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ABSTRACT

Joining a bulk superconductor with a spin-1/2 impurity realizes a microscopic model
embodying the rich competition between magnetism and superconductivity, and leads
to the formation of an isolated subgap bound state named the Yu-Shiba-Rusinov
(YSR) state. The large tunability of semiconductor-superconductor hybrid devices,
specifically InAs nanowires with epitaxial aluminium, allows for the creation of a
double quantum dot geometry directly coupled to two superconducting leads, known
as a S-DQD-S junction. When occupied by an odd number of electrons, each of these
quantum dots host a single spin-1/2 degree of freedom enabling us to investigate the
interaction between two YSR subgap states under tunable conditions. The electronic
transport in the S-DQD-S junction combines aspects of single quasiparticle and cooper-
pair tunnelling, leading to detailed maps of differential conductance. Understanding
these maps is not only a necessary requirement to characterize devices, but also
reveals information about the non-equilibrium properties of the isolated quantum
levels themselves.

In this thesis we characterize and calculate transport in the S-DQD-S junction. This
provides us with a window into the complicated dynamics of the two-impurity YSR
state, and the various competitions at play. Using these tools we are able to classify
charge diagrams of the double quantum dot by measurements of noise-dominated
supercurrent, and by following the changes in these diagrams we realize the fully
screened two-impurity YSR groundstate. Finite bias spectroscopy of YSR states is
investigated using Keldysh Floquet Green’s functions capturing multiple Andreev
reflections (MAR) to all orders. In this framework, we highlight the important roles
of relaxation and poisoning in regard to subgap state transport, which are tested
in measurements of direct transport between two opposing subgap states, where
additional relaxation channels from MAR can be tuned on and off on demand.



DANSK RESUME

Ved at koble et superledende materiale til en spin 1/2 urenhed opnds en mikroskopisk
model som indkapsler den rige konkurrence mellem magnetisme og superlednng,
og leder til formationen af en isoleret bunden tilstand kaldet Yu-Shiba-Rusinov til-
standen. Den store grad af tunings frihed der er til stede i halvleder-superleder hybrid
enheder, specifikt i InAs nanotrdde med epitaxial aluminium, tillader skabelsen af
en dobbelt kvanteprik geometri direkte koblet til to superledende ledninger, kendt
som en S-DQD-S kontakt. Hvis en af disse kvanteprikker er besat af et ulige antal
elektroner vil de indeholde en fri spin 1/2 frihedsgrad, hvilket tillader os at undersoge
vekselvirkningerne mellem to YSR tilstande under tunbare forhold. Ladningstrans-
porten i S-DQD-S kontakten kombinerer aspekter af enkelt kvasipartikel og cooper-par
transport, hvilket leder til detaljeret grafer af differential konduktans. Forstaelsen af
disse grafer er ikke blot et nedvendigt krav for at kunne karakterisere enhederne, men
afslore ogsa information om uligeveegtsegenskaberne af de isolerede kvante niveauer.

I denne afhandling karakteriserer og udregner vi transporten i S-DQD-S kontakten.
Dette giver os et vindue til den komplicerede dynamik af to-urenheds YSR tilstanden,
og de mange konkurrerende kreefter der er i spil. Ved brug af disse redskaber kan vi
klassificere dobbelt kvanteprikkens ladnings diagrammer ved at male stoj-domineret
superstrom, og ved at folge eendringerne i disse diagrammer opndr vi den fuldt
afskeermede to-urenheds YSR tilstand. Endelig bias spektroskopi af YSR tilstande
undersoges ved brug af Keldysh Floquet Greens funktioner, som fanger effekten af
gentagende Andreev reflektioner (MAR) til alle ordner. I denne ramme fremheever vi
den vigtige rolle spillet af relaksation og forgiftning, i forhold til transport i tilstande
under gabbet, hvilket vi tester i mdlinger af direkte transport mellem modstdende
tilstande under gabbet, hvor yderlige relaksations kanaler fra MAR kan blive teendt og
slukket pa kommando.
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INTRODUCTION

In the 1930s and 4o0s the consolidation of modern quantum mechanics changed the
face of condensed matter theory by providing the microscopic framework necessary
to understand the bulk properties of materials. The following decade saw the devel-
opment of hallmark theories such as Landau Fermi liquid theory (1957), explaining
the emergence of simple quasiparticles from strongly interacting systems, in addition
to Ginzburg-Landau (1950), and Barden-Cooper-Schrieffer (BCS, 1956) theory, which
finally captured the microscopic mechanism behind the elusive superconducting phase.
In spite of these successes, the quantum entities themselves (quasiparticles, cooper-
pairs, etc.) remained largely elusive revealing only their presence through ensemble
averages and bulk properties.

Driven by the semiconductor industries remarkable technological advances, the
last 40 years have seen significant developments in both fabrication and control of
nanoscale circuitry and devices. Due to size quantization, devices on this scale clearly
exhibit isolated quantum states, which can be continuously tuned and controlled by
capacitively coupled gates. These technologies have allowed scientist to peek behind
the curtain of bulk properties, and observe the underlying quantum phenomena in
isolated form. One example is the quantum dot, realized when charge confinement in
three dimensions creates a potential dip of size comparable to the electron wavelength,
effectively forming a quantum well. The quantized states formed by these wells mim-
ics the orbitals of single atoms, and quantum dots are therefore often described as
artificial atoms [6]. If a dot is occupied by an odd number of electrons, one spin-1/2
degree of freedom is left unpaired, and the dot behaves as a single magnetic impurity.
Furthermore, since the dot occupation can be controlled by gates the magnetic be-
haviour can be turned on-and-off on demand by experimentalist. This ability has been
used to study the famous Kondo effect [7], a significant milestone in our understanding
of the low-bias resistivity of metals and the origin of heavy fermion materials, and
characterized by the logarithmic divergence of perturbative approaches [8]. For a
single impurity the Kondo effect describes the screening of a magnetic doublet state
into a singlet state by exchange interactions with a metallic lead. In spectroscopic
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measurements this screening leads to the formation of a zero-bias conductance peak
[0], whose peak-to-width ratio contains detailed information about couplings and
scalings. Using this platform a large number of experiments have been performed, for
example Potok et al [10] who realized the predicted [11] non-fermi liquid groundstate
of the overscreened Kondo impurity; a strong test of the underlying foundations of
condensed matter theory.

In addition to these studies of fundamental physics, the isolated quantum levels
of nanoscale devices are also promising in the field of quantum computing where
they can be utilized as qubits. A fruitful avenue in this field has been the study of
nanoscale superconducting devices, which due to the presence of a superconducting
gap preserves fermionic parity at low temperatures. Also, the macroscopic nature
of the superconducting groundstate allows single quantum states (e.g. in nanoscale
Josephson junctions or cooper-pair boxes) to easily couple to the supercurrent and flux
states of quantized circuits - a useful property for creating entangled states between
multiple qubits. This is exploited in the transmon qubit [12] utilized in Google’s
Sycamore computer which achieved quantum supremacy in 2019 [13]. This progress
illustrates how the realm of quasiparticles in condensed matter systems, once hidden,
has moved from an area of fundamental science to potential application within the
span of a single generation.

In this thesis we study transport in hybrid semiconductor-superconductor devices
hosting quantum dots. The interplay of dot coulomb interaction and quasiparticles in
the superconductor leads to the formation of a single subgap state, known either as
a Yu-Shiba-Rusinov (YSR) or Andreev* boundstate. Due to its isolation inside the gap
and coupling to superconducting parameters such as phase, this state constitutes a
promising platform for both investigating fundamental physics and for developing
quantum technology. In the next sections we introduce the YSR state in greater detail,
and illustrate how it is formed in quantum dots coupled to superconductors.

1.1 THE CLASSICAL YSR BOUNDSTATE

Conventional superconductivity originates from the low temperature condensation of
cooper-pairs, composed of two time-reversed electrons, into a phase coherent collective
groundstate. BCS theory captures this effect via a mean-field parameter A = |Ale'®

+ Originally the name was used for boundstates formed at superconducting interfaces and single
channel Josephson junctions due to resonant Andreev reflections. Today; it is often used as a catch-
all term for any subgap boundstate in superconductors originating from any impurity or spatial
variation.



1.1 THE CLASSICAL YSR BOUNDSTATE

consisting of a quasiparticle gap |A| and a phase parameter ¢ conjugate to electron
charge. In this description the minimal Hamiltonian of a bulk superconductor is given
by,

Hs = Z EkC;erkg + Z (ACLTCT—k\L + A*C—kJ,CkT) , (1.1)
k,o k

with ¢y denoting electron annihilation with momentum k relative to Fermi momentum
kr, and o denoting spin degree of freedom'. Almost from its conception, it was
well known that superconductivity interacts strongly with magnetism, exemplified
by the expulsion of magnetic fields by the Meissner effect and the breakdown of
the superconducting phase at a critical field strength, B.. In the 1960s, inspired
by the Kondo effect, it was discovered by Yu, Shiba, and Rusinov [14-16] that the
pair-breaking effect of a single magnetic impurity in a superconductor leads to the
formation of an isolated quasiparticle state inside of the gap, which at finite impurity
concentrations forms a subgap band [17]. This result was obtained using a Kondo
model,

He =) JciS Togrcor (1.2)

oo’

where impurity spin S is exchange coupled (] > 0) to the electronic spin by T4/,
which denotes a vector of pauli matrices. c; = ) _ Ck¢ is local electron annihilation
operators at r = 0. In the limit of a classical spin |S| — oo, ] = 0 with J|S| — const, the
Hamiltonian Hg + Hy is analytically tractable, and for a single impurity one obtains a
subgap resonance with the energy dispersion [14-16],

2

Eo =185, (1.3
shown in fig.1.1, and characterized by the effective coupling & = 7v¢|S|] where vf is
the superconductors normal-state density of states. Uncoupled (x = 0), the system is
in a tensor product state of the spin, |[{}), and BCS groundstate, which we collectively
denote [}, Oqp) With second index indicating number of excited quasiparticles. As o
increases an excited state with a single quasiparticle |}, l4p), starting from |A|, moves
inside of the gap due to the gain in energy from magnetic exchange, thereby removing
the sharp BCS peak at |A|. For o« > 1 this gain in energy is larger than the cost of
a quasiparticle, and the groundstate transitions into a singlet state [f}, | qp), Where a
screening quasiparticle is bound to the spin. Although state |1}, qu) and |ﬂ,¢qp> have
different fermion parity, they are both singlet states as Kramers degeneracy is broken
by the classical spina acting as a local magnetic field. For an impurity pointing in

the z-direction the screening Bogoliubov quasiparticle is a superposition of electron

1t Throughout this thesis when o is used as a subscript or in summation assume o € {1, ]}
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Figure 1.1: (a) Dispersion of a classical spin YSR state, eq.(1.3), with o« = mv]S. The excitation
is between the unscreened [{}, 04p) and the screened [{}, | 4p) state with overlay denoting
groundstate; white for [{}, 04p) and grey for [f}, | qp). The red (blue) line shows an excitation
from the groundstate by the addition or removal of a spin-up (spin-down) electron;
addition for E > 0 and removal for E < 0. (b) Local density of state (LDOS) for no magnetic

coupling («x = 0) and finite coupling (x = 1/ V/3). Peaks indicate delta function weights,
||V Aszz]

and the gap is given by LDOS = —mvy Im { E-w?
spin-down and hole spin-up. Consequently, transitions |}, 0gp) < |1}, Lqp) can be done
either by the addition or removal of an electron. In the semiconductor picture this
is depicted as two peaks, at +E, representing the two ways excitations can occur,
although only a single subgap excitation is present inside of the gap. This classical
spin description can be seen as an approximation of an underlying quantum spin, with
S| finite, valid for large-spin impurities in materials containing magnetic anisotropy
locking the spin’s direction.

1.2 YSR STATES IN QUANTUM DOTS

A quantum dot is a small region where charge confinement leads to the formation of
effectively zero-dimensional localized electron states. A single level on a quantum dot
is described by the Hamiltonian,

Hp = €4 Z ne +Unyny, (1.4)
o

here n, = d:r;d(y is the occupation operator of the level, U is the coulomb charging
energy and is commonly determined from capacitive couplings U ~ 2e/C. €4 is a
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quadratic term controlling level occupation, and proportional to gate voltage €4
—Vy. The Hilbert space of Hp consist of four states: |0), [o) and [2) with o € {1, ]},
and corresponding energies Eg = U/2+ &4, Ec = 0, and E; = U/2 — &4 with &g =
—eq — U/2. As gate (&4) is increased, the dot groundstate changes from [0) — |o) — [2)
with excitations forming a diamond pattern, whose width and height is determined by
U. If charging U is the largest energy scale, compared to lead coupling, temperature
and fluctuations, the dot is said to be coulomb blockaded [18]. This means that at the
center of coulomb diamonds charge fluctuations only occur virtually, which in turn
severely reduces the electron transport that can pass through the dot, limiting it to
quantum tunnelling, and hence the blockade.
The full Hamiltonian of a dot tunnel coupled to a superconductor is H = Hp + Hs +
Hy with,
Hry :tchLngrh. C, (1.5)
o

known as the superconducting Anderson model. Interactions in this system is de-
termined by the competition of three energy scales: U, A and effective coupling
I = 7rveltgl?. This seemingly simple system hosts a variety complicated physics stem-
ming from the interacting term U. Before we discuss various limits and theoretical
models that exist, we next introduce a phenomenological way to understand the
emergence of YSR subgap states. This phenomenological picture is supported by the
zero-bandwidth (ZBW) limit, in which the superconductor is replaced by a single
quasiparticle at energy A [19—21].

In the limit U > A required for YSR physics, in addition to U >> T, the quantum dot
is effectively coulomb blockaded. Deep inside a coulomb diamond, e.g. {4 =~ 0, the
nearest bare dot excitations cost E¢x ~ U/2, meaning that the lowest lying excitation
is a quasiparticle at A. In the vicinity of dot groundstate transitions, i.e. £4 ~ +U/2,
the coulomb diamond lines move inside of the gap. Due to tunnelling Hr, these
lines anti-cross with the gap at Ecx ~ A as the excited dot states can hybridize with
quasiparticle states. This leads to the appearance of delocalized excited states, such
as a|o,0qp) + 110, 0gp) for groundstate |0,04p), with entrances referring to electron
and quasiparticle number respectively. Since Bogoliubov quasiparticles only conserve
electron parity (odd or even), and not electron number, dot occupation stops being a
good quantum number. Instead, we use the total fermion parity of H as our quantum
number, and due to Kramers degeneracy odd parity is a doublet state (D), while even
is a singlet (8). As a consequence, only a single § <+ D excitation line is present inside
of the gap as depicted in fig. 1.2. When this line crosses zero it signals a groundstate
transition between the even and odd parity state.
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Figure 1.2: Schematic of the dot-superconductor excitations as a function of gate V4 with n (in
the top) denoting bare dot occupation inside coulomb diamonds, and symbols referencing
the bottom table. Dashed lines indicates excitations of the uncoupled dot, and the grey
overlay shows the gap. The red and blue subgap line shows the even and odd parity
state respectively, with § and D indicating current groundstate. Plots below illustrates the
effect of increasing coupling on subgap spectrum. Bottom table schematically shows the
composition of states 8 and D at gates indicated by symbols.

Importantly, at the center of the odd coulomb diamond (£4 = 0), the even parity

excited state is composed of a single electron and quasiparticle |0, o7,,), both carrying a
spin-1/2 degree of freedom. Due to tunnelling the |1, | qp) and ||, T4p) combinations are
coupled to the higher energy |0, qu> and |2, qu) states, facilitating magnetic exchange
through virtual transitions. This is captured by the Schrieffer-Wolff transformation [22—

24], which maps the Anderson model into a Kondo exchange model,

SW

Hp+Ht —— Hg, (1.6)

valid at the center of the odd n = 1 diamond for U > I' > A, and with o = 7tvg] o< T/U.
This mapping connects quantum dots to magnetic impurities, but in contrast to the
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classical spin presented in the previous section, the resulting impurity consists of
the dot electrons spin-1/2 degree of freedom. Phenomenologically, the effect of this
quantum spin is similar to the classical spin; the even parity state, with an excited
quasiparticle at energy A forms an exchange bond with the dot electron,

8) ~ % (11, 4qp) — b Tap)) (1.7)

lowering the state’s energy and moving it inside of the gap. As I increases, the energy
won by exchange increases correspondingly, moving the state further into the gap. At
a critical I' ~ U this gain in energy is larger than A, and the groundstate transitions
from an odd spin-1/2 state into a non-magnetic screened singlet state, which we
recognize as the YSR state. The effect of increasing I' on the exchange singlet state is
depicted in fig. 1.2. Although this picture is fairly simple, calculations are complex
and no tractable analytical solution exists for a spin-1/2 impurity. Theoretically, this
complexity stems from higher order spin correlations, appearing first at third order (J?)
in perturbative expansions, containing logarithmic terms log (D/A), where D denotes
bandwidth and A provides a low energy cutoff. These terms are a characteristic feature
of the Kondo problem [8], where in the case of a normal lead the low energy scale is
typically temperature T, yielding logarithmic terms log (D/T) instead. Going beyond
our phenomenological picture from the ZBW model, and by drawing inspiration
from the Yosida anzats [25], these higher order terms appear due to interactions of the
dot-spin with multiple quasiparticles at various frequencies, resulting in a complicated
exchange singlet state,

D D
|T/ l/qp> :,[A d(U] a(w]) ’T/ ¢w1> + JA dU)] dwzdw.’)b(w]/ w), (1)3) ’T/ $w1Tw2¢w3>

+0(5qp) (1.8)

with frequencies denoting quasiparticle energies restricted by bandwidth D, and
prefactors a(wj) and b(wj, wy, w3) denoting the spectral weight at each frequency.
These prefactors can be obtained self-consistently through the Schrodinger equation
up to a sufficient order of J, which at J* shows the aforementioned logarithmic terms
in D [24, 26]. The appearance of these terms signals that a renormalization procedure
of higher order terms is required to obtain a tractable model. The resulting energy
scale Ty, denoting a Kondo temperature, fully characterizes the system insofar U >> T,
effectively removing the dependence of other scales in the problem, e.g. I', D, U. At the
particle-hole symmetric point (£4 = 0), the doublet groundstate switches to a screened
singlet state at Tx ~ 0.3A [27]. Although, Tk better characterize transitions, throughout
the thesis, we typically use I" instead of Tk to address screening. This is motivated by
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the low level approximations we apply, which do not display the logarithmic terms,
and consequently does not yield a reasonable Tg.

The study of these interactions and the various limits of A, I and U is a rich field in its
own right, with a number of competing approaches, most of which requires numerics.
Next follows a short discussion of these approaches: The numerical renormalization
group (NRG), based on Wilson’s logarithmic discretization[28], can be generalized
to the superconducting case [29] and reliably captures all parameter limits [30], but
requires substantial numerical effort. Of particular interest is that this approach can
describe the Tx > A limit where Kondo correlations dominate, and a resonant peak
forms around the gap [30, 31], which evolves into the normal Kondo resonance as
A — 0. In the YSR limit Tx 2 A a number of numerically simpler approaches, including
self-consistent spin-polarizing [20, 32] and spin-conserving [33, 34] Hartree-Fock mean-
tield theories, functional renormalization group [35, 36], and slave-boson expansion
[37], has been used to investigate various properties of S-QD-S devices and related
transport. Additionally, the limit of A > U, " known as the atomic limit, have also been
investigated [38] and is analytically solvable for A — oco. Here, instead of hybridizing
with quasiparticles, the dot becomes proximitized by the superconductor, and the
lowest subgap singlet state (8) is at odd occupancy composed of a superposition of dot
states, |S) = %(IO) —12)), which smoothly evolves into the YSR state as A decreases.
Comparisons of these approaches can be found in Refs.[33, 36, 39].

1.3 EXPERIMENTAL REALIZATION OF YSR STATES

In order to investigate YSR states one requires a setup in which they not only appear,
but where they also can be measured. This is commonly done by transport measure-
ments, where the YSR state is contacted by a probe through which current can run. As
the capabilities to create nanoscale devices evolved, two main routes to investigate YSR
states have appeared: Using scanning tunnelling microscopy (STM) to probe magnetic
impurities placed on superconducting substrates, or by contacting quantum dots to
a source and drain lead. In STM setups YSR states from magnetic impurities have
been measured by metallic tips [40—44], superconducting tips [45-50], and recently a
tip hosting another YSR state [51]. In these setups the magnetic adatoms often host a
complex orbital texture [52, 53], resulting in large spin degrees of freedom, which due
to magnetic anisotropy typically can be modelled as classical spins. The advantage
of these setups, compared to quantum dots, is the high resolution across large bias
ranges [45], the ability to easily compare measurements of the impurity to the bare
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substrate (by moving the tip), and the fine control of tip height enabling measurements
across many magnitudes of tunnel coupling [46, 51].

In systems hosting YSR states from quantum dots one lead is necessarily supercon-
ducting, while the other lead, typically coupled weekly to simplify interactions, can
be either metallic (5-QD-N) or superconducting (S-QD-S). Quantum dots have in these
setups typically been formed on carbon nanotubes or nanowires placed, capacitively
coupled to bottom gates with which a dot geometry is tuned, although examples of
YSR in self-assembled dots [54] and gated molecules [55, 56] also exists. On these
setups, both the S-QD-N geometry [54, 57-63], and the S-QD-S geometry [55, 56, 64—74]
have been extensively explored through bias spectroscopy. The typical features from
such measurements are very similar to STM, with two subgap conductance peaks
located at bias eV = %E; in the S-QD-N geometry, and at eV = £(E( + Ag) in S-QD-S,
where Ay is the gap of the probing superconductor. These conductance peaks stem
from transport processes, which become available when the probes electron (hole)
density of states is aligned with YSR states hole (electron) peak, as depicted in figs. 1.3
(a, b). Examples of YSR state bias spectroscopy in a S-QD-N and S-QD-S geometry is
shown in figs.1.3 (c-e), and the observed gate dependence can be compared to sketches
in fig. 1.2. The advantages of quantum dot setups compared to STM are: the easy
gating of &, controlling dot occupancy over many orbitals as shown in fig. 1.3, the
large tuneability of couplings as the geometry can be tuned by gate [58, 62, 75], the
certainty from coulomb blockade that the free spin is spin-1/2, and the ease at which
YSR junctions can be integrated into larger circuitry as the system is fabricated on
chip. An example of larger circuitry includes SQUID interferometers, enabling the
measurement of a YSR state’s full current phase relation (CPR) [67, 76—78], which have
revealed the predicted 7 phase (I = I. sin(¢ + 7)) at odd dot occupation, heralded by
negative supercurrent for ¢ € {0, 7t} [39], and the elusive ¢y phase (I = L. sin(d + o))
[79]. In summary, these rich studies of YSR states in both STM and quantum dot
junctions have allowed tuning, manipulation and measurements of single subgap
states across a large parameter space.

Next, we focus on YSR states in other setups and highlight potential uses and
issues. A number of nanowires show signatures of YSR states originating from, often
unintentional, dots. This commonly occurs if a section of wire is strongly depleted
by a gate, thereby close to pinch-off, and may depend on the length of the wire [80].
This has been observed in gatemons [81], where sharp resonances are measured close
to depletion [82].

11



12

V (uV)

INTRODUCTION

(a) Normal probe (b) Superconducting probe
eV =E eV =—Ep €V=E0+ARf eV=—EFE)—Ax

0.0

1.3 1.4 1.5 1.6 1.7 L8 ar/av (e*/n)
Plunger gate (V) di/dv (1072 G,)

i 15
400 -
2A/e - 10
200 - ‘ C\\L
L Q.
r <
-200 - $
—2A/e - 0
-400
£ -0.5

V, (V)

Figure 1.3: Schematics of transport at threshold bias eV involving a YSR state for a normal lead
(a), and a superconducting lead (b). Colors relate to (c, d, e), with dark tones indicating
filled states and light tones empty states. (c, d) Differential conductance as a function of
gate in a S-QD-N setup with (c) and without (d) an applied 150 mT magnetic field to drive
the S lead normal. Heavily broadened coulomb diamond in (c) correspond to odd subgap
states deep in the gap in (d), corresponding to large coupling I'. Red rings indicate position
of odd occupation diamonds. (e) Differential conductance as a function of gate in a S-QD-S
setup. Features are similar to (d), but displaced from zero by Ag due to processes (b). Red
inset shows a conductance linecut, while red rings indicate odd occupation diamonds.
Rings are not as evenly spaced as in (d), due to the multiorbital nature of the carbon
nanotube measured in (e), compared to the InAs nanowire measured in (c, d). Figures (c,
d) are adapted from Ref. [75] while (e) is adapted from Ref. [67].



1.4 THESIS OUTLINE

As stated in Ref. [82] the presence of a dot is not necessarily detrimental; the proximity
of a resonance renders the critical current I, characterizing the Josephson energy, E},
highly tuneable, and can be tuned almost to a perfectly transmitting single channel.
In addition to uses as tuneable Josephson junctions in superconducting quantum
electrodynamics (QED), the YSR subgap states themselves also constitute a quantum
degree of freedom [83]. This can be utilized in Andreev spin qubit designs [84], or
by photons coupling to the YSR’s CPR [85] in QED circuits, as done for quantum
point contact (QPC) experiments in e.g. Ref. [86]. Additionally, the InAs nanowires on
which YSR states have been studied are very similar to devices built with topological
superconductivity in mind, where experimental signatures of Majorana boundstates
are sought [87]. Consequently, measurements of zero-bias conductance peaks can also
be attributed to topologically trivial Andreev states (see review Ref.[88]), where e.g.
YSR states can lead to 'robust’ zero-bias peaks [89]. As dots form both unintentionally
and intentionally, when used as probes [87, 90], on superconducting nanowires it
is important to be able to identify transport features stemming from YSR states.
Accounting for these observations further research into the formation, measurement
and characterization of YSR states in quantum dots is of great value to the expanding
tield of nanowire semiconductor-superconductor qubits.

1.4 THESIS OUTLINE

In this thesis we primarily investigate transport across serially coupled double quan-
tum dots (DQD) in superconducting junctions, i.e. S-DQD-S geometry. This geometry
hosts rich competition between various tunnel couplings and as of its high tuneability,
allows for measurements of many different regimes. Specifically, the presence of two
superconducting leads, compared to one superconducting lead (5-DQD-N) addressed
in the author’s master thesis [21, 62], enables us to measure the superconducting
version of the famous two-impurity Kondo model [8, 91], where interdot exchange inter-
action competes with the simultaneous screening of both dot spins. Similar to adatom
chains measured with STM [92—94], predicted to host Majorana states at the boundary
[95, 96], 1D quantum dot arrays also mimic Kitaev chains [97], and correspondingly
can host Majorana states [98—100]. In this regard, characterizing and controlling the
S-DQD-S setup is an important stepping stone for the realization of larger arrays.
This thesis is composed of five projects, all focussed on experiment, for which the
author has provided theoretical support. These projects labelled 1 to 5 are all published,
with the exception of no.3 currently submitted for publication in PRL. Additionally,
projects 1 to 3 are all performed on a single DQD device and concordingly this thesis
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will primarily focus on transport in this device. Lastly, as the bulk of this work is
provided in the articles supplemental material, this thesis is written in a "supplement
first’ manner with the aim of highlighting the theoretical work.

This chapter, in combination with chapter 2 presenting the DQD experiment, serves
as an introduction. The following chapters 3 to 6 focus on measurements of supercur-
rent. In chapter 3 we derive the necessary circuit equations to fit supercurrent by an
Ex-RCSJ model, from which we extract the critical current I.. This is then compared to
theory in chapter 4, where . is obtained from lowest order perturbation theory. We
show the resulting papers of this work in chapter 5 and 6, where we succeed in fully
screening the DQD.

From there we turn our attention to finite bias spectroscopy. In chapter 7 we derive
the Floquet Keldysh Green’s function equations required to calculate DC current at
finite bias. In chapter 8 we use a spin-polarizing mean-field approximation to obtain
non-interacting Green’s function to use in DC calculations, and present a number
of single dot results. This is used in project 3, presented in chapter 9, where direct
transport between two subgap states is measured. This papers supplemental material
is included in chapter 1o0.

Lastly, projects 4 and 5, which are performed on different experiments, are presented
in chapter 11 and 12. Here we used techniques derived in the previous chapters to aid
in data interpretation and fitting. Afterwards, we present the conclusion in chapter 13.



DOUBLE QUANTUM DOT EXPERIMENT

In this chapter we present the experiment which forms the basis of the first three
projects of this thesis. In presenting this work, it should be clear that I as a theorist
have not participated in either fabrication or measurement, and my contributions are
limited to data interpretation, analysis and model development. Nonetheless, this
experiment, and indeed this single device, takes such a central role that a proper
introduction and walk-through is required. To the authors knowledge, only three
other YSR experiments in the S-DQD-S geometry exists [4, 67, 101]. Of these, Ref. [67]
is effectively probed as a single dot, while Ref. [101] contains a significant soft-gap
obscuring features. The last device is part of this thesis, presented in chapter 11.

2.1 INTRODUCTION

The original goal of the experiment was to expand upon earlier work in which YSR
screening was investigated in a double quantum dot, contacted by a normal and
superconducting lead (S-DQD-N) [62], for which the author also supplied theory
[21]. In that experiment, characterization was done by spectroscopy with the normal
lead acting as a weakly coupled probe, revealing identifiable charge diagrams and
characteristic YSR subgap states, whose dispersion followed theoretical expectations.
In regard to screening the double quantum dot, this device was limited, as the
single superconducting lead could only screen the nearest dot, and consequently full
screening of both dot spins where unachievable.

In producing a double quantum dot contacted by two superconducting leads (S-
DQD-S), the goal was to achieve full screening, and to investigate the interplay between
YSR states formed on each dot. The device consist of a 110 nm diameter InAs nanowire,
with 7 nm epitaxial aluminium grown in situ on three facets. The wire is placed on a
bed of finger gates isolated by 20 nm of hafnium oxide serving as a dielectric barrier.
The epitaxial aluminium is etched away above the five bottom gates, and the wire is
contacted by metallic Ti/Au strips serving as source and drain. These are placed about
one 1 um from the central etched region as shown in fig. 2.1. In addition to the bottom
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Figure 2.1: (a) False coloured scanning tunnelling micrograph of the device, with the five
bottom gates used to define the double quantum dot highlighted. Schematic of the double
quantum dot is shown above. (b) Schematic of the wire with 7 nm epitaxial aluminium
grown on three facets. (c) High resolution transmission electron microscopy image of a
similar InAs wire with epitaxial aluminium, showing the pristine interface between Al and
InAs adapted from Ref.[102]

gates, the Si substrate on which the device is placed is used as a global backgate and
separated by 300 nm Si oxide from the device.

By tuning the five bottom gates a double well potential can be formed, effectively
behaving as a double quantum dot, with gate 2 and 4 primarily controlling dot
occupancy. These two dots are tunnel coupled to the aluminium covered InAs wire
on either side, acting as superconducting leads. Gates 1, 3 and 5 control left, interdot
and right tunnel coupling respectively, by setting the size of the intermediate potential
barrier electrons tunnel across. In this geometry one does not a priori know if the
superconducting leads consists of the epitaxial aluminium, a region of proximitized
InAs or a combination thereof. By enforcing a source-drain bias, the double quantum
dot effectively serves as a junction between the two superconducting leads, thus
enabling spectroscopic measurements of the S-DQD-S system. Due to low yield in
fabrication the device was designed for two terminal measurements [103] instead
of four terminal, making it harder to investigate the surrounding electromagnetic
environment experienced by the junction.



2.2 DOUBLE QUANTUM DOT CHARACTERISTICS

Measurements are carried out in a T ~ 20 mK dilution fridge where differential
conductance dI/dV is extracted through standard lock-in technique, using an AC
signal of amplitude 2 uV in conjunction with a tuneable DC component V. Current, I,
is measured simultaneously by a digital multimeter. On the bias-line into the dilution
fridge there are filters with a total resistance Rs = 8.24 kQ, which determines the
load-line resistance. In this two terminal setup, voltage drop across Rs is subtracted
and we define V4 = V — RsI as the voltage drop across source-drain yielding the
following differential conductance,

—1
dI dI dI
=—|1—-Rs— ) . .
dVeg  aV ( S dV) (1)
In this manner, current characteristics I - Vg4 and differential conductance spectroscopy
Vsa - dI/dVgq can be performed.

2.2 DOUBLE QUANTUM DOT CHARACTERISTICS

At this day and age, double quantum dots is a well established subject and they
are widely used in qubit proposals [104, 105] with particular focus on spin-qubits.
In common setups, the double quantum dot is contacted by two metallic leads and
characterization is done by use of charge diagrams, which consists of measuring
zero-bias conductance as a function of the gates controlling dot occupations [106].
Next, we will give a short overview of this subject in relation to our specific device.

By gating a dot, electrons can be added or removed one by one each time electrostatic
energy, tuned by bottom gate V, overcomes charging energy U. Accounting for all
charging energies the Hamiltonian for a double quantum dot with Nt (Ng) orbitals on
the left (right) dot can be written as,

H = Hp + Hr, (2.2)
Up < 2 Ug & 2
Hp = == D (nLi+du—Vg) + > > (ngj+drj — Vg2) (2:3)
i
Ny Ng ] N, Ng
+ Up Z nring + Ug Z NRiNg; + Ug Z (Tlu + 811 — Vg1) (Tle +Ogj — Vg ) ,
i#j i#j )
N Ng
Hr = Z Z i d{wdeg +h.c. (2.4)
ij o

Here the left/right charging energy Uy /g is assumed constant across all levels, ny jg; =
> oM Ric is the electron occupation operator for the ith level with corresponding
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@ I GO SV N

Figure 2.2: (a) Schematic of a classical double quantum dot with charging energies stemming
from capacitive couplings. Taken from Ref.[106]. (b) Schematic of the charge diagram
obtained from eq. (2.2). Numbers refer to groundstate electron occupation (ny,ng), and
lines mark degeneracies between charge states at groundstate crossings. Dashed inset
marks position of (c). (c) Zoom in at a triplet point with red lines indicating the effects of
finite interdot tunnelling ti;. (b-c) are adapted from Ref.[106]

dp /ric annihilation operator, U, is the interdot charging energy assumed constant, and
61 /ri accounts for level spacing between different electron orbitals on the left/right
system. Hy introduces tunnelling between various levels on the left and right dot, with
tunnel coupling t;;. Written in this form, Vg and V;; are on the scale of U; , but in
experiment the actual scale of gate 2 and 4 controlling these parameters are a priori
unknown. In the classical model [106], depicted in fig. 2.2 (a), the various charging
energies can be inferred from capacitances, but in typical devices they are estimated
from measurements of coulomb diamonds, as we show later.

In the range of small interdot couplings Ug, ti; < U, Ug, each dot can independently
be charged and the groundstate of eq. (2.2) can be described by number states [ng, ng)
whose occupation increases with increasing gates. The occurring pattern is known as



2.2 DOUBLE QUANTUM DOT CHARACTERISTICS

a honeycomb diagram, shown in fig. 2.2 (b), and is characterized by charge sectors
surrounded by sectors of £1 electron on either dot. As each level can contain two
electrons, one of either spin, sectors of even n; and/or ng appear elongated since the
sectors atop and underneath represent different levels separated by energy &; /z. Each
such pair of levels, centered around charge states where both n; and ny are odd, is
known as a shell. If both dots are weakly coupled to a metallic lead resonant transport
will occur at charge degeneracies, where electrons are more easily transferred. This
occurs along each line of the honeycomb diagram resulting in significant zero-bias
conductance around each charge sector. Especially in the vicinity of triple points,
shown in fig. 2.2 (c), will transport be enhanced as both dots are close to charge
degeneracies. As such, by measuring zero-bias conductance one expects to obtain a
map resembling fig. 2.2 (b) showing the shell-filling of each dot.

Next, we account for the effect of finite interdot tunnel coupling ty. In the prox-
imity of triple points interdot tunnelling allows transitions of the type n;, ng) <
Inp £1,ng F 1), which changes the groundstate into a superposition of charge states,
lowering its energy. The effect of this is the formation of anti-crosses at triple points,
as depicted in fig. 2.2 (c). A major difference between sectors of total odd occupation
and even occupation is the groundstates degeneracy; for odd states the groundstate is
a degenerate Kramers spin doublet, while for even states where both n; and ny are
even the groundstate is a singlet state. Lastly, at a center of a shell where n; and ny are
both odd the groundstate becomes an exchange singlet state [Sex) = % (11,4 =11
with arrows referring to spin on left/right dot in the given shell, due to the effect of
exchange interactions. This exchange coupling arises from virtual transitions through
states [2,0) and |0, 2) by interdot tunnel coupling, and gives a splitting of scale tizj /U R
to a three times degenerate triplet state.

For our device, measurements of zero-bias conductance G = dI/dV,4q(Vsq = 0) is
performed across a large range of gate 2 and 4 who tune dot occupation. A wide field
view is shown fig. 2.3 on a logarithmic scale. We observe a pattern resembling shell
filling with three visible shells labelled X, Y and Z, showing large level spacing &; /g
on the scale of U; jg. The measured conductance is strongly enhanced in the vicinity
of shell X and Y, while conductance for shell Z is fainter and particularly enhanced at
the triple points. Additionally, the triple points appear closed for shell Z, in contrast
to shell X and Y, which naively indicates that interdot tunnel tz and interdot coulomb
coupling Uz are small on scale of Uy jg for this shell. Lastly, charge instabilities around
Vg4 = —0.4 V appear. Such switchings, due to single electron trapping, are unfortu-
nately commonplace in nanoscale devices. The above interpretation is supported by
additional measurements of coulomb diamonds, which in this device are typically on
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Figure 2.3: Zero-bias conductance colormap in logarithmic scale. Three identifiable shells
appear, labelled X, Y and Z. Charge instabilities around Vg4 ~ —0.4V (Gate Voltage 4) are
visible. For additional details and gate settings se supplement of Ref. [1].

the scale of U ~ 2 meV, and of a pristine superconducting gap of size A ~ 0.27 meV
(measured at a different backgate), placing us firmly in the YSR regime A < Uy, Ug.
These measurements can be seen in the supplement of Ref. [1] in fig. S1 and fig. S6
respectively. Lastly, although we expect InAs nanowires, including our device, to
contain significant spin-orbit coupling we neglect it in modelling as we only focus on
measurements with no magnetic field present. In this case, spin-orbit coupling is not
expected to play a significant role, and due to Kramers degeneracy odd occupation
doublet states are still degenerate, although spin is not a good quantum number [107].

At this juncture, we should remind ourselves that zero-bias conductance is measured
across two superconducting leads with the double quantum dot in between, and not
two metallic leads from which charge diagrams are normally obtained. This raises two
major questions: what is the zero-bias signal that we measure, since normal resonant
transport cannot occur between two gapped density of states, and what of the YSR
screening which supposedly should occur between dot and superconducting lead?
In the two following sections we will elaborate on these subjects by considering bias
spectroscopy of shell X at low and high bias.



2.3 LOW-BIAS SPECTROSCOPY
2.3 LOW-BIAS SPECTROSCOPY

In this section we explore in greater detail the zero-bias signal used to identify charge
diagrams in the previous section by considering various gate linecuts through shell X
at finite source-drain bias. In fig. 2.4 (a) we show zero-bias conductance for shell X but
in a slightly different gating configuration®. The various charge sectors are labelled
by expected left and right dot occupation for this particular shell. Panels fig. 2.4 (b-e)
shows differential conductance linecuts taken across shell X with (b, c) cutting through
an odd occupation sector and (d, e) through the (1,1) sector. The main contribution
to zero-bias conductance is identified as a bias symmetric peak approximately 18 uV
wide, which across all cuts sticks to zero. This feature is flanked by peaks of negative
differential conductance (NDC) who appears to stick at Vsp ~ £12 puV. Additionally,
the height of the NDC peak follows monotonically the zero-bias peak. We claim that
these two features stems from supercurrent with the double quantum dot operated
as a Josephson junction, and is related to the cotunneling of cooper-pairs across the
junction which we investigate in chapter 3 and chapter 4.

At higher bias, we see conductance features whose position varies with gate. Some
of these features show subsequent NDC while others do not. A common trend is that
they close in around and sometimes cross zero-bias at the same gate as extrema of the
supercurrent peak occurs. These features are not easily identifiable even through we,
due to their eye-like dispersion, relate them to transport involving YSR subgap states.
In chapter 8 we discuss low-bias transport cycles which can yield features of this kind,
but the precise identification of all features remain beyond the scope of this work.

+ It is quite common for this device that gate configurations varies slightly between datasets as charge
trapping effects, similar to those in shown in fig. 2.3, moves shells slightly between different scans
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Figure 2.4: (a) Zero-bias charge diagram of shell X. Numbers (ni,ng) indicate expected elec-

tron occupation for each sector. Purple dashed lines show the gate tuning of linecuts

(b-e). (b-e) Bias linecuts taken across (a) with (b, d) parametrized by Gate 4 and (d, e)

parametrized by Gate 2. (b-e) are adopted from Ref. [103]
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2.4 LARGE-BIAS SPECTROSCOPY

Next, we discuss spectroscopy of shell X with bias on the range of observed supercon-
ducting gaps. As previously stated, the original intent was to characterize the double
dot using differential conductance measurements to perform subgap state spectroscopy.
This turned out to be more complicated than initially expected due to three issues: (1)
it is in practice hard to determine what left lead feature is probing what right lead
feature, as both are expected to host subgap YSR states in addition to the weakened
gap. (2) the number of scales. For shell X we expect interdot coupling tx to be of
similar scale as left and right tunnel coupling, making it hard to differentiate between
dot bonding states and YSR states. (3) the observed gap is not of size A = 0.27 meV as
measured in another gate setting, but appears to be around A* ~ 0.15 meV for both
dots. Our interpretation is that the effective InAs-Al gap is composed of a cluster of
Andreev states below 0.27 meV, similar as in Ref. [73, 90], arising from the complicated
interaction between InAs wire and epitaxial aluminium [108]. A schematic of the
expected left and right lead density of states are shown in fig. 2.5 (a, b). Fig. 2.5 (c-f)
show measurements of differential conductance along the same linecuts as in fig. 2.4.
In all four cuts we observe split YSR like eye-shapes seemingly at eV = £(E; + A*)
similar to measurements shown in fig. 1.2 (e). As stated above, we are not sure if it is a
gap or subgap state probing the opposing subgap state, but the energy dispersion as a
function of gate is indicative of a YSR state tuned by gate, probed by some stationary
feature on the opposing lead. These YSR like conductance features show kinks in
slope at the same gate voltage as extrema of supercurrent occurs. We interpret these
kinks as groundstate changes between YSR singlet and doublet groundstates, similar
to the single dot picture, since each dot is independently gated along the chosen cuts.
The source-drain bias position of these kinks varies between cuts, making it hard to
identify the probing feature.

In summary, even though the curvature and slope of the main feature supports a
YSR interpretation, we have as of yet, not been able to explain these measurements
with any simple model. Consequently, in our work focusing on shell X we only use
these large-bias results in a supportive role, as in chapter 6, effectively abandoning
the idea of spectroscopic characterization. An exception to this is shell Z, which was
simpler to interpret due to the smallness of t7 and Uz reducing complexity. Here clear
signatures of transport between opposing subgap states is identifiable, which we treat
in detail in chapter 9.
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Figure 2.5: (a, b) Schematic drawing of the two opposing leads density of state, hosting subgap
states coloured red. With (a) a pristine gap, and (b) a cluster of subgap states acting as a
effective gap. (c-f) Bias linecuts taken across fig. 2.4 (a) with (c, e) parametrized by Gate 4
and (d, f) parametrized by Gate 2. Arrows indicate kinks in slope observed of the eye-like
conductance feature.
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2.5 SUMMARY AND OUTLOOK

The presented data supports that the experiment have successfully achieved a double
quantum dot contacted by two superconducting leads. The strongest evidence being
the zero-bias conductance map strongly resembling traditional charge diagrams with
clear signatures of shell filling. Although, the original intent was to characterize the
device and YSR interactions via subgap spectroscopy this turned out to be more
complicated then anticipated. Nevertheless, in spectroscopy we do observe features
showing characteristics of YSR states, and from the eye-like shapes we estimate
that coupling to left and right lead is low to intermediate with the odd occupancy
groundstates unscreened. With these considerations in mind, we decided to prioritize
the study of the zero-bias supercurrent peak and utilize that to characterize the S-
DQD-S device. In order to achieve this goal, we first have to find a circuit model able to
explain the zero-bias signal. A major obstacle in this regard is the limited knowledge
of the local electromagnetic environment, as the device was not fabricated with this
kind of measurement in mind. This is the topic of the next chapter.
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OVERDAMPED JUNCTION IN THE EX-RCS] MODEL.

Assuming that at low bias the S-DQD-S junction, described in chapter 2, behaves as a
Josephson junction with a critical current I;, we in this chapter utilize an extended
resistively and capacitively shunted junction (Ex-RCSJ) model [109-111] to characterize
supercurrent measured across the junction. This model have been used to characterize
similar nanoscale devices containing quantum dots yielding either underdamped be-
havior [112—114] with hysteretic I — V characteristics where switching and retrapping
current can be measured by repetitive bias sweeps, or overdamped behaviour [115, 116]
with non-hysteretic I — V curves accompanied by a large reduction of supercurrent
due to noise. For our device no hysteretic behaviour is observed and supercurrent
appears as a zero-bias conductance peak whose amplitude, but not width, varies as a
function of dot gating as shown in fig. 2.4. We ascribe the varying amplitude to gate
dependence of the critical current I, which we calculate for the S-DQD-S setup in
chapter 4. Lastly, on nanoscale Josephson junctions, such as ours, it is a priori hard to
know the precise electromagnetic environment experienced by the junction if it is not
carefully designed. This is due to unintended stray circuit elements which can be of
similar (or larger) scale then junction elements. As a consequence, we do not have a
detailed understanding of circuit parameters, and the goal of this section will be to
obtain a minimal, realistic, and consistent model of the measured supercurrent, with
circuit elements regarded as somewhat free parameters.
The measured supercurrent signal is characterized by three important properties:

* Overdamped - Inferred from the lack of hysteretic switching.

