring
the I-V curve of an ultra-small Josephson junction can reveal frequency dependent
dissipation to the junction’s environment.

The P(FE) theory incorporates interactions between the junction and its envi-
ronment in a natural way by building on the Caldeira-Leggett model. Furthermore,
the P(FE) results are far more general than the classical phase diffusion case, which
was restricted to overdamped junctions in an Ohmic environment. The theory can
be used to calculate the supercurrent behavior of a junction for any Fj/FE¢ ratio,
and for any model environment Z(w). It reduces to the classical case for Z,, = R,

and for p?Ey < E¢ [158].

6.8.2 Supercurrent peaks due to environmental resonances

Examples of electromagnetic environments are circuits with one or more lumped
circuit elements (Zepy = iwL, Zeny = 1/iwC'), or L-C or R-C' transmission lines [141].
My own experimental setup however is perhaps more closely modeled as a finite L-
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C' transmission line terminated by a load resistance Ry, [132]. A transmission line
may be modeled as an L-C' ladder with inductance per unit length given by Lg, and
capacitance per unit length given by Cj (see Fig. 6.5).

The case of a junction connected to a transmission line has been presented
in Ref. [132]. The treatment is complicated and here I will list only the important
parameters used in the model, and present the resulting expression for P(E) [132]

calculated in the limit 7" = 0. The key parameters in the analysis are:

1. The characteristic resistance and wave velocity of an infinite transmission line

are Ry, = (Lo/Cy)Y? and u = (LoCy) /2, respectively.

2. The load resistance Ry, terminating the transmission line is described by the

dimensionless ratio p = Ry, /Rq

3. The ratio between the load resistance Ry, and the impedence R, of an infinite

L-C transmission line r = Ry, /Ry

4. The A\/4 resonance frequency can be written as wy = (7/2)(u/l) where it is

expressed in terms of the length [ of the transmission line.

5. The ratio Kk = wy/wgr where wg = 1/R.C' is the cutoff frequency due to the

capacitance of the junction.

6. For a given frequency w, v is the dimensional frequency given by v = w/wy.

The impedance of the transmission line has poles at v = v, and the residues

of these poles are z, given by

_t I,
ri+ (r/2)(1+ k202)

(6.54)

Zn =
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Figure 6.5: Schematic circuit model of a finite transmission line of length [ termi-
nated by a load resistance Ry. The inductance and capacitance per unit length are

Ly and Cj, respectively.
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The expression for P(FE) then becomes

(6.55)

where the constant ¢ contains details about the frequency dependence of the total

impedance, and is given by

B *dw [ReZy(w) 1
=+ [ R - T (620

Here v ~ 0.5772 is Euler’s constant, and Z; is the effective impedance of the junction
capacitance in parallel with the external impedance given in Eq. (6.23). The first
sum in Eq. (6.55) counts the total number k of excitations in a mode of the A\/4
resonance. The second sum denotes which of the modes, n; are excited.

Although Eq. (6.55) for P(E) is formidable, it nevertheless provides some
intuition of the physics involved. The term within the product that is raised to the
power 2p — 1 describes energy exchanged between the junction and the environment

via the emission of k quanta, i.e., hwy Ek v* . The positions of the peaks in the

J=1"n;"

1-V characteristic depend entirely on the poles within the product, as determined

by the frequency v. The probability of losing energy to a particular mode is given

by the area under the peak at the mode frequency. This depends on the circuit
parameters Ry, and R.

Although the circuit and junction parameters that correspond to our STM

are not precisely known, the -V curves generated using the model can be remark-
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ably similar to those I observed in the Nb-Nb junction in our millikelvin STM. For
example, Figs. 6.6-6.9 show calculated -V curves for various circuit and junction
parameters. For Fig. 6.6 and Fig. 6.7, I evaluated Eq. (6.55) for a transmission line
with fundamental frequency f = wo/2m = 9 GHz, 3 environmental modes coupled
to an ultra-small junction with capacitance C; = 5 x 107 F, and a critical current
of I. = 1 nA. The panels show I-V curves for various load resistances ranging from
1-75 € with transmission line impedances of Ro, = 50 2, Ry = 75 2, R, = 100 (2,
and R, = 500 € for Figs. 6.6(a), 6.6(b), 6.7(a) and 6.7(b) respectively. In each
case, the supercurrent was clearly suppressed, with a peak current between 7 and
30 pA, depending on the ratio r = Ry, /R.

In the model the excitations between the junction and the environmental
modes may be denoted by (a b ¢), where a,b, and ¢ are the number of quanta
emitted to each mode [132]. The junction is most likely to emit energy to the first
mode, and so the first and highest peak on either side of 0 V in the I-V characteristic
corresponds to emission denoted by (1 0 0). This is typically followed by followed
by (2 0 0) and then (0 1 0). The interplay between the junction and environmental
parameters could make it more likely to emit two quanta to the first mode than 1
to the second, etc.

It is clear from comparing the peak current in plots 6.6(a), 6.6(b) and 6.7(a)
that the smaller the value of r, the greater the supercurrent suppression. However,
we can see from 6.7(b) that this effect is reversed for very large R.., and conclude
that the effect of this parameter is non-trivial. Additionally, I would like to note

that Eq. (6.55) was calculated at 7" = 0. The width of the peaks at 7" > 0 is likely
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Figure 6.6: I-V curves generated by modeling the environment as a finite trans-
mission line with 3 modes (k = 3) that couple to an ultra-small junction with
capacitance 50 fF and non-phase-diffusive critical current I, = 1 nA. The parame-
ters used for the plots are (a) Roo =50 €, (b) Ro = 75 Q. Each graph shows plots

for load resistances Ry, = 1,5,10,40,50, and 75 ©.The \/4 frequency used for the
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139



20 T : T

r=0.01
(a) r=005
r=0.1
r=0.2
10 |- r=05
r=0.75
< A
3 0 V, _ ‘\VM\ )
10 4
_20 1 " 1 " 1
2 0 2
V(mV)
30 T T T T T
(b) r=0.002
20 r=0.01
i r=0.02 7
r=0.04
10 } r=0.1 _
ﬂ r=0.15
10 4
20 | .
_30 1 " 1 " 1
-2 0 2

V(mV)

Figure 6.7: I-V curves generated by modeling the environment as a finite trans-
mission line with 3 modes (k = 3) that couple to an ultra-small junction with
capacitance 50 fF and non-phase-diffusive critical current I, = 1 nA. The parame-
ters used for the plots are (a) Ry = 100 2, and (b) R = 500 2. Each graph shows
plots for load resistances Ry, = 1, 5, 10, 40, 50, and 75 €2. The \/4 frequency used

for the transmission line is 9 GHz.
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to be greater due to thermal smearing. Furthermore, a non-zero temperature might
also affect the I-V' characteristic in a non-trivial way if it additionally affects the
probability that the junction will release energy into the various modes.

Figures 6.8 (a) and (b) show that the effect of doubling the resonant frequency
of the transmission line doubles the spacing between the peaks in the I-V curve
because the resonant frequency determines the dissipation channels in the system’s
environment. It should be noted that in general, a transmission line has multiple
resonances, leading to a superposition of peaks in the I-V characteristics.

