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ABSTRACT

In the emerging eld of quantum technology, superconducting devices serve many roles and are
today the most widely adopted basis for quantum computation. This is because ideally behaved
superconductors obey macroscopic quantum phenomena which are relatively easy to manipulate.
However, in the laboratory things are almost never ideal, and the superconducting quantum de-
vices which are hoped to someday yield fully fault tolerant quantum computers are in fact, quite
faulty. Chief among their most pressing issues are excitations of the superconductor itself out of
its many-body ground state, and other stray defects which can arise during construction of these
devices. These issues, known colloquially as quasiparticle poisoning and two-level systems re-
spectively, continue to be the subject of considerable study and will require extensive and detailed

examinations if we are going to someday obtain truly competitive quantum computers.

With this in mind, in this thesis we present studies into both quasiparticles and material defects
in superconductors. By taking a transport approach to process development, we have explored
the phenomenology of both conventionally prepared superconducting Ims and those produced
via emerging techniques, so as to develop metrics for comparing superconducting devices. Via
corroboration with material investigations, we have established compelling connections between
inhomogeneity and transport properties with may be important in future developments. In par-
allel, we explore quasiparticle dynamics in the low temperature regime to better establish how
these excitations behave collectively and shed new light on their fundamental behaviors. Such
non-equilibrium transport studies of superconductors allow for rich, spectroscopic examination of
guasiparticle interactions and may ultimately allow us to answer open questions on both the origin

and mitigation of quasiparticle poisoning.
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Glossary

Notation Description
D (Dn) Diffusion Coef cient (Normal State).
Ex Single Quasiparticle Excitation Energy.

G (GV) Conductance (Normal State).

Gga Non-local Conductance & due toA.
Hecrc2 Superconducting Thermodynamic, 1st, and 2nd Critical Fields.
e (Jo) Critical Current (Density).

Ia=s ,Va=g Injector/Detector Current, Voltage Bias.

Lt Thouless Length.

No Density of States at the Fermi-level.

Ns (Ny) Superconducting Density of States (Normal Case).
Q Quasiparticle Charge Imbalance.

R (RN) Resistance (Normal State).

RRR Residual Resistance Ratio.
T Effective Quasiparticle Temperature.
T,/T, Decoherence/Dephasing Time.

T Superconducting Critical Temperature.



Notation Description

X Separation Between Non-local Junctions.
Superconducting Gap Energy.
Dynes Parameter/Energy.

Sheet Resistance.

0 Superconducting Flux Quanta.

fx Non-Equilibrium Deviation of the Distribution Function.
vl ok Quasiparticle Creation/Annihilation Operators.

N Cooper-pair Number Operator.

Superconducting Phase Operator.

Al Nambu-space Pauli Matrices.
Ginzburg-Landau Parameter.

BCS BCS Coupling Parameter.

eff /| L  Effective/London Penetration Depth.

( o) Chemical Potential (Charge Imbalance Case).

xy.2 Pauli-spin Matrices in TLS Eigenbasis.
Eeff Effective Inelastic Scattering Time.

E Inelastic Scattering Time.

N Nyquist Scattering Time.

o/ Charge/Gap Relaxation Time.

ce Electron-electron Scattering Time.



Notation
gR;A;K
(o)
k
G/ G
d
fi (fo)
h. /hy
ke (vr)
I

Imfp

(0%
Uk/Vk

Vs

Description

Retarded, Advanced, and Keldysh Green's Functions.
Superconducting Coherence Length (Zero Temperature).
Single Quasiparticle Energy.

Electron Creation/Annihilation Operators.

Sample Thickness.

Distribution Function (Equilibrium Case).

Quasiclassical Longitudinal/Transverse Distribution Functions.
Fermi-wavevector (-velocity).

Sample Length.

Carrier Mean Free Path.

Quasiparticle Charge.

Complex BCS Coherence Factors.

Super uid Velocity.

Sample Width.

Fractional Quasiparticle Density.
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CHAPTER 1

INTRODUCTION

Over the last 25 years, superconducting quantum devices have risen to prominence and are now
driving many emerging quantum technologies. At their core, these systems descend from concepts
rst explored in the context of mesoscopic superconductivity, although the two elds have diverged
considerably over time. In principle, the earliest “true” quantum devices, such as the Cooper-
pair box rst demonstrated by Nakamura et al. in 1999 [were extensions of many earlier
experiments on the Coulomb blockade effect dating back to work by Fulton and Dolan on single
electron transistors?]. Over time, experiments involving the quantum coherence of mesoscopic
devices on topics such as quantum phase sBhslpsephson tunneling!], and charging effects

due to single Cooper-pair$]ultimately led to the modern study of the readout and control of

addressable quantum states.

Moving towards the present, considerable work has gone into formalizing the language of quantum
information, developing tool-sets for calculations and extending these experiments into the high

frequency domain. State of the art quantum devices now have lifetimes as hHigh ag ms|[6]

and extremely low operational errors have been demonstr@fed\Nevertheless, there continue

to be serious questions about the actual mechanisms responsible for limiting the performance of
existing quantum technologies, especially in their construc®p8,[10, 11, 12, 13] and apparent

non-equilibrium dynamicsif4, 15, 16, 17, 18].

In the spirit of these issues, this thesis explores two topics in superconductivity which may be sig-
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ni cantin the development of future superconducting quantum devices, by returning to mesoscopic
effects via dc transport experiments. The rst matter will be the nature of the superconductivity
evident in deposited metal Ims used in quantum computers at the moment. We will explore the be-
havior of the superconducting state in such materials, and demonstrate that many current generation
guantum devices are built upon impure Nb Ims at an interesting boundary between amorphous
and epitaxial. The second topic of importance for this thesis are the fundamental excitations of
superconductors, and the nature of non-equilibrium Bogoliubov quasiparticles. Non-equilibrium
superconductivity has been a subject of considerable scrutiny for over ve-decades. To explore this
topic anew we have performed several state of the art measurements on quasiparticle dynamics in
superconductors and proximity effect bilayersrd€ temperatures. In this regime, we nd a num-

ber of surprising effects and unexplained physics occurring in the quasiparticle dynamics of low

temperature superconductors which may have signi cant implications for quantum devices.
This thesis is structured into the following chapters:

Chapter two consists of two parts. The rst contains an introduction to elementary superconduct-
ing quantum devices and their Hamiltonian; outlines several of the issues related to quasiparticle
tunneling in quantum bits; and nally addresses the mechanisms by which defects can couple to
these devices. In the second part, we consider important elements of superconductivity, particularly
related to non-equilibrium quasiparticles, as well as certain bulk phenomena which are necessary
to understand the superconducting behavior of Nb Ims we have studied under applied magnetic

elds.

Chapter three will consist of the methods used to perform the dc transport measurements which
form the experimental body of this thesis. In particular, we will outline many important details

relevant for replication of the present results; describe the basis for much of the home-built equip-



20

ment used in our measurements; and provide some detailed recipes for device fabrication which

may be of future use.

Chapter four consists of bulk materials characterization of Nb Ims grown by partners in the Su-
perconducting Quantum Materials and Systems Center, particularly at Rigetti Computing and the
National Institute of Standards and Technology. These studies compliment several works, both
published and unpublished, at Northwestern University as part of this center. From these results,
we make several recommendations about the preparation of Nb Ims for quantum devices, and
in general nd that there is considerable room for advancement towards the clean-limit in Nb

Ims.

Chapter ve explores quasiparticle non-equilibrium via electron tunneling in Normal-Insulator-
Superconductor devices. In the rst major nding of this chapter, we demonstrate a means by
which quasipatrticle relaxation can be substantially tuned by induced disorder in a proximity effect
bilayer, and comment on possible applications of this effect. Then, we consider as-yet unexplained
measurements of non-equilibrium quasiparticles in superconducting wires, which allow us to argue
that the relaxation and recombination of such non-equilibrium state&aemperatures remains

poorly understood.

Finally, chapter six contains a summary of these ndings; concluding remarks on the state of
superconductivity within modern superconducting quantum devices; and ideas for several future

experiments which would continue in the direction of this work.
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CHAPTER 2

BACKGROUND AND THEORY

2.1 Superconducting Quantum Devices

At present, there is a great deal of interest on quantum systems which can be dynamically cou-
pled to measurement devices to manipulate, transport or read out the wavefunction of an ensemble
guantum states. Many systems have been proposed or demonstrated in this functionality, and can
be broadly categorized into atomitd (i.e. physical transitions in isolated matter), bosorad@][

(i.e. photonic/photonic modes of resonant cavities), and solid 24t2%)] (i.e. quantum degrees

of freedom in a material) quantum systems. Superconducting quantum devices are unique in this
regard as one of the few (potentially only true) systems in which a quantum state can be mapped
onto the macroscopic behavior of antiresystem in the thermodynamic limit. Rather than encod-

ing an isolated object or subsystem of a device (or distributing the information across a countable
number of non-interacting quantum states etc.) each superconducting device, oftemomsize

scale, contains a single quantum state corresponding to its global, macroscopic wavefunction

As a result, it is relatively easy to construct and interact with such devices, and they are currently
the most widely deployed type of quantum device for research around the world. Conversely, su-
perconducting quantum devices are strongly coupled to their defects and to their environment, as
well as microscopic and macroscopic sources of energy loss which limit their coherence lifetimes
dramatically compared to other platforms. As the quantum state is essentially a property of the

entire device, determining the exact origin of these limits is a challenging and long standing issue.
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To begin to unpack this topic, we must rst consider how the Hamiltonian of such a system can
become coupled to sources of decoherence. This will lead into two broad topics of this thesis:
macroscopic/materials sources of decoherence and on microscopic and non-equilibrium effects in

superconductors .

2.1.1 A Generic Hamiltonian for a Superconducting Qubit

While numerous descriptions exist to derive a functional qubit Hamiltonian, for the purpose of this
introduction we will follow closely the work of L. Glazman and G. Catela2,[24], with sup-
plementary citations where appropriate, as this will lead naturally to a description of quasiparticle
induced qubit transitions. This most basic description starts by considering the Hamiltonian of
two superconducting islands linked by a tunnel junction. On each island, we de ne the operator
" as the phase of the order parameter Bintb be the number of Cooper-pairs, which obey a the

canonical commutation relationship
NE ! =1 (2.1)
such that

K = i}dﬂ: (2.2)

In linking the islands with a tunnel junction, it is well known that a “Josephson current” of tunnel-
ing Cooper pairs is established, and is sinusoidal in the difference in the phased r between

the left and right islands

Iy =lcsin( R L); (2.3)
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wherel . is the critical current of the junction itself. From this the Josephson energy component of

the Hamiltonian will be
H; l; d( r L)= Ejcos(r L): (2.4)

This comes from the energy stored in the Josephson current, and has a magnitddel ..
The critical current of a symmetric superconducting tunnel junction is generally known by the

Ambegaokar-Baratoff relation to approximately behave as

_ (T) .
RN = 2_e( T)tanh AT (2.5)

where we have introduce@l T) as the temperature dependent superconducting gap of the material,
while RN is the normal state resistance of the junction due to tunneling of charge carriers. For very
small junctions, this resistance is large due to the lack of available conductance paths via tunneling,
and the correspondirlg is reduced. Note that the gap value is that of the superconducting element
on either side of the junction. In many devices, this junction is composed of Al, while the remainder
of the device is composed of Nb formed by a separate lithographic step (to add capacitance etc.). As
these materials have very different superconducting gaps, one must keep in mind that the gap value
which appears here is of only the Al junction. This distinction may be important when considering

the effective parameters of certain models, but is not important for the following analysis.

When a Cooper-pair tunnels across the junction, it adds a chargetofthe charge on one of
the islands, which given some capacitaiéetween them will contribute a charging energy to
the Hamiltonian. In the presence of unpaired electrons or an external voltage-bias, there can also

be a charg@égy on the opposing island which also contributes to this potential energy, giving us a
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term

2
Hc=4E. N ng ; (2.6)

whereE. = €=2C is the charging energy of a single electron. The construction is identical to
what is typically followed in describing the Coulomb blockade effect for a metallic isl2&®2f],
although it must be kept in mind that this is actually a continuous, periodic functiog with a
period of2e. When applying an external voltage bias, this is essentially the polarization surface

charge between the superconducting island and the gate electrode.

Putting these together and expressing everything in terms of the operf@®r = g L) we

have a sinusoidal-well Hamiltonian for the qubit

2

di Ng E; cos; (2.7)

1

which is suitable for describing simple qubits such as charge-/phase-qubits or trangions [

The energy levels within this potential well are discrete and not evenly spaced (as they would be in
a harmonic oscillator) due to tle®s term, however uctuations img will shift the energy levels
randomly. For this reason, transmon qubits introduce a large capacitance to increase the ratio of
E,;=Ec, which attens out the dependence of the energy levels mjtand makes them insensitive

to that degree of freedon2f]. This is shown schematically in Fig. 2.1, which also serves to
explain the periodicity with respect tg, (in units of2e). This stability has lead to transmons and

their general variants to be the predominant style of superconducting qubit currently in use, and
places the excitation energy to bep 8E;Ec. For most applications, this is chosen to give an

angular excitation frequendy, of about5 GHz, which is 1 to 2 orders of magnitude smaller than
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Figure 2.1: Energy level tuning between Cooper Pair Boxes (CPB) and transmon qubits, based on
the ratioE ; =Ec, reproduced from Ref2f]. “Solid (dotted) lines are used for even (odd) parity
states in all panels. Arrows denote possible quasiparticle-induced transitions. (a) Energy levels as
functions ofng for a Cooper pair box witle;=Ec = 0:05. Energy is normalized by the average
energy of the third and fourth staté; = (Eie + E10)=2, atng = 1=2. (b) Energy of the four

lowest states aty = 1=2 as function of the rati& ; =Ec. The vertical scale is the same as in panel

(a). The vertical dotted line is &;=Ec = 0:05, while the dashed line & ;=Ec = 20 demarcates

the transmon regime to its right. (c) schematic representation (energies not to scale) of the energy
levels as functions afiy for a transmon.”

=~ for the superconductors most commonly used today. On a nal note, while we are discussing
these as “qubit” systems, there are always higher energy levels which can be accessed above the

rst excited states.

2.1.2 Quasiparticle Poisoning of Qubits

So far, the only external variable to this Hamiltonian is contained in the number of unpaired elec-
tronsng. As we will describe in more detail later, unpaired electrons are not energy eigen-states

of the BCS model, which are are instead “quasiparticles”, or many body excitations which carry
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charge and momentum in addition to that of the condensate. As such, when describing lone elec-

trons we use the Bogoliubov transformatio?9]

Ger = Uy ko + Vi Y s (2.8)

Cs = Uk Vs Vi ks (2.9)

to diagonalize the BCS Hamiltonian (as we will see later in 82.2.1). Now, we will consider the
creation operatot.. which corresponds to an electron with spin up and positive momentum to be
composed of quasiparticles and quasi-holes of opposite spin and momentum, with complex weights
ux andvy. These must be chosen to correctly diagonalize the BCS wavefunction at quasiparticle

energies. To do this, one nds that

1 1
ivij2= = 1 K . .S 2.10
JVkl 5 P? 5 E, ( )
in which
q
Ex= 2+ 2 (2.11)

is the total energy required &xcitea quasiparticle into that energy sta8d]. By normalization,

we have also

1

c
~N
I
[ERN
<
=N
I
NI =

k
+ — 2.12
= (2.12)

As we will discuss later in § 2.2.1, the BCS coherence faaiQrandvy are complex quantities

which are related by a fact@ due to the requirement that the combinatiopv,=u is a real
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valued function of energy2P]. Similarly, the density of the available quasiparticle states will turn

out to be proportional t& = , and thus diverges & =

We will be concerned shortly with the tunneling of quasiparticles or electrons, where certain con-
servation rules can become obscured by the notation. This occurs when one does not account for
the creation or annihilation of Cooper-pairs when constructing the corresponding operatdrs for

as it is commonly the case that the total number of Cooper-pairs is not-conserved. To avoid this,
one sometimes chooses to include an opeiatior the annihilation of a Cooper pai8]] in these

de nitions:

b= UG v SC o (2.13)

k# = UKC 1 + VS (2.14)

The excitation of & " quasiparticle is now evidently a combination of the creation of an electron
and the creation of a hoknda Cooper pair, such that the change in the total charge is alteays

even when the resulting charge is shared between the quasiparticle and the condensate.

The presence of quasiparticles (indexed nownbpyand their tunneling across the junction con-
tribute two additional terms to the qubit Hamiltonian. The rst consists of just the energies of the

guasiparticles themselves,

Hqp = En ¥ n; (2.15)

and is thus not immediately consequential. The second contribution consists of transport of a
guasiparticle from the left to the right island (or vice versa) by tunneling, and requires some key

physical assumptions to obtain. The approach taken by Glazman and Catelani pre-supposes that
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tunneling across the Josephson junction occurs via either Cooper-pairs or single electrons. The
latter case would connect the islands via a Hamiltonian with terms that gf ask for both
spin orientations , where subscriptk; R denote separate sub-spaces for electrons on the left and

right islands. Expanding such a combination gives two dissimilar components

CIy_ Cr :( uLuR) K;k Rk (VLVR) L, k Ié; k (216)

+(ULVR) Aok (MLUR) 1 ok kR (2.17)

This highlights the somewhat tricky aspect of these operators. Clearly in tunneling an electron,
there are terms in which quasiparticles or quasi-holes are added or removetdtiosides of

the junction (with opposite spin and momentum) to transfer the electron. However the remaining
terms in Eq. 2.17 add or remove a quasiparticle and a quasi-hole to or from both sides, which
corresponds to breaking a Cooper pair and moving half of the resulting charge instead. From an
energy perspective, these two terms requi2e a~ photon/phonon to participate in the tunneling,
which is said to be inconsequential for low energy perturbations of the qubit. Dropping those

terms, one arrives at the following Hamiltonian for quasiparticle tunneling.

. X
qu: th, :ng Un U

N LINR

ne VniVa, n pg T HICI (2.18)

The summation index again corresponds to spin of the quasiparticle (which is preserved during
tunneling) while,n, andng are the energy indices of the quasiparticle states on either side of the
junction. H:C: denotes the remaining terms of the Hermetian conjugate. The prefactor is

the matrix element determining the rate of tunneling across the junction.

Before considering this further, one might wonder why any coherence factors would appear at all,
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as we could have just as easily started with a terny;, associated with taking a quasiparticle with
momentumt k and spin-up from the left side of the junction and tunneling it into the right. To see
how this would work, let us expand this in terms of the relations given in Eq. 2.1.2. This keeps

track of the pair-breaking terms more easily, yielding:

k"L |)</";R =(UkCe + VS )L (UG Vi SC )R (2.19)
(UkCe ) (U )R (WSC )i (U SYC k)R (2.20)
(UG )L (Y SC ki)r + (VST )L (UG )R (2.21)

Clearly we have the same issue as before. The rst two terms are associated with tunneling of a
singlek " electron, and a singlek # electron plus tunneling of a pair in the other direction, and
once summing ovek we would have the same coherence factoupfu,,, Vo Vv, .. The latter

terms once more contain pair-breaking and reque ghoton/phonon, and would be dropped by

the same argument as before. Again, every term still amounts to a sicigéege being transferred
across the junction in one way or another. This correspondence implies that either quasiparticle
tunneling or electron tunneling across a qubit amounts to a transformation which always respects
the fact that charge transfer is quantized on the galvanically isolated qubit itself. As the quasipar-
ticles described by, can have a charge of less thanthe expectation value of the total charge
transferred is accounted for by combinations of these terms, and thus the coherence factors keep

everything consistent.

Picking back up at Eq. 2.1.2, Glazman and Catelani perform the gauge choiae that for
both sides of the qubit, such that_, = jv, _, j¢ *, to account for the total phase difference

between the two sides. As we de ned the operattw be the phase difference across the junction,
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the coherence factors can be rephrased as

N

jUn Ungi | Vo Vngi€ " n, junLunRje‘A:2 j Vi, Vngi€ %2 o Lo (222

nr

In this last step, a global phase factor is applied as a gauge choice to simplify the later results.
Putting this into the Hamiltonian, it can be seen thafg) is in fact an interaction Hamiltonian
between the qubit's phase degree of freedom and the occupation of quasiparticles on both sides

by tunneling, due to the product of the qubit phdsand the quasiparticle tunneling operators

X ito . A
ng: th ng JUn UngJ€ 2 j Vn Vneje "% o 4. + HC: (2.23)

nr
N LiNR

During this tunneling, the quasiparticle carries away the qubit's energy and is scattered into a
higher excitation statEo. If the tunneling rate is not too large (i.¢., 1), this can be treated as

a perturbation on the qubit Hamiltoni&h , and using the Ambegaokar-Baratoff relation to relate

the tunneling matrix element to the normal state resistance of the junction and then the Josephson
energyE;, one can arrive at the following expression of the Fermi golden rule for the transition

rate between eigenstatéd of the Hamiltonian:

Z
16E; 1
W St dEqf (Ex; )L f(Ex+ ~is; )) (2.24)
. 2 2

b Ek(EIh"' Lig )+ Hf jsin—jii + (2.25)

Ei 2 (BEx*+~ig)® 2 2 "

~ . 2 2
5 Ek(Elh"' Lig) H jcos=jii (2.26)
Ef 2 (BEx+~ig)? 2 2

In this expression, the energy s = E; E; for the initial and nal states as usual. The bounds
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of integration here start &, =  as this is the minimum possible quasiparticle energy from BCS
theory (discussed further in 82.2.1). Bg , the numerator for theosterm is always smaller

than thesinterm and can ignored.

At equilibrium, the occupation of the quasiparticle stetégy; ) will be the usual equilibrium

Fermi-functiond o, where

1 1 E
fo(E; )= - 1 tanh(—) ; 2.27
o€ )= g5 5 1 tanh(—) ; (2.27)
with = 1=kgT. As we will consider later, quasiparticles in superconductors can be in non-

equilibrium states which may or may not resemble a thermal distribution at all. The fractional

density of quasiparticles to Cooper-pairs is proportional to the integral

Z, Z,
0 f (E)E
X pn= A (EON(E) dEx p%; (2.28)
k

which can be easily identi ed within the form of Eq. 2.26, such that the relaxation rate of the rst
excited state is approximately
8E ' 2
10 jh 1jsin(=2)j0ij* —Lxg ——: (2.29)

~! 10

The important takeaway here is that the tunneling of quasiparticles between superconducting is-

lands should be expected to cause uncontrolled energy transfer between the qubit and the excita-
tions of the material, due to the coherence factors associated with quasiparticle tunneling between
superconductors with independent phases. Increasing the quasiparticle density near the junction

will increase the decoherence rate of the qubit, as will lowering the resistance of the tunnel junction
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RN as this increases the tunneling probability.

At mK temperatures, the thermodynamic expectation of the number of quasiparticles in a typical
elemental superconductor in the BCS model is approximately zero, as it is suppressed by a factor
exp( =kgT) [18]. More speci cally, one can derive that for a superconducting island of

volumeV and temperatur@, the fractional density of quasiparticles due to thermal excitations

is

2KsT .
B e kT, (2.30)

Xgp

or alternatively that quasiparticles have an effective “ionization” temperature of

kBT :|n(nCPV)): (231)

depending on the system siZ8]. Because of the logarithm in the denominator, this will always

be a modest fraction of the transition temperature of the superconductor, and so long as the qubit
is kept colder than this, zero quasiparticles would be expected at equilibrium. Intuitively, one
might say that thermal excitations of quasiparticles from the bath/phonon-system are generally not

a source of decoherence for qubit excitations.

However, is currently well known that a steady state population of quasiparticles does exist in
superconducting devices at low temperatures, and that most experiments in this regime are at
least somewhat out of equilibrium. In early work on the subject by J. Aumergadd, un-
expectedly large numbers of quasiparticles were observedevieansitions in charge sensitive
devices due to tunneling of quasiparticles off of a superconducting gate elec3@dé& lhis was

later found to agree with measurements of the energy decay fgtef qubits with a density
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ng 10pm 2 consistent with a greatly elevated effective temperature of the quasiparticle distri-
bution of 140mK[17]. Along with energy decay, there is also the issue of parity of the qubit's
charge, which ips due to the discreteny = 0:5 change that occurs when a quasiparticle tunnels.
This not only shifts the energy levels of the qubit (although only slightly in the transmon limit)
but causes a dephasing of qubit wavefunctions due to the parity rev@8kallhis too has been
experimentally seen in a number of worldl| 35], and large changes in qubit lifetimes have been
demonstrated by deliberate photo-excitation of quasiparticles to empirically relate qubit lifetimes
to excess quasiparticle densiti@6[37]. As the process of quasiparticle tunneling pumps further
energy into the non-equilibrium distribution (in units ©f ;s ), the manner in which the qubit is
operated has also been shown to affect the population of quasiparticles in vicinity to the junc-
tion [38]. At present, there remains considerable debate on both the origins and dynamics of these
guasiparticles, as they appear at high densities yet also seem to have a thermal-like distBBution [
40], suggesting that their origin may be a con uence of many systematic sources stemming from

the cryogenic environment.

2.1.3 Two-Level Systems and Other Defects in Qubits

So far we have considered only interactions in the qubit Hamiltonian which arise due to supercon-
ducting quasiparticles, however a second much broader class of issues arise due to microscopic
defects in the qubit itself. If we consider a defect to have a single energy level spacing that is close
enough to that of the qubit to become resonant, we expect it to exchange energy with the qubit in
a coherent manner. As this will be a totally uncontrolled Hilbert space coupled to that of the qubit,
this will compromise the delity of the qubit itself over time, leading to decoherence. In addition,
ensembles of TLSs with transitions far from resonance, typically associated with lossy dielectrics

with small energy level splittings, can collectively lead to dispersive iterations with the gubhit [
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Such defects are broadly classi ed as Two-Level Systems (TLSs), based on the approximation that
a given defect probably does not have more than one transition coupled to the qubit frequency (and
even if it did, it could not be easily probed). The exact nature of the interaction between a partic-
ular TLS and qubit is not universal, and can be classi ed into roughly three categéfesy:

critical current uctuations coming from defects in the Josephson junction, dipole moments within
dielectrics the vicinity of the qubit, and magnetic moments which can lead to ux being threaded
through the qubit. We rst will introduce potential interaction Hamiltonians based on a review by
Zhen-Tao Zhang and Yang Yd43] for resonantly coupled TLSs, and then consider experimental

evidence for these types of TLS in qubits.