* Voltage biased - Measurements of NDC as part of the supercurrent peak necessi-
tates voltage biasing.

* Constant cusp voltage - Bias width of the zero-bias signature appears constant
across gate tuning even though amplitude varies.

In the following section we expand upon these properties and demonstrate how they
can be obtained first within a normal RCS] model. Afterwards, we extend the model
with an additional capacitor and resistance (Ex-RCS]J) in order to realistically describe
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our experimental situation. These models are to a large degree already covered in the
existing literature [110, 117], and the following account is primarily focused on their
application to our device. Some confusion seems to exist on the subject as we believe
the Ex-RCS] model has been applied somewhat wrongly in previous overdamped
devices [115, 116], which we detail in section 3.4.

3.1 RCSJ) MODEL

In the RCSJ model the junction is described as an ideal Josephson element in parallel
with a capacitor Cj capturing the effect of charge build-up on either side of the junction,
and a resistor Rj accounting for low-bias (eV < A) quasiparticle tunnelling across the
junction. In general, the resistive element R; could have a detailed dependence on bias
if e.g. it originates from multiple Andreev tunnelling [117] or subgap states mirages
[73] which we detail for single dot in chapter 8. For our objectives assuming a constant
Ry suffices. Lastly, a voltage drop V is enforced by a source in series with a bias-line
resistance Rs. A full schematic of the circuit is shown fig. 3.1 (a).

(a) (b)  v/Rs <1, (€ V/Rs > 1.
[Rs | RN
LS | l ,/ N
7 \
/ \
! \ T
-V ¥ =GV, l\ ; Fg Fq
\ T
\
1 T ‘. m m

Figure 3.1: (a) Schematic of the RCSJ circuit. Red cross indicates the Josephson element. (b-c)
Pendulum mapping of circuit dynamics for small bias (b) and large bias (c) compared to
critical current I.. Here T = V/Rg, Fg = I and m = C; @, for a pendulum of unit length
l=1.

The Josephson element itself details the tunnelling of cooper-pairs across the junction
yielding a dissipationless current Ij characterized by,
b

[ =Ising and T V;/®, (3.1)

collectively known as the Josephson relations, where ¢ is the superconducting phase
difference across the junction, Vj is the voltage drop across and @y = h/2e the magnetic
flux quantum expressed in h. The critical current I. is related to the co-tunnelling am-
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plitude of cooper-pairs across the junction detailed in chapter 4. Applying Kirchhoff’s
laws to this circuit we find,

oV _

Cla_t] = V/Rs — L sin — V;/R (3.2)
with R = RRS%RL]' For our purposes we consider V to be a applied constant and our
objective is to find the solution for the canonical variables ¢ and Vj. Together with
eq.(3.1) this equation maps onto a driven-damped pendulum,

op U db

e d p=m— .

with angular momentum p = C;Vj, angle ¢, mass m = C;®,, and potential U =
T$ + Fgcos ¢ with gravity F; = I. and a applied torque T = V/Rg for a unitless
pendulum length | = 1. Lastly, damping is provided by the friction n = 1/R®,. From
intuition, if we initialize the system at small angles ¢ ~ 0 with an applied torque
smaller than gravity V/Rs < I. we expect the pendulum to equilibrate at a fixed angle
$o = sin~' (V/RgI.) where torque cancels gravity. This constitutes the dissipationless
superconducting state as the average 'angular momentum’ (Vj) = 0, while current
[; = V/Rs remains finite. For torques much bigger than gravity V/Rs > 1., we expect
a rotating solution where the pendulum spins around its central axis periodically on
a timescale T. If, furthermore, angular momentum is approximately constant during
rotations, then phase ¢ will be evenly distributed from 0 to 27, resulting in average
zero supercurrent (Ij) = Ic(sind) = 0. This is known as the resistive state since a
voltage drop (Vj) # 0 have stabilized across the junction while no supercurrent runs.
These two solutions, and the pendulum analogue, are shown in fig. 3.1 (b-c).

3.1.1  Underdamped vs. overdamped behaviour

To explore this in greater detail and investigate the effect of damping, it is useful to
cast the equations in dimensionless form,

ou . op 1
a—K—smd)—u, and a—&u, (3-4)

with dimensionless voltage drop u = Vj/ RI., K = V/Rs], describing the ratio of torque

over gravity, and dimensionless time T = wgct using the RC-frequency wgc = 1/RC;.
The ratio o« = C(B_];E with wg; = RI./®, determines the difference in timescales at

which changes of u occur compared to changes of ¢, and is proportional to analogous
friction n.
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Figure 3.2: Average current through the Josephson element (Ij)/I. = (sin ¢) as a function of K
for different « limits. For « — 0 a increasing and decreasing path of K are indicated by K+

For the case & < 1, which we define as the underdamped limit, the phase ¢ changes
quickly compared to u. Considering equilibrium solutions, meaning % = 0 with
(u) denoting average, we find that for |[K| > 1 only the constant u = K solution is
valid, as sin ¢ averages to zero on the timescale u changes. For the pendulum this
corresponds to a rotating solution, with many rotations occurring on the timescale
angular momentum changes. For [K| < 1 there are two equilibrium solutions for u; one
where the phase localizes ¢ = sin~' K with u = 0 and the junction is superconducting,
and the previous solution with u = K. The non-uniqueness of solutions at [K| < 1
yields the hysteretic behaviour characteristic of underdamped junctions, which switch
between a completely resistive state u = K and superconducting state u = 0. Starting
from e.g. K < —1 the junction is initially in a resistive state (u = K), and for increasing
K the system tend to follow this solution until K = 0, where both solutions correspond
to a motionless pendulum at ¢ = 0. Increasing K slowly from this stage brings one
to the phase localized superconducting state with torque balancing gravity, resulting
in u =0, until K > 1 where a switch to the resistive state must occur. This evolution
means that the direction at which bias (V) is applied matters, as depicted in fig. 3.2.
Accounting for finite values « < 1 some modification to this simple picture are
necessary which are detailed in Ref.[117].

For « > 1, which we call the overdamped limit, u changes quickly on the scale at
which ¢ changes. Phase ¢ can therefore be regarded as constant on the time scale u
equilibrates, meaning that the only solution to %—‘tL = 0is u = K —sin ¢. Inserting this

into eq. (3.4) yields,

0
Fr K —sin ¢, (3.5)
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with T = 7/«. This equation has a unique solution for all K (no hysteresis) which
for [K| < 11is ¢ = sin~' K, while for |[K| > 1 we obtain a periodic solution with
T = 2nt/vVK2% —1, and for which,

T

(sinp) = %J sin¢ = K —sgn(K)vK?—1, (3.6)
0

Unlike the underdamped limit, the average current going through the Josephson
element (I) = I.(sin¢) remains finite for [K| > 1. At K slightly larger than 1 the
analogous pendulum is going through uneven rotations, spending more time in the
vicinity of ¢ = m/2 than ¢ = —n for e.g. positive K. This uneven distribution of ¢
renders (sin ¢) # 0 in this range, while increasing K smoothens the distribution such
that (sin ) — 0 as seen in fig. 3.2.

3.1.2  current vs. voltage bias

() /1 (b) /1
3t ol
— Rs /Ry = 0.01 — Rs /Ry = 0.01
—Rs/Ry =1 ‘ —Rs/Rj =1
—Rs/Rj =100 . — Rg/R; =100
2 -1 12 K __-10-05 05 10 u
-t
-3 -2

Figure 3.3: (a) Current through Josephson junction as a function of K = V/RsI. for various
rations of Rs/R;j. (b) Current through Josephson junction as a function of junction bias
u =V} /RI, for various ratios of Rs/R;.

The non-linearity of a Josephson junction means that multiple solutions for the
current I can exist for a given bias V. Consequently, we have to specify how the
junction is biased, which can be either the enforcement of a constant voltage drop Vj or
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a constant current I, resulting in a voltage biased or current biased junction. Considering
the full current through the junction in the overdamped limit we find,

. Vv,V
I:ICsmcl)jLC]EJrR—J (3.7)
D)/ = (sin ) + () = M Gy

= = (sin —(u) = _z 3.
: R K—sgn(K) A ViIE=T K> 1.

Plots of this equation are shown for varies Rj/Rs ratios in fig. 3.2 (a). For Rs > Rj the
average current passing through the junction is linearly increasing with bias (I) = V/Rs
for all V, resulting in current biasing. This is consistent with Thévenin’s theorem, and
traditional bias-line analysis where the presence of a large serial resistor renders the
circuit current biased. In the opposing limit Rg < R}, the circuit is current biased
for |K| < 1 where (I) = V/Rg, since the initial resistor Rg is always larger than the
zero resistance superconducting junction, but for [K| > 1 current passing through the
Josephson element goes to zero and all current passes through R;. As we assumed
Rj > Rs the system becomes effectively voltage biased with V = Vj meaning that V
controls the voltage drop across the junction.

As seen in fig. 3.2 (a, b) it is only in the regime of large Ry that decreasing current
as a function of either V or Vj is possible. Meaning that the measurement of NDC in
experiment requires voltage biasing. In the case of current biasing, current increases

monotonically as a function of V and no NDC can appear.

3.1.3 Critical current dependent vs. independent cusp voltage

So far, we have obtained the requirements for an overdamped and voltage biased
junction. Lastly, we need to consider the cusp voltage V,, defined as the bias at which
current [ peaks, which in differential conductance measurements separates the positive
zero-bias peak from the flanking negative differential conductance (NDC) peaks. In
experiment Vj, appears constant as a function of gate, and as a consequence must
be independent of I, as we expect I; to be strongly gate dependent. In the previous
sections, current always peaked at K = 1 corresponding to Vy = Rgl, failing the
requirement of constant cusp voltage. To obtain a model satisfying this constraint we
have to extend our model with a stochastic voltage element L(t) such that V — V +L(t)
stemming from a noise source. In principle, this noise could be non-Markovian

and drawn from a complicated distribution, but for our current calculations we, for
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simplicity, assume white spectrum Gaussian noise (Markovian), similar to the original
calculation of Ref. [118]. In general a stochastic variable can be defined by its moments,

(L(t)) =0, (L(t1)L(t2)) = 2L0(t1 —t2), (3.9)

(L(t1)L(t2)L(t3)L(ts)) =(L(t1)L(t2))(L(t3)L(ta)) + (L(t1)L(t3))(L(t2)L(t4))
+ (L(t1)L(ta))(L(t2)L(t3)),

where the last equation displays Wick’s probability theorem, allowing partitioning of
all high order moments. Next, we return to our overdamped junction and add the
stochastic voltage element,

gd_) =K+ L(T)—sin¢ (3.10)
with dimensionless noise L (%) obeying (L(%1)L(T2)) = ; % 58(T1 —T) in dimensionless

time. Stochastic equations, such as eq. (3.10), are known as Langevin equations, and
the procedure is to solve for the distribution of ¢, which we call P(¢, ©), for a random
sample of L(), as ¢ itself is a stochastic object now. In the following segment, we derive
a differential equation for this distribution known as the Fokker-Planck equation. Our
derivation follows Ref. [119], which has the advantage of highlighting the similarity
between classical stochastic mechanics and quantum mechanics.

We start by considering a distribution of ¢, labelled o(¢, T), fulfilling [ o(¢$,T)dd =
1, and where the dynamics at each ¢ is governed by eq.(3.10). Furthermore, we assume
that a specific L(T) have been drawn from its distribution for each time step, which
corresponds to deterministic time evolution of o(¢$,T) with L(T) not being a stochastic
variable. Enforcing local particle conservation for each time step, meaning that changes
in probability, o(¢, T), at coordinate ¢ must be due to inflow or outflow of probability
from neighbouring ¢, yields a continuity equation,

80 + gd) (ad)c) = % = Qo, (3.11)
with Q(T) = g B (aq>( )) defined as an operator, where the derivative must also

be applied to whatever state ((T) is applied to. From our knowledge of quantum
mechanics we know that the solution to such an equation can be written in terms of a
time-evolution operator, which propagates the distribution forward in time,

dtQ(t

H|

(P, T+ AT) = U(T+ AT T)o(d,7), with U(Ty,Ty) = Teel (3.12)
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By expanding the time-evolution operator, subtracting the zeroth order term and
dividing by AT one finds,

o(d,T+AT)—o(d,T)
At = (3.13)

1

T+AT T+AT T
An J d’ﬁQ(’ﬁ)—FJ d’ﬁj dt,Q(7)Q(T) +...| o(d,T).
T

T

T

The next step is a crucial one, we average over all possible configurations of L(t). and
since the noise is Markovian it holds that ($p(7) %i’ (T2)) = (b(T1)) <%(T2)> for T, > T
meaning that future random changes are uncorrelated of current coordinate ¢. This
renders o(¢, T) uncorrelated of all O(T) in eq.(3.13). The distribution o(¢, T) averaged
over all configurations of L(T) yields the sought distribution P(¢$,T) = (o(d,T)).
Performing the average we find,

P(b, T+ AT) —P(P, T
(b, T+ AT; (b, 7) _ (3.14)

T+AT

1
At

T

T

FMT dt1(Q(1)) +J

dty J_1 dT(Q(T)Q(0)) +...| P(d,T).

These integrals can be solved by recalling eq. (3.9), and as only the lowest two orders
scales as AT the limit of AT — 0 yields,

) _ . 19%P
((D,) a¢[ —sin ] P(, T) + A g2

which is the Fokker-Plank equation for our system with A = ®yRI./L, corresponding

~—(b,7), (3-15)

to inverse noise. To solve for the equilibrium distribution Py(¢$) we set the Fokker-
Plank equation equal to zero, and as our problem is periodic it is convenient to express
it as a fourier series,

1

27 . s .
=] dOP@)e T and Po@)= Y xe™. Ga)

n=—oo

By demanding that each orthogonal component in the expansion equilibrates indepen-
dently =3 a"“ = 0 we obtain a recursive formula for the fourier components,

Xni] —Xn_1 = —2 (% — iK) , (3.17)

whose solution we recognize as the complex modified Bessel function,

Xn = COM)I_ixa(A) +DO(—n) I ixa(A). (3.18)
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Figure 3.4: (a-e) Current through junction in the overdamped and voltage biased limit for
varies A. (b-e) Black (red) dashed lines indicates the position of maximum current (Vy) in
the limit of large (small) A

Lastly, to normalize the probability distribution we demand J"én doPo(d) =xo =1, for
which we find,

In—ika(A) Inyika(A)
Xn =0OM) ————=4+0(—) —"——,. 1
n=om) Iika(A) ) Lika(A) (319)
The average equilibrium current through the Josephson element is then,
1 (7 1—ika(A)
Io(sin ) = Io=— in $Py(d) = Imxg = I Tm - KAV :
c(sing) =Lz | - dgsinPo(e) =Imx =L Im {248 (20

known as the Ivanchenko-Zil’berman curve [118]. These can be evaluated numerically
as shown in fig. 3.4. In the limit of A — oo, corresponding to no stochastic noise, the
current reduces to eq. (3.8), and as A decreases one initially observes that the cusp
voltage Vj decreases. This is due to noise-activated rotations; for K < 1, close to where
the analogous pendulum changes from a localized to a rotating phase, noise may
activate single rotations delocalizing ¢ and thus decreasing (sin ¢). As A continues
to decrease the cusp voltage starts to increase, and at A = 1 it becomes larger than
the cusp voltage at zero noise Vj > Rgl¢, and for A < 1 we find V = Rgl./A. In the
picture of the analogous pendulum, this corresponds to noise larger than gravity such
that the pendulum never localizes as random forces constantly spins it, resulting in
a wide ¢ distribution for all K. For K ~ 0 noise-activated rotations occur evenly in
both directions, but as applied torque (V) increases more and more of the random
rotations occur in the direction of applied torque, until V = RsI./A for which almost
all rotations are in the same direction, and (sin ¢) peaks. This limit can be captured by
an expansion of small A in eq. (3.20) yielding [118],

1 AK

21+ AZK2 (3.21)
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Figure 3.5: (a) Current through the junction in the overdamped and voltage biased limit for
A < 1 and various I.. Plot is in units of noise current scale 15 = I./A. (b) Differential
conductance for the same limits.

This functions peaks at,
_ Rsle  LRs

Vo = —Z
T TA T R,

(3.22)

with peak current,
I.A  1RE®,

IOZT—4 - (3.23)

In the limit of voltage biasing Rj > Rs we find Vy = £/®,, which is completely

independent of junction parameters R; and I.. Cusp voltage V, in this limit does
therefore not depend on gate, in accordance with observed constant cusp voltage. Our
third requirement is thereby satisfied in the large noise limit A < 1. In fig. 3.5 (a) we

show current in the Ry > Rg limit for various I, showcasing the constant cusp voltage.

In fig. 3.5 (b) differential conductance is shown as a function of bias, and we observe
that zero-bias conductance and NDC amplitudes changes as a function I, while peak
widths remain constant, similar to experimental data shown in fig. 2.4.

In summary, we demand of our circuit that it satisfies the following requirements
within the standard RCSJ] model:

* Querdamped - Requiring o > 1.
* Voltage biased - Requiring Ry > R.
* Constant cusp voltage - Requiring A < 1.

Unfortunately, the standard RCS] model is not sufficient to describe the experimental
situation. The primary issue is that the junction capacitance, which by a simple parallel
plate argument is estimated to be Cj ~ 3 aF, is so low that stray capacitances would
easily overwhelm it. Inspired by previous work [112, 114, 116] our experimentalist
colleagues estimate that the indirect capacitance through the Si substrate between

35



36

OVERDAMPED JUNCTION IN THE EX-RCS] MODEL.

source and drain bonding pads is C =~ 9 pE. Using this value as junction capacitance
Cy would for our parameters result in a underdamped junction o < 1. Consequently,
we have to further assume that a resistive element R exist between the bonding pads
and junction to obtain a model consistent with data. This corresponds to the extended
RCSJ model presented in the next section

3.2 EXTENDED RCS]J

In this section we analyse the RCS] model extended with an additional shunt capacitor
C, in series with a resistor R as shown in fig. 3.6. The junction resistance R} is neglected
as we expect low-bias quasiparticle tunnelling across a coulomb blockaded quantum
dot to be severely limited, resulting in Rj > R, Rs where it can be neglected. We ascribe
the shunt capacitor C to the indirect capacitance between the two bonding pads (for
further information see article 2 in chapter 6). R describes interface resistance between
Ti/Au leads and the InAs nanowire, which has previously been measured to be in the
order of kilo Ohms [114, 120]. The derivations in this section were originally presented
in the supplement of article 2.

=== Chip T T

I [Leads P :

| Rs | : | R | |

| :

—v : —t % == |
| |

| |

| |

Figure 3.6: Circuit for the Extended RCS] model. Labels "Chip’, 'Leads” and "Junction” indicate

these components position in the physical setup.

The extended RCSJ circuit was initially used to investigate nanoscale Josephson
junctions [109, 110], where it allowed for overdamped solutions of junctions with
miniscule capacitances [111]. As in the previous section, our goal is to find a consistent
description fulfilling the requirements: overdamped, voltage biased and constant cusp
voltage. In the first part of this section we will show how these limits are obtained,
then we will extract junction parameters from fitting of zero-bias curves. Lastly, we
will show that these extracted parameters are consistent with the initial assumptions.
We name the voltage drop across shunt capacitor C, which corresponds to the voltage
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drop across leads, we name V,q4 for source-drain, and furthermore we assume that it
contains a stochastic component L(t). Using Kirchhoff’s laws, the Josephson relation,
and some algebraic rearrangement we find the following circuit equations cast in
dimensionless form,

du 1/ V . R 1 d%p

ae = (g oo g ) ) 2
dp . 1 d*¢

e u+L(t)—sind — Oi_o 2 (3.25)

Here u = V,4/RI. denotes dimensionless voltage and we have introduced the di-
mensionless time T = wgrt with wgy = RI./®y. The two different RC frequen-
cies, wgc; = (RC])_1 and wgc = (RC)7T, enter these equations via the ratios oy =
wRrL/Wwre = RZCI./®; and o = wRC]/wRL = d)o/RzC]IC determining the different
scales of time evolution. Finally, L(1) is a dimensionless form of L(t) which is com-
posed of Nyquist noise from the series resistor R at temperature T*, in addition to
stray voltage noise, characterized by variance £, to account for imperfect filtering, such
that (L(t)L(Tt+ AT)) = (2;'2—11: + RI(;L(D()) d(AT). Noise from the bias-line resistance Rq is
assumed to be excluded by the RC filters apart from the stray contribution. As £ and

T* cannot be independently measured in this setup, we ascribe all noise to Nyquist
noise of the series resistor R with an effective temperature T = T* + £/(2Rkg ), which
can be different from fridge temperature due to the stray noise contribution.

We furthermore narrow ourselves to the limit of o > 1, corresponding to small
junction capacitance Cj. In this limit, the terms proportional to the second derivative of
phase in eq. (3.24) and eq. (3.25) can be neglected and the junction capacitance appears
no more in the dynamics. For & > 1 source-drain bias u evolves slowly on the scale
of ¢, allowing us to solve for the distribution of ¢ while keeping u constant. Notice
that this is opposite of the simple RCSJ] model in the overdamped limit. There it was
¢ that evolved slowly compared to u. Solving for the ¢-distribution using eq. (3.25) is
completely equivalent to solving of eq. (3.10), and we obtain an identical solution,

LowalA) 1 A%u
I—iuA(A) - 21 +A2u2

(sin ¢) = Im (3.26)
where noise A = ®yl./kgT is characterized by the effective temperature T, and we
have expanded in small A necessary to achieve constant cusp voltage. As such, a large
oo in combination with a large «j leaves the junction overdamped. Having solved
for the ¢-distribution as a function of u we insert this result back into eq. (3.24), and
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average to find the equilibrium distribution of (u) by enforcing 0(u)/0T = 0 which
yields,

\% R _ 1 A2<u>
RL R T 2T AT (327)

The behaviour of this equation determines if the junction is voltage or current biased
dependent on the ratio R/Rs. In the limit of R > Rg eq. (3.27) has a unique solution
for u, meaning that for any applied bias V only one value of lead bias V4 is possible
at equilibrium - corresponding to voltage biasing. In the opposing regime R < Rg a
constant current is enforced instead, and for |V|/(Rs];) < max(sin ¢) three solutions
of eq. (3.27) are possible allowing for switching even in the overdamped regime -
corresponding to current biasing. These two scenarios are depicted in fig. 3.7. As the
region with decreasing current corresponds to an unstable solution [109, 110], NDC
cannot be observed in the current biased regime. The two other solutions are stable
and metastable, both of which can be measured [109]. The threshold between current
and voltage biasing is determined by the minimal slope,

AZ
E/

min (sin ) = (3.28)

o(w)
whose size compared to R/Rs determines the type of biasing experienced by the
junction as shown in fig. 3.7. Lastly, for R/Rs — 0 the left hand side of eq. (3.27) is
constant and does not intersect the right hand side for large bias. In realistic junctions,
solutions of higher current are available at large bias, for example at eV = 2A with
A denoting the gap. These are the solutions the system switches to in the limit of
R/Rs — 0 for large V/Rs.

At this point, we have obtained the requirements for the three conditions to be
satisfied. We will now turn to fitting of zero-bias peaks and model consistency. In
the extended RCS]J circuit, when equilibrium have been reached, all current passes
through the Josephson element such that we can fit I — V4 curves to,

I

(I) = L Im (3-29)

while the V.4 derivative of this formula allows fitting of dI/dVsq — V4. Fitting is done
by setting T = 80 mK (an assumption we discuss in a bit), and by keeping R and I. as
the only free parameters. With few exceptions, as we discuss in section 4.3, we find
good fits of I — Viq measured by multimeter, and dI/dV,q — Vsq measured by lock-in
across all gate configurations of shell X, assuming constant R ~ 3 k() and with varying
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Figure 3.7: Solutions of u for eq. (3.27), visualized via intersect, plotted in the voltage biased
regime (a), at the threshold (b), and in the current biased regime (c). All plots are with
A = 0.5 and K = V/RgI.. In (¢) circle indicates a metastable solution, star an unstable, and
triangle a stable solution [109]

L.. In fig. 3.8 (a) and (b) we show fits of conductance and current as a function of gate
and bias. In the fitted range we find that the expansion in small A is valid, such that,

I. A%u)

(I) ~ 2T AW (3-30)

tits the zero-bias peaks. This is shown in greater detail in fig. 3.8 (c-f) where directly
measured cusp current Iy is compared to max(I) = IcA/4, and measured zero-bias
conductance G is compared to,

dI A?

dVyg (Vsa = R

o

RKZ T2

(3-31)

Discrepancy in both cases is found to be within 10%.

From our starting point in this section, we considered the interface resistance R,
junction noise characterized by T, and critical current I to be unknown quantities,
while Cj ~ 3 aF and C ~ 9 pF where obtained from estimates. In the limit where
eq. (3.30) is valid we identify the following scaling,

R=R/y, T=+T, L= VYl (3.32)
which keeps eq. (3.30) and cusp voltage,
Vo = argmax(I)(Vsa) = RkgT/ @y, (3.33)

invariant. This means that if a fit is found for any choice of R, T, and I then any
scaling of these with vy also results in a fit. From an independent measure of thermally
broadened coulomb peaks the noise temperature is determined to be T ~ 80 mK,
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Figure 3.8: Examples of fitting. (a) dI/dVsq — Vsq trace and fit using eq. (3.29) with T = 80 mk
at the same gate voltage as the leftmost trace in (b). (b) Examples of I — V¢4 curves as a
function of gate, leftmost is superposed with eq. (3.29) using values from the fit in (a). Each
curve is displaced by 120 pV and are measured from —60 to 60 uV. The black trace shows
cusp current Iy at positive bias as a function of gate. (c, ) Measured cusp current Ip, and
zero-bias conductance G compared to cusp current and zero-bias conductance obtained
from eq. (3.30) using I and A extracted from separate dI/dVsq — Vsq fits. (d, ) Difference
between the curves shown in (c, e) indicating the reliability of eq. (3.30). Fits are performed
by Alexandros Vekris and Juan Carlos Estrada Saldafia

which results in R ~ 3 kQ. For this choice, the gate dependent critical current is
fitted in the range I. € [0.02,3] nA resulting in A € [0.006,0.9] < 1 consistent with
constant cusp voltage (borderline for the largest values). Using these parameters we find
o € [10,100] and o € [10%,10°] consistent with the junction being overdamped. Lastly,
R/Rs = 0.36 and for the largest A we find A?/16 ~ 0.05, fulfilling that the junction is
voltage biased.

At this stage we have obtained a realistic and consistent description of the measured
supercurrent peaks using a classical description of an extended RCS]J circuit, and
shown the ability to fit zero-bias peaks to obtain I up to a global (independent of gate)
scaling ,/y, which captures our lack of knowledge of the electromagnetic environment.
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Consequently, it is I.’s gate dependence and not amplitude that we can measure to a
good degree of accuracy.

33 QUANTUM CORRECTIONS AND COULOMB BLOCKADE

In this section we discuss the validity of the classical description of phase and charge
employed in the previous sections. In a fully quantum mechanical treatment, the
phase difference across the junction ¢ follows an uncertainty relation [, q] = 2ie
with the charge q building up on the junction capacitor C;. The quantum effects of
this uncertainty relation have been considered in detail for ultrasmall junctions with
standard RCSJ circuits [121-124], but no full derivation accounting for quantum dots
and the extended circuit, containing two capacitors C and Cj, exist to the author’s
knowledge. Accordingly, and accounting for our lack of knowledge of the electromag-
netic environment in the present experiment, a full quantum description is beyond
our scope, and using the existing literature we seek only to address the validity of our
model and consider alternative explanations to data.

The importance of quantum fluctuations in the standard RCS]J circuit is determined
by the four scales: Josephson energy Ej = @], charging E. = 2e?/C, temperature
Er = kgT and the effective resistance p = R/Rq is units of the resistance quantum
Rq = h/4e? = 6500 Q. The classical phase diffusion description employed above is
valid for E; < pEt [122], yielding the characteristic Ivanchenko-Zil’bermann curves
(eq. (3.26)) used to fit the overdamped regime. For the opposing case E. > pEt in
addition to E. > Ej, known as the coulomb blockaded regime”, cooper-pairs tunnel
incoherently across the junction and phase ¢ ceases to behave as a classical variable
due to charge localization on the capacitor. In this regime, the tunnelling can be
described using P(E)-theory in which the cooper-pairs tunnel across the junction at
tinite bias by exchanging energy with the electromagnetic environment [121, 125].
Expanding in small tunnel coupling characterized by E; the following current is

obtained,
TeE}
() = —— [P(2eV) = P(=2eV]], (3:34)
with the P(E) function describing environmental energy exchange,
T [*® .
PE) = 5 | dtexplJ(t)+iEL/m), (5:35)

+ In this case coulomb blockade does not refer to the quantum dots, but to the effective Josephson
junction formed by the dots.
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and with J(t) = ([d(t) — $(0)] ¢(0)) characterizing phase fluctuations, determined by

the environmental impedance,

® dw Re [Zeny(w)] e 0t —1

O = (3.36)

These equations have been used to explain supercurrent in STM experiments [126, 127]
yielding very similar signals to those observed in our device, including visible NDC
and a constant cusp voltage under varying I.. This similarity is clear from eq. (3.34)
where the P(E) function determines the width and shape of the zero-bias signal and,
similar to our thermal noise, is independent of junction parameters. Another similarity
is the I, dependence, since both eq. (3.34) and eq. (3.30) scale as I2. Finally, if the
environmental impedance for low frequencies is small Z,,(0)p < 1 the expression
eq. (3.34) actually reduces to the form of eq. (3.30) [121]. Intuitively, this coincidence
occurs as both expressions describe a noise dominated regime with the width of
supercurrent peak determined by the environment. If a part of this noise is due to
quantum fluctuations this does not influence the shape of the peak.

To check if this is a realistic description of our device we consider the parameters
extracted in the classical analysis, which yields the following hierarchy of scales,

E. < B S Er < By (3-37)

with E. = 2e?/C and E; = 2e%/ Cj. The question is then; which capacitive scale
determines if our system is coulomb blockaded or not? If it is C we are in the
classical regime, and if C;j the coulomb blockaded regime. In the classical analysis, the
dynamics became independent of Cj as o« > 1, and intuitively one would consider C
to be dominant on the circuits timescales, which is also consistent with the classical
description. This is in accord with Refs. [111, 115, 116] where quantum effects due to
low junction capacitance was also neglected. Furthermore, similar experiments with
quantum dots and the extended RCSJ circuit found underdamped behaviour [112,
114], which cannot be obtained in the coulomb blockaded regime. Finally, the quantum
fluctuations are expected to mostly contribute at the frequency scale E.j/h ~ 486 THz
[121] leading to a effective reduction of I.. The size of which is determined by p and
is negligible for p < 1 [122, 128]. In our device p ~ 1/2 and consequently we would
expect a finite reduction to occur. For such large frequencies, however, the interface
resistance R determining p cannot be assumed to be frequency independent due to
parasitic capacitance and inductance, which is inherent in realistic resistors, but not
included in our description.

In summary, an alternative explanation of our supercurrent signal could be that our
junction is effectively coulomb blockaded, with cooper-pairs tunneling incoherently
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across the junction. This model would probably yield fits of equal quality to our
extended RCSJ model, but we find it unrealistic since it demands that the small
junction capacitance Cj is the effective capacitative scale of the circuit. If the bonding
pad capacitance C is assumed to be the dominant scale, then we are firmly in the
classical regime in accord with our previous modelling. Lastly, not knowing the high
frequency impedance of our circuit makes a reduction of measured I. due to quantum

fluctuations possible, although we expect it to be small if Cj is not an important scale.

3.4 QUALITY FACTOR Q

In a number of experiments using the extended RCSJ model to describe quantum dot

Josephson junctions, the circuit have been characterized by a quality factor Q [112,

114-116]. If naively used in the same manner as the quality factor for the standard

RCSJ circuit Q = /R?Cl./®y = 1/y/a (with « from section 3.1) is commonly used,

wrong conclusions can be drawn. In this section, we detail how the extended RCS]
quality factor is derived and present why we think the analysis of Refs. [115, 116] is
done somewhat wrongly.

Including a junction resistance Ry in parallel with the Josephson element of the
circuit in fig. 4.7, and by further assuming that Rg is large such that the voltage source
V in series with Rg is effectively a current source, one obtains the following circuit
equation from Kirchoff’s laws and the Josephson relation [112, 115],

2 3
[=0®, [C (1 + RE]) + C}] %g [I RCcos ¢ + R—J aa—(f + (DORCC]%T? + I sin ¢.
(3-38)
which is equivalent to eq. (3.24, 3.25) for Rg — oo and Rj — co. By further assuming
that C; is small, we neglect the third order derivative term. In the resulting equation
the term in front of -9 2 controls the oscillatory motion, and the term in front of
t ¢ describes friction. Expandmg around ¢ = 0 yields the differential equation of a
harmonic oscillator with characteristic frequency,

\/> (3-39)
\/ Cj+C(1+§)
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known as the plasma frequency, and for a damped oscillator the quality factor is given
by Q = I./wyn with friction n(¢ = 0) = [(RC + @y/R; yielding,

\/C]+C 1+ & )
Q= \/T - (3.40)

This Q-factor, originally derived in Ref. [129], is then used to characterize the circuit,
which is overdamped for Q < 1 and underdamped for Q > 1. Next, let us relate
this equation to parameters &y and «; we used to characterize the circuit earlier. For

1 1
Q= N (1 + _aooq> (3.41)

for which it is clear that our definition of overdamped oy, ®; > 1 coincides with

R] — 00 We can rewrite,

Q < 1. For o ~ 1 and oy > 1 we can obtain Q < 1, leading to some disagreement of
junction behaviour, but this is simply due to the disregard of the third order derivative
in our derivation of Q, corresponding to an initial assumption of o > 1. In short, the
two methods generally agree on junction behaviour.

Now we will turn to the problem. As we saw from eq. (3.27) the current biased
regime is characterized by multiple solutions and branch switching even for a over-
damped junction. Intuitively, this is due to the analogous pendulum’s phase dependent
friction,

n(¢$) = I.RCcos  + @ /R; (3-42)

which for large R; — oo can become negative, thereby enhancing instead of reducing
established motion. This allows for rotating solutions of the analogous pendulum even
for Q < 1, if the energy gain from negative friction at ¢ ~ 7 in addition to gain from
torque, is sufficient to compensate for the energy loss due to large friction at ¢ ~ 0. In
Refs. [115, 116] they claim to be fully current biased, but fit measurements with the
formula, : I A ,
c 1—uA cu
) = R ™ T (d) T RR-T 5-43)

with u = Viq/RI: and A = @yl /kgT, which is similar to eq. (3.29) in parallel with

the resistor Ry. This formula assumes a single solution of u to each I(u), equivalent
to assuming voltage biasing. How does this effect their interpretation? If we assume
both papers are correct on their assumption of current biasing (Rs — o0), then we
would expect no NDC to be present as switching to a resistive state should occur
when the peak of eq. (3.29) is reached, similar to Ref. [109]. In Refs. [115, 116] no NDC
is observed supporting this, but is instead explained by fitting R; at each gate, such
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that the linear increasing contribution in eq. (3.43) compensates for the decreasing
supercurrent at large u, thereby yielding no NDC. Even if Rj contributes to current, and
is gate dependent as claimed, the fine tuning such that NDC is never observed appears
artificial in light of the unexplained lack of switching. Instead, one could fit only the
initial part of the curve, stopping when dI/dV appears to plateau, corresponding to
where switching is expected. In this approach Ry would not be required in the fit, and
one can assume R; — oo. This approach would probably result in slightly larger fitted
values of I for both experiments.

With these caveats, it is the author’s recommendation to use &, & in addition to
eq. (3.27) to determine the junctions behaviour, instead of relying solely on Q. In
regard to my own work, it should be stated that in the project 1, presented in chapter 5,
we also determined the junctions behaviour solely from Q, and first in project 2,
presented in chapter 6, used the more rigorous analysis of section 3.2.

3.5 CONCLUSION

In this chapter we have shown that the zero-bias peaks observed throughout shell X
can be explained and fitted by an extended RCS] model, if the following requirements
are fulfilled: Overdamped dynamics, Voltage biased and Large noise compared to 1.. For a
tixed value of R and T we obtain good fits throughout shell-X varying only I., and we
show that the obtained values are consistent with our models requirements.

Due to our lack of knowledge of the electromagnetic environment experienced by
the junction, fitted I. can be regarded as correct up to a global scaling A which would
require an independent measurement of interface resistance R or noise temperature T
to fix. In addition, I, could be somewhat reduced due to quantum phase fluctuations.
Both of these reductions are independent of I, which we therefore know up to a
global rescaling. Consequently, the scientific value of fitted I does not lie in its precise
amplitude, but rather in its gate dependence, which we compare to theory in the next
chapter.
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SUPERCURRENT MODELLING

In this chapter we detail how the critical current I. can be calculated for a S-DQD-
S setup in the limit of low coupling to the superconducting leads. Results from
this section are used to benchmark zero-bias conductance measurements shown in
chapter 2. This accordance confirms that measured supercurrent indeed stems from a
DQD junction, allowing us to map out charge diagrams and identify groundstates,
using supercurrent as a probe. This theory, used in projects 1, 2 and 5, was originally
printed in the supplement of project 1.

4.1 FOURTH ORDER PERTURBATION THEORY - SINGLE DOT

Before we move to the DQD, it is illuminating to first consider supercurrent through a
single dot in a S-QD-S junction, as the derivations are largely similar. This problem
is well studied in the literature for both low coupling [130, 131] and large coupling
where YSR screening becomes relevant [33, 36, 39].

We begin with the Hamiltonian of a single-orbital Anderson model, describing a
quantum dot locally tunnel coupled to a left and right BCS lead,

H=Hp +H +Hr +Hy (4.1)
u

Hp =2 (N-n)? (4.2)

Hj = Z ExjCxoCiko T Z <A]C]kTC]T Ky H A k¢C)kT) (4-3)

HT - Z Z t) ( )ko‘dc + dT C]kO') (4-4)
j=L,R k,o

withN =) dbd, denoting total electron occupation of the quantum dot, with a local
gate n controlling the groundstate occupation. Tunnel couplings t;, for j € {L, R}, are
assumed to be real, as any phase dependence can be gauged onto the phase difference
¢ = ¢ — Pr between the two superconductors. For simplicity we restrict ourselves to
the symmetric case A = |Ar| = |Ag].
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We define current as the change of electrons number on the right lead Nz, =
2k C]quUCch due to tunnelling,

2
I=i§Z<[HT,NRG1>=§Im;<HTRU>= ImZ Tr [U(B, 0)Hrgo]

o

2e 11 (P
_ #m; 73 L dTTr [U(B, T Hyro (T)U(T, 0)] (4.5)

using shorthand Hyje = Zkt) iko
Trexp (— J&, dtiH(7;)) defined in imaginary time T. Time evolution is in the Heisen-

ds, and with time evolution operator U(t,t') =

berg picture such that Hrgq(T) = U(T, 0)HT1reU(0, T), ensuring validity of the last line
in eq. (4.5). Following Refs. [132, 133], we assume that the lead couplings t; are small
and expand the time evolution operators in them. The term that is second order in t;
does not contribute, as it describes single electron transfer for zero bias in a gapped
system. Consequently, the lowest non-zero contribution is fourth order,

m———lm—J dr, dedT3dT4Z< (Hr(1)Hr(ra) Hr (25 e () ) (46)

where (...)o is the statistical average in regard to H without Hr, effectively decoupling
dot from leads. For this 4 order contribution to be non-zero, the spin and lead indices
must correspond to a cooper-pair entering the dot from the left lead and leaving into
the right lead. As there are 3 ways to order lead indices and 4 ways to order spin
indices to fulfil this constraint, we find

e 1

B
Iz—glmﬁj dry dry dr dry Te (Hiy (1) H (1) Hre (1) Hiee(1)) ), (47)

with Hy indices arbitrarily placed as integrals in combination with time ordering
iterates over all possible orderings, rendering any initial choice irrelevant. Using that
the statistical average is in regard to a decoupled Hamiltonian, we can separate dot
operators from lead operators, yielding

462

1 (B
I = o tLtR Im — B J dty dty dts dta Iy (11 — 12) Fr(T3 — Ta) B(T1, T2, T3, Ta) (4.8)
0

with a sign appearing from fermion commutations. Here J1 (1) is the momentum
summed anomalous Green’s function of a bare superconductor derived in appendix A,

—iwnT

fffj(T)z—%(TT (el (el @) ) == T ; Z o @9
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with density of states v;. The object B contains contributions from the QD operators,

B, T2, %, m) = ( Te (dy(m)d ()] (n)d) (1)) ) . (4.10)

In eq. (4.8), the phase dependence solely resides on A; and Ag, and by taking the
imaginary part one readily arrives at I = I sin(¢$) with,
1

de P «
L=+ A FRFLE L dtydtadts daf (11 — 12)f(13 — 1) B(T1, T2, T3, T4). (4.17)

Here I = 7T'\/F|tj|2 is the single electron transfer rate on side j, and

B l —AwnT l 0 nF(_w)e—wl'rl _l 0 nF(w)e‘”‘T‘
f(t) = B % L dw———m=——— J dw—A (4.12)

e
I )
Vwi+Ar T w2 —A2 T w? — A?

derived in appendix A. Using that the integrals in eq. (4.11) iterates through all possible

operator orderings, the critical current can be rewritten as,

4
L= > Tja (4.13)
ik 1=1
where each term in the sum corresponds to a virtual tunnelling path of a cooper-pair
across the junction. In this way, the critical current is the sum of all possible paths,
each given by,

e 2 1 B T T T
Iijkl = — |A| FRFL—J dTiJ dT]' J diJ dT[ (4.14)
h B Jo 0 0 0

x (11 — 12)f(13 — T4) Bijia(T1, T2, T3, T4),
using the following definition,
Bija(Tt1, 12,73, 14) = €ijkl< (di(ti)dj () di(T)di(T)) >0 (4.15)

with di(n1) = di(m), da(12) = dy(m2), d3(13) = df(t3) and da(ts) = d(va). The
four-index Levi-Civita symbol ey, defined such that eq334 = 1, removes duplicate
operators and accounts for signs from operator permutations.

To highlight the structure of the full derivation, we will now consider a specific
dot groundstate |g) and a specific path. First, the single dot Hilbert space consists of
four states: |0), |0) with o € {1, ]} and |2) with corresponding energies Ey = Un?/2,
E; = U(1 —n)?/2 and E; = U(2 —n)?/2. We choose |g) = |0) and assume zero
temperature 3 = oo, with 3 = 1/kgT. For this choice, the only non-zero ijkl orderings
in eq. (4.15) are the ones that start with a creation operator from the right and end
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with an annihilation operator. These orderings are: 1234, 2134, 2143, 1243, 2314 and
1423. Specifying the path further, e.g. 1234, we utilize d;(t) = e''P7d;e 1P to obtain,

€1234
A

— (0| deididi 0) eEoT1 o~ E1(T11—12) o —E2(12—713) p—E1 (13—T4) o —EoT4

B1o3a(T1, T2, T3, T4) = —0 (O U(B, T1)dy (11)dy(t2)d] (3) d] (t4)U(4,0)[0)  (4.16)

— e Eilmi—m2) g—Ea(r2—13) o —E3(T3—T4)

with Ej = Ej — E, indicating excitation energies. Inserting this into eq. (4.14) together
with eq. (4.12), where we disregard the term proportional to ng(w)e®™ as B — oo, we
find,

00 o0 T T2 T3
L1234 = eAerr]_J do, J dwz lJ dT]J deJ dTgJ dty

4
mh & Jw?—a2dafw _A2B 0 0 0

X B34 (11, T2, 13,14)6‘ 1(T1—m2) g—w2(T3—4)

4 * * 1 1 1
;AZFRFLJ day J das 3 = = (4.17)
wl _A2Bitwi B+ w
V@2

A /w%—AZ A

which constitutes the end result. This procedure must then be repeated for all other
orderings. In general, considering all cooper-pair paths in eq. (4.14) for arbitrary
groundstates, we find three distinct contributions to I, each characterized by a
dimensionless integral determined by the time ordering,

_ o oo dw:d
Qi(En, Em, E J J N “”] \/“’2 (4.18)
w CU
_ i=1
(E n/A+w1)(E1/A+wz)(Em/A) b

] .

N B/t o) (E/A T ) (Em/At oy wy) 2

1 .
(En/A+ ) (E/A+ ) En/Atar vy — o

To identify which integral is associated with which ordering, one uses symmetries.
Starting from ordering 1234, identified as Qj, we from spin symmetry find that
replacing 1 <+ 2 and 3 <+ 4 yields 4 identical terms in time structure, therefore also Q7,
satisfying 11234 = I134 = Ip143 = Ij243 for |g) = |0). Lastly, due to the time symmetry,
f(t) = f(—1), the full replacement 1 — 3,3 — 1,2 — 4, and 4 — 2 is of a similar time
structure, which in total yields 8 orderings associated with Q. This last reordering
constitutes a particle-hole transformation, and resulting paths are zero for |g) = |0),
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since they all start with the removal on an electron, ds[0) = 0 . We also identified
2314 as a contribution to the groundstate |0), and by evaluating eq. (4.14) we find
that it is associated with Q3. Using the same symmetry arguments we identify 8
orderings of similar time structure, of which 1423 is another resulting in 15314 = I1423
for groundstate |0), all associated with Q3. Lastly, the ordering 2341 constitutes a third
branch with 8 identical partners from symmetries associated with Q,. All orderings
of this last type are zero for the groundstate |0), but contributes to e.g. |g) = |0). The
number of permutations of the four operators in B is in total 24, and as we have now
identified 3 time structures, each associated with 8 orderings, all permutations are
covered.

Intuitively, orderings associated with Q; describes cotunnelling processes that add or
subtract a whole cooper-pair at a time to the dot. Q3 describes processes that virtually
split the cooper-pair, moving one electron across at a time. Finally, Q, describes
processes that both split the cooper-pair and transfer two electrons in one step. The
different processes are depicted in fig. 4.1. For general E,, E, and E; only Qg is
analytically solvable,

_ A arccos(E,/A) arccos(E/A
Q](En;Em,El) = ( n/ ) ( v/ )

= ﬁ \/] — E%/AZ \/1 B E%/AZ (419)

while Q3 is only analytically tractable for £, = E; and E,, = 0 [132]. Our general
practice throughout this section will be to solve Q; and Q3 numerically.