Finally, Figure 6.9 shows I-V curves generated by modeling the environment
with (a) 3 modes and (b) 1 mode. Since the number of available dissipation channels
depends on the number of modes in the transmission line, the peaks corresponding
to dissipation to the 2°¢ and 3' modes are absent in panel (b). The main peak in the
I-V curve in panel (b) thus shows the probability of dissipating 1 quantum of energy
to the single available mode, a far smaller peak corresponding to 2 quanta to the
mode, and an an extremely small peak representing the dissipation of 3 quanta to
the mode. The spacing between the peaks reflects the difference in energy between

1, 2 and 3 quanta.

6.8.3 Photon-assisted incoherent tunneling of Cooper pairs

I now consider the response of an ultra-small junction in the phase diffusive
regime to microwave photons. A macroscopic junction responds to microwaves in

a phase coherent manner by exhibiting Shapiro steps [151]. The response of a
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Figure 6.8: I-V curves generated by modeling the environment as a finite trans-
mission line with 3 modes (k = 3) that couple to an ultra-small junction with
capacitance of 50 fF, and non-phase-diffusive critical current I. = 1 nA. The two
panels differ only in the A\/4 frequency used for the transmission line: (a) f =9
GHz, and (b) f = 18 GHz. The plots show that the mode frequency determines the

energies at which the peaks appear.
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and (b) £ = 1 mode.
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Figure 6.9: I-V curves generated by modeling the environment as a finite transmis-
sion line with a fundamental frequency f = A\/4 = 9 GHz, and R., = 500 2 that
couples to an ultra-small junction with capacitance 50 fF, and non-phase-diffusive
critical current I, = 1 nA. The two panels differ in the number of modes k in the

transmission line that couple to the junction. (a) Plots generated with & = 3 modes




Josephson junction to an ac voltage in the phase-diffusive limit was first considered
by Falci et al. [140], as an extension of the P(FE) theory. The effect of microwaves

was considered by setting the voltage across the junction to
V(t) = Vo + Vi cos(£2t) (6.57)

where V; is the dc bias voltage, /27 is the frequency of the applied microwaves,
and V; is the voltage amplitude of the microwaves across the junction. I omit Falci
et al.’s derivation and simply quote the important result that there will be a net

current or average dc current,

I, = i JE(2v)I, [VO - %} , (6.58)

where v = eVj/hQ, and J; is the k" Bessel function. The conductance can be

calculated from Eq. (6.58) and is given by

khQ
dVo Z J2( 2y [ b — @} (6.59)

The current in Eq. (6.58) is generated not by the Josephson effect (the coherent

tunneling of Cooper pairs), but rather by the incoherent tunneling of Cooper pairs
that have absorbed k photon(s) of energy h{2. Figure 6.10 shows a grey-scale plot of
the normalized conductance G/G,,s generated for increasing microwave amplitudes
of frequency 2/2r = 5.6 GHz. Here G, for each line is the root mean square
deviation of all the points in that line.The first line of the plot is the conductance
curve generated in the absence of microwaves by the P(E) theory. Figure 6.10(a) was
generated for circuit parameters R, = 50 €2, so that r = 1, while Fig. 6.10(b) has
Roo =500 Q, so that » = 0.1. The other parameters were k =3, C; =5 x 107° F,
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Figure 6.10: Gray scale plot of normalized conductance G/Gps vs. V' of the super-
current response to increasing amplitudes (V,.) of microwave radiation (2/27 = 5.6
GHz), as predicted by Eq. (6.58). The circuit parameters chosen were resonant fre-
quency f =9 GHz, number of coupled modes k = 3, junction capacitance Cj =5
fF, critical current I. = 1 nA, and load resistance Ry, = 50 €). The parameters
for each plot were (a) Ro, = 50 Q so that r = 1, and (b) R, = 500 €2 so that
r = 0.1. Bright spots are high conductance regions (peaks) and the dark spots are

low conductance regions (dips) in the conductance curves.
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I. = 1 nA, and Ry, = 50. The bright areas are high conductance regions (peaks)
and the dark spots are negative conductance regions (dips) in the dI/dV curves.
The bright spots are separated on the z-voltage scale by h{2/2e, indicating that the

Cooper pairs tunnel into distinct energy states.

6.9 Conclusions

In this Chapter, I have summarized the factors governing the dynamics of
fluctuation-dominated tunneling in small capacitance Josephson junctions coupled
to a low-impedance environment. In the next Chapter, I present data that was taken

with our millikelvin STM in this regime and compare my results to the theory.
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Chapter 7: Measurements of Photon-Assisted Incoherent Cooper Pair

Tunneling in a Josephson STM

7.1 Introduction

STM studies with superconducting tips and samples are relatively rare, and
all the studies reported to date have apparently been conducted at temperatures
between 2.1 and 4 K [24, 113, 114]. At extremely low junction resistances these
experiments have yielded minute zero bias conductance peaks that match the classi-
cal fluctuation dominated form theoretically predicted in the limit of small junction
capacitance and critical current, as described in Section 6.6 [28, 29, 31, 114, 153].
These s-shaped I-V characteristics are smooth and display no evidence of resonant
tunneling due to single charge effects as predicted by P(FE) theory at T' = 0 (see
Chapter 6). This is not surprising given that the instruments used in these studies
operate in the 2-4 K range, and likely have significantly higher noise temperatures.
Furthermore, direct proof that the charge carriers in these experiments are Cooper
pairs rather than quasiparticles has not been demonstrated.

In this Chapter, I present measurements obtained with Nb tips and a Nb(100)

sample in our millikelvin STM that are consistent with P(FE) theory as described
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in Section 6.8.2. Our junction’s effective temperature of ~ 185 mK corresponds to
an energy resolution that is lower by at least a factor of 10 than previous supercon-
ducting STM studies. At these temperatures our STM displays dissipation due to
resonant pair tunneling with loss due to the ultra-small STM junction exchanging
energy with the electromagnetic environment it is embedded in. Furthermore, by
irradiating the STM junction with microwaves, I observed photon assisted incoher-
ent pair tunneling that shows that the charge carriers in an STM S-I-S junction at

small biases are Cooper pairs with a charge of 2e.

7.2 Resonant tunneling

Figure 7.1 shows a topographic image of a Nb(100) sample taken with a Nb
tip. The sample was prepared by heating it to ~ 600° C for 10-12 hours at a time
for 9 consecutive days with 2 keV Ar ions. Once most of the polishing grains had
been removed, the sample was sputtered with 1keV Ar ions at a temperature of 600°
C for a 2-3 hours before transferring it into the STM.

Figure 7.2 shows a series of I-V characteristics and corresponding conductance
curves measured with a Nb tip on the Nb sample in Fig. 7.1 at 30 mK and at tunnel
resistances ranging from 1.1 M) to 20 M()2. The tunnel resistance for each curve
was determined by setting the bias voltage to 2 mV, and fixing the set point tunnel
current to a value, for example 0.1 nA to yield a tunnel resistance of 20 M{2. The
feed back was then disabled to keep the tip-to-sample distance fixed. The voltage

was swept from —1 to 1 mV, and the I and dI/dV values recorded for points 5 uV
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Figure 7.1: Topographic image of Nb(100) sample scanned with a Nb tip, at a bias

voltage of V' =100 mV, and a tunnel current of I = 100 pA.
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apart. The feedback was then turned on, the junction resistance changed by fixing
a new current set point, and the process repeated for current values between 0.1
and 2 nA to get the corresponding tunnel resistances.