For a critical current uctuation of magnitudé . caused by, for instance, the motion of a defect
at the junction which changes its area or transparency, one can express the interaction for a single
TLS as B4]:

c 0

H, = |2 cos() (cos *+sin ?): (2.32)

Here, %? are Pauli-spin operators for the TLS eigen-basis (i.6.= (§ %) corresponds to
the TLS transitionli $ j 0i and so on). The angle de nes the coupling type for the defect,
which we will see for the other two types of Hamiltonian is a generic property by which TLS
are categorized as being “transverse” (coupling to the energy of the qubit vief ttegm) or
“longitudinal” (coupling to the phase of the qubit via th&term) [42]. This coupling is eminently

of the form ofH,, and was rst identi ed by observations of Rabi-oscillations of a qubit state as
the qubit frequency was tuned by an inductively coupled cudrgntl . across the qubit junction

as shown in Fig. 2.244]. More recent work has found these to be rarer than initially presumed,

but distinguishable from other TLS sources based more re ned measurement scABmes |
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Figure 2.2: Rabi-oscillation between a current biased qubit and individual TLSs, reproduced from
Ref. [44]. “(a) Measured probability of state “1” versus microwave excitation frequeénd
and bias currenit for a xed microwave power. Data indicatel0 transition frequency. Dotted
vertical lines are centered at spurious resonators. (b) Measured occupation probafilisecsus
Rabi-pulse timd, and bias current. In (b), a color change from dark blue to red corresponds
to a probability change of 0.4. Color modulation in time(vertical direction) indicates Rabi
oscillations.” (c) “Circuit diagram for the Josephson junction qubit. Junction current bg&aset
by I and microwave sourck,. Parameters argy 11659uA,C 1:2pF, L 168pH and
L=M 81"

TLSs which interact via an electric dipole take a different form, and have turned out to be the
predominant type. Under the assumption that an electric dipole monreqasts and is oriented at

an angle within the electric eldE across the Josephson junction (which depends on the oxide

thicknessto,. and the charge across the junctidi, the resulting interaction Hamiltonian could



36

g € s E ;

flux (22t s e A

| |_bias [10 ps|; e ¥
01 ‘.“ : !

T dout ; ;

e R o

DC-electrode b
ﬁﬁ% I

Cc adsorbates .
o

—0
N
tunneling
by
o, atoms 4 \ o
N o::

.\./ -‘ / \ /dangling\

frequency (GHz)
;]

d 4.8
-+ optimized E-field

0'5&‘ - zero E-field
\ ’ \ bond /.\
@

S ()
= 0.4 \
46
e,

./ —0- /H_-_rg_tors\.\ : ! _;l'. g ; A \ "
\./ -0 -
qubit readout delay At (ps) DC electrode voltage V¢ (V)

1 i
0 50 100 5 0 5 10 15 20

Figure 2.3: Electrostatic gating of TLS defects resonantly coupled to frequency tunable qubits, re-
produced from Ref46]. “a) Cross-section through the sample housing. The electrode to generate
the E- eld consists of a Copper-foil/Kapton foil stack glued to the lid of the sample holder above
the qubit chip, and voltage-biased against ground. b) Photograph of the XMon qubit samples used
in this work. c) lllustration of defects which appear in the amorphous oxides of qubit electrodes. d)
Exemplary measurements of the decaying qubit population after a long exciting microwave pulse
(see inset) to determine tfig time. Red (blue) points were acquired at zero (the optimized) ap-
plied E- eld. e) Resonances of individual TLS (dark traces), observed as accelerated decay of the
gubit's excited state population (color scale) using the swap-spectroscopy protocol shown in the
inset. The circle marks coupling of a TLS to a metastable uctuator which may cause hysteresis
in E- eld sweeps. Rectangle and ellipse indicate the uctuating resonance frequencies of TLS
coupled to slowly and quickly uctuating thermal TLSs, respectively.”

be of the form proposed by J. Martinié7):

Krecos() (cos *+sin  ?); (2.33)

H.=~ E 4k,
tOx:

which also explained many of the former observations of critical current type TLSs. Note, that this
fairly minimal model ignores the additional electric eld due to the charge of unpaired electrons

ng across the qubit.

Now, this coupling is in terms of an effective interaction between the number of Cooper pairs
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present on the islands, giving it a characteristically different effect on the Hamiltonian. Such
defects can also form in the substrad&][ surface oxides48], or grain boundaries4] where

they will experience different coupling strengths with the qubit. Different types of spectroscopy
have been used to identify these as transverse couplings defects, which can also evolve over time
due to motion of the defects within the electric eld of the qui&if]. More recent measurements
have demonstrated the signi cant populations of such dipole TLSs via application of mechanical
strain b1] or external dc-electric elds46], which tilt or distort the dipole moments of the TLS
populations and thus tune their energy levels in and out of resonance with the qubit. Characteristic
results of this latter example are shown in Fig. 2.3, where both the qubit frequency and an external
electric eld are used to tune the resonance of the qubit with a large ensemble of electric dipole
type TLSs. This effect can even be used to help locate them on the qubit itself by understanding

the electric eld and TLS coupling strengtb?, 53].

For magnetic dipoles, a direct coupling between the TLS and the qubit phase is possible. Fora uc-
tuation in ux of the magnitude one can express an interaction Hamiltonian of the fds4h [

H. = . 2—0 (cos *+sin  ?%); (2.34)
wherelL is the self inductance of the qubit around which the ux is being threaded. This cou-

pling can be, perhaps unsurprisingly, longitudinal rather than purely transverse causing additional

dephasing of the systerf].

Due to the large number and ambiguous nature of the defects possible in the fabrication of these
devices, there are naturally many more models possible for describing individual TLSs, some of
which do not express simply through an interaction Hamiltonian. An interesting case is that of

TLSs which present themselves as uctuations of the quasiparticle population. In this picture, a
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TLS emerges from uctuations of the local order parameter about

= ot (9 (2.35)

which create small regions where quasiparticles are trapped in bound states by the redus®ld gap [
These types of defects are reported on the surfaces of BgNds well as around defects found
beneath the surface oxide in Nb7] via scanning tunneling microscopy, but are relatively less
studied than those discussed above. Trapped ux in superconducting Ims, known to otherwise
lead to dissipation within their normal metal vortex corg§]] could also trap quasiparticles and
lead to TLS like variations in qubit lifetimes. Even more exotic effects such as quantum jumps
in the dynamics of the qubit's interactions with its environment have been consid&jeav[th

some work even seeking to dynamically modify the interactions between the qubit and their TLSs

to decouple them stochasticall§(].

For the purpose of this thesis, the breadth of these possible TLS couplings serves to illustrate the
importance of understanding the material quality of the superconductors used to build qubits. Dirty
superconductors, of the type we will explore later on, contain so many defects that it impacts the
fundamental properties of the condensate averaged across the entire material. While defects found
in the substrate or in tunnel barrier oxides are less likely to contribute to transport properties such as
bulk resistivity, those present in grain boundaries or in the native oxides atop of the superconductor
can. Film granularity in particular is now thought to be related strongly to the formation of defects
causing TLSs49]. Finally, we can consider quasiparticle trapping on defects as a potential TLS or
TLS like mechanism for qubit decoherence, which relates to both the superconducting properties

of these Im and their non-equilibrium dynamics.
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2.2 Non-equilibrium Superconductivity

To better understand the origins and dynamics of non-equilibrium quasiparticles in superconduc-
tors in greater detail, in this section we will review the microscopic theories alluded to earlier in
§2.1.2 which lead to the quasiparticle description of unpaired electrons. This will underpin the
theory required for analysis of tunneling transport experiments described later in Ch. 5, as well as
giving us a better understanding of the meanings of pairbreaking and proximity effects in Nb Ims

by defects described in §2.3 and Ch. 4.

2.2.1 The BCS Ground-state and Quasiparticle Excitations

To begin, we will take it as a given that electrons in superconductors are bound to form Cooper-
pairs due to the instability of the lled Fermi-sea towards forming a condensate by a small attractive
potential between electron8]]. For conventional superconductors, this attractive interaction is
mediated by phonons. This serves to set the upper energy scale for the interaction at the Debye
energy of the material, which for elemental superconductors is quite |1&8je Following next

the derivations from M. TinkhanB[], we know this pair is a singlet formed efk;" and Kk;#

electrons

X
o= GO i (2.36)
k>k ¢
for some weights), based on the state of the ordinarily lled Fermi-gEa of occupied electrons,
for all wave-vectork up tok; . From this, one could build aN -body wavefunction of all of the
electrons in the material and use the Slater determinant method to anti-symmetrize the ground state

wavefunction appropriately, but this would have innumerable terms. Instead, this can be simpli ed
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by introducing the concept of the BCS coherence factors to form a ground state wavefunction

Y
j ol = (ug + wal.d ) joi (2.37)
k=kg;k2;:tkm
constructed now from the vacuum st@e. The weightgv,j? andjuj? are the probability of the

Cooper pair being occupied or not.

We can continue to understand this by expressing the BCS pairing Hamiltonian in terms of electron

operators with wave-vectoksandl subject to a pairing interactiov :

X X
Hecs = KNk + Vi G € 1 4C 4G (2.38)
k; k;l
This can be diagonalized by introduction of the canonical transformatigigigscribed earlier
in Eq. 2.1.2, which gave us operator$ which described the creation of a quasiparticle with
momentunk and spin up. In introducing this form, one nds that the Hamiltonian will contain a

gap in the now diagonalized energy spectra for quasiparticles, derived by tracing out the pairing

interactions with respect to the momehta

X
K= Vg e 4G (2.39)
!

Here, the brackets refer to the mean value, which must be determined self consistently from the
wavefunctions of the quasiparticles. As we will see, this is a recurring theme in that the supercon-
ducting gap is a self consistently achieved property of the quasiparticle spectra that sets the energy

scale for thermodynamic properties of the superconductor and so on. The quanstgomplex,
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and turns out to be related to the coherence faatpendvy by

Vk_q

’ 24 W2 o« B (2.40)
Uk

From this one arrives at the expression used in §2.1.2. This feature also leads to the concept that
Ey is an excitation energy, which will later appear as the actual spectral energy involved for the
formation of quasiparticles with wave-vectorIf one likes,j j can be thought of as the rest mass
energy of the quasiparticle, with thg component serving as its kinetic energy in the lab frame,
being something like*k?=2m. depending on the effective mass of the electrons in the system.

As an aside, we can take this dispersion relation to give the quasiparticles an energy dependent

group velocity, as

| O
dEx W% EZ 2
dk = Ev = Vi = . (241)

l.e., the group velocity of the quasiparticles is re-normalized from that of the eleactyoftke
Fermi-velocity), and goes to zero f&x = . This is a somewhat unique property of the BCS
dispersion of quasiparticles which can be easily overlooked, but has been observed experimen-

tally [63).

With this established, the diagonalized Hamiltonian (in the notation of Tinkham) will be

X X
Hgcs = (« Ex+ «ho Gl )+ Ex Yokt {1 k1 (2.42)
K K
X E+jkj2+XE Yoo+ ) 2.43
k k 2Ek k ko kO k1 k1 ( . )
K K

In the last step we have concatenated things to more clearly show the role of the,gay
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observing that

X
K = Vauvil %0 1 i (2.44)
|

Note that Tinkham uses the subscriptand 1 to denote the following spin directed quasiparti-

cles

o= Ul ViC i (2.45)

Vo= U+ VG (2.46)

As these are composite fermions with half integer angular momenta, we can generally adopt the
notation that [, v, and so on as before. In this form, we can clearly see that the creation of

a Bougliobov quasiparticle of this type has both an electron and hole like character, denoted by
ux andvy. As such, the expectation value of the charge of these quasiparticles or quasi-holes is a

continuous function ofy,

q=e= jud’® | wd®= £ (2:47)
K

which is strictly less than or equal to the charge of an electron (or1le for a hole).

With this, we have arrived at the completgcitationdescription of quasiparticle states, with a
dispersion relatiorEx shown in Fig. 2.4. One must be careful to note that, from now on, we
will mostly be referring to theparticle description based oBi. This choice is somewhat subtle,

as in the excitation descriptidBy is always positive in energy whilg, extends to positive and
negative energies (about the Fermi surface), but in the discussion to follow the particle picture

permits negative values &y which form as a lled Fermi sea. This tends to be more useful in
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Figure 2.4: Left axis: Relationship between the single particle and excitation enegrgiad E

which yield the BCS dispersion relationship for quasiparticles. Right axis: the corresponding
guasiparticle charge of the excitation for a givgn The color map indicates the range between
the full electron charge (negative, blue) and full hole charge (positive, red).

practice as most experiments excite quasiparticles with a de nite \&juaVhen necessary, we

will refer to one or the other description going forward.

On a nal note, the notion of how “real” the quasi-charge is on the basis of describing individual
guasiparticles as having a de nite observable charge is somewhat mixed. As we discussed earlier,
tunnelingof individual quasiparticles between superconductors actually corresponds to the manip-
ulation of superpositions of electrons and Cooper-pairs. When a quasiparticle tunnels to/from a
charged superconducting island, the corresponding operators found in the expansion of Eq. 2.20
are always associated with an exchange @é of charge, and thus one does not observe charge
jumps corresponding to this partial quasiparticle charge (it is of course always possible to induce a
continuous polarization charge via electrostatic elds, which is not a property of the quasiparticles
directly). As a result there has been some discussion about whether or not the quasiparticle charge

is actually carried by the condensate instead. For instance, it is claimed that Coulomb interactions
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lead to neutral, spin-half particles regardless of energy, causing a so called “spin-charge decou-
pling' of the system where quasiparticles only participate in spin and heat 68\wg5, 66]. This

is distinct from the effect which is sometimes invoked in discussion of spin-currents fzcto

charge neutral Bogliobov quasiparticles pat= 0, where spintronic applications have been con-
sidered extensivelyg/, 68, 69. The essence of the former concept is that actually constructing a
wave-packet for quasiparticles is nontrivial due to the expected screening of the condé@sate [
There are few experimental probes of the charge of an individual quasiparticle which might set-
tle these debates. One work by Y. Ronen et al. in 2016 used a proximity effect nanowire to
form a Josephson Junction in which a bound state was formed with a conductance determined by
the energy dependence of the quasiparticle chatfe Their ndings agreed well with the con-
tinuous charge of quasiparticles described by simple BCS theory. However attempts to perform
Aharonov-Bohm type interference experiments using quasiparticles, which should be sensitive to
the quasiparticle charge as it interacts with the a vector potential, have so far been inconclusive in
both their resultsq1, 72] and their interpretations/B]. These have not shown much evidence of
partial charge, and are instead dominate®&gignals. Nevertheless, for this thesis we will con-
tinue to take the BCS approach for understanding transport experiments involving the quasiparticle

charge.

2.2.2 Quasiparticles at Finite Temperature

As quasiparticle excitations will serve as the basis for the experiments to come, we need to rst
understand their spectrum and equilibrium description. Because of the correspondence between

the density of electrond,, and of quasiparticlellg, the total number of states will be equal such
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that, in the excitation description, we will have

Ns(E) _ 0 (2.48)

Ns(Ex)dEx = Nn( k)d « ) No Ex

Be* ) (2.49)

8
gpL (E
-BO (E<)

In this notationNs is the superconducting density of states for quasiparticlesNand the or-

dinary (spectral) density of states for the electrons at the Fermi energy. The divergence in the
superconducting density of states occurs for 0 quasiparticles at the gap edge, where the par-
ticles have equal electron and hole components giving them zero charge, and is thus for all intents

and purposes, in nite.

We can represent this pictorially as shown in Fig. 2.5, now in the particle description ®here

can be either positive or negative. The density of states for quasiparticles is equal to that of the
normal state electrons far away from the gap, but near the gap edge the density becomes quite
high. The positive and negative energy states can be seen to have opposite electron and hole
components, but &y = they have equal values. As we will discuss in §2.2.4 it is useful to
make the analogy to semiconductors, wHeretakes the place of the bandgap between valence and
conduction electrons. For this reason, Tinkham de nes an additional set of “quasi-electron” and
“quasi-hole” creation operatorg and ?, where ¥ works just as de ned before, anq = S ¥

to account for the difference between the two bands. This essentially gives two copies of the
excitation description to worry about. Care must be taken to not stretch this analogy too far, as

states aEy = are still indistinguishable and can be in either momentum or spin state.

To build the model up slightly more for use in later calculations and ts in this thesis, we must
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Figure 2.5: Top Panel: Relative density of states (black) and equilibrium occupation probability
fo (green) for the case whetg T 0=2. Bottom Panel: Magnitudes? (blue) andv? (red)
representing the electron and hole components of the quasiparticle at an Eperyly axes are
dimensionless.

brie y also remark that the singularities & = pose a challenge for numerical methods.
Similarly, inhomogeneity in materials or experimental factors can cause broadening, making it a
practical issue to observe this divergence in measurements. To account for this, a pair-breaking
parameter must be introduced in some forms. The simplest choice, and the one used for later
calculations and tting, is to take a density of states of the type used by Meservey and T&dJow [
where the energy includes a negative complex component

" #

E |
Ns =2NoRe p : 2.50
S 0 4 (Ek i)2 > ( )

Conceptually this is sometimes considered an actual parameter accounting for a nite quasiparticle
lifetime, as was done by Dyneg4] (as such, this factor is colloquially known as the Dyngs

For a Dynes , this choice has the effect of both broadenihgand lifting the condition on
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energieEy < by approximately2N, = , as shown in Fig. 2.6. As this is not of fundamental
signi cance, we will ignore the microscopic implications of this term going forward, and use it as

necessary in calculations.

5 T (%)

N, /2N,
w

—02.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

E/A,

Figure 2.6: Quasiparticle density of statésfor a superconductor with a nite pair lifetime intro-
duced by a small term. The black curve indicates the BCS calculated value whére0.

Assuming that quasiparticles follow a thermal spectrum at equilibrium, governed by that of the

bath/phonon temperature of the system, then they should obey a Fermi distribution as

_ 1 1 E\
= 7B T > 1 tanh KaT

fo (2.51)

where is the chemical potential of the metal, which will become either applied voltage or Fermi
energy depending on what we want to consider. This is shown schematically in Fig. 2.5, for a
fairly high temperature where the tails of the distribution signi cantly overlap with the peaks in

the density of states. This again lends to the semiconductor description well, as one can intuitively
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picture unoccupied quasi-electrons statedHpr 0 (or occupied positive quasi-holes) and occu-
pied states foE, ~ 0. At more realistic temperatures, this would simply appear as a step function

aboutEy, = 0 on this scale.

Using this, we can now calculate the self consistent value of the gap, as we can set
L Joko  §p ki 1 2fo(E): (2.52)

This gives the summation form of the BCS self consistency equation

_ Vii=— (1 2fo(E))) X Vu—tanh £ (2.53)
k — | ki 2Ek 0 | | ki 2Ek kBT . .

Which forV,, ! V can be converted to the more familiar form of an integral expression

Z
1 Yo 1 2fo(Ei;T)

d Z 1 tanh(p it 2:(ZKBT))CI .
2 2 k P =2 k-
it 0 Kt

NoV o v

(2.54)

The upper limit of integration is not particularly important as the integrand is primarily weighted
very close to zero, and in various texts is taken either as an arbitrary value or as the Debye frequency
I b (the frequency of the highest available phonons). At zero temperature, the numerator of this
integrand goes to unity and evaluations yields ¢V) * = sinh *(~! p= o) where ;s

the zero temperature BCS gap magnitude (i.e. the total absence of quasiparticles). The quantity
NoV scs < 1 de nes what is generally called the weak coupling limit in the BCS theory.
Taking the other limit where ! O, there will not be a closed form solution, but-dsy is large

it has an approximation involving constants (including Eulers constant :5772..). Relating

everything together we get the precise relationship between the BCS coupling constant, the zero
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temperature gap and the transition temperature

Z
"0 tanh( k=(2kBT))d I 2e ~!'p

_ i 1< = :
. 5 T, ' NV’ sinh *(~! p= o): (2.55)

Linearizing these expressions to rst orderhp, under the assumption that)V 1, and

taking the ratio gives the well known estimate that= 1:764g T, but the precise ratio depends

on the value of the BCS coupling strengti@]. Taking this ratio as a given, the expression can be
used to model the equilibrium temperature dependence of a weak coupling BCS superconductor

( T), by recasting these equations as a minimization problem for the function

Z R

“otanh(C Z+ 2=(2kgT
F(T;)=  sinh Y(~1p= o)+ tanh(_ i (2ks T))
0 2+ 2

d (2.56)

Given the highly non-linear integral expression, this can only really be done numerically, and in
doing so one typically nds that the exact ratio used for, =kg T, to be almost immaterial to
the solution obtained. Taking the example of Al, and usin & 1:2K and~!p = kg p =

ks 428K as an example, we plot this in Fig. 2.7.

Quasiparticle excitations will naturally occur by pair-breaking due to thermal phonons (or recombi-
nation and the emission of a-thermal phonons with= 2 ) until the their equilibrium population
reache$ o(Ex; T), however at mK temperatures the width of this distribution is much smaller than

( T)YwhenT T, and thus few actual quasiparticles will be expected away from the transition.
The excitation probability, and thus the density of quasiparticles will gexag ( T)=ksT)

which can be extremely small for mK temperatures. The rapid drop of this exponential factor is
shown on the right axis of Fig. 2.7, which serves to explain the previous assertions that quasi-

particles are not expected to exist at all in superconducting qubits. The precise magnitude of the
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Figure 2.7: Left axis: BCS prediction for the temperature dependent gap of Al, assuming that
T.=1:2Kand p = 428K [76], and that o = 1:764kg T.. Right axis: The exponential factor
related to the probability of thermal excitations of quasiparticles above the temperature dependent
gap of Al. A large negative value indicates an exponentially small probability of quasiparticle
excitation at a given temperature.

gap is also not particularly signi cant compared to the general bath temperature for most qubits of

around10 mK, so long as the superconductor remains well gapped.

2.2.2.1 Quasiparticle Excitation from Athermal Sources

The fact that quasiparticles are seen in superconducting qubits and other experiments at low tem-
peratures thus points to an a different source of pair-breaking, mostly likely some form of radiation.
Quasiparticles can be excited by photons or phonons-with 2 , which cause pairbreaking and

the formation of quasiparticles with opposite values of The momentung of the incident bo-

son will be transferred in approximately opposite amounts to oppositely charged quasiparticles to
put them into these energy states. This is explored diagrammatically in more modern works on

super uids [77], but is taken as an assumption here as we know that the original Cooper-pair is
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constructed of opposite momentum quasiparticles. This process maintains charge conservation of
the condensate, and recombination of that pair will then release a phonon/photon back to the bath.
The electron-phonon coupling in superconducting materials is usually such that phonons mediate
this recombination into pairs/B]. Further, as generally superconducting devices are constructed
onto large substrates, its typically more likely that phonons participate in pair-breaking than other

sources of radiation, at least via direct interactions with the superconductor.

Many recent experiments have hunted for potential sources of pair-breaking radiation, such as
infrared-light leaks, resonant coupling to microwave sign&®80, 81, 82], stress induced phonon
bursts B3], or cosmic radiation§4]. These types of extrinsic sources are a major concern, as
sources like cosmic rays can extend to energies abo0d&eV, which will be deposited into many
phonons which spread throughout the substrate generating quasipaghgle3iis would then

lead to correlated errors across a device which cannot be mitigated via improved circuit design or

by quantum error correctior3f).

There is also the possibility of pair-breaking due to magnetic def8@8B] or by nhon-magnetic
defects in the presence of intrinsic gap-anisotrd&® PO, 91]. This is source is more of the type

considered earlier in the Dynes model discussed in §2.2.1.

2.2.3 Quasiparticle Non-equilibrium

At thermal equilibrium, we have seen that quasiparticles are populated following a Fermi dis-

tribution set by the temperature of the phonons, where electron- and hole-like quasiparticles are
generated above the gap in equal quantities at high temperatures. Experimentally, we also now un-
derstand that this is not the case in many devices, such that we must consider the non-equilibrium

behavior of this distribution. A conceptual this can be formed by considering general deviations



52

of the distribution functiorf, from the equilibrium distributiori o by their symmetry with respect
to Ek, as was originally done in works by J. Clarke and M. Tinkh&# P3|, C.J. Pethick and H.

Smith [31]. We can de ne the deviation from the equilibrium distribution as simply

fu="Tk fo(Ex=ksT) (2.57)

such thatf  quanti es only the non-equilibrium componerg(. Based on the symmetry of

with respect to the quasipartiobxcitationenergyEy, there are two general cases.

The rst, is that f  is totally anti-symmetric with respect &y, yielding an equal excess/shortage

of both quasiparticles and quasi-holes. This follows from the particle description, as the proba-
bility fo(Ek) for energiesEy > 0 corresponds to the excitation of quasiparticles, and thus that

1 fo(Ek) for Ex < Ocorresponds to the probability of excitation of quasi-holes, and thus an anti-
symmetric f (Ey) leads to equal contributions in both branches. This is the basis of energy-mode
non-equilibrium, called so as the resulting quasiparticles have the same symmetry as a thermal
distribution. The second case occurs whieg is symmetric, and thus an imbalance between the
populated quasiparticles of opposite charge occurs. This charge-mode imbalance gives the quasi-
particle distribution a net charge and allows for charge current ow due to quasiparticles and pairs
in the system. This motivates the “Two Fluid Model”, which explains charge (and heat) trans-
port of superconductors is coming from two, weakly interacting contributions. Often, the energy
mode-case can be simpli ed as a change in the effective temperature of the distriusanoh

thatT ! T , and the charge mode as a change in the chemical potersti@l ! o .

To see this, we can rst consider the consequences of non-equilibrium on the self consistency
condition for the gap from Eqg. 2.2.2. As the gap depends on the non-equilibrium distribution, it

is natural to expect a deviation ! 0 due to a non-equilibrium contributior ,, which
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Pethick and Smith derive3[l] to be:

X @ 1 2g(EcckeT) _ X fy

@ 2E, = E—k: (2.58)

k k

Assuming thatf , 6 0, when summing over all valuds, the righthand side of this expression is

nite only if f  is anti-symmetric with respect ©y.