In terms of these Q; integrals the critical current I.(g), with g denoting groundstate,
can be expressed as,

4el1 I . __
1c(0) = —— [4Qu(E1, By, B1) +2Qs(Es, Eo, E1)] (420)
m-hA
4eFLFR - = = - = = - = = - = =
Ie(0) =— =r [2Q2(E2, By, Eo) +2Qa(Eo, 1, E2) + Q3(E2, B, E2) + Q3(Eo, E1, Eo)]
4el1 T - - - _
1e(2) = 5 [4Qu(E1, Eo, Er) +2Q3(Ey, By, By)]

As all Q; integrals are positive functions these expressions show that the odd ground-
state |0) always yields a negative I, while the even groundstates |0) or [2) yield a
positive L. In the literature the negative sign is conventionally recast into a phase fac-
tor, I = —[I¢|sin(¢$) = |Ic| sin(¢d + 7), and the supercurrent is said to be in the m-phase.
Correspondingly, if 1. is positive the supercurrent is in the 0-phase. In calculations,
the sign of a given cooper-pair path is purely determined by operator ordering in
eq. (4.15), and to illustrate this further we focus on an odd groundstate [1), and a path
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Figure 4.1: Illustration of the four processes transporting a cooper pair across the QD, depicted
in the [1) groundstate. Numbers 1 —4 on the arrows relate to operators in Iijjik1. Q1, Q2,
and Q3 label the paths that lead to a respective integral in eq. (4.18). The red and blue paths
depict the number of electrons N on the QD as a function of virtual time in the tunnelling
process. Red lines relate to paths that start with the addition of an electron, while blue lines
are paths starting with removal. These are related to each other by particle-hole symmetry.
Expressions in the bottom indicate the scale of the Q; contributions to I, in the vicinity of

a groundstate transition.

e.g. 4231 associated with a Q3 process. Disregarding the time-dependence in eq. (4.15),
which yields the Q; integral, we are left with,

€4231 (11 dgdpd3dy [1) = — (71 dididIdT 1) =1, (4.21)

and the sign is negative. This procedure is performed for each path, in total yielding
eq. (4.20), and can be related to drawings as in Ref. [131]. An interesting question is if
the detailed structure, with all contribution of equal sign for a given groundstate in
eq. (4.15), is a protected attribute or merely coincidental. This we explore further in
subsection 4.2.1 in relation to the double quantum dot.

Another interesting feature is that eq.(4.20), which describes lowest order tunnelling,
does not diverge at dot phase transitions, dissimilar to normal state tunnelling. For a
dot coupled to two metallic leads one commonly separates cotunnelling, which is a
low order contributions, from resonant tunnelling which dominates in the vicinity of
groundstate transitions. For resonant tunnelling all orders of couplings t; /g need to be
included in the summation [18]. This failure of cotunnelling is commonly heralded by
divergences at groundstate transitions. In the superconducting case these divergences
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Figure 4.2: Critical current for various U, A ratios as a function of dot tuning n calculated with

4fTrthr & (I + %) such that it scales with U for

large A and vice versa. Kets in the bottom indicates groundstate for a given gate.

eq. (4.20). Current is given in units of Iy =

does not appear since both energy scales U and A are present. Even at groundstate
transitions, where all dot excitations cost zero energy E = 04, e.g. Q3(04,0,0), the
current is not divergent since Q3(04,0,04) ~ 0.674, and consequently I. scales as
1/A for these processes. The energy cost A is associated to the virtual steps where a
cooper-pair is split, leaving a virtual quasiparticle in the superconductor at energy
Eqp = A. Only Qq(En, Ex, Ey) can diverge for Ey, = 0, but from the path associated
with this process we see that state m has 42 electrons compared to the groundstate,
and consequently E;;, > U. The process Q; requires both the splitting of a cooper-pair,
at cost A, and the transition through states separated by two electrons, at cost U, and
does therefore not diverge either. From these arguments we see that higher order
processes, i.e. t?_tzR, scales either as I g/U or I g/A, and so for U, A > I, T we expect
4th order perturbation to be a valid approximation of I, for all gates .

In fig. 4.2 we show I for various ratios of U and A. The limit of A >> U, in which
Q7 is the main contributor to I, is characterized by a lack of supercurrent in the odd
parity sector and broad peaks in the even N = 0, 2 sectors. In the opposing limit A < U
only Q3 contributes and the odd sector shows negative I peaks, half the amplitude
of the even sector peaks, close to groundstate transition. These limits can be readily
understood in terms of eq. (4.20). In the first limit, one cannot add or subtract two
electrons from the odd groundstate as N = —1 and N = 3 are not part of the Hilbert
space, hence I for an odd groundstate is zero. In the opposite limit, the factor of two
difference between odd and even peaks is simply due to the number of paths; in even
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sectors one can either start by adding or removing a spin up or down electron, while
in the odd sector only a single spin can be added or removed. In the intermediate
regime A =~ U, process Q; begins to contribute and is largest at the odd sector center
at N = 1. This concludes our derivations for the single QD. In the following section
we expand this approach to the DQD and find that the results can in large parts be
understood in terms of single QD processes.

4.2 FOURTH ORDER PERTURBATION THEORY - DOUBLE DOT

In this section we detail how the critical current I. can be obtained for a serial
DQD situated between two superconductors using perturbation theory. Similar to
a single QD the validity of this expansion relies on I,k < Up g, |Ar | for which
YSR screening is weak and the DQD charge diagram resembles a honeycomb. This
weak coupling regime have been investigated in Ref. [134] using a Green’s function
approach. For stronger lead couplings, where screening occurs, the S-DQD-S junction

has been investigated using NRG [135], FRG [136], the tractable A — oo limit [137],

and with self-consistent mean-field [138]. Our model should therefore be thought of as
a weak coupling baseline, on which we can gain some intuition on various parameter
limits. We start by assuming that the DQD can be described as two serially coupled
Anderson orbitals,

H=Hp +Hi +Hr + Hr, (4.22)
U8 2

Hp = ) 5" (Nj—my)"+ Ur(NL — i) (Ng — ) (4.23)
j=L,R
+t4 Z <dJIr_GdRU + d]J[diL(f) ’

H Z E') ]kO'C]kG + Z <A C]kT ;[ Kl + AT C] k\LC)kT> (424)

HT - Z Z ( )kcr JU + d;gcjk(7> . (4.25)
k,0 j=L,R

Here N; = ) djTGde denotes the electron occupation operator for dot j € {L, R},

while local gates n; are used to tune individual dot occupations. The Uy interaction
accounts for interdot charging where electrons on one QD capacitively feels the charge
of electrons on the second. Similar to the single QD case, all tunnel couplings are
chosen real. Completely analogous to the single dot case, we define current as the rate

53



54

SUPERCURRENT MODELLING

of electrons running from the right dot to the right lead and expand the time evolution
operator to second order in both t; and tg yielding,

4e 1 B + 1
T~ —— Im — 3 J dtydtodT; dT4< Ty (HTLT(Tl)HTu(TZ)HTm(T3)HTRT(T4)) >o' (4.26)
with Hyje = )Tk(yd](y Sorting operators and taking the imaginary part yields,
T]' Tk
=) Lju= |A| MRl Z J dnJ dy JO dri L dn (4-27)
ijkl

x (11 — 12)f(13 — T4) Bijia (1, T2, T3, T4)

with the only difference, compared to the single QD derivation, appearing in Bjjiq
now defined for the uncoupled DQD Hamiltonian,

Bijua(T1,T2,73,T4) = €ijk1< (di(m3)dj(Ty)d(T) di(T)) >o’ (4.28)

with dj(11) = dpy(T171), d2(T2) = dgr)(T2), d3(T3) = dh(’fs) and d4(T4) = d{T(th)- The
complexity of a DQD compared to a single QD stems from the large Hilbert space
4? =16 and the interdot tunnel coupling t4 in Hp, which renders eigenstates of Hp
into superpositions of left and right number states, thereby delocalizing electrons
across the two dots. Consider, as an example a gate region where [f,0) is almost
degenerate with |0, 1), with left and right position indicating left and right dot. Due to
tq these two states hybridize into,

EB =A |T/ O> —B |0/ T> ’ and EaB =B |T/ O> +A |O/ T) ’ (429)

with label B for bonding and aB for anti-bonding and Eg < E4p. Similar processes
occur for other states fulfilling [N, Ng) = [Np £ 1, Ng F 1), with largest complexity in
the Ni 4+ Ng = 2 sector of the Hilbert space, spanned by 4 states, where e.g. exchange
singlet formation occurs. We can tackle this large Hilbert space by two different
strategies. Strategy one is to expand in tq4 in a pertubative manner, similar to t; and tg,
generating higher order contributions than the three Q; integrals in eq. (4.18). Strategy
two is to utilize the diagonal basis of Hp, which is obtained numerically, and recast d;
operators in this basis.

In the following, we pursue the second strategy, while in subsection 4.2.1 we present
an important result on the sign of I., derived using the first strategy. In the charge
basis, DQD states can be written as n) = |NLT,NL¢,NRT,NR¢> yielding a 16 x 16
dimensional Hilbert space. In this basis,

16
(1) = Y ") (n]d;m) (m| e 7 Z M ) Mium (ml € M7, (4.30)

n,m=1 n,m=1
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where M n,p = (n] d;|m) is the matrix representation of operator d;. In the charge
basis M; contains only off-diagonal elements of value £1 (minus sign from fermionic
commutations), connecting subspaces that are 1 dot electron apart. The next step
is to perform a unitary transformation of M; into the diagonal basis of Hp yielding
M; = AM;AT, where A diagonalizes Hp with corresponding energies E;. Inserting
unities into eq. (4.28) we find,
16
Biji = €ijil Z Mi,gnMj,ank,mp Mllpge—En(Ti*Tj)efEm(Tj—Tk)e*Ep(kan) (4.31)

n,m,p=I1

with E; = E; — Eg and g referring to the groundstate of Hp, since U diagonalize time
evolution operators as well. In this expression all time dependence resides on the
exponential function in an identical manner to the single QD. As such, solving the
integrals in eq. (4.27) will yield the same Q; integrals (eq. (4.18)), but with excitation
energies from the DQD eigenstates which are tied together with M; matrix indices
describing a specific path through the 16 x 16 dimensional Hilbert space. As an
example let us again consider the ijkl ordering 1234 which describes the addition and
subsequent removal of a full cooper-pair from the DQD for the empty groundstate
IN = 0), with N = N + Ng, which is an eigenstate of Hp. This ordering of imaginary
time is associated with the Q integral, and we find,

4eri T o S
ﬁszLAR Z Z M],Oan,an3,mpM4,pOQ](En/Em;Ep)- (432)

n,peN=1meN=2

1234 =

This equation details how the addition of an electron to the [N = 0) groundstate takes
the system to the delocalized bonding and anti-bonding [N = 1) subspace, and the
further addition of an electron brings the system to the strongly hybridized |N = 2)
subspace with four available states. Lastly, the removal of two electrons brings the
system back to the [N =0) groundstate, again through [N = 1). Each transition is
determined by a M; entry which describes the overlap between local charge addition
d; and delocalized states, while the Q; integral captures tunnelling denominators of
virtually passed states. In this manner, all contributions are generally of the form,

4el1 TR
W= TIRA

16
€ijkl Z Mi,gnmj,nmmk,mpml,pg Qi(En/ I::m/ Ep) (4-33)
n,m,p
with index i denoting the given Q; integral of a specific ijkl ordering, which we
identified for all orderings in section 4.1. To numerically compute I. for the DQD we
diagonalize Hp to obtain A for each gate tuning ng, ng. Using this A we find all M;
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matrices and sum all operator orderings I. = Zij,k,1:1 [iji1, solving the appropriate Q;
integrals numerically with eigenenergies of Hp as arguments.

3 2 -1 0 1 2 3 -0.15 0.00 0.15
(a) MUY | (b) LA .
20 v )
15 / Yj \
EJ 1.0 (1’2) 7 * ,
0.5 } / \
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Figure 4.3: Critical current I. as a function of gate tunings showing the full DQD charge
diagram. Parentheses indicate charge sectors in (N, Ng) notation. Black arrows indicate
openings of the charge sectors due to left-right hybridization from interdot tunneling tq or
charging Uy . For all plots U = Ug =2 meV. A = 0.25 meV for (a, ¢) and A =1 eV for (b,
d). For (a,b) 't =Tk =0.08 meV, tq = 0.3 meV, U g = 0.0 and for (¢, d) I'. =Tgr = 0.48 meV,
tq = 0.05 meV, U g = 0.4 meV. The I, scale, difference of one order of magnitude between
(a, ¢) and (b, d), corresponds to the scale between U and A.

In fig. 4.3 we show results of this calculation done in the experimentally relevant
regime U, Ug > A, AR in (a, ¢), and the opposite regime, for context, in (b, d).
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Similarly to single dot results, I is largest close to parity transitions, and odd states
are found to have negative I. (-phase), which for (a, c) is approximately half the
amplitude of positive I peaks close to a parity transition. In the A > U;, Uy regime,
the critical current does not vanish for odd groundstates unlike the single dot results.
This is due to Q7 processes, which are the only non-zero contributions for A — oo,
being available for odd states in the DQD, as a cooper-pair can be added to the
N + Ng =1 or removed from the N + N = 3 sector if tq is of similar scale as Uy s,
allowing electrons to easily delocalize across the dots. Considering the full charge
diagram, we find for all cases that the critical current is enhanced in the proximity
of the central Ni = N = 1 sector. This is due to the large number of available
cotunnelling processes, since both cooper-pair paths that add and subtract electrons
are simultaneously available. In the vicinity of quadruple points, indicated by black
arrows in fig. 4.3, single dot states hybridize into bonding states, creating gaps in the
charge diagram between states that fulfil [Ny, Ng) = [Ny £ 1, Ng F 1). In these regions
the critical current is enhanced as single electrons are easily transferred from the left to
right QD. This enhancing is particularly prominent for t4 < Up, Ug, shown in fig. 4.3
(¢, d), where hybridization is limited to a small region. The parameters in fig. 4.3 are
chosen as to yield honeycomb diagrams resembling measured charge diagrams, which
we show alongside linecuts in section 4.3.

As an outlook, it should be appreciated that the above calculations of 4™ order
critical current can be generalized to any diagonalizable system, including one with
interactions. One could for example imagine chains of N sites, potentially multiorbibtal,
with superconducting leads connected to sites n and m. Lowest order critical current
is then given by eq. (4.27) with the simple replacement of lead index L and R with n
and m. In the diagonal basis one finds the overlap between adding electrons on site n
and removing them on site m, yielding contributions of the form of eq. (4.33). Time
structure simply results in the Q. integrals, no matter the object in between.

4.2.1  Sign of the critical current

For the single quantum dot, the number of paths a cooper-pair could take was small
enough that we could directly compute the sign of each path. We found that all
contributions to I. for a given groundstate have the same sign; negative (7) for odd
parity groundstates and positive (0) for even. In this subsection we investigate the
sign of contributions to I. for the double quantum dot. Utilizing eq. (4.33) it turns
out that paths of both negative and positive sign contributes to I. simultaneously
within a given groundstate, even if we account for signs stemming from M; matrices
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containing information about operator permutations. However, in our calculations
shown in fig. 4.3, we observe that an odd parity groundstate is linked to negative I,
and even groundstates to positive I, just like the single dot. This raises the question;
is the sign of I, guaranteed by the fermionic parity of the groundstate, or are our
results merely coincidental, and does there exists parameters ranges where the sign
of I, switches within a parity sector? This we investigate following the strategy of
expanding time evolution operators in eq. (4.27) to N’th order in Hp instead of using
the diagonal basis. We then consider generic terms in this expansion with the intent of
showing that all contributions have the same sign. Derivations in this approach are not
necessarily hard, but are notationally very cumbersome for the general case. The full
derivation is shown in appendix B, and was originally presented in the supplement
of project 4 seen in chapter 11. Here we merely sketch the underlying principles and
provide some intuition for the main result.

The main idea is that by using a spin-sorted basis representation, i.e. [N =4) =
dh d%R dh dIR |0), spin-up operators can be sorted from spin-down operators in regards
to eq. (4.28) which determines the sign. Disregarding time dependence, which only
contributes to positive denominators from tunnelling, the remaining operators can be
spin sorted,

Bijiw = Byirjr Byinjr, (4.34)

with 1§’ referring to the order of spin-up operators, and i”j” to the order of spin

down, i.e. B4213 = B141B23. The isolated spin objects are given by,

BGij = €4 <90| (HDU)NGdi(HDG)MUdj(HDG)LU |90> ’ (4'35)

with Hpgy = tddIUng +h. c. originating from the expansion of time evolution opera-
tors, Levi-Civita symbols €14 = €73 = 1, and integers fulfilling } (Ny+Ms+Ls) =N
specifying which N’th order term in the expansion we are currently considering. The
groundstate is for simplicity assumed to be in a tensor product state |g) = [g1) ® |g, ),
allowing us to separate it. This cannot be done in general for a delocalized ground-
state of Hp, i.e. bonding and anti-bonding states. In appendix B we include such
groundstates into the formalism as well. In these expressions all denominators, time
dependence etc., relating to the amplitude of the term, but not the sign, have been
disregarded. The main result is that the sign of all non-zero By terms is the same to
all orders N of the expansion for a given groundstate, regardless of operator ordering
which only affects the amplitude. This sign can be uniquely specified by the number
of same spins that a constituent electron of the cooper-pair crosses in tunnelling from
left to right. If all contributions to I have the same sign, given by the spin-up sign
multiplied by the spin-down sign in eq. (4.34), then it follows that this is also the
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o] ez =1
(b) 1t

Figure 4.4: (a) Sketches of the paths each constituent electron of the cooper-pair takes across a
DQD junction. Red line indicates the path of a spin-up electron, and blue of a spin-down.
Coloured =+ highlight the signs obtained by counting the number of crossings of electron
with same spin on a given path. Label to the left indicates if the contribution in total is
mtor 0. (b) Sketches of the paths across a parallel DQD for a specific groundstate with a
spin-down electron in the lowest orbital. Colours and signs are similar to (a).

sign of I, no matter the amplitude of each contribution. In fig. 4.4 we show how this
result can be used to find the sign of I, and thereby the phase (0 or m), for different
groundstates.

Applying these rules to a serial DQD junction, it is clear that the sign of I. is fully
determined by the groundstate parity, since all electrons on the dots are crossed,
and consequently sign(I.) = (-1 )N with total DQD occupation N. In systems where
constituent electrons can take multiple paths, i.e. parallel dots or a single multiorbital
dot, contributions to I, can be both negative and positive, and all paths need to
summed with corresponding amplitudes to obtain the sign of I.. However, these rules
can still be applied to infer the signs of specific paths as shown Ref. [133] and in fig. 4.4
(b).

For the serial DQD setup the guarantee of the sign of I, from the groundstate
remains valid if one includes either spin-orbit coupling or a Zeeman term from
magnetic field in the Hamiltonian. If both are present simultaneously, and are not
parallel, then higher order contributions to I of different sign emerges, and the sign
is only guaranteed to lowest order in interdot coupling. Lastly, these results and the
derivations shown in appendix B appears, from the structure of the derivation, to be
generalizable to larger chains than the DQD, e.g. three, four or N serial dots, although
it is currently only a speculation.
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4.3 DATA AND THEORY COMPARISON

In this section we compare critical current I. obtained from 4™-order perturbation
theory with fitted values from shell X presented in chapter 2. The goal of this com-
parison is to yield credence to the DQD interpretation of the zero-bias conductance
measurements, confirming that supercurrent can be used to map out DQD charge
diagrams in a S-DQD-S setup. Throughout this section we use Uy = Ug =2 meV and
the pristine gap estimate A; = Ag = 0.25 meV, alongside R = 3 kQ and T = 80 mK for
supercurrent fits using results of chapter 3. This parameter set places us in the range
where Q3 contributions to I dominate and constituent electrons of the cooper-pairs

are primarily transferred sequentially across the DQD.

-1.0 0.9 -0.8 0.7 0.6 05 -04
Ve (V)

gR

Figure 4.5: Charge stability diagram as a function of plunger gate voltages in the same gate
setting as fig. 2.4, with critical current obtained from eq. (3.31) using R = 3 kQ and
T = 80 mK. Effective charge numbers N, Nr determined from the shell-filling pattern are
indicated by white numbers for each sector. Lines on the diagram indicate linecuts shown

in subsequent figures.

In fig. 4.5 we show a charge diagram of critical current estimates, obtained using a

RG(kgT)?
1, = [REke T (4:36)
(DO

rewriting of eq. (3.31),
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with G = dI/dVg4q(Vsq = 0) valid in the noise-dominated regime. Considering the size
of triple point openings between the (1,0) and (2, 1) sector compared to the opening
between (1,1) and (0,0), we find that the measured charge diagram mostly resembles
the large t4 and small Ug, case shown in fig. 4.5. For simplicity we choose Uig = 0
and tq = 0.3 meV corresponding to fig. 4.5 (a) which approximately matches the
shape of fig. 4.6. We acknowledge that finite U; g may be present in experiment and
contribute to triple point opening, and consequently we may overestimate t4 in our

choice of parameters. Lastly, we choose I, Ix = 0.08 meV to match the amplitude of I..

In practice they could be asymmetric 7 # I, but since they only appear as a global

4th_order

scale in eq. (4.28) we cannot observe this asymmetry in the range where
perturbation theory remains valid. Moreover, if I, is globally scaled by I. = v/AI. due
to insufficient knowledge of the electromagnetic environment, as in section 3.2, we
can adjust this by changing I7 and Iz accordingly, revealing that we cannot reliably
extract I /g.

From fig. 4.6 to fig. 4.8 we show comparisons between fitted and calculated I. along
linecuts of fig. 4.5. In all experimental plots we show zero-bias peaks as a function of
source-drain bias V4 in colour density plots, with an I. overlay obtained by fitting the
zero-bias peak with the Ivanchenko-Zil’bermann equation eq. 3.29. At some gates the
white line is dashed; this marks points where the fit is somewhat unreliable due to
other low-bias features moving into or across the supercurrent peak. By fitting a linear
resistive element Rj in conjunction to I, we could possibly have accounted for these
features as linear corrections to the supercurrent peak similar to Ref. [115]. In the end,
we deemed it more important to keep the fits simple with only one free parameter I.. In
each column, only one I. theory plot is shown since symmetrical parameters, U; = Ug
and A = Ag, in addition to particle-hole symmetry I.(ny,ng) = (2 —nr,2 —ng),
make the shown theory plot correspond to both experimental cuts in a given column.
In theory plots, we show the magnitude, |I.|, as this is what we can estimate from
tits, but we plot positive values (0) red and negative values () blue to indicate the
phase. The groundstate at a given gating is determined from the charge diagram, and
is labeled by GS(n, ng) with GS=S, D for singlet and doublet, respectively. 0 and 7
labels, shown on experimental plots, mark the inferred phase, although it cannot be
independently measured in this setup. In chapter 11 we analyse a S-DQD-S system
in a SQUID geometry where the full current phase relation (CPR) is available. Here
a similar charge diagram is obtained with 0 and 7 phase at even and odd electron
parities as expected, validating the allocation of 0 and 7t in this experiment.
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Figure 4.6: (a-d) Linecuts along the dashed lines in fig. 4.5 for fixed N (a, b) and for fixed
Ny (c, d). Overlays. Fitted I. (white curve). The notation used to name each sector is
GS(Np, Nr), where GS=D, S represents groundstate of the sector. (e, f) Linecuts of |I.|
calculated by 4" order perturbation theory along gate trajectories of ng. Red (blue) color
indicates that I. is positive (negative). Linecut trajectories are symbolically indicated on

each panel by yellow overlays.

In fig. 4.6 (a, ¢, e) cuts along the edge of the charging diagram are shown. Here
supercurrent is expected to resemble the single dot curves shown in fig. 4.3, since the
occupation of one dot is kept fixed in a singlet state, acting as a non-interacting barrier,
while the other is tuned. This is supported by (a, c) where doublet I is approximately
half the size of the neighbouring singlet sector. The marked gate asymmetry observed
in (a) between S(0,0) and S(2,0) is not observed in theory, and highlights a general
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trend in data where I; increases towards the top-left corner of the charging diagram in
tig. 4.5. This could be explained by intergate capacitive couplings, in which the tuning
of one gate influences the other gates, e.g. those that control tunnel barrier height. In
this manner tq4, I, and I could all weakly depend on Vi and Vgg. As a matter of
fact, when we in chapter 6 consider YSR screening we find that in order to explain the
data, 'z must increase as a function of V. At this stage, we choose not to include this
effect in modelling, focusing on simplicity in fitting instead.
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Figure 4.7: (a-d) Linecuts along the dotted lines in fig. 4.5 through triple points showing
bonding groundstates (a, ¢) Sg and (b, d) Dg. Overlays. Fitted I. (white line). (e, f) Linecuts
of calculated |I| through (e) Sg and (f) Dg ground states, done by 4th order perturbation
theory. Red (blue) accounts for positive (negative) I.. Note that linecut (c) covers two
additional charge sectors outside the range of the theory cut (e). Linecut trajectories are
symbolically indicated on each panel by yellow overlays.
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In fig. 4.7 we show cuts that go through the triple points of the charging diagram,
where I is expected to be largest and the formation of bonding and anti-bonding
states is expected. These states are labelled Sg and Dg depending of their degeneracy.
In fig. 4.7 (b, d, f) we observe two I peaks on either side of the triple point opening
highlighting this formation. In experiments the size of the Dy opening appears smaller
than in theory. This could be due to effects of I or 'z which, if slightly larger than the
4th

validity of 4™-order perturbation, would somewhat close the doublet sectors as we

discuss later in chapter 6.
V_, (V) di/dV, (e?/h) di/dV_ (e?/h)
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Figure 4.8: (a, b) Detuning linecuts across the triple points following the continuous lines in
fig. 4.5. Overlays. Fitted 1. (white line). Note that the groundstate, either doublet or singlet,
does not change in these linecuts. (c, d) |I.| traces calculated by 4™ order perturbation
theory. Red (blue) accounts for positive (negative) I.. Green arrows indicate zero-detuning
points. Linecut trajectories are symbolically indicated on each panel by yellow overlays.

That the formation of bonding states has indeed taken place is highlighted in fig. 4.8
where diagonal cuts are shown keeping Nr + Nr = constant. Here we observe no
discontinuity between charge sectors, as we saw in other cuts, but instead smooth
evolution of I peaking at triple points.

This demonstration constitutes the proof that in S-DQD-S devices, supercurrent
can be used as a probe to obtain charge diagrams in a similar fashion to how res-
onant tunnel current is used in N-DQD-N devices. For small couplings, such that
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no screening is present, the observed critical current pattern is nicely predicted by
4% order perturbation theory. In the following sections we will show results from a
zero-bandwidth approximation of theoretical interest, and use this to investigate the
supercurrent in the vicinity of groundstate transitions.

44 ZERO-BANDWIDTH MODELLING OF CRITICAL CURRENT

As has been demonstrated [19-21, 62, 139], a zero-bandwidth (ZBW) approximation
for the BCS leads reproduces the correlations leading to YSR bound states very well,
and compares even quantitatively, using a sufficient choice of zero-bandwidth model
parameters tr, tg, with results of numerical renormalization group (NRG). Here we
explore the possibility of utilizing the ZBW approximation to calculate critical current
I, and compare it to results of 4" order perturbation theory. This approach provides
a computationally easy way of assessing the effects of both finite temperature and
tinite (non-infinitesimal) couplings I7, Iz on the I profiles, which we use to support
4™ order perturbation theory.

The basic principle of the ZBW approximation is to replace the superconducting
leads by a single quasiparticle with energy +|A|, equivalent to the following modifica-
tion of the left and right BCS Hamiltonian,

Hjscs ~ Hjzpw = (AjC]TTCL +A§kcj¢cj¢> . (4-37)

This reduces the Hilbert space of eq. (4.22) to 4* = 256 states, which can be handled
numerically by exact diagonalization. By calculating the free energy using eigenvalues
E; of the ZBW Hamiltonian,

F(d)) _ _kBTIOgZefEi(d))/kBT, (438)
i
we can express the equilibrium supercurrent as,
(@) = —-04F(d), (4-39)

where ¢ = ¢ — pr denotes phase difference. At zero temperature the free energy
depends only on the groundstate and the supercurrent simplifies,

2e

() = 200 Eq (), (440)

with groundstate energy E4. For small tunnelling rate I7, IR < |A[, U, Ug and zero
temperature, this numerical procedure confirms the sinusoidal current-phase relation
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I = I.sin ¢, obtained from 4™ order perturbation theory. An issue regarding the ZBW
approximation is the lack of a density of states v which constitutes a important
energy scale in the full BCS description. Consequently, the coupling rate I g, which
determines the amplitude of I, and screening at higher coupling, is ill defined. To
find a similar energy scale we perform a 4™ order expansion for the zero-bandwidth
model as well. The imaginary time anomalous Green’s function for the ZBW model is

given by,
et®; A
F. (1) = (4.41)
j 2 2
B iwn WO - A
id; 1
SR (nF(—A)eA'T' _ an(A)eA'T') , (4.42)

with j € {L, R} as shown in appendix A. Performing the same steps as in the previous
sections, the critical current Ic = )4 lijia consist of terms,
et?t2 S _ _
Iijkl = W Z Mi,gnMj,ank,mp Ml,pg QQ,ZBW(ETL/ F—m/ E’p)/ (4-43)
nmp
using the same definitions as in eq. (4.33), with the notable exception of Q-integrals
which for ZBW reduce to simple denominators,

1

(en/A+1)(el/A+1)(em/A)

1 .
Quzew(n.m U =1\ (AT (e/AT Nlem/dt2) =~

1 .

| /AT e/t Nem/bt2) =
Comparing this expression for supercurrent with eq. (4.33) we obtain the same prefac-
tor if we define I zpw = 7th2 /2A corresponding to v zgw = 1/2A.

Next, we compare . obtained from ZBW diagonalization (eq. (4.40)) with T = 0
and ¢ = 0, with results of 4™ order perturbation theory for both ZBW and BCS leads
using the experimental relevant parameters. This comparison is shown in fig. 4.9
where we find that for our couplings, [T = Iz = 0.08 meV< U, A, the exact ZBW
calculation matches with ZBW 4™ order perturbation, except for slight deviations

close to groundstate transitions. Comparing ZBW to 4™ order perturbation with BCS
leads, we find that deviations are limited to a global factor of two between the models.
Comparing fig. 4.9 with fig. 4.3 no notable differences are apparent, apart from the
factor of two in scale.

As we also show later in chapter 6, the ZBW approximation, with minor deviations,
captures the YSR screening occurring at higher coupling [139]. Correspondingly, the
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Figure 4.9: (a) and (b) I. charge diagrams computed using eq. (4.40) and eq. (4.43) evaluated
at ¢ = 0. With experimentally fitted parameters: U; = U,; =2 meV, A =0.25 meV, tq =0.3
meV, Uy, =0meV, [T =T =0.08 meV, T = 0. (c) shows three linecuts of I. through the
stability diagrams corresponding to the respective lines in panels (a, b) and a corresponding
line in fig. 4.3 (a).

parameters obtained by fitting data to lowest order in I7, I} yields no significant

screening, supporting that 4™ order expansion remains valid for fitted parameters.

This shows that our fitting in section 4.3 is self-consistent with the approximations
made. In our paper we also compare to results from NRG, in the supplement yielding
the same result [1].

4.4.1  Groundstate transitions

In the above analysis the phase of the junction was always either 0 or 7 which we
obtained from 4 order perturbation or from ZBW evaluated at ¢ = 0. From the
literature [20, 33, 35, 140, 141] it is well known that the full current phase relation
(CPR) is not necessarily 0 — 7, with deviations being especially pronounced in the
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Figure 4.10: (a, b) Examples of groundstate and exited state phase dispersion obtained from

1.0

exact diagonalization of a DQD ZBW model. Singlet and doublet are marked by S and
D respectively. (c-d) Current phase relation (CPR) for T = 0 using eq. (4.40). (e, f) CPR
calculated at large temperature kg T > Es(¢), Ep (¢) using eq. (4.39). Top row is calculated
with N = 0.43 and bottom with Ny = 0.427, both with Nk = 1. This corresponds to the

transition shown in fig. 4.9 (c)

vicinity of groundstate transitions. The origin of these deviations are simple; as a
function of phase an excited state may move down in energy and cross the groundstate
which for T = 0 leads to a discontinuity in the CPR as seen from eq. (4.40) and
illustrated in fig. 4.10.

From modelling with fitted parameters we find that CPR remains sinusoidal (0 — 7r)
for the majority of the charge diagram. This is supported by the fitted critical current
range I. € [0.02,3] nA corresponding to a phase dispersion of the groundstate through
eq. (4.40) on the scale of Ej = hl./2e ~ peV, much smaller than Ay g and Uy g whose
scale determines level separation across the charge diagram. Only close to groundstate
transitions, which in experiment and modelling is heralded by discontinuities of I,
does non-sinusoidal behaviour appear. In fig. 4.10 (a, b) we show the ¢-dependent
dispersion close to a groundstate transition between a singlet and doublet state. In (b)
the crossings of these states creates a discontinuity in the T = 0 current phase relation
(CPR) shown in (d).

For small but finite temperatures the discontinuities, shown in fig. 4.10 (d), smoothens
as the groundstate becomes a thermal mixture of S and D close to the level cross-
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ing. Next, we investigate the dynamics when temperature is the largest scale in the
problem. Consider that only two states are at low energy; a singlet with dispersion
Es(¢p) = Acos(¢d) and a doublet with Ep(¢$p) = —B cos(¢dp) — Ep with Ey characterizing
the energy separation between the two states, which is tuned by gate across the transi-
tion, while amplitude A and B remain approximately constant. From the free energy

we find,
2e De Ae ABcosd _ B eBRcos(dp)+Eop

He) = _gad)F(d)) - h e ABcosd 1 2eBBcos(dh)+EoB sin ¢, (4-45)

where the factor 2 is due to doublet states degeneracy and 3 = 1/kgT. To simplify, we

absorb the factor 2 in the energy separation Ey = Ey + log(2)/B and rewrite it as an
asymmetric C = (B — A)/2 and a symmetric D = (A + B)/2 part yielding,

2
 h

By expanding in D3, BEy < 1, corresponding to the large temperature limit, we find,

I($) [C+ D tanh(DB cos ¢ + BEy/2)] sin ¢. (4.46)

2 _ 1
1($) = 2= | (C+ DBEo/2)sin ¢ + 3 DB sin(29) | + O(B2). (4-47)

In this limit where temperature is much larger than level separation Ey and phase dis-
persions A and B, the CPR is composed of a normal sinusoidal Josephson component
and a higher order sin(2¢) term. For most gates only the sinusoidal term is visible as
the higher order term is suppressed Df3, but in the vicinity of groundstate transitions
the prefactor C + DBE(/2 crosses zero and the sin(2¢) term dominates. This evolution
is shown in fig 4.10 (f) where current is sharply reduced at the transition and the
CPR includes a large sin(2¢) component. A similar sin(2¢) term was measured at 0-7t
boundaries in Refs. [78, 142] where they had access to phase tuning utilizing a SQUID
setup. The calculation above shows that such 2¢ terms have a humble origin, and are
quite general in the large temperature limit.

In relation to our experiment, temperature is the dominant scale kgT > E; and
the sin(2¢) feature is observed at groundstate transitions which we show in fig. 4.11.
Defining critical current as the largest possible supercurrent I. = maxg, [I1($)| we
observe a rapid drop between each groundstate transition, associated with 7t periodic
sin(2¢) terms which we focus on in (d). Using the nomenclature of Ref. [140] and
following (d) from left to right (increasing ng = np), a sinusoidal O-phase develops
through an intermediate non-sinusoidal 0’-phase to a m-periodic relation right at
the dip minimum. A further increase in gate voltage takes the junction through a
non-sinusoidal t’-phase and finally into the sinusoidal 7t-phase in the rightmost panel.
If I and/or T is increased then the size of the non-sinusoidal drops would increase
following the above analysis. In Ref. [115] the | — V characteristic was calculated for
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Figure 4.11: (a) Same charge diagram as in fig. 4.9 (a) with lines indicating cuts shown in
(b-e). (b-e) I = maxg [I(¢)| calculated using ZBW at finite temperature T = 80 mK and
using parameters from the fit. The interval shown in (d) indicates the range of gate for
which CPR on (f) are provided. Red and blue indicates areas with 0 and 7 CPR while
whites indicates non-sinusoidal. Panels (f) show the current-phase relations obtained
at the corresponding gate (from left to right) np = ng = [0.348,0.363,0.364,0.365, 0.39],
calculated with ZBW using the same parameters as in (b-e).

a non-sinusoidal CPR, similar to ours, in the vicinity of groundstate transitions and
found only small deviations from the RCS]J result. Therefore, we should in principle be
able to measure the intermediate I dips between 0 and 7t sectors. We attribute the lack
of such dips in data to finite resolution, since dips are very narrow in our parameter
range.

In closing, we should remark that eq.(4.39, 4.40) both assume adiabatic phase
evolution at which thermal equilibration occurs for each ¢ in the CPR, which may
not be realistic. Consider the states phase dispersions shown in fig. 4.10. If change
of ¢ occurs rapidly compared to the time at which a subgap state equilibrates then
the effective CPR is determined by the CPR of the initial state. This means that the
timescales of the RCSJ circuit, which determines the timescale at which ¢ changes,
should be compared with the relaxation rate of the subgap state, which determines
how quickly a thermal state is reached. This scale can be small for subgap states due
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to protection from the gap as we address in chapter 8. This effect could also explain
the lack of I. dips in our experiment.

4.5 CONCLUSION

In this chapter we obtained the critical current I. to lowest order for both a single QD
and DQD Josephson junction. Unlike the normal state where resonant transport to all
orders have to be included, all cooper-pairs cross the junction by cotunnelling in the
case of dots with superconducting leads. Consequently, lowest order perturbation in
tunnel coupling shows no divergences as a function of gate and reasonably describes I.
for the full charge diagram. Similarly to the single dot, the DQD shows 0 and 7t phases
determined by even and odd parity of the groundstate. Using these results we demon-
strated the ability to identify DQD charge diagrams from zero-bias measurements of
supercurrent resulting in the paper presented in chapter 5. We additionally used this
methodology to investigate DQD screening in chapter 6, and CPR of a S-DQD-S device
in a SQUID setup in chapter 11 where the 0 and 7 phase can be affirmed. Lastly, we
explored the use of ZBW approximations to calculate I, and found that by choosing
IizBW = Tttiz /2A; a good match between ZBW and 4™ order perturbation theory was
obtained, apart from a factor two global scaling. Using the ZBW approximation we
investigated the CPR at groundstate transitions. Deviations from a sinusoidal CPR
was for our parameters limited to a small gate range, in concord with the lack of I,
dips in measurements.
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PROJECT 1

In this chapter we present the published version of project 1 [1], where we show
that a S-DQD-S junction can be characterized by measurements of supercurrent. This
allows us to identify charge sectors, and from them infer the groundstate. In addition
to chapter 3 and chapter 4, which constitute my contributions to this project, NRG
calculations where provided by Rok Zitko. These calculations supports the validity

of 4th

order perturbation theory, and can be found in the supplement of Ref. [1].
Most figures, methods and conclusions have already been covered in the preceding
chapter 4, and the included paper is primarily for the reader interested in further

details.
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We demonstrate the Josephson effect in a serial double quantum dot defined in a nanowire with epitaxial
superconducting leads. The supercurrent stability diagram adopts a honeycomb pattern. We observe sharp
discontinuities in the magnitude of the critical current, /., as a function of dot occupation, related to doublet
to singlet ground state transitions. Detuning of the energy levels offers a tuning knob for /., which attains a
maximum at zero detuning. The consistency between experiment and theory indicates that our device is a
faithful realization of the two-impurity Anderson model.

DOI: 10.1103/PhysRevLett.121.257701

Recent progress in the microfabrication of hybrid semi-
conductor-superconductor one-dimensional heterostruc-
tures has resulted in Josephson junctions with controlled
ground states [1-3]. This control is achieved by confining
electrons in a quantum dot (QD) in the semiconductor weak
link. In a weakly coupled QD, the number of electrons, N,
is known precisely thanks to the charging energy, U, and
it is conveniently controlled by a gate voltage. A singly
occupied dot shifts the phase difference between the
superconducting leads by 7, which corresponds to a doublet
ground state. When N changes in an even-odd-even
fashion, an alternating O — z — 0 pattern in the phase of
the supercurrent is expected. This has been experimentally
observed in single QDs [4-10].

A serial double quantum dot (DQD) Josephson junction
offers greater freedom in the control of the ground state of
the system. DQD levels, as opposed to multilevel single
dots [4,10-13], have the advantage of individual gate
control of the parameters of each dot level [14—18]. The
subgap states of a DQD attached to two superconducting
leads have been previously investigated, but the soft gap
of the device resulted in an effectively S-DQD-N system
(N stands for a normal metal, and S for a superconducting
lead), and a supercurrent has not been reported [14].
Subgap states have also been described in a purposely
engineered S-DQD-N device, in a regime with stronger
coupling to the S lead, which could then screen the spin
of the dots [15]. Chains of dots in series coupled by
superconductors can be mapped to the Hamiltonian of a
topological superconductor, which constitutes an additional
motivation for investigating this type of devices [19,20].

In this Letter, we demonstrate for the first time a gate-
controlled S-DQD-S Josephson junction, and focus on a
regime of weak coupling to the two S leads. We find

0031-9007/18/121(25)/257701(6)
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discontinuities in the critical current which depend on the
total number of electrons in the dots. Their line shape,
characterized by asymmetries and changes in magnitude,
allows us to identify them as O — z phase transitions
corresponding to singlet to doublet ground state changes,
as previously done for single QDs [4-6,8,10,21].
Whenever an odd (even) total number of electrons is
present in the highest-lying levels of each dot, the DQD
ground state is a doublet (singlet). Additionally, we find a
modulation of /, through orbital detuning, with maximal
I. at maximal orbital hybridization. The changes in the
ground state are corroborated by crossings of subgap
states. We model our findings using the two-impurity
serial Anderson model.

Our device is depicted in Figs. 1(a) and 1(b). A 110 nm-
diameter InAs nanowire with an in situ grown epitaxial
7 nm Al shell [22], covering three of its facets, was first
deterministically placed over a bed of finger gates insulated
by a 20 nm layer of hafnium oxide dielectric. By selectively
etching the Al shell over five of these gates, we obtained a
350 nm section of bare InAs nanowire. Afterwards,
we contacted the ends of the wire with two Ti/Au strips,
each at a distance roughly 1 ym away from the bare wire.
Additionally, we used as a global backgate the highly
doped Si substrate with a 300 nm Si oxide on which the
device was fabricated.

Two QDs in series were defined in the bare wire through
gate tuning, and were proximitized by the sections of
the wire with superconducting Al. A scheme of this S-
DQD-S system and its energetics are portrayed in Figs. 1(c)
and 1(d), respectively. All differential conductance mea-
surements were done in a dilution cryostat at 15 mK, using
a standard lock-in technique with an AC excitation of 2 yV
at a frequency of 116.81 Hz.

© 2018 American Physical Society
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FIG. 1. (a) Schematics of the device. Gates numbered 1 to 5

were used to electrostatically define two quantum dots in the
channel of the bare InAs nanowire. A backgate voltage, V,,, was
used for further fine-tuning of the coupling of the dots. (b) Scan-
ning-electron micrograph of the measured device. Au contacts,
epitaxial Al leads, and InAs nanowire are colored in yellow, blue,
and red, respectively. (c) Schematics of two quantum dots in
series, whose energy level is tuned by the voltage on gates V.
and V y (for left and right dot), which in our device correspond to
gates 2 and 4. (d) Energy diagram of the system, consisting of two
single levels in series with energy levels €; and e, coupled to the
closest superconducting lead with tunneling rates I'; and T,
respectively, and with interdot coupling #,. The charging ener-
gies, U; ~ 1.85 meV and Uy ~ 1.62 meV, are much larger than
the superconducting gap, A = 0.265 meV. The large level
spacings, AE; ~ 1.64 meV and AER = 1.76 meV, of the order
of U, and Uy, respectively, make the single-level approximation
valid. (e) Charge stability diagram /.(n;, ng) calculated through
fourth order perturbation theory [23], where n; and ny represent
the gate-induced charges in the left and right dots, respectively.

Figure 2 shows a color map of the zero-bias linear
conductance (G) of the device as a function of the left
and right plunger gates, V,; and V , reminiscent of the
honeycomb charge stability diagram of normal-state DQDs
[24]. This similarity stems from parity changes nearly
matching charge degeneracies in the low-coupling regime.
For clarity, only the number of electrons N; = 0,1,2 and
Nr = 0,1,2 in the highest-lying levels of each dot, left and
right, respectively, are shown, as identified by the apparent
shell filling pattern [25] (see Ref. [26]). Though this
measurement is analogous to the stability diagram of a
conventional N-DQD-N system, it is important to note that
in our Josephson DQD circuit G originates from a super-
current. Cotunneling processes that contribute to this super-
current are more probable at charge degeneracies, and are
particularly enhanced at the quadruple points where the
charge states (N;, Ng), (N, + 1, Ng), (N;, Nr + 1) and
(Np + 1, Np + 1) are degenerate in the case Uy p = t; = 0,
leading to an increase of G near these points.