The data in Fig. 7.2 is in strong qualitative agreement with the curves gener-
ated using the P(F) theory described in Section 6.8.2. In the theory, the positions
of the peaks on the z-axis are determined by the resonant frequencies of the normal
modes of the circuit that the junction is embedded in. We may think of these as
dissipation channels, i.e., tunneling Cooper pairs lose energy at these frequencies via
the emission of microwave photons into resonant modes of the circuit. We measured
similar /-V and dI/dV characteristics at a dozen or more locations on the sample
shown in Fig. 7.1. The positions of the peaks on the z-axis—corresponding to the
energies at which dissipation occurred—were remarkably consistent. This indicates
that in this case the dissipation was independent of the sample, and is consistent
with our analysis that our data is explained by coupling between the STM junction
and resonant modes of the circuit.

Quantitative differences between the theory and the data are inevitable be-
cause the precise electrical nature of our circuit is unknown. Although the model
described in Chapter 6 assumed a finite transmission line terminated by a load re-
sistance Ry, our circuit could be better modeled by several transmission lines with
load impedances Zj, that have reactive components. Furthermore, the theory was
calculated for T' = 0 K, whereas the temperature of our STM junction is between
30 and 180 mK. Nevertheless, our data appears to be well described by the P(E)

theory. In order to confirm this I performed an experiment to measure the junction’s
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Figure 7.2: (a) I vs. V and (b) corresponding lock-in measurement of normalized
conductance G /G, measured at 30 mK with a Nb tip and Nb(100) sample at dif-

ferent tunnel resistances. The tunnel resistances were set at 2 mV.
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response to microwave photons, as described in Sections 7.3 and 7.4.

7.3 Photon assisted quasiparticle tunneling

Photon assisted quasiparticle tunneling has been studied extensively in S-I-
S junctions and in single electron transistors (SETs) over the last four decades
[159-165]. In a junction driven by microwaves of frequency €2 the time averaged

quasiparticle current is given by [140]

fqp = i Jl? {%} [qp {VO - @} ) (7-1)
k=—o00

where V] is the amplitude of the ac voltage across the junction due to the microwaves,
Vo is the dc bias voltage, J is the k™ Bessel function, and I, is the quasiparticle
current when no microwaves are applied. The effect of microwave radiation can be
interpreted as causing a splitting of an unirradiated energy level with energy e into
levels € + khS), that correspond to the absorption or emission of £ photons. The
probabilities of tunneling into each state is given by JZ[eV;/h€2]. While a smooth
ohmic I-V curve will exhibit no features in response to microwave radiation, a non-
ohmic -V characteristic with sharp features will respond under microwave radiation

by developing features shifted by +kh{)/e from the original positions along the

voltage axis.

7.4 Photon assisted incoherent pair tunneling

Photon assisted Cooper pair tunneling is qualitatively similar to the quasipar-
ticle case discussed in Section 7.3. However, for Cooper pairs, the sharp features
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seen in the presence of microwaves will be shifted by £kh€2/2e, which is one half
the spacing of the quasiparticle case. The microwave response may thus be used to
discern the charge of the carriers responsible for the tunneling current. The equation
for the Cooper pair current through a junction driven by microwaves at frequency

Q) is given by

I= k;m J? {%} I {vo - %} , (7.2)
where [ is the Cooper pair current in the absence of microwaves, V] is the amplitude
of the microwave voltage across the junction, Vj is the dc bias voltage, and J is
the k™" Bessel function. This lends itself to a physical interpretation similar to
the quasiparticle case; peaks in the I(V') characteristic are generated due to the
absorption and stimulated emission by Cooper pairs of £ photons with probability
2.

In order for an individual Cooper pair to emit or absorb microwave photons,
charge coherence is required. This is relatively easily obtained in an ultra-small
STM junction for C' =~ 1 fF and I. < 1 nA, and subject to voltage fluctuations that
destroy phase coherence. If we want to apply Eq. (7.1) and (7.2) to distinguish pairs
from quasiparticles, a second requirement is the presence of sharp features in the
I-V curve, as well as the energy resolution necessary to resolve them. The former
are expected from P(E) theory if the junction is connected to bias leads that have
transmission line resonances. If the bias circuit can be modeled, P(E) theory can be

used to calculate the probability of an ultra-small capacitance junction dissipating

energy F via resonant coupling between the STM junction and electromagnetic
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modes [131, 132].

7.4.1 The incoherent vs. coherent junction response to microwaves

I note that phase coherence present in macroscopic Josephson junctions pre-
vents individual Cooper pairs from emitting and absorbing photons. For a classical
macroscopic junction, the phase ¢ can be treated as a well-defined classical vari-
able. In this limit a synchronization of the junction’s Josephson frequency with the
incident microwaves produces Shapiro steps, as described in Section 6.4 [151].

While the coherent supercurrent behavior of Shapiro steps has its roots in
the ac Josephson effect, the junction dynamics captured by our STM are due to
the absorption and stimulated emission of microwave photons by individual Cooper
pairs. One way to distinguish the two phenomena experimentally, is by measuring
variations in the current as a function of applied microwave power. The current
in the case of incoherent pair tunneling is proportional to J? (see Eq. (7.2)), while
the height of a Shapiro step varies as just J;. This is a key point that allowed us
to distinguish photon assisted incoherent pair tunneling in our STM from the more
traditionally expected Shapiro steps. Also, it should be noted that Shapiro steps
on an I(V) curve appear only when microwaves are applied and are truly vertical,
whereas the peak-features we see are present at zero power and have widths that

are determined by the microwave resonances that cause them.
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7.4.2 Incoherent pair tunneling: Microwave amplitude dependence

In this Section I present conductance measurements of the supercurrent re-
sponse of a Nb-Nb STM junction as a function of microwave amplitude. Microwave
radiation was generated by an Agilent N5183A microwave generator and transmit-
ted to the STM cavity via an unfiltered dc thermometer line, which undoubtedly
had several impedance mismatches. A Stanford Research SR830 lock-in amplifier
was used to obtain conductance G = dI/dVy vs. Vy data because they provide a
better signal to noise ratio than the I-Vj curves. The lock-in measurement consists
of adding a small sinusoidal voltage V/, sin(w,,t) to V5 and measuring the amplified
current response to the modulation. The modulation frequency f,, = w,,/27 was
set to 1.9 kHz, so that it was much larger than that of the feedback loop, and much
smaller than that of the microwaves applied, and thus would interfere with neither.
For each set of measurements, the amplitude of the modulation V,, was typically
chosen to be less than half the difference between two successive bias voltage mea-
surements. For example, when I took a curve with 500 measurements at equally
spaced voltages between Vo = 1 mV and Vy; = —1 mV, the difference in bias voltage
between any two successive points was 0.4 nV. The amplitude V,, for such a data
set was fixed at 0.1 or 0.2 uV. Each measurement was typically averaged over 30-
60 milliseconds, and the entire conductance curve typically took ~ 10 seconds to
measure.