At suf ciently low temperatures, the gap variationBf is such that

p
k( =Ey) f k.

N (2.59)

Perhaps unsurprisingly, must still be found self-consistently from. As jEyj is always at
least , the largest reductions in occurs via quasiparticles at or very near the gap edge, where
the density of states is also very high. One can further describe this in terms of the effective

temperaturd of an equilibrium distribution which yields the same magnitude pbeing
T
- — — = —dy 2.60
T k (2.60)

This is considered a valid approach so far as the deviation from equilibrium is suf ciently small,
as is typically the case nedg where many quasiparticles are present. It is not hard to come up
with circumstances where this would fail, such as in cases where the gap is enhhoveds
equilibrium value by removing quasiparticles such tﬁatf «=Ex Is negative, which can happen

in some experiment®H].

Next we consider the charge imbalance, which shifts the chemical potential of the distribution. To
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see this, one can de ne a quant{fy to be the total charge carried by the quasiparticles

Zl Zl
Q 2Ny gl Ofk( )dk 2Ng E—kkfkd % (2.61)

1 1

At equilibrium this is zero, based on the prior arguments, and by charge neutrality, aQnite
implies that the charge of the condensate must be reduced, leading to fewer pairs. Thus, a change
in Q can be associated with a shift in the chemical potential between the quasiparticles and the

condensate by an amount.

Q 2eN,”

(2.62)

This is again under the assumption that the distribution is not driven too far out of equilibrium.

Putting this together, the energy and charge modes can be loosely related to an equivalent non-
equilibriumthermaldistribution function

n p 2 !#
+
1 tanh t(T) o

f (Ex; o:T)= KT

(2.63)

NI =

This should be taken as a sort of lowest order model for a non-equilibrium superconductor, with the
assumptions that go into being mostly reasonable figarT. such that a highly non-equilibrium
a-thermal distributionf , relaxes to a non-equilibriurthermal distributionf fairly quickly. At

mK temperatures relevant for more modern work on the topic, this will turn out to be a poor

approximation.
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2.2.4 Quasiparticle Tunneling from a Normal Metal

Next we explain how these types of non-equilibrium distributions can be generated and observed
via tunneling. Many of the original measurements of quasiparticle non-equilibrium, and the ex-
periments we will discuss in this thesis, use a tunneling current of electrons to generate energy
and charge imbalance within a superconductor. This occurs as the electrons transfer charge to the
guasiparticles and the condensate, and in doing so probe the actual non-equilibrium distribution
of quasiparticles. Construction of a Normal-metal/insulator/superconductor (NIS) junction, allows
for only tunneling of quasiparticles in combinations which add or subtract a single electron at a
time, allowing for such a spectroscopic examination. For our purposes, we will take this normal
metal to be a “reservoir”, such that it is always at thermal equilibrium and all current therein is car-
ried by electrons (or equivalently “normal-state quasiparticles” wher® such that x = Ey,
although this nomenclature is often more confusing). In general, this approximation only holds for
suf ciently low transparency interfaces, and can fail completely for clean NS contacts often used

in mesoscopic transpor@y|.

We rst consider the case for the (conventional) currerdcross an NIS junction subject to a
voltage bias/, which we nd by Fermi's golden ruleq4]:
£ h
| = dE(Mj® No(Ex  eVINg(Efn(Ex  eV)1  fi(Ex)] (2.64)
[
Nn(Ex eV)NS(E[L fn(Ex eV)]fk(Ex) : (2.65)

Here N, is the density of states in the normal metal, which for simple cases such as Cu etc.
will be taken as a constai,q over the range of energies we are considering (severabout

the Fermi energy), anfl, the equilibrium distribution function of the normal metd\ is the
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superconducting density of states, andwill the non-equilibrium distribution function in the
superconductor. FinallyM j? is the magnitude of the tunneling matrix element determining the
overall rate of charge transfer, which we also take to be independent of energy. Under these

assumptions, this reduces to

Z, h i
| = jMj?Nno Ns(Ex) fn(Ex eV) fi(Ex) dEx: (2.66)
1

Note that nowEy is de ned to run freely over all energies, as we will be using the particle de-
scription for the majority of such calculations. Taking again the fully equilibrium case where both
metals are described ly, it becomes convenient to instead express the differential conductance

of this junction as

z h i
a _ do(Ex eV
gy = IMJ*Nno NS(EK)% fo(Ex) dEx (2.67)
z
(Ex eV)=kg T
O NslB)__ € dEx: (2.68)

No  ksT (1+ eEx eV)=keT)?

The integrand here is the product of the ordinary superconducting density of states and a tempera-
ture dependent function which is peaked allut eV whenkg T .AtT =0, this becomes

a -distribution, such that

Z

G(V) = Gy Ns(Ek)MdEk - Gy Ns(eV)

No No

(2.69)

and thus the conductance of the tunnel junction exactly traces out the superconducting density of
states. As one sweeps the bias voltage, the singularity in the density of states leads to a discon-
tinuity in the current as electrons above the gap edge begin to ow. At nite temperature, the

equilibrium conductance is broadened, and takes on a temperature dependent coherence peak at
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Figure 2.8: Normalized conductance spectra calculated for an Al based NIS tunnel junction as a
function of voltage from Eq. 2.68 at various temperatufigss 1:2K and = 1:764&g T, with

and (' T) calculated as in Fig. 2. N is determined via a Dynes type t, butfor 1 10 ° peV

to approximate the BCS result. Black "x' markers indicate the position of the coherence peak
maxima for a subset of the temperature range. For reference, the lowest few temperatures are
indicated to highlight the strong temperature dependence of the coherence peak height/position at
mK temperatures. The inset panel shows the zero bias condu@greell=dV ,,_, as afunction

of temperature on a log-log scale. The saturation is the result of the small rigem used for
calculation, which does not effect the shape/location of the coherence peak maxima.

an energy just aboveV = ( T = 0). The conductance below the gap edge is exponentially
diminished at zero temperature as the Fermi distributions sharpen. We show this via calculations
of conductance spectra using typical parameters for an Al based device in Fig. 2.8. This strong
temperature sensitivity for NIS tunneling is one mechanism for experiments in high precikion

range thermometry9p, 97].

By tunneling electrons into a superconductor, non-equilibrium quasiparticles are naturally excited.
However, as the operators determining the quasiparticle charge are energy dependent, a natural

guestion arises as to where the electron's charge actually ends up. This problem was originally



Probability Electrons| Excitations| Quasiparticle | Condensate
Added Added Charge Added Charge Added
jug’@ f)fL(Ex  eV) 1 1 Ok 1 g
Vi’ fi[l  fo(Ex + eV)] 1 -1 Ok 1+ g
jud’f[l fL(Ex  eV)] -1 -1 % 1+ g
M2 ffn(Extev) | -1 1 % e
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Table 2.1: Reproduced from Re8]]. Probability and possible outcomes due to electron tunneling

across an NIS junction.

considered by Tinkhan®p]. In this work, the process of tunneling an electron in our out is broken

into two cases with energy dependent probabilities related to the coherence factors and the non-

equilibrium distribution of quasiparticles in the superconductor, as outlined in Tab. 2.1. Generally

speaking wheju,j? = jvij? at the gap edge, tunneling electrons excites quasiparticles but transfers

the full charge to the condensate, and the opposite occurs at the limit jghgre

. Using these

probabilities, we can follow again the work of Pethick and Smith to account for evolution of the

distributionf due to tunneling as

h

o 2 .
d_'|[< = —jMJ®Nno juj®(@  f)fa(Ex  eV) j wij*f(l  fo(Ex + eV)) (2.70)
tun:
+ w21 ffn(Ex+ eV j ugf(l fo(Ex eV)) : (2.71)
which can then be broken down into three contributions as
o 2 hq
— —j|V|j Nno = (f (Ex+ eV)+ f (Ex eV)) 2f,(Ey) (2.72)
dt tun: - q( |
+ 56 fon(Exk eV) fL(Ex+ eV) fe: (2.73)

In this form, one again sees trdif =dt evolves via components which are symmetric and antisym-

metric in the applied voltage, as quasiparticles are transferred into energy states associated with the



59

distributionf , of the normal metal. l.e., both the energy and charge modes are excited depending
on the bias. The additional third term is associated with the loss of any existing non-equilibrium
part of the distributionf  back out into the normal metal lead via tunneling. Considering the

charge term, we can nd that

d X of
—(i = % o~ (2.74)
k n tun
y i
2 1
= S iM[2Npg 5% f(Ex eV) fa(Ex+ eV) %fk : (2.75)

Here, the summation ovéds has led us to pick out the parts associated with charge imbalance,
and thus we are accounting for the net tunneling current associated with chai@edfinve x
jeVj (for instance, by grounding that side of the device) only the anti-symmetric component

of the non-equilibrium distribution contributes to the tunneling current as

doQ 2 X g

T lQ = TJMJZNHO ) Efk (276)
_ Gn :
5@ O o 2.77)

In this way, the NIS junction naturally allows charge imbalance to relax across the tunnel barrier
by returning charge to the normal metal where it is carried away as a current. Knowing this, one
can immediately see that NIS junctions are extremely useful for both generating non-equilibrium

distributions, as well as detecting non-equilibrium charge imbalance.

2.2.5 Quasiparticle Transport in Superconductors

As we have seen, non-equilibrium excitations of superconductors can be discussed in terms of

distinct imbalance modes. This allows us to begin to decompose these distributions and their ob-
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servable consequences, and in doing so study how they return to equilibrium via relaxation of
guasiparticles. Excited quasiparticles will tend to relax via inelastic collisions, thereby losing their
guasi-charge and moving back towards a thermal distribution. At the same time, they also dif-
fuse, and thus an excited non-equilibrium state must extend throughout the superconductor over
time. By making measurements using different tunneling junctions spatially separated across a
superconductor, most of the original experiments on this topic essentially relate the proportion
of remaining charge or energy imbalance to the injected current, and estimate the lifetime of the
relevant quasiparticle imbalance mo@®,[100, 92, 93, 98, 101, 102, 103. In these early experi-
ments, the largest quasiparticle imbalance signals are observeti.wdagre the relaxation is slow

and more quasiparticles are generally present. At those temperatures, electron-phonon interactions
are responsible both for pairing and for inelastic relaxation of quasiparticles lBhen [78],

and much of the topic is dominated by this description. Intuitively this behavior just bElow

is expected, as wheh ! T there is no longer a condensate into which the quasiparticles can

relax.

As these interactions (and the dispersion of quasiparticles and so on) are all highly energy depen-
dent, interpretation of those experiment required development of theories which could predict the
length scale over which relevant observables would be relaxed. In early works, this was handled
via Boltzmann transport equations which describe the ow/lifetime of the charge and energy mode
distribution functions31]. Considering the derivation of Pethick and Smith, we have already seen
that a source term due to NIS tunneling can be expresse@fiprdt);,. , which at steady state

must be equal and opposite for a collision term by which quasiparticles are moved to lower energy
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states and relaxed, giving us

de _ d
da dt

inj coll

(2.78)

In their analysis, this collision term is accounted for by terms responsible for scattering and recom-
bination by phonons, which contribute to both charge or gap/energy relaxation as

o, X

e 2 e Wi (EDA TEDNC) (2.79)

coll Ko

(Ey E,+~1)+ (E; E, ~1)1+N()] (2.80)

BE ! EE 2 chage

(2.81)
1 &5 (1 2) gap=energy

In this notationN (! ) is the Bose distribution for phonons of frequencyE;., are excitation
energies for the incoming and outgoing quasiparticles, jgady, | is the electron-phonon cou-
pling constant. The deviation functions., are used to describe the variations of the distribution

function from local equilibrium valué,
fr="~fo+ f(E)Q1 f(E)) (2.82)

as was done before to de ne the variatidry. Using this, one can relate the superconducting
relaxation rates for charge and energy modes to the normal state inelastic relaxatief rétg *
by taking the correct limits associated with normal state quasiparticles. Working further with this

analysis is quite complex, and only in the limit ndardoes this yield analytic expectations for the
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charge and energy mode relaxation times, which are

0 = 2 (=0 (2.83)
_ 3 kBTC _ . kBTC —
“TE(m T ¥y =0 (284

where (3)  1:2is Apéry's constant (and is the Reimann-zeta function). The rst timg
is that required for the chemical potentia) to return to zero, while the second time is the

lifetime for variations of the superconducting gap.

These expressions were found to agree to a similar treatment by A. Sctidjddnd replaced an

early theory by Tinkhamd3] in which the number imbalance of quasiparticles/holes, rather not
their total charge, was thought the determing. The actual choice of phonons as a mechanism

for inelastic interactions and use of an approximation figas mostly made as a matter of conve-
nience in calculation and the available experimental evidence at the time. In several similar works
these authors largely acknowledge that the Boltzmann approach is general to inelastic relaxation
by other mechanisms including electron-electron interactions etc., but are not extensible outside of

these limits without more complex calculations.

2.2.5.1 Quasiclassical Description

A more generalized formulation of this approach was developed by A. Schmid and & [2685],
derived from the quasiclassical Eilenberger equati@f§][ In the diffusive limit, this has evolved

into a description of non-equilibrium superconductivity via a many-body Green's function formal-
ism to describe the equations of motion of the system beyond the simple 1D Boltzmann model.
This has been outlined extensively in works by our gral®/], and as we will not directly apply

it for calculations in the present work, we will only sketch the outline of the approach here as it
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applies to this topic.

In the Keldysh formalism, one describes the equation of motion of the superconducting Green's

function
2 3

0=989 91, (2.85)
o ¢

whose components are tlRe 2 retarded(R) , advanced A) and Keldysh(K) Green's func-
tions respectively. The retarded/advanced components in this formalism essentially contain the

equilibrium properties of the superconductor, and are related by the Keldysh term by
g + ¢ =0: (2.86)

In this notation, one then introduces a non-equilibrium distribution fundiido solve for the

Keldysh component as
g =¢'n ng: (2.87)

In this way, the Keldysh Green's function contains all of the non-equilibrium properties of the
superconductor, and is thus of the most importance for this discussion. The distribution function
h can be further broken down into components which are diagonal in particle-hole space, such

that
h=h. °+hy 8 (2.88)

where the subscripts denote longitudinal and transverse component$ aaathe usuaé 2 Pauli
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matrices. As we will see more clearly in a moment, this description is convenient as it pertains
to the same particle-hole symmetry discussed earlier for non-equilibrium distribéitianghat

picture. Scattering and relaxation are accounted for by a similarly constructed self énergigh

can include contributions from electron-phonon scattering, electron-impurity scattering, or other
desired contributions which will dictate the evolution@in various ways. Generally, these will
contain a scattering rate term and operators associated with the particular scattering mechanism

which are obtained in the rst Born approximation.

Now, in terms of the Keldysh Green's functions, one can de ne the same observables considered

before,
Z Z
Q = Mo qg g g (2.89)
4 ~ Z4
— No 8BCS dE %TI’ (1 i2)gK : (2_90)

as well as the associated charge and thermal currents

NoZ % d
Jg = 7" dE 4—pr T 3¢ (2.91)
z Zz
N d
Jth = 70 dE 4—pEVf Tr g’K . (292)

Here the integral oved , is taken over all momenta on the full Fermi sphere, while the factor of

scs Which appears in again accounts for the strength of the BCS pairing interaction.

Expansion ofj as it appears in the Eilenberger equations, under certain assumptions for strongly
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diffusive transport, leads to the well known Usadel equatidig];

N N

["°E + ;0] iDr(gr 6)=0; (2.93)
where we consider only the-wave terms off for conciseness. The derivative operatoris
associated with center of mass coordirfaf@nd thus accounts for the “long-wavelength” changes
of § only. The square brackets denote the ordinary commutator. Also de ned are aset 4f
Keldysh matrices in terms of the Nambu-space Pauli matricaghere™ = ' | (i.e. they
are placed along the diagonal oRa 2 identity matrix). The matrix corresponding to the pair

potential " is similarly ~ 1, where
0
~ § £ (2.94)

Ignoring self-energy contributions, this can be separated into the following three equations and

used to nd the three matriceg"RK :

[E+ 76" 1=Dr &1 & ; (2.99)
[E+ ~i¢']=iDr ¢'r ¢ ; (2.96)
[°E+ —;¢]=iDr &r g +¢r ¢ : (2.97)

This rst two equations essentially contain the same information, as in this construftion
~3gRyA3 and therefore can only be used to solve for the equilibrium properties of the system.

The third equation is the “kinetic equation” for the non-equilibrium distribution function which we
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are more interested in. Using Eq. 2.87 and taking the trace of both sides this becomes

n 0
0=iDr Tr r A+g°@ N ' (r &) (@ : (2.98)

Then, by expansion df by Eq. 2.88, one nds a set of coupled differential equationgifoand
hr

h
Dr (rh)Tr 1 ¢ +heTr 2 &(r &) &'(r &) (2.99)
i
(r )T o ¢ =0; (2.100)
and
h

Dr rhp)Tr 1 3% 2 +hTr 60 o) o' ¢ (2.101)

n h o] n oi
(r h)Tr ¢t 2 =ilhTr *¢ ;T 2T g*+¢') : (2102

Pausing for a moment, the fact that the longitudinal and transverse components of the non-equilibrium

distribution function respeaoupleddifferential equations immediately tells us that quasiparticle

non-equilibrium modes are much more closely related than the simpler Boltzmann picture would

imply, and can be mixed. To see this more clearly, we can de ne the spectral super€urrent
1
Q=T & d) d&rd) (2.103)
as well as diffusion coef cient®  M;

D .
D My =T ° ¢ e (2.104)
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to nd a more compact set of kinetic equations:

h i
r Moor h|_ + QhT + M3pr hT =0 (2105)
and
h i
r Mjasr hT + QhL + Mosr h|_ (2106)
i h n n 001
) heTr 3°[° T 2hTr +4¢%) (2.107)

Re-expressing the charge and thermal currents de ned before, we have

Z

eNgD dE(M33r hT + QhL + Mosr h|_) (2108)
Z

NoD  dEE [Moo(r hy)+ Qhr + Mao; (r hr)]: (2.109)

Jq

Jin

Similarly, one can nd that the observabl€ and reduce in the same manner by this choice

for i

z
Q = eNo dEhtN(E) (2.110)
Ne £ i
= 4 dE (" @+hr(e® ¢ (2.111)

12
Here, the subscriptl2 refers to the upper left component of the integrand, and

NE)=Tr 3 &) =4 (2.112)

is the superconducting density of states in this notation. We can see clearly that only the transverse
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component of the non-equilibrium quasiparticle distribution function is associated with charge
imbalance, while both elements of the transverse and longitudinal components can combine to
determine the gap. Both charge and thermal currents are generated (in differing amounts which
depend orMj; ) by gradients in the longitudinal or transverse distributions. This is the simplest
form of coupling between imbalance modes, and accounts for interconversion of the orthogonal
parts of the distribution. Because the integrandjrappears in the second kinetic equation, the
terms on the right-hand side there account for interaction between the quasiparticles' charge and

the condensate.

As is almost always the case, these equations are only tractable numerically. For the type of de-
vices commonly studied in our group, this is typically done be treating an entire device as a system
of 1D wires with boundary conditions appropriate for the device construction, and working within
certain parameterizations of the Green's functions to simplify calculations. Solutions are found by
iteratively solving for the retarded/advanced Green's functions to determine equilibrium properties
and then then applying the kinetic equations to determine the non-equilibrium distributions (which
in turn, inform the boundary conditions). In the ordinary case of clean normal-superconductor
interfaces, one usually uses Kurpianov-Lukichev boundary conditibd9.[ However for the
tunneling interfaces we will be studying here, we have yet to nd a satisfactory approach for cal-

culating boundary conditions for NIS tunneling which works within our existing code-base.

In order to describe relaxation of quasiparticles, we would also need to somehow re-introduce the
self energy contributions responsible for elastic and inelastic scattering. In practice the application
of speci ¢ relaxation mechanisms is quite tricky, but amounts to re-introduction of collision terms
to the right hand side of the kinetic equations which traces over the Keldysh comporiéngpf

One can also include a spin-splitting enefgy~ in the same manner, and in doing so split the
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problem further into four sets of kinetic equations which govern the spin-imbalance and spin-
energy-imbalance of quasiparticles. These re-castings of the Usadel equation are described in

length in works by F.S. Bergeret et al. and T.T. Heilakett al. 110, 111].

With this, we have seen that quasiparticle imbalance modes can be robustly separated by their
symmetry in quasi-particle/hole space, whiferesults in charge imbalance alone. The presence

of a nite super-current causes the phase of the order parameter to evolve as a function of position,
while mixing theht andh, distributions via the kinetic equations. Relaxation, while not as easy

to bake into the problem as before for the simple Boltzmann picture, can be accounted for by
considering inelastic and elastic self energy contributions which will occur at energy/temperature
dependent rates depending on the precise mechanism at play. Thermal and charge currents can
also be generated by gradients in these distributions, which will naturally result during relaxation,
giving a sort of continuity equation for charge and energy ow between the quasiparticles and the

condensate.

2.3 Superconducting Phenomenology

So far, we have only considering microscopic factors important for understanding quasiparticles
for an ideal BCS system. As the results in Ch. 4 will chie y pertain to bulk equilibrium properties

of superconducting Nb Ims, here we will describe some of the relevant background to those ex-

periments with an eye towards transport properties. Then, we will sketch the analysis for transport

in a superconducting wire which is of relevance to results in 85.3.3.

2.3.1 Ginzburg-Landau Phase Boundary

The Ginzburg-Landau (GL) theory of superconductivity serves as a macroscopic or phenomeno-

logical model for the superconducting phase. To discuss this, we will again follow the presentation
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of Tinkham [3Q] to arrive at the useful pieces of this theory for analysis. In its original description,

GL theory was based on the postulate of a free energy functional

o 1~ 2 2 H2
it Ty 2k + o (2.113)

ot 1T ame i c

where again is the magnitude of the order parameter, and are parameters which determine

the shape of the free energy functional. The charge and mass values used are those for individual
electrons. The fourth term is the canonical kinetic energy of the system subject to a vector potential
A, and the fourth is the energy of th¢ eld associated with the vector potential. This form is
chosen as the valuesand determine if and of what value the nite order parameter should be, as
the minima of the free energy will jump discontinuously just as it would during a phase transition,
resulting in a spontaneously broken symmetry due to the nite order parameter. The value of the
order parameter for< Owith A =0 willbej ij2= = . Thisis equivalentto the (fractional)

super uid density of paired electrons. The magnitude of the free energy reddgtioffi, in this

case can be associated to a thermodynamic criticalHldsuch thaH2=8 = 2=2 . Finally,

an energy analysis of the canonical kinetic energy term gives an effective penetration length for

the GL model,
, _  mc
ot = gez (2.114)
which differs from the historically used London penetration dept?]
(M) = p—t® (2.115)

21 T=T)
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which is de ned solely by its zero temperature value

r

mc?

L(0) = Ine?’ (2.116)

which will be useful later.

The model is solved at a given temperature by insertion of the thermodynamic criticad €1d)

and one nds that

Lo mc? _
I inf) —862 gff (T)’ (2.117)
2¢?
= gHI™) & (T); (2.118)
16e*
= m—2c4H§(T) arr (T): (2.119)

Treating as a complex scalar eld, (r)je (), variation of the free energy about its minima

yields the GL differential equations

1 ~ 2 2

+ P+ = = =K =0 2.120
I Im i ' (o) ( )

e~ 2e
J= — = 2.121
2mi € ' ) mc ( )

. 2

iz ~r EeA (2.122)

suchthat H =4 J=c AgaintakingA = 0, Eq. 2.120 can be dimensionalized by a coherence

length

- ~ . 0 ]
D= i mi Poim e (2.129)
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which describes the characteristic length-scale for small variations of the order parameter. At zero

temperature, this is related to the zero temperature BCS gap as

_ ~Vi

0= m; (2.124)

and can b expressed back as

(M) _ . H(0) L(0) .
(O) 2 éHc(T) eff (T)

(2.125)

For many materials, the coherence length can be comparable to the elastic mean free path

for electrons in the normal metal. Recalling the Drude model, in a bulk material this is related
to the diffusion constar® = v;1=3, but can also be calculated from known valuessoendm,

and resistivity for a given material, agl is a typically a constant depending on the material. For
instance, in Al ol =39:4pcm  nmbutforNb ol =86:7ucm  nm|[113. The electromag-
netic response of the dirty superconductor turns out to depend o &oth,, as dephasing of the

P15 (the

pair wave-packet does not occur over a length ~= , butinstead a Iengtrr)\ D~= |/
geometric mean of the mean free path and the coherence length) due to the velocity being slower
in the diffusive limit [L14, 115. If | o, then the material is said to be in the dirty limit, while in

the opposite case it is in the clean limit. This appears in many calculations both for the BCS and
GL models as being a critical limit, as for ¢ it is argued that sets the actual length-scale for

changes of the order parameter. For instance, icBinkham provides the following two limiting
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cases for a bulk 3D superconductor

8
2 0:74p——  clean-limit
M= LT (2.126)

~0:855 —2_  dirty-limit :

1 T=T¢

In a similar sense, one can invoke the electrodynamic response from BCS theory to nd the effec-
tive penetration depth for the extreme dirty limit nday and relate that back to the London model

per

0 .
eff L 133 (2.127)

In practice, the crossover between the clean and dirty limit is not always clear, as BCS supercon-
ductors are typically insensitive to disorddif, and generalizations of are typically made based

on which limit appears to agree with experiments.