The diagram is expected to show electron-hole sym-
metry, which results in a mirror symmetry around the

FIG. 2. Charge stability diagram as a function of plunger gate
voltages. Effective charge numbers N;, N determined from the
shell-filling pattern (see Ref. [26]) are indicated for each sector.
Lines on the diagram indicate line cuts shown in subsequent
figures. The gate range in the two axes has been adjusted so
distances amount to approximately equal energies. 7 = 15 mK,
Vig=0, Vyy=-92V, V;3=-93V, Vs =-025V, and
Vi =104 V.

negative-slope diagonal (0,2)—(2,0). Besides, for U; = Uk,
the diagram is also expected to show a mirror symmetry
around the positive-slope diagonal (0,0)—(2,2). In Fig. 2,
these symmetries are approximately respected. Minor
differences include a larger conductance in the (1,1)—
(2,0) degeneracy compared to the (1,1)-(0,2), and larger
separation between the (1,1)—(0,0) sectors compared to
(1,1)—(2,2). These asymmetries are due to cross coupling
of Voo with the left tunnel barrier, which is also evidenced
by lower G in charge sectors at more negative V. (see
Ref. [26]), and to U; not being exactly equal to Ug.
Figure 1(e) shows the calculated critical current, /., for
the parameters of the device and fixed tunnel barrier [23],
using fourth order perturbation theory in the tunnel
coupling (for additional and qualitatively consistent
NRG and zero-bandwidth calculations, and details of the
theory, see Ref. [26]). These calculations confirm the
experimental observation that /.. is largest close to degen-
eracy points and is especially enhanced near the quadruple
points. The particle-hole symmetry of the underlying
Hamiltonian is manifested in the figure through the relation
I.(np,ng) =1.(2—=n;,2—ng). The sign change of I,
going from singlet to doublet sectors indicates the 0 — z
transition.

In the following, we present maps of differential con-
ductance, dI/dV;(V,,), zoomed at low-bias within the
superconducting gap, along the cuts indicated in Fig. 2. In
Figs. 3(a) and 3(b), we show cuts taken at fixed Ny while
varying N;, corresponding to a variation of the left-dot
energy level. In turn, cuts taken at fixed N; while varying

257701-2
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FIG. 3. (a)—(d) Line cuts along the dashed lines in Fig. 2 for
fixed Ny (a) and (b) and for fixed N; (c) and (d). Overlays. Fitted
I. (white curve) [52]. The notation used to name each sector is
GS(N,,Ng), where GS =D, S represents the ground state
of the sector. (e) and (f) Line cuts of |/.| calculated by fourth
order perturbation theory along trajectories in occupation
number (proportional to gate voltage) given in Fig. 1(e). Red
(blue) color indicates that /. is positive (negative). Line cut
trajectories in Figs. 1(e) and 2 are symbolically indicated on
each panel.

Ny, are shown in panels (c) and (d). Notably, a narrow zero-
bias peak surrounded by negative differential conductance
(NDC) traverses all four diagrams. Additional features seen
here at V,; > 20 uV, also observed at larger bias between
+2A = 0.53 mV, are discussed in Ref. [26].

The zero-bias peak in Figs. 3(a)-3(d) has a peculiar gate
dependence, exhibiting a noticeable discontinuity in the
conductance value at every parity change. It sharply drops
whenever N; + N, the total charge in the dots, is an odd
number, with respect to its value at an even number.

We relate this zero-bias peak to a dissipative super-
current. NDC comes from switching to low subgap current
(see Supplemental Material [26] for an [ -V, curve
evidencing this). Dissipation can be ascribed within the
resistively and capacitively shunted junction (RCSJ) model
to the overdamped nature of the junction and to the
presence of thermal noise [6,7,21,53-55]. By fitting
dl/dV (V) traces of Figs. 3(a)-3(d) to this model, we
extract /. as a function of the gate voltage (for details

of the fit and a justification of the overdamped nature
of the junction, see the Supplemental Material [26]) and
plot it as overlays in the respective color maps (white
curves).

The observed discontinuities in the conductance of the
zero-bias peak are seen as abrupt jumps in the magnitude of
the supercurrent, with peaked values at parity changes. We
interpret these as 0 — = transitions in the phase-shift ¢
of the Josephson current I = I.sin(¢ + ¢). These happen
whenever N; + Np changes from an even number
(9pp = 0) to an odd number (¢y = x). In this regime, in
which both dots are relatively decoupled from the super-
conducting leads, the following rule of thumb applies.
When N; + Ny, is even, the ground state of the DQD is a
spin singlet, S, whereas when N; + Ny is odd, it changes
to a doublet, D. We are able to distinguish z from 0 regions
due to the small magnitude of the supercurrent within the 7
regions and due to the asymmetry of the /. peaks at the
parity changes. This asymmetry finds its origin in the
halving of cotunneling processes in the # domain with
respect to the 0 domain [56]. An example of these two
observations is seen in Fig. 3(c), where /. has a steep and
asymmetric decrease (with respect to the parity-change
points) towards the z sector at the charge region (2,1).
We support our interpretation with line cuts taken from
Fig. 1(e). Using fourth order perturbation for equal tunnel-
ling rates to the leads, I'y = I'; = ', we match the scale
of |I.| to experiment [23] and find similar behavior in
variations of gate for all line-cuts.

In the vicinity of quadruple points, single dot states
hybridize into bonding and antibonding molecular orbitals
[24]. We investigate the effect of interdot hybridization
on /. via detuning, by which the dot levels are pulled
away from each other [14,24]. Such line cuts are shown in
Figs. 4(a) and 4(b). These demonstrate that /.. (white curve)
can be tuned by changing the relative detuning between
the two dot levels without changing the total charge of
the quantum dots. At zero detuning (green arrows), at
which interdot hybridization is highest, /. attains a local
maximum. This occurs at a molecular doublet ground state
Dy of the form a|D(0, 1)) + #|D(1,0)) in Fig. 4(a), and
at a molecular singlet ground state Sz of the form
alS(1,1)) + p|S(0,2)) in Fig. 4(b), where a and f are
coefficients. [. traces calculated by perturbation theory,
shown in panels (c) and (d), are approximately consistent
with the gate dependence and line shape of /.. However,
due to the aforementioned cross coupling of V,; with the
left tunnel barrier, the experiment does not display the exact
symmetry with respect to zero detuning exhibited by the
theory.

Next, we investigate the effect on /. of driving max-
imally hybridized molecular orbitals (zero detuning) away
from the Fermi level by taking line cuts through the
quadruple points following the dotted lines in Fig. 2, so
that the DQD energy levels are aligned and shifted
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FIG. 4. (a) and (b) Detuning ¢; —er line cuts along the
continuous lines in Fig. 2. Overlays. Fitted 1. (white line). Note
that the ground state, either doublet or singlet, does not change in
these line cuts. (c) and (d) |/, traces calculated by fourth order
perturbation theory. Red (blue) accounts for positive (negative)
I.. Green arrows indicate zero-detuning points.

simultaneously. Such line cuts are shown in Figs. 5(a)-5(d).
Consistently with our interpretation of the diagram in Fig. 2,
1. is largest at the quadruple points, and quickly decreases in
the Coulomb valleys. Interestingly, /. is symmetric with
respect to the quadruple points at V,z = —0.54 V in
panel (a) and at V= —0.83 V in panel (c), which
correspond to line cuts through a Sz ground state, but it
loses this symmetry in panels (b) and (d) with respect to
Vg = —0.64 V and Vg = —0.73 V, respectively, which
correspond to line cuts through a Dy ground state. In the
two latter panels, /.. is largest at the parity changes that go
towards the (1,1) sector. This happens due to a greater
availability of cotunneling channels in this sector, as
captured by perturbation theory [see Figs. 5(e) and 5(f)].
Asymmetric /. peaks in panels (b) and (d) are indicated by
green arrows. The observed symmetries stem from the
combined effects of two types of symmetry. First, from
U; ~ Uy as the system is then invariant under the trans-
formation (n;,ng) — (ng,n;). Together with particle-
hole symmetry (n;,ng) = (2 —n;,2 —ng) this renders
I.(ng,ng) =1.(2—ng,2—ng), which corresponds to a
mirror symmetry around the negative-slope diagonal (2,0)—
(0,2). Line cuts (a) and (c) are perpendicular to the diagonal
and are therefore symmetrical around it while (b) and (d)
are taken on each side of the diagonal and are therefore
images of each other.

Ground state transitions observed in /. are consistent
with crossings of Yu-Shiba-Rusinov subgap states [15,57].
These can be observed in dI/dV (V) spectroscopy at
larger V, (see Ref. [26]). These states display a loop
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n,=n-1 n,=n,

FIG. 5. (a)-(d)Line cuts along the dotted lines in Fig. 2, through
(a) and (c) Sp and (b) and (d) Dp molecular ground states. The
levels are aligned per (a) €;, =€+ Uy, (c) €, + U =¢€p, and (b)
and (d) ¢; = eg. The difference is due to an additional electron in
one of the levels in (a) and (c). Overlays. Fitted 1. (white line) [52].
(e) and (f) Line cuts of calculated |/.| through (e) Sp and (f) Dy
ground states, done by fourth order perturbation theory. As before,
red (blue) accounts for positive (negative) /.. Note that line cut
(c) covers two additional charge sectors outside the range of the
theory cut (e).

structure [58-62] and NDC [63-67] similar to those in
parity-changing single dots. Interestingly, simultaneously
with the maximization of /. observed in detuning cuts in
Figs. 4(a) and 4(b), the energy of the lowest pair of subgap
states is minimized and displays an anticrossing consistent
with an absence of parity changes.

In this Letter, we presented an experimental realization
of a DQD Josephson junction, supported by the two
impurity Anderson model. The stability diagram displays
a honeycomb pattern. We showed that the discontinuities
and gate-voltage asymmetries observed in the critical
current are fully consistent with predictions of fourth-order
perturbation theory. Finally, we probed molecular orbital
ground states unique to the DQD system, finding a
variation of /. with detuning from the level degeneracy.
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PROJECT 2

In this chapter we present project 2 [2], in which the fully screened groundstate of
the S-DQD-S junction is experimentally obtained. Up to now, we have established
that supercurrent measurements can be utilized to characterize charge diagrams of
a S-DQD-S system. Next, we use this technique to investigate how charge diagrams
changes when lead couplings, characterized by I and Iy, are increased. Experimentally,
this is done by tuning gate 1 and 5, which (mainly) control the tunnel coupling between
dot and superconductor. As couplings I7 /g increase we expect YSR screening to take
effect, and since the two dots are additionally exchange coupled by a tunnel element
tq, we in this system realize the superconducting equivalent of the famous two impurity
Kondo model. This model is integral to our understanding of heavy fermion materials
[8, 91], and can exhibit exotic phenomena such as quantum criticality and non-fermi
liquid behaviour [143].

(a)‘ Increasing L‘;LL, (b)

Increasing I’

' -~

nr n

Figure 6.1: (a) A schematic of the DQD charge diagram with 8§ and D indicating singlet or
double groundstate. Red (blue) arrows indicate the expected effect of increasing I'r (I'7)
inferred from our knowledge of the single impurity YSR screening shown in (b). Question
marks indicates the region of highest complexity, namely the (1, 1) sector, where I and 'z
competes with interdot exchange, characterized by t3/U, yielding a non-trivial competition

of scales.
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The mapping between bulk properties and impurity model is provided by dynamical
mean-field theory (DMFT) [144], which connects the strange properties of heavy fermion
materials to simple local impurity models, such as the one we explore in this exper-
iment. Before presenting the paper we next discuss some key concepts of S-DQD-S
YSR screening, using a simple zero-bandwidth (ZBW) model which captures most of
the relevant physics. A similar S-DQD-S ZBW model have been explored in Ref. [139].

Starting from the low coupling honeycomb charge diagram, shown for experiment
in fig. 4.5 and from theory in fig. 4.3, we expect that increasing I'7 and Iz will close
the doublet sectors at occupation (0,1), (1,0), (2,1) and (1,2) in notation (N, Ng)
as depicted in fig. 6.1 (a). These closings can be understood in terms of the single
impurity YSR model, presented in the introduction and shown in fig. 6.1 (b), as along
the charge diagram edges one dot is coulomb blockaded in a even sector, thereby
non-interacting. This effect was also demonstrated in a S-DQD-N setup in Ref. [21, 62].
Of greatest interest is the central (1, 1) sector where for low I7 and Iz the groundstate is
an exchange singlet state, and where the two-impurity model is realized. To investigate
this region in greater detail we use the ZBW Hamiltonian,

H = Hp + Hzpw + Hr, (6.1)
U 2

Hp=3 5 (Nj—ny) +ta) di,dpeth.c,
j=L,R o

Ht = Z Z tdeTGC]'G +h.c.,
j=LR ©

HZBW = Z AJC}LTC;[\L + A;(C)\LC]T’

j=L,R

defined on a Hilbert space of size 4* = 256, and can therefore be numerically diagonal-
ized. As the methodology is covered in the author’s thesis [21], we will in this section
only cover results related to the (1,1) sector. At the center n; = ng = 1, the ZBW
analysis reveals four states vying to be the groundstate, denoted by & or D, for singlet
or doublet, alongside two index indicating the number of screening quasiparticles.
These four states are: the exchange singlet state 8y, the doublet states with either
the left, D1y, or right, Dy, dot screened, and the fully screened singlet state 817. In
tig. 6.2 we depict these four states alongside a phase diagram showing the left and
right dot spin-spin correlation (S; - S;) as a function of I1 and I, obtained from ZBW
with parameters: Up = Ug = 2 meV, tq = 0.09 meV, and A; = Ag = 0.25 meV. We
utilize the definition of the rates I; = 27‘[th /A;, with j € {L, R}, introduced in section 4.4.
For the pure exchange singlet state ¢ the dot spins are highly correlated yielding
(S1-S2) = —3/4, with the minus sign indicating that the spins predominately point in
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opposing directions. For D1y and Dy the dot spins are uncorrelated, as one spin is
screened by a quasiparticle leaving the other dot with a free spin-1/2 degree of free-
dom. Similarly, the pure 817 state, with both dots screened, results in uncorrelated dot
spins, as correlations with quasiparticles dominate. In the phase diagrams of fig. 6.2
(a), we see that if either I1 or I} is increased from the weakly coupled regime one
ends up with a doublet groundstate. If both couplings are increased simultaneously a
smooth transition from 8yy to 811 occurs, with a gradual change of (St - S;) from —3/4
to 0.

3 (S1-S2) ¢
(a) — (b) ML=MR=

Figure 6.2: (a) Plot of dot spin-spin correlation as a function of couplings at ny = ng = 1.
Black lines indicate changes of groundstate parity. (b) Schematic of the four groundstates.
Dotted circles indicate strong spin correlations from exchange couplings.

This kind of gradual change, alongside the curved opening, is indicative of an anti-
crossing of singlet states, with the two states hybridizing. This is further investigated
in fig. 6.3 (a) where we find an anti-cross between the two singlet states, which stems
from the ability of the superconducting leads to coherently add or remove a cooper-
pair. As shown in fig. 6.3 (b), the tunnelling of a screening quasiparticle from left to
right lead connects 8y to 811, and consequently we expect the anti-cross Hamiltonian
to be of the simple form,

E H
Hoo,11 = 0 b ) (6.2)
’ Hhyo En

with Hpyp oc titrtg. To test this hypothesis we plot the minimal energy difference
between the two singlet states, occurring at Eggp = Eq1, as a function of t4 in fig. 6.3 (c),
and find a linear relationship with t4. Unfortunately, this renders the superconducting
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two-impurity system less interesting than the normal state version, as the aforemen-
tioned quantum criticality and breakdown of fermi-liquid behaviour originates from
the crossing and competition of the exchange 8oy and fully screened Kondo 817 state.
In the superconducting case this quantum transition occurs in a continues manner
due to the anti-cross. Nonetheless, the paper demonstrates our ability to continuously
tune the double quantum dot across varies groundstates, providing control over inter-
actions and scales, which is of potential interest for the realization of larger dot-chains
on which Majoarna fermions can be obtained [98-100], or for applications in YSR

(Andreev) spin-qubit designs [84, 145].

0
|
' J —s=1 )
I —S=1/2 ] g
-0.8; r_ _5:0‘ 1 g 0.0t ‘ ‘
0.2 0.6 1.0 1.4 0.0 0.1 0.2 0.3
r ta

Figure 6.3: (a) Energy of the lowest lying statesat ng =ngr =1forI'=T1 =Tg, I' =T = 2I%,
and I' = I from top to bottom, with S indicating total spin. The S = 1 state is the DQD
triplet state. Insets shows the respective linecut on fig. 6.2 (a). (b) Schematic of the process
connecting 8§11 to 8p¢. (c) Minimum energy difference as a function of I'T = 'z between

the lowest lying singlet states as a function of tg.

Since most details of the experiment and measurement techniques have already
been discussed in the previous chapters, we here present a quick guide to observe
the main results of the two-impurity paper presented next. In fig. 4 a phase diagram,
computed via NRG by Rok Zitko, is shown, which up to a scaling of I} /R resembles
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the ZBW results. Paths on this diagram indicate tunings of gate shown in figs. 6-8,
which demonstrates our ability to control the groundstate of the S-DQD-S system. In
tig. 8 (c) the doubly screened S17 groundstate is realized. Understanding the closings
of charge sectors, shown in figs. 6-8, is slightly complicated due to cross capacitive
couplings between gates. By gating the left dot one also tunes Ik resulting in increased
screening. The effect of this cross-coupling is included in a ZBW calculation, shown in
tigs. 14-16, which mimics the evolution of figs. 6-8.
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Using double quantum dots as the weak link of a Josephson junction, we realize the superconducting analog
of the celebrated two-impurity Kondo model. The device shows a cusped current-voltage characteristic, which
can be modeled by an overdamped circuit relating the observed cusp current to the Josephson critical current.
The gate dependence of the cusp current and of the subgap spectra are used as complementary ground-state
indicators to demonstrate gate-tuned changes of the ground state from an interdot singlet to independently
screened Yu-Shiba-Rusinov (YSR) singlets. In contrast to the two-impurity Kondo effect in normal-state systems,
the crossover between these two singlets is heralded by quantum phase boundaries to nearby doublet YSR phases

in which only a single spin is screened.

DOI: 10.1103/PhysRevB.102.195143

I. INTRODUCTION

Magnetism relies on the presence of magnetic moments
and their mutual exchange interactions. At low temperatures,
local moments in metals may be screened by the Kondo ef-
fect and magnetism can be disrupted. This competition was
first proposed by Mott [1] as a mechanism for the vanishing
of magnetism at low temperatures in the f-electron metal
CeAl;, and later explored by Doniach [2] within a simple
one-dimensional Kondo-lattice model, from which he estab-
lished a phase diagram delineating the magnetic phase as a
function of the ratio between the Kondo temperature, Tk, and
the interimpurity exchange. The essence of this competition
was subsequently reduced to the vastly simpler two-impurity
Kondo model, which exhibits an unstable fixed point separat-
ing a ground state (GS) of two local Kondo singlets from an
interimpurity exchange singlet [3]. This competition remains
a central ingredient in the current understanding of many
heavy-fermion materials and their quantum critical properties
[4-9].

In a superconductor (S), the gap around the Fermi surface
terminates the Kondo screening process before its completion,
but local magnetic moments may still be screened by forming
local singlets with BCS quasiparticles. As demonstrated by
Yu, Shiba, and Rusinov (YSR) [10-12], a local exchange
coupling between a superconductor and a magnetic impurity
leads to a subgap bound state. In a full quantum descrip-
tion, the corresponding bound state crosses zero energy and
the singlet subgap state becomes the new GS at a coupling
strength corresponding to Tx =~ 0.3A, where A denotes the
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superconducting gap [13,14]. This quantum phase transition
reduces the spin by /i/2, quenching a spin-1/2 altogether.

Half-filled Coulomb-blockaded quantum dots (QDs) are
model magnetic impurities, and can be readily coupled to su-
perconductors in semiconductor nanowires [15]. In Josephson
junctions (JJs) hosting an impurity, the above GS transition
results in a phase change from 7 to 0 [16-25], and constitutes
a complementary experimental signature to bias spectroscopy
of YSR states crossing zero energy [26-34].

In contrast to the normal-state two-impurity Kondo effect,
the two-impurity YSR ground-state phase diagram depends
strongly on the two different local exchange couplings and
includes not only the two different singlets, but also a doublet
GS in which only a single spin is screened. In a previous
Letter, we used a nanowire device to demonstrate the Joseph-
son effect in a serial double quantum dot (DQD) in the
low-coupling regime, in which the interdot tunnel coupling,
t;, dominated over the dot-lead tunneling rates, I'y, I'g [23].
Here we investigate in the same device the possible GSs at
stronger individual couplings to the leads. As the gate volt-
ages controlling these couplings are tuned, the boundaries
of the honeycomb charge stability diagram between GSs of
different parity are erased and new two-impurity YSR GSs are
accessed. This boundary deletion affects the dispersion in gate
voltage of the extracted Josephson critical current, /., and of a
closely related and directly measurable cusp current [35—40],
as well as the dispersion of the spectral YSR resonances,
which render mutually consistent GS parity information.

The article is organized in sections as follows. In Sec. Il we
show an overview of the DQD and its parameters. In Sec. III
we introduce the method used to extract /.. In Sec. IV we
delineate the theoretical expectations for GS, I, and subgap
spectra in the S-DQD-S system. In Sec. V we show our main

©2020 American Physical Society
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FIG. 1. (a) Scanning electron micrograph of the device, false-
colored to indicate materials. Yellow lines denote local gates used.
A sketch of the superconductor-double quantum dot-superconductor
(S-DQD-S) system used as a two-impurity YSR model is shown in
inset. (b) Zero-bias conductance, G(VqL, Ver), colormap providing
an overview of the DQD shell selected for the study (X, inside the
dashed line) and surrounding, less stable shells (Y and Z), which
are affected by instabilities at Vog &~ —0.4 V. The inset shows gate
settings for this measurement. Dots and a line indicate local gate
voltages and backgate voltage, respectively. Vo = —9.2V, Vg3 =
—9.2V, Vs = —0.25V,and V,, = 10.4 V.

experimental results, making use of the concepts introduced
in Sec. IV. Finally, in Sec. VI we present our conclusions and
comment on the possible applications of our findings.

II. DOUBLE QUANTUM DOT CHARACTERIZATION

The measured device [Fig. 1(a)] consists of an Al-covered
InAs nanowire [41] deposited on top of narrow gates, insu-
lated by 20 nm of hafnium oxide from the wire. Al is etched
away to form a Josephson junction with a bare segment of
InAs nanowire as the weak link. The device has a Si/SiO,
substrate backgate which we operate at Vpg ~ 10V to observe
a measurable supercurrent. Gates 1, 3, and 5 are set to negative
voltages to define the DQD, while gates 2 (4) are used as the
plunger Vo (Ver) to load electrons into the left (right) QD.
Slight changes in the voltage of gate 1 (5) modify I'p, (I'r) of
the left (right) QD to the left (right) lead. Small changes in V4,
also affect these tunneling rates. All measurements are done
in an Oxford Triton® dilution refrigerator at Tijgee &~ 20 mK,
using standard lock-in techniques with a lock-in AC excitation
of 2V at 116.81 Hz to obtain the differential conductance,
dl/dVy, superposed to a source-drain DC voltage, Vy4, while

simultaneously recording the current, /, with a digital multi-
meter. The data were corrected for an offset of 3.5 pA from
the current amplifier. To distinguish zero-bias from finite-bias
differential conductance, we use variables G and dI/dV,
respectively.

Figure 1(b) shows a zero-bias differential conductance
(G) colormap which represents a portion of the honeycomb
stability diagram of the DQD in the superconducting state.
Conductance lines appear at places in which the parity of
the system changes, constituting a way to accurately map GS
boundaries. We label charge sectors of the DQD shell selected
for gate tuning (shell X) by (N, Nr), where Ni, and Ny are
the (integer) charges in the highest level of the left and right
QDs, respectively. Parity lines separating doublet and singlet
regions according to the total number of electrons in both QDs
alternate in spacing, consistent with shell filling [23,42].

From Coulomb-diamond spectroscopy of shell X, we ob-
tain the charging energies of the left and right QDs, U, ~
1.9meV and Ur ~ 1.6 meV. From this spectroscopy, we also
find that the level spacing of both QDs is equivalent to their
charging energies (AEp ~ 1.6meV and AER ~ 1.8 meV).
A = 0.27meV, the parent Al superconducting gap, is found
from Coulomb-diamond spectroscopy in deep Coulomb
blockade in an opaque regime. The fact that Up, Ug > A
places the system firmly in the YSR regime [43]. From
the (0,2)-(1,1) anticrossing in the charge stability diagram,
we estimate the interdot coupling, 7y = 0.03—0.05 meV and
the interdot charging energy, Uy = 0.13—0.23 meV. Measure-
ments of DQD and superconductor parameters are provided in
Appendix A (see Figs. 9-11).

The DQD parameters I'y and I'r could not be indepen-
dently measured due to the high critical field (B, = 2.1 T) and
high critical temperature (7, = 2.2 K) of the superconducting
device. We calculate in Sec. IV for our approximate DQD pa-
rameters GS boundaries set at ' & I'r ~ 0.4 < AE;, AER,
which provide I'L, I'r sufficiently small to satisfy the single-
level approximation [16]. Multilevel QD JJs show phase
changes at fixed dot charge, irrespective of charge occupation
[16,22], which is not observed in shells X, Y, and Z.

Near charge depletion, QDs are typically strongly con-
fined, but also show the smallest I';/U; ratio, while a sizable
I';/U; ratio for a given temperature is needed to observe a
finite Josephson current [44]. This sets a narrow (AE;, [';, U;)
window which translates into a narrow gate range for single-
level DQD JJ operation and I'; tuning. Outside of this window
either multilevel (AE; < I';), resonant level (I'; > U;), or too
weakly coupled regimes arise (I'; << U;), which is why only a
few shells near QD depletion could be studied here.

III. DETERMINATION OF CRITICAL AND CUSP
CURRENTS

Next, we focus on the low-bias transport characteristic of
the device in the superconducting state.

Initially intended for two-terminal bias spectroscopy of
YSR excitations in a S-DQD-S system, for sufficiently
strong #4 the device exhibits in dI/dVy — Vi traces a bias-
symmetric, 20 uV-wide zero-bias peak flanked by negative
differential conductance (NDC) dips, exemplified in Fig. 2(a).
As shown in Fig. 2(b), the corresponding I — V4 traces have
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FIG. 2. (a) dl/dVy — Vi trace recorded at the same gate voltage
as the leftmost trace in (b). (b) I — V4 traces taken with the gates
swept along the red solid line in Fig. 8(c). Initial and final gate
voltages are indicated. The traces have been shifted horizontally by
120 uV with respect to each other, and are measured from —60 to
60 uV each. Cusp current, Iy, at positive V4 is plotted as a black
trace to highlight its gate dependence. (c) Electrical circuit model.
Details are given in the text and in Appendix B.

a finite slope between sharp cusps which occur at a current /.
The positive Vg value at which the cusps occur, V) = 9.1 +
0.6 uV, is gate-independent over three orders of magnitude
of G and over cusp currents, Iy, ranging from 0.3 pA to 50
pA (see Fig. 12 in Appendix B). Additionally, V, matches
the V4 value of NDC dips, and Iy shows a gate dependence
similar to G [for example, compare Figs. 14(c) and 14(d) in
Appendix C], indicating common origins for both phenom-
ena.

We relate this narrow, bias-symmetric, finite-sloped I — Vg4
characteristic, which is cusped at [ and locked at Vj, to the
supercurrent of the circuit-damped JJ formed by the S-leads
and the DQD weak link, schematized in Fig. 2(c). This mini-
mal model assumes the presence of a resistance R at the level
of the leads (indicated in green) which was not designed and
which was not independently measured, and which provides
Johnson-Nyquist white noise at a temperature 7 which in
principle can be larger than the temperature in the dilution
refrigerator [35,45]. From its fitted value and position in the
model, we speculate that R comes from the contact resistance
between the nanowire and the Ti/Au leads.

In Fig. 2(c), the designed elements of the circuit at 20 mK
are indicated in black. The JJ is assumed to have a current-
phase relationship I sin ¢, where the critical current, I, is
unknown. This relationship is valid away from phase transi-
tions [23]. Standard filtering and shielding elements include
the following: (1) Two-stage low-pass RC filters with 30 kHz
cutoff frequency, of total resistance Ry/2 per line, where
R, = 8.24 k€2, and capacitance per stage Cgjer = 2.7 nF. (2)
Seven-stage low-pass 7 filters with 200 MHz cutoff fre-
quency, positioned at 20 mK in series with the RC filters (not
shown). (3) Lines to the sample are additionally attenuated at
high frequency by Eccosorb® and encased by copper tape. (4)
Radiation shielding is used at several stages in the dilution
refrigerator, with the deepest encasing being at 20 mK at the
sample level.

Nondesigned on-chip elements of known origin in the
experiment are indicated in blue. Using a parallel-plate capac-
itor model, and from the device geometry and materials, we
evaluate the junction capacitance at Cy & 3 aF, and the capac-
itance of the large-area bonding pads through the backgate at
C =~ 9 pF. The latter estimation assumes that the resistance
R is somewhere in the leads between the bonding pads and
the device. These capacitances place the JJ in the over-
damped regime, but knowledge of their values is not needed to
extract I.

In the overdamped and voltage-biased regime this circuit
gives rise to a three-parameter (., R, T') voltage-current re-
lation, as demonstrated by Ivanchenko and Zil’berman [46].
When T > hl./2ekg, corresponding to the limit of large noise
amplitude [35], V; is I.-independent as in the experiment and
its value V) = 2eRkpT /i = 10 pV is close to the measure-
ment. Additionally, I, can be rescaled to Iy and G, as shown
in Fig. 13 in Appendix B, explaining their connection in the
experiment.

We fit dI/dVy — Vg and I — Vg4 curves to obtain ..
Since the device is measured in a two-terminal config-
uration, Ry = 8.24 k2 is subtracted from the raw bias
voltage, Vi =V — IR, and raw differential conductance
data, dI/dVyq = (d1/dV)/(1 — RydI/dV), before inputting
them into the formula. Despite the circuit assumptions and
the crudity of the model employed, the fits to the data are
good for Iy between 0.2 pA and 50 pA, and I, ranging from
0.03 nA to 0.8 nA. Examples of the fit are shown as blue
curves in Figs. 2(a) and 2(b).

The parameters R = 3 k2 and 7 = 80 mK are extracted
through the fitting procedure by initially keeping the param-
eters I, R, and T free. As long as RT =240 kQmK, R
and T can adopt any value and still produce a good fit to
the data. A rescaling by a dimensionless number y to R/y
and Ty globally will merely change I. to ,/y 1. without any
qualitative change in its gate dependence. This is crucial for
a robust interpretation of the latter, but it prevents absolute
quantitative I, assessments. Nevertheless, T is chosen from
an upper-bound estimate of the electron temperature from the
thermal broadening of a Coulomb peak, which also produces a
reasonable I, value, given the maximum imposed by A and the
DQD couplings. The fitted value of R, in turn, is compatible
with previous measurements of contact resistance in highly
transparent nanowire junctions [47]. Once the noise RT was
set, I. was kept as the only free parameter in the fit to Vig — 1
curves at other gate voltages. Extraction of an unambiguous I,
value, impeded here by lack of measurement of R [35], should
benefit from a fully designed circuit [48]. A derivation of the
model and additional details are shown in Appendix B.

IV. THEORETICAL INSIGHTS

We introduce below the phase diagram of the S-DQD-S
system, which distills the main consequence of the YSR spin-
screening mechanism: changes in tunneling rates I'r, and I'r
drive GS parity transitions. We also provide calculations of the
parity stability diagram, of I, and of the subgap dI/dVy YSR
spectra, of importance to undertake the experimental results
in the next section.
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FIG. 3. (a) Schematized two-impurity YSR interaction (orange
dotted line) of electron spins (black arrows) and quasiparticles (white
arrows) from superconducting leads for different tunneling rates
I'L, I'r. Horizontal lines indicate double quantum dot (DQD) lev-
els. Each level contains one electron. (b) NRG calculation of the
phase diagram of the two-impurity YSR S-DQD-S system for gates
n;, = ng = 1 corresponding to single occupancy of both dots.
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In our GS naming convention, the parity is specified by D
for doublet and S for singlet. Indexes depend on QD occupa-
tion, as follows. If the QD levels contain each one electron, we
use two indexes; the first (second) denotes if the left (right)
spin is screened (1) or not (0) [Fig. 3(a)]. If only one QD
contains a single electron and the other is empty/full, we use
a single index, L or R, to indicate if the left or right QD
level is occupied [Fig. 4(a)]. Finally, if both QD levels are
empty/full, we use no index. For example, in Fig. 3(a) Dy
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FIG. 4. (a) Schematized YSR interaction of electron spins and
quasiparticles from superconducting leads for different I'r, I'r and
level occupations. The bottom four cases correspond to the one-
impurity YSR system. (b) NRG calculation of the phase diagram of
the one-impurity YSR S-DQD-S system for single occupancy of ei-
ther dot. GS boundaries for n;, = 1, ng = 0 are denoted by a red solid
line, while those for n;, =0, ng = 1 are denoted by a green solid
line. Dotted blue arrows indicate qualitatively the gate-tuned I'r,, I'r
paths in the sequences of experimental charge stability diagrams in
Figs. 6-8.
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FIG. 5. NRG calculations. (a—c) Charge stability diagram with
doublet-singlet GS boundaries indicated as solid black lines. (d) ||
along respectively colored dashed lines in (a) and (b). (e, f) Compar-
ison of the gate dependence of |I.| to (g, h) colormaps of subgap
dl/dVy — Vi along the same gate trajectory. The colormaps are
calculated by the Bardeen approach (see Appendix E).

denotes screening of the right-QD spin for the (1,1) charge
state.

In Fig. 3(b) we show the two-impurity phase diagram of the
S-DQD-S system versus ', 'r with dot occupations fixed at
np = ng = 1. This diagram was calculated with the Numeri-
cal Renormalization Group (NRG) technique [28,49] forty =
0.1 meV, charging energies of the QDs Uy = Ugr = 2meV,
and A = 0.25meV, parameters which are used in all NRG
calculations shown in this work. For simplicity, Uy was kept
at zero. Black lines denote GS parity boundaries between Sy,
S11 and Dy, Dy;. These boundaries avoid each other due to 4.
An NRG calculation of the one-impurity phase diagram is in
turn shown in Fig. 4(b). The one-impurity case corresponds to
np =1,ng =0, 2 (red) and to np, = 0,2, ng = 1 (green). In
contrast to two-impurity GS parity boundaries [black dashed
lines overlaid from the calculation in Fig. 3(b)], one-impurity
parity boundaries are straight lines.

GS parity boundaries can also be plotted as function of np ,
ng for fixed I'L, I'r, which encourages qualitative comparison
to experimental charge stability diagrams such as the one in
Fig. 1(b). Three examples calculated by NRG are shown in
Fig. 5. Similarly to the charge stability diagram of shell X
in Fig. 1(b), the GS diagram of Fig. 5(a) exhibits all pos-
sible parity boundaries; its I'r, I'r coordinates situate it at
the bottom-left corner of the two and one-impurity phase
diagrams of Figs. 3(b) and 4(b). In Fig. 5(b), at stronger I'L,
the left spin is screened and the GS changes in the (1,0) and
(1,2) charge sectors from Dy to St , and in the (1,1) sector from
Soo to Djp, deleting the horizontal parity boundaries which
previously existed in Fig. 5(a) between Sy and Dg, and be-
tween D and S. In Fig. 5(c), at stronger ['g than in Fig. 5(b),
the remaining doublet sector is screened away into a singlet,
resulting in the disappearance of vertical parity boundaries.

Modifications of the GS diagram result in changes of the
gate dependence of I. and subgap YSR spectra which are
also experimentally resolvable. An NRG calculation of |/|
is shown in Fig. 5(d) for an s trajectory which crosses two
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GS parity boundaries in the case of the blue trace, and no GS
parity boundaries in the case of the red one. The blue trace
shows asymmetric peaks located at the two Dy, — S GS parity
changes, whereas the red one evolves into a smooth and broad
peak centered at np, = 1. These are the well-known signa-
tures of a w and a 0 QD JJ, respectively. In Figs. 5(e)-5(h)
we compare the gate dependence of these traces [Figs. 5(e)
and 5(f)] to a calculation of subgap dI/dVy [Figs. 5(g) and
5(h)], which is detailed in Appendix E. In Figs. 5(g) and
5(h), the calculation shows dI/dVy colormaps in which the
innermost red lines appear at eVyq = (A + EL), correspond-
ing to quasiparticle tunneling from the gap edge of the right
superconductor via the spinless right QD, to the YSR state
at energy Ep in the spinful left QD, with tunneling rate |¢4|>.
Since BCS peaks probe subgap bound states, these peaks are
followed by dips of NDC. This transport channel assumes a
quasiparticle relaxation rate in the left superconductor, which
is faster than the interdot tunneling rate [50]. In Fig. 5(g) the
YSR dI/dVy peaks form the well-known split loop, which
kinks downwards at parity changes coinciding with peaks
in || in Fig. 5(e). In the absence of parity changes as in
Fig. 5(h), the YSR peaks evolve smoothly with minimum
splitting at n;, = 1, which coincides with a broad peak in |/|
in Fig. 5(f).

Since the high magnetic field and/or temperature needed
to drive the device into the normal state impede independent
measurement of ', and 'k, these calculations serve only as a
qualitative guide for the gate-tuned behavior of experimental
charge stability diagrams and of the gate dependence of I, Iy
and YSR excitations in the section below.

V. RESULTS

By following the deletion of parity transition lines in the
charge stability diagram for DQD shell X, while knowing the
departure ground states of each charge configuration (g, Nr)
of the original diagram at weak coupling, it is possible to track
GS changes of the system at stronger coupling to the leads, to
which we access by changing gate voltages other than V. and
Ver. Before describing the data, we discuss three points not
included in the NRG model above:

(1) While the model is based on a single DQD shell, the
DQD device has a staircase of shells. GS changes demon-
strated here for shell X are not necessarily concurrent in shells
Y and Z, as is typically the case in nanowire-defined QD
devices [24,29].

(2) Parity transition lines in the experimental charge sta-
bility diagram of shell X have an acute angle with respect
to each other due to trivial Vg, Ver cross-talk [51], instead
of the nearly perpendicular angle which they exhibit in the
NRG calculation. While knowledge of the exact angle is not
relevant, it is important to keep track of the slope of the parity
transition lines of both QDs during the experiment, to avoid
confusing gate-controlled parity changes with the formation
of a single QD or with the introduction of a third QD, both
of which should have parity transition lines of different slope.
We therefore keep the same total gate variations AV, and
AV,g and aspect ratio in the stability diagrams of Figs. 6-38,
and use red dashed lines to mark the slope of the left and right
QD parity lines. These lines have the same slope in all plots,

showing that the device stays as a DQD through the whole
gating procedure.

(3) As discussed below, electron-hole asymmetric GS par-
ity changes in shell X are observed for YSR screening of
the right-QD spin, which can be modeled by a dependence
of I'r on Vg (see Appendix F). This cross-coupling is not
unreasonable in view of the slight horizontal rightwards shift
of the bottom gates in Fig. 1(a) with respect to the nanowire
channel [24].

In Fig. 6(a) we show a zero-bias conductance colormap
which represents the charge stability diagram of DQD shell
X at slightly different gate settings than in the overview in
Fig. 1(b). In these settings, the DQD has been brought to the
verge of a GS transition due to YSR screening of the left-QD
spin. We tune the leftmost gate of the device, Vi, to gradually
merge [Fig. 6(b)] and then, in combination with slight changes
in Vg3, Vs and Vg, to erase [Fig. 6(c)] the parity transition
lines of the stability diagram corresponding to the loading of
a spin-1/2 in the left QD, consistent with an increase in I'[.
The end result is that the singlet-doublet-singlet GS sequence
S — Dp — S along the solid blue line in Fig. 6(a) changes into
an all-singlet sequence S — Sy, — S along the solid red line in
Fig. 6(c).

To support our interpretation, we show in Figs. 6(d)-6(h)
I., Iy and subgap I — V4 and dI/dVyy — Vi data taken with
Ve swept along these solid lines of corresponding color at
different instances of the GS transition; Vg is also swept to
compensate for cross-capacitance. I, and I, traces (in inset)
in Fig. 6(d) behave similarly to NRG calculations of || in
Fig. 5(d). Asymmetric peaks in the blue trace come together
in the intermediate green trace and merge into a single broad
resonance in the red trace as the coupling I'y is increased
by tuning the V,;. The asymmetric peaks in /. are consistent
with a phase shift of 0 — 7 — 0 added to the current-phase
relationship when the GS parity changes as even-odd-even.
In turn, the culminating single-broad peak is compatible with
an enhanced supercurrent from screening of the spin of the
left QD, as seen in earlier S-QD-S devices [17,20,27]. The
absence of two asymmetric peaks in this trace is related to the
even parity of the GS for all the relevant charge states.

Figures 6(e) and 6(f) compare the evolution of low-bias
I — Vi traces in gate voltage taken along solid lines of corre-
sponding color in Figs. 6(a) and 6(c) to Figs. 6(g) and 6(h),
which show dI/dVy colormaps versus V. taken along the
same respective gate trajectories, but with Vyq swept along a
larger bias window within +2A, so as to capture the behavior
of YSR subgap dI/dVy peaks. In Fig. 6(g) the lowest-lying,
gapped peaks exhibit a small split-loop structure with kinks at
—3.05 Vand —3.1V, which align in gate voltage to peaks in [
in the I — V4 traces from Fig. 6(e), as predicted by our NRG
calculations above, and as previously observed in S-QD-S
Josephson junctions [27]. The kinks vanish in Fig. 6(h), indi-
cating absence of parity changes. Instead, the peaks exhibit a
smooth point of inflexion at Vy, = —3.43 V, which aligns with
a broad resonance in the V1, dependence of Iy in the I — Vg
traces from Fig. 6(f).

As in our simple model in Figs. 5(e) and 5(f), the lowest-
lying peaks appear split in bias voltage by a gapped region
[26,28-30,52,53], are followed by NDC [27,54-58], and
ascribe to the expected shape in gate voltage [26,28,34,59].
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FIG. 7. Electron-hole asymmetric YSR screening. (a—f) G(Vg, Ver) colormaps with Vs set at (a) —0.5 'V, (b) —=0.75 V, (c) —1.25 V,
(d) —1.5V, (e) —1.75 V, and (f) —2 V. Other gates are set to Vy; = —9.2V, Vi3 = =9.2V, V;,, = 10V. Changes in V,5 by —0.25 V require
compensation in Vg by 20.1V, an in Vi by ~0.008 V to keep the charge stability diagram in frame. The sequence of parity stability diagrams
serves as a prelude for Fig. 8.
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FIG. 8. (a—) G(VgL, Vgr) colormaps taken with V4, set to (a) 10 V, (b) 9.74 V, and (c) 9.6 V. Other gates are set to Vy; = —9.2V, V3 =
—9.2V, Vs = =2 V. Changes in W, by —0.4 V require compensation in Vg, by ~0.3 V to keep the charge stability diagram in frame. (d) .
and I, (in inset) vs Vg, with Vi and Vyg swept along the solid lines of corresponding color in (a)—(c). The traces are horizontally shifted
to match the same gate range. (e, f) Comparison of the gate dependence of I — V4 traces from which the /. and I, data in the blue and red
curves in (d) are extracted to (g, h) colormaps of subgap dI/dVys — Viq measured along these gate trajectories. To avoid crowding, in (e) and
(f) only every third trace is plotted, and the traces are horizontally shifted by 65 ©V with respect to each other. V4 is swept between 60 ©V
in each trace. The sequence of gate-tuned parity stability diagrams, which started in Fig. 7(a) in a honeycomb configuration, culminates here

in a configuration devoid of parity lines.

However, closer inspection reveals additional complexity in
the form of reduced gap values and peak replicas, which we
will discuss in some detail. If the Bardeen model in Sec. IV is
used to interpret the bias position of the lowest-lying gapped
peak as Ag + Ep, the measurements in Figs. 9(c) and 9(d) in
Appendix A show that the superconducting gap is effectively
reduced with respect to that of the parent Al superconductor
(A) and that it is different for the left (A7 = 0.110meV) and
right (A} = 0.140 meV) leads. By an effectively reduced gap,
we mean that the gapped region in the weak tunneling regime
at Voo < 2A observed at V,, = —15V in Fig. 9(c) is replaced
in Fig. 9(d), at the backgate voltage of operation of the de-
vice in shell X, Vy; ~ 10V, by conductance resonances above
Vsa > Af + Aj. In electrostatic simulations of gating in InAs
nanowire/Al hybrids, reduction of the effective induced gap
in the nanowire occurred at more positive gate voltages due to
weaker semiconductor/superconductor hybridization, which
could explain our measurement [60].

Additionally, the colormaps display significantly less con-
ducting, bias-symmetric replicas at Vg > A} + Ep, as well
as one or more faint replicas at Vg < A} + Er, the low-
est of which can cross zero bias at parity crossings (see
Appendix C). These replicas are often followed by NDC.
In addition to replicas, on occasion a few straight horizontal
lines cross the colormaps, such as in Fig. 6(h), which shows a
pair of bias-symmetric lines at Vig = Aj. The colormaps also
display additional lines with opposite curvature to that of the
lowest-lying gapped peaks; a clear example of this is seen in

Fig. 6(h) around Vy = —3.43V as split-loops terminating at
the main YSR peaks. These additional lines can also exhibit
replicas. The intricate replica behavior has been previously
related to multiple peaks inside the superconducting gap of
the hybrid nanowire-superconductor leads [61,62], to multiple
Andreev reflection [63,64], quasiparticle relaxation, thermally
excited transport [65—67], and/or inelastic Andreev tunneling
[59]. Understanding the origin of these replicas, some of
which may be visible in this work due to the unprecedented
resolution of our data [the full width at half maximum of YSR
peaks can be as low as 10 uV, as shown in Fig. 14(b)], is
outside of the scope of this work. In what follows, we will
focus only on the gate dependence of the curvature of the
lowest-lying pair of gapped peaks and on its relation to /.
We now bring shell X back to the honeycomb regime, this
time with gate settings which put it close to a GS transi-
tion due to YSR screening of the right-QD spin. Figure 7(a)
shows a colormap of zero-bias conductance which represents
the charge stability diagram of shell X in this regime. The
sequence of colormaps in Figs. 7(a)-7(f) shows tuning of the
stability diagram from the honeycomb pattern into a pattern
lacking parity lines from the right QD. We interpret the change
as stemming from an effective increase in I'r due to our
tuning of the rightmost gate voltage, V5. The change is more
subtle as V., also affects I'r, as mentioned above. Due to this,
the upper section of the stability diagram transitions into a
new GS faster than the lower one. We are able to model this
qualitatively by introducing a linear dependence of ['g on np
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FIG. 9. (a) dI/dV(Vq, Vg1 ) colormap taken with other gates set at Vo =2.25V, V3 = —6.5V, Vyy = —2.16 V, Vs = —6.5V, and V},; =
—15V. (b) d1/dV(Vq, V1) colormap measured along the same gate trajectory as (a) and zoomed into the superconducting gap. A small gate
shift occurred at V,; &~ 2.438 V. In (a) and (b) the colorscale has been saturated to highlight faint features in the data. (¢) dI/dVy(Viq) trace
obtained along the dashed line in (b). (d) dI/dVs (Vi) traces measured along line of same color in the inset colormap, which corresponds to
the same colormap as the one shown in Fig. 6(g). Only data in (d) correspond to shell X. Blue and yellow shadings separate A, 2A regions,

while red and green shadings separate Af, A] + Ay regions.

within a zero-bandwidth approximation of the superconduct-
ing continuum [32], as shown in Appendix F, and find that this
is a faithful demonstration of a Sy to Dy; GS transition in the
(1,1) charge sector, and of a Dg to S} GS transition in the (0,1)
and (2,1) charge sectors. In Appendix F, we also show that GS
transitions obtained by increasing I';, as those shown Fig. 6,
are not significantly affected by introducing a dependence of
I'r on ny..