I found that the microwave amplitude “seen” by the junction was extremely

frequency dependent, which was not surprising given the line we used. For the
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most part, frequencies above 7.9 GHz did not result in a measurable change in the
current through the STM junction, although I was able to obtain one data set at
8.5 GHz. The peaks at frequencies below 3.8 GHz were difficult to resolve because
I was limited by the energy resolution of our STM. Furthermore, the power of the
applied microwaves that produced a junction response had to be greater than 0 dBm
at the source in order to produce a measurable effect at any frequency, suggesting
a significant attenuation in our experimental setup.

Figure 7.3 shows a series of conductance curves taken with a Nb tip [98] and
a Nb(100) sample. The STM junction was driven by 5.6 GHz microwaves. Starting
with zero microwave power, each successive curve was measured at source microwave
amplitudes (V,.) that increased in steps of 25 mV from 0 to 3 V. The frequency and
amplitude of the lock-in signal were carefully chosen so that they would not interfere
with the measurement as described above. Figure 7.3 shows that as the microwave
amplitude increased, additional peaks appear in the conductance curve separated
by voltages of Vi = h€)2/2e. Each horizontal line corresponds to a single conductance
curve, divided by the standard deviation G, of that curve. The peaks are high
conductance regions, and the dips are negative conductance regions. The zeros of
the conductance in between the peaks and valleys correspond to peaks in the I-V
curve. According to P(FE) theory these are due to pair tunneling events with the
absorption or stimulated emission of energy nhf)/2e that occur with probability
proportional to J2(2eV; /hQ).

Figure 7.4 shows false color plot that illustrate the normalization and bias

offset correction of the data. Figure 7.4(a) shows a false color plot of the raw con-
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Figure 7.3: Measured conductance G divided by G,.,s versus bias voltage Vj taken

at 30 mK with the outer tip Nb-Nb STM junction under irradiation by 5.6 GHz

The amplitude of the applied voltage V,. varies from 0 V (blue) to

microwaves.

3.0 V (red) in steps of 0.1 V. Successive curves are offset by 0.025 V on the y-axis.

11.6 uV apart and coincide with

Vertical grey lines are spaced AVy = h)/2e

emerging peaks in conductance, indicating that the charge of the carriers is 2e.
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ductance data corresponding to Fig. 7.3. The lightest yellow parts depicting peaks
in conductance, and the darkest navy blue parts depicting dips. Figure 7.4(b) shows
a false color plot of the same data, with each line divided by its standard deviation
Gyims. By comparing Figs. 7.4(a) and 7.4(b), one can see that “normalizing” each
curve in this way makes it easier to follow features from one curve to the next. Fig-
ure 7.4(c) shows a false color plot of the normalized data set with the offset in bias
voltage on the x-axis removed for each line. Again, this was done to aid comparisons
between curves.

Figure 7.5(a) is the false color plot shown in Fig. 7.4(c), presented again to
allow comparison with Fig. 7.5(b), which shows the expected response of the STM
junction based on Eq. (7.2). To generate the simulated plot in Fig. 7.5(b), I used the
first line of conductance data, measured in the absence of microwaves, to generate
each successive line by applying the derivative of Eq. (7.2) with respect to Vj,

dI > 2eV; ] dIL kRO
G=— — J? Vo — —1| . 7.3
dVy kz ’“[hﬁ]d%{o 26} (7.3)

Notice that the Bessel functions in this expression are not a function of bias voltage.
Once again, each simulated curve was divided by its standard deviation Gy, to allow
direct comparison with the data in Fig. 7.5(a). I note that the only parameter that
was adjusted to simulate the data was the overall scale factor for A, = V;/V,. that
determines the ratio of the amplitude of the microwave voltage across the junction
compared to the amplitude V,. applied at the source. To generate Fig. 7.5(b), we
set A, = 5.43 x 107°. Comparing Fig. 7.5(b) to the data in Fig. 7.5(a), we see

excellent agreement, indicating that the current is due to incoherent pair tunneling
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Figure 7.4: (a) False color plot of raw conductance data G versus dc bias voltage
Vo shown in Fig. 7.1. Microwave frequency is 5.6 GHz, and microwave amplitude
Vae ranges from 0 to 3 V. Each line corresponds to a conductance curve with yellow
representing the positive peaks and dark blue representing the negative dips.

(b) False color plot of data shown in (a) with each conductance curve G divided by
Gims of that line. (c) False color plot of normalized data shown in (b), with the bias

offset corrected for each line.
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Figure 7.5: (a) False color plot of measured conductance G divided by G5 versus dec
bias voltage Vy in Fig. 7.1. Microwave frequency is 5.6 GHz, and microwave ampli-
tude V,. ranges from 0 to 3 V. (b) Simulated false color plot assuming charge carriers
are Cooper pairs. The measured conductance curve in the absence of microwaves and
Eq. (7.2) were used to generate each successive curve with 4, = V1 /V,. = 5.43x1077.
(c) Simulated false color plot assuming the charge carriers are quasiparticles with
charge e. The measured conductance curve in the absence of microwaves and Eq.
(7.1) were used to generate each successive curve with with A, = 5.43 x 107°. The

data (a) strongly resembles (b) but not (c).
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rather than coherent Shapiro steps. From the data we can also determine that the
charge carriers are Cooper pairs because the voltage spacing between the peaks is
R /2e. In contrast, Fig. 7.5(c) shows the corresponding simulation assuming the
charge carriers are quasiparticles with charge e. The voltage spacing in this case is
twice that for Cooper pairs, and disagrees strongly with the data.

We also measured the STM junction’s response to microwaves of a higher
frequency. Since the voltage spacing between the conductance peaks is expected
to scale with frequency, the steps should be easier to resolve provided sufficient
power reaches the junction. Figure 7.6 shows a series of normalized conductance
curves measured at 8.5 GHz as the applied microwave amplitude V. was increased
from 0 V to 4.0 V at the source. Once again, each measured conductance curve
was normalized by dividing it by its standard deviation. The gray lines spaced
h€2/2e = 17 peV apart can be seen once again to coincide with the peaks that
appear as the microwave amplitude is increased. The corresponding false color map
shown in Fig. 7.7(a), and the simulated false color map based on the curve measured
at 0 microwave power and Eq. (7.2) is shown in Fig. 7.7(b). For this simulation, I
used A, =2.36 x 1075

To rule out the possibility of this being a junction specific phenomenon, I used
the second Nb tip in our dual-tip STM to confirm the results. Figure 7.8(a) shows
a false color plot of conductance measurements taken with the inner STM tip with
8.5 GHz applied microwave radiation, and Fig. 7.8(b) shows the false color plot
generated using A, = 1.63 x 107°. Close comparison of Figs. 7.7(a) (outer tip) and

7.8(a) (inner tip) reveal small differences. Since each tip of our STM is connected
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Figure 7.6: Measured conductance G divided by G, versus bias voltage Vj taken
at 30 mK with the outer tip Nb-Nb STM junction under irradiation by 8.5 GHz
microwave radiation. The amplitude of the applied voltage V,. is varied from 0 V'
(blue) to 4.0 V' (red). Successive curves are offset by 0.1 V on the y-axis. Vertical
grey lines are spaced AV = h€)/2e = 17 peV apart. They coincide with high-power

peaks in conductance, indicating that the charge of the carriers is 2e.
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Figure 7.7: (a) False color plot of measured conductance curves G' divided by Gyps
versus bias voltage V. This data is the same as in Fig. 7.4. Data was taken at 30 mK
with outer Nb STM tip. Microwave frequency is 8.5 GHz, and microwave amplitude
Ve at the source ranges from 0 to 4 V. Each line corresponds to a conductance curve
with yellow representing the positive peaks and dark blue representing the negative
dips. (b) Simulated false color plot generated using the measured conductance curve
in the absence of microwaves and Eq. (7.2) to generate each successive curve with