From this point, one can derive many thermodynamic properties of the GL model and take limits
for the behavior neaf, which are useful for a wide variety of characterization methods. In the
context of dc-transport however, one can only easily measure the spR¢é dfl ) where super-
conductivity fully breaks down and a nite resistance is observed everywhere in the sample. Upon

linearizing the GL differential equation into

and introducing a magnetic eld along theaxis, one nds by solution of this wave equation

that there is such a maximal eld for maintaining superconductivity in the bulk, where the zero
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resistance state will become fully suppressed

_ 0
Heo = 2 2(T) (2.129)
This upper critical eld is related to the thermodynamic critical eld by
2 _ —
() = £t R - Pa Dy P2 ey (2.130)
0

Critically, this GL ratio for the material (T) is, by the same reasoning as before fodifferent in

the dirty and clean limits. AT, for a totally bulk superconductor, this ratio is

8
2 0:967=9  glean-limit
= 5 ° (2.131)

707202 dirty-limit ;

where ¢ has been rewritten in terms of the zero temperature London length which appears in
the dirty case via Eq. 2.127 or from the clean case via Eq. 2.116. In the dirty case, there is a
cancellation of terms with those of the dirty limit penetration length. This parameten key

classi cation for the behavior of the superconductor into either Type-I (wHigse< H () in which

the magnetic eld is fully expelled or Type-Il where ux penetrates the superconductor in vortices.
As we will not discuss vortex matter in any detail, and will be focusing almost exclusively on
thin Ims where the penetration depth becomes large due to the sample geometry, we will assume

1:IO 2 for the samples considered in the following chapters, but its exact value remains a

matter of material purity.

Finally, at zero temperature, we arrive at the relation thgt(0) = =2 2, while at higher
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temperatures near the zero eld transition temperaiy(@), one can nd that

2 2
Te(H) = T(0) 1 °H, (2.132)
0

Thus, measurements of the phase boundary itself, even performed via a resistive method, can be
used to back out the underlying zero temperature properties of the material, and with additional
assumptions, can be used to estimate many further thermodynamic properties as well. This can
be especially useful in cases where the resistance of a sample is dominated by grain boundaries
or an impurity phase, which will tend to make the bulk resistivity appear quite large even if the

superconductivity is not suppressed within those grains by any particular amount of disorder.

2.3.1.1 Notes on Superconductivity in Nb

With the GL and BCS descriptions brie y described, it is worth pointing out that some of the
assumptions for those models fail for the kinds of Nb Ims used in various capacitors, waveguides

and resonator elements of qubits.

On the material side, Nb is a refractory metal with a particularly high melting temperaitté K)

at which it also has a relatively low vapor pressute (L0 4 Torr) [117], making deposition some-

what challenging. Itis also a fairly reactive metal, forming oxides, nitrides and carlditigsi19,

120, 121], thus gettering any contaminants present during physical vapor deposition. Because of
this, deposited Ims of pure Nb can vary chemically with extreme sensitivity to the conditions of
the deposition chamber which complicates process development of Nb devices. After deposition,
it continues to have unusual kinetics even at low temperatures. For instance, aggregates of Nb hy-
drides are seen to form during coolint?f), creating isolated non-superconducting grains within

the Im around liquid nitrogen temperatures. Even under ideal conditions, Nb readily forms a
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Figure 2.9: Dual-band gap structures for Nb, reproduced from &®8f [The value of ( p) at
T = 3:0K at each point of the Fermi surface for the two sheets. The box spafs,[ = 23] in
k-space along each direction for the rst sheet (left panel) ard [ =a] for the second sheet
(right panel).”
relatively thick 5 nm native surface oxide Nbx=1-2) [119. These surface oxides complicate
the phenomenology of Nb based superconducting devices, especially when Ims are thin. They
similarly inhibit the formation of tunnel junctions via metallic shorts in native Nla@d provide
a poor quality surface for tunneling spectroscopy based measurements in general, concealing the
clean superconducting behavior of the bul2B 124. These Nb surface oxides are thought to
have very poor dielectric response at microwave frequencies, due to their amorphous and metallic
nature [L25 126 127,12, 13, 8], as well as local magnetismi 28, and thus in real experiments one
might consider Nb to always be in proximity to metallic/magnetic surfaces. In terms of supercon-
ductivity, Nb is a BCS superconductor with transition temperatui@®28 K and zero temperature
H(T = 0) of 2kOe[129. However, it has long been been pointed out that Nb should have a
slightly anisotropic gap consisting of two bands (as may Ta, V, Al ef@p,[131, 90, 132, 9]]
due to the highly distorted nature of its Fermi suraca visualization of Fermi-surface and the

resulting gap structures is shown in Fig. 2.9. The resulting anisotropy of the superconducting gap



77

is thought to be fairly weak, but as anisotropic superconductors are susceptible to pair-breaking
by non-magnetic disorder (unlike isotropic superconductdrdy|[ this may begin to explain the
failure of the BCS predictions for quasiparticle density. Similarly, gap anisotropy is known to
enhance branch-mixing of quasiparticld®], 102, and therefore it is possible that simple mod-

els for quasiparticle non-equilibrium will not be suf cient to understand their dynamics in Nb

devices.

The presence of a potential second gap (which is strongly suppressed by disorder) violates most of
the basic assumptions made in the BCS theory. To complicate things further (although the subject
of a long-standing experiment-theory divide) Nb is said to be an intermediate to strong-coupling
superconductor withgcs 05 1:3[133 134 135 136 137 91, 138 depending on which

Fermi surface is considered. This further subverts the usual BCS calculations for the gap for the
weak coupling case wheregcs 1, and makes rst principles theories of superconductivity in

Nb quite complex. As Nb tends to form into tightly granular structures, one does not typically see
corresponding transport anisotropy in bulk crystals or thin Ims produced via sputtering, as the gap
will be averaged out over countless grains with random orientations. However, for annealed Ims
or Ims deposited at high temperature, a large degree of epitaxy is likely, and control of the overall
orientation of an entire Im becomes possible. In that case, anisotropy could become relevant for

applications.

As a nal important note, Nb is known to tend rapidly to type-Il behavior for many types of disor-
der [139, 129 140, 1417], including non-magnetic scattering, a fact which was extensively studied
and attributed very early on to anisotropy of the superconducting . [Mostly signi cantly,
the superconductivity in Nb is found to be highly sensitive to oxidation of the bulk, itirop-

ping by 1K for every 1%, O, andH, rapidly increasing due to shifts of the Fermi-level via
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doping which modify gcs andNg [147. As such, observing changes in the superconducting
properties of Nb Ims can be an extremely sensitive means for understanding the bulk oxidation of
a device. Conversely, this also means that one must be quite careful to rst understand the disor-
der, doping, and crystal structure of Nb when making strong claims about the microscopic factors

associated with device performance.

2.3.2 Current and Phase in Superconducting Wires

As a nal theoretical point, we must describe the effects of a large applied current across a su-
perconductor, as this will turn out to pertain to the GL properties of the material and to its quasi-
particles as we will see in §2.3.2. A thin, effectively 1D superconducting wire will have a critical
current at which the order parameter is minimized at zero and the device becomes normal. This

can be found via the GL free energy as

cH(T) |

= — : 2.133
3 6 e (T) ( )

c

At large supercurrent, there is a corresponding super uid velogity Js=2¢j j2, which upon

reaching a critical value

() ~

~Ks m o

JVsic] = (2.134)

leads to a shift in the energies of quasiparticles of wave-v&dbgr~K w which causes de-pairing

and the formation of non-equilibrium quasiparticléd . At large currents, this yields a reduction

of the gap and thus the critical current drops sharply and the wire runs away into the normal state.
At low enough temperatures the occupation of equilibrium quasiparticles is very small, and the

drop is can occur more slowly than the corresponding drop in the excitation energy of the
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guasiparticles, which then goes as:
Ex ! Ep+ ~w w: (2.135)

such that the minimum excitation energy of a quasipatrticle is loweetnlv  [143).

This is sometimes referred to as an effective “Doppler effect” for the quasiparticle spectrum, and
for currents just below. could lead to a (nearly) gapless excitation spectrum. This has interesting
implications, especially for the critical state of a superconductor in an applied magnetic eld where
the onset of this gapless state has come to be known as the “Volovik Effect”, named so for a
prediction of G.E. Volovik for the density of states of quasiparticles near vortex coddk [This

has thermodynamic considerations for unconventional supercondutd&fsjut for the purposes

of this work the Volovik effect has been shown to lead to depairing consistent with a nite Dynes
parameter

= o= % he 2i (2.136)

via tunneling density of state measurements in the presence of a large superddient [

As Js is increased from zero, a phase difference is built up across the wire, leading to a gradient
(x) and an overall complex order parameter. When considered quasiclassically, this can lead to

mixing of the charge and energy mode non-equilibrium types. For instance, it is well known that a

temperature gradientT (a gradient in the energy imbalance temperalufecan couple tos r T

to yield an excess charge imbalandel], 148. More recently, this has been discussed in the

context of mixing all non-equilibrium modes including spin-imbalance due to the coupling terms

of the Usadel (kinetic) equationd49. The exact magnitude of the phase gradient is somewhat
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sample speci c. For short superconducting weak links this will typically be sinusoidal as was the
case for a Josephson junction, but for longer superconducting wires attached to superconducting

reservoirs this need not be the case, and non-sinusoidal current-phase relations are possible.
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CHAPTER 3

METHODS

In this chapter, we will rst outline the methods used for the preparation of samples and devices
studied in the following two chapters. As our lab has a a long history in lithography and super-
conducting Im preparation, we will focus mostly on the novel processes and recipes developed
speci cally for this work. Then, we will discuss nuances of the cryogenic measurements them-
selves, with a focus on particularly unique experimental techniques. There, we will primarily
discuss methods required for non-local conductance measurements, as these experiments involved
the development of a bespoke set of ampli ers with their own set of additional experimental con-

siderations.

3.1 Lithography and Fabrication

Production and measurement of transport devices with reliable behaviors requires a degree of dili-
gence be taken at every step of the process, starting from substrate preparation all the way through
to the end of the experiment. This begins at the rst stage of fabrication, where choices must be
made about material selection and handling that can ultimately determine the yield of devices and
the outcome of one's experiments. For the projects described in the following chapters, two paths
were chosen. To study superconductors Usedjuantum devices, samples were obtained from
collaborators via SQMS and processed in our lab. However, for more demanding devices required
to study non-equilibrium transport in superconductors, we construct devices entirely “in house” to

have full control of the sample design.
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3.1.1 Physical Vapor Deposition

As a starting point for all of the devices in this work, physical vapor deposition is performed to
deposit high quality metals for the purpose of wafer-scale or nano-fabrication of superconducting
Ims and electrical contracts. The choice of growth conditions ultimately determines which of two

paths can be taken during device fabrication.

For wafer-scale processes, or for growth conditions which require that the substrate be heated
to yield the correct material phase or substrate- Im epitaxy, dc- or rf-magnetron sputtering are
typically performed, often from a 2” or larger high purity target in ultra-high vacuum. This method
can produce extremely high quality Ims, but is not typically used to directly produce patterned
structures as sputtering is not a “line of sight” process due to large diameters of the targets and
generally shorter throw distance between the source and the sample. Thus, sputtering is more
appropriate for fast deposition of high purity, large area Ims in ultra-high vacuum. As our lab
does not specialize in sputtering techniques, and we wished to consider only materials known for
their use in quantum devices, we have instead used “full-coverage” or “blanket” Ims provided by
several sources in much of the work to follow, which we pattern using Ar ion milling (83.1.2.1)

or reactive ion etching (83.1.3.3). As this work was largely performed at other labs, we will only

remark on these techniques as necessary for comparison of results in the following chapter.

For devices de ned at the time of deposition using photo- or electron-beam lithography, wherein

a polymer resist mask is present during the deposition and used to lift-off the unwanted metal
layers afterwards, it is typical to use electron-beam vapor deposition. For this, we have used our
lab's “JoeTek” electron-beam evaporator, which was extensively rebuilt between 2023 and 2024 to
restore high vacuum performance. In this system, an electron be&@@tp 120 mA) is generated

from a high-voltage lament ( 5kV) and focused into a small point upon a metal lled crucible,
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Source| Approx. | Deposition Active Pressure
Purity | Power (W)| Rate @/s) (Torr)

IM (BN —TiB,) | 5N 425-450 | 1.0-3.0 4 107

Wetted IM crucibles should carefully cleaned of excess metal on the rim/outside.
C \ 4N \ 375-400 \ 0.5-1.0 \ 2 107

Ti should be deposited at the lowest possible pressure, at no less thgs.0.5
C 5N [ 250 13050 [58 107

Cu must be thoroughly pre-evaporated to prevent deposition o, CuO

Mo, Vitreous C| 3N | 275-425 |2.0-30 [0.91:2 10°

Au spitting is commonly observed, use slow heating.

Crucible Type

Al

Ti

Cu

Au

Table 3.1: Typical deposition conditions for metals used in this work, as prepared in the “JoeTek”
evaporator. Active pressure refers to the recorded pressure of the chamber during deposition at the
listed rate, and is typically higher than the ultimate base pressure due to heating of the chamber.

which heats it and produces a vapor. We make use of the point-like nature of the source and a
long separation between source and the sample to both preserve the quality of the polymer resist
mask and to ensure good pattern rendition across the device (i.e., the material to be deposited is
essentially collimated when it reaches the substrate). While this limits the selection of materials

to those with a nite vapor pressure at the temperatures achievable by the source, electron-beam
deposition is the best means for direct patterning of many mesoscopic devices, especially when

using angled evaporation (83.1.3.2).

In electron-beam deposition, careful control of the crucible quality and conditions in the chamber
must be exerted to obtain consistent results. Unless otherwise stated, devices patterned in this
fashion are typically deposited via parameters found in Tab. 3.1 using the “JoeTek”. This system
uses a watercooled UHV Telemark 308 emitter and 1.5cc crucible liners from SCNMAn@&per,

0.700” diameter, 0.515” tall, 0.093” wall thickness), and reaches a pressdre df0 ’ Torr in

less than 3 hours, with a ultimate base pressure of ahéut 10 7 Torr being obtained after

5-6 hours at the time of writing. The system is also equipped with a high-voltage source for

plasma etching, consisting of2kV step up transformer and a high voltage rab@@® k ballast
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resistor, which biases the rotatable sample stage to produce a very low po®/r)(plasma

etch which aids the adhesion of the metal to the substrate. Unless otherwise stated, Ims were
deposited after application of a 30-9GK) mTorr O, plasma etch using this arrangement. For
devices which require controlled formation of a thermal oxide to act as a tunnel barrier, oxidation
can be performed in situ with the,(ressure read out by a Terra-nova convectron gauge tube
controller. Best results seem to be obtained with dynamic oxidation, in which a controlled ow

of gas is introduced into the chamber and the pressure monitored to achieve a constant dynamic
pressure of 100 mTorrfor 15m. Attempts at static oxidation under similar conditions have been
less successful, possibly due to excessive gettering of the process gas by the inside panels of the

chamber.

On a nal note, we have recently adopted the use of inter-metallic (IM) crucible liners for deposi-
tion of Al metal, which is not susceptible to degradation due to the Al melt, unlike graphite. These
crucibles also happen to wet Al, requiring diligent use and occasionally mechanical removal of
an Al Im from the outside of the liner which will form fairly quickly (even at low deposition
rates). If properly maintained, these allow for high quality Al evaporation from a single liner over
many cycles without much issue. Thus was found to be especially important in attempts to deposit
non-superconducting 2% Mn doped Al Ims (Goodfellow AJ18-LP #Mng, alloy), which were

found to rapidly degrade graphite crucibles after only 1-2 uses, typically cracking during the evap-
oration itself (not during warming/cooling). We posit that the Mn doping or other impurities may
contribute to accelerating a reaction between the melt and the liner at high temperatures, forming
a powdery carbide. These alloys were also found to outgas during deposition, and extreme cau-
tion should be taken as this can lead to spitting of metal out of the crucible of the Joetek, leading
to shorting of the emitter. For similar reasons, electrically insulating hBN crucibles should be

avoided, as buildup of charge can lead to erratic beam de ections, and at the small scale of the
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crucibles used in this chamber, can even cause ejection of the melt from the liner entirely.

3.1.2 Photolithography and lon Milling

Photolithography is generally the most ef cient means to prepare large samples via metalization,
as a physical mask is used to transfer the exposure pattern from a ood-style UV source. Thus the
exposure time is essentially independent of the pattern area and large structures can be prepared
rapidly. To de ne these structures onto an existing Im, it is easiest to use negative tone pho-
tolithography to produce resist masks for etching. By convention, negative tone indicates that only
the exposed region of the pattern remains after development, as is the case in Im photographic
negatives. A smaller exposure area is used than in positive tone lithography, allowing for the entire
wafer to be cleared of metal except for the desired device while keeping the mask area relatively
compact. For this type of patterning, AZ-nLOF 2035 photo-resist was used, as it is a simple to use
single layer negative tone resist. This can then be followed by either reactive ion etching (RIE)
or Ar ion milling with the nLOF layer serving as a soft-mask, as was used for fabrication of the
devices detailed in 84.1. A basic recipe for this resist preparation can be found in Tab. 3.2. In some
cases, a single layer of positive tone S1815 resist was prepared instead via the conventional recipe

for our lab, which was spun to be slightly thicker than usual at a spin-spe2@Dofrpm

3.1.2.1 Recipe for Soft Masked Ar lon Milling

Large area patterning of our Hall-bar devices and large area leads was performed by Ar ion-milling
to minimize the risk of signi cantly altering the Im itself. Our lab's ion-mill was originally con-
structed for the purpose of etch patterning the highly charge/vacancy sensitive surfaces of complex
oxide perovskites such as SrE{150. Given the success in this and other tasks, we do not expect

this process to substantially heat the sample or penetrate the resist layer, and it is used whenever
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AZ-nLOF

1. Spin AZ-nLOF 2035 a2000 rpmon a solvent cleaned metalized wafer, typically 50 nm
of Nb on AlLOs.
2. Bake on a hotplate covered with a glass dish &3t C for 3m. Note that, due to the
poor thermal conductivity of AlD; compared to typical p-doped Si substrates, the relevant
hotplate bake temperatures will be higher than expected from the datasheet.
Expose af5mJ cm 2 on the NUFAB Suss MJB4 Mask Aligner.
Post-exposure bake on a hotplate covered with a glass disii30 & for 1m (This step is
required to cross-link the exposed resist and sets the nal pattern).
5. Develop immediately in a 2 path process consisting of:
(&) MF319 at room temperature for 60s with gentle stirring to obtain a straight sidewall.
To introduce undercut, extend this time to 80s.
(b) DI water soak for 5-10 seconds followed by immediagohdw dry.
6. Metalize or etch as needed. Liftoff 85 C Remover PG for at least 10 minutes, followed
by an isopropanol soak/spray and iNowdry. Do not use acetoneas this can cause nLOF
to harden/congeal and makes the process much harder. If Ims of residual nLOF are visible
under the microscope (typically the result of hard baking during etching), ultrasonicate in
alternating baths of Remover PG and isopropanol for several minutes until the unetched
surface returns to its pristine appearance.

Hw

Table 3.2: Recipe for photolithography of Nb devices opQAIsubstrates with AZ-nLOF based
negative tone resists.
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b.

Figure 3.1: a.) Example Hall bar produced via photolithography of a Nb gBAIm. b.) Angular
array of Hall bars de ned at various angles with respect to the substrate crystal directions, for the
study in 4.1.1, mounted to customized sample holders for cryogenic measurements.

a.

possible to preserve Im quality. Examples of samples formed by this method are shown in Fig.

3.1

The etching rate obtained during ion-milling is predominantly a function of the beam-energy,
which is set by the beam voltage of the Kaufman source installed on our chamber. The land-
ing energy is set by the controller's beam energy setpoint, for instance at a beam engdgyof

a plasma of At ions are produced and accelerated to a kinetic ener§@@eVwhen they arrive

at the sample. The controller produces a speci ed Ar plasma density to reach the desired beam
power. The mill then neutralizes the resulting’ Anence via the injection of electrons from a
secondary high voltage lament towards the sample. High voltage beam optics ensure than the
resulting neutrally charged beam towards the sample remains collimated and uniform over the
beams 4cmdiameter. This allows for highly uniform etching rates across even a moderately

sized substrate.

Multiple tests were performed to determine the effective etching rate of Nb under our standard pro-
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Standard Etch| Cath. V| Cath. A| Dist. V | Dist. A | Beam V| Beam mA| Accl. V | Accl. mA | Emis. mA | Ntrl. V | Ntrl. A

Setpoint Valug] — 8.00 40.0 0.80 600 44.0 120 5.0 44.0 — 10.5
Run Value () 7.4 6.7 40.0 0.8 600 44 120 6.3 44 8.2 9.2
Slower Etch Cath. V| Cath. A| Dist. V | Dist. A | Beam V| Beam mA| Accl. V | Accl. mA | Emis. mA | Ntrl. V | Ntrl. A
Setpoint Valug] — 8.00 40.0 0.8 400 18.0 80 5.0 18.0 — 10.5
Run Value () 6.3 5.8 40.0 0.26 400 18.1 80 3.1 18.0 7.6 8.7

Table 3.3: Process parameters for etching Nb Ims via our Ar lon Mill, when using a owing

Ar gas pressure of:6 mTorr. Setpoint values are those programmed on the Kaufmann source
controller before operation. The run values indicate the approximate steady state values measured
with the beam enabled.

cess conditions, and the removed Im thickness was determined to be approxitatety=min.

The corresponding etch rate of the nLOF resist mask is presumably low, surviving etches of over
15 minutes in duration. Consequently, our milled Nb Ims are typically slightly over-etched de-
liberately to ensure total isolation of neighboring contacts or devices, by 1-2 minutes (15-30 nm).
Process parameters are included in Tab. 3.3 for Nb etching via our "standard’ process, as well as
for a slower etching recipe at about half of the total beam power which has been tested and shown
to be suitable for more sensitive applications including etching of metallic nanoparticles. In other
experiments our standard process has also been successful in milling Au Ims, including epitaxial
Au on Nb Ims prepared via molecular beam epitaxy via the Bedzyk group at Northwestern, as
well as Ims which are instead hard-masked via Sid’his is especially useful as the F-based
etching processes currently available via clean rooms at the Northwestern University Micro/Nano
Fabrication Facility (NUFAB) cannot pattern Au or Au encapsulated Nb, and thus our technique

could be applied to patterning Au/Nb microwave resonators or qubit devices in the future.

3.1.3 Electron Beam Lithography and Deposition

To de ne structures which contain feature sized pm, electron-beam lithography (EBL) is used

due to the lower diffraction limit of a Scanning Electron Microscope (SEM) and the high resolution
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of electron-beam resists. As the general case of this technique has been explored extensively by our
group, we will focus on speci ¢ developments of our lab's EBL process which enable the devices

described in the following chapter.

3.1.3.1 SEM Interface Buffers

In 2022, our lab installed an updated Tescan Mira 4 SEM for general specimen imaging and EBL.
Interfacing this instrument with the Analog-Digital-Converter (ADC) of our existing E-scribe sys-
tem required the construction of a new buffer unit for control of the scan coils and beam blanker
during EBL and readout of the image signal. With exception of the blanker, this is achieved with
ADG624 unity gain ampli ers with a bandwidth ofl MHz powered by an encapsulated supply in

a unit which sits beside the SEM as shown in Fig. 3.2.b. The buffers can be output offset tuned

to correct for issues with pattern rendition or image contrast. An additional non-inverting buffer is

Figure 3.2: Images of the new Tescan SEM for EBL. Left: Tescan Mira 4 SEM Right: Interface
buffer for EBL writing.
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provided for beam blanking using an LF356 op-amp with a bandwidth bfHz. To adjust the
contrast/black-level of the image read out from the SEM during alignment operation in E-scribe,
an additional offset signal is sent to the ADC board sourced from a voltage divider/potentiometer
added to the buffer unit. This allows for the image signal from the SEM's selected detector to be
brought up so that a normal image contrast is obtainable n&af and is fed into the inverting

input of the ADC. At the time of writing, this has been tuned manually so that approximately
equal contrast is obtained between the SEM live window and what appears in single scan mode
for alignment of the E-scribe software, however for ner alignment this may bene t from more

precise optimization.

3.1.3.2 Recipes for Electron Beam Lithography and Deposition

In EBL, a polymer resist mask such as PMMA is used as an image layer for subsequent patterning
via deposition or etching. The process for achievinglO0 nm features using EBL has been
extensively documented by our lab in the past. Here we will focus just on those techniques were
are essential for the fabrication of the tunnel junction based devices reported in Ch. 5 which
require angled evaporation. For this, we employ a bilayer resist of PMGI/PMMA to obtain a large
under-cut region with extended, free-hanging resist features. The recipe used is outlined in Tab.

3.4.

For angled evaporation of Al tunnel junctions, it is best practice to use relatively small angles to
prevent signi cant warping of mask features due to edge variations in the exposed pattern. By care-
fully tuning the PMGI undercut, it is possible to selectively deposit material on the resist sidewall
and prevent parasitic device components from being retained in the nal pattern, as shown in 3.3.
This however requires that the total undercut be just slightly more than is necessary to link oppo-

site sides of bridged features, and the development method must be carefully controlled. Further,
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PMGI/PMMA

\‘

. Cleave 1um SiOx on highly doped p-type Si substrates irdim square chips and clean
using standard 3-bath water/acetone/isopropanol process.
. Using a standard PMMA/MMA bilayer, fabricate Ti/Au focusing/alignment makers in a
4x4 grid. This can be performed via dead-reckoning the working distance and using stage
movements to repeatedly expose the chip without re-focusing. Liftoff as standard
. Spin PMGI SF8 (Kayaku brand) at 2.5krpm for 60s. Bake on a hotplate covered with a
glass dish at 175C for 30m. Such high temperatures and longer bake times help to set the
developer rate in step 6.c.
. Spin PMMA 940K A4 (Kayaku brand) at 4krpm for 60s. Bake on a hotplate covered with a
glass dish at 170-175C for 3-5m.
. Mount samples for EBL using silver paint and clips in the SEM. Base dose for patterning
> 400 nmfeatures i260uC cm 2, to be increased to 500uC cm 2 for < 100 nmfeatures.
Inner structures are written 800 pA at 500X to 4000X magni cation, while wirebonding
pads are written a nA at minimum magni cation. Z is kept as short as possible while
achieving & mm FOV for wirebonding layer, typically mm:
. Develop immediately in a 4 path process consisting of:

(a) 1:3 MIBK:IPA at25 C for 60s with gentle stirring.

(b) Room temperature IPA plunge for 1-2s followed by immediatdisw dry.

(c) MF319 at room temperature for 17.5s with gentle stirring.