Finally, departing from the pattern in Fig. 7(f), in which the
right-QD spin of DQD-shell X is screened, we demonstrate
simultaneous screening of the left-QD spin, and therefore,
full YSR screening of the spins of shell X. Figures 8(a)-8(c)
show the step-by-step modification of this stability diagram,
which contains only parity lines of the right QD in shell X
in Fig. 8(a), to a diagram lacking parity lines of this shell
in Fig. 8(c), which marks a Dy, to S;; GS transition. In
Fig. 8(c), after the GS transition occurs, the charge stability
diagram of shell X shows a broad peak of conductance as
the remains of the larger availability of conduction channels
for Cooper pair transport in the (1,1) charge sector. The GS
transition is also reflected in the gate dependence of I, Iy and
YSR peaks of largest conductance in Figs. 8(d)—8(h), obtained
along gate paths given by solid lines of corresponding color
in Figs. 8(a)-8(c), which cross the (1,1) charge sector. As in
Fig. 6(d), Fig. 8(d) shows that /. and [ (in inset) gradually
change from a split-peak structure in the blue trace to a broad
peak in the red trace. As in Figs. 6(e)—6(h), parity changes
manifested in Fig. 8(g) in two kinks in the split-loop YSR
structure which align to [y peaks in I — Vyq4 traces in Fig. 8(e)
are replaced by an all-singlet parity sequence, which expresses
itself in the absence of kinks in Fig. 8(h), and in the smooth
inflection point at Vg = —1.9'V, which coincides in Fig. 8(f)
with a broad Iy peak in I — V4 traces.

From the succession of Figs. 7(a)-7(f) and Figs. 8(a)-8(c),
we can see that the GS of the (1,1) charge sector, which started
in Fig. 7(a) as an interdot singlet, Soo, has been gate-tuned in
Fig. 8(c) into independently screened YSR singlets, Si;. This
GS transition occurred through an intermediate YSR doublet
phase, Dy, as shown in Figs. 7(f) and 8(a).

VI. CONCLUSION

In summary, we have demonstrated one- and two-impurity
YSR physics in a shell of a DQD hybrid nanowire. We obtain
the GS from the gate dependence of I, of Iy and of YSR sub-
gap conductance peaks, supported by the step-by-step tuning
of the stability diagram to different endpoints of the phase
diagrams. We find a reasonable qualitative agreement between
experiment and theory. However, technical difficulties which
prevent the measurement of I'; and I', together with cross-
couplings in the device, have as a result that the S-DQD-S
model cannot be quantitatively established in relation to the
experiment without free fitting parameters. Quantitative com-
parison between experiment and theory is also complicated by
lack of independent measurement of R within our model for
the characteristic of the JJ circuit, which leads to extraction
of I. only up to a factor ,/yl., and by the complexity of
the reduced hybrid nanowire-superconductor gap, which is
reflected in multiple replicas of the YSR state filling the gap
between the YSR state and the parent Al superconducting gap
edge.

As a spectroscopic probe of parity changes, the narrow
zero-bias conductance peak of the effectively voltage-biased
Josephson junction [35—40] maintains the sharpness of the
relevant features in all charge, or more accurately, parity sta-
bility diagrams independently of the tunneling rates. This is
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in stark contrast to the case of magnetic impurities (spinful
QDs) coupled to normal metals, which broaden the conduc-
tance features at strong hybridization [68—73]. The zero-bias
conductance peak also provides very direct access to I,
just as it provides access to the local superfluid density in
scanned Josephson-tunneling microscopy, which has been
used recently to detect Cooper-pair density waves on surfaces
of Bi;Sr,CaCu,;0s,, and NbSe;, [40,74]. Unlike scanning
tunneling spectroscopies of dimers of magnetic adatoms on
superconducting surfaces [65,75,76], our DQD realization
comprises two spin-1/2 states which are completely screened
by individual superconducting channels. The Kondo-YSR
analogy breaks down towards zero temperature, as confirmed
by the existence of doublet domains in the phase diagram at
kT < A.

By virtue of #3, nonmagnetic, gap-protected superpositions
of the two singlet states found, the exchange singlet Sop and
the independently screened YSR singlet S, could be pre-
pared in future works for parameters close to the anticrossing
in the phase diagram of Fig. 3 [77], with the purpose of using
them as qubits [78]. In addition, the demonstrated gate control
of a two-site quantum dot chain in superconducting proximity
is a crucial step towards the implementation in our hybrid
wires of the YSR analog of Doniach’s Kondo necklace [2] and
of the Kitaev chain [79-81], complementing ongoing research
of emergent manifestations of topology [62,82—87].

Data availability: All data needed to evaluate the conclu-
sions in the paper are present in the paper. Raw data used to
produce the experimental figures in the paper can be found at
the repository ERDA of the University of Copenhagen at [88].
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APPENDIX A: EXTRACTION OF DQD PARAMETERS

To measure A, we deplete the device by setting Vo, =
—15V (which is ~25V more negative than V;, used in
the measurements on shell X in the main text) and perform
Coulomb-diamond spectroscopy as shown in Fig. 9(a). The
repetitive Coulomb-blockade pattern is indicative of a mul-
tilevel QD regime. The Coulomb diamonds appear split by
a forbidden bias window. Zooming in on this window, as
shown in Fig. 9(b), a pair of bias-symmetric lines which cross
all diamonds is identified at eVyq = =2 A. This feature stems

from the BCS coherence peak from the left lead at energy
—A probing the coherence peak in the right lead at energy
+A via co-tunneling through the QDs. At parity crossings,
which correspond to the apexes of split Coulomb diamonds
in this opaque regime, a few pairs of bias-symmetric subgap
states come down, the lowest of which reaches exactly A. This
occurs when the coherence peak at A in the right lead probes
a YSR excitation in the left lead which crosses zero energy at
parity crossings. At e|Vi4| < A, the conductance is blocked at
all Vg values. In Fig. 9(c) we plot a line cut at the center of one
Coulomb diamond to display the position of the quasiparticle
tunneling peaks at 2A and their extremely narrow width [66].
We measure 2A = 0.54 meV, which provides a value of A
identical to the one obtained from S-QD-N devices made from
the same batch of nanowires [34]. The position of horizontal
lines outside 2A depends on the Coulomb diamond chosen,
as can be seen in Fig. 9(b); we ascribe these lines to the
probing of QD states in co-tunneling by the sharp supercon-
ducting singularities. The trace in Fig. 9(c) is compared to
two traces in Fig. 9(d) displaying YSR excitations in shell
X which are extracted from Fig. 6(g) to show graphically
that Az < A and that A7 + AR < 2A, where A[ and Ay
are the effectively reduced gaps in the left and right leads
at the backgate voltage at which the device is operated, as
in Sec. V. If we assign a bias position £y, + Af to the in-
nermost gapped YSR peaks, we measure A} = 0.140 meV
from the black trace, which is taken at a parity crossing where
E;, =0. In turn, we find Af 4+ A§ =0.250meV from the
green trace, which is taken in the (0,2) charge state, where
Ey, approaches asymptotically to Af. From this, we deduce
A7 =0.110meV.

To measure Uy, Ugr, we perform Coulomb-diamond spec-
troscopy on each QD in shell X as shown in Fig. 10. In spite
of the larger couplings of the DQD in this regime, we observe
faded Coulomb diamonds from which we can trace the actual
diamonds as denoted by dashed lines. U, Ug correspond to
the bias difference between the apex of the central Coulomb
diamond and the edge of the superconducting gap at 2A.
An indication of the order of magnitude of the tunneling
rates of the DQD can be obtained from the full-width-at-half-
maximum of Coulomb lines outside the gap between the pairs
of arrows in Figs. 10(b) and 10(c), which is of 0.6 meV in both
cases.

To estimate #4 and Uy, we use the curvature of the parity
lines at the (1,1), (0,2) charge transition in the charge stability
diagram of shell X. We first prolong the parity lines of the
left and right QDs, as indicated by the yellow dashed lines
in Fig. 11. We join their two intersections by a green line
which separates the (1,1) and (0,2) charge sectors. Afterwards,
by projecting the green line into the two white lines which
indicate the charging energies of the QDs, we convert the gate
scale of the green line into energy. The red lines along the
green line indicate the distance from the curved parity lines
in the colormap to each of the two intersections of the yellow
dashed lines and are each equal to 2¢,4; the green line summed
to the two red lines is \/§Ud + 4t4. This procedure assumes
that the parity stability diagram in the superconducting state
is similar to that of the normal state. In this way, we measure
tq ~ 0.03-0.05meV and Uy ~ 0.13-0.23 meV.
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FIG. 10. (a) Colormap of zero-bias conductance, G, vs (Vg Ver ) for shell X measured with other gates set at Vy; = —9.2V, V3 = =9.3V,
Vs = —0.25V,and Vp,, = 11 V. (b, ¢) Colormaps of dI/dVy — Viq vs gate voltage representing Coulomb-diamond spectroscopy of the (b) right
QD, (c) left QD. Gate trajectories followed in each colormap are indicated by red and green lines in (a), respectively; however, for simplicity,
only (b) Vg and (c) Vg gates are indicated on the horizontal axes. Dashed lines are guides to the eye to follow Coulomb diamonds. In (b) and

(c), the AC lock-in excitation is set to 20 uV.

APPENDIX B: MODEL OF THE CIRCUIT

In this Appendix we elaborate on the extended RCSJ model
necessary to explain the I — Vg and d1/dVy — Viq curves ob-
served in the experiment. The extension, compared to standard
RCSJ, consists of an additional series resistance R and shunt
capacitance C. This model has been applied to ultra-small
Josephson junctions [89] and S-QD-S setups [19]. Disregard-
ing Cqier in the circuit depicted in Fig. 2(c), Kirchhoft’s
laws and the Josephson relation yield two coupled Langevin

equations:
d_ VG- Rupron- L221 @
— == —sing — — )] — —— ¢,
dt  a | Rl R, " ap dt?
do . 1 d*¢
- =u+L(t)—sing — wd (B2)

Here u = V4 /RI. denotes the dimensionless voltage across
the shunt capacitor C and we have introduced the dimension-
less time T = wgt With wg, = R/L, where L = ®/1 is the
self-inductance of the Josephson junction set by the critical
current, /., and ® = /i/2e. The two different RC frequencies,

WG ()
100
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103
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-0.6
Ve (V)

FIG. 11. Zoomed-in version of the colormap of zero-bias con-
ductance vs (VgL, Vgr) for shell X shown in Fig. 10. Lines are used to
estimate 73 and Uy as described in Appendix A.

wre, = (RCy)™! and wge = (RC)™!, enter these equations via
the dimensionless parameters « = wgy/wgc = R2CI. /® and
o) = Wre, /WrRL = ®/R?CyI.. Finally, L(t) is a dimensionless
stochastic parameter describing white-noise voltage fluctu-
ation of V. L(t) is composed of Nyquist noise from the
series resistor (R) at temperature 7* and a stray voltage
noise characterized by a variance, K, to account for imperfect
filtering, such that (L(t)L(t + A1)) = (32 + £)§(A7).
Noise from the source resistance R; is assumed to be excluded
by the RC filters. As K and T* can not be independently
measured in this setup we ascribe all noise to the series resistor
(R) with an effective temperature T = T* + K/(2Rkg) which
can be different from the fridge temperature.

For @ >> 1, u changes slowly with time, which allows us
to solve for ¢’s equilibrium distribution keeping # constant.
If furthermore oy >> 1, solving the stochastic equation for the
¢ distribution is equivalent to the original RCSJ problem [46]
with the solution

Ii_iua(A)
Liua(A)’

where A = ®I./kgT and I,(z) is a Bessel function. Inserting
this solution into Eq. (B1) a constant average voltage, (u) = 0,
may be enforced by satisfying the equation

V. R Ii—iwa(A)
RsIc Rs Ifi(u>A(A)

Two limits of R/R; are of interest. For small R/R;, depending
on I, and T, this equation has three solutions for (u) arising
from the nonmonotonic behavior of the right-hand side, and
the setup is effectively current biased, exhibiting hysteretic
(I) — V curves. For large R/R;, the solution for (u) is unique
and the system is effectively voltage biased and can exhibit
NDC. The latter case is consistent with the experiment.
Experimental I — (Vq) traces can now be fitted to

Ii_iwa(A)
Liwa(A)’

which is identical to an earlier formula derived by Ivanchenko
and Zil’berman [46], while the derivative of this formula with
respect to (Vsq) allows fitting of dI/dVsq — Vg traces. In a
typical Josephson junction A >> 1 and the cusp voltage scale

(sing) = Im (B3)

(1) = Im (B4)

(I =1I,Im (BS)
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FIG. 12. (a, b) Fitted ., extracted cusp current, [, (left axes),
and extracted cusp voltage, V; (right axes) from I — V4 data from
Figs. 8(e) and 8(f), respectively. Data from all measured I — Vi
traces in the gate range indicated are included, and not just ev-
ery third trace. An horizontal dashed line corresponds to Vy =
9.1 uV. Deviations from constant V; occur only for small current
(I < 0.3 pA), e.g., between Vg = —2 and —2.05 V, where data
noise prevents an accurate extraction of V.

is set by Vp & RI.. In our measurements Vj is constant over a
wide range of cusp current, Iy, as we show in Fig. 12, where
extracted Iy, V, and fitted 1. is shown for two line cuts in the
experiment.

This is consistent with the large-noise limit, A < I, of
Eq. (BS) where one can perform a Taylor expansion of
Eq. (B5) around A ~ 0 to obtain [46]

1 1A% (u)
N~
21+ A%(u)
from which it is clear that the cusp voltage V)=

argmax(I)((Vsg)) = RkgT /® is solely determined by noise
and is independent of /.. Cusp current,

(B6)

Iy = ({I)(Vp) = L.A/4, (B7)
and zero-bias conductance,
G = d(I)/d(Vy)(0) = A*/2R, (B3)

can also easily be identified in this limit. We also identify a
scaling y withR = R/y, T = Ty and I, = /Y1, which keeps
Vo and Eq. (B6) unchanged.

If the limits above are satisfied we indeed have a model
where (1) The junction is overdamped and nonhysteretic, (2)
the junction is effectively voltage biased allowing measure-
ments of NDC, and (3) the I — V4 curves are cusped with
an Ip-independent cusp voltage V. We will now discuss the
validity of the above limits. By fixing 7 = 80 mK, consistent
fits of Eq. (B5) can be done for all gate ranges yielding a con-
stant series resistance R = 3 k2 and variable /. in the range
I. ~ 0.02-3 nA which roughly corresponds to o ~ 10-100
and oy ~ 10*-10° using the geometric estimates of C and
Cj, consistent with our assumption that o, oy > 1. For these
parameters Eq. (B4) has only one solution, consistent with
the junction being voltage biased. Lastly, for these parameters
A < 1 for the fitted range of I, with A =& 1 for the largest ... In
Fig. 13 we compare the simple large-noise-limit expressions
for Iy and G using I, from the fitting with measured I, and
G and find excellent agreement with the largest discrepancies
occurring for large /. values consistent with our Taylor expan-
sionin A « I..

As the above analysis is a fully classical treatment we
will now discuss the impact of quantum fluctuations. The
characteristic frequencies of the circuit are estimated to be

50](a) —1 A4 ] ; ~—AZ2R
=] c = /b)) A
f.; ] +|0 % 0.2 G
o © 00
2@ ] ‘g e e 1 L
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FIG. 13. (a—d) Comparison between the gate dependence of
rescaled /. and (a) measured I, from Fig. 14(c) and (b) G line cut
through Fig. 14(d). To obtain I in (a), data from all measured I — V4
traces corresponding to the gate trajectory in Fig. 14(c) is included,
and not just every third trace. (c, d) Difference between the scaled
and measured curves in (a) and (b).

wge ~ 0.01 GHz, wg;, ~ 0.1-10 GHz, and wgc, ~ 10° GHz.

With T =80 mK, ie., kgT/h ~ 10 GHz, and I. = 0.02

— 3 nA, we arrive at the following hierarchy of frequencies:
wre K o S kpT [l < wre, (B9)

For these values, one may safely neglect the large capaci-
tance, C, in the effective circuit impedance experienced by the
junction

Zeyr(@) = [1/R +iCo + 1/(iLw)] ",

and which determines the mean-squared phase fluctuations,
Sp = ((¢ — (¢))?), which is given by Refs. [90-92],

® dw ReZesr(w) 1
Sp = o 1 — o fw/ksT

(B10)

(B11)

o @ ZRQ

with Rg = h/4e* ~ 6.5 k2. Within a fully quantum mechan-
ical treatment, this correlation function in turn leads to an
approximately exponential reduction of the critical current
[90,92]:

I* ~ I exp(—S,). (B12)

As a function of temperature, Sy is roughly constant and due
to quantum fluctuations for kgT < hwgy. For hwgp < kgT,
corresponding to the parameters found above, the fluctuations
are largely classical and S, increases linearly with T', consis-
tent with the classical treatment employed above. Since kgT is
just barely larger than /iwg, and R just barely smaller than Ry,
a further reduction of /. due to quantum fluctuations must be
expected to reduce the actual values for ., which we deduce
from the strictly classical analysis above and report in the
figures throughout the main text. Nevertheless, the marked
gate dependence of I, remains and this is what provides the
real value of the zero-bias conductance peak as a probe of
YSR screening and the concomitant quantum phase transi-
tions reported in this paper.

Summarizing the circuit analysis, the magnitudes of . ob-
tained by fitting I — Vg and dI/dVyy — Viq traces are expected
to be slightly overestimated by leaving out quantum, and
retaining only thermal fluctuations of the electromagnetic en-
vironment. Additionally, 7 has been fixed by an independent
measurement which is only an estimate of the effective tem-
perature experienced by the circuit. Relaxing this constraint
on T, we can still obtain consistent fits utilizing a global
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FIG. 14. (a—d) Comparison between the gate dependence of (a,
¢) I —V traces and respective (b, d) dI/dVy colormaps which
represent the gate dependence of the corresponding low-lying non-
gapped YSR subgap states for (a, b) the S — Dy, — S and (c, d) the
Sk — Do1 — Sr GS sequences. In (a) and (c), to avoid crowding,
only every seventh (every third) trace is plotted, and the traces are
horizontally shifted by 65wV with respect to each other. In each
trace, Vg is swept from —60 to 60 V. To acquire the data sets in
(a)—(d), the gates were swept along the solid lines in Fig. 6(a) for
plots (a) and (b), and in Fig. 8(a) for plots (c) and (d).

scaling of R and /.. The value of these measurements therefore
lies in the gate dependence of I, not its amplitude which can
include a global scaling, in good qualitative agreement with
NRG calculations.

APPENDIX C: ASYMMETRIES IN CUSP CURRENT

While the model displays Iy symmetric in V4, in some
instances the experiment fails to do so, with the discrepancy
attributed to conduction through low-lying YSR subgap peaks
which approach Vyq = 0. In Fig. 14 we show two examples in
which subgap peaks approach zero bias, and the effect which
this has on the symmetry of [ in V4. The extreme case when
a pair of subgap peaks reaches all the way to Vg = 0 at two
singlet-doublet parity crossings is shown in Fig. 14(b), and its
effect on I — Vi traces is shown in Fig. 14(a). Blue arrows
indicate the subgap peak of largest conductance among the
ones at positive and negative bias for a given gate voltage. To
the left of state Dy, this peak is at negative bias, whereas to the
right it is at positive bias; i.e., the peak of largest conductance
is antisymmetric with respect to the center of the state Dy .
Unsurprisingly, the same antisymmetry is observed for Iy,
with the negative-I (positive-I) cusp occurring at larger |/|
than its positive-I (negative-/) counterpart to the left (right) of
state Dy . This occurs between the pairs of gate points marked
by blue pins. This behavior contrasts with the hysteresis of
underdamped Josephson junctions, where a sweep of V4 from

negative to positive values, as it is always the case in our
device, would result in larger switching current for positive
than negative /. Along the gate voltage delimited by the pair of
red pins, the subgap states remain close to Vg = 0, affecting
the positive-negative symmetry of the / cusps, which are just
barely well-defined in this region. To the left and right of
the parity crossings, in the S states, YSR subgap peaks are
far enough away from the supercurrent zero-bias conductance
peak, and I — V4 traces are consequently fully symmetric
in Vsd-

Figures 14(c) and 14(d) show a different example with sub-
gap peaks appearing near Vsq = 0 in Fig. 14(d). Nevertheless,
these are far enough away to not affect the cusp symmetry in
the respective I — Vi traces in Fig. 14(c).

It is natural to expect that the appearance of such additional
subgap conductance channels close to zero bias affects the
resistance of the junction, and therefore the effective relation
between (/) and (Viq). The modeling of this additional com-
plication, however, is beyond the scope of this work.

APPENDIX D: TWO-IMPURITY MODEL

We model the double quantum dot system using the fol-
lowing superconducting generalization of the two-impurity
Anderson impurity model:

H = ZHimp,i + Hir + ZHBCSJ + Zthb,iv (D1)

1 L

where the impurity Hamiltonians for quantum dots i = L (left)
and i = R (right) with on-site energies €; and electron-electron
repulsion (Hubbard) parameters U; are
ioa 2
5 (i — n)”, (D2)
where the impurity occupancy (charge) operators are 71; , =
df di o, Ny =iy + My, while n; = 1/2 + €;/U; is the im-
purity energy level €; (controlled by the corresponding gate
voltage) expressed in the dimensionless units of electron num-
ber. The interdot tunneling amplitude, 74, enters through a
tunneling term,

U
I'Iimp,i = 7

Hig =Y tad] ,dro +He., (D3)
o
the leads are modeled using BCS Hamiltonians
Hgcs,i = kaczkaci,ka + Z ACIkTCiT,ki +Hec., (D4)

k,o k

IL=0.711A, MR=0.2TTA
(a)

IL=0.8TIA, M[R=0.21TA
(b) (c)

IL=0.97A, M[R=0.21TA

N

Dwr | S Dor S b,:) S
N1 So Do.| nu1 b So @ Nut So Sy
0 1 2 0 1 2 0 1 2

nr Nr Nr

FIG. 15. Parity transition lines calculated using a ZBW approxi-
mation with a gate-dependent tunnel coupling 7. Black lines indicate
changes of GS parity. Increasing I'. from (a) to (c). These figures
should be qualitatively compared with Fig. 6.
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M.=0.5TA, [r=0.2A
(@

M.=0.5mA, [g=0.3mA
(b)

M.=0.5mA, [r=0.4TA
(c)

S 2 Sk g
n. n n. ©

1 Sy Do 1 \\8\0@ 1 D Sy Do

0 1 2 0 1 2 0 1 2
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FIG. 16. Parity transition lines calculated using a ZBW approxi-
mation with a gate-dependent tunnel coupling 7g. Black lines indicate
changes of GS parity. Increasing I'r from (a) to (f). These figures
should be qualitatively compared with Fig. 7.

Uy is set to zero, and the QD-lead tunneling amplitudes, 71 /g,
enter through the hybridization terms

thb,i =1 Z Cikad,',g + H.c.
ko

(D5)

In these expressions, d;, are QD operators, while c¢; s, are
lead operators. Finally, the tunneling rates are defined as I'; =
np,-tiz, where p; is the density of states in lead i in the normal
state (i.e., in the absence of superconductivity).

APPENDIX E: FINITE-BIAS CONDUCTANCE AT WEAK
INTERDOT COUPLING

For weak t4, dI/dV,,; can be estimated using the tunnel-
ing (Bardeen) approach, similar to that used in the analysis
of scanning tunneling microscopy (STM) experiments. We
assume that the voltage drops entirely across the weak link
between the two dots, and that each quantum dot is in thermo-
dynamic equilibrium with the neighboring lead. The chemical
potential shifts in the leads are pp r = £eViq/2, and the lo-
cal spectral functions on the dots are equally shifted. The
superconductors are described in the semiconductor model,
neglecting all coherence effects. The current is then given by

4 00
1= %W / [f(w—puL) — flw— pur)]
X ApL(@w — pup)AR(@ — ur) dow, (ED)

where f(x) = [1 + exp(x/kgT)]~! is the Fermi function. At
zero temperature, this becomes

+eVia /2
Ar(w — eVig/2)AR (0 + Vg /2) dw.

(E2)

dme 5
I = —|14]
h —eV/2

I.=0.6TrA, Mr=0.9TA M.=0.7TIA, Mr=0.9TA r.=0.9mA, Mk=0.9TA

(a) (b) (c)
Sir S Sr S Sir S
-
-
L1 Dy Do n.1 Di. Do 1 S, Si
A
-
0 0 0
0 1 2 0 1 2 0 1 2
ng ng Nr

FIG. 17. Parity transition lines calculated using a ZBW approxi-
mation with a gate-dependent tunnel coupling 7g. Black lines indicate
changes of GS parity. Increasing I', from (a) to (c). These figures
should be qualitatively compared with Fig. 8.

We computed the spectral functions Ap g(w) for the two
subsystems with #g = 0 using the density-matrix numerical
renormalization group algorithm with discretization parame-
ter A = 2, and broadened raw spectra using the broadening
parameter o, = 0.2. After convolution of the spectral func-
tions to obtain the current, dI/dVyy was computed by
taking numerical differences. This single-particle tunneling
approach, valid only to second order order in #4, neglects
Andreev reflections altogether and presumes that relaxation
rates of quasiparticles in the subgap states are larger than the
interdot tunneling rate.

APPENDIX F: EFFECTS OF FINITE INTERDOT
CHARGING ENERGY AND GATE-DEPENDENT
TUNNEL COUPLING

In this section we investigate the effects of a possible in-
fluence of Vg, on fr. For efficient parameter exploration, we
do this using a zero-bandwidth (ZBW) approximation [32]
of the superconducting leads in Eq. (D1), taking Hpcs, ~
> Ac?T C§¢ + H. c. and numerically diagonalizing the Hamil-
tonian. We model the tunnel couplings, #;, as f, = /2AI'L /2
and g = +/2AI'R/2(1 4 nr./4), where tg now depends on
VoL through ny.. To more realistically mimic the experimental
scenario we also include an interdot Coulomb repulsion, Uy,
such that Himp = Zi:L,R U;/2(n; — l’l,‘)2 + Uq(fiy, — ny) (iR —
ng) with Uy =05meV and #; =7 +7;, being the
electron counting operator. Other parameters are identical to
parameters used for the NRG calculations presented above.
Comparing Fig. 16(a) to Fig. 5(a), the main effect of Uy is to
provide an angle on the ng, n, parity lines.

In Figs. 15-17 we show GS parity transition lines (black
lines) of the S-DQD-S charge stability diagrams for various
values of I'L and I'r, corresponding qualitatively to data in
Figs. 6-8. The gate-dependent coupling is seen to account
in Fig. 16 for the asymmetric screening around the electron-
hole symmetry point occurring when I'f is increased, which
is necessary to explain the experimental findings in Fig. 7,
that is, the observation that the doublet to singlet transition
reflected by the vanishing of the two parity transition lines
happens faster on the top (Vg ~ —2.1V) than at the bottom
(VoL & —2.3V).
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NON-EQUILIBRIUM THEORY FOR SUPERCONDUCTING
JUNCTIONS

Moving on from zero-bias supercurrent presented in the preceding chapters, we
now seek to tackle finite bias measurements of YSR states in S-DQD-S junctions
similar to data shown in section 2.4. In this limit, the phase difference ¢ does not
localize, as in the Ex-RCSJ model of chapter 3, but winds continually with a constant
velocity determined by the applied bias, similar to the resistive branch of supercurrent.
To handle this situation we require heavy-duty non-equilibrium theory of which
we choose the Keldysh Floquet Green’s functions approach, represented in 4 x 4
Nambu space to include superconductivity. Although the study of these techniques
are commonplace (see e.g. Refs [146—148]), we, in this chapter, show how they can be
simultaneously implemented to obtain a theory able to include transport to all orders
of tunnelling between two voltage-biased superconductors. The results of this chapter,
in conjunction with results of chapter 8, is used in chapter 9, and was originally
derived in the corresponding supplement.
As a starting point consider the BCS Hamiltonian of a single superconductor,

Hy = Z ekc]tcckg + Z [ACLTCT_]Q + A"c_yCxt |, (7-1)
ko k

where we assumed that the gap is k independent Ay = A and possibly includes a
static phase component A = |Ale'®. The groundstate energy, in this Hamiltonian, is
referenced around the Fermi surface of the given material. If this energy is displaced
by a component p from the Fermi surface, the Hamiltonian is modified to,

Hu(6) = 3 (e~ welgo + Y [Albcfel ) + AW e e, (7.2)
ko k

where the time dependence of the gap A(t) = [A(t)|exp[2ipt/h + id] stems from the

displacement to a new reference u, for which a cooper-pair have energy 2y, instead of

0, yielding the trivial time evolution of A(t). Next, we expand the system to include

two superconductors, denoted left and right, which we assume to have equal gaps

|Ar| = |AR| = A, and are coupled by a single channel tunnel junction. Across this
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junction we additionally enforce a voltage bias eV = p; — ug, yielding the following
system Hamiltonian,

H(t) = Hry, (t) + Heye () + Hy (7.3)
H]'Mj (t) = Z (€k — l,L]') C]Tkgc]'kg + Z [|A|€2iujt/h+i¢j C]TkTC]Tfki +h.c. (7.4)
ko k
Hy =14 Z C{GCRG +h.c. (7.5)
o

where we defined local operators of the junction as ¢j; = ) | Cjko corresponding to
real-space coordinate r = 0, and with tunnel coupling t4 assumed to be real. Transport
in such a junction is characterized by the presence of Multiple Andreev Reflections
(MAR) [117] the structure of which was theoretically described for single channels
[149, 150], and subsequently measured in atomic-size contacts [151, 152]. To obtain
a complete description capturing the effects of MAR we follow the same procedure
as Ref. [150] starting from the gauge transformation U(t) = Uy (t)Ug(t) consisting of
components,

U;(t) = exp [iytN;/h+id;/2], (7.6)

with N; =) o c}kocjkg. This unitary transformations satisfies,

UT(t)ejol(t) = e ey (7.7)
U (t)eh U(t) = e ™5t/he], | (7.8)

which follows from the Baker-Cambell-Hausdorff theorem. We now define a shifted
state P (t) = UT(t)P(t) and seek its corresponding Schrodinger equation,

MAup(t) = HUW() = hdeb(t) = (UMTHOU® + wNL -+ uxNe) B(L). (7.9)

In this gauge transformed basis, which corresponds to a shift of the trivial time
evolution by ; in the interaction picture, we define the effective Hamiltonian as
H(t) = U () H(H)U(L) + i NL + prNe,

H(t) = Hro + Hgo + Hr(t) (7.10)
H; = Z ekC]TkO_C]'ko- + Z [IAICJTch]T_m +h.c. (7.11)

ko k
Hr(t) = tgeteVt/n—ibo/2 Z CJ{_GCRU +h.c. (7.12)

(o

with ¢o = ¢ — pr denoting the static phase difference. In this gauge the left and
right subsystems have become time-independent, with the tunnel element Hr(t) now
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capturing the full time-dependence. At this stage, it is clear that time dependence
cannot be fully gauged away, but is an inherent feature of the system. This may
appear surprising as we have only enforced a time-independent voltage bias across the
junction. Looking back at its origin we see that the time dependence stems from the
unequal trivial time-evolution of the two BCS mean-fields. This highlights the highly
coherent nature of the BCS groundstate, with cooper-pairs collectively oscillating with
a frequency set by the Fermi-energy. Consequently, a mismatch of the two Fermi-
energies, as in the case of a applied voltage bias, results in two out of sync oscillations,
the drift of which is determined by the applied bias eV.

In deriving Green’s functions from a superconducting Hamiltonian, one is forced
to include anomalous components of the form <C$CI>, which are non-zero due to the
presence of the BCS mean-field A coupling particles and holes. A convenient trick is
to use Nambu-Gorkov formalism which keep tab on anomalous terms through matrix
structure, allowing one to write equations of motion and solve Dyson equations in a
conventional manner. We start by defining a spinor,

\P).T = <C]TkT Ci—k| ch—ki —cjkT> . (7.13)

Here a 4 x 4 space is chosen instead of a simpler 2 x 2 representation, as we later wish
to include spin-dependent terms in our Hamiltonians. For this spinor the entrances
(1,3) are in particle space and (2,4) in hole space, while (1,2) are in spin-up space and
(3,4) in spin-down space. In this basis we can express the Hamiltonian eq. (7.10) as,

_ 1 1 1
H(t) = ] Z Z W;rkhjj,kwjk + zthLR(t)\yR + ZWTRhRL(t)wL (7.14)
k j=LR
hyjix = exTz +|AlTy, (7.15)
hiR(t) = tarze eVH/MiboT — pi () (7.16)

resembling the quadratic form of non-interacting electrons. The local spinor is de-
fined as V; = ) | Pjr, and T; matrices are defined in the particle-hole subspace,
while o are in the spin subspace conveniently expressed with assumed tensor prod-
ucts, e.g. Tx = 00 ® Tx and oyTx = oy ® Tx. To illustrate; T, = diag (1,—1,1,—1) and
o, =diag(1,1,—1,—1). In the following we use Green’s functions to derive transport
equations for Hamiltonians in the general form of eq. (7.14), keeping the same hyg(t)
which describes a single tunnelling channel, but for variable time-independent hy
and hgg in preparation for the later inclusion of subgap states. At the end of the
derivation we return to the specific example of a superconducting junction with h;;
given by eq. (7.15) as an illustrative example.
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We define the current operator as the change of electrons on the left lead due to
tunnel coupling Hr,

10 = enc(t) = 3 [Hrcl (tero(t)] (717)

=23 ta(clo@erelt) — chy(tlero(t)) (7.18)

with ni(t) = X CLG Jero(t) denoting local occupation. Performing the ensemble
average we fmd,

(1)) = g 3t ((ekelero(t) — eyl tieto(1) (7:19)

th( (el o (ers (1)) — F(1) {cho (Deto(t))

with f(t) = exp[—ieVt —idy] and (A); indicating that the ensemble average should be
taken in regard to the gauge transformed Hamiltonian H{t). This gauge transformation
is simply performed by insertion of identities,

(el ()ero(t)) = (UUT(t)e] (URUT (t)era(t)U(HIUT (1)) (7.20)
= f(t)(c] ,(t)cro () iy- (7.21)

Next, it is convenient to define the 4 x 4 Nambu lesser Green’s function as an outer
product of spinors,

Glnm (6 1) = (W] (V)W (1) (7.22)

here j, 1 € {L, R} and nm denote entrances in the 4 x 4 Nambu space. By introduction
of a trace eq. (7.19) can be rewritten as,

(I(t)) = ﬁ Tr [t hir(t)GR (1, 1) — Tohee () GRl (7.23)
= ,r—l TrRe [t;higr(t)Gg (t, 1)] (7.24)
where we in the second line used the property GfR,j]-(t,t) = — [GEL,jj(t,t)] *. In the

following, our goal is to express the cross index dressed lesser Green’s function
Gy (t, 1) in terms of uncoupled Green’s functions of the left and right subsystem. This
can be achieved by use of Keldysh Green’s function which for time-dependent non-
interacting Hamiltonians, meaning of the form H(t) = 5 Zab yl anap (t)¥y, allows us
to derive closed equations of motion for dressed Green s functions. Through Langreth
rules [146] the dressed lesser component can be expressed in terms of bare retarded,
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advanced and lesser Green’s functions. Derivation of these relations are shown in
Appendix C.

Assuming that the Hamiltonian of the left and right subsystem is non-interacting the
cross index Keldysh component is given by Ggy (t,t') = [ dt’gr(t, t')hgr (t)Grr(t/, 1),
and by using Langreth rules we find,

o0

GrL(t,t) :J

—0o0

dt’ (g§(t,t’)hRL(t’)G{*L(t’,t) + g‘é(t,t’)hRL(t’)GfL(t’,t)) . (7.25)
Defining the left self-energy as,

IRt t) = hr(t)gR (4 thee (1), (7.26)
for X € {R, A, <} we can express the central element in eq. (7.24) as
hir(t) Gy (t,t) = I o Gy (t,t) + I 0 G (¢, 1), (7.27)

utilizing time matrix structure A o B(t,t') = [ dt”A(t, t”)B(t”,t'), with unity I =
8(t,t'). Using Langreth, yet again, we can express the various same index dressed
Green'’s function as,

GRL(tt) = gt t) +gf o I 0 G (1, 1),
GA (t,t) = [GLL (t,t) } , (7.28)
G (t,t) = (I +GR o ZLL> ogr o (I +1fo Gﬁ) (t,t') + GR o I o G (t,t/).
Putting this together the central element can be rewritten as,
RiR()GTR(E 1) = MFo (57 0 gf +2f 0 g7 ) o MA (1), (7:29)
with the matrix M defined as,
MX(t,t') = T+ I o G (t, 1) (7.30)
=1+Ifj o gy oM (1, 1)

for X € {A, R}. Inserting this result back into eq. (7.24) we obtain the following closed

expression for current,
(I(t)) = %Tr Re [TZMR o (Za ogh+xk o gf) o MA(t,t)} (7.31)

This equation is fully determined by the bare left and right Green’s functions, coupling
hir(t), and initial occupation py required as a boundary condition to compute time-
evolution. In the next section, we investigate a specific choice of boundary condition,
which is periodic in eV, yielding solutions that can be neatly expressed in Floquet
space.
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7.1 FLOQUET SPACE

In the previous section we succeeded in describing the current through simple elements
in eq. (7.31), but the complicated time structure involving iterative time convolutions
in MX(t,t’) remain. Fortunately, the time dependence is of a particular simple form,
namely it is periodic with period T = 27th/eV, which allows us to describe it via
Floquet theory. The main statement of Floquet theory is that a time-dependent periodic
Hamiltonian H(t) = H(t + T) has solutions of the form,

(L)) = Ht) (1)) = hba(t)) = e M ug(t), (7.32)

where [uq(t)) = ug(t+ T)) is also periodic. This statement amounts to Bloch’s theorem
for systems periodic in time, instead of real space. The energy €, is known as the
quasi-energy and substitutes k in Bloch’s theorem. If this driven system is additionally
coupled to a thermal bath, as is the case of most realistic setups, then in the long
time limit, transients due to initial occupation py will die-off and the system will
end in a time-periodic non-equilibrium steady state (NESS) [148], where energy
pumped in by periodic driving eV, balances with energy loss to bath dissipation.
This steady state will be composed of Floquet solutions, such that the ensemble
average (A(t)) = (Ws(to)lA(t) Ws(to)) is taken with regards to a periodic steady state
Ws(t)) = Ws(t+ T)) here initialized at ty. Accordingly, as the Green’s functions time
evolution is solely defined by the time-evolution operator U(t+ T,t"+T) = U(t, t')
and initial state [s(t)), which are both periodic, they themself are periodic,

GX(t+T,t'+T) = GX(t,t) (7-33)

with X € {R, A, <}. This equation, if taken as a condition, can also be used to define
NESS [148]. Although this requirement appears abstract, and theoretically hard to
prove for a general case, it, in a classical analogue, amounts to the phenomenon of
synchronization, where e.g. a metronome coupled to a periodic drive at time to, hones
in to the driving frequency through complicated initial transients on a timescale set by
dissipation.

Taking NESS as a boundary condition it is convenient to introduce the following
Fourier transformations,

GX(t, w) = J ate et GX (g, ) (7.34)

—00

1. .
GX(w) = TL dteme VUG (1, ), (7.35)
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which in essence constitutes a Fourier transform over time-separation t —t’ and a
discrete Fourier series over the total time (t +t’)/2 which is periodic in T. The reverse
transforms are given by,

GX(t, t/) = %(J' dwe @t GX (¢ ), (7.36)
GXtw)= Y e ™VhGX(w). (7.37)
n=—00

Lastly, one extends the above formalism to include another index m through the
definition,
Grim (@) = G (w +meV) (7.38)

which may appear arbitrary, but fulfils the important property that time convolution
transforms into matrix multiplication in Floquet space,

C(t,t') = AoB(t,t) (7-39)

= Chm(w) = Z Ann/(W)Byim (w) (7.40)

which can be readily verified by performing the transformations. With this machinery
in place, we now return to transport. If all Green’s functions are periodic in T then
(I(t)), whose time dependence is solely due to Green’s functions and couplings hig(t),
is also periodic (I(t+ T)) = (I(t)) and can be expressed via a Fourier decomposition
Iy =1/ g dteeV¥M(1(1)). Transforming eq. (7.31), and exploiting eq. (7.40) multiple
times, we find,

(<

) =5 | dwTrRe [uM(w) (i (g (w) + 2R (@)gf (@) MA @] | G40

where underline denotes matrices in Floquet space with implicit matrix multiplication
assumed [A(w)B(w)],,, =2 | Ani(w)Bim(w). In experiment, current is measured by
averaging over many periods T, and correspondingly we are only interested in the DC

component,

e o0
(o) =+ |  dwTrRe [eM%w) (Ei (w)gf ) + Zy (w)gf () MA(@] | (742
Now that we have a closed expression for the DC current, fully specified by gi(w) and
;ﬁ(w) for X € {R, A, <}, let us consider the matrix structure of these components in
greater detail. The bare left and right lead Green’s function, defined by the uncoupled
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Hamiltonian which is time-independent, depends only on time difference g)x(t, t) =
g;((t —t’). Consequently, it has no higher Floquet components,

T
gnlw) = < L dte™ Vg (t, w) = g7 (w)dn,0, (7.43)

with j € {L, R} and the second index 0 denoting the discrete Floquet index. Rewriting
this into the Floquet matrix structure, using eq. (7.38),

gl?fnm(w) = Q;fo(w +neV)dnm, (7.44)
which is recognized as a diagonal matrix in Floquet space, but with each entrance
still representing a 4 x 4 Nambu matrix. The tunnel coupling h;r(t), which can be
expressed as hig(t, t') = hir(t’)d(t —t'), is an example of the opposite case; it depends
on total time (t+t')/2, but is diagonal in time difference. It is therefore frequency
independent, but not diagonal in Floquet space,

1 T ) 1 T )
Mirn =5 Jo dthig(t)e™ eV = tatzg Jo dte' VYR = 450 1, (7.45)

hiRnm = taT20n,m+r,, and hRL nm = taT20n,m—r,- (7.46)

In these equation we have put the static phase component to zero ¢ = 0, as any initial
phase becomes unimportant in the long time limit. From the structure of hig nm, we
see that the Floquet space has becomes coupled to Nambu space through the delta
function 6n,m+,, Wwhich moves the electron subspace one index down in Floquet space
(as 1,11 = 1), but moves the hole supspace one index up. Utilizing these relations, we
can express the self-energy as a block-diagonal matrix,

;i(l_,nm(w) = Z hLR,nn’gé,n/n//(w)hRL,n”m (7'47)
n/n//
_ én,mtég{é“ plw+Mm—1)ev) —6n,m+2tﬁg§1m) (W+ n—"1eV)
—6nlm_zt§g§’(2”(w +(n+1)eV) 6n,mtég§,(22) (W+ n+1)eV)

where the entries refers to particle-hole component, such that gél[ ) (w) is a 2 x 2 matrix
in spin-space, with (ij) indicating particle-hole entry in the original 4 x 4 Nambu
space. Returning to eq. (7.42), we find that all off-diagonal Floquet entrances are due to
either self-energies ;ﬁ(w), or higher order M (w) terms. Since all off-diagonal Floquet
components in M(w) also stems from Xj; (w), which only couples even subspaces to
even and odd to odd, seen from eq. (7.47), in addition to the initial and final index of
the DC current being 0, we find that only even subspaces contribute, and we disregard
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the odd subspace entirely. Embedding Nambu into the even-Floquet matrix structure,
the self-energy can be visualized as,

Eii(w) =t (7.48)
"'gém)(w—.%) 0 0 0 0 0
0 9%,(22)(‘”*1) —9;5,(21)(0)71) 0 0 0
0 _gé,(u)(w*” gfz(,(]])(w—l) 0 0 0
0 9{{(,(22)((”1) _gé,(m)(w” 0
0 0 _gémz)(wl) gém)(wﬂ 0
° 0 0 0 0 grpylws) ™

with arguments w, = w +neV. The depicted matrix is centred at Floquet index
nm = 00, with the neighbouring spaces nm = 22 and nm = —2 — 2 in the bottom right
and top left. Moreover, the bare left Green’s function, which is diagonal in Floquet,
can be represented as,

9] = 749
9{,(11)(“’—2) 9>L<,(12)(w—2) 0 0
9)L<,(21)(w*2) gi(,(zz)(w%) 0 0

0 0 g)L<,(H)(w0) gi(,(]z)(wo) 0 0

0 0 9)L<,(21)(w0) Qﬁ,(zz)(wo) 0 0

0 0 0 0 gﬁ(]]](wz) 9?_(,(]2)((1’2)
° 0 0 0 gi ) (@2) g gy (w2)

By themselves, both of these matrices are block diagonal leaving different Floquet
sectors uncoupled, but multiplied together they form a tridiagonal ladder matrix,
connecting each 4 x 4 Nambu block to its neighbour in Floquet space. Returning
to the DC current in eq. (7.42), one sees that each X (w)g, (w) term pulls one up
or down a single step on the Floquet ladder, and since the full equation both starts

and ends in index 0, one has to come both up and down the same number of steps.