Ay, = Vi /Vae = 2.36 x 1075,
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Figure 7.8: (a) False color plot of measured conductance curves G divided by Gy
versus bias voltage Vj. Data was taken at 30 mK with inner STM tip. Microwave
frequency is 8.5 GHz, and microwave amplitude V,. ranges from 0 to 4 V. Each line
corresponds to a conductance curve with yellow representing the positive peaks and
dark blue representing the negative dips. (b) Simulation of false color plot generated
using the measured conductance curve in the absence of microwaves and Eq. (7.2)

to generate each successive curve with A, = V;/V,. = 1.63 x 1075
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to its own set of current and piezo leads, the resonances and impedance seen by the
tips are different, leading to minor differences in the conductance curve measured at

zero microwave power. Nevertheless, the phenomenon was remarkably reproducible.

7.4.3 Incoherent pair tunneling: Microwave frequency dependence

In addition to the characterizing the response of the fluctuation-dominated
supercurrent to microwave amplitude, I also measured the conductance versus bias
voltage as a function of frequency. At most frequencies below 3.8 GHz, changes in
conductance were difficult to resolve, and at frequencies above 7.8 GHz, I did not
see any change in the conductance even at 25 dBm of applied microwave power.
However, within this frequency range, the conductance curves indicated that the
microwave amplitude across the junction V; varied significantly.

Figure 7.9 shows a gray scale plot of the conductance data, taken between 3.8
and 7.8 GHz. Figures 7.10-7.12 show measured data and fits to theory for some of the
lines in the gray scale plot. The fits use Eq. (7.3) and the interpolated curve in the
absence of microwaves shown in Fig. 7.10(a). The good agreement between the fit
and the data is striking. The main fitting parameter for each curve is 4, = V4 / V..
Two other fitting parameters were also used — a small offset in 1} to compensate
for drifts in the bias voltage, and an overall scale factor (y-axis) to compensate for
small variations in tunnel resistance from one data-set to the next. The fits yielded
microwave amplitudes ranging from to 10-150 uV at the junction, corresponding to

attenuation ratios A, ~ 10 x 107% to 35 x 107°.
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Figure 7.9: Gray scale plot of dI/dVy vs. Vj measurements as a function of the
microwave frequency f. Data was taken with the outer Nb tip and Nb(100) sample
at 30 mK, and with a source microwave amplitude of V,. = 3.976 V. Each line
corresponds to a conductance curve measured at a different frequency with white
representing the peaks and dark gray representing the dips. The large variation
in peak features indicate that the transmission of microwaves varies greatly with

frequency.
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Figure 7.10: (a) Measured conductance G/G,, vs. bias voltage V' (black dots) taken
with outer Nb tip and Nb(100) sample at 30 mK in the absence of microwaves.
The red curve was interpolated from the data. (b) Black points show conductance
measurements taken with applied microwave power P,, = 25 dBm (V,. ~ 3.97 V),
and microwave frequency f = Q/2r = 4.3 GHz. The red curve is fit to Eq. (7.3)
using the interpolated curve from (a). The fit yielded V; = 64.84 uV or equivalently
A, =163 x107°,
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Figure 7.11: Black points show conductance measurements taken with outer Nb tip
and Nb(100) sample at 30 mK, and with applied microwave power P,. = 25 dBm
(Vae = 3.97 V). The applied microwave frequencies are (a) 4.4 GHz and (b) 4.5 GHz.
The red curve is fit to Eq. (7.3) using the interpolated curve from Fig. 7.9(a). The
fit yielded V7 =20.78 uV (A, = 5.2 x 107%) and V4 = 40.55 pV (A4, = 10.2 x 107°)

respectively.
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Figure 7.12: Black points show conductance measurements taken with outer Nb tip
and Nb(100) sample at 30 mK, and with applied microwave power P,. = 25 dBm
(Vae = 3.97 V). The applied microwave frequencies are (a) 4.7 GHz and (b) 5.0 GHz.
The red curve is fit to Eq. (7.3) using the interpolated curve from Fig. 7.9(a). The fit
yielded Vi = 125.91 puV (A, = 31.69 x 1079), and V; = 15.6 uV (4, = 3.92 x 107°)

respectively.
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7.5 Conclusions

In conclusion, at ultra low temperatures I found that the charge carriers re-
sponsible for sharp sub-gap features observed in our superconducting STM were
Cooper pairs. Our microwave technique offers the potential to directly identify the
charge carriers responsible for specific features, as long as there are sharp voltage-
dependent features present in the conductance data. With such sensitivity to the
charge of the carriers, one could create novel images. For example, vortex cores,
small normal regions, or the effects of single magnetic spins could be probed by
mapping out normal and superconducting regions of samples via the presence of
carriers with charge e.

My data also indicates that the microwave response of an ultra-small junction
may be used to calibrate the microwave voltage Vi across the junction. As the
microwave amplitude is increased, the junction responds in a precise and predictable
manner. The data sets measured above could be simulated by manipulating a single
parameter A, = V;/V,.. The measurement technique described could also provide
a way to attain position-dependent local voltage measurements on a sample, and
possibly allow imaging of frequency dependent loss. This could be of interest in
studying the effect of molecules or defects that have sharp resonances [166].

Finally, the conductance curves measured in the absence of microwaves lend
insight into dissipation channels associated with circuit resonances and other high
frequency loss mechanisms. In particular, these results suggest that an ultra-small

junction may be used to probe microwave loss and circuit resonances in cryogenic
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circuits. When combined with the spatial resolution of an STM, this might pave the
way to a novel technique of imaging local nano-scale sources of frequency dependent
loss at ultra-low temperatures. Such a technique may be particularly interesting in

superconducting qubit research.
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Chapter 8: Conclusions

8.1 Summary

In this dissertation I described the design, realization and characterization of
a dual tip STM that operates at temperatures as low as ~ 30 mK. I also described
a novel plasma based Nb tip fabrication technique that yields STM tips that are
superconducting, atomically sharp, and mechanically robust enough to take spec-
troscopic maps at low tunneling resistances. With these tips I tested the mechanical
stability of our mK STM and took spectroscopy data that I used to estimate the ef-
fective temperature of the STM junction. Finally, with these Nb tips and a Nb(100)
sample, I operated a Josephson STM—i.e., an STM using tunneling Cooper pairs
rather than quasiparticles to probe a superconducting sample.

In particular, in Chapter 7 I described how I used the enhanced spectro-
scopic resolution available at 30 mK to resolve peaks in the fluctuation-dominated
supercurrent at sub-gap voltages. My analysis indicated that these peaks in the
I-V' characteristics are due to the incoherent tunneling of Cooper pairs at reso-
nant frequencies determined by the electromagnetic environment that the junction
is embedded in. Such I-V characteristics cannot be explained by the classical phase

diffusion model, and it was necessary to use the quantum mechanical P(E) theory
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to understand our data.