(d) DI water soak for 5-10 seconds followed by immediagohdw dry.
Longer times in MF319 provides additional undercut at a rate @b nms 1.
. Load immediately for deposition. Samples should not be stored before evaporation.
. Evaporate metals as needed. Liftoff in a three bath procets &facetone for 5m followed
by acetone spray from a syringgy C Remover PG for 10m, and room temperature acetone
for 5m, followed by 30s each of ultrasonication in acetone and isopropanol.

Table 3.4: Recipe for EBL de ned samples using a PMMA/PMGI process.
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by patterning the entire device in a single lithographic layer, the wirebonding pads remain gal-
vanically connected to both materials which form the junction, preventing parasitic junctions from
being formed in the measurement leads. This process was carefully re ned to produce supercon-
ducting wires with no parallel current paths across their length, such that a true single grounding
point for the wire can be obtained in the experiments detailed in 85.1.1. In practice, this leads to
extremely stringent procedures regarding the development of the PMGI layer, with just 1-2 second
variations seeming to have an effect on sample yield. In future work requiring selective liftoff on
the PMGI sidewall, it is highly recommended to either dilute the MF-319 developer in deionized
water to slow the rate for undercut development, or refrigerate the developer to drop the reaction
speed (or both). Dilution of similar developer chemistry to that used here has been reported as

being successful with PMMA/PMGI bilayeré$2 even when large undercuts are required.

O PMMA

H pPMGI

O Undercut Region E Cu Under-layer
B Si0, Substrate B Si0, Substrate

Al
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Figure 3.3: Fabrication process used to produce Cu/Al bilayers with normal metal Ti capped Cu
tunnel junctions for non-local conductance measurements of a proximity effect bilayer, projected
along the lateral cross section of the horizontal wires depicted in Fig. 5.1. Figure reproduced from
the supplementary material of Retq1].
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b.

Figure 3.4: Process for fabrication of RIE de ned devices with EBL patterning a.) Nanobridges
after rst etch. b.) Negative tone lithography soft-mask, using visual alignment to the corner
squares. c.) Same device after a second etching to de ne the measurement leads.

C.

3.1.3.3 Recipes for Electron Beam Lithography and Reactive lon Etching

For devices where such feature sizes are transferred to an existing blanket Im, EBL can be used
in conjunction with an etching or milling process to obtain the desired resolution. Ar ion milling

is typically not useful with electron-beam resists, as despite the neutral Ar beam, the soft-mask
still becomes cross-linked to the degree it is rendered insoluble by ordinary liftoff chemicals. We
can instead use reactive ion etching (RIE), in which the PMMA resist layer serves as a partially
sacri cial mask to pattern a device. As this is positive-tone lithography however, the area to be
written (and then removed via etching) can be excessively large, and must be performed in con-
junction with a photo-lithographic method. The process is outlined in Fig. 3.4. As it turned out
to be extremely dif cult to perform alignment in EBL to etched features on Nb Ims, these de-
vices were typically written in EBL rst and then aligned for subsequent photolithography with

the mask-aligner.

To perform the RIE, the SAMCO-10NR system available via NUFAB was used with gae@iH
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CF, Pressure CF, Flow Rate| Plasma Power Etch Time
(Pa) (sccm) (W) (s
PMMA 30 89 200 75
S1813/nLOF 30 89 200 120

Table 3.5: Parameters for etching Nb Ims via the SAMCO RIE system using resist-masks spin-
coated at 2krpm.

chemistry. In this process, PMMA was spun at 2krpm and prepared using the ordinary hot-plate
procedure to serve as a sacri cial soft mask. BOmm Nb Ims on intrinsic/undoped Si sub-
strates (as were provided by Rigetti Computing), the central region can be written at a low dose of
130uC cm 2 due to the impact of the conducting Nb substrate. For larger features or features that
are to be written on the bare etched Si of the substrate, a dd€®p€ cm ? is used. The resist

is then developed in 1:3 MIBK:IPA developer 160 sas usual.

Due to the poor etch selectivity of gFor PMMA vs. Nb, only thin Ims of Nb can be patterned
in this way before the PMMA resist mask is completely removEs3. The selectivity can be
improved by etching at higher pressures, allowing for etching of thicker b3l Parameters of
the etching are presented in Tab. 3.5. Before and after running the chamber, it is cleaned by strong

RIE etching using @and Sk to prevent cross contamination from other users.

At 75s etching, more thadO nm of Nb will be removed, with as much as2® nm over-etch

into the Si substrate. The PMMA layer is still be present, albeit greatly thinned. Ciritically, the
remaining Nb pattern is not reacted with the uoride ions as it remains entirely protected by the
resist softmask. Some lateral etching does seem to occur as the PMMA is thinned however, with
thin wires losing approximatel$¥00 nmin width over the75 setch. As a result, the original design
must be compensated BY0 nmor more. Samples with extremely narrow feature sizes can also
be formed due to this, down to tl® nmscale. Removal of the residual resist can be performed

by alternating soaks in heated PG Remover and Acetone, followed by ultrasonication, as was
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formerly described. In future work, it may be interesting to consider alternating etchesaoidO
CF/SF; plasmas, as recent works have demonstrated that Nb removal predominantly takes place

via reaction of the oxidized N5 [155.

3.2 Measurement and Control

As completed samples in this work have typically been imaged via optical and SEM microscopy
befor (and occasionally after) mounting onto specially designed sample holders used by our lab.
For devices that are particularly sensitive to electrostatic discharge, care must be taken at all steps
to work in a high humidity environment when handling completed samples, and to avoid static
discharge via grounding wristbands and proper attire. With diligence, samples typically will not

degrade or be lost due to shocks etc. from the experimental apparatus or its operator.

In this section, we explain further details of the experimental methods used to explore the results

presented in the next two chapters of this work.

3.2.1 Sample Mounting

For samples produced on Si substrates, generally the best devices are selected by SEM imaging
for tests and must be separated from sub-par/defective devices on the same chip. To do so, one
can spin a thick layer of PMMA resist onto the wafer (without baking), and cleave it face up by
nicking an edge of the chip with a razor blade to divide the wafer into smaller parts. The sample
can then be cleared of debris by rinsing in acetone. With some practice, this is an ef cient means

for reducing the chip size without causing scratches due to removed pieces of the Si wafer.

With samples of the desired size obtained, devices are then mounted to our labstifdtameter

printed circuit board (PCB) sample holders for wirebonding using Au-paint as can be seen in Fig.
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3.1. These were designed to simplify the process of producing and bonding to sample mount,
via use of non-magnetic pins/sockets produced by Cambion electronics. In practice, we have
employed PCBs from OshPark (Au plated) and PCBWay (unplated, bare Cu). Plated PCBs appear
to be preferable for stability and wirebonding, however we are uncertain as to their magnetic
properties at low temperature. Wirebonding is performed via an Al wedge-bonding process using
5mil Al wire via a refurbished Hybond manual wire-bonder. As the parameters of this system
drift considerably over time, it must be calibrated between batches of samples to ensure consistent
bonding. In general, bonding of Al to Nb is easiest, followed by bonding to Au and then to thick
Ims of Al. Problems begin when attempting to bond to Cu Ims or devices consisting of Cu
and Al. In those cases, the surface oxide growth limits the performance of the wedge-bonding
process regardless of settings or operator skill, and the samples must be bonded within a few hours
of exposure to air after deposition. A similar issue was found with Ag. Once bonded, Cu Ims
remain fairly stable however, and the bonds hold for many days as the Cu-Al interface does not

seem to degrade.

3.2.2 Conductance Measurements

In most transport studies performed by our group, a differential resistance measurediértldf

is performed via lock-in ampli er (LIA) techniques and 4-terminal resistance measurements. This
is of course because, when using ohmic contacts, the local or non-local resistance of a sample is
either nite or zero. For a superconductor spec cially, most of the “action” in a resistance mea-
surement is associated with a voltage on the order of larger, making it dif cult to extract low

energy spectroscopy of transport modes in the device due to the extremely small source currents
required. To circumvent this, a tunneling barrier must be used, as this allows one to bias parts

of the device at well de ned voltages within a small current compliance. Practically, the biggest
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limitation of this approach is that in tunnel junctions the resistance can become in nite, causing
issues for voltage compliance among other challenges. As such, one performs instead a differential
conductance measurementddEdV where true 4-terminal techniques are not possible. Typically

the conductance of a tunnel junction is measured by just 2-terminals, one held at a xed voltage
and the other at ground, with the current owing into ground measured by a sense resistance and
voltmeter. Assuming that the lead resistance is considerably smaller than the junction resistance,
this is acceptable as the voltage drop between the sample and the measurement apparatus is neg-
ligible compared to the voltage drop across the sample. In cases where voltage bias is applied to
a low resistance sample, alternative techniques to those we describe here, such as using cold wire-
wound series resistors or inductively coupled SQUIDSH should be used instead to precisely

determine currents/conductances.

In past work by our group, low-noise current measurements using room-temperature electronics
have generally been performed via AD549 electrometer op-amp based trans-impedance ampli ers
(T1As) with discrete off-board resistors. In this con guration, typically the TIA acts as a “virtual
ground” point, used to drain current from a device generated by an applied voltage at an oppos-
ing lead. For non-local conductance measurements, or simultaneously biased local conductance
measurements, a single virtual ground cannot always be used, and instead the TIA must be biased
against the direct circuit ground. In this con guration, a bias is sourced from the TIA itself, and

currents are measured across a sense resistor as a voltage offset with respect to the bias.

To perform our conductance measurements, we initially modi ed a set of AD549 based TIAs to
allow for voltage biased operation. Bias voltages were generated by discrete summing circuits to
combine a dc offset from a function generator with an ac modulation sourced by the oscillator

output of a LIA, followed by a voltage divider to reduce the amplitude by 10,000:1 to a value
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Figure 3.5: Circuit schematic for a voltage-biased transimpedance pre-ampli er for conductance
measurements. A bias voltage is generated by a summing network which is applied to the non-
inverting input of the AD4530 op-amp. This biases the current input which can be used to apply

voltage across a junction with respect to the circuit ground. A guard plane, held at the same
potential, is included on the circuit to prevent leakage currents from owing away from the sense

resistor.

suitable for spectroscopy of the superconducting gap of Al. To address the oating voltage of
the sense resistor, a separate unity gain instrument ampli er was used, making the overall bias
circuit slightly complex to setup and mechanically unstable in operation. All ampli ers are battery

powered from within the shielded enclosure.

Based on these logistical and stability issues, and as the AD549 is no longer readily available from
most vendors, we have constructed additional ampli ers for this purpose based on the “AD4530
Femtoampere Input Bias Current Electrometer Ampli er” from Analog Devices, which is available
only in a surface mound device (SMD) package. In addition, a purpose built summing circuit

for generating M voltage biases within our-metal shielded enclosure was constructed for these
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experiments. These circuits, schematically presented in Fig. 3.5, operates frbdhV A 1 up to
anominalgainol 1°VA '(1G orlmVpA 1), enabling local conductance measurements

of Al based samples withh nS sensitivity. To prevent leakage current through/around the SMD
based ampli er input, an integrated guard plane surrounds the op-amp and sense resistor at the
same potential as is applied to the sample. Optionally, this can be extended to the input BNC
connector by adjusting an internal jumper (not used in this work due to the present design of our
break-out panels). The voltage offset it accounted for by an on-board INA110 instrument ampli er.
As the AD4530 operates at a5V rail to rail supply, there is a practical limit on the maximum
measured current range frosrmA at the lowest sensitivity anBlnA at the highest. Considering

only the dc response, following this circuit with a standard 6 1/2 digit ADC (HP 34401A etc.) at

100 mVscale, this performance enables measurements of currents dowsifd precision.

One further consideration in operation/design of high-gain TIAs is that the bandwidth when using

a large sense resistance becomes signi cantly degraded. Even worse, the exact cutoff frequency is
determined by both the sense resistance and the sum of all parasitic capacitance across it, which
can be hard to control. In the design used here, at a galn ol V A ! the bandwidth is less
than50 Hz and thus it appears that the parasitic capacitance may be larger than expected, on the
order of 100 pF. For practical lock-in measurements, this limits the available frequency space for

measurements at the highest gains.

Last, we should consider the types of 2-terminal measurements these devices enable. In lock-in
conductance measurements, one must pick an experimentally relevant ac excitation to determine
the total sensitivity. In most cases of interest for our lab this is determined by a known energy gap
(which for Al we can take to be arourZDOpeV) or a known temperature depending broadening

(recall that23mK , 2peV). Consider applying &V excitation to a device with a normal
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state conductance comparable to the resistance q@ma2e’=h 387 pS. This yields an ac
current on the order @00 pA We can readily measure this at a gainlof 16V A ! to obtain

an LIA input signal on the scale @0 mV (on low-noise the referred to input gain will be 25 for

an SR124 aP0mV scale). This will correspond to4uS=V output to a 6 1/2 digit digital multi-

meter, with gives a precision of better thddpS or about one part per million of the normal state
conductance. This sensitivity turns out to be essential for extracting weak conductance signals. For
instance, the numbers above would allow us to con dently boufm an Al device to jusiO ©

or 20 neV. In practice however, one still ends up limited by thermal noise of the room temperature
electronics eventually, but with suf cient averaging this can be avoided, making it possible to see

small sub-gap or gap-edge features such as those caused by photon-assisted t@7heling [

3.2.2.1 2+1 Terminal Quasiparticle Conductance Measurements

In Ch. 5 we will consider a variety of multi-junction measurements using two TIAs, which we will
describe as either a 2+1 terminal measurement, or a current “injector-detector” experiment. Es-
sentially, a single device can be biased to maintain xed voltages across more than one probe lead,
and multiple simultaneous conductance measurements made using LIAs to study both local and
non-local effects. This is possible by using multiple dc+ac excitations with differing frequencies

to “tag” the voltages. A schematic of the rack used in such a setup is shown in Fig. 3.6.

To explain the process concisely, one simultaneously applies voltdgesd Vs modulated at
frequencied o andfg, using a pair of voltage sources, LIAs, summers, and TIAs. The resulting

current is read by the TIA, and will be, for example:

= dIBVB+dI_A

IB - M dVB VA GBVB + GBAVA (31)
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Figure 3.6: Equipment layout for a 2+1 terminal conductance measurement using three lock-ins
with dual biases.

and vice versaGg, is thus taken from the component of the currigntat the frequencyg, and

typically Gga ~ Gg for the experiments here. Thus we use a third LIA externally referefhced

to nd this additional conductance. Due to the aforementioned bandwidth limitations, it is best to
chose these frequencies to be small and well spaced in the lower frequency register of the LIAs,
typically 20Hz Phasing is performed against the voltage bias on the output of the TIA, as
usually there is a small phase shift associated with the combination of summer and TIA circuits.
This layout seems to have the additional bene t of protecting the ungrounded inputs of the sample
from noise (and potentially even static shock) due to the large source resistance between the sample
and the control electronics. One can, in principle, extend this to as many voltage probes as desired.
However the phase space of the measurement becomes extremely large when doing this, and at
large gains where the bandwidth and currents are small these experiments can become extremely

time consuming. For the dual bias measurements reported in 5.2, the acquisition time was almost
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2 days to obtain an understandable conductance heatmapsSytiecision.

3.2.2.2 2+1(+1) Terminal Quasiparticle Chemical Potential Measurements

In principle, a similar technique can be used to measure the chemical potential directly, by allowing
one of the NIS junctions to equilibrate with the quasiparticle chemical potential at zero net current.
However, the type of voltage pre-ampli er used for voltage detection across an NIS junction is
non-trivial. As the NIS junctions we will be considering for experiments are on the order of
10k of normal state resistance or more, they can have critical currents pAtih@nge, which is
considerably less than than the input-bias currents of any of our battery powered instrumentation
ampli ers. A JFET preampli er (such as the input pre-ampli er on an SR124 or SR2124) can be
used successfully for such a voltage method, however the excess line-noise generated by using an
unshielded pre-ampli er limits the usefulness for detecting small shifts in the chemical potential

across a junction.

As a compromise, one can instead use ac-coupling and a low input bias current instrumentation
ampli er such as the INA110 to measure the differential voltage change across a junction in re-
sponse to a voltage bias elsewhere in the device. This is a slightly unusual arrangement, as what
one measures is thelVg =d\,, i.e. a differentiabain/attenuation Assuming that tha¢\g for an

NIS junction does properly equilibrate t@, , this can also be though of as a differential measure-
ment of the ef ciency of non-equilibrium quasiparticle charge-generation. As we will see later,
such measurements are sensitive to currently unexplained voltage contributions which break the

expected symmetries of charge imbalance.
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Figure 3.7: R(T) for a 40nm Nb Im on a a-AJO; substrate, normalized to the normal state
resistanc®N measured at various externally applied perpendicular elds obtained at a temperature
sweep rate of 5K/hr, demonstrating 20 mK of thermal hysteresis. Red/blue curves indicate data
taken during warming/cooling. Figure reproduced from RE5.7.

3.2.3 Feedback Controlled Measurements

In the studies described later in 84.1, we employ a feedback based resistance measurement which
we will explain in detail here. When qualifying the resistive superconducting transition of a ma-
terial, it is typical to measurB(T) using a very slow sweep abot to capture the shape/width

of the transition, as this informs on the quality of the material. To do this, the power to the sample
heater of the fridge or probe must be ramped slowly such that the sample temperature changes at an
approximately constant rate. As our probes are typically designed with a weak thermal link to 4K,
there is a considerable time constant associated with this measurement. Fig. 3.7 shows examples
of a superconducting transition measured on a 40 nm thick Im on an,@y/Aubstrate ramping

both up and down in temperature at various magnetic elds at a rate of just 5 K/hr, there remains a
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Figure 3.8: Left: Measure andT, for a 40 nm Nb Im on (001) Si over two full traces over the
eld range presented in Fig. 3 of the main text. Right: RAw H data for the same 40 nm Nb
Im. Figure reproduced from the supplementary material of RE5.1.

thermal hysteresis similar in size to the transition width.

Instead, it often is better to perform the measurement at xed resistance, using feedback. Using an
Adler-Jackson ac resistance bridd®&§ and lock-in ampli er techniques one can produce an ana-

log signal suitable for a PID controller. This is possible as in a bridge con guration, one measures
the deviation from a known resistance value, which can run positive or negative to serve as the
error signal R. Totrackthel, H, phase boundary, one simply sets the bridge resistance to the
midpoint of the resistance transition, and sweeps the eld under feedback. This is demonstrated
in Fig. 3.8, where the resistance of the sample is maintained to within 1% of better of the normal
state resistance of that device over a range af:4 K. Although some hysteresis occurs in the

raw measurement whetT.=dt reverses direction, this data can be excluded by recording the error
signal R alongside the temperature. Ignoring thig,can be stabilized to within a femK at

temperatures arourid K, of relevance for the study of Nb.

With an appropriately sensitive and eld-independent thermometer, such feedback allows one to
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track very small changes such as those due to the Little-Parks efftfe}tdr hysteretic transitions

in magnetic superconductor&d(. Biasing to other points along thR(T) curve, such as the

top or bottom of the transition can then also reveal transition width broadening due to an applied
magnetic eld [L6]1], and the method can be extended readily to other types of bias, such as recent
measurements performed in out group by Max Wisne to track the critical current of multi-terminal
devices. In the work presented in 4, an analog PID controller with a long, xed integration time
was used for feedback, however a digital Arduino based version continues to be developed by Prof.
Chandrasekhar based on precision ADC/DAC chips we have attempted to implement, which might

be preferable for improving the exibility of the technique.

In Ch. 4, we will further interpret these measurements in terms of an effective zero temperature

coherence length, de ned as: s

afe o .
0 dH2T o

(3.2)

This form follows from the expressions described earlier in 82.3.1, and can be calculated via nu-
meric differentiation of the phase boundary. This has done in the following studies via a second
order Savitzky-Golay Iter, which makes use of a boxcar averaging window to smooth the data
somewhat, and is a highly useful visualization for cases where subtle curvature or transitions of
the phase boundary are present. It is however also important that the thermometer used for the
measurement is read via a smooth calibration, as even small jumps which occur as the result of
linear interpolation can cause kinks in the phase boundary which are observable as acute jumps in
the effective coherence length, occurring wiig(H ) passes between interpolation points. Ideally,

the resistance of the thermometer should be t to a polynomial function with a large number of
terms, such that interpolation errors are avoided. For the studies presented here, this was done via

careful recalibration of our RuOx resistance thermometers to a known good thermometer.
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CHAPTER 4

NIOBIUM FILMS FOR SUPERCONDUCTIVITY DEVICES

4.1 Superconducting Phase Boundary Studies of Niobium Films used in Qubits

In this section, we consider a number of transport experiments taken during the investigation of
differently prepared Nb Ims, which reveal the considerable differences that arise due to deposi-
tion conditions and substrate selection. As Nb Ims are typically sputtered, these samples were
sourced from various labs within the SQMS collaboration. Primarily, we have examined Ims

from Rigetti Computing prepared via High Power Impulse Magnetron Sputtering (HiPIMS) both

with and without post annealing, as well as a set of samples produced at NIST by dc sputtering
and some which have been grown at Northwestern University via pulsed laser deposition. An
additional experimental survey was performed in collaboration with Carlos Torres of the Hersam
group at Northwestern University, in which samples were fabricated from differently grown NIST

sourced Nb Ims and wirebonded for measurements at the Northwestern Physical Property Mea-

surement System (PPMS) facility. These are included for completeness.

These Nb Ims were processed into variously sized Hall bars, using the photolithography tech-
nigues explained in 83.1.2, and measured via our labs 1K probe inserted into a He dewar with
a 3T superconducting magnet oriented perpendicular to the sample plane. The accuracy of the
thermometer was veri ed both by calibration against a known good thermometer, and by measure-
ments of a 99.99% pure Nb wire. For resistance measurements, ac-excitatioh8@hA were

used at frequencies 200 Hz and the lock-in set appropriate to minimize phase de ection through
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the resistance transition of the samples.

4.1.1 Results on HiIiPIMS Nb Films

Substrate d [nm] Te [K] T.[mMK] RRR

Si (001) 155 9.054 5 491
Si (001) 40 8.720 8 3.96
H:Si (111) 155 8.906 42 3.88
H:Si (111) 40 8.189 15 2.86
a-Al,O3 40 8.789 11 5.23
c-Al,O3 40 8.672 12 3.29

UHV a-Al,05 40 7.010 39 2.59

Table 4.1: Zero eld transition properties of HIPIMS deposited Ims presented in this work. Values
are reported under feedbaakis the Im thickness of the Im;T.0is de ned to be the temperature
whereR = 50%RN at zero eld; T, corresponds to the difference in temperature between the
points withR = 95%RN andR = 5%RN ; and RRR is the ratio of the resistance at 300K and 10K.
YValues reported along tH&10] direction, see Fig. 4.5. Table modi ed from ReLH7] to include

H:Si (111) data.

First we will focus on the results for Nb Ims grown by Rigetti computing for SQMS, most of
which are reported in our manuscript in Ref5[]. Table 4.1 summarizes details of the transitions

of the Ims included in that study, whose purpose was to explore the relationships between Im
preparation, substrate selection, and superconducting properties for Ims made using otherwise

conventional preparation techniques optimized for high coherence time qubits.

4.1.1.1 HiPIMS Nbon Si

In the case of Si substrates, Nb Ims were prepared both on intrinsically doped (001) oriented Si
and hydrogen-passivated (111) oriented Si (hereby labeled "H:Si (111)"), the latter of which were
not included in Ref. 157 but will be considered here. While (001) oriented Si is commonly used

in fabrication of qubits due to its compatibility with semiconductor technology, the H:Si (111)
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Figure 4.1:H T Phase boundaries of Nb on Si Ims demonstrating bigtkuppression and mod-

i ed positive curvature of the phase boundary. The left panel corresponds to HiPIMS deposited
Nb on untreated (001) oriented Si substrates, and the right panel corresponds to HiPIMS deposited
Nb on Hydrogen passivated 111 oriented Si substrates (denoted H:Si (111)). Figure partially re-
produced from Ref.]57] for the Nb/(001) data only.

treated silicon substrates were considered as a means of producing atomically at Si substrates

onto which it was hoped Nb could be grown epitaxially.

In Fig. 4.1, differences in the phase boundary due to Im thickness are shown for both the 155
and40nmNb Ims grown on both of the Si substrate types. The positive curvature seen in the
phase boundaries of these devices, which is most evident #0then Nb on Si (001) trace, was
unexpected via GL theory which predicts a linear suppressioh, aiear zero eld, but as will

be seen in subsequent results, turns out to be common feature for as-deposited Nb Ims. The
overall magnitude of o is suppressed by both Im thickness an in correspondence with reduction
of RRR, as expected from similar reports related to the dimensional crossover of the properties of
ultrathin Nb Ims [162]. As a result, Ims grown on H:Si (111) substrates exhibit a much larger
thickness dependent suppressionmebf 717 mK, along with an overall suppressionTflikely

due to different conditions during the deposition which produced excessive contamination of these
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Figure 4.2: Left:T.(H) normalized byT.(0) for four differently prepared Nb Ims on Si substrates.

The magnitude of the slope is proportional f allowing a visual identi cation of the variation

in coherence lengths of the Ims. Right: Numerically extracted coherence lengths as a function
of eld. Note that the variation in noise is largely relevant to the quality of the PID control used

for each run, which is sensitive to gain and other experimental parameters, and only appears under
numerical differentiation but cannot be seen in the primary dataset. The Nb (001) data also appears
in the supplementary material of Re1q7].

Ims. Conversely, a much smaller curvature is seen in the phase boundary of the H:Si (111) Ims

than in Si (001) grown Ims.