Correspondingly, the upper and lowermost levels of the Floquet space, only influence
the DC current if coupling t is large compared to the inverse energy scales g (w) and
gr(w). This fact allows us to construct a numerical algorithm in which we truncate
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the Floquet matrix space on either side, n, m € {—1, 1} with 1 denoting the number of
even levels included, and for a given parameter set choose 1 large enough to achieve
convergence. In this manner, the MR (w) matrix can be obtained from iterative matrix
multiplication,

MR (W) =14 Ef (w) g (w) + Zf (w) g (W) Zf; (w)gf(w) +..., (7.50)

up to the kept order of t3, but a more direct method is to solve the corresponding
Dyson equation in Floquet space,

—1
MR (w) = [T— L (w)gf(w)| (7.51)

which is done numerically, as the righthand side is a 41 x 41 matrix. This also has the
added benefit of keeping all orders of t3 for the included Floquet levels. In the special
case of t4 small enough that MP/A %1, the full DC current is given by,

(o) =5 | doTrRe[nt(@lgi(@) + nif@gh@)] @52

and since the inner matrix can only take you one step up or down, the only contribu-
tion is the 00 Floquet component of each element. Additionally, as the self-energies
anomalous components have been displaced away from the 00 Floquet component,
only the diagonal elements in particle-hole space contributes to the trace. Finally, we
assume that each side initially is in thermal equilibrium at temperature T, such that
the fluctuation-dissipation theorem is upheld gf(w) = iAj(w)ng(w) [18, 147]. Here
Aj(w) =—2Im [g}q(w)} is the spectral function and ng(w) the Fermi distribution. This
yields,

2 roo
(Ip) = %J dw Tre [Ag (11)(w — eV)AL (1) (w) (np(w) — np(w — eV)) (7.53)

— Ag 22)(w + eV)AL (22)(w) (np(w) —np(w +eV))],

with trace over 2 x 2 spin-space. This expression is recognized as the standard Fermi’s
golden rule result for lowest order transport [18]. This amounts to one leads spectral
function convoluted by the other over a frequency window determined by the Fermi
functions and eV. Understood in this manner, higher orders of £;; (w) QL(w) appearing
in M*(w) dress the results of Fermi’s golden rule, given by the central matrix element
in eq. (7.42). In higher order contributions, where off-diagonal elements in MX(w)
shift the central matrix up or down by n steps in Floquet space corresponding to,

ME, (I (w)gf (@) +Zf (w)gp (@) My, (7.54)
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the central element resembles Fermi’s golden rule with a shifted frequency window
w — w + 2neV due to eq. (7.44). Consequently, if the Floquet space is truncated then
only frequencies in a finite window D contribute to the DC current in eq. (7.42). In
numerics the DC current is then given by,

_ef’ R < A R < A
() =1 | dwTrRe [ M(w) (Eijlw)gl (o) + Zf (w)gf () MAw)] (752

where both D and Floquet space, characterized by 1, is truncated. If one increases
l then D should be sufficiently increased as well. Next, we discuss our numerical
approach to solve this equation. For a given bias eV, the frequency integral in eq. (7.55)
is discretized, and for each dw step one has to perform a single inversion of the
41 x 41 matrix M®(w), with the advanced component given by M*(w) = [MR(w)] T
followed by two matrix multiplications with the central element. Convergence is then
checked by comparing the result to increased | and D. In this algorithm, the runtime
is mainly determined by two factors: (1) The required coarse graining of frequency
integrals, which for peaked spectral functions, e.g. the BCS spectra, must be sufficiently
fine to accurately capture the peaks. (2) The utilized matrix inversion algorithm, and
correspondingly the size of 1, which is by far the most costly operation for each dw
step.

Results presented in this thesis are run either on Cython [153] in a Jupyter landscape,
or in C++ with matrix inversion performed by LAPACK algorithms. Even at this level
run time was a limitation and further optimization can probably be done *.

This concludes our investigation into the general structure of transport between two
superconducting leads, and in the following we return to the specific example of two
BCS leads.

7.2 SUPERCONDUCTING JUNCTION

We now return to the Hamiltonian which motivated this whole study, namely eq. (7.14)
with BCS superconductors as the left and right leads with equal gaps A = Ar = Ag.
This model is investigated in Ref. [150] in relation to quantum point contacts (QPC),
and calculations presented here are simply to illustrate our ability to correctly capture

+ Notice that in the matrix structure of eq. (7.55) only the On or n0 elements of M*X(w) are required.
There exist algorithms able to obtain these elements from block tridiagonal matrices in a faster
manner then full matrix inversion, but the author could not find a callable version applicable to C++.
Not daring the hubris of trying to write something as efficient as LAPACK algorithms myself, the
choice was made to stay with the sub-optimal LAPACK full matrix inversion
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Figure 7.1: (a-d) Sketch of MAR DC current channels at eV = 2A/n forn =1, 2, 3, 4 respectively.
Each depiction is in the electron picture with holes depicted as filled electron states. n
both represents the eV = 2A/n fraction at which the process contributes, and the number
of electrons which coherently cross the junction together in a single event. (e) DC current
is calculated using eq. (7.55) with T = 0 and nr. =ngr = 0.001A for four different channel
transparencies Try. Here G = e2Tn /mth is the normal state conductance of a single channel.
For Ty = 0.01,0.1,0.4 we used | = 1 while for Ty = 0.7 size | = 3 was required. This plot
can be compared to fig. 2 of Ref.[149] and Ref.[150].

transport by MAR. The local (momentum summed) bare BCS Green’s functions is
given by,

(w+inj) + A1y
VA2 = (w+imy)?

]
of (@) = gf(w)] (7.57)

QJR((U) = —TYVj

, (7.56)

with j € {L, R}L which is derived in appendix A.2. We further assume that initially
both sides are in thermal equilibrium at temperature T,

o5 (w) = (g7 (w) — gf(w)) ne(aw). (7:58)

We note, that as we consider T < A we can choose T = 0 with no consequences due
to the gapped spectrum. These six Green’s functions, in addition to t4 and eV fully
specify all elements in eq. (7.55), allowing us to numerically calculate DC current, the
results of which is shown in fig. 7.1.




7.3 CONCLUSION
The current is normalized to the transparency of a single junction,

TN = th dZVLVR 37 (759)
(1 + th[ V[_\/R)

which is obtained by solving eq. (7.42) for two metallic leads with constant density
of state v;. Since normal leads have no anomalous Green’s function terms only the
1 = 0 Floquet level contributes to DC current and for a wideband metal the Green’s

function is simply gf(w) = —imv;, yielding the conductance,
dIl  2e
“av - ?TN, (7.60)

from which the transparency of a single channel Ty is recognized by comparison to
the Landauer formula. This transparency dictates the behaviour of the junction; if Ty
is small the current resembles the Fermi’s golden rule result, and 1 = 0 is sufficient
to obtain current. As Ty increases larger 1 is required to achieve convergence and the
[ —V curve shows subgap structure with current steps at eV = 2A/n for integer values
n. These steps can be associated with processes involving MAR sketched in fig. 7.1
(a-d). From (a) to (d) the number of electrons which coherently crosses the junction
at each tunnelling event, increases from one to four. Consequently, if one measures
the shot noise (which is a measure of how ‘bunched’ electrons are) of MAR steps in a
QPC, one finds that more charges are carried over at each tunnelling event for lower
bias, where higher order MAR processes dominates [154].

Another characteristic of QPC junctions, is that at large bias eV > A the current
is larger than what is expected of a metallic junction. This difference is named the
excess current, which in fig. (7.1) corresponds to the difference between e.g. Ty = 0.01
and Ty = 0.7 for eV > 2A, and can be used to find the transparency Ty of a junction.
In performing these calculations we chose a finite broadening n;, required to soften
the otherwise divergent BCS peaks. The size of n; determines the necessary coarse
graining in eq. (7.55), which we have chosen sufficiently small to achieve convergence,
meaning that smaller n; does not alter the plot .

7.3 CONCLUSION

In this chapter we have derived an analytical expression for the DC current, given
by eq. (7.42), between two arbitrary superconducting leads. This equation is fully
defined by the bare single-particle Green’s functions of the independent left and
right subsystem, and remains valid insofar as the left and right subsystems are
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non-interacting, i.e. described by Hamiltonians of quadratic form in Nambu spinors.
Additionally, we have shown that this equation can be numerically solved using
eq. (7.55) in a algorithmic approach where D and 1 is increased until convergence is
obtained. In the following chapters we will utilize these results to investigate transport
in systems containing YSR subgap states.
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Our goal in investigating non-equilibrium transport between superconductors was to
analyse voltage-biased measurements of superconducting junctions containing YSR
states. This corresponds to data shown in section 2.4 in which clear signatures of YSR
states are present. In this chapter we will detail how one can utilize approximations
to obtain non-interacting Green’s functions which, with some caveats, realistically
describe YSR subgap states. From these non-interacting constituents we can calculate
transport using the results of the previous chapter.
The fundamental Hamiltonian for quantum dots hosting YSR bound states is,

H = Hp + Hsg, (8.1)
Hg = Z ekc]Twckg + Z [ACLTCT_u +h. C.} +t Z [cl;dg +h. c.] , (8.2)
ko k o
Hp =) eqdido+Udldld,d;. (8.3)
o

The common YSR regime, which is also the experimental relevant one, is charging
energy much larger than gap U > A, with tunnel rate I' = 7rvet?, determining how
screened the dot spin-1/2 is. As discussed in section 1.2, various means exist to solve
for the YSR bound state.

In calculating transport using eq. (7.55) we require the single particle Green’s func-
tions of the dot dressed by the superconductor gR(w) and g<(w), if we wish to include
it as e.g. the left subsystem. An immediate obstacle is that Hp is interacting, and as a
consequence H cannot be described solely from single particle correlators. In order to
continue we therefore need to reduce the Hamiltonian to a non-interacting form, which
can be achieved by various approximations. At this stage, let us clarify our goals a bit
further; first and foremost we seek a qualitative understanding of transport capturing
the essential dynamics at play, as such we are not much concerned about making
approximations in which effective parameters are not in one-to-one correspondence
with physical parameters - in so far as transport dynamics are qualitatively accounted
for in the description.
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Figure 8.1: (a) Sketch of the YSR state for a QD coupled to a superconductor as a function of
gate Vg o« —€q4. § and D denotes groundstate parity. (b) Schematic of the lowest order
excitations for a singlet groundstate using three different descriptions: Mean-field, YSR
and Lehmann. The bottommost state is the groundstate with arrows indicating excitations

by the addition or removal of an electron. (c) Same as in (b) but for a doublet groundstate.

A priori from our knowledge of the YSR state, presented in the introduction, we
think of the subgap excitation as being between a two-times degenerate spin-1/2 state
and a singlet state. Dependent on gate tuning €4 and coupling rate I' = mvgt? either
state can be the groundstate. This is depicted in fig. 8.1 (a), and in (b, c) the YSR label
indicate sketches of the excitation map for a YSR state.

The problem is that common approximations, which yield non-interacting Green’s
functions, either approximate the doublet state into a singlet state (mean-field descrip-
tions [20, 32, 39] and classical-spin descriptions [14-16]), or only yields the many-body
spectrum (infinite gap A — oo [38], or ZBW approximation [20, 62, 139]). In the second
case, the Lehmann representation can be used to obtain a possible Green’s function,
but if this is used naively it unintentionally extends the Hilbert space with a double
excited state. These two approaches yield (approximately) Green” s functions of the
characteristic form,

1 V2 uv
R _

R (@) = 1 viouv n 1 u? —uv (8.5)
Ilen C w4+Ey+in \uwv  u? w—Ey+in \ —uv v’ 8



8.1 SPIN-POLARIZED MEAN-FIELD

with label MF for mean-field and Leh for Lehmann, and for simplicity written in the
basis of 2 x 2 Nambu spinors { = (dL d;). Here u (v) describes the electron (hole)
component of a resonance at £Ej; with width n. The mean-field Green’s function
describes a spin-polarized single excitation with the sign of Ey determining the
groundstate, as depicted under the label Mean-Field in fig. 8.1. The Lehmann Green’s
function in Nambu space is obtained from [18],

1 — (M) ([Pl n)
oflw) == —— :
L~ w+in+E,—Ey

nn

(e—ﬁEn4-e—ﬁﬂv) (8.6)

where 1|)iT = (dL d ¢> are local Fermionic operators and In) exact eigenstates with
energies E,, of some possibly interacting Hamiltonian H. If one only includes a
doublet-to-singlet excitation for a subgap state it reduces to gf,; (w). Simply inserting
gk, (w) into the DC current formula - eq. (7.55) - without any modification, which
we dub naive usage, is equivalent to extending the Hilbert space with an additional
many-body state namely the doubly excited state []) as depicted under Lehmann in
tig. 8.1. This is equivalent to the Hilbert space of an Andreev bound state originating

from a resonant level or QPC, where the doubly excited state is part of the spectrum.

This is not surprising, as in its essence the Lehmann representation describes all
excitations as independent, meaning many-body states composed of multiple excited
states can be present, although they are not part of the original Hilbert space. In a
non-naive usage, higher order correlators must be included in DC current formula
to remedy this issue. Further discussion of this including an example is presented
in appendix D. Consequently, in order to obtain a simple description which we can
utilize to calculate transport, we either need to artificially extend or reduce the Hilbert
space by a single state. We expect both descriptions to miss aspects of transport, and
so we have to remain vigilant for spurious results.

In the following, we choose to focus on a spin-polarizing mean-field description
which artificially reduces the Hilbert space, as is also common in the literature [23, 46,
155] and appears simpler to analyse.

8.1 SPIN-POLARIZED MEAN-FIELD

The spin-polarising mean-field approximation consist of a lowest order Hartree-Fock
expansion in the interaction U, neglecting any further self-consistency calculations.
This is performed by approximating,

Udld|d;ds = Unyn, ~ Uny)ny + Ung(ny) — Ung)(ny), (8.7)
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For a wide parameter range in the normal state one finds (n+) =1/2and (n;) = —1/2
[18], which we assume to be valid for the full parameter range of the superconducting
case [20, 156]. This approximation may appear crude, but has successfully described
many features of YSR transport [39, 67]. In this manner, the approximation consists
of replacing Ud$d1d 1d— 1= Y (didT — dId \L) effectively describing interaction as a
Zeeman term with magnetic field B = U/2, which artificially breaks spin-symmetry.
Performing this approximation on eq. (8.1) we obtain the following Hamiltonian in
4 x 4 Nambu space,

H = Hp + Hs, (8.8)
1 1 1

HS = z % \y]t [esz + ATx] \yk + sztTZq) + z(DTtTZ\y/ (89)
1 u

Hp = ECDB {€de+ Eﬁz} Dg. (8.10)

with the dot spinor ol = (dL dj, dL _dT>' This non-interacting Hamiltonian is equiv-
alent to a resonant level (U = 0) under the influence of a magnetic field, with the
following retarded Green’s function,

() = [(galw)®)" — £B(w) ~ Zh(w)] 8.11)

w _ATX

—1
g —zg(w)} , (8.12)

= {w—ede—BO‘Z—i—r

with 9%/5 = [w+inpss — HD/S]J, ¥ (w) = t?’1.9% (W), and Ep = /A? — (w + ins)
where 15 is a small broadening of the BCS peak necessary for numerical calculations
while np is infinitesimal and therefore neglected. g (w) is a self-energy term stem-
ming from reservoir coupling, currently assumed to be frequency independent and
completely imaginary Xg(w) = —ing. This term effectively provides a finite life-time to
the subgap resonance. Its origin and influence on subgap state occupation is discussed
in the next section. As this Nambu matrix is diagonal in spin-space it is convenient to
consider each spin-component individually o € {1, ]} and define B; = £B — ing with
+ (=) for 0 =1 ({). Performing the matrix inversion in particle-hole space yields,

w—Bs+Tw/Ea+€eqt, +TA/EaTy
(w—Bg+Tw/Ex)* — ] —T2A2/EL

gR (w) = (8.13)
Subgap state energies are obtained by finding the frequencies |w| < A for which the
denominator is 0, corresponding to a resonance. In general this yields a fourth order
equation in w which can be solved numerically. However, an analytical expression can
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be obtained in the limit of B,I" > A, €4 such that w — B; =~ —B; [50, 155] where the
Green’s function simplifies to,

~ : 8.
9@~ g7 — 3 [V E, —2rByw (8:14)
In this case, solving for poles yields,
B2 _¢2_T2
Eo = +A o &d , (8.15)

V(T2 + (Bo+ €4)?) (T2 + (B — €4)?)

which is strongly reminiscent of the classical spin result [46, 157]. This is easier to see
at the electron-hole symmetric point €4 = 0,
BZ o rZ IZ

Eog = FA5—= iA

B2 T2 + oin (8.16)

with | = I'/B and effective rate 1 = 4A[1—+ﬁ o
resonance, which we obtained by expanding in ng/B. This | is comparable to the

determining the life-time of the

magnetic exchange obtained from a Schrieffer-Wolff transformation of the Anderson
model into a Kondo model [22]. Finally, one further simplification can be performed if
we are not interested in the gap, but solely on the subgap state. We expand w =~ Ey,
in the denominator of eq. (8.14) and obtain,

R 1 vz uv R 1 u? —uv (8.17)
I wrmrElw ) YT wrin—E \—uww 12 7
with

2A 1 2

W= 2% +(x+B) = (8.18)
P (1= a2+ p2)2+402)2

2A 1 —B)?

S 2Ax + (x— ) ’ (8.19)

T (1= o2+ p2)2 +402)3

where we define « = B/T", B = €4/I and Ey = Aﬁ]Lz The full 4 x 4 matrix is given by,

R 0
gf(w) = <9Téw) gi(w)) (8.20)

This Nambu structure is identical to that of a classical-spin [21, 46]. In this manner,
the spin-polarized mean-field is effectively an extension to the classical spin model,
reducing to it for ¢4 < U, T, but by using eq. (8.13) we can increase €4 to the scale
of U, where the conventional classical spin model breaks down. This rewriting was
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Figure 8.2: Effective spectral function as a function of gate —e4/B computed for the Green’s
function eq. (8.13). Parameters are B = 500A, 1 = 0.1A, ng = 107%A and T = 200,400, 600A
for (a-c) respectively. Insets show line-cuts at —e4/B = —0.15.

tirst realized by Ref. [158]. From eq. (8.17) it is clear that this expression treats the
subgap state as a singlet-to-singlet excitation for all parameters. The breaking of spin
degeneracy, which splits the doublet into two singlet states, is due to the effective
magnetic field from the mean-field Hartree-Fock approximation, and so is inherent
in the approach. In treatments where higher order corrections to the self-energy are
included, this breaking is not remedied [32, 39], and if handled by keeping only
spin-conserving contributions to the mean-field a divergence appears at the boundary
of the doublet sector, and consequently the approach is only well determined in the
singlet sector (see Ref.[33] and reference). In summary, there exist no easy fix to the
artificial spin-breaking.

To visualize these Green’s functions it is convenient to define an effective spectral
function,

Acri(w) = —2Im <g}§” (w)) —2Im (ggzz(—w)> (8.21)

with 11 and 22 referencing entrances in Nambu space. This object corresponds to
the spectral function which is probed in the Fermi’s golden rule limit of transport,
eq. (7.53), by a metallic probe. In fig. 8.2 effective spectral function is depicted as a
function of gate which is proportional to —e4. The spectrum shows the typical eye-like
dispersion of an YSR state, which closes as I' increases, signalling that the screened
singlet state is groundstate at the particle-hole symmetrical point.

In plotting fig. 8.2, and in further calculations using spin-polarized mean-field,
we obtain the complex self-energy ng by choosing the effective decay rate at the
particle-hole symmetrical point (eq4 = 0) using,

B(1+J2)2

IA)2 (8.22)

nB =



8.2 RELAXATION, POISONING AND THE LESSER COMPONENT

This value of np is then used for all €4 in numerical calculations of eq. (8.13), although
eq. (8.22) is not valid in the whole range. This effectively renders the subgap decay
rate, defined as the complex component of the pole in eq. (8.13), gate dependent. This
gate dependence is for most parameters we use within a factor two of n. In similar
works [67, 155, 158] the decay rate is typically included as a Dynes parameter [159] on

the superconducting Green'’s function gR?(w) — gR(w +1in) in contrast to our approach.

The origin and influence of the X term, which yielded np, is explored in the following
section.

8.2 RELAXATION, POISONING AND THE LESSER COMPONENT

So far we obtained the retarded Green’s function g®(w) which specifies the system’s
spectrum. In order to calculate transport we additionally require the lesser component
g~ (w) specifying the occupation of said spectrum. In most contexts one assumes that
the system is in thermal equilibrium at temperature T, and accordingly the occupation
is determined by a Fermi distribution, yielding the following lesser component [18],

g°(w) = (9"(@) — g*(w) ) ne(w), (8.23)

with ng(w) = 1/(1 4+ e%/T). One of the key interests in superconducting subgap states
is the inherent parity protection arising due to the presence of a gap A, which in theory
protects excitations from deexciting through parity switches. For example consider our
YSR subgap state consisting of a doublet-to-singlet transition requiring an external
electron or hole - i.e. a change of fermion parity - to excite or deexcite. If the subgap
state is only coupled to superconducting reservoirs, then the lowest energy an external
quasiparticle can have is A. Consequently, for reservoir temperatures T < A the
number of excited quasiparticles is exponentially suppressed ng(A) ~ e=*/T, and the
subgap state is expected to have a long lifetime and slow decoherence - a property
interesting for quantum information processing. Next, we show how this protection
can be expressed using Green’s function formalism. From Langreth rules, presented
in appendix C, the lesser component is given by,

9= =gp +9pIRg~ +ghI~g* + g5g?, (8.24)

with £X = £+ I¥ written with common frequency dependence w suppressed.

Solving for g= yields,

g% = o* ((gB) g5 (gB) " +27) g™ (8.25)
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In this expression g5 (w) = (gé (w) — gRD (w)) fp(w) with fp(w) describing the isolated
dot’s initial distribution, such that (g%)~'g5(gp)™' = —2inpfp(w) which can be
neglected as np is infinitesimal. As a consequence, the dressed dot’s occupation is
purely determined by the self-energies X<. Furthermore, we assume that the bulk
superconductor is at thermal equilibrium 3 (w) = (Zé(w) — ZSR(w)) nr(w) and that
I5(w) = (Zf(w) — Z¥(w)) fp(w) with fg(w) denoting the distribution which the
reservoir coupling drives the system towards. In this manner, fg(w) is a distribution
of fermions obeying 0 < fg(w) < 1 whose details depend on coupling and the specific
choice of reservoir. For frequencies |w| < A we find I3 (w) = 0 as the spectrum is

gapped, and consequently,

g~ =g i59" = (gA(w) - gR(w)> fg(w), (8.26)

where we used the relation Z* — IR = (gR)=1 — (gA)’]. For typical cases we choose

ng < I' such that = ~ L5 for |w| > A. Collecting this we find,

f , A,
() = (g w) — gF(a)) § PN ol < (8.27)
ne(w), for|w| = A,

which amount to our statement of parity protection. If one removes coupling to reservoir
ng — 0 the subgap state obtains an infinite lifetime, and its occupation is simply
given by its initial distribution. If some finite but possibly small coupling exist,
then the subgap state obtains a finite lifetime corresponding to the rate at which
it approaches the distribution fg(w). To discuss this in further detail we adopt the
following nomenclature. The lowest energy subgap state we dub |0) while the excited
subgap state is dubbed |1). This means that as a function of gate |0) could be either |S)
or |S4) in the spin-polarizing mean-field description, with labels referencing fig. 8.1.
Processes which induce a state transition |1) — |0) are named relaxation, while the
opposing processes |0) — |1) are named poisoning *. Lastly, we use Ey as the excitation
energy from |0) to |1) which is positive no matter the groundstate. For quantum point
contacts, which also contains subgap states (albeit slightly different), measurements of
relaxation and poisoning are commonplace and have long been discussed [161, 162],

including measurements of similar InAs wires as used in our experiment [163, 164].

+ The name "poisoning" has its origin from cooper-pair islands [160], where the change of fermion
parity would blockade supercurrent, thereby "poisoning” the supercurrent signal.
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Figure 8.3: (a) Row of figures depicting the ground state [0) and excited state |1) in the electron
picture. Spectral weight u? and v? represents overlap between ground state and excited
state through the respective addition or removal of a electron. The second and third sketch
both depict |1) as the addition/removal of a cooper-pair connects them. Fourth picture
shows an ill-defined state that does not exist as an excitation. (b) Sketches of various
relaxation and poisoning processes labelled (1), (2) and (3) from the main text. (1) requires
the emission of a boson of energy Ey, = Eq4p £ E for relaxation and poisoning respectively,
while (2) requires the absorption of a boson at energy Ey, = Eqp F Eo for relaxation and
poisoning. Poisoning utilizing (3) requires that the subgap density of states, if thermally
distributed, have Tg ~ Eo while relaxation exist for all temperatures.

Next, we list three possible subgap parity changing mechanisms enabling relaxation
and poisoning in a superconducting system:

* (1) There exists a finite population of excited quasiparticles with energy Eqp > A,
and a density of states of unoccupied bosonic states at energy By, = Eqp £ Ep
coupling quasiparticles to the subgap state. This allows parity switching by
absorption of a quasiparticle and emission of a boson.
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® (2) There exists a population of excited bosons with energy Ey, > A + Ej coupling
quasiparticles to subgap states, such that a subgap state can be excited by
absorption of a boson and emission of a quasiparticle.

* (3) There exists a finite density of fermionic states at subgap energies tunnel
coupled to the subgap state, such that an electron can simply tunnel in or out of
the subgap state.

An overview of the three mechanisms, and sketches of corresponding relaxation and
poisoning processes, is depicted using the electron picture in fig. 8.3. In the electron
picture, hole excitations are depicted as filled electron states, which can lead to some
confusion due to double counting. For example, the excitation [0) — [1) can be done
either by the addition or removal of an electron, each depicted as a line at £E,,
meaning the state with both lines empty and with both lines filled is the same state,
namely |1). Adding or subtracting a cooper-pair connects these two depictions of [1).
Lastly, the state with top line filled and bottom empty is ill-defined, as it corresponds
to a doubly excited (both by hole and electron) state not part of the Hilbert space.
Using N,/ (w) as arbitrary positive functions we can rewrite,

_ Nr(w) o Mp(w)
= @)+ (@) O T ) (@)

fp(w) O(w) (8.28)

fulfilling the property 0 < fg(w) < 1 and with ©(w) denoting the heaviside function.
By enforcing ng = n:(w) +np(w) we identify n,(w) as the rate with which a subgap
state at energy w approaches the distribution ©(—w) where all excited states are
unoccupied, and similarly n,(w) as the rate for approaching ©(w), where all excited
states are occupied. Consequently, n+(w) denotes a relaxation rate driving transitions
[1) — 10), while n,(w) is a poisoning rate driving [0) — [1). Next, we discuss the
expected balance of relaxation and poisoning stemming from the three processes listed
(1), (2) and (3). For process (1) the exact balance depends on details of the boson
spectrum and coupling, although it is hard to imagine having relaxation without
poisoning for a large region of subgap energies. As an example, consider a frequency
independent boson spectrum A(w) =~ const. at a low temperature Tz < A, in addition
to a density of non-equilibrium quasiparticles. In this scenario, one would naively
expect relaxation and poisoning to be equally likely (n. ~ ny), as the rate of boson
emission is frequency independent and both processes require a quasiparticle. This
yields a highly non-thermal distribution fg(w) ~ 1/2 as the subgap state only experi-
ences the non-equilibrium distribution of the quasiparticles, which it thermalizes to.
For process (2) an imbalance between relaxation and poisoning would arise if only
bosons with energy below a threshold Et where present. In this case n.(Ey) is large
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for Ey > A — Er while 1, remains small. To explain finite relaxation at all subgap
energies using process (2) one would also expect poisoning to be simultaneously
present, since the fine tuned requirement Et ~ A appears unlikely. Observations of
non-thermal distributions and frequency dependent relaxation and poisoning rates
have been done in quantum point contacts [165], and explained using balances of
process (1) and (2) in Ref.[166, 167], where both phonons and photons where present
as bosonic reservoirs. Process (3), which could arise from the unintentional coupling to
a nearby metallic lead or a finite subgap density of state in the superconductor (known
as a soft gap), would typically yield relaxation for all subgap energies. Poisoning
processes are only available if Ey < Tg assuming the lead is thermally occupied. In this
scenario fg(w) = ng(w) and rate np is given by the tunnel rate to the subgap density
of state.

For YSR states, these rates have been measured in STM setups [46, 51] and some
theoretical estimates exist for bulk systems [168], but to the authors knowledge no
detailed account exist for YSR states in quantum dots. In experiment we do not a
priori know which mechanism is present, and one of our goals is to identify it. In the
next section we will calculate transport in systems containing YSR states, and illustrate

how relaxation and poisoning influences results.

83 TRANSPORT WITH YSR SUBGAP STATES

In this section we investigate transport in S-QD-N and S-QD-S setups, where the YSR
state is formed on the S-QD part, with the dot additionally coupled to a probe which
can be either metallic (N) or superconducting (S). Many results in this section are
shown elsewhere, but we include them to highlight the importance of relaxation and
poisoning in transport, and to illustrate how various limits can be obtained using the
Floquet Keldysh methodology. The quantum dot is assumed to be in equilibrium with
its attached superconductor (S), such that the application of a bias creates a voltage
drops between dot and probe. Lastly, we use the spin-polarized approximation to
describe the S-QD part which we define as the left (L) subsystem, while the probe is
defined as the right (R). In this manner Hy is given by eq. (8.8) and the full system is,

H = Hp + Hg(t) + Hry, (8.29)
1

Hr(t) = 5¥], [(ex — eV)Te + Ar(t)d Vi, (8.30)
1

Hr = —‘P{thZ(Dd +h.c. (8.31)

2
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here Y1 = > | Wik in the conventional Nambu basis, and time dependence resides
solely on the superconducting phase Ag(t) = Ae?¢Vt™=/" Ag this Hamiltonian is
completely non-interacting we can follow the procedure of chapter 7 ending up with
eq. (7.42), where we here repeat some relevant definitions for good measure,

o) = ¢ | dwTrRe [eM(w) (it (w)g(w) + 2 (w)gf () MA(w)]

00’
MX(w) =T+ I (w) gl (w)MX (), (8.32)
X (W) = 5n,mt(219§,(11)(w +(n—T1)eV) _5n,m+2t%19§,(12) (w+(n—T)eV)
=thnm _6n,m—2t(219{3(,(2])(w +(n+1)eV) 6n,mt%19?z(,(zz) (w+(n+T1)eV)

with gE(w) given by eq. (8.13) and g; (w) by eq. (8.27).
8.3.1  Metallic probe

We start by investigating a metallic probe Ag = 0, which yields the following Green’s
function in the wideband limit,

gE(w) =—ivg and gg(w) = 2ivgng(w), (8.33)

with v denoting the assumed constant density of state. This Green’s function has no
off-diagonal components in Nambu space, meaning that £{\| (w) is diagonal in Nambu-
Floquet space. Consequently, no tridiagonal ladder is formed when the self-energy
is multiplied with Qﬁ(w) and the various Floquet sectors remain unconnected. This
simplifies the DC current greatly,

(o) = = J dwTrRe | zM"(w) (5 (w)gf (@) + If (w)gi (w)) MAw)], (834)

—00

with all Nambu matrices in the 00 Floquet component. Next, as gE(w) and g}R\(w) =

M (w) = Filg, with Ty = mvetd,

[gE(w)} are both frequency independent, then
are also frequency and bias independent. Consequently, all bias dependence resides
on I (w) = 2ilkng(w —eVT;), and for T = 0 the differential conductance takes a
particularly simple form,

d<10> 262

IV :_TJ dw TrRe TZMR(w)iFRTZZS(w—eVTZ)gé(w)MA(w)], (8.35)

In this expression g; (w) vanished, as it is bias independent, indicating that subgap
state occupation fg(w), discussed in the previous section, plays no influence on
conductance. The relaxation and poisoning rate characterized by 1 is quite important
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though. This can be seen from g*(w) expanded around Ey, yielding the approximate
form eq. (8.17), where we further assume that bias is at resonance eV = E,. In this
limit, g‘f(:l:eV) denominators are either 1/(2Ey +in) ~ 0 or —i/m. Considering the
second term we find ZEL(iEo)gE(iEO) o Tr/m, which MR(w) is a series expansion of.
In chapter 7 we showed that for M®(w) = 1 transport reduces to Fermi’s golden rule.
In this manner, the size of Iy /n determines the transport regime, which for Iy/n < 1is
given by Fermi’s golden rule. In the opposing regime I'z/n > 1 higher order terms of
MR(w) gain importance and transport is dominated by resonant processes. Intuitively,
this can be understood as a competition between rates, with Iz characterizing the
rate of electron transfer and n the rate at which subgap states return to equilibrium.
Fermi’s golden rule assumes that each lead reaches equilibrium between each transport
process, in accordance with I'z/m < 1, while in the opposing regime many transport
processes occur between equilibration, and the subgap state’s occupation is therefore
non-equilibrium.

Using the Green’s function eq. (8.17) the conductance formula eq. (8.35) can be
simplified into [169],

d(lo)  2e* [ 2MeM+Ten 2l +Tn
dV. h |(eV—Fy)2+T2 (eV+Ey)2+T1?2]|’

(8.36)

with Te = U2l and T}, = V2T denoting the transfer rate into subgap state electron and
hole component respectively, and I' = I, + I}, +1 is the total decay rate of the fully
dressed subgap excitation. Deriving this expression from eq. (8.35) is a bit tricky since
eq. (8.17) cannot be inverted. Some useful relations for this purpose are,

gl (w)MA (w) = G (w)

MR (w) =T+ Lf; (w)GFy (w) (8.37)

1 V2 uv 1 u? —uv
GR = , GR =
() w +1il + Eqy (uv u2> (@) w+1il — g (—uv V2 )

with G _(w) denoting the solution to the Dyson series of the two decoupled spin-
sectors GF, = gf, + g~ IR _GR.,. Eq. (8.36) shows that in the limit of n > T¢, T},
conductance at eV = E( (eV = —Ey) is proportional to corresponding electron (hole)
spectral height u? (v?), in concord with Fermi’s golden rule. Conductance is therefore
a direct measure of the spectral function in this limit. In the opposing limit n < Te, I,
both peaks are proportional to I}, and are therefore bias symmetrical, and reach
the conductance quantum 2e?/h at I, = T}, indicating a highly resonant process.
Although this transport cycle involves Andreev reflections, it occurs incoherently,
meaning that each intermediate step is on shell and not virtual, and consequently
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Figure 8.4: (a) Schematics of normal lead to subgap state transport processes, inspired by
Ref. [169]. The two left processes dominate for 1 > T, I, and the right processes dominate
for 1 <« T¢, Th. (b) Differential conductance as a function of gate and bias calculated from
eq. (8.35) with parameters: B =20, It =10, Ag =0, T =0 and 'k = 0.01, 1 = 0.01 for the
left plot, and 'k = 0.5, 1 = 0.001 for the right. All in units of A;.

shot-noise would still measure single electron transfers. This is supported in chapter 9,
where we describe a similar process using master equations. The limit > T, I}, was
also investigated for a quantum dot YSR state in Ref.[23] using a Kondo model for a
classical and a lowest order quantum spin. In fig. 8.4 schematics of the two processes
alongside plots of conductance are shown.

Although a number of experiments probing YSR states in S-QD-N setups have been
performed [54, 57-59, 62, 63], there have been no observation of the I.l}, limit with
symmetrical peaks and conductance at 2e?/h, with the possible exception of Refs. [60,
61] where due to resolution it is hard to determine the symmetry.

8.3.2  Superconducting probe

Next, we move to the case of a superconducting right lead for which gR(w) is both
frequency dependent and contains anomalous terms, meaning that DC current calcula-
tions using eq. (8.32) evades simplification. As a consequence, results presented in the
remaining subsections are obtained numerically, as simple analytical limits, similar to
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Figure 8.5: (a) Schematics of superconductor to subgap state transport processes, inspired by
Ref. [46]. The two left processes dominate for n > T, I, and the right processes dominate
for n <« T¢, Th. (b) Differential conductance as a function of gate and bias calculated from
eq. (8.32) for 1 = 0 with parameters: B=20,. =10, Ag =1, T=0and 'k =0.04, 1 = 0.02
for the left plot, and 'k = 0.4, 1 = 0.002 for the right. All in units of Ar. Green line indicate
position of cut shown in fig 8.6.

eg. (8.36), are hard to obtain. First, we investigate the scenario where only relaxation is
present, amounting to ng = ng and fg(w) = O(—w). Furthermore, we initially keep
only the zeroth Floquet band (1 = 0), which is the limit investigated in Ref. [46] where
some analytical relations are tractable. Results of this calculation is shown in fig. 8.5.

The main conductance features are located at eV = Ay =+ E( corresponding to the
resonance between a BCS peak and opposing subgap state. Transport cycles at this
resonance resembles the normal lead cycles, shown in fig. 8.4, with the caveat that the
density of state is frequency dependent vg(w) = —Im [g%(w)} , which is carried over
to the rates I, (w) = ﬂuZVR((U)t(zi and T (w) = TFVZVR(w)t(Zi. For large n, single electron
processes dominate and transport amounts to Fermi’s golden rule. In this limit, the
negative differential conductance (NDC) is due to the decrease of vg(w) as eV becomes
larger than Ej + Ag, resulting in a decrease of current as the subgap state is no longer in
resonance with the BCS peak. In the opposing limit, bias asymmetry appears reversed
compared to the Fermi’s golden rule limit. This is due to the frequency dependency of
Vr(w); as an example consider the resonance eV = Ag + E( using transport cycles of
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lelh, for which it is the rate I',(—A — 2Ey) which intuitively limits transport as the rate
le(—A) is greatly enhanced by the BCS peak. This results in transport cycles limited
by V2, although it is a u? peak that is in contact with the BCS peak, thereby reversing
the bias asymmetry.

The switching of conductance peak asymmetry has been observed as a function of
IR in STM where it was used to extract subgap state relaxation rate, but to the authors
knowledge it has not been demonstrated in S-QD-S junctions. The Fermi’s golden
rule limit has been identified in experiments with weak probe coupling [67, 69, 71,
72], with transport given by a simple convolution. Lastly, a word of caution; if one
probes a subgap state with a superconducting lead then in order to validate a BCS
deconvolution, as done in e.g. Ref. [67], one must a priori know thatn > T as the
deconvolution assumes Fermi’s golden rule transport. Due to gap parity protection
this demand is not automatically satisfied for a "'weakly” coupled probe.

833 YSR MAR

We now consider the effects of higher Floquet bands, thereby including high order
MAR processes in transport. The validity of only keeping the zeroth Floquet band, as
in the previous subsection, hinges on small coupling compared to charging 'y < B,
and/or large relaxation n > [y, disfavouring highly coherent processes such as MAR.
This leads to the formations of conductance peaks at integer values of lower order
peaks, similar to MAR channels shown in section 7.2. For simplicity we focus on the
asymmetric limit IR < 7, where the YSR state forms on only one superconductor,
while the other lead acts like a probe. In previous work [170] using a Kondo model
expanded to second order in J, it was found that in the symmetrical limit (g ~ I7)
spectroscopy mimics a S-S junction with no impurity present, while the asymmetrical
limit corresponds to YSR state spectroscopy. Lastly, in a recent article Villas et al.
[155] did a thorough investigation of the same limit presented here, using an almost
identical model. Although, there investigation was aimed at STM setups there results
also applies to quantum dot YSR states modelled by a spin-polarizing mean-field. In
general our calculations are in complete agreement with there results.".

In fig. 8.6 we show effects of including more Floquet bands (1 = 2), and for simplicity
we assume A = A = Ag. We find that MAR processes only becomes prominent for
large coupling Iz ~ A with our parameters, corresponding to the limit Iz > n with

t For context, the full Floquet Keldysh model employed here, was derived with the intend of exploring
MAR in YSR states, but as the recent paper [155] covers the subject in detail we present only a few
key results.
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Figure 8.6: (a) Conductance as a function of bias at —eq = 12 - shown as a green line in
tig. 8.5 - with 1 = 2. Parameters are similar to fig. 8.5 except 'k = 1A in the lower plot. (b)
Schematics of the MAR processes at eV = (A+ Ep)/n for n = 2,3, inspired by Ref. [155].

reversed conductance peak asymmetry. We observe integer features at both eV = 2A/n
and eV = (A + Ep)/n, which some surprising caveats due to the weakened gap of
the YSR hosting superconductor. Firstly, eV = 2A/n steps are less prominent then for
similar coupling without YSR states, additionally the eV = (Eo + A)/3 feature is more
prominent than the eV = (E( + A)/2 feature even though it is a higher order process.
As depicted in fig. 8.6 (b) this is related to the n = 2 process using the weakened peak
for transport, while the n = 3 process uses the opposing sharp BCS peak. In contrast
to Ref. [155], where a soft-gap from a finite dynes parameter is included, we see no
feature at eV = Ej. One could imagine processes at eV = Ey with a full cooper-pair
tunnelling into the subgap state, but in our model this is prohibited as the subgap
excitation is spin-polarized - an artefact of our mean-field. In the physical system
such MAR processes could be present a singlet groundstate |S) where excitations to
both [) and []) are possible. We believe though that it will be limited by A/n, as the
excited |o) state (from the first electron) needs to relax before the other constituent
electron of the cooper-pair can enter, leaving a virtual quasiparticle at Eqp > A until
relaxation occurs. Oddly, the tiny inner most peaks in fig. 8.6 (a) fit with Ey/2, show
NDC, and disappears for 1 = 0 indicating that it originates from MAR. The transport
cycle behind these peaks is not presently understood. An important result is that the
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peak at eV = E( + A is unmodified by higher Floquet bands, such that the theory of
Ref. [46] remain valid even when other MAR signatures are present.

From the perspective of S-QD-S experiments, these novel MAR lines at eV =
(Eo + A)/n could be identified by there slope as a function of gate, appearing as
replicas of the eV = E( + A feature shown in fig. 8.5 at lower bias with half or third of
the slope. MAR like features have been observed in multiple S-QD-S experiments [64,
66, 68, 74, 116], with features of integer slope of eV = Ej + A visible in Ref. [70]. YSR
MAR processes have also been identified in STM [46, 48, 49].

8.3.4 Poisoning and subgap metallic density

In the previous subsections we assumed that the superconductor contained no sub-
gap density of state, and that the YSR state experienced only relaxation. Next, we
investigate the effects of finite poisoning by either assuming a finite temperature of
the subgap distribution fg(w) = ng(w), or by assuming the presence of a finite
with fg(w) given by eq. (8.28). This leads to low order transport processes occuring at
subgap bias, since transport cycles are possible when the hole (electron) YSR state is
aligned with the hole (electron) BCS peak at eV = A —Ey (eV = —A + E). Schematics
of these processes, and results of calculations in the n < Ik limit with 1 = 0 is shown
in fig. 8.7.

The conductance features visible at bias [eV| < Ag in fig. 8.7, stemming from the
poisoning driven processes, we name poisoning lines. These lines have opposite slopes
of the eV = £A + E( features, like mirror images around +A. In the case of finite
temperature, they are only visible close to groundstate transitions, since Ey ~ T before
excited states are populated. For a frequency independent poisoning rate, as shown in
the right plot, the poisoning line exists for all subgap state energies.

Another effect creating low order transport at subgap bias, is if the superconducting
probe contains a finite subgap density of state - known as a soft-gap. This can be
modelled by a dynes parameter [159], but we model it as the addition of a metallic

density of state to the probe, similar as in Ref. [73],
w—AT
R(w) = —Tx X —ilN (8.38)
t VA? — (W +1ing)?

with coupling I'y. In this case, both the superconducting and metallic conductance lines

are visible simultaneously, as shown in fig. 8.8, where we plot differential conductance
both in the large and small 1 regime. In the small n regime, we see a subgap inner
lobe crossing zero, similar to transport with a normal lead. In this limit, results of
the superconducting and metallic probe are basically overlain, with broader peaks at
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Figure 8.7: (a) Schematics of transport processes starting from an excited subgap state [1),
driven by the poisoning rate 1. (b) Conductance as a function of gate and bias using the
same parameters as for the left plot in fig. 8.5, apart from finite T = 0.2A in the left plot,
and n, =1/3, Ny = 2n/3 in the right. Plotted on the same conductance scale.

eV = £E + +Ag due to induced lifetime from the metallic probe. In fig. (8.8) (b) we
show induced poisoning lines stemming from normal lead transport. For bias [eV| > E,
current runs from the subgap state into the normal density of state. This induces a
non-equilibrium population of the excited YSR state, and due to this poisoning cycles
sketched in fig. 8.7 becomes possible, leading to the appearance of poisoning lines.
These lines vanish at eV = +E( supporting this interpretation.

In experiment, this feature is recognizable by the inner lobe showing identical slope
to the eV = £A + E, feature. Another characteristic is that it crosses zero-bias at Ey = 0,
in contrast to MAR lines at eV = £(A + Ey)/n which cannot cross zero. This inner
lobe, coined an Andreev mirage [73], is a common feature and has been observed in
a number of S-QD-S experiments [65, 66]. Measuring this mirage while increasing
temperature has additionally shown the appearance of poisoning lines Refs. [71, 72],
in concord with the model under the assumption that subgap density of states is
thermally occupied, such that it poisons the subgap state at higher temperatures. In
STM experiments, which are typically performed at temperatures T ~ 1 k, thermal
poisoning has been observed [46, 51], and for tuneable systems appear enhanced at the
crossing of Ey = 0 [45, 47, 49]. This is also visible in the STM experiment we analyse
in chapter 12. In S-QD-S systems, thermal poisoning has only been observed in the
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Figure 8.8: Calculation of conductance as function of bias and gate for 1 = 0. Parameters:
B=20,TL =10,Ax =1, T=0and 'k = 0.02, n = 0.01, 'y = 0.004 for (a), and I'x = 0.4,
n = 0.002, 'y = 0.012 for (b). All in units of Ar. (b) Is shown in logarithmic scale, and the
blue arrow indicates an induced poisoning line.

aforementioned heightened temperature measurements also featuring mirages. To the
author’s knowledge, no YSR experiment exists showing poisoning lines stemming

from constant poisoning rate as seen in fig. 8.7.