Finally I was able to identify the charge carriers in this regime as Cooper pairs
with charge 2e, by measuring the response of the STM junction to microwaves. The
current in this situation was due to the incoherent tunneling of Cooper pairs. The
pairs individually absorb k£ photons of energy hf) where €2 is the frequency of the

microwaves.

8.2 Future work

Having characterized the dynamics of fluctuation-dominated pair tunneling
in an S-I-S STM junction at millikelvin temperatures, the next major step in the
project is to explore how we might stabilize the phase to yield a true supercurrent in
our STM. In fact, our instrument was designed to be compatible with modifications
that would be necessary to map out the gauge invariant phase difference on the
surface of a superconducting condensate. If two superconducting tips are connected
via a flexible superconducting wire they form a SQUID loop with a superconducting
sample. By coupling the two STM tips in this way, the phase of a single ultra-small
Josephson junction (such as that formed by a single superconducting STM tip and
sample) may be stabilized enough to produce a true supercurrent. Additionally the
second STM tip would provide a reference point against which the gauge invariant
phase difference may be measured as a function of position. In the remaining Sec-
tions, I discuss the feasibility and design parameters necessary to realize a Josephson

phase STM.
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8.3 Measuring the gauge-invariant phase difference on a supercon-

ducting sample

Ever since the debate over the underlying mechanism producing superconduc-
tivity in the high 7. superconductors began in the late 1980’s, there has been an
interest in phase sensitive experiments that can directly probe the pairing symme-
try in these materials. Since then many experiments have probed the anisotropy of
the gap by measuring the magnitude of the order parameter [167-171]. However,
Van Harlingen et al. [172] were the first to by probe the relative phase of the order-
parameter as a function of k-space direction, which unambiguously determined the
symmetry of the pairing state in YBCO crystals.

The corner-SQUID experiment was first suggested in the late 1980’s [173, 174],
and relied on three key ideas. The first was that Josephson tunnel junctions can
serve as directional probes of the gauge invariant phase inside the crystal (i.e.,
they provide a measure of the order parameter perpendicular to the crystal face).
The second was that YBCO was expected to display a sign change in the order
parameter in the a and b lattice directions if it was a d-wave material. The third
key idea was that the phase coherence of the order parameter in a SQUID with two
junctions meant that the wave function of the superconducting condensate had to

to be single-valued. This leads to the phase constraint

bt &y + 2 [g] =0, 8.1)
0

where ¢, and ¢, are the gauge invariant phase differences across the junctions on the
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a and b faces of the crystal. The magnetic flux in the loop is given by ® = &y + LJ
where @ is the externally applied flux, and LJ is the flux induced due to the
inductance L of the SQUID loop and the circulating current J. The term d,, is the
intrinsic phase shift inside the crystal between the a and b directions. For an s-wave
superconductor, d,, = 0 whereas for a d-wave superconductor d,, = .

The experiments on YBCO described in references [172, 175, 176] revealed
that d,, = 7, thus providing direct evidence for the d-wave pairing state in YBCO.
Our proposal [33] to use a dual tip STM at millikelvin temperatures to map out
the gauge invariant phase difference on superconducting samples built on the idea
behind these phase-sensitive dc SQUID experiments. The main difference was that
while a pre-fabricated corner de SQUID is composed of fixed junctions, an STM with
two independent tips offers the ability to position the junctions on the sample, and
obtain phase data with atomic scale spatial resolution. An STM in which the two
tips are connected to form a dec SQUID thus offers the potential for a novel atomic
scale phase imaging technique that could be used to map out phase variations across
grain boundaries, as well as near magnetic vortices, and single atom defects or other

local perturbations.

8.4 Phase stabilization to produce a true supercurrent in a Josephson

STM

One of the first questions that needs to be addressed while designing an STM to

image atomic scale variations in the order parameter of superconducting samples,
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is whether an ultra-small STM S-I-S junction can sustain a true phase-sensitive
supercurrent rather than an incoherent supercurrent like feature. In this Section
I discuss how the phase of an ultra-small superconducting STM junction at mK

temperatures can be stabilized.

8.4.1 Reducing the quantum mechanical uncertainty in the phase

Our approach to reducing the uncertainty in the phase difference across the
ultra-small STM junction involves connecting the junction to the second STM tip
with a superconducting wire so that they form a SQUID with the sample.

Why this stabilizes the phase across the first tip can be seen by considering
the Hamiltonian of the system. For an isolated current biased Josephson junction
[33],

P’ 19

H=-— — Ejcos(y) — —7, (8.2)

2m 27
where p = C(®3/27)dv/dt, m = C®y/4n?, and E; = ®yl./27. For zero bias, and
small excursions of 4 around the minimum 7, in a potential well, the potential is

approximately harmonic, and we can write

2
p EJ ~92

H~—+ — 8.3

2m + 2 (8:3)

The energy states of this system are F, = (n + %)hwp. Here w, is the plasma
frequency of the junction or 0 to 1 transition frequency and is given by

VEcE; \/ 2ml,
s s 8-4
T e (84)

At temperatures T' < hw/kg, we expect the system to be in its ground state.
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The ground state wave function for a harmonic oscillator is

2
mw —1w,Y
Wo(7) = whp exp (2—;) : (8.5)

Since p and ~ are conjugate variables, they obey the uncertainty principle

Op0sy = 5

(8.6)
where 0, and o, are the uncertainties in the canonical momentum and position,

respectively. From Eq. (8.5), one can find that the uncertainty in 7 in the ground

state is

h 2¢3 \
> = . .
7=\ 2w (IJLC’) (8.7)

We note that the uncertainty in ~y is inversely proportional to the fourth root
of the junction’s critical current I. and capacitance C'. For an STM tip of radius
10 nm, at a tunneling distance of 1 nm, with a capacitance of 3 x 107** F, and an
expected critical current of I. = 1 nA, one finds that the minimum uncertainty is
o, &~ 4m. Such a large uncertainty in phase results in the supercurrent I (sin(7y))
being almost completely suppressed.

In order to produce a measurable supercurrent in an STM junction, we need
to reduce the uncertainty in v. Equation (8.7) suggests that this could be done
by increasing the capacitance C' of the STM junction, the critical current I., or
both. The STM junction may be approximated as a parallel plate capacitor with
a capacitance C' ~ egA/d where A is the area of the junction plates and d is the
tip-sample separation. However in an STM setup there is a limited range over which

A or d can be adjusted. STMs typically operate at relatively high tunnel resistances
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of ~ 1 MQ-1 Gf2, with tip-sample separations of ~ 1 nm. The tunnel resistance
may be lowered by pushing the tip into the sample, but this can damage the sample
surface or pick loose atoms off of it that remain on the tip. Since the operation of
an STM relies on the STM tip being ultra-sharp with an ideal radius of curvature
below 100 nm, it is not a good idea to push the tip into the sample. Increasing
the radius of curvature of the STM tip would increase its capacitance, but typically
results in reduced spatial resolution while scanning.