To isolate individual changes ofandT,, both a normalized plotting of the phase boundary of these
four samples, as well as a numerically calculated values of the coherence length of the Ims as a
function of eld, are shown in Fig. 4.2. For both representations, there is a clear correspondence
in slope between the 40nm (001) Im and the 40nm H:Si (111) Im in the regime above 2.5kG.
Interestingly the suppression(H = 0) and of do not directly track with one another, with
being generally larger in the 40 nm (001) grown Ims than in the 155nm H:SI (111) Ims. Itis

also noteworthy that the reduction infor the H:Si (111) Ims is of a similar overall magnitude

to that of the (001) grown Ims, despite having substantially lowgwalues. Interpreting these

results in the context of disorder is also dif cult, as the magnitude (@@ of T.) and the positive
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curvature of these measurements do not track well with RRR, nor does RRR track well with the
transition width T.. In fact, we see that RRR in particular is a poor method for sorting Nb Ims
prepared by these methods. This leads naturally to the suspicion that the bulk transport properties
of the Im in the normal state are dictated by resistance at the grain boundaries which do not play

into determining the superconducting properties within Nb grains.

4.1.1.2 HiPIMS Nb on Sapphire

To understand the role of grain structure and epitaxy bet@nm thick Ims of Nb were also

grown via HiPIMS on both a-plane sapphire (denotegd3) with (110) crystal orientation; and

c-plane AbO; with (006) orientation. These substrates have become the preferred choice for high

guality resonators and qubits due to their low dielectric los$68| [and ability to form epitaxial

Ims with Nb [ 164]. In addition, separate 40 nm thick Ims deposited on g\ substrates were

ultra-high vacuum (UHV) post-annealed at Northwestern. This UHV annealed was performed at
2 10 ¥ Torr and1000 C for 30 minutes, and the resulting grain structures studied via Atomic

Force Microscopy (AFM) by Carlos Torres as shown in Fig. 4.3.

Both the as-deposited and annealed samples show signi cant grain structure under AFM, with
a pronounced enhancement in the grain size being seen under UVH annealing, especially for a-
Al,Os. This was initially hoped to yield epitaxial Nb with bulk-type properties. In a similar vein,
X-ray characterization performed by Carlos Torres and Dr. Dominic Goronzy on Ims prepared
from this batch showed a strong enhancement of Im-substrate epitaxy and greatly reduced lat-
tice expansion and Im roughnes$j7]. These structural characterizations were thus all consis-
tent with the production of highly crystalline Nb Ims with columnar grains extending vertically

throughout the material from substrate to surface.
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Figure 4.3: AFM micrographs of as deposited and UHV annealed 40nm Nb Ims on a- and c-
Al, O3 substrates. All scale bars are 500 nm. Figure reproduced fromI8&f, vith data courtesy
of Carlos Torres.

Despite these positive indications, the as-depogifaaim Ims were found to be extremely similar

to the corresponding Rigetti standard Si (001) grown Im in terms of RRRand T, with Nb

on c-AlL,O; being slightlyworseon all accounts. The effective coherence length in #BAls
demonstrably higher than on c-&), while the transition width broadening is considerably larger.
The combination of these ndings seems to suggest a difference in structural uniformity between
the two, with a-A}O; grown Ims being generally cleaner (and hence, a largaand lower RRR)

but with poorer uniformity such that the transition broadens under an applied eld.

The annealing process performed on aAlin this work unfortunately led to a precipitous drop in

T, and a large increase in the transition width, similar to what was seen on H:Si (111). Conversely,
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Figure 4.4: Top Left/Right: Temperature measured at xed resistance val&8s 60% and95%

of the normal state resistance for as deposited 40 nm Nb Ims on@-And c-ALO; substrates.
Bottom Left/Right: Numerically extracted effective coherence lengths and their equivalent slopes
jdT.=dHj for both devices calculated from tB®YRN data. Figure reproduced from Re1q7]

and its supplementary material.

the increase in the uniformity and the removal of grain boundaries in that sample seems to have
been associated with more GL type behavior, as analyzed in Fig. 4.5. The most likely explanation
for this is the dissolution of the Nb native surface oxide into the recrystallized bulk of the Im,
rather than it being baked off into the UHV environment during annealing. Contamination of Nb
with dissolved O is a well known issue, leading to increased type-Il behavior and rediyaed

bulk samples165 166. The relaxation of the Ims could also indicate a high density of crystalline
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Figure 4.5: Raw (Top Left) and normalized (Top Right) H phase boundaries for UHV annealed
40 nm thick Nb Ims on a-A}O; substrates. Bottom: Numerically extracted effective coherence
lengths and their equivalent sloped.=dHj for all directions measured. Figure reproduced from
Ref. [157] and its supplementary material.

dislocations, which are also thought to impact the superconducting properties d6Rb [

As the annealed Im was known to be largely epitaxial at the time of fabrication, we patterned it
into a series of Hall-bars with well speci ed angles with respect to the crystalline axes. This was
done using the same photolithography method as before, but with the mask carefully aligned to a
known crystal orientation determined by XRD before fabrication. In this study, the only variation

found was a small but systematic chang& inwhich when accounted for yielded nearly identical
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values of  for all orientations. As we will see later, this approach of subdividing a sputtered
Im into well oriented Hall bars tends to reveal similar macroscopic variations in even very clean
samples, although the exact source is unknown. Based on this nding, we were able to propose that
the curvature of the GL phase boundary itself is related to variations in properties of the grains of
the Im, while T, and the magnitude of, are most strongly impacted by diffuse impurities (such

as O) or dislocations. In this moddl,(H) as determined by our method traces out a continuously
changing distribution of superconducting grains. These will varysimand thus have different
behaviors with respect td leading to a general curvature of the phase boundary unless the Imis

highly uniform over the size of the device (regardless of its average cleanliness).

4.1.2 Results on DC Sputtered Nb Films on Si

In addition to the prior results studied on Rigetti deposited HiPIMS grown Ims, a padOafm

thick dc-sputtered samples were prepared by labs at NIST for analysis by various groups at North-
western. These Ims were grown on both 001 and H:Si (111) Si substrates at ambient temper-
atures. As dc-sputtering typically yields slower deposition rates and deposits material at lower
ionization energies, it was thought this approach might better prevent the formation @6a Nb
inter-metallic layer within the Ims. In Fig. 4.6 we present both the phase boundaries and extracted
coherence lengths for these samples using the same procedures outlined for the HIPIMS devices
and comparable sample geometry. For dc-sputtered Ims, we observe the highakies of any

40 nmthick Nb Ims tested 0f8:904 K and8:858 K for H:Si (111) and Si (001) substrates respec-
tively. There continues to be a general correspondence befWwemmd o between the samples,
however ( here is not signi cantly greater than is seen in lowlgr Ims prepared by HiPIMS,

suggesting this may be dimensionally limited for thinner Ims.

Similarly to the 001-Si grown Im via HiIPIMS, a distinct kink can be seen at low elds in the dc-
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Figure 4.6: Left: Phase boundaries and extracted coherence lengths for dc-spt@tenetib

Ims on Si (001) and H:Si (111) substrates. Right: Extended phase boundary measurement of the
H substrate to include data up10 kOe showing high eld linear behavior of the phase boundary.
The inset panel shows a residual of a linear t to the high eld slope of the data.

sputtered Im grown on Si (001), where the effective value @tirops rst nearl:5 kOeand then
slowly follows a more ordinary downward trend to higher elds. Meanwhile in the H:Si (111) Si
Im, both the slope overall curvature of the phase boundary are very similar to the HIPIMS grown
sample on a-Al0;, putting this sample among the highest quality Ims grown in this study. Given
this, we attempted a further high- eld measurement up to the limit of our magnet supihkaie

to see ifT, could be traced down to its limit nebr,(T = 0), as is shown in the right panel of Fig.

4.6. Here, we nd instead that the phase boundary is almost perfectly linear up to the limits of our

measurement equipment.

Given these correspondences, especially the kinked behavior for the 001 device, it may be pos-
sible that the Si to Nb interface is contributing signi cantly to the transport at low elds, via a
Nb,Si;_, layer. On Si (001) grown devices this interface can be as thidkras [12], and thus

may represent a large volume of th@ nm Im. Such inter-metallic layers are also seen on 111

grown Nb Ims [168], but were found to be only 2-nm thick. In both cases, gradients in the
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concentration of of Si across the interface are reported, with stoichiometric ranging from as low
as NbSj to as high as N§&i. As Nb rich NRSi,_, alloys are known to have transition temper-
atures as high a7 K [169 (with some speculation that it could be as high as 25K under ideal
conditions for the A15 stoichiometry N8i [17Q) it may be possible that some of this effect is
caused by the presence of a parallel highesuperconducting layer at the interface. Near the
bulk Nb T, this layer might dominate the transport until a critical eld range is reached, at which
point theT. of the alloy will drop below that of the bulk Im and the resulting phase boundary
switches from a low eld to a high eld trend. This reasoning is an extension to, rather than an
alternative for, the contribution previously discussed in terms of granular disorder which is seen
even in Ims on ALO; where such an inter-metallic region will not be present. Moreover, there
may also be gradients in the impurity concentration (as is indeed thought to be the case, especially
for O and H species which are commonly observed in the bulk of Nb superconducting Ims and
devices 12]) which contribute similarly to the effect in small ways. In general the positive curva-
ture of the phase boundary for a superconducting Im may in fact be a universal property of clean

but inhomogeneous polycrystalline superconducting Ims near zero eld.

4.1.3 Results on PLD Grown Films on AJO4

Substrate Nb Orientation d [nm]T [K] T.[mK] R(T=10K)[ ] RRR
a-Al,O, [110] 154 6.624 144 1.25 2.02
a-Al,O3 [001] 154 6.637 112 1.45 1.85

Table 4.2: Description and bulk transport properties of two studied directions for PLD grown Nb
Ims.

In addition to sputtered Ims, several attempts were made to grow and measure Nb Ims grown via
PLD by the Bedzyk group at Northwestern. This process is less well controlled than sputtering, but

due to the elevated substrate temperatures it was hoped to be possible to obtain epitaxial Nb Ims



117

50

— [10q‘
— [T10]

40t

30

R(-)

20 |

10|

i i I
6.4 6.5 6.6 6.7 6.8 6.9

T(K)

Figure 4.7 Left: Epitaxial relations for the studied low roughness PLD grown Nb on@s;Al
Diagram courtesy of Dr. K.V.L.V Narayanachari. RigiR(T) traces for both studied directions
along the Nb Im.

via this method. However, after several rounds of experiment, the Ims studied via low temperature
transport were consistently disordered, presumably by accidental oxygen incorporation during the
high temperature growth. This may have been due to re-deposition of the surface oxides of the
Nb target used for deposition, or another oxygen source within the growth chamber. Several of
the early Ims tested were only loosely metallic, with at least one having a RRR and no
superconductivity observed 4tK. For comparison with the prior results, we will consider only

the lowest overall surface roughness sample which was measured in this set of experiments, which
was an oriented epitaxial Im on a-AD;. The basic transport properties of these Ims are reported

in Tab. 4.2, and the epitaxial relations are detailed in Fig. 4.7.

Several features are immediately evident from these properties. First, along the perpendicular
directions of the Im, there is 16% higher resistivity along100] but the transition is sharper

and theT, values are comparable. The degreélgbuppression and low RRR corresponds to a
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Figure 4.8: LefttH T phase boundary diagram for a PLD grown epitaxial Nb Im along the
principle crystallographic directions. Right: Corresponding effective coherence lengths extracted
from the phase boundary.

very high oxygen content, on the order2&t% [142. The transitions in both Hall bars are also

considerably broader than any other Ims studied, indicating strong disorder.

Under an applied eld, the two devices behave remarkably similarly given the difference in resis-
tivity between them. Fig. 4.8 shows the results of a feedback controlled phase boundary measure-
ment. Surprisingly, there is a small region of positive curvature at very low elds, followed by

a pronouncechegativecurvature for both devices which has not been seen in any other samples.
Given the signi cant degree of oxygen induced disorder, it may be that these Ims are subject
to considerable magnetic impurities which have been observed in the native surface oxides of
Nb [171]]. A possible explanation for the difference in resistivity between these orientations could
be elongation of the grain boundaries along steps in the substrate due to the crystal miss-cut. A
similarly prepared sample was measured via AFM before and after PLD of Nb is shown in Fig.
4.9 and showed such grain boundary alignment, along with a very large average grain size. Along

the [10Q direction, there will be a greater participation of grain boundaries to the resistance in the
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Figure 4.9: AFM Mapping of a PLD grown Nb Im on a-AD; and its underlying substrate. Figure
courtesy of Dr. K.V.L.V Narayanachari.

normal state due to this structural anisotropy. This may not appear as an anisotropy in the supercon-
ductivity, as the bulk oxygen impurities are more isotropic and dominaté tlseppression, and
thus demonstrates that changes in RRR measured via transport in some cases do not meaningfully

translate to changes in the behavior of the superconductivity.

4.2 PPMS Studies of High Temperature Nb Films Grown on AJO;

Based on the result of our phase boundary measurements and other structural characterizations,
additional90 nmthick samples samples grown on a8} substrates by DC sputtering at NIST at
room/ambient temperature (abbreviated "RT") or at a high temperat6@0dt (abbreviated "HT").

The as received wafers were cleaved and annealed to various temperatures by Carlos Torres in an
ultra high vacuum chamber at Northwestern to re-crystallize the Ims and enhance the existing
Im-substrate epitaxy. Subsequently, the samples were patterned into angled Hall bar arrays as

was done for the annealed HiPIMS grown sample examined in 84.1.1.2 using photolithography and
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Figure 4.10: XRD measurements of HT and RT Nb samples on@sAlmples subject to various
post-annealing conditions in UHV. Annealing of the Ims was seen to relax the position of the Nb
(110) peak to its bulk value in both the HT and RT Ims, and improved strength of the fringes seen
in the diffraction patterns. Figure courtesy of Dr. Dominic Goronzy.

Ar milling. Rather than perform a full phase boundary analysis for this large volume of samples,
several of the treated samples were selected and wirebonded for measurements in the PPMS system
via their automatic dc-transport. This included the as received RT and HT Ims, as well as HT
deposited Ims which were annealed either for a long time at a lower tempera&0@e for 12

hours) or a shorter time at a higher temperat@@0Q C for 0.5 hours).

Fig. 4.10 shows XRD measurements for the full set of Ims before patterning into Hall bars. The
relaxation of the Nb (110) peak seen under all annealing processes was thought to be an indication
of relaxed compressive strain in the Ims and improved Im-substrate epitaxy. This was hoped to
have a positive impact on the superconducting properties, however the issue of thaadiv®

oxide layer remained a concern. In principle, the surface oxide during annealing can either release
into the chamber or become dissolved into the bulk of the Nb which will suppress superconductiv-

ity rapidly. Similarly, Im relaxation could indicate the formation of additional dislocations within
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Figure 4.11: Left: Resistivity as a function of temperature measured for all devices. The color
mapping for each traces corresponds to the sample type and angleth respect to the measured

Nb [110] direction on the surface of the sample. Right: Resistance ratio between room temperature
and the measured valueHl K, obtained from the data in the left panel.

the Nb itself which will also impact the transport propeties of the samples.

We rst considered the effect of annealing and deposition temperature on the metallic quality of
the Ims. Fig 4.11 shows the measured resistivity as a function of temperature for all directions
along the 4 samples abovg. Overall, the HT deposited sample in its pristine state is of the
highest quality, with the RT deposited and annealed Ims having substantially higher resistance
values at all temperatures. This discrepancy is enhanced by the large RRR (which we again take as
the resistance ratio between room temperaturel@ri€) seen only in the pristine high temperature
deposited Im, which takes values of between 40 and 60. No clear systematic dependence is seen
in these resistivity or RRR values as a function of angle, which suggests that the Ims themselves

contain sample speci ¢ disorder unrelated to the epitaxy of the Im.

Superconducting transition temperatures were then determined via slower measurements of the
resistance aboui; for all measured devices. These results are shown in Fig. 4.12. Between the

pristine Ims, a relatively minor difference in th&; values can be seen, while annealing causes
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substantial degradation. Here it becomes clear thal@®® C for 0:5h annealing condition is
actually less detrimental t®. than the longeB00 C for 12 h condition despite having a much

larger structural impact as seen by XRD. Conversely the transitions in the pristine samples are
considerably broader than those in the annealed samples, with almost all pristine measurements
showing a pronounced tail at the bottom of the transition. Additionally, if we consider the overall
scatter of the transitions measured for each treatment, we see that the HT 1000C annealing process
gives very inconsistent values fdg while for the HT 800C process thE. values are tightly

centered.

Finally, the samples were measured under an applied perpendiculaHgltb obtainH, for

each sample &2 K, as shown in Fig. 4.13. This is, in principle, related to the slope of the phase
boundary, but in taking the value at only a single point and at nite temperature one would not
be able to cleanly ascertain a measurement §and so this comparison will be avoided. For
these measurements, no eld was applied during cooling, and then the eld was swept slowly up
to 30 kOeat xed temperature. Again, the HT pristine treatment produces the lowest critical eld
value, corresponding to a cleaner Im with a larger coherence length. The RT pristine Im has
both the broadest transitions and largest value, characteristic of a considerable suppression
in the coherence length for this material compared to the HT Im. The differences between the
in eld transitions for the annealed Ims are relatively minor, although a considerable “foot” is
present in both which is not seen in the pristine HT Im. Finally, one can clearly observe a degree
of magnetoresistance is present in most of the data, especially in the HT Pristine sample where an

unsaturated linear magnetoresistance is seen for in the normal stat8ukQe

Taking these ndings into consideration, it is possible to draw several addition conclusions about

the various defects at play in sputtered Nb Ims on g from those made in 84.1.1.2. Firstly,
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Figure 4.12: Top: Resistivity as a function of temperature about the superconducting transition.
Bottom: T, values determined from the midpoint of the transition wHere 50%RN . The error-

bars additionally indicate the top and bottom of the transition according to the temperatures of
whereR = 95%RN andR = 5%RN respectively.

there is a clear and direct benet to high temperatdepositionconditions during sputtering,
which cannot be replicated after the fact. Initially, we can determine from XRD that the HT

pristine Im is considerably more crystalline than its RT counterpart, which is substantially more
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Figure 4.13: Resistivity as a function of eld through the superconducting transition, measured at
4:2 K after zero eld cooling. Values ofl ., are taken to be the value where the resistivity reached
half of the normal state resistance3fitkOg averaged over the entire data set for each sample
condition and are thus approximate.

amorphous. This translates into an enhanced RRR, the highest observed in any Ims we have
studied for this work, as well as very high values consistent with bulk Nb with an oxygen
content of less than 0.13%442. Even then, the broadness of the transitions foundR (i)
indicates some inhomogeneity throughout the device, possibly in the cross section of the Im due
to gradiation in the oxygen content or crystalline quality of the Im, based on its general uniformity
across the wafer. Room temperature deposition yields similar valugés, flout considerably worst
metallic behavior in the normal state at room temperature, and a large variation in the behavior
under applied magnetic elds. One possibility would be that room temperature deposition yields
roughly the same oxygen doping as high temperature deposition, but with substantially reduced
grain sizes or an amorphous character. This is borne out by a broadened peak under XRD, high
despite a low RRR, and a large critical eld which could be the result of dimensional limiting of

the coherence length of the Im by grain boundaries.
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Secondly, the role of annealing even in UHV is two fold: annealing drives the surface oxide into
the bulk and causes the formation of additional defects via relaxation of the Im. This can be
seen most clearly from thE, suppression and increase in resistivity for both samples as these are
broadly consistent with an oxygen concentration of about 22&][ The Hall bars annealed at

800 C for 12 hare demonstrably more uniform in their transport properties within the plane than
any other set of samples, and show the sharpest fringes under XRD. This tells us that the Ims
started from a high purity, inhomogeneous source, and during annealing become heavily doped by

incorporation of oxygen into the bulk while relaxing into a highly uniform crystalline state.

We can also note that there is a considerable disparity between qualitative assesments of the room
temperature resistivity or structural characterizations made by techniques such as XRD and the
eventual superconductivity of the Nb Im. R00 K the resistivity of all samples studied lie within
afactor of 2, and the XRD patterns for the annealed Ims seem to indicate lesser structural disorder
than in the pristine Ims. Nevertheless, the are considerable differences between the four datasets
when measuring their transport behaviorlde experimental temperatures with or without the
application of a large magnetic eld. Even at these temperatures, a single measurement is not well
correlated with all superconducting phenomena. For instanc@, tbiethe Ims do not track well

with H, between the two pristine samples, nor with the RRR, indicating that multiple mechanisms
are impacting the thermodynamics of the superconducting phase boundary in this case. This may
also explain why there are no clear trends with regard to the orientation of the Hall bars with respect
to the Nb lattice. As such, material characterization or straightfor®4id) measurements alone

are not a quality substitute for a wider study of the superconducting phenomenology when making

assessments about the preparation and treatment of Nb Ims.

As a last point, we may note that even for the pristine HT deposition, there is considerable evidence
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in these results to indicate that DC sputtering yields an inhomogeneous Im, even when the overall
quality of the material is quite good. The transition temperatures seen in those samples approach
what has been observed for bulk Nb samples in the low O concentration 1i#dt howeverH .,

in extremely high purity bulk Nb crystals (where RRR can exceed 2000) has been reported to be
less tharB kOe[165. Based on this, we can conclude rmly that even under the highest quality
conditions available at the moment, Nb Ims produced by DC sputtering are far from optimal

superconductors.
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CHAPTER 5

QUASIPARTICLE TRANSPORT STUDIES

As discussed, in state of the art qubits, control lines and capacitors are most commonly fabricated
from Nb while their Josephson junctions consist of oxidized Al added via a secondary lithographic
step. To return to the topic of quasiparticles in quantum devices, in this chapter we consider exper-

iments on non-equilibrium quasiparticles in Al, rather than Nb, for the following reasons.

The rstis simply that the form of the argument outlined in §2.1.2 is for interactions between the
guasiparticles and the qubit due to tunneling across the Josephson element only, which occurs only
over a short range about the tunnel barrier. As such, components of the qubit which are far from
the junction contribute only indirectly via the generation rate for non-equilibrium quasiparticles
which might diffuse towards the junction, and are less immediately impactful. In fact, it has been
seen that the size of the gap in the outer regions of the device does not contribute greatly to deco-
herence when considering pair breaking of high energy phoriof$ \vhich could be generated

due to impacts with cosmic ray8%]. Similarly, its been seen that essentially all quasiparticle
based decoherence due to direct absorption of photons occurs in the Al leads contacting the junc-
tion itself, which act like antennad73. This latter observation agrees with the expectation that
guasiparticles in the “macroscopic” parts of the qubit should be shielded from their environment
by screening, and that all electromagnetic elds are at their strongest immediately across the tun-
nel junction itself where the dimensions are much smaller. Finally, as the gap in Al is an order
of magnitude smaller than Nb, the thermal quasiparticle population will be highest there also, and

their lifetimes should be longer.
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The second matter is merely technical, as we will be using NIS junctions to generate non-equilibrium
guasiparticles and thus require a robust oxide layer to serve as the tunnel barrier. Attempts to fabri-
cate devices of the type explored in this chapter with Nb (rather than Al) consistently yielded ohmic
contacts. This would proximitize the Nb sample volume by allowing quasiparticles to “leak” out
into the normal leads, limiting the lifetime of the non-equilibrium states. As the native oxide of
Al is self limiting and highly insulating, Al is the de-facto material for generating high quality
NIS junctions (to the extent it is can also be used as the normal metal side of the NIS junction
for experiments performed at > 2 K). To complete these junctions, we use thick Cu electrodes

as the normal metal. This choice is fairly standard, as it is a nonmagnetic metal which does not
superconduct at any temperature, and does not form undesired intermetallic compounds with Al

(as is now well known for At-Au interfaces which our group is well familiar with).

5.1 Observations of Quasiparticles via Charge Imbalance

To proceed into our ndings, we will rst take the case of charge imbalance and its modi cation in
the presence of a source of inelastic scattering via a disordered normal metal. This forms the basis
for our results in Ref.151], where charge imbalance is primarily considered as it gives a more
guantitative means of understanding quasiparticle relaxatiorKatemperatures. We then expand
beyond the published ndings associated with this work, to explore the chemical potential model
for quasiparticle charge imbalance. In the following sections, we will then supplement this discus-
sion with qualitative ndings on the energy imbalance in those and similar devices, and consider
experiments on similar, but miniaturized, NIS devices which can be operated in high magnetic
elds. There, we will focus broadly on non-equilibrium energy mode imbalance; previously un-
reported non-local transport features; and the impact of applied in plane magnetic elds and large

supercurrent biases.
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Device Metal Angle d(nm) P (Torr) Rate A=s)
Control Al 0 20.1 40 10° 1.1
Cu 35 80.2 60 10° 3.0
Ti 35 50 28 10° 0.5
Bilayer Cu 10 30 1.0 10° 1.2
Al 0 200 69 10° 1.05
Cu 35 80.1 1.0 10° 3.0
Ti 35 50 40 10° 0.8

Table 5.1: Deposition conditions during device fabrication for control and proximity effect bi-
layer devicesd is the thickness determined during deposition, Bnid the recorded peak pres-
sure during evaporation. A dynamic oxidation was performed subsequent to the rst Al layer at

100 mTorr for 15 minutes, and all devices were fabricated in the "JoeTek' chamber. Table re-
produced from the supplementary material of R&g]].

5.1.1 Enhancement of Quasiparticle Relaxation in Cu/Al Bilayers

In our rst devices for Ref. 157, arrays of NIS junctions were de ned using the PMGI/PMMA
methods described in 83.1.3.2, onto either a pure Al or proximity effect Cu/Al bilayer wire. Some
details of the fabrication are presented in Tab. 5.1, which also describes the general process notes

for the fabrication of most devices in this chapter.

In this study, we aimed to consider the transport dynamics of quasiparticles in the presence of a
proximity coupled normal metal. This has been an experimental topic of interest, partly due to
recent works on the encapsulation of superconductors and qubits with noble metals which prevents
potentially unwanted oxide growtli74, 175 176. In a similar vein, the proximity effect has also

been considered for so-called quasiparticle "traps', where suppression of the superconducting gap
due to the proximity effect07] can cause quasiparticles to relax in energy below the gap within
the rest of the devicel[r7, 15, 178. The design and performance of such traps requires a very
careful understanding of the quasiparticle dynamig®[ 180, 181, 182, however at the moment

relatively little is known experimentally about the direct impact of proximity to a normal metal on
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the diffusion and relaxation of quasiparticles, which leads naturally to our study.