8.3.5 Artificial singlet-to-doublet reduction

As stated, the spin-polarizing mean-field approximation, applied in this section,
artificially renders the doublet state into a singlet state. The effects of this on transport
has been discussed in the review [39], where the main point is that due to the
availability of both spin species in the probe (superconducting or not), the effect
of spin-polarization is minor. We expect though some discrepancy to arise due to
multiplicity which we discuss next. The singlet to doublet reduction decreases the
number of available transport channels for a singlet groundstate |S). In this case either
a spin-up or down electron (or hole) can be added to drive transitions to |o), while
for the doublet grounstate |0) only a spin-o electron (or hole) can be removed to
drive transitions to [S). In this manner, the |S) groundstate has double the amount
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of channels to excite if coupled to an unpolarized lead. Consequently, for a metallic
probe in the limit n > T, I, we naively expect eq. (8.36) to change into,

g[ 2Ten St 2T ]’ for |g) = IS)

d(Ip) ] h (eV—Eo)?+ (eV+Eq)2+n? 630
dV - 2 2 ren T N _ .
i [(eV—Eo)ZMZ T (eV+E%)2+n2] , for [g) =lo)

where |g) denotes the groundstate, which amounts to a factor of two change in peak
conductance on transitioning from a singlet to a doublet groundstate at Ey = 0. We
expect similar changes of factor twos in conductance to occur for superconducting
probes and higher order Andreev processes as well, but apart from such prefactors
we speculate that our calculations capture most physical transport processes. In
experiment, there are indications of a reduction in conductance at singlet-to-doublet
transitions [67, 75], although it is not consistently seen in all measurements of the
literature.

8.4 CONCLUSION

In this chapter we have discussed how to pick a suitable Green’s function to calculate
transport via the Floquet Keldysh methodology. In picking the lesser component a
discussion of relaxation and poisoning rates, and where they could stem from, was
necessary. Lastly, we showed resulting maps of differential conductance for various
limits and parameters as a function of gate, using the spin-polarizing mean-field
approximation to obtain Green’s functions. Our hope is that these maps covers most
realistic S-QD-N and S-QD-S experiments, and provides us with a language to associate
measurements to underlying transport processes.

Something too note, is that most experiments in S-QD-S systems shows sign of
finite relaxation, which drives current processes even for low coupling, but little sign
of poisoning (no visible poisoning lines) exists in the literature. In addition, subgap
mirages are visible in several experiments, and when poisoning lines are observed it is
induced by increasing temperature. Relating these facts to our discussion of possible
origins for relaxation and poisoning in section 8.2, we speculate that the existence of a
finite subgap metallic density of states is the most likely candidate for relaxation and
poisoning in experiments. Whether this subgap density is due to a soft-gap or stray
coupling to a nearby metallic reservoir remains an open question, and can vary from
setup to setup. In the case of excess high energy bosons or quasiparticles it requires
some fine tuning to explain the presence of relaxation without poisoning across a large
range of Ey, which in experiments, is tuned by gate.
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In the next chapter, we use the spin-polarized mean-field approximation and Floquet
Keldysh Green’s functions to analyse data of direct transport between two opposing
subgap states. In the supplement of this paper presented in chapter 10, we additionally
derive Lindblad master equations yielding identical results to the Floquet Keldysh
approach. In this framework we can include the full singlet-to-doublet Hilbert space
to account for the artificial reduction, introduced by the mean-field. As an outlook
to this chapter, it could be interesting to utilize the Lindblad approach to try and
capture the various transport regimes, shown in section 8.3, and use it to explore
doublet-to-singlet dynamics.



PROJECT 3

Next, we present the submitted version of project 3, currently published on arXiv [3]. In
this project, we investigate transport between two opposing subgap states, specifically
on shell Z from chapter 2, where both interdot tunnel coupling t4 and interdot
charging Ug4 are small compared to Uy, Ug. In this limit the full S-DQD-S setup can be
decomposed into two independent S-QD subsystems, coupled by a weak (compared
to U, Ug) tunnel probe. Since both the left and right S-QD system forms a YSR state
at energy E; and Eg respectively, a transport resonance occurs at bias eV = £(E[ + Eg)
where the two subgap states are aligned, which is realized in experiment. This paper
is largely inspired by Ref. [51] where a similar signal is measured in a STM setup,
and additional MAR relaxation processes, whose accessibility depends on E; and Eg,
are identified. Our experiment has the advantage of being fully tuneable, such that
MAR mediated relaxation processes can be turned on-and-off by tuning of E; and
Eg. A similar feature have been measured in a previous S-DQD-S experiment [101],
but they model it in the A — oo limit [38], and conductance features are quite broad
due to a large soft-gap density of state. Additionally, they do not observe the MAR
mediated relaxation channels. In our experiment, no poisoning lines are observed and
only week relaxation, compared to tunnel rates, is present. Since transport through
opposing subgap states is only feasible using relaxation processes, these measurements
constitute a direct probe of subgap state dynamics.

In modelling, we use the spin-polarized mean-field model, given by Hamiltonian
eg. (8.8), to describe the left and right lead, and couple them via a tunnelling term Hr.
In doing so, we choose the mean-field magnetic terms to point in orthogonal directions,
in order to avoid artificial spin-blockade at certain groundstate configurations. To
support these calculations we present Lindblad master equations, inspired by Ref. [51],
and find perfect agreement with the Floquet Keldysh approach in regard to the
eV = £(EL + Eg) feature. This method allows us to derive closed analytical formulas
for conductance, and to extend the Hilbert space to treat the odd state as a realistic
two-fold degenerate doublet state. These calculations, and further details, can be found
in the supplemental material presented in chapter 10.
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We demonstrate direct transport between two opposing sets of Yu-Shiba-Rusinov (YSR) subgap
states realized in a double quantum dot. This sub-gap transport relies on intrinsic quasiparticle
relaxation, but the tunability of the device allows us to explore also an additional relaxation mecha-
nism based on charge transferring Andreev reflections. The transition between these two relaxation
regimes is identified in the experiment as a marked gate-induced stepwise change in conductance.
We present a transport calculation, including YSR bound states and multiple Andreev reflections
alongside with quasiparticle relaxation, due to a weak tunnel coupling to a nearby normal metal,

and obtain excellent agreement with the data.

Superconductors are characterized by the existence of
a Cooper-pair condensate with quasiparticle excitations,
appearing above the superconducting gap, A. The in-
terplay between superconductivity and various types of
impurities [1-4], junctions [5, 6] and barriers [7, 8] can
lead to the formation of localized quasiparticle states
with energies smaller than the superconducting gap.
Such subgap bound states are receiving increasing atten-
tion, as the parity protection offered by the gap makes
them amenable to quantum coherent manipulation [9—
12]. This attribute makes subgap states excellent candi-
dates for qubits in quantum information processing.

Nevertheless, many experiments have shown the ex-
istence of quasiparticle relaxation and poisoning, which
break parity and decohere the subgap states [6, 11, 13].
The physics behind relaxation and poisoning processes
differs from system to system as it depends on fabrica-
tion details and on the electromagnetic environment. It is
therefore a priori difficult to estimate its origin and mag-
nitude [14-16]. The transport properties of subgap states
depend strongly on the relaxation and poisoning rates
and can therefore be used to probe the subgap states
population dynamics [17, 18]. In a recent paper [19], di-
rect transport between two sets of YSR states induced
by magnetic impurities was observed in a scanning tun-
nelling microscopy setup, yielding a clear measure of sub-
gap dynamics independent of temperature and environ-
mental broadening.

In this Letter, we investigate the subgap dynamics in
a setup based on Coulomb blockaded quantum dots cou-
pled to superconductors, which provides continuous tun-
ability of the subgap state energies. This tunability gives
us unprecedented access to the full phase diagram of re-
laxation processes within a single device.
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FIG. 1. (a) Schematic of the S-DQD-S system and energy
level diagram for direct bound state to bound state transport
at eV = Er+ER. System shown in the |0, 0) state. (b) Bound
state energy map delineating regions with different relaxation
processes, indicated by numbers and illustrated in (c). Pro-
cesses 1 and 2 are available in all sectors of the diagram.
The indicated path corresponds to the change in relaxation
regimes seen in Fig.2(c) as the plunger gate voltage of the
right dot is swept. (c) Four different relaxation mechanisms
available at different subgap state energies. Processes 1 and
3 (2 and 4) relate to the left (right) quantum dot and are all
depicted starting from the doubly excited state |1,1) — |0, 1)
(10,1)). Processes 1 and 2 refer to intrinsic quasiparticle re-
laxation, while 3 and 4 employ Andreev reflection via the
continuum of the opposite side and transfers a net charge.

To explain the transport signatures, we utilize Floquet
Keldysh Green functions [20, 21] to calculate the current
across different relaxation regimes, and we demonstrate
that these results can be understood in terms of mas-
ter equations as in Ref. 19, which we extend here to all



relaxation regimes.

The interaction between a superconductor and the spin
localized on a quantum dot leads to the formation of a
YSR state [22-24]. The quantum dot is characterized by
a charging energy, U, a level position, €, and a tunnel cou-
pling to a superconductor characterized by a tunnelling
rate I'. By tuning a gate voltage to change ¢, one can
manipulate both the excitation energy and the ground
state of the superconductor-dot system. We use an InAs
nanowire based double quantum dot (DQD) coupled to
two superconductors [25-27] to obtain two independent
subgap states at energies F and Epr, shown schemati-
cally in Fig. 1(a).

In the limit of low tunnel coupling between the dots, g4,
compared to the dot-superconductor tunnelling rates, I'y,
and I', each dot will be in equilibrium with its respective
superconductor, and a bias voltage, V', applied across the
superconductors will cause a voltage drop across the two
dots. At the resonances, eV = +(EL + ER), the elec-
tron component of one subgap state is aligned with the
hole component of the other, and direct electron trans-
fer can take place. This will excite both subgap systems,
i.e. |0,0) <> |1,1), where 0(1) denote the ground(excited)
state in the corresponding left, or right subgap system.
The potential for such resonant transitions to carry a cur-
rent relies entirely on the availability of relaxation chan-
nels to reset the subgap systems back to |0,0) after each
inter-dot tunnelling process.

A diagram showing the different relaxation regimes
and a schematic of available relaxation processes are
presented in Figs. 1 (b) and (c). The intrinsic relax-
ation processes 1 and 2, with rates 77/, in Fig.1 (c)
are active at all energies, while processes 3 and 4, with
rates yr,/gr, only become available for subgap states with
Er/r, +2E1/r > Apyr, where an Andreev reflection,
followed by a single quasiparticle transfer to the oppos-
ing continuum may serve to reset the subgap excita-
tions. Since these additional relaxation channels them-
selves transfer charge, a full transport cycle using both
processes 3 and 4 constitutes a transfer of three electrons
in total. Notice that, unlike multiple Andreev reflec-
tion (MAR) processes between two superconductors [28],
this 3-electron transfer occurs incoherently. In total,
one should therefore expect a higher relaxational cur-
rent through electron/hole-aligned subgap states when
the eV = Ep + Er resonance occurs above the threshold
bias, i.e. for [eV]| > min(|AL — Eg|,|Ar — EL|) corre-
sponding to the grey and red regions of Fig. 1(b).

Measurements are carried out in a device investigated
earlier at different gate settings in Refs. 25 and 29, based
on a 110 nm-diameter InAs nanowire with 7 nm super-
conducting aluminum grown in-situ epitaxially on three
facets of the wire. The wire is deposited on top of an ar-
ray of gates insulated by 20 nm of hafnium oxide, which
is used to define the double dot architecture, and con-
tacted by Ti/Au leads on each side. Aluminum is etched
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FIG. 2. (a) False colored scanning tunneling micrograph of
the device. A schematic of the dots is shown at the junc-
tion. (b) Zero-bias conductance charge diagram in logarith-
mic scale. Arrows indicate linecuts plotted in (c) and in Fig. 3.
Gates 1, 3, 5 are set to -9.05 V, -8.7 V, and 0.74 V, respec-
tively, and the backgate is set to 11.15 V. (c¢) Conductance as
a function of bias, and gate voltages following half the range
of linecut 1 in (a) parametrized by gate 4. A vertical colorbar
on the right indicates relaxation regimes for Er, = 0.058 meV
(read off as indicated) with colors indicating the correspond-
ing regime in Fig. 1(b). Arrows in the top mark cuts shown
in (d) and dashed horizontal lines indicate changes in relax-
ation regimes. (d) Conductance vs. bias voltage along three
vertical cuts in (c) placing the eV = Er 4+ Er resonance in
different relaxation regimes, as indicated by color. Each cut
is vertically displaced by 0.8¢*/h. The dotted line traces the
movement of the resonance.

away before contact deposition to form a 350 nm long
junction. The device is equipped with a global Si/SiOx
substrate backgate. A scanning tunneling micrograph of
the device is shown in Fig. 2(a). Gates 1, 3 and 5 control
the tunnel couplings, I'y,, t4 and I'g, and are set to con-
stant voltages. Plunger gates 2 and 4 control the filling
of the corresponding left and right dots.

This device and its connecting circuitry has been char-
acterized in Refs. 25 and 29, where it was tuned up to
measure (critical) supercurrent for different regimes of
YSR screening. In this work, the device is adjusted differ-
ently to explore the relaxational bound-state-to-bound-
state currents illustrated in Fig. 1. To this end, we scan
zero-bias conductance using standard lock-in measure-
ments and locate a shell with no apparent anti-cross be-
tween charge sectors, indicative of weak inter-dot tunnel
coupling, t4, and charging energy, Uy. A logarithmic map
of the conductance is shown in Fig. 2 (b). Pairs of vertical
and horizontal stripes in the map are due to a combina-
tion of supercurrent and subgap resonances crossing zero
energy [29, 30]. From independent measurements [30],
we find Uy, Ugr =~ 2 meV and Ay, Ar =~ 0.14 meV con-
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FIG. 3. Experimental data showing conductance as a func-
tion of gate, and bias voltage for the six line cuts shown in
Fig. 2(b). Cuts 1-3 (4-6) are parametrized by gate 4 (2), but
gate 2 (4) is also tuned for each cut to fullow the lines indi-
cated in Fig. 2(b). Cuts 1-3 are horizontal cuts tuning the
right dot, while cuts 4-6 are vertical cuts tuning the left dot.
All plots are made with the same color scale.

sistent with a YSR interpretation of subgap states.

In Fig. 2(c), we show half of the gate extension of
the central line cut of differential conductance versus
bias and gate voltages labeled 2 in Fig. 2(b). To in-
terpret this cut, we assume that the energy of the left
subgap state, Fp, remains constant as the right dot
is gated, and identify the lowest lying feature as the
eV = Er + Er resonance, supported by the negative
differential conductance (NDC) immediately following
the conductance peak. As gate 4 is tuned, a sudden
change of slope occurs at —1.236 V, which indicates that
Egr = 0, signalling a change of ground state of the right
dot-superconductor system, and allows us to infer that
Er = 0.058 meV< AR/Q

Strikingly, as the eV = E, + Ep feature in Fig. 2(c)
moves with gate 4, stepwise changes in conductance are
observed before and after the phase transition. The posi-
tion of these thresholds fits with changes in the available
relaxation processes, estimated from the bound-state en-
ergies, shown as horizontal lines in Fig. 2(c) and as the
path in Fig. 1(b). This path shows that as gate increases
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FIG. 4. Conductance as a function of normalized gate, and
bias voltage for six linecuts, calculated using Keldysh Floquet
Green functions [30]. €1,/ are chosen so as to match the cut
in the corresponding panel in Fig. 3. All plots are made with
the parameters listed in [31], using the same color scale as in
Fig. 3.

the resonance moves from red—blue—red with grey re-
gions only observed as transitional steps. In Fig. 2(d),
three linecuts show the decrease in conductance of the
lowest lying peak-dip features by approximately a fac-
tor of 4 between the top, and bottom curves. This pro-
nounced contrast in conductance marks a gate tunable
transition between three different relaxation regimes.

These types of changes in conductance at special
thresholds are widespread in our data and their positions
match expectations from Fig. 1(b). In Fig. 3 we plot the
6 linecuts indicated in Fig. 2(b), where the lowest lying
feature corresponds to eV = E + Er. From the slope of
this feature we infer that the right dot is intermediately
coupled to the superconductor showing a characteristic
eye shape, while the left dot is more strongly coupled and
close to the phase transition at the particle-hole symmet-
ric point [32].

Additional conductance features at higher bias in
Fig. 2(c) are identified as a peak at eV = Fr + Ap
dispersing like the eV = E + Eg feature, and a peak
at eV = FEp + Apr, which is independent of gate 4,



supporting that FEj remains constant as Egr is tuned
by gate 4. In all cuts shown in Fig. 3, replicas of the
eV = Er g+ Agy features are seen above the first such
feature. In cuts 1-3, these appear as repetitions of the
Er r+Ag/ features, while in cuts 4-6 features with the
opposite slope of the subgap state also appear. Similar
features have been observed in other devices [33, 34] and
we ascribe them to multiple sub-bands in the proximi-
tized InAs nanowire [29]. In this scenario, a conductance
peak would appear for each sub-band coherence peak as
the bias voltage is increased [30].

We model the DQD as two Anderson models with
superconducting leads and an additional interdot tun-
nel coupling. For simplicity, we employ a spin-polarized
mean field approximation [21, 35], which is known to
capture the characteristic gate-dependence of the YSR
state [24, 36]. This artificially spin-polarized descrip-
tion omits inter-dot exchange, which is anyway negligible
since tq < U p. To circumvent artificial spin-blockade,
the spin-polarizing mean fields are chosen to point in
orthogonal directions on each dot: By = 2Ur/2 and
Bpr = &#Ug/2 [35]. With these caveats, we regard the
model as a qualitative description of the experimental
situation.

To calculate the nonlinear I —V characteristics, we em-
ploy Keldysh Floquet Green functions incorporating both
MAR, and relaxation processes. The current is P(E)-
broadened by a Gaussian of width ¢ = 0.04A ~ 6 ueV
before calculating the conductance [30]. Results of the
calculations are shown in Fig. 4. Parameters are kept
fixed except for €5, and eg, which are chosen so as to
match the linecuts shown in Fig. 3. Tunnelling rates,
Iy, R, are chosen such that the slope with gate voltage
of each YSR state matches the experiment. Intrinsic re-
laxation rates are assumed symmetric, n; = ng, and to-
gether with ¢; they are tuned to match the overall con-
ductance scale and the size of conductance steps between
different relaxation regimes. In the calculations shown in
Fig. 4, we observe the previously described eV = Ep+ER
and eV = Ap/r + Eg/, features alongside the stepwise
changes in conductance at transitions between different
relaxation regimes.

Some analytical insight on the relaxational current car-
ried at eV = Ef 4+ Eg can be obtained by solving a phe-
nomenological master equation of the Lindblad form [37]
As detailed in the supplement, this leads to a Lorentzian
current peak,

e 2m2 [An (14 32) + A (14 32)]

I=-— 2 Pl 3
h,yg (AzLx;/\\;:) + (AL‘ZAR) + (eV — E, — Eg)?

(1)

where 72 = viu%t? is the rate of electron transfer be-
tween the left hole component with amplitude vy, and
the right electron component with amplitude ugr. The
total relaxation rate for each side is A g = n/r +71/R
with 7y /g being the intrinsic relaxation rate, and v /g

the rate of relaxation occurring via Andreev reflections
as sketched in Fig. 1(c). Using Fermi’s golden rule, we
infer the rates to be v, = Wu%tfldR(ZEL + Egr) and
Yr = mht3dr(—2Er — Er) with uy (vg) being the
corresponding electron (hole) component amplitudes and
dr/r(E) the density of states at energy E. For the cor-
responding eV = —Fj — Eg peak let Ep/p — —Epr /g,
substitute w and v, and the above formulas apply. As
shown in the Supplemental Material, these formulas per-
fectly match the results obtained from Keldysh Floquet
Green functions for eV = £(Ep + Eg). In the limit
NL/R > YL/R> Ve, Eq. (1) reduces to Fermi’s golden rule,
and the bias asymmetry reflects directly the ratio be-
tween electron and hole amplitudes, u%v? /v%u%. For
ny = nr and v, = vg = 0, which is the regime relevant
in the blue region of Fig. 1(b), Eq. (1) reproduces the
results of Ref. [19]. In the regime relevant for the present
experiment, t4 > 1 g and hence e, v r > N1 r When
outside of the blue region in Fig. 1(b), the bias asymme-
try appears reversed compared to the Fermi’s golden rule
limit [30]. Comparing Figs. 3 and 4 (a, €), this asymme-
try is seen to be reproduced by the transport calculation.
A similar reversed asymmetry has been observed also by
STM spectroscopy of YSR states probed by a supercon-
ducting continuum at eV = Ep /g + Ag/r [18].

Extending the master equation to include the dou-
blet nature of the odd-parity subgap states, we find that
the relaxational current generally depends on the ground
state (odd-parity doublet or even-parity singlet), and
that a finite spin relaxation rate, I'y, must be included
in order to avoid spin-blockade. Such spin relaxation has
been measured in a similar device [12]. Consistency with
the experimental data requires that v, > T's > nr g [30].

Without independent estimates of ¢4, Iy and the con-
tinuum density of states dr,/r(F), we cannot confidently
extract intrinsic relaxation rates 77 r. Nevertheless, a
number of qualitative conclusions can be drawn: 1) We
observe only very weak subgap mirages [33, 38] indicative
of a hard gap [30]; 2) Intrinsic relaxation must be present
and be largely independent of the bound-state energy; 3)
No quasiparticle poisoning, spontaneously exciting the
ground state, is observed, since this would lead to lines
at eV = Ep — Eg [19] and eV = Ay /p — Eg/r, [38] with
opposite gate-voltage curvature. The last two observa-
tions indicate that the intrinsic relaxation is neither due
to quasiparticle poisoning in the leads nor to high-energy
phonon/photon modes [14]. More likely, the nearby nor-
mal metallic Ti/Au leads act as quasiparticle traps with
a weak tunnel coupling to the quantum dots. This is con-
sistent with our modelling of subgap-state relaxation as
arising from a weak tunnel coupling to a large-bandwidth
metallic lead, which also explains the weak low-voltage
mirages observed in the experiment [30].

In conclusion, we have presented measurements of di-
rect transport between two subgap states in a DQD
setup. The electrical tunability of this setup allowed us



to explore the transition between two different relaxation
regimes, identified as stepwise changes in conductance
along the eV = Ep + Er subgap resonance. We devel-
oped a model for the gateable subgap states, including
intrinsic relaxation via weak tunnel coupling to a nearby
normal metal, and a transport calculation combining
MAR and relaxation was found to explain the observed
signatures and provided excellent agreement with the ex-
perimental data. The presented bound-state-to-bound-
state measurements hinge on the availability of intrinsic
relaxation processes, yielding key insights into the un-
derlying population dynamics of gateable subgap states
relevant for future designs of superconducting qubits.
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ARTICLE 3 - SUPPLEMENT

In this chapter we present the supplement of project 3, slightly edited to fit the
structure of the thesis. Unedited version can be found at Ref.[3]. References to main
article and Fig. 1-4 relate to the attached article in chapter 9.

10.1 EXPERIMENTAL DETAILS

10.1.1 Parameter extraction

We obtain the charging energies, Uy and Ug, from Coulomb-diamond spectroscopy.
The data, shown in Fig. 10.1, were taken in the same shell as those shown in the
main article, but for a slightly different gate configuration, which corresponds to the
zero-bias differential conductance colormap shown in Fig. 10.1 (a), through which
gates 2 and 4 were swept to obtain the Coulomb diamond plots for both quantum dots
in the superconducting state. This change in gate configuration was done to reduce the
coupling of the left quantum dot to the left lead, and thereby obtain sharper Coulomb
diamonds. The charging energies are given by the distance in bias voltage between the
edge of the superconducting gap and the apex of the central diamond in Figs. 10.1 (b,
c) and they correspond to U ~ Ug ~ 2 meV.

The superconducting gap is extracted using the same gate setting as in the main
text, focusing on the nearly gate independent lowermost conductance peak right
outside the eV = Ep + Eg feature in Fig. 10.1 (d). These lines are due to transport
between subgap state and opposing gap at eV = E g + Ag/1. At the gate voltage where
eV = E; + Eg =0, we infer that E; = Egx = 0 and read off the values A; ~ Ag ~ 0.14
meV directly from these peak positions (for positive and negative V, respectively).
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Figure 10.1: (a) Colormap of zero-bias differential conductance in logarithmic scale versus
gates 2 and 4, with gates 1, 3, 5 set at -9.2 V, -9 V, and -0.36 V, respectively, and the
backgate set at 10.4 V. Arrows show gate sweep trajectories in (b) and (c). (b, c) Colormaps
of differential conductance versus bias voltage and gate voltage representing Coulomb-
diamond spectroscopy of each quantum dot, with the other quantum dot conducting in
series in cotunnelling. Dashed lines are drawn on top of the diamonds as a guide to the
eye, with the same slope as higher bias features. (d) Colormap of differential conductance
versus bias and gate voltage following half the range of linecut 2 in Fig. 3 in the main
text. Dotted lines indicate eV = A /g + Eg /1 features.

10.1.2 Zero-bias conductance

In Fig. 2 (b) of the main text, we showed zero-bias conductance in a logarithmic scale
versus gate voltages 2 and 4. In that diagram, the horizontal features are noted to be
sixty times fainter than the vertical features. The faint features cannot be distinguished
in the data in Fig. 3 of the main text, as their conductance is too small for the color
scale shown there. In Fig. 10.2, we show differential conductance colormaps which
correspond to low-bias versions of Fig. 3 of the main text, with adjusted color scales
to highlight the faint features. A zero-bias peak traverses all colormaps, which we
attribute to a dissipative supercurrent discussed is chapter 3 and 4. This zero-bias
feature is visible in all subplots except (b) where the scale is set by the eV = E; + Eg
which continues to zero bias. The dissipative supercurrent peak is only one component
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of the zero-bias conductance in Fig. 2 (b) of the main text. A second component
comes from the crossing of low-bias mirages of the subgap states (similar to those
discussed in subsection 8.3.4), which are too faint to be seen in Fig. 3 of the main
text but clearly visible in Figs. 10.2 (a-f). We associate these low-bias mirages with
transport between the subgap state and a small residual metallic density of states in the
superconducting Al leads, which is consistent with our modelling, as demonstrated
below in subsection 10.2.3.
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Figure 10.2: (a-f) Colormaps of differential conductance versus bias voltage taken through the
same gate trajectories as in Fig. 3 of the main text, but with a much reduced bias voltage
range.
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In this section we detail the Floquet Green’s function calculation underlying results
shown in Fig. 4 in the main text. The Green’s functions need to include tunnelling
to all orders, since the relaxation rate of the subgap states is a small parameter
compared to tunneling [46, 169]. Additionally, to capture the Andreev mediated
relaxation channels utilizing the opposing gap, our model is required to include
multiple Andreev reflections, which is achieved via a Floquet representation [150].

We start with the S-DQD-S Hamiltonian where we from the smallness of t4 com-
pared to I7,z assume that each dot is in bias equilibrium with its neighbouring
superconductor yielding,

H(t) = Hi(t) + Hg(t) + Hy, (10.1)

Hj(t) = ng(t) + de, j e{L, R} (10.2)

Hjs(t) = Z(ek — I )c}kgcjkg + Z (A]- (t)c}Lchij + h. c.) , (10.3)
ko k

Hjq = Z(ej — plj)d;rcdjg + Ujd]}}dhdﬂdﬁ +1 Z (d;fcc]'g + h. C.) , (10.4)
o

o

Hr =t4 Z d{Ung +h.c,, (10.5)
(o2

This Hamiltonian describes a left and right QD-S system in equilibrium at py s,
coupled by a tunnel element t4 much smaller than U; /g, such that exchange interaction
can be neglected, but not necessarily small on the order of relaxation rates ny g
important for transport. The difference in equilibrium is enforced by the voltage bias
eV = pur — pgr. The time dependence of Hg;(t) resides solely on the phase A;(t) =
Aeimt/n enforcing the Josephson relation as discussed in chapter 7. Next, we follow
the recipe of chapter 7 starting with the gauge transformation U(t) = Uy (t)Ug(t) with,

it/ (djgdja +> c].Tch]-kG> ] , (10.6)
o k

U;(t) =exp
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which forms a new effective Hamiltonian with y g and the time dependence of A
gauged onto a time-dependent tunnel coupling Hr(t). In this form we can calculate
transport to all orders using,

e o0
() = £ | dwTrRe [eMMw) (L7 (w)gh(w) + Zfy lw)gf () MA )]
MX(w) =1+ I (w) gl (w)MX (w), (10.7)
X () = 6n,mt(zig§,(m(w +(n—1)eV) —5n,m+2t%19§,(12)(w +(n—1)eV)
shnm —énlm,ztﬁgé(z”(w +(n+1)eV) 6n,mtﬁg]§/(zz) (W+ n+1)eV)

if we can describe the left/right side by a single particle Green’s function from a
non-interacting Hamiltonian. As discussed in chapter 8 this requires an approximation
to handle the interaction Uy /z. The main focus of the present calculation is to capture
the peak-to-peak transport processes between two opposing supgab states, and the
influence of various relaxation processes depicted in Fig. 1. Next, we present a minimal
model which captures these processes before we move on to the full calculations used
in the main text.

10.2.1  Minimal Model

The additional Andreev mediated relaxation processes y /g stems from the interaction
between subgap state and quasiparticles with energy E4p > A, and competes with
intrinsic relaxation ng g. As a minimal left and right Green’s function we therefore

propose,
(w) = ] 1 1 +ivi0(lw| —Ar)
9 w+in/2—E \1 1 !
(w) = ] ] 1 +1v19(|w|—AR) (10 8)
9r w+inr/2+Eg \ 1 1 ! '

o7 /x(@) = (o r(@) — of jg(@) ) n(w),

which consists of two subgap states at energy E; z with relaxation n; g and a for
simplicity assumed constant gap described by v /z. The factor of two in n /g is chosen
to better compare with master equations, such that ny gz corresponds to the relaxation
rate of an excitation in the Lindblad approach. The subgap state, modelled in 2 x 2
Nambu with spinor @z = (dL /R}s dJ{ R i)’ is of a classical spin form with equal
electron and hole component v ;g = v ;g = 1. This can also be obtained as a limit of
the spin-polarized mean-field approximation as shown in section 8.1. The choice of



10.2 FLOQUET GREEN’S FUNCTIONS

different signs of E; and Eg in the denominator is due to the spin-polarized nature
of the subgap state. As we want a current to run for eV = E| + Eg, where the left
electron component is aligned with right hole component, we need to make sure both
are the same spin species, guaranteed by the sign. If sgn(E; ) = sgn(Eg) transport will
be spin-blockaded as of the spin-polarized nature.

(a) (b) (©)

1(2e/hA10~3)
g

02 04 06 08 10 12 02 04 06 08 10 12
eV/A eV/A

Figure 10.3: (a, b) Plot of current peaks around eV = Ei + Eg using eq. (10.7) and Green’s
functions eq. (10.8) for various E; and Eg. Colors match the diagram shown in Fig. 2 (b)
in the main text indicating the presence of Andreev mediated relaxation processes. 1 is
the number of included Floquet subbands and calculations are done with tq = 0.01A,
nL = nr = 0.002A, vi = vg = 5A, and temperature T = 0. Convergence is obtained
already at | = 1. (c) Schematic of the transport process requiring both y1 and ygr which is
not captured by 1 = 0.

In fig. 10.3 we show current peaks at eV = E; + Eg for various energies, correspond-
ing to the three different regimes shown in Fig. 1 (b) of the main text. Calculations
are done with tq > ni, g such that higher order transport processes dominate, and
we are not in the Fermi’s golden rule limit. Here we find higher current peaks at
positions where Andreev mediated relaxation processes are available, and we find that
additional Floquet supbands, | = 1, are required to capture this effect. This is markedly
different than results of section 8.3.3 where additional subbands where only necessary
for MAR processes appearing at integer values of other processes, e.g. eV = 2A/n or
eV = (EL + Ag)/n. In contrast, here we see amplification of a peak already appearing
at 1 = 0, indicating that to capture peak-to-peak transport at eV = E; + Eg higher
order Floquet is required. Setting vi and Vg to zero makes all peaks have the same
height in fig. 10.3, highlighting the influence of Andreev processes.
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10.2.2  Spin-Polarized Mean-field model

To describe the interaction between superconductor and quantum dot, we utilize a
non-self-consistent spin-polarized mean field approximation in which the charging
energy, U, is replaced by an effective magnetic field B = U/2 as presented in section 8.1.
Whereas this approximation omits dynamical spin-flips of the dot spin (and hence
Kondo-correlations) altogether, it is known to correctly capture many aspects of
YSR states [33]. Importantly, this approximation incorrectly describes the odd-parity
groundstate of the dot-superconductor system as a singlet state. As we discuss using
master equations in section 10.3.2, this does affect the relaxational transport cycles,
albeit in a manner which only leads to quantitative differences in the relaxation rates
that one might attempt to infer from a transport experiment. Furthermore, since the
mean-field approximation causes the odd-parity singlet state to be spin-polarized,
some groundstate configurations would show artificial spin blockade. To circumvent
this, we choose the magnetic mean-fields on each dot to be orthogonal, such that
transport occurs via projections between orthogonal spin-spaces allowing transport in
all groundstate configurations [158].
In this model we approximate the dot Hamiltonian in eq. (10.1) to,

o
Mjq = ECDJ-T (ejTz + Bjoy) @; (10.9)

with j € {L, R}, Pauli matrices oy = 0;, or = 0x and using the 4 x 4 spinor ®; =
<dj¢, djy, dL,—djTT), and bar indicates that K is gauge transformed away. The left
and right dot Green’s function are then tractable, and includes a superconducting
self-energy term Zjs(w) and a relaxation term j;,

R . = R -1
gj (w) = [w+1ﬂ—€sz—BjGj —st(w)] (10.10)

w — ATy
VA2 — (w+1ins)?

where 1g is included purely for numerical purposes. Following the derivations of

Z]Rs(w) =-—0 (10.11)

section 8.1 this Green’s function yield a spectrum with a single subgap state and an
effective relaxation rate,

nj = 81jBjA; sz/(sz + sz)z (10.12)
valid around €; = 0, again with a factor of two difference to better with master
equations. As we in experiment only observe features we associate with relaxation
processes, we simply choose the lesser component to be given by the fluctuation-
dissipation theorem,

o7 (@) = (' (w) — g (@) ) n(w) (10.13)



10.2 FLOQUET GREEN’S FUNCTIONS

-02 -01 00 01 02
T . (0A)

.

-15-10-05 00 05 10 15 -15-10-05 00 05 10 1.5 -15-1.0-05 00 05 1.0 1.5
—er/B —€r/B —er/B

2[(d) FT
14 — p / p

Sof ]

o |

-1 </

_2<

-15 -1.0-05 0.0 0.5 1.0 1.5 -1.5-1.0-05 00 0.5 1.0 1.5 -1.5 -1.0-0.5 0.0 0.5 1.0 1.5
—€1/B —e1/B —€1,/B

Figure 10.4: (a-f) Calculation of current as a function of bias and dot tuning e; with 1 = 1. Dot
tuning is chosen to match linecuts in Fig. 3 in the main article. Dotted lines in (b) and (e)
indicate the bias range shown in figs. 10.5. Parameters used in plots: A; = Ag = A =0.14
meV, By =Br =7, =665 TR =42,t4 =073, n. =nr =3.75x 1074, T =103 all
in units of A. The BCS density of states of the superconducting leads are broadened by

Ns = 107°A for numerical reasons.

with T = 1073A effectively corresponding to T = 0 for our purposes. These Green’s
function are then used as left and right lead to calculate current through the Floquet
Keldysh equations, eq. (10.7).

In fig. 10.4 we show current calculated in this manner with 1 = 1 which is enough to
ensure convergence of the salient features observed in Fig. 10.4. In the low-bias region

of these plots however, additional fine structure which requires more sidebands exist.

These will be in investigated further in the next subsection 10.2.3.

In comparison to the experimental data, these calculations show large changes in
width of the eV = E + Eg peaks for different dot tunings, and the sharp features in
current will therefore dominate the non-linear conductance, dIy/dV. These differences
are in realistic descriptions smeared out by an additional P(E) broadening, reflecting
the inevitable fluctuations in bias voltage, which are present in realistic circuits. This we
implement as a convolution of current, I(V) = fiooo dEIy(E)P(E — V), with a gaussian
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distribution, P(E) = e—E?/207 /210, with a spread o = 0.04A = 6 neV, chosen to make
the width of conductance peaks similar to observed peak width in experiment. The
plots presented in Fig. 4 in the main text are obtained from such P(E)-broadening of
the plots shown in Figs. 10.4 along the bias axis, followed by numerical differentiation
to obtain the conductance.

10.2.3 Low bias features

(@) I(nA) (b) I(nA) (c) dIdV(e?/h)
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Figure 10.5: Calculations of low bias current with (a) ep. =0 and (b) egr = 0 corresponds to (b)
and (e) in Fig. 10.5. (c) Conductance obtained by convolving and differentiating current
in (b). All plots are with the same parameters as in fig. 10.4. and using 4 sidebands.

In this subsection we investigate the effects of multiple Andreev reflections for small
bias, for which it is necessary to include more Floquet bands to assure convergence.
In Figs. 10.5 (a) and (b) we show low-bias current calculations using | = 2. This
is enough to observe a number of sharp lines of current at integer fractions of the
previously described features, i.e. eV = (Er g + Ag/)/n (cf. also Ref. [155]) and
eV = (EL + Eg)/n [158]). As the areas under these current peaks are much smaller
than for the n = 1 peaks at higher bias, the subsequent P(E) broadening used above
renders these low-bias features unobservable in the experiment. In Fig. 10.5 (b) we also
identify current plateaus starting at eV = E| g, which we identify as the weak metallic
density of states (DOS), which we use to model the intrinsic relaxation, probing the
subgap state [71, 155]. In Fig. 10.5 (c) we show the nonlinear conductance obtained by
P(E)-broadening and subsequent differentiation of the current in Fig. 10.5 (b). This
is seen to smear out the sharp MAR signal and leaves a marked set of conductance
peaks of height comparable to those observed in the experimental data shown in
Figs. 10.2. The fact that the weak metallic DOS, which we have included as a model
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for the intrinsic relaxation needed to describe the eV = E; + E peaks in experiment,
also yields a consistent description of the weak replicas crossing zero in experiment
suggests that the metallic DOS is a real feature of the experiment rather than a just a
simple means of modelling relaxation.

10.2.4 Multigap model

In the experiment, multiple higher-lying replicas of the eV = E g + Ag/ feature are
observed. In this subsection we illustrate how such replicas can arise from including
multiple subbands in the proximitized InAs wires comprising the leads. Modelling
the DOS of each of the two superconducting leads (i = L,R) by a sum of BCS
peaks for each subband (indexed here by j = 1,2,3,4,5) with each their gap, Ay €
{1.0,1.1,1.2,1.3,1.4}A with A = 0.14 meV, the left and right tunnelling self-energies are
readily found as,

A
2R (w) =—N Z e : (10.14)
j \/A%. — (w + ing)?

This self-energy is then used to compute the left, and right Green’s functions as to
obtain the current using the Keldysh Floquet formula eq. (10.7).
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Figure 10.6: Calculation of conductance using Eq. (10.14) as a function of energy tuning with
er = 0. Calculations are truncated at two Floquet sub-bands so results close to zero
eV < 0.2A could contain additional contributions. With similar parameters as in fig. 10.3
but with It = 1.3 and 'k = 0.8 in units of A.
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Results of this calculations are shown in Fig. 10.6, which corresponds linecut 2
in Fig. 3 in the main text. One observes replicas of the eV = Ey r + Ay, feature
appearing as individual subband BCS peaks probe the opposing subgap state. At
the same time, only one subgap state is formed on either side, yielding only a single
eV = E[ + Egr feature. We note that earlier calculations using the zero-bandwidth
approximation have shown similar results [73]. Interestingly, as the bound state
acquires quasiparticle spectral weight from 5 different subbands, their individual
BCS peaks remain relatively sharp, unlike for a single subband for which the YSR
state depletes its BCS peak altogether. These residual BCS peaks in a multi-subband
system therefore lead to enhanced MAR processes and the eV = E| g + Ag/; features
exhibit negative differential conductance. All these features of course depend on the
tunnelling rates of the individual subbands, all of which were here assumed to be
equal for simplicity.

10.3 MASTER EQUATIONS FOR SUBGAP STATE TRANSPORT

To obtain a more complete understanding of the relaxational transport between two
subgap states at resonance, we support the Green’s function analysis above by a
separate calculation of the current using master equations of the Lindblad form
for the boundstate density matrix (cf. e.g. Refs. [171, 172], and references therein).
This approach follows the procedure used in ref. [51] to describe subgap transport
with intrinsic relaxation, but here expanded to also include relaxation by Andreev
reflections.

With the simplifying assumption that both groundstate and excited state of each
subgap system are non-degenerate (singlets) the full Hilbert space of the system is
spanned by [0,0), [0,1), [1,0) and [1, 1) where left and right number refers to the state
of left and right subgap state respectively, which can be either in its groundstate, 0, or
in its excited state, 1. In terms of the bias-voltage detuning, edV = eV — E| — Eg, the
coherent dynamics of the subgap system is captured by the 2 x 2 Hamiltonian of the
even-parity subspace {|0,0),/1,1)},

—edV/2
Hywo = / Ye (10.15)
Ye edV/2

with tunnelling amplitudes for transitions |0,0) <+ [1,1) denoted by .. This amplitude
is given by ye = viugty, if the left hole peak is aligned with the right electron peak
(8V = 0) as in Fig. 10.7 (c), and by ve = ujvgty in the opposite case for negative
bias (eV = —E[ — Eg). By themselves, these coherent transitions do not carry any net
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Figure 10.7: (a) System schematic. Dashed line indicates where current is counted. (b) Diagram
of transport dynamics. Black lines transfer no electrons, while blue lines transfer one
electron and red lines transfer two electrons. (c) Schematic drawing of relaxation processes
where blue lines indicate when an electron pass the barrier in (a).

current, and for this we need to include incoherent relaxation processes. We include
four independent relaxation rates, n; and vy; for i € {L, R} shown in Figs. 10.7 (c), where
ni describes intrinsic relaxation processes occurring in each lead independently, while
vi describe relaxation through Andreev reflection employing the density of states in
the opposing lead .

We choose to calculate the current as the rate of electrons leaving the right subgap
state and entering the right lead. With this definition, ng and y; both transfer one
electron while yg transfers two electrons as shown in fig. 10.7 (c). The current can then
be written as,

e
[= Zﬂﬂ [(2yr +vL +1r)P11 + (2yR +1R)P10 + YL Po1l, (10.16)

where P; = pj; is the occupation probability of state [i), found as the diagonal elements,

pii, of the 4 x 4 density matrix operating in the full Hilbert space spanned by states
{l0,0),10,1),11,0),11,1)}. In order to determine the density matrix, the total relaxation
rates on either side, A; = n; + v, are included via jump operators

Ly =+ALI0,1) (1,11, L, =+/ArI1,0)(1,1], (10.17)
L3 =V AL |OI O> <1/O|I L4 =V AR |0/0> <OI”/ (10'18)
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whereby the density matrix is found by solving the Lindblad master equation:

dp

. P T
hE =1[Hax2, pl + ; (LipLi — Z{Lil—i/ p}) , (10.19)

where {-, -} denotes an anti-commutator. Rewriting this equation, and keeping only
off-diagonal terms for [1,1) and [0,0) where tunnel coupling builds coherence, we
obtain,
d .
hd_‘t’ = i[Hax2, pl — (AR + AL)P11 11, 1) (1, 1+ (AgP10 + ALPo1) [0,0) (0, 0]
+ (ALP11 — ARP01) 10, 1) (0, 11 + (ARP11 — ArP10) [1,0) (1,0 (10.20)

(AR +Ar)

- (p11,0011,1) (0,0l + poo,1110,0) (1,11),

which we solve for the steady state occupation numbers by enforcing % = 0 and
> Pi = 1. This yields Py; = //t_;P”, Pio = ﬁ\\_tp” and

2

\E
2 2 :
yAARE | AR 4 p25y2

Py =

(10.21)

From this, we obtain the expression for the current presented in the main text describ-
ing a Lorentzian peaked around eV = E| + Eg:

G [/\L (1+X—‘;)+/\R (1+X—;)]

2 2 ’
h Y%(/\/L\t//\\::) + (/\L‘Z/\R) +e28V2

[=2n (10.22)

If we extract the bound state energies, E;, and the effective relaxation rates, 1;, from
the denominator in eq. (10.11), in addition to the coherence factors u; and vi, we can
calculate the Andreev mediated relaxation rate by Fermi’s golden rule:

YL = TruftédR(ZEL +Eg) and yg = TrsztﬁdL(—ZER —Eyp), (10.23)

for positive biases where the left hole peak is aligned with the right electron peak. For
the opposite case, left electron sector aligned with right hole sector, let u; — vi, vi = w;
and E; — —E;. In fig. 10.8 we compare results obtained from the master equation
and the Keldysh Floquet Green’s functions, respectively. Apart from the continuum,
which is not included in the former, this demonstrates an excellent match between the
two different methods when it comes to describing the relaxational current peaks at
eV = +(E; + Eg).