To increase the capacitance of the STM junction, one could consider attaching
a shunting capacitance Cgpuy across the ultra-small STM junction, so that the total
capacitance of the junction is C' + Cyune. One way to do this is by shaping the
parts of the tip that are not tunneling to give added capacitance to the sample.
However, engineering this with the precision necessary is non-trivial. The junction
is formed after the STM tip travels a distance of ~ 1 mm into tunneling distance,
and one has little control over its final configuration. If the tip has a broad base
with a small pointed cone of height ~ 500 nm, then even slight deviations from a
perfectly perpendicular approach will result in the blunter part of the tip (rather
than the sharp apex) making tunneling contact with the sample first. Thus STM
tips typically have a cone angle of 20-40° to ensure that only the very tip of the apex
makes tunneling contact with the sample. This is a key requirement for obtaining
atomic resolution topographic images with features that are not blurry or doubled.
Furthermore, STM tips typically need to be cleaned via field emission before they
are used to take data. Field emission is a fairly violent and uncontrolled process

that blows off the apex of the tip, leaving behind a new and usually cleaner tip. An
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STM tip design will need to take this into account.

An alternate approach that could be used is to effectively increase the critical
current I, through the junction to reduce the uncertainty in phase. One way to do
this in effect is by connecting a large junction (the second tip) in parallel with the
ultra-small STM junction and connecting them via a superconducting wire to form
an asymmetric SQUID loop [19]. This configuration effectively couples the phase of
the small junction to the phase of the large junction, much as if the small junction
was part of a single junction with a larger critical current. The magnitude of the
phase stabilization depends on the coupling strength (inversely proportional to the
inductance) between the two junctions and the critical current of the large junction.
[ will omit the details of the derivation outlined in reference [19], and simply present
the key result—the minimum uncertainty in the phase difference ~; across the small

junction J; of the SQUID is [19, 33] is

~ .2 £+_C _1/4_ 2¢* \ ! (8.8)
N\, Ty, ~\nrc '

where the effective critical current of the ultra-small STM junction is given by

I! =1, 4 ®y/2nL for L, < L. Here Lj, and L,, are the Josephson inductances
of the two junctions, and L is the inductance of the circuit. For example, for an
STM junction with ., = 1 nA, increasing the junction capacitance to 6 fF and
choosing a large junction with I, = 1 pA, and a loop inductance L = 1 nH, the
effective critical current is I/ = 0.33 pA, and the uncertainty in phase is reduced to
o, ~ 0.44 radians, or 25°.

Considering a single ultra-small junction such as that of a single-tip STM, it
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is important to note that the above discussion on reducing the quantum uncertainty
in the phase 7 assumes that the system is in its ground state, which is true if
hw, > kgl and there is sufficiently small external noise. In general, the system will
be in a superposition of the ground and excited states. Ignoring anharmonicity, the

wave function of the n'® excited state is

1 mwyy /4 muw, > mw,
_ _ H .
vnle) = s ( h ) eXp( on ) \V e ) (8.9

and o, o (ICC)_I/ * which is the same dependence as the ground state. Thus,

designing the system so that the capacitance, critical current, or both are increased
still leads to a reduced width (or uncertainty) of v in higher energy states that would

be occupied at non-zero temperatures.

8.4.2 Proof of principle experiment

Before the dual tip mK STM described in this thesis was built, an experiment
was done to see if the quantum mechanical uncertainty in the phase difference across
a small junction could be reduced by coupling it to a large junction via an inductance.
The experiment by Dan Sullivan et al. [19] was performed between 30 and 400 mK
on the same dilution refrigerator subsequently modified and used for the mK STM.
The I-V characteristics of an ultra-small 100 nm, thin-film Al-AlO,-Al junction
were first measured, and seen to exhibit phase diffusion and a greatly suppressed
supercurrent. This junction was then connected in parallel with a much larger
junction to form a SQUID as shown in Fig. 8.1(a). The switching current I. versus

applied bias flux ®, of the SQUID was then measured. To measure the switching
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current, the flux in the SQUID was set by applying a fixed current Ig to a coil,
the bias current I;, was ramped and the current I. at which the device switched to
the voltage state was recorded. This process was repeated ~ 10* times to yield a
switching histogram for a given value of Is. I was then set to a new value, and the
entire process repeated.

Figure 8.1(b) shows the change in the average measured switching current
Al versus the current /g, used to apply flux ¢, at 50 mK. The modulation in the
switching current indicates that the full ~ 1 nA supercurrent through the small
junction is adding to or subtracting from the ~ 1 pA current of the large junction.
The data confirmed that while the supercurrent in an ultra-small junction is in
fact suppressed due to phase diffusion, it is fully measurable when the junction
is part of a SQUID designed with suitable parameters. Even more importantly,
the experiment also confirms that the relative phase of the currents through the
junctions is measurable, i.e. the total current depends on the flux in the SQUID

loop.

8.4.3 Reducing thermally induced phase diffusion

Consider again an individual ultra-small junction. Section 8.4.1 addressed the
problem of phase diffusion in ultra-small junctions due to the fundamental uncer-
tainty in the phase ~ arising from Heisenberg’s uncertainty principle. The quantum
mechanical uncertainty in phase is present at T" = 0 as well as at higher temper-

atures. However, in an experimental setup, the STM junction is not isolated, nor
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Iy, (1nA)

Figure 8.1: (a) SEM image of asymmetric dc SQUID used in the experiment by
Dan Sullivan et al. [19]. (b) change in the switching current Al. versus applied
flux ®, measured at 50 mK. A true supercurrent of ~ 1 pA was present, and the
data shows a clear modulation of ~ +1 nA as the flux varied, indicating phase

stabilization across the small junction.
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is it at T" = 0 K. Rather, it is coupled to a heat bath as well as to an external
circuit. Thus in addition to quantum uncertainty in the phase, it will be subject to
thermally induced phase-diffusion, as described in Chapter 6. The classical phase
diffusion model is based on the premise that thermal fluctuations in the environment
cause the phase to undergo a random walk. This results in fluctuation-dominated
tunneling and a highly suppressed “supercurrent” with a finite slope.

All of the Josephson STM studies to date have apparently been implemented
at temperatures between 2-4 K, and they were uncontroversially in the thermally
phase diffusive regime [25-29, 31, 113, 114]. Although it has been suggested that a
millikelvin Josephson STM might circumvent this problem [21], we are (to the best
of my knowledge) the first group to have attempted to implement one. The STM
junction temperature is crucial in determining the junction dynamics because lower
temperatures allow the observation of pair tunneling at higher junction resistances.
This may be demonstrated by considering the conditions for which thermal effects
dominate the other energy scales (Ej and E¢) in the system.