As discussed in 82.2.4, injection of electrons from a normal metal leads to both energy and charge
mode non-equilibrium in a superconductor. This has served as the experimental basis for many
tests of the BCS model over the last 50 years, where NIS (and/or SIS) junctions have been used
to study non-equilibrium superconductivity. The basic premise for most experiments of this type
is to use multiple junctions to inject and detect non-equilibrium quasiparticles and their impact of
the superconducting gap, which can be either enhar®28af{ suppressedlB3 from its equilib-

rium value. In older works, such measurements were madeTpeamere the lifetimes of these
excitations diverge per Eq. 2.84 and Eq. 2.83. At temperatures far Gglbath o and  will

be reduced, just as the density of thermal quasiparticles is reduced in this limit, requiring much

higher sensitivity and careful consideration of the experimental design.

Due to the short lifetimes of the quasiparticle excitation modes at mK temperatures, the corre-
sponding transport length-scales are also much shorter than those studied in many of the older
experiments, requiring nano-lithography to access. For instance, the charge imbalance mode life-
time can be associated with a length scale for relaxation of the chemical potential which we will
call the charge imbalance length and dengje. This is a property of the (renormalized) diffusion

of charged quasiparticles, such that

é:D(k)Q :pijilj_] > DNQ: (51)

The rst measurements ofy in superconducting wires at mK temperatures NIS junctions were
performed by Hibler et al. in 2010, which found charge imbalance lengths on the orde4 pip-
in Al [184). In this work, the authors constructed a useful model for the conductance between

two junctions due to quasiparticle charge imbalance alone which we have adopted in our study of
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Figure 5.1: Left: Schematic of the non-local injector/detector scheme, using two TIA circuits
as described in 83.2.2.1 to measure the nonlocal charge imbalance signal. During injection at
junctionA, both a nite o and elevated effective temperature are generated throughout the
superconducting wire via the diffusion of quasiparticles in both directions away from the injector.
This relaxes and the resulting supercurrent is drained out to a ground on the side of the device
opposite the detector junctidd. The SEM micrograph used corresponds to the bilayer device,
where one can see a slight extension of the Cu layer on the top of the wire, which is nessecary to
prevent shorting of the injector leads into the Cu of the bilayer. Right: Overview SEM micrograph
of the spacing between six junctions arranged along a single Al wire. Each junction here has two
leads used for diagnostics measurements only. Figure modi ed from Fef. |

proximity effect bilayers. More recently, other works have explored this approach for injection of
spin-polarized quasiparticles and various other non-equilibrium transport eff&8s186, 187,

188, 189.

Returning to our experiment, six NIS junctions were staggered with separations b&uaemd
6um along a total length o2Oum on either a20 nm Al control device, or &0 nnm/3 nm Al/Cu
bilayer, as shown in Fig. 5.1. The dimensions of the separately fabricated devices were matched
as closely as possible so that they could be directly compared. These samples were wire-bonded

via the standard process and measured in an Oxford MX-100 dilution refrigerator down to a base



1.0

0.8 0.8

A Control R/RN

-0.6
z

06l v Bilayer R/RN

z

G/G" (arb)
=
[6;]

I
I
o N i A
& + Control G/G *‘ &
R ! L ) N i
e ——— . i Iy ===, 04r  «=  Bilayer GIG }i i 04
o 1 I
v Control Device i ---- BCS G/G" ;ﬁ_ i <
05 4 Bilayer Device !-\ . 0.2f i AT [
—-—- Dynes Model \ \ T Aj
0.0k 1 1 1 .. oy I I I - o0 1 - 7 A‘ 0
-1000 -750 -500 -250 0 250 500 750 1000 '8_0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.8'
V (uv

Figure 5.2: a.) Normalized local conductance and Dynes-type ts for two junctions, one from
the control and and one from the bilayer device, taken with identical measurement con gurations
at a bath temperature @04 mK. Fit parameters—Control: T, = 101 mK, GN = 202psS,

= 207 peV,and < 10° . Bilayer: T = 196 mK, GN = 152puS, = 189 peV, and

< 0:6% . b.) Resistance of the superconducting/bilayer wire, and conductance of their corre-
sponding junctions normalized to their normal state conduct@gcat T.. Also shown is the BCS
expectation of the zero bias conductance. Figure reproduced from the supplementary material of
Ref. [151].

temperature 020 mK. The immediate role of the proximity effect was an expected reduction of

T. and , which can be seen in both resistivity measurements of the wires and the conductance
spectra of the NIS junctions, as shown in Fig. 5.2. The effect is consistent with the expected
degree of gap suppression which occurs in superconductors with clean, transparent interfaces to
a region of normal metal which can be determined by solution of the Usadel equdtifisih

this case, thd, reduction of 17%is slightly above expectation, but was though to be due to a
combination of lateral inhomogeneity of the wire due to the deliberate misalignment of the Cu and
Al layers, and the thinning of the Al itself during oxidation. Fitting to the conductance of these
devices to Eq. 2.68 revealed anomalously high effective electronic temperature400 mKin

the control device. This was found to be even higher in the bilayer device, however in that case
one does not expect a BCS like gap and the conductance broadening is more likely to be attributed

to a gradient of the gap across the width of the wire (across the vertical overlap shown in the left
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panel of Fig. 5.1), as in this mod&l should actually be that of the electron distribution in the

Cu injectors. Attempts to constrain these ts to the measured temperature of the mixing chamber
naturally leads to a heightenedparameter to account for the broadened conductance, however
this was generally inconsistent with the height of the coherence peak maxeva=at and

with the subgap conductance. From this we are left to concludd thseimpacted by noise in this
study, and cannot be extracted as a means for comparing charipeshespite this, we can still

make strong conclusions about the quasiparticle dynamia® via

To compare the charge imbalance effect between devices, we employed the non-local conductance
setup described in 3.2.2.1, with modi ed AD549 based TIAs to simultaneously bias an injector
junction while detecting theero biasconductance of the detector. In this, we employ a lock-in
technique similar to that of tbler et al. in Ref. 184], where a junction is held at the zero bias

and detects the current due to quasiparticles tunneling out of the superconductor. Per Eq. 2.75 and
Eq. 2.77, this will be the component due solely to charge imbalance. Using this falokerldt al.
describe a differential conductance due to charge imbalance between an injector junction (labeled

"A") and detector junction (labeled8™) as

dl _
v, Cer = 9(EWCEGL e o (5.2)

The factorsA andl are the cross sectional area and length of the central wire having a normal state
resistanceRN . TermsG\ andGl are the normal state local conductances of junctions A and B,
while g is a dimensionless shape-function, roughly equal to the Heaviside funCtjeNsj )

if one ignores thermal broadenin@d4]. This term will be a tting function later in the text, but
essentially accounts for the magnitude of spectral charge transferred into the quasiparticle density

of stategg  g(Ex)N (Ex)=2eNo, due to the reciprocal nature of Eq. 2.61 and Eq. 2.49.
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Figure 5.3: Quasiparticle conductance normalized as de ned in Eq. 5.1.1 for different values of
the lengthX between the injector and detector junctions, measur@f@mK for both a.) the
control and b.) bilayer device. The inset in b.) corresponds to the raw (oBggtdata measured

in the bilayer device, which falls below the noise thresholdXor 4pum. Note that repeatel

values occur for certain combinations of junction pairs, and are reported for completeness. The
legend is common to both plots. Figure reproduced from R&fI][

When providing a single drain to ground on the opposite side of the injector junction as shown

in Fig. 5.1, this quasiparticle conductance is said to be non-local with respect to the injector. In
practice, the only current that is actually drained is a supercurrent formed by the recombination of
guasiparticles into pairs. As the critical current of these NIS junctions will be orders of magnitude

smaller than that of the wire itself, this supercurrent is generally too small to affect the measure-
ment (via modi cation of theht andh, distributions in the kinetic equations) and one sees the

same conductance regardless of which side of the wire is grounded.

By picking pairs of junctions with different separatioigtaken to be between the midpoints of the
junctions), the resulting conductanGg, can be measured and traced out with respect to energy
and position to determine the charge imbalance length. Such data for the control and bilayer device

are shown in Fig. 5.3. Here, we have applied a normalization to the data to account for differences
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in the junction conductance and device dimensions. This de nes a new signal parameter

2l Gga

Q (eVa) RN GNGY g(eVa) o @ (5.3)

which is merely a rescaling ofg (with unit length) and should not be confused with any other
physical property of the device such as the coherence lepgithese results demonstrated a large
enhancement of the relaxation mechanism responsible for returning quasiparticle charge into the
condensate due to proximity with the Cu underlayer, as seen by the order of magnitude reduction
in o for measurements taken at the same corresponding valiéslofthe bilayer device, only

a very weak charge imbalance signal is ever seen above the noise ogr of 0:05pm.

To make the comparison quantitative, one can bin this data as a function of the injector bias (and
therefore Ey of the injected quasiparticles), and t this for bogh and o to obtain estimated
values as reported in Fig. 5.4. The quality of tin the control is fairly good, wigh being in close
agreement for similar thickness Al devices reported in the literai84 [L90. In the bilayer, we
obtains large error-bars for both tting parameters, but characteristicgllyhas been suppressed

by about a factor of 2. This agrees generally with the approximate order of magnitude reduction
in o (x =2 pum, which would be associated with a slightly larger factor o8 reduction in q .

Note that in both cases, the injector current below the gap is nominally zero and the model ts to

the signal noise which causeg to become unde ned over this regime.

From this, we can readily conclude that the proximity effect has a large impact on the quasiparticle
transport in such a bilayer, associated with a dramatic increase in the inelastic scattering rate that
leads to a reduced charge imbalance length. Before discussing the mechanism for this is more
detail, we can consider what this implies for the dynamics of quasiparticles in this kind of system.

Generically, by Eqg. 5.1, inelastic scattering of quasiparticles down to the gap edge will not only



136

,-\47 I““‘.1‘°'I§§ EEEI"".It.g: 1 A47 { J \ C.),
g AR Lol b
2 1 T2 .
& S el PlHgHt tetd
a) Control | | } Bilayer |
10 T T T T T T 1-0 B | T T T T
S L AN ."'...'0"0 I d.)
: : : . H
@ 0.5 1 ©0.5F *s_
A — ) [}
5 ' ’ ole el IR
b.) Control . . l . Bilayer
0.0F I L I L I ! ] 0.0F L I \.. ° .E.\ I ! ]
=750 -500 -250 0 250 500 750 -750 -500 -250 0 250 500 750
eV, /A eV, /A

Figure 5.4: Results of tting to data from both devices after binnigg by 50pV. Fitting was
performed to Eq. 5.1.1 witg and o as independent parameters. Error-bars are propagated
forward from both binning and tting of the data. a.) and b.) graphs correspond to the control
device, while c.) and d.) to the bilayer device. The gray region in a.) and b.) indicates energies
where insuf cient current » is injected to measureg . Figure reproduced from the supplemen-
tary material of Ref.151].

cause them to lose charge, but slow down as their group velocity approaches zero. Consequently,
the initially electron/hole like quasiparticles become neutral and diffuse more slowly after inelastic
scattering. At higher temperatures, this can occur via scattering with thermal phonons, consistent
with the Boltzmann picture from 82.2, but at low temperatures the inelastic relaxation will be very
weak. This may be anissue as in the very clean metals desired for quantum experiments, the normal
state diffusion constants can be very large leading to rapid transport of quasiparticles across the
device. Without any inelastic relaxation, a high energy quasiparticle generated anywhere in a qubit
might diffuse into the junction region leading to decoherence, but if it can relax inelastically rst
then the subsequent diffusion will be much slower. For this reason, one might consider engineering
devices with a greater inelastic scattering rate, as we have done in this work, to help mitigate some
of the quasiparticle induced decoherence in quantum devices without needed to necessarily trap or

recombine them altogether.
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Control 6:21 275nm 20nm 317nm 215cnfs ! 906nm
Bilayer 7:99 300nm 23nm Y247nm Y167cn’s ! Y799nm

Table 5.2: Measured and Drude model calculated values for both control and bilayer devices, and
device speci c parameters. Here,is the width of the wire, and is the total thickness of the
wire/bilayer for each device. For both devices, we estimatewhat L2°™ (the Thouless length
calculated fronDy for T = 20 mK) which indicates the wires to be generally PBpproximate

values for the bilayer calculated using the reported properties of Al alone. Table reproduced from
the supplementary material of Retq1].

5.1.1.1 Estimating Inelastic Rates in Al and Cu Wires and Bilayers

To understand the inelastic scattering associated with these results, we can estimate the inelastic
scattering rates &0 mK based on normal state properties of the wires, which we determine above

T, as the resistivity of Al in our devices saturates well above this range. Using this, we can obtain
the diffusion constant and thus the Thouless lerigth= P ~Dy=ks T to con rm that these

devices are functionally 1D wires. Results of this analysis are reported in Tab. 5.2.

Making the assumption that quasiparticles with an en&gy eV, diffuse a length o (D (Ek))
in atime o (Ex) before relaxing all at once to the gap edge, we can rst back guteVa) for

the control device to be
2 eVa

V, Qp A .
Q ( A) Dy ~ (eVA)2 >

(5.4)

Using this, we can then choose to relatg to g by Eq. 2.83, despite this being normally
invoked for its accuracy nedri.. We do this both for lack of a formal theory appropriate to mK
temperatures, and based on works by Pethick and Smith discussed in 82.2 in which the relaxation
is explicitly ambiguous in origin when deriving this forrh47]. Nevertheless, the exact prefactors
relating o and g are almost certainly on the order of unity, somewhat justifying the general rates

we obtain, which are plotted on the right axis of Fig. 5.5.
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In this description, we see that the inelastic relation rate picks up considerably for injection of
quasiparticles at energies ab&6 , and is generally on the order df 10°s 1. At the temper-
atures achieved in this experiment, it is known that electron-phonon scattering will have already
fallen far below the bare inelastic electron-electron scattering rate for a 1D 1@ [

1

ee
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Using the values estimated in Tab. 5.2 however, this is only on the orderi® s ! for the values
relevant for our device, which is far too slow. Notably, this discrepancy cannot be accounted for
by inserting an elevated temperature into our calculationgfas this would requird T, for
electrons in the Al. To considering possible faster interactions due to small energy transfers which

are not necessarily inelastit92Z, we could instead estimate the Nyquist scattering ra®j[for
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the control device D
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1 (5.6)
N
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This comes out to a much better agreement, with a valu&4bf 10°s 1. While usually only
considered for the dephasing of the electron wavefunction, this value is also close enough that
the remaining factor of 2-3 could be accounted for by an elevated temperature. As such, we
are uncertain if this is a coincidence, but feel strongly that electron-electron interactions play a

considerable role in quasiparticle transport at these temperatures.

The scale of these relaxation rates also indicates a possible explanation for the further enhancement
of quasipatrticle relaxation in the bilayer device. Looking to the literature, we can nd a similarity

to the present device and theories related to the relaxation of quasiparticles in detectors making use
of quasiparticle traps. In one example, a quasiclassical model by Golubov and Houdtv®dhn [

for a superconducting bilayer of materigdsand S° was found to exhibit an effective inelastic

relaxation rateges  due to the parallel contributions of both layers

1 _ 182 Ler L% A°

X 5.7
Eeff ds ES eso A (5.7)

Here,ds is the thickness of a bulk superconductor which has been overlaid with a superconductor
with a lower gap, antl ¢t /LS (A/A9 are effective thicknesses (areas) of the layers extracted from
their model. Because these contributions come entirely in parallel, we posit that it is reasonable to
expect inelastic quasiparticle relaxation in a bilayer to be dominated by the fastest rate between the
two layers, which can vary greatly if one of the layers is disordered. In the case of our experiment,
the Cu Im produced in our deposition is so thin that it may be percolation limited or else extremely
disordered. This could reasonably be expected to enhance the inelastic relaxation so far over that

of Al that only a very small volume as we have used is necessary to damp out the quasiparticle
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transport 193.

5.1.2 Voltage Asymmetry of the Quasiparticle Chemical Potential

In addition to these non-local conductance measurements, a series of voltage measurements of the
chemical potential via ac-coupled voltage pre-ampli ers were performed. The frequency of this
lock-in experiment wad1:777 Hz and the experiment performed 2@3 mK using an identical
grounding layout as the conductance measurements. @hgsel\A measurements were expected

to provide an independent measurement @f for comparison to the non-local conductance for

the purpose of better modeling the charge imbalance length in these NIS junction arrays. To our

surprise, this method showed asymmetries which cannot be associated with the charge imbalance

Figure 5.6: a.+b.) Nonlocal differential-voltage measurements of the control (a) and bilayer (b)
devices, offset for clarity. c.+d.) Integral of the same data, demonstrating the large asymmetric
change in the junction voltage of the control (c) device, and the unexpected symmetric voltage
change of the bilayer (d) device.
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itself, with particle-hole symmetry being clearly violated over length-scales on the ordgr ek

seen in Fig. 5.6.

In a non-local conductance measurement, the zero bias current is nominally driven my the local
guasiparticle chemical potential. In a voltage measurement, no current ows and the NIS junction
should equilibrate to o , such that\s =dVa should show peaks corresponding to the non-local
conductance maxima when measured using the same set of junctions. However in the control de-
vice we clearly see a larger peak at negative bias. This was checked for every combination of pairs
using non-local grounding on both sides of the device (i.e. mirroring the experiment) to preclude
symmetry breaking due to the voltage reference leads, but in almost all cases the negative voltage
peak was larger. Initially we considered that this might be due to the injected quasiparticles re-
solving into a supercurrent which has a well de ned current path away from the injector, breaking
inversion symmetry. However, attempts to additionally supercurrent bias the measurement in this
arrangement did not change the peak magnitude considerably, up to the critical current of the wire
(greatly in excess of the bias currents generated across the NIS junction). We can integrate the
differential signal with respect to the injector voltage to extract the corresponding total change in
the dc-voltagetq dVs (this dc-value cannot be easily measured directly as explained in 83.2.2.1).
Clearly, in the control device, there is a much larger negative bias saturation of the chemical poten-
tial at the detector, which decays with, but in a highly non-systematic manner which we have not
been able to correlate with properties of the injector/detector junctions themselves via any simple
normalization. For a speci ¢ detector junction, the behavior is somewhat systematic, but it appears

that the effect is simply different depending on what lead in the device is used.

In the control device, we can also observe a sub-gap reversal of the voltage, and a saturation at

R
high bias. Some saturation ofd\g is expected as the charge of individual quasiparticles will
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also saturate at high energies. However as the total current increases lineat witle non-
equilibrium contribution must be somehow balanced by increased relaxation, in agreement with
our measured energy dependence fot. The negative differential voltage seen beledy is

also intriguing, as no corresponding non-local conductance effect was observed.

In the bilayer device, no symmetric peaks are seen in the differential voltage that can be associated
with a shift in the chemical potential. Integration shows tﬁatVB is much smaller than in the
control device, and is generally symmetric and even changes sign. This is both a strong indication
that the charge imbalance length in the bilayer is considerably smaller than in the control, and that
the voltage determined in this manner is likely not consistent with a single well de ned chemical

potential determined by the charge imbalance alone.

These measurements presented additional concerns related to the stability of the apparatus, as
measurements tended to retrace poorly (compared to the non-local conductance) and drifted slowly
over time. At the time of writing, we remain unsure of the exact mechanism underpinning this
effect. One possibility is that the actual non-equilibrium distribution is so far from a thermal
one, that the chemical potential for quasiparticles is not well de ned and thus equilibration of the
Fermi-energy in the normal metal detector to that of the quasiparticles does not occur as expected.
This is a well known effect in diffusive metals where non-Fermi distributions can be generated by
certain boundary conditions for the Boltzmann equation, as has been experimentally observed in
tunnel probes into normal metal$9y. In this way, non-local conductance measurements seem

to be preferable, as they sample the entire transverse quasiparticle distribution and thus do not
depend sensitively on the exact shape of the non-equilibrium distribution. This is alluded to in
several similar studies, particularly Rel.g4] by Hubler et al., where it is brie y claimed that

“at low temperature the chemical-potential model breaks down” and that the strong, non-linear
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temperature dependence of the NIS junctions distorts such measurements, however it is unclear

how this relates to the observed asymmetries.

5.2 Dual Bias Experiments in Junction Array Devices

In conjunction with the individually biased conductance measurements reported in 85.1.1, mea-
surements were performed on both the control and bilayer devices under dual bias conditions
similar to those reported by Kolenda et al. in Ref8f, to instead measur€ga (Va; Vs), for

X = 2 ym. During dual-bias, one injects quasiparticles of either species simultaneously through
two junctions, and the resulting non-local conductance can become quite complex to consider. For
instance, the overall charge current at the detector will reverse directions depending on the sign
and magnitude of botly andVg, as both junctions act reciprocally as detectors and injectors of
guasiparticles. For this purpose, we will retain the same sign convention as before such that charge
imbalance generated b always gives a positive non-local conductance. We present our results,
also found in the supplementary material to R&6]] for these conditions in Fig. 5.7. Before
considering the individual results here, one must note that the local conductance of both the injec-
tor and detector changes due to the mutual effect of their injected quasiparticlesA@such we

also simultaneously measured the local conductance of both junctions.

First, we can consider the non-local conductance of the bilayer device, which shows an overall anti-
symmetric structure above the gap which is considerably larger than that seen for charge imbalance
alone. Both the sign of the non-local conductance and the magnitude appear to be consistent with
the purely thermal component of the model of Kolenda et al., whereupon the non-local conduc-
tance is caused by a softening of the gap due to Joule heating in the leads of the device during
injection [189. This causes an increase or decrease in the curgetitie to the electronic temper-

ature of the junctiome.g becoming a function o¥,. This can be caused entirely by phonons and
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Figure 5.7: Dual-bias conductance measurementXfaer 2 um for both devices, measured si-
multaneously a20:7 mK. No normalization is applied. Fig. a.) & b.) correspond to the non-local
conductance as de ned in the main text. c.) & d.) correspond to the local-conductance at the
detector junction B. e.) & f.) correspond to the local-conductance at the injector junction A. Some
jitter in the local conductanc&, is present, but is an artifact generated by averaging during the

voltage sweep. Figure reproduced from the supplementary material ofiR&f. [
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was argued to be the a dominant factor when the quasiparticle transport is weak and the junctions
closely spaced. One caveat of this is that wjea j the current is still fairly small and the
heating effect should be minimal. However, the non-local conductance is in fact sharply peaked. In
the local conductance of the bilayer device, we do not see any strong effects due to the previously

discussed broadening.

In the control device, we see very little anti-symmetric conductance of the same type, and the gen-
eral background is positive and symmetric with respect to bptAndVg , consistent with a strong
charge imbalance contribution. There also emerges anti-symmetric “lob¥g” at400uV with

the opposite sign seen in the bilayer, indicating a different transport effect due to the simultaneous
injection of quasiparticles and quasi holes which is not captured in current models of dual bias
in NIS junctions. There is also a tilting of the subgap bias wjeA j which can be seen

as an antisymmetric contribution to the non-local conductance, presumably due to energy-mode
imbalance. In the control;, also varies somewhat more strongly with respedtgahan in the

bilayer, with a softening of the coherence peak maximgdbf j . This again motivates the
thermal model of Kolenda et al., however in the control case the quasiparticle effects are clearly
observable, while in the bilayer they are not. This serves as further qualitative support for the large
increase in inelastic relaxation due to proximity with the disordered Cu layer, and expands these
results beyond pure charge imbalance to consider the possibility that the energy mode is also sup-
pressed in this experiment, which is of more direct concern for quantum devices as the sources of

excess quasiparticles in those systems are generally charge neutral.

5.2.1 Dual Bias Differential Voltage Measurements

To further the analysis of 85.1.2, a similar dual bias scheme was employed to better understand the

asymmetry seen in the differential voltage measurements. The measurement layout is essentially a
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Figure 5.8: Short form schematic indicating the layout of the voltage biases and measurement leads
for three junction differential measurement. The separation frorAtteB junction is3 um, and

the separation betwedh andC is 2um. A gain of 500was used on the INA110 preampli er,
followed by an SR124 lock-in ampli er. The bias voltages were produced in the same manner as
in dual-biased conductance measurements and uses the circuit described in 83.6.

combination of the non-local dual bias and non-local voltage measurements, as shown in Fig. 5.8,
where two junctions are voltage biased/atandV¢ while a third junction between them is used to
monitor the differential voltage due to an ac-excitation appliedatd@o obtaindVs =dVi (Va; Ve).

In this scheme)/¢ acts to offset the chemical potential induced Wy, which also effects the

non-local conductanc8ca = dic=d\, similarly to Fig. 5.7.a.

The location of the peak in the differential voltage is seen to clearly shift due to the application
of the (local)V¢ bias, and jumps from negative to positivg whenV¢ 500pV. The shape

of the peak also evolves, broadening considerablydgg | , which may be an indication of
increased effective temperature due to energy-mode imbalance generstedAiyhe same time,

the region of negative differential voltage also reverses, but always seems to occur néar the
gap edge opposite the peak (a slightly positive kink is associated with the opposite gap edge but
blends into the peak structure itself). No clear corresponding features are seen in the differential

conductancéetweerthe outer injector junctions shown in Fig. 5.9.d, which clearly demonstrates
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Figure 5.9: Three junction differential voltage/conductance measurement on the control device
described in 85.1.1. a.) Raw differential voltage data taken as a function of bias on the outer two
tunnel junctions. The horizontal dashed line at 0 is a guide for the eye, indicating the crossing over
between positive and negative differential voltage. b.) Integral of a. demonstrating the magnitude
of the chemical potential measured in this arrangement. c.) Re-plotting of the data in a. as a
heatmap, indicating the magnitude of the differential voltage data. d.) Simultaneously measured
non-local conductance data between junctidrendC.

the a-symmetric features shown beforeXo= 2 um. As such, it seems likely that this peak effect
in the differential voltage stems from a source which does not drive a corresponding tunneling

currentwhen quasiparticles are drained at the detector at zero bias.
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5.2.2 Replication Studies and Issues with Differential Voltage Detection

Figure 5.10: SEM micrographs of the short junction, three terminal device used for comparison to
the results presented in 85.1.1.

At the time of writing, we do not fully understand these discrepancies, but more recent results have
provided some hints about circumstances for this effect. An attempt to replicate this experiment
was performed using devices with thrd®0 nmwide NIS junctions on 20 nmthick Al wire with

a nominal width of200nm This matches closely the design of the prior devices where

4um, however in this case the separation between junctions was redud@d ton (measured
between the center of each contact) such that the quasiparticles should not relax in charge nor
energy before reaching the detector. Also, the Al wire was constructed such that, rather than
extending out to wirebonding pads at the edges of the sample, the central wire terminated onto Au
NS contacts on either side. This yields a higher lead resistance, but was hoped to provide better

thermalized, normal state reservoirs. SEM micrographs of this style of device are shown in Fig.
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Figure 5.11: Characteristic data obtained from the three terminal device used in the replication
study. a.) The normalized local conductance of the injector junction during measurement. b.) The
differential non-local voltage of the central detector junction, measured simultaneously to the local
conductance. c.) A separate measurement of the non-local conductance talgn fo0. d.)
Non-local differential voltage measured with an applied local bias

5.10. Inreducing the total number of voltage probes down to just those required for this experiment
(8 vs. 16 leads per device in the earlier measurement), the overall electronic temperature of the
devices was found to be considerably lower, and could be Tde 34 mK with ¢ = 204 peV

(and with no Dynes parameter).

Measurements were performed28 mK using the same circuit from the prior discussion, and
both non-local conductance and differential voltage measurements were performed. Examples of
these results are shown in Fig. 5.11. In the two terminal version of the experiment, ihexe
allowed to oat, we see in Fig. 5.11.b that the non-local differential voltage is symmetric with
respect tova and generally positive. FQeV,j , thedVs =d\4 is positive but uncharacteris-
tically noisy, implying large uctuations of the chemical potential take place when only a small
current of quasiparticles are being injected. In this case, we see clearly that the differential voltage
peaks reduce quickly to zero, which implies that the chemical potential saturates within a range of

approximately beyond the superconducting gap. This is paradoxical, as it this would imply that
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resulting quasiparticle current would be constant, at which point the non-local conductance due
to charge imbalance should gozera Instead, one sees only the ordinary non-local conductance
measurement as is shown in Fig. 5.11.c, which is in good agreement with other works on the sub-
ject referenced earlier. The application of a third, local bias voliagehifts the location of the
differential voltage peak just as was seen in the prior device, and is shown in Fig. 5.11.d. This also
reveals the previously missing antisymmetric peaks at the gap edge once the chemical potential has
been shifted suf ciently far from equilibrium, and the sign of the peaks again reverses depending

on the sign oh.

Clearly, the differential voltage observed in this method is a convolution of more than one factor,
and is seeminglyot well associated with the chemical potential that leads to a nite non-local
conductance via charge imbalance. The difference of the equilibrium position of the dominant
differential voltage peak between devices is also perplexing, and leads to the conclusion that this
effect is either somehow related to the symmetry of the placement of the voltage leads, or alter-
natively, was compromised in the former experiment, possibly due to the very large number of
electrical leads required. This could either be an issue of the effective temperature, or a phys-
ical defect somewhere in the wiring of the experiment (although arguably this can be ruled out
also as no issues were seen in the conductance experiments, and the isolation of the measurement
leads of the devices was repeatedly checked). One might also consider the possibility that thermo-
electric effects might be at play due to temperature gradients induced in the device during biasing
which produces energy mode non-equilibrium, however as only a small supercurrent is present
and nominally no magnetic eld was applied to these devices, this should be more or less ruled
out by time-reversal (particle-hole) symmetry, which is fundamental to our models of quasiparticle

excitation.
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Figure 5.12: SEM micrographs of the mesoscopic three terminal devices.

5.3 Results on a Mesoscopic Thin Film Device

As a nal experimental survey, further three terminal devices were prepared close to the design the
limits our current techniques, using as thin and narrow a superconducting wire as possible to which
thick (but narrow) Cu electrodes were deposited to form NIS junctions, as shown in Fig. 5.12. This
was chosen to both place the junctions within a few superconducting coherence lengths of one
another, and to minimize the orbital depairing which is known to occur in thicker superconducting
Ims when subjected to a large in-plane magnetic eltBf. This has, in other experiments,
allowed for a spin-selective tunneling of quasiparticles by lifting their spin-degeneracy via the
Zeeman effect, leading to a separation of the spin-up and spin-down density of $8&fesThe
fabrication of these devices was performed in generally the same way as il Rgfexcept that

when narrowing the feature size of the Al wire, issues with the PMGI/PMMA interface required



152

R [ w dA| Imfp Dn L%OmK ‘ X An dCu
1:45k 11 pm 150nm 8nm¥ 2:49nn¥ 169cnfs Y 803nnY | 300nm 0026um? 80um?

Table 5.3: Normal state transport properties and physical dimensions of the junctions used in the
mesoscopic device. The separatns again measured between the midpoints of the junctions,
and is reported for the nearest neighbor pairs which have a nominal contagtar€her symbols

are de ned in the textYValues are estimated using an upper boundifpy as the thickness of the
un-oxidized Al layer cannot be measured directly. The resulting estimates are thus lower bounds.
Al deposited at+10 , crystal monitor value reported. Cu deposited at 35, crystal monitor

value reported.

that the total length of the wire be shortened to yield a continuous wire. Like before, the number
of total leads was minimized to just 7 to reduce noise coupling into the device, however no normal
metal reservoirs were used, such that the central wire again extends (under a thick layer of Cu)
all the way to the wire-bonds. In this section, we describe three sets of experiments taken on
one such device which demonstrated particularly good local conductance spectra. For the purpose
of consistency, we will refer to the three junctions on these devices BsC, however most

experiments discussed in the following sections will pertain onk;ts .

5.3.1 Basic Characterization and Non-local Conductance

The geometry and basic transport parameters of this device are summarized in Tab. 5.3. Bulk
resistivity of the Al was measured @b mK by biasing the device above its critical current of

. 20pA and measuring the four terminal resistance of the central wire. Despite the higher over-
all resistance of the sample, we can nd that the Thouless length of the Al wire is still considerably
longer than the separation between junctions. As we cannot directly determine the thickness of the
metallic Al after oxidation, it is dif cult to establish exact values for the resistivity and derived con-
stants. As such, we have assumed the largest possible value for the Im thickness corresponding to

the deposited Im thickness before oxidation, such that these values are only lower bounds.
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Figure 5.13: Top Panel: Full, normalized conductance spectra (red), tteétd67 peV and

Te = 45mK with no Dynes parameter (black). Bottom Panel: The same, raw data (blue) on a
log scale for biases near or below the gap energy, demonstrating the small anomalous conductance
features near zero bias.

Each of the junctions themselves are between 2P5(afS in the normal state, such that the re-
sistance area product is approximately the same as in the prior, larger area devices. The resulting
current scales however are much lower, motivating our switch to AD4530 based TIAs which have a
negligible input bias current and a higher gairiof10° V A 1. Individual conductance spectra for

the junctions are sharp and can be tto 265peV with no Dynes parameteradd 45mKas

before, indicating an improved electronic noise. An example of this tis shown in Fig. 5.13.

Curiously, with this improved sensitivity we were able to discern small conductance anomalies in
the subgap region, which had not previously been seen in any other NIS junctions tested. These
appear to be slightly different for each device, but are symmetric with resp¥gtdad can occur

with or without a peak a¥a = 0. In some contexts this would be an indication of magnetic defects
within a superconductor which can lead to the formation of Shiba sta®&kih the vicinity of the

devices. In this case however, it is known that Al typically does not host magnetic moments due to
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even strongly magnetic impurity specid®f. Moreover, in certain junctions we observe a peri-
odicity of these peaks which cannot be readily explained by Shiba states, leaving their origin highly
uncertain. Fortunately for our consideration of non-equilibrium states, the conductances of these

features are quite small and thus we do not expect this to impact the quasiparticle transport.

5.3.1.1 Evidence for Energy Mode Non-equilibrium

We next consider dual-bias conductance measurements acrodsBheair of junctions for a

wide range of biases. In the local conductance of the jundiipthere is a clear “snapping” of

the coherence peak position inwards whgnreaches either gap edge as shown in the left panel

of Fig. 5.14. The effect is considerably sharper than what was seen in other devices, and indicates
a strong modi cation of the gap when quasiparticles with are introduced (i.e. pure
energy imbalance). The corresponding non-local conductance is also much more sharply de ned
than in prior experiments, with the antisymmetric lobes seen above the gap in Fig. 5.11.d being
now resolved to occur sharply betwegVaj = andjeVaj 3 . Similarly, one now sees a

pronounced set of anti-symmetric peaks which extend to much higher eneXgywhen both

Figure 5.14: Local and non-local conductance data, measured simultaneo@Slyn&ton the
A; B junction pair of the mesoscopic device.
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Figure 5.15: Non-local conductance measurements ofAtlie and A; C junction pairs on the
mesoscopic device. The left and right panel's data are the same, but are colored to highlight the
asymmetric patterns. The heatmaps are scaled to the same absolute conductance values, but are
not normalized to account for differences in the individual junction conductances.

junctions are biased near the gap edge.

Interestingly, these anti-symmetric peaks@g, extend for the case whehg is biasedbelow

the gap, where in the former devices only a skewed but predominantly smooth and symmetric
conductance due to charge imbalance was seen. Making a more sensitive measurement of the
devices in this regime, we can clearly discern these sharp, antisymmetric ridges exgeNj for

, as shown in Fig. 5.15 as both heat-maps and individual traces, when detected using either the
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B or C junctions. The overall magnitude of the signal is clearly reduced for the wider spaced

pair, with the relative magnitudes of the symmetric (charge imbalance-like) and anti-symmetric
(energy-imbalance-like) components changing slightly when compared #; Bigair. In Gca

in particular, this ampli es these features over what was discernible in the prior measurements,
and there are large anti-symmetric components appvg 3 , as well as symmetric peaks
nearjeVaj  400ueV. No clear effects are seen at precisely (nor is this seen in the local

conductance), which we take as an indication that no aditional pair tunneling occurs.

While the exact shape of these curves may be interpreted in terms of phonon-spectra contributions
to the local tunneling (not taken into account for the local conductance of our ts), the strong
anti-symmetric behavior for sub-gap detector bias appears only in devices at this extremely short
length-scale. In similar work by Kolenda et all85, those authors employed closely spaced

NIS junctions with long, thin Cu leads. The resulting conductance spectra contained a similar
antisymmetric peak structure near the gap edge, which was attributed to a non-local antisymmetric
components negeVij in the context of gap suppression due to phonons generated by Joule
heating of the leads. However, this heating model does not predict such sharply peaked features
nor the reappearance of an anti-symmetric component at higher bias. Moreover, the design of our
devices should have a considerably lower Joule heating in the leads, as Kolenda et al. speci cally
constructed their devices to have large injector heating by using very thin Cu layers hdd

larger normal state conductances for devices with a similar junction spacing. Finally, Kolenda et al.
do not report any reversal of the sign of the anti-symmetric component as we have repeatedly seen.
These features lead to the conclusion that, rather than a trivial heating effect, we see anti-symmetric
features due to a spontaneous gap suppression via the injection of charge-neutral quasiparticles.
The sign reversal of the effect with respect\Mg is associated with the sign of electron current

owing into/out of the normal lead as the chemical potential is varied. When the Fermi energy of
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the detector is exactly matched to that of the condensate, no current ows except due to charge
imbalance. However as this is tipped one way or the other, a net current may be established when
drawing from the excess population of charge neutral quasiparticles, by a change in the probability
factors for tunneling discussed earlier in Tab. 2.1. The sign reversal of the peaké&wvistBimply

associated with the de nition af\Vg =dV, .

In this context the appearance of the additional anti-symmetric behavior, which mostly clearly ap-
pears aB , would indicate that further energy imbalance is being generated in addition to charge
imbalance at these biases. One possible explanation could be an effect sometimes referred to as
guasiparticle multiplication, where a single quasiparticle idgh= 3 can emit an phonon with

~! 2 tolowerits energy tiex = [200. That phonon in turn breaks a pair and thus yields

two additionalEy = quasipatrticles, leading to the injection of three charge neutral quasiparti-
cles rather than a single charged one. Because of the nite excitation energy of quasiparticles, this
has a sharp energy onset aroihdwhich has (to our knowledge) only been studied previously in

Josephson junction based devic2g]].

5.3.2 Effect of a Large in Plane Magnetic Field

Attempts to perform the same experiments under a large Zeeman splitting eld were unfortunately
not successful. In a simple treatment, the expectation is that a the quasiparticle density of states for
spin-up and spin-down branches are split by a Zeeman eReggy , which is the same as that of

the constituent electrond 96, 74]. The exact eld values and Im thicknesses required to see this
effect however are somewhat varied, with some experiments showing strong spin splitting in Al at
modest in plane elds197, 189 188 and other reporting it only at very high eld§#] or via ex-

change coupling with ferromagnetic bilayeiglf], just to name a handful of cases. In our current

work, we have not yet achieved a clear splitting of the quasiparticle density of states at elds up to



158

Figure 5.16: Local conductance spectra of )& junction pair, focusing on the subgap features
with and without an applied 1T in plane eld.

1T, and appear to be dominated by a large broadening associated with either pair-breaking due to
stray elds in the environment of our dilution refrigerator, or by spin-orbit scattering which yields
broadening due to intermixing of the quasiparticle spin orientati@8§][ This was also seen in
attempts to apply a large eld to the three terminal device shown in Fig. 5.10. In both attempts,
the magnetic eld was oriented along the direction of the wire, and the negative results con rmed
by carefully compensating for any perpendicular component using the split-coil of our magnet (to
no avail). The lack of peak splitting can be seen in the local conductance of our mesoscopic device
under al T applied eld (which was expected to split the peaksIiOueV). In those measure-
ments, only the sub-gap features are modi ed by the application of a large in plane eld as shown
in Fig. 5.16. No second peak or shoulder are found in the coherence maxima, despite the very

small degree of thermal broadening in this experiment.

The effect of such a large in plane eld on the non-local conductance is considerable, but largely
amounts to an overall broadening and strong suppression in magnitude of the non-local conduc-
tance. This is shown in Fig. 5.17 for tihe B pair (which we will focus on for the rest of this
discussion). In this case, we nd that the pronounced peaks\aj = now show as lobes

which taper off more quickly, while the antisymmetric regions Yar to Va 3 are
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Figure 5.17: Top Left: Non-local conductanGg, of the mesoscopic high eld device ina 1T
magnetic eld, biased over the same range as Fig. 5.14. Top Right: Local conduGandemon-
strating a highly broadened transition without discernible peak splitting. Bottom Left: SiMagap

bias, remeasured at higher gain. Bottom Right: Same data as bottom left, presented as individual
traces for clarity.

softened, and almost appear to be slightly canted away frowghgap edge (this is seen most
readily in the upper right and lower left quadrants of thgs, heatmap foje\gj  300peV).
Forje\isj , peaks are still seen at th& gap edges, and a broadly asymmetric behavior is
seen at higher energies, still containing a component that is largely anti-symméfgi¢aithough

without strong kinks).

Much of the observed behaviorldi = 1 T can likely be attributed to the presence of trapped ux

lines within the superconductor, which are known to serve as a loci for quasiparticle trapp#hg [
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due to the isolated normal core of an Abrikosov vortex. This would signi cantly reduce the quasi-
particles responsible for non-local conductance in this experiment, but is of interest as this effect
has been considered as a means to induce strong quasiparticle trapping in superconducting quan-
tum devices203 204. Anecdotally, we expect there to be sevardl of stray perpendicular eld

in these results, but it would require a lengthy and studious effort to perform a detailed experiment
on the ux dependence of the full non-local conductance by the present method. As such, these
ndings are mostly inconclusive, due to the strongly reduced non-local conductance and the lack

of discernible transport of the two spin-split quasiparticle species.

5.3.3 Imbalance Mode Mixing via Supercurrent Injection

To conclude, we will describe the effects seen when applying a large super-current (on the scale of
the critical current) across the wire while varyi¥g and holdingvg at a small xed bias. This was

done by use of a oating voltage source and a pair of matd@Edl resistors placed on opposite
sides of the central wire of the device. These currents ow with respect to the ground, taken to be
on the left side of the device (closest to juncti®pand thus do not cause a large offset bias across
the junctions. In this arrangement, we are able to drive the wire completely normal, although the
process is highly stochastic, and a switch into the normal state can sometimes be triggered at fairly
low current biases due to (seemingly) mechanical vibrations in the laboratory etc. The small bias

on Vg is on the order of 20 eV, and is due to the input voltage offset of the ampli er.

First we can consider the local conductance of the injector and the relationship between quasi-
particle injection and the critical current. No magnetic eld is applied to the device, and we rst
measure by sweeping the supercuridgnat xed V, all the way abové .. We plot only the data

in the superconducting state, however there are some artifacts (particularlysnead) due to

re-trapping effects. This is reported in Fig. 5.18 where two features are clearly seen. First, the
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Figure 5.18: Local conductance and injector current measured during the application of a large
supercurrent s along the superconducting wire. The regions without data indicate the normal
state of the device, such tHatis approximated by the boundaries of the data in this plot.

critical current itself is suppressed roughly linearly with. Second, the subgap conductance is
raised slightly at the highest supercurrent biases, and the magnitude of the local current increased
correspondingly. These effects are likely related to the Doppler shift in the excitation energy for

guasiparticles due to the super uid velocity, as discussed in 82.3.2.

By performing the same measurement, but instead set xed valuég,fare can more clearly see

the spectroscopic effects of the applied supercurrent on the quasiparticle density of states. This
is shown in Fig. 5.19, where we can now more easily see the tapering in of the coherence peak
maxima during s bias. Fitting this to a Dynes type model whergl,, and are allowed to vary,

we nd a super cial correspondence with the picture discussed in §2.3.2, sssuppressed by

the application of the supercurrent and beyond a critical super uid velpeity a nite  term

appears fots ' 5pA. These ts are presented in left three panels of Fig. 5.20.

Taking a closer at the conductance spectra at highias however, it is clear that requilibrium
DOS could describe the data, as pronounced shoulders appear above the coherence peaks as shown

in Fig. 5.20. This likely explains the large variationsTigwhich would be un-physical as no heat
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Figure 5.19: Local conductance and injector current remeasured at a smaller rhggeloks, as
a function ofV,.

is dissipated in the normal metal electrodes during biasing in this fashion, as well as the linear
trendin = o which matches poorly with theory. One possible explanation is during super-current
injection, the role of the much larger superconducting reservoirs can no longer be ignored. There
the supercurrent density will be much lower, and thus the gap will be less effected by the bias,
leading to a proximity effect with the wire itself and a highly non-equilibrium spectrum of quasi-

particles. This would require a rigorous quasi-classical treatment of the problem to decouple from

Figure 5.20: Left Panels: Fits to the local conductance shown in Fig. 5.19. Right Panel: Local
conductancé, at a large, subcritical supercurrent biasldfuA shown for the range about the
positiveV, gap edge. The additional broadened shoulder above the coherence peak maxima is not
seen at zero bias. The dashed lines indicate an equilibrium thermal t with no Dynes parameter.
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Figure 5.21: Non-local conductance and detector current measured over a rhggaloks, as a
function ofV,.

the effect of the NIS junction bias, and makes examination of Doppler st ébr quasiparticle

states dif cult.

This leads us to nally consider the mixing of the charge and energy non-equilibrium modes gen-
erated by NIS tunneling in the presence of a largewith the caveat that the equilibrium quasi-
particle distributions are no longer entirely BCS-like. Due to the contributions in the non-local
conductance from both charge and energy mode non-equilibrium established in §5.3.1.1, this mix-
ing is shown in Fig. 5.21 where we report both the non-local conductance and the detector current,
measured simultaneously with the data in Fig. 5.19. Here, the non-local conductance is eminently
a-symmetric, with a decaying charge mode contribution over a rdgion 5pA and an energy

mode contribution as expected only at the gap edge.

Recalling from the kinetic terms of the Usadel equation, we expechthanhdh, distributions will

be coupled linearly by the spectral supercur@néalthough the exact forms of this are not obvious
and would need to be solved numerically to understand the exact magnitude of this mixing. The
charge imbalance component®§, is positive and symmetric with respect to the injector voltage

and occurs only &y , While the energy imbalance component is anti-symmetric with respect
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to both voltage biases and appearS&gn nearkEy . Under the assumption that a supercurrent
bias will convert charge neutral quasiparticles into charged excitations, we posit that mixing from
energy mode imbalance into charge mode will yield a compone@gtowhich is anti-symmetric

in s, while the unperturbed contributions will be symmetric under the same transformation. To

check this, we decompos$&s, based on these symmetries in Fig. 5.22.

The components which are symmetriclinappear to be fairly clearly the ordinary charge and
energy imbalance components @, , and vary inl s only through suppression of the gap and
potentially increased charge mode relaxation. Taking the components which are anti-symmetric

in Is, we nd there is very little symmetric signal with respect¥a, while there is clearly an

Figure 5.22: Symmetry decompositions of thebiased non-local conductanGs, . Note the
scale bars are not uniform to help clarify the general trends.
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anti-symmetric signal that fans upwards in energy as the supercurrent is increased. While lacking
a formal theory, we can deduce based on the energy ranges involved that the totally anti-symmetric
component is that of excess charge imbalance generated by conversion of the energy imbalance
mode via the supercurrent. Taking a step back, the four lobes seen here are cases where charge
neutral quasiparticles are injected, but then converted to charged quasiparticles or quasi-holes by
the supercurrent, thus modifying the charge imbalance. A corresponding charge-mode to energy-
mode imbalance conversion does not appear to be discernible by the current method, or may be
excluded in some manner by particle-hole symmetry. As taking this analysis further would require
considerable theoretical development, we will conclude the analysis of non-equilibrium transport

here.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 On Transport Measurements in Nb

Our studies of superconductivity in Nb Ims for SQMS have revealed a considerable degree of
disorder in the materials used in quantum devices, despite in many cases being produced via state
of the art fabrication methods. Inhomogeneity within Nb Ims, largely driven by Im granularity
and the pernicious N5 surface oxide, can be clearly seen in the superconducting phase bound-
ary even when normal state properties of the Ims such as RRR or would tend to indicate a highly
metallic nature. Similarly, there appear to be cases where improved crystallinity of the Im (ob-
tained via annealing or otherwise and observed via x-ray experiments) is not well correlated with
strong or even uniform superconductivity. These ndings also outline several broad considerations
for the preparation of high quality superconducting Nb devices. Above all else, high temperature
deposition via dc-sputtering is clearly preferable for producing Nb Ims of the highest quality.
Conversely, ex-situ annealing is highly detrimental Tordue to the dissolution of oxygen within

the bulk of the Im, despite the Ims being more generally uniform and crystalline. Vacuum
conditions are also important for growth of Nb Ims at elevated temperatures, as any oxygen in-
corporation from the source material, out gassing or chamber leaks immediately dégeate

broaden the transition.

TheT, H, phase boundaries measured for Nb in our work are almost invariably non-linear, and

the relationship between this curvature and material disorder seems likely. In heavily annealed
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Ims, the linear phase boundary is restored at the cost of bulk superconductivity, and we expect
that positive phase boundary curvature is a generic property of highly granular superconducting
Ims. Positively curvature of the phase boundary near zero eld may not inherently be an issue for
guantum devices, as we have seen this fairly clearly in Nb Ims from Rigetti and NIST deposited

under conditions used in state of the art qubits.

Future studies using the techniques described in this work may bene t from focusing on encapsu-
lated materials such as Au encapsulated Nb, as these samples would have relatively fewer surface
oxides and might clarify the issue of the GL phase boundary prediction for granular Ims. Con-
versely, the inverse proximity effect may be interesting to study in this manner, as it introduces a
different type of inhomogeneity and will modify the shape of the resistive transition. The process
used for ion milling presented here has successfully been used to etch Au, and this type of exper-
iment could be readily performed. It may also be interesting to perform this type of measurement
repeatedly on a single sample subject to repeated thermal cycling, vacuum annealing, chemical
treatment or even radiation induced disorder or ion implantation to see more clearly how the phase

boundary evolves under controlled disorder (outside of that generated during Im growth).

6.2 On Quasiparticle Non-equilibrium

Quasiparticle transport experiments using NIS junctions at mK temperatures appear to reveal con-
siderable information about non-equilibrium dynamics in superconductors in this regime. Very
few direct experimental probes are available at these temperatures and with a similar degree of
energy sensitivity, and only a handful of experiments of this type have been demonstrated recently.
Our principle nding is demonstration of tunable inelastic quasiparticle relaxation independent of
thermal phonons due to disorder induced electron-electron interactions. Inelastic relaxation leads

to slower diffusion of quasiparticles, but as the material quality of the superconductor is improved,
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fewer and fewer relaxation pathways will be available and quasiparticles will diffuse faster. Intro-
ducing some degree of disorder to slow this process, without compromising the superconductivity

itself may thus be a useful pathway for future attempts to mitigate quasiparticle poisoning.

More fundamentally, we have seen that non-equilibrium charge and energy mode imbalance are
both relevant for charge transport in NIS junctions, provided the correct experimental program is
followed. By using independent biases, we have observed non-local conductance in mesoscopic
devices with a energy resolution that has been previously unmatched in the literature. This is
partly due to tight constraints we have uncovered for both the mechanical stability of TIA based
experiments and for the degree of noise coupling for these types of measurements which should be
performed with a minimum of extraneous junctions/connections. The chemical potential observed
via equilibration of NIS junctions to non-equilibrium distributions of quasiparticles in our mea-
surements appears to be entirely different from our expectations based on quasiparticle tunneling
due to charge imbalance. This discrepancy continues as an unanswered guestion, as do the exact
conditions required to see spin-splitting of quasiparticles in 1D wires, or the mechanisms by which
sub-gap states begin to appear in more mesoscopic NIS junctions. Injection of a large supercurrent
bias however appears to have a major effect on the non-local conductance seen by our method, and
may spur interesting future work to understand this process via the Usadel equations, or to employ
this in the context of more complex transport experiments. On a nal note, the sensitivity of the
non-local transport technique we have employed may be useful for an experiment examining the
interference of partially charged quasiparticles due to Aharonov—Bohm effect, which has not yet

been con dently observed and may be of considerable fundamental interest.
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