For a symmetric superconducting junction, the Ambegaokar-Baratoff formula
gives [138]

2e s

_ _ A(T)
ICRN = %EJRN = 2—€A(T> tanh [m] s (810)

where Ry is the tunneling resistance of the junction in the normal state. Ideally,
the Josephson coupling energy, Ej = hl./2e, is much greater than kgT'. Otherwise,

thermal effects might dominate if there are no other important energy scales. From
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this and Eq. (8.10), we deduce the condition

h m
QZA<T) > (kgT)Rx, (8.11)
or equivalently,
A
n < 7% 12
R, < k}BTRQ (8 )

where Rq = h/e? is the quantum resistance. In order for thermal effects not to dom-
inate in a single ultra-small Nb-Nb junction at 2.1 K, Eq. (8.12) yields a requirement
that Ry < 31.8 k2. At 50 mK, we require a junction resistance of Ry < 1.33 MSQ.
For a typical STM, the tunnel resistance is ~ 100 Mf), two orders of magnitude
above this. However, for spectroscopy (rather than scanning), we have shown we
can use tunnel resistance down to ~ 1 M. It is important to consider that in order
to obtain a tunnel resistance of 1 M(2, we set the bias voltage to 1 mV and obtain
a critical current of 1 nA. This requires pushing the STM tip into the sample, pos-
sibly to the point of destruction. Topographic images, in particular, are impossible
to obtain with these parameters.

From these considerations, we expect it to be challenging to operate a single-
tipped STM in a regime in which phase fluctuations do not dominate. Furthermore,
data taken with our mK STM with a Nb tip and Nb(100) sample at Ry down to
1 MS2 are consistent with the classical phase diffusion model with the finer features
better described by P(FE) theory. Since our strategy to reduce uncertainty in the
phase involves increasing both the junction capacitance C' and the effective critical
current I. by coupling an ultra-sharp tip to a much larger tip, a question that
remains is whether this will also reduce phase diffusion induced by fluctuations in
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the junction’s environment.
In order to address this, we again consider the classical circuit equation for an

ultra-small junction biased with voltage U, and a fluctuation term é(t),

hRC 26  h do
—_— 4+ —— I.sin¢p = e(t). 1
PR + 5% ot + RI.sin¢ = U + é(t) (8.13)

The voltage fluctuations can be modeled as Johnson noise generated by the shunt
resistor R at an effective noise temperature 7;,. The voltage noise has correlation:
(e(t)e(0)) = 2kpT,Ro(t). This is the starting point for the derivation outlined in
Chapter 6 that describe the effects of thermal fluctuations on a small capacitance
junction [153]. Since C' is small, the classical phase diffusion model disregards the
first term, which may be interpreted in the tilted washboard analogy as the inertia of
the ball in the washboard potential. A small-capacitance junction thus corresponds
to a ball of negligible mass, subject to thermally-induced fluctuations.

If we increase C, the the contribution of the inertial term can become signif-
icant. In the tilted washboard analogy, a more massive ball is less vulnerable to
fluctuations imposed by the environment. Phase diffusion is also reduced when the
effective critical current I, is increased, as suggested in Section 8.4.1. In this case,
we are directly modifying the amplitude of the sine term in Eq. (8.13). In the tilted-
washboard model, this corresponds to increasing the depth of the potential well,
which increases the energetic cost of moving away from the minimum in the poten-
tial well. This, in turn, reduces o,. This suggests that our two-pronged approach
of adjusting C' and I, of the ultra-small STM junction in order to reduce quantum

uncertainty in the phase also reduces phase diffusion due to thermal fluctuations at
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finite temperatures.

8.5 Implementation of the phase STM

Although a millikelvin STM is an extremely powerful tool in itself, my work
described in this thesis sets the foundation for the realization of a phase STM. The
millikelvin system has been designed and built with great care. Vibration isolation
is critical to ensure mechanical stability and resilience to noise. Filtering and heat
sinking of the wires and the STM are critical to ensure that the junction reaches as
low a temperature as possible. The UHV sample preparation chamber and in situ
transfer system ensures that we will be able to study a wide variety of samples that
are prepared under ideal conditions. The dual tip STM is built and each tip’s coarse
approach mechanism and scanner has been tested on a variety of samples.

The next step is clearly to couple the two tips via a superconducting wire.
Although I developed a fabrication process to make superconducting Nb tips, it
should not be underestimated how challenging this next step may be. For example,
after I developed the fabrication process for superconducting Nb tips, I attempted to
wire-bond a 10 um Al wire between two Nb tips. I found that although it is possible
to connect the tips in this way, the bond is very delicate and could not withstand
relative motion between the two tips, which is unavoidable during operation in order
to bring the tips into tunneling range of the sample. I also tried to spot-weld a thin
strip of tantalum foil to the two tips. I found that it was necessary to sand each of

the wires down to create flat surfaces; spot-welding the foil to flat surfaces created
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a more robust weld. Although I didn’t pursue this aspect of the project any farther,
this method of connecting the tips seemed promising. Another critical step will be
to arrange the second tip to give a SQUID circuit that has parameters such that the
system avoids the phase diffusion regime and achieves a full supercurrent across the
ultra-small STM junction. The project did not progress to this stage while I was
working on it.

Yet another key step that will be necessary in order for the phase STM to
operate, is that modifications will need to be made to the feedback circuit. The
feedback indicates when the tip has approached the sample (during coarse approach),
and it is also used to maintain a constant current while scanning. The circuits for
each tip are currently independent. However, if the two tips are connected, one
will need to distinguish between the signals from each tip so that we can determine
which tip has approached the sample. One way in which this may be done is to
modulate the z of each tip by a small amount ~ 1 A, but use different frequencies
for each tip. Two lock-in amplifiers might then be used to detect the respective
modulations in a net current signal, and the measured amplitudes used to generate
two feedback signals.

Finally, as described in Chapter 3, the mK STM system currently only has
cryogenic microwave powder filters on the bias, current and thermometer lines. The
elevated noise temperature of T;, ~ 185 mK that we observe is likely due to pick up of
noise from the two dozen other high voltage wires that are in close proximity to the
junction. If a lower noise temperature is a priority, cryogenic filters for these other
lines could be added. However the space available on the dilution refrigerator is too
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small to accommodate conventional powder filters for all of these lines. Cryogenic
micro-fabricated R-C' filters with dimensions of ~ 1 cm have been developed by other
groups, and display excellent attenuation characteristics at microwave frequencies
[136, 177]. T would suggest that the filters for our system be designed and built based
on this approach, with close attention to the work described in Refs. [136, 177] in

particular.

8.6 Conclusions

Few groups have successfully built STMs that operate in the 10-30 mK range,
with reported junction noise temperatures between 80 and 250 mK [61, 62, 178].
Other groups with STMs that operate at higher cryogenic temperatures have suc-
cessfully fabricated superconducting tips. Some of these tips are sharp and robust
enough to yield atomic resolution images and spectroscopic maps on superconduct-
ing samples [24, 113, 114]. Our Josephson STM that operates at millikelvin tem-
peratures is therefore a unique instrument that could be used to probe the con-
densate of a wide variety of superconducting samples at energy scales that have
so far not been explored. Some samples that might be studied include NbN [179],
NbSe, [3, 4, 21, 23, 180], the cuprates (BSSCO, YBCO) [11-13, 16| the pnictides
[31, 34], and heavy fermion systems such as UPt3; [181]. The STM could also be
used to probe the superconducting behavior of doped topological insulators such
as Cu,BisSes, currently of great interest due to the possibility of Majorana bound

states and potential applications in topological quantum computing [35, 37, 109

188



112].

When the dual tip STM is successfully modified to provide phase-sensitive
data, we will have built a radically new instrument and developed a novel imaging
technique. An instrument that can map out atomic scale variations of the gauge
invariant phase difference will undoubtedly provide new insight into superconduc-

tivity.
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