10.3 MASTER EQUATIONS FOR SUBGAP STATE TRANSPORT 155

-02 -01 00 01 02
[ T [, (nA)
@ am- [®
% 0
-1 \ 1 \\
_2_

-15 -10-05 00 05 1.0 1.5 -1.5-1.0-0.5 00 05 1.0 1.5
—GR/B —GR/B

Figure 10.8: Calculation of current using master equations. (a) is calculated using eq. (10.22)
and (b) shows plot fig. 10.4 (a). Parameters used for the master equation are similar as in
tig. 10.4.

10.3.1  Conductance asymmetry

Both data and theory show a notable bias asymmetry in conductance near eV =
+(Er + Eg). In the limit, n; > t4, where current can be calculated using Fermi’s golden
rule, we expect this asymmetry to reflect directly the frequency asymmetry of the
underlying spectral function, which is present for u; # v; away from the particle-hole
symmetric point. As the width of conductance features is provided by P(E)-broadening,
the interesting quantity to compare is the integral of eq. (10.22), since this area under
the current peak determines the conductance. In the limit of n; > v;, v. we find this
area to be

A= 47{2%1/&. (10.24)

Since vZ is proportional to the spectral weight of the aligned peaks (y2 o viu3 for left
hole aligned with right electron sector) the asymmetry of this area matches that of the
underlying spectral functions, and the bias asymmetry is set by the ratio viu3 /uév?.
In the opposite limit where t4 >> 1, we instead obtain

2
Ye
v o1

YLYR @ 4

A= 4712§L (10.25)

for which it is the factor v%qu / u%v% in competition with ﬂzt(zi di (2E; + Eg)dr(—2ER —
Er), which determines the bias asymmetry This complicated relation strongly depends
on the energy levels €; (set by the gate voltages in the experiment) which determine the
coherence factors w;, vi, and for the parameters extracted for the present experiment
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Figure 10.9: Calculation of conductance using eq. (10.22) with a P(E) convolution for three
different values of n;. (a-c) are with e; /B = —8.4 and (d-f) are with eg/B = 0. Other

parameters used similar as in fig. 10.4. Plots (c) and (f) correspond to the Fermi’s golden
rule limit.

the marked conductance asymmetry is opposite to that of the Fermi’s golden rule
limit, as seen in Fig. 10.9, indicating a relatively weak intrinsic relaxation rate, n; < tq.
This reversal of asymmetry is similar to the one demonstrated for S-QD-S systems in
subsection 8.3.2, and measured in STM [46]

10.3.2  Singlet-to-doublet Master Equations

So far, we have simplified the transport calculations by using spin-polarized mean-field
theory, which has lead to non-degenerate subgap states. There is, however, no reason
to believe that spin rotational invariance should be broken in this system and each of
the (left/right) subgap excitations are therefore expected to be comprised of a singlet
and a doublet state. The total number of states for the two subgap state system is then
9, instead of 4, with states |S,S), IS, 0), |0, S) and |o, o) with o € {1, ]} and left/right
position denoting left/right subgap state. In this final section, we extend the master
equations to deal with the full spin-degenerate problem. This allows us to assess the
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Figure 10.10: Schematic of transport dynamics. (a) is for the |o, 0’) groundstate while (b)
is for the |S, o) groundstate. Black lines indicate processes that transfer no electrons
while blue lines indicate processes that transfer a single electron. Green lines indicate
spin-flip processes that does not change fermion parity. Lines with y. we treat as
coherent processes the rest are modelled as jump operators. To obtain the corresponding
diagram for the [S,S) and |0, S) groundstate flip direction of all n; lines in (a) and (b)
correspondingly.

potential shortcomings of the spin-polarized mean field approximation in the transport
calculations presented above and in the main text.

Our approach follows the template from the singlet-to-singlet master equation. For
simplicity, we assume that relaxation by Andreev reflection can be ignored, i.e. y; = 0,
corresponding to the blue regime in Fig. 1 (b). We assume that relaxation occurs
independently on either side, such that a doublet |o) relaxes to singlet state |S), while
a singlet relaxes either to [1) or ||). Both processes are assumed to take place with
rates ;. As such, singlet states experience a higher total relaxation rate than doublet
states. In fig. 10.10 (a) we show a heuristic diagram of the governing dynamics when
both subgap states are in a doublet groundstate, |0, 0’), with bias eV = E + Eg + edV
such that coherent tunneling can drive transitions [1,]), |}, 1) <> IS, S). The coherent
part is described by the Hamiltonian,

edV/2 Ye —Ye
Hpp-ss = | ve —edV/2 0 (10.26)
—Ye 0 —edV/2

where the first entrance is the |S,S) state and second and third are |1,]) and [}, 1),
respectively. In this relaxation scheme, the system may end up in triplet state, |0, o),
which will block the current. A similar spin blockade were observed in Ref. [101],
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although there calculations are in a very different formalism. To lift this Pauli spin

blockade, we include a spin-flip rate, I, which flips the spin of the subgap state

without changing fermion parity. These are included as Markovian jump operators,

just as for the quasiparticle relaxation, and are represented by green arrows in fig. 10.10.
The Lindblad master equation now takes the following form:

d . 1
h_p = 1i[Hpp_ss, pl + Z [I_ipl_iT — Z{LII_i, o, (10.27)
i

dt
where p is a 9 x 9 density matrix. For each arrow in fig. 10.10 (indexed by 1 in the
summation in eq. (10.27) pointing from state 1 to a state k, we include a jump operator
L=+vX k) (1| with rate X. Since only the 3 x 3 block of eq. (10.26) builds coherence,
we can set all other non-diagonal components to zero. Solving the diagonal part of
the master equation for the non-coherent part allows one to simplify the remaining
master equation to a 3 x 3 matrix equation, hp = i[Hpp_ss, p] + M, with M given by

—2nT1P11 —Mr+Ts)p1z —Mr+T5)p13
Mpp = | —(1 +T%)p2 TP —2T5p23 , (10.28)
—(mT1 +Ts)p31 —2Tsp32 ne1

for doublet-doublet groundstate, and

2enTp22 —M1/2+Ts)p12 —M1/2+Ts)p13
Mss = | —(M1/24T5)p2 —CcnTP22 —(71+2I5)p23 |, (10.29)
—M7+T5)p31 —(n1 + 2I%)p32 —CcnTP22

for singlet-singlet groundstate. Here nt =1 +ng and ¢ = (n1 + 2I5)/(n7 +4T%), and
the state indices on p have been defined as SS =1, /=2 and | 1= 3. Spin rotational
invariance dictates that py; = p33. Solving for the normalized (Tr[p] = 1) steady
state (p = 0) density matrix, and counting transported electrons from the ng process,
similar to eq. (10.16), we obtain the following currents for the different groundstate

configurations
: 2T
Ipp = 27'(}51 Z (7 + z)r v , (10.30)
e28V2 + (mr + 2M)* + Jy2 It [3 + oi 4 %“r—T}
2 I
I = 28 vinT+T5)

. (10.31)
)

h 2cv2 T+rs) 2T1T+rs [ Nt g
e2pv2 4 10 +v4 2+2nLnR + T+Fs

Both formulas are Lorentzians and for Iy — 0 we find Ipp — 0 while Iss remains
tinite, reflecting the triplet blockade occurring if no spin-relaxation is present. In the
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case of a singlet-doublet groundstate configuration, [S, o), the eV = E; + Eg resonance
drives transitions |S, 0) <+ |0, S) as seen in fig. 10.10 (b). We setup up a master equation
in a similar manner as before but now the system is composed of two symmetrical
2 x 2 blocks,

H _ [edV/2 Ye B —fp11 —(TIs+1/2)p12
SD-DS = and Msp = ) . ,
Ye —edV/2 —(Is +1/2)p21 P11

(10.32)

in the basis {|S, 1), [1, S)} and with 1] = ng + 2n. Similarly, the corresponding equation
for a doublet singlet configuration, |o,S), is obtained with fj = 2ng + 1. Utilizing
again the spin-rotational invariance, we solve for the steady state density matrix and
obtain the following current:

2([+Ty)
Isp 227T}—L :;?? =
R R

or, 72 ! (10.33)
20 g

which again takes a Lorentzian form.

Next, we compare these results with experimental findings. A low-bias region,
corresponding to the relaxational regime without Andreev mediated relaxation con-
sidered in this subsection, is clearly visible in linecuts 1, 2 and 5 presented in Fig. 3
of the main text. Following the eV = E + Eg features through the gate voltage at
which they change slope and the subgap system changes groundstate, we do not
observe any notable change in conductance. This observation enforces restrictions
on parameters if current is indeed described by egs. (10.30), (10.31), and (10.33). The
fact that we observe a finite conductance in the doublet-doublet sector means that
Is cannot be zero. Overall, the experimental data are consistent with the assumption
that ye > I, > n1 = n = 1, which ensures the lifting of Pauli spin blockade. As
discussed in the previous subsection, the conductance is best described in terms of the
area under the current peak, since this is independent of the P(E) broadening. In the
said limit of rates, one finds,

Ass 27T}—17 Yevnls, (10.34)

2

Aps = 271}—1\/; evnls, (10.35)
e [2

App = Zﬂﬁ \/;Ye\/ﬂrs, (10.36)

with Ay = fiooo doVIi;(8V). The fact that these three areas are equal up to a factor of
approximately v/2, and remain so in a wide parameter range without requiring fine
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Figure 10.11: (a) Experimentally acquired current as a function of bias and gate following
linecut 2 in Fig. 3 of the main text. Dashed lines indicate cuts shown in (b-e). (b-e)
Current as a function of bias for cuts on either side of the two phase transitions. The
positive and negative peak are fitted by a Gaussian function plus a linear function

accounting for tails.

tuning of rates is consistent with the experimental observation that the peak to peak
conductance is largely constant across the phase transitions (changes in groundstate).

To test this finding in greater detail, we consider again linecut 2 from Fig. 3 in the
main text, for which eV = E{ + Eg crosses zero two times within the regime where
there is no Andreev mediated relaxation (cf. fig. 10.11 (a)). In Fig. 10.11 (b-e) we show
the results of fitting a Gaussian plus a linear function to the current peaks. From these
tits, we extract the area under the positive and negative current peaks, excluding any
contribution from the linear part, before and after the phase transition at the two
crossings. Going from (b) to (c), or from (e) to (d), corresponds to a phase transition
from a DS, to a DD groundstate, as can be inferred from the charge diagram in Fig. 2
(b) of the main text. Comparing the area of the negative (positive) bias peaks in the DS
sector with the area of the positive (negative) bias peak in the DD sector, we find that

~ 1.3, (10.37)

where Ay denotes the area of the fitted Gaussian positive-bias peak at gate voltage
indicated by the dashed line at (b), not including the contribution from the linear part
of the fit, which is required in order to fit the tails. In the small distance between (b)
and (c), and (e) and (d), respectively, it is reasonable to assume that coherence factors,
u; and vy, are approximately constant, such that v, remains constant. The ratio between
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expressions (10.35) and (10.36) should therefore be constant, i.e. //\\'%g = \/g ~ 1.5,
slightly smaller then what we find by fitting.

In conclusion, we find that reinstalling spin-rotational invariance by including an
odd-parity doublet groundstate results in Lorenztian current peaks at the eV = E; + Eg
resonance, just as for the singlet-singlet modeling building on the spin-polarized mean
tield approximation. Including the doublet state, however, it becomes apparent that the
observation of relaxational peak-to-peak current in the doublet-doublet phase relies on
a large spin-flip rate, I's > 1. At the same time, the observation of a stepwise change in
conductance at the boundary between two different relaxation regimes requires strong

interdot tunnelling, v > T. Altogether, the hierarchy vy, > T > n; with g = ng, as

employed in the main text, provides a consistent description of the experimental data.

This includes the observation that the current peaks at eV = E; + Eg only change by a
minor factor of approximately v/2 when undergoing groundstate transitions.
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PROJECT 4

In this project we investigate a very similar device, consisting of an InAs nanowire
with epitaxial aluminium removed in a central region, where a double quantum dot is
gated. The nanowire is placed in a SQUID geometry, allowing for measurements of the
full CPR. In contrast to our previous device, where we extracted critical current I. by
titting of zero-bias peaks, we in this device measure the S-DQD-S junctions switching
current Ipgp. If no noise is present we expect Ipgp =~ I [117], but for the low Ipgp
measured in this junction Ipgp < ¢ is more likely due to noise-activated switching,
although Ipgp and I are still positively correlated. The major advantage of this setup
is the ability to identify the 0 and 7 phase through the CPR, which can be compared
to groundstate inferred from the charge diagram. Here we find complete agreement
between data and predictions from 4t order perturbation theory and ZBW models,
presented in chapter 4. These capabilities are used to investigate the supercurrent
analogue of triplet blockade, characterized by a reduction of Ipgp in the (1,1) charge
sector, when a magnetic field changes the groundstate from an exchange singlet to a
triplet state.

The theory for this paper was made in collaboration with Déavid Pataki and Andras
Palyi. Although, we are in the weekly coupled regime where 4 order perturbation is
valid, we use ZBW in the main paper due to its simplicity. Apart from collaborating on
modelling, my main contribution to this project was the sign arguments presented in
subsection 4.2.1 and in appendix B. These simple rules guarantees the sign of I, thereby
Ipgp, from the parity of the groundstate. This shows that the triplet groundstate is
tirmly 0 phase, although one could think of it as a minimal ferromagnet known to
host 7t phase [173]. The decrease of supercurrent in the triplet phase, amounting to
the blockade, is not complete, and stems primarily from the reduction of available
cooper-pair paths for the triplet groundstate. Curiously, the blockade is complete both
in the limit of A — oo and U — oo, which is shown in the papers supplement [4]. In
this project, we also included finite spin-orbit coupling, as is necessary for InAs wires
in finite magnetic field. The primary effect of this was the formation of an anti-cross
between the exchange singlet and the triplet state in the (1, 1) charge sector.
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Serial double quantum dots created in semiconductor nanostructures provide a versatile platform for inves-
tigating two-electron spin quantum states, which can be tuned by electrostatic gating and an external magnetic
field. In this Rapid Communication, we directly measure the supercurrent reversal between adjacent charge
states of an InAs nanowire double quantum dot with superconducting leads, in good agreement with theoretical
models. In the even charge parity sector, we observe a supercurrent blockade with increasing magnetic field,
corresponding to the spin singlet to triplet transition. Our results demonstrate a direct spin to supercurrent
conversion, the superconducting equivalent of the Pauli spin blockade. This effect can be exploited in hybrid
quantum architectures coupling the quantum states of spin systems and superconducting circuits.

DOI: 10.1103/PhysRevB.102.220505

Semiconductor quantum dots, where the orbital and spin
states of single localized electrons can be controlled [1], are
one of the leading platforms for quantum information process-
ing [2]. Specifically, double quantum dots (DQDs) connected
in a series [3] became the preferred physical implementation
of spin [4], and spin-orbit quantum bits [5] in low-dimensional
semiconductor nanodevices, such as heterostructures hosting
a two-dimensional electron gas or semiconductor nanowires.
In these devices, the readout of the spin quantum state relies
on spin-dependent single electron tunneling processes, which
then enable charge readout via direct electronic transport [1],
charge sensing techniques [6], or dipole coupling to a mi-
crowave resonator [7,8].

In a superconducting nanodevice, the dissipationless su-
percurrent Ig at zero voltage bias is driven by the quantum
mechanical phase difference ¢ up to a maximum amplitude,
Ic, the critical current [9]. In the lowest order of tunneling,
the supercurrent-phase relationship (CPR) [10] is sinusoidal,
Is(¢) = Ic sin(g), which describes the coherent transfer of
single Cooper pairs through the weak link. When the weak
link is a nonmagnetic tunnel barrier, a zero phase difference is
energetically favorable in the absence of supercurrent, which
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is described by a positive critical current, Ic > 0. In contrast, a
negative coupling yields a supercurrent reversal, Ic < 0, often
denoted a 7 junction due the 7 phase shift in the CPR. This
negative coupling has been observed in ferromagnetic weak
links [11,12], out-of-equilibrium electron systems [13], and
semiconductor quantum dot junctions [14,15].

The dependence of the critical current on the spin state
and charge state of a DQD has also been addressed theoret-
ically [16-22], and the recent progress in materials science
of superconductor-semiconductor hybrid nanostructures [23]
enabled measurements of the amplitude of the critical current
as well [24,25], in correlation with the charge states of the
DQD.

In this Rapid Communication, we report on direct measure-
ments of the CPR through a DQD weak link formed by an
electrostatically gated InAs nanowire. By employing a phase-
sensitive measurement scheme, where the DQD is embedded
in a superconducting quantum interference device (SQUID),
we characterize the full CPR of the DQD, enabling a signful
measurement of Ic. The direct observation of the supercur-
rent reversal in the total charge number boundaries allowed
us to identify the even and odd occupied states. Finally, the
magnetic field dependence of the supercurrent amplitude in
the even occupied state reveals the presence of a supercurrent
blockade in the spin-triplet ground state, in agreement with
numerical calculations.

We built our device (Fig. 1) from an approximately 7-pum-
long InAs nanowire grown by molecular beam epitaxy, and
in situ partially covered by a 6-nm-thick epitaxial aluminum
shell with a typical superconducting gap of A ~ 200 ueV
[23,26]. We formed two segments with the aluminum layer

Published by the American Physical Society
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FIG. 1. Device layout and characterization. (a) Color-enhanced electron micrograph of the nanowire DQD junction with five wrap-around
gates (yellow) which provide the confining potential. The V1, V-, and Vg gate voltages define the barriers, while Vi and Vi control the number
of electrons on the dots. The aluminum shell (blue) is selectively etched away in the weak link section (green denotes bare InAs). The scale bar
denotes 100 nm. (b) Perspective drawing of the DQD junction highlighting the conformal gates. (c) Color-enhanced electron micrograph of the
DC SQUID made of sputtered NbTiN film (in blue) with the reference junction in the left arm and the DQD junction in the right arm. The scale
bar denotes 2 um. (d) The circuit diagram for the normal-state characterization with the reference arm depleted. (e) The measurement scheme
of the switching current measurements in the SQUID geometry. (f) Charge stability diagram of the DQD in the normal state at a large magnetic
field B, = 0.5 T. (g) Switching current color map through three charge states of the DQD and the flux ® induced by a small B, . Each pixel
is an average of 18 measurements. The side panel shows all switching current data taken along the magenta and green line, respectively. The
solid lines denote the sinusoidal fit yielding the signful oscillation amplitude Ipgp and offset I.; (see text). The standard deviation of the phase
is 6 x 10737 and 1.2 x 1027 for the magenta and green lines, respectively. The bottom panel displays the fitted It and Ingp. The DQD was

tuned along the total energy axis [see the solid black line in Fig. 2(a)] and we display the corresponding Vi, range on the horizontal axis.

selectively removed where the DQD and the reference arm
would be defined. Next, we created the SQUID loop from
a sputtered NbTiN superconducting film, and covered the
device with a 10-nm-thick AlO, dielectric by conformal
atomic layer deposition. Finally, 40-nm-wide and 50-nm-
thick Ti/Au gates [in yellow in Fig. 1(a)] were evaporated
under three angles to ensure a conformal coverage around the
wire [schematically shown in Fig. 1(b)]. Five gates defined the
DQD (on the right) and a single gate controlled the reference
arm [on the left in Fig. 1(c)]. Details on the device fabrica-
tion are shown in the Supplemental Material [27]. All of our
measurements were performed in a dilution refrigerator with
a base temperature of approximately 30 mK.

We first characterize the DQD with the leads driven to
the normal state by a large magnetic field, B; = 0.5 T. We
measure the differential conductance d1/dV of the DQD with
the reference arm fully depleted [Fig. 1(d)]. We control the
coupling to the leads with the gate voltages Vg1 and Vg, and
the interdot coupling is tuned by V¢ [Fig. 1(a)]. A character-

istic honeycomb diagram is plotted in Fig. 1(f), where the
charge occupancy of the dots (nr, ng) is set by the voltages
applied on the two plunger gates, V1. and Vg.

We perform the CPR measurements with the leads being
superconducting and with the reference arm of the SQUID
opened with its electrostatic gate so that it exhibits a higher
critical current than the DQD arm. Due to this asymmetry, the
phase drop over the DQD junction is determined by the mag-
netic flux ® through the SQUID loop area [Fig. 1(e)] [14,28],
which is proportional to the applied magnetic field B,. We
measure the switching current Isy of the SQUID by ramping
a current bias in a sawtooth wave form and recording the bias
current value when the junction switches to the resistive state
marked by a threshold voltage drop of the order of 10 V. We
show a typical data set in Fig. 1(g), where each pixel in the
main panel is an average of 18 measurements. The right side
panel shows the raw data points at two plunger gate settings
denoted by the magenta and green lines in the main panel, as
well as the fitted sinusoidal curves in the following functional
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FIG. 2. The supercurrent charge-stability diagram at zero mag-
netic field. (a) Color map of the measured Ipgp as a function of
the plunger gate voltages Vi and Vi revealing a supercurrent sign
reversal between the adjacent total charge sectors. The dashed lines
denote the numerically calculated charge boundaries (see the text).
Measurements along the solid line are shown in Figs. 1(g) and 3(a).
(b) The ZBW calculation of the critical current /- of the DQD using
the same parameters. The charge occupation of the dots is indicated
in parentheses. Visual representations of a Cooper pair transfer when
the DQD has an (c) even and (d) odd charge occupation. The +1
values indicate the spin permutation parity for each spin species,
which yields a supercurrent reversal for an odd charge occupation
of the DQD (see the text).

form,

Isw = Iret + Ipgp Sin @, (D

where ¢ =2n (B, — B,)/Bp, with B, ~ 1.7 mT being the
magnetic field periodicity corresponding to a flux change
equal to the superconducting flux quantum &y = h/2¢ and B,
being the offset perpendicular magnetic field. The switching
current values I.s and Ingp represent the reference arm and
the DQD junction contributions, respectively. We show these
fitted values as a function of the gate voltage V1, in the lower
subpanel of Fig. 1(g), which displays the sign change of Ingp
at the charge state boundaries. We note that the change in
the environmental impedance [29] causes a slight modulation
of L. as well, despite the lack of any capacitive coupling
between the two weak links. However, in our measurements
Ler > 5|Ipgp| is always fulfilled, enabling a reliable observa-
tion of the supercurrent reversal in the DQD.

In Fig. 2(a), we plot Ipgp as a function of the plunger gate
voltages V., and Vg, resulting in the zero magnetic field charge-
stability diagram of the DQD mapped by the supercurrent.
Remarkably, our phase-sensitive measurement directly shows
that the supercurrent reversal is associated with the change
in the total charge number, and it is absent in the case of
internal charge transfers with (n.,ng) = (np = 1,ng F 1).
However, |Ipgp| exhibits maxima near all charge boundaries,
consistently with earlier experiments [25].

We understand these data using a two-orbital Anderson
model, where each dot with an on-site charging energy U;
hosts a single spinful level at ¢; with the dot index i = L, R.
In the experiment, this corresponds to a quantum dot orbital
level spacing which is larger than the charging energy [14].
We consider an interdot charging energy term Ucnyp ng and an
effective interdot tunneling amplitude #c. The tunnel coupling
energies to the superconducting leads are denoted by I'L r.

We consider the leading term of the supercurrent in the
weak-coupling limit where #c,I'L, ' <K A < U; [18,30],
and evaluate the current operator I(¢) =i %[H , nr], where H
is the Hamiltonian of the system at a phase difference of ¢
between the superconducting leads (see the Supplemental Ma-
terial [27]). We numerically evaluate (/(¢)) = Ic sin ¢ to find
the signful Ic. We perform a global fit of the calculated sign
reversal contours [see the dashed lines in Fig. 2(a)] against
the experimental data set and recover U, = 596.6 ueV, Ur =
465.9 ueV, Uc = 41.5 neV, and tc = 85 ueV. We match the
critical current amplitude scale with the experimental data
by setting I'L, = I'r = 33.2 peV. The width of the even-odd
transitions establishes an upper bound on the electron temper-
ature of the DQD, T < 80 mK. We use these parameters to
display Ic(V1, V&) in Fig. 2(b) and find a good correspondence
with the experimental data using a zero bandwidth (ZBW)
approximation [25,31] (see the Supplemental Material [27]).

The observed supercurrent reversal [14,32] is linked to
the number of permutations of fermion operators required to
transfer a spin-singlet Cooper pair through the DQD (see the
Supplemental Material [27]). In the weak-coupling limit, this
amounts to counting the number of same-spin dot electrons,
which each electron in the Cooper pair crosses. Each such
crossing contributes with a factor of —1 to Ic, which we
illustrate for a DQD with even [Fig. 2(c)] and odd charge
occupations [Fig. 2(d)]. Consequently, the sign of I¢ is de-
termined by the ground-state charge parity of the DQD.

Next, we focus on the magnetic field dependence of Ipgp
[Fig. 3(a)] along the total energy axis [solid line in Fig. 2(a)]
spanning both even and odd charge states. At By =0, a fi-
nite 7c results in a singlet-triplet splitting Agr in the even
occupied (1,1) charge state [1]. We model the DQD with an
effective identical g-factor on both dots, which results in a
spin-polarized triplet ground state above a threshold magnetic
field, Bst = Asr/(g*us). To account for spin-orbit coupling,
we refine our interdot tunneling Hamiltonian to include both
spin-conserving and spin-flip tunneling amplitudes 7, and #,

resulting in an effective tc = /1§ + ¢ (see the Supplemental

Material [27]).

With a global fit to the experimental data [Figs. 3(a) and
3(b)], we extract o = 80 ueV, ty = 30 neV, and g* = 15.9.
This g-factor is in agreement with earlier experimental val-
ues measured on InAs quantum dots [5,33-35] and ballistic
channels with superconducting leads [26,36]. We estimate the
spin-orbit length lso = lgto/(v/21y) & 75 nm [37], using the
gate pitch as an estimate of the dot length, /4o, = 40 nm. This
coupling length yields an energy scale Eso = /i*/ 2m*1%,) =
290 peV with an effective electron mass of m* = 0.023m,,
which is similar to earlier experimental results on semi-
conductor nanowires in the presence of strong electrostatic
confinement [38,39].
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FIG. 3. The superconducting DQD in finite magnetic fields. (a) The measured signful supercurrent oscillation amplitude /pgp as a function
of the total energy [see the solid line in Fig. 2(a)] and magnetic field. Note the slight charge shift between the zero magnetic field line and the
rest of the data. (b) The corresponding ZBW calculation of the signful critical current (see the text). (c) The calculated spin expectation value
in the ground state showing the singlet to triplet transition in the even occupied state as a function of the magnetic field. In (b) and (c), we use

the parameters extracted in Fig. 2(b).

In Fig. 3(c), we plot the calculated expectation value (Sz)
of the total spin z component of the DQD, which visualizes
the transition between the spin-singlet state (Sz) = 0 and the
spin-polarized triplet state, where (Sz) = 1, as a function of
the magnetic field. This transition point at By is accompanied
by a drop of the critical current in the (1,1) sector, however,
this sudden decrease is absent in the odd sector [see the blue
regions in Fig. 3(b)]. We note that the gradual global decrease
in Ipgp is consistent with the orbital effect of the magnetic
field applied along the nanowire [40].

We analyze these data in Fig. 4, where we first find the
charge state boundary at each value of By at Ipgp = 0 [blue
dots and error bars in Fig. 4(a)] and overlay the calcu-
lated boundary [black solid line, corresponding to Fig. 3(b)].
We quantify Bst &~ 80 mT, which agrees consistently with
the characteristic cutoff magnetic field of Ipgp at several
plunger gate values [dots in Fig. 4(b), colors corresponding
to the arrows in Fig. 3(a)]. However, we observe a devia-
tion between the calculated and measured charge boundary
near Bst, which may stem from the microscopic details
of the spin-orbit coupling that our model does not account
for. We find an excellent agreement with the calculated
critical current Ic(B) [solid lines in Fig. 4(b)] with a com-
mon scaling factor of 0.29, which may be the result of
the reduced switching current inside the charge state due
to thermal activation compared to the corresponding critical
current [29].

The suppression of the Josephson supercurrent through a
DQD in the spin-triplet sector can be understood considering
the virtual states involved in the Cooper pair transfer. Starting
from the (1, 1) Ty state close to the charge boundary with the
single occupation sector, we always encounter a virtual state
with a double occupation on one of the dots [magenta circle
in Fig. 4(c)]. In the U > A limit corresponding to our ex-
periments, this configuration is energetically unfavorable and
suppresses Cooper pair tunneling. In contrast, a spin-singlet
starting condition can avoid this configuration [Fig. 4(d)]. We
finally note that the opposite limit, where U < A, also leads
to a triplet supercurrent blockade [20] (see the Supplemental

Material [27]), which persists with a finite residual supercur-
rent in the spin-triplet state when U ~ A.

In conclusion, we directly measured the supercurrent re-
versal associated with the even-odd charge occupation in an
InAs DQD, where the large level spacing allows us to use a
single orbital for each dot in our quantitative modeling. In
the (1,1) charge sector, we showed that the singlet to triplet
transition is accompanied by a supercurrent blockade. This
enables a direct spin to supercurrent conversion [36,41] in
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FIG. 4. Triplet-blockaded supercurrent. (a) The measured (blue
dots and error bars) and calculated (black solid line) even-odd charge
boundary extracted from Figs. 3(a) and 3(b). (b) Dots: The measured
Ingp at three plunger gate settings in the even (1,1) sector [see
the corresponding arrows in Fig. 3(a)]. Scaled theoretical values
are shown as solid lines (see the text). Representative sixth-order
tunneling processes are shown (c) in the T} and (d) in the singlet
regime. The white arrows denote an initial occupied electron state
including the spin. The gray arrows visualize the final state for each
numbered process.
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hybrid semiconductor nanodevices [30] used for quantum in-
formation processing.

Raw data sets and computer code are available at the
Zenodo repository [42].
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PROJECT 5

In this last project of the thesis, we investigate STM measurements of sub-surface
impurities found on the unconventional superconductor FeTe, 555¢, 45, theorized to
host Majorana zero-modes [174]. Measurements are done with a superconducting
tip, and a single subgap state is observed around each impurity. The energy of these
state are found to disperse as a function of both tip height Ad and impurity tip
displacement Ar. By tuning these distances a zero-energy crossing of the subgap state
is observed. These measurements are explained via a superconducting Anderson
model, by assuming that the needle effectively gate the sub-surface impurity through
electrostatic differences of the tip and substrate work functions. In this manner, the
impurity is tuned by a penetrating electric field, similarly to gating in a quantum dot,
explaining groundstate transitions as a function of tip distance. Other tip dependent
energy dispersions in STM have been explained via a force exerted on the adatom by
the tip, thereby lifting it and changing exchange coupling | [44, 49]. This effect we
exclude as the impurity is sub-surface.

My contributions to this project was primarily ZBW modelling, in collaboration with
Damianos Chatzopoulos, and transport calculations. The experimental measurements
were explained using a S-QD-S Anderson model, solved in the ZBW limit, with
transport calculated for low coupling It compared to relaxation, I > T;. Conductance
is in this limit given by a convolution of tip and sample spectral functions, amounting
to Fermi’s golden rule. The subgap spectrum is obtained via a Lehmann representation
of the ZBW model. Here the spurious double excited state, discussed in chapter 8,
does not play a role in transport, as relaxation occurs fast compared to electron
transfer such that no two-particle excitation is involved in transport cycles. We also
observe clear conductance features at eV = +(A — Eig) in the vicinity of subgap state
zero-crossings Eiy ~ 0, originating from thermally excited poisoning. This project
shows that impurities can be gated by a STM needle on substrates which only weakly
screens electric fields, and highlight that measurements of zero-bias conductance
on topological superconductors can originate from trivial subgap states, similarly to
debates regarding zero-bias measurements done on topological nanowires.

169



A RTI C LE W) Check for updates

Spatially dispersing Yu-Shiba-Rusinov states in the
unconventional superconductor FeTeg 555€g 45
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By using scanning tunneling microscopy (STM) we find and characterize dispersive, energy-
symmetric in-gap states in the iron-based superconductor FeTeqssSeg s, a material that
exhibits signatures of topological superconductivity, and Majorana bound states at vortex
cores or at impurity locations. We use a superconducting STM tip for enhanced energy
resolution, which enables us to show that impurity states can be tuned through the Fermi
level with varying tip-sample distance. We find that the impurity state is of the Yu-Shiba-
Rusinov (YSR) type, and argue that the energy shift is caused by the low superfluid density in
FeTeg 555€e0.45 which allows the electric field of the tip to slightly penetrate the sample. We
model the newly introduced tip-gating scenario within the single-impurity Anderson model
and find good agreement to the experimental data.
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ARTICLE
he putative s, superconductor FeTegs5Sepq5 is peculiar

I because it has a low Fermi energy and an unusually low
and inhomogeneous superfluid density!~7. It has been
predicted to host a topological superfluid and Majorana zero-
mode states®~10. These predictions have been supported by recent
experiments: photoemission has discovered Dirac-like dispersion
of a surface state!! while tunneling experiments have con-
centrated on in-gap states in vortex cores, which have been
interpreted as Majorana bound states!>13 since the low Fermi
energy allows to distinguish them from conventional low-energy
Caroli-Matricon-de Gennes states!4.

In-gap states have a long history of shining light into the
properties of different host materials, and have allowed to bring
insight into gap symmetry and structure, symmetry breaking,
or the absence of scattering in topological defects, to name a
few!>=24, Impurity bound states have also been investigated in
chains or arrays of magnetic impurities on superconducting
surfaces where they can lead to Majorana edge-states2>-28, In the
case of FeTeg 555e 45, zero-bias in-gap resonances have become a
primary way to identify Majorana bound states at magnetic
impurity sites or in vortex cores. At impurity sites, robust zero-
bias peaks have been reported at interstitial iron locations which
suggest the presence of Majorana physics?. In addition, very
recently STM experiments reported signatures of reversibility
between magnetic impurity bound states and Majorana zero
modes by varying the tip-sample distance on magnetic adatoms>C.
Interestingly, there have also been signatures of spatially varying
in-gap impurity states®!-32 which are not yet understood.

Here we report the detection of in-gap states at sub-surface
impurities, which are spatially dispersing, i.e., they change
energy when moving away from the impurity site by a distance
of Ay. The energy can also be tuned by changing the tip-sample
distance (Ad). We argue that the most likely explanation of our
observations involves a magnetic impurity state of the YSR type
affected by the electric field of the tip. We show good agreement
between our experimental findings and the single impurity
Anderson model.

STM tip

(1]

LDOS (arb. units)

Results

Detection of a particle-hole symmetric in-gap state in
FeTey555€9.45. We use FeTeyssSep,ss samples with a critical
temperature of Tc = 14.5K. They are cleaved at ~30 K in ultra-
high vacuum, and immediately inserted into a modified Unisoku
STM at a base temperature of 2.2K, for preventing surface
reconstruction and contamination. To increase the energy reso-
lution, we perform all tunneling experiments using a super-
conducting tip, made by indenting mechanically ground Pt-Ir tips
into a clean Pb(111) surface. With the superconducting tip and to
leading order in the tunnel coupling, the current-voltage (I — V)
characteristic curves are proportional to the convolution of the
density of states of Bogoliubov quasiparticles in the tip and the
sample

I(r, V) ~ / Dy(@ + eV)D,(t, 0)[f (@, T) — f(w + eV, T)]do,
(1)

where Dy is the density of states of the quasiparticles in the
sample (tip), flw, T) is the Fermi-Dirac distribution at tempera-
ture T and e is the electron charge. In such a superconducting
tunnel junction the coherence peaks in the conductance spectra,
dl/dV(x, V), appear at energies: + (A, + A,), where Ay is the
quasiparticle excitation gap of the sample (tip). In addition, the
energy resolution is far better than the conventional thermal
broadening of ~3.5kgT (kg is the Boltzmann constant) since it is
enhanced by the sharpness of the coherence peaks of D33-3°. To
obtain the intrinsic local density of states (LDOS) of the sample,
Dy(r, w), we numerically deconvolute our measured dI/dV(r, V)
spectra while retaining the enhanced energy resolution (for more
details see Supplementary Note 1). For this, we use our knowl-
edge of the density of states of the tip with a gap of A;=1.3 meV
from test experiments on the Pb(111) surface using the same tip.

Figure la shows a topography of the cleaved surface of
FeTeg 555€0 45 obtained with a Pb coated tip (see inset). Brighter
(darker) regions correspond to Te (Se) terminated areas of the
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Fig. 1 Scanning Tunneling Microscopy on FeTeg 555€0 45 With a superconducting tip. a Atomically resolved topographic image (z-height map, 25 x 25
nm2) of FeTegssSeq.4s cleaved surface acquired with a Pb coated Pt/Ir tip (see inset) at 2.2 K in ultra-high vacuum. Setup condition: Vet = —8 mV,

lset = —100 pA. b, d, f Spatially averaged differential conductance spectra in the areas (¥, ¥, ¥3) marked by the black circles in a. r;: no in-gap states. r,: two
in-gap resonances at £ 1.3 meV. r3: two sets of peaks symmetric in energy around the Fermi level. ¢, e, g Deconvolution of the spectra shown in b, d, f,
respectively, provide information about the intrinsic LDOS of the sample in the indicated areas. In r, a zero-bias impurity state is recovered and in r3 two in-
gap states are observed. Setup conditions: b Vet =6 mV, st =1.2nA, d, f Vot =5 mV, st = 2 nA. Lock-in modulation is V.4 = 30 uV peak-to-peak for

all measured spectra.
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Fig. 2 X-shaped spatial dispersion of impurity resonances in FeTeq 555€0.45. @ Topographic image at the impurity location (rq indicates the impurity

center). No clear signature of the impurity is observed. Setup conditions: Vet = —8 mV, lset = —100 pA. b-d Spatially resolved LDOS maps at different
energies obtained by deconvolution of a di/dV (¢, V) map in the same field-of-view as in a. The energy of each LDOS map is indicated at the bottom right
corner. e Measured differential conductance intensity plot of a vertical linecut passing through the impurity center ro (Ay =0 nm). The linecut was taken
along the red dashed line in b. A crossing of the in-gap resonances at the impurity center is observed. Setup conditions: Veet = —8 mV, lset = —1.6 nA. Lock-
in modulation is V.4 = 100 uV peak-to-peak, f Deconvolution of the measured spectra in e shows an X-shaped dispersion of the sub-gap states crossing
the Fermi level at the impurity center. The blue arrows indicate the energy of the maps in b-d. g Series of LDOS spectra depicting the X-shaped spatial

dispersion shown in f.

cleaved surface which has a tetragonal crystal structure. Our
samples exhibit no excess Fe atoms or clusters on the cleaved
surface. Spatially resolved scanning tunneling spectroscopy shows
that most locations have a flat gap, as shown in Fig. 1b, c.
However, when we acquire spectra at specific points indicated by
black circles (r, and r3) in Fig. la, we find sharp in-gap states.
Figure 1d-e and f-g shows such states, both in the raw data as
well as in the deconvoluted results. The measured in-gap state is
symmetric in energy, i.e., it is visible at + E;; (Fig. 1g), or at the
Fermi level, E;; = 0 (Fig. le). In the raw data (before numerical
deconvolution) the states are located at energies + (A + E;,) (see
arrows in Fig. 1d and f) due to the use of the superconducting tip.

Spatial dispersion of the in-gap state. In order to characterize
the impurity in more detail we acquire a spatially resolved dI/dV
(r, V) map in the area shown in Fig. 2a. Three energy layers of the
deconvoluted map depicting the LDOS variations are shown in
Fig. 2b—d. The impurity exhibits a clear ring-shaped feature which
eventually becomes a disk with smaller radius at the Fermi level.
A spatial line cut profile along the red dashed line shown in
Fig. 2b reveals two symmetric resonances around zero energy that
extend over ~10 nm in space (Fig. 2e). Importantly, the energies
of the in-gap states vary spatially as shown in the spatial cuts
(Fig. 2e-g) obtained from the same conductance map. The dis-
persion of the in-gap states shows an X-shaped profile where the
crossing point is indicated with r, (Fig. 2a). In more detail, the
state is at zero energy at ro, and then moves away from the Fermi
level, before fading out slightly below the gap edge. We will show
later that the character of this dispersion is dependent on the tip-
sample distance, and that there can also be zero or two crossing
points. By inspecting the topography at ry, we find no signature of

irregularities, which points towards a sub-surface impurity defect
as the cause of the observed in-gap peaks in the spectra. We note
that these impurities are sparse; we found a total of 5 in a 45 x 45
nm? field-of-view. These all show the same characteristic dis-
persions, but the X point is estimated at different tip heights. For
details, see Supplementary Note 7. Similar observations have been
reported previously on FeTegs5Seq 45, but without a clear energy
cross at the Fermi level31:32,

YSR impurity states. Our observations are reminiscent of YSR
states caused by magnetic impurities in conventional super-
conductors>>-3%, When a single magnetic impurity is coupled to a
superconductor with energy gap A via an exchange coupling J then
the ground state of the many-body system depends on the
interplay between superconductivity and the Kondo effect
(described by the Kondo temperature Ty). For A2 kpTx the
superconducting ground state prevails (unscreened impurity)
whereas for A < kT the Kondo ground state dominates (screened
impurity). In each case, quasiparticle excitations above the ground
state give rise to resonances symmetrically around the Fermi level
inside the superconducting gap. In an STM experiment, this
results in peaks in the conductance spectrum at the energy of the
two YSR excitations which is determined by the product vg/S,
where S is the impurity spin and vg the normal state density of
states in the superconducting host (FeTe, 555¢g 45 in our case).

It is important to note that the s, symmetry of the order
parameter in FeTeyssSep 45 can lead to a very similar phenom-
enology between magnetic and potential scatterers. While in
conventional s-wave superconductors, magnetic impurities are
required to create in-gap (YSR) states, in s, superconductors, sub-
gap resonances can also occur for non-magnetic scattering
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Fig. 3 Energy dispersion of the sub-gap resonances as a function of the tip-sample distance. a Conductance intensity plot for varying tip-sample distance
(Ad) normalized by the normal state resistance Ry. The in-gap states disperse and cross at the Fermi level. b Same as in a for the deconvoluted LDOS data.
Inset: schematic representation of the tip movement when we vary the tip-sample distance (Ad) and when the tip scans laterally (Ay and Ax) at a constant
height. ¢, d Azimuthally-averaged radial profiles at different tip-sample distances indicated by blue arrows in b. Ar, indicates the radial offset \/Ax2 + Ay?
from the impurity center (Ar = 0). e Energy of the impurity bound state for varying tip-sample distance, extracted by fitting a lorentzian curve in 5 intensity

plots (see Supplementary Note 3) similar to ¢, d.

centers. This can be shown using different theoretical techniques,
including T-matrix method®#!, Bogoliubov-de Gennes
equations*243 and Green’s functions*4-4¢ applied to multiband
systems with s. symmetry. The similarity of magnetic and
potential scatterers makes a distinction between these cases more
challenging (but possible, with an external magnetic field30). In
either case, theory predicts energy-symmetric in-gap states with
particle-hole asymmetric intensities.

The X-shaped phenomenology of the in-gap states shown
above shares also similarities with bound-states that have been
observed in Pb/Co/Si(111) stacks?’, where they have been
interpreted as topological*”48. However, as we will show here,
in our experiments the single point of zero bias is just one
particular case of a manifold of dispersions that depend on the
tip-sample distance.

Tuning the energy of the in-gap state with the tip. Figure 3a
shows an intensity plot of a series of spectra above ry, the location
showing the zero-bias impurity state, with changing tip-sample
distance (see inset for a schematic). We normalized each spec-
trum by the normal state resistance Ry = Vier/Lier In order to
reduce the distance, we control the tip in constant current feed-
back and increase the set-point for the current while keeping the
voltage bias constant. In addition, we measure the tip-sample
distance relative to the set-point: Vi =5mV, I =0.4nA.
Strikingly, we observe a shift in the energy of the in-gap state with
varying the tip-sample distance Ad. When the tip is brought
closer to the sample surface, the sub-gap resonances shift towards
the Fermi energy (Fig. 3b) where they cross and split again. We
also point out that there is a strong particle-hole asymmetry in
the intensity of the in-gap resonances. It can be clearly seen in
Fig. 3b that the relative intensity between the positive (p) and
negative (n) resonances (I, — I,) changes sign after the cross at
the Fermi level. Further, we note that the energy shift for varying
Ad is stronger than the spatial dispersion. This can likely be
explained by the tip shape, which can be approximated as a
sphere of roughly 20 nm. As the tunneling current falls off
exponentially with distance, one always tunnels to the point

closest to the surface. However, the field is algebraic in the dis-
tance, and thus a change horizontally has less of an effect than a
change vertically, as shown in Supplementary Note 5.

To obtain a more complete picture of the tuning of the in-gap
states as we vary Ad, we measured five dI/dV(r, V) maps (each at
different tip-sample distance) and analyzed azimuthally-averaged
radial profiles through the impurity center (Fig. 3c-d shows two
of these profiles. See Supplementary Note 3 for the other 3). We
extract the energy of the resonances by Lorentzian fits (Fig. 3e), to
observe that they cross the Fermi level at the impurity center
when being close to the sample. This is the first time that such a
crossing has been observed in an unconventional superconductor.

Microscopic origin. The important question that arises is: what
tunes the impurity resonances that we observe? In previous
experiments with magnetic ad-atoms or ad-molecules on con-
ventional superconductors#?9, it has been shown that the force of
the tip changes the coupling between moment and substrate, and
that the coupling J and the YSR energy could be tuned in this way.
In this case, when the energy crosses the Fermi level at the critical
coupling Jc, a first-order quantum phase transition between the
singlet (screened) and the doublet (unscreened) ground state is
expected®>1. Very recently, a similar force-based scenario has
been reported in different systems involving magnetic ad-atoms
on top of superconductors!®, including Fe(Te,Se)*0. As discussed
in Supplementary Note 2, a similar scenario can in principle
explain the sub-gap dispersion discovered here. However, as the
impurity is not loosely bound on top of the surface in the present
case, a movement between a sub-surface impurity and the
superconductor due to the tip force as the cause for the tuning,
seems unlikely. Therefore, we pursue alternative mechanisms.
Motivated by the phenomenology of semiconductors®® or Mott
insulators®3, where the tip can act as a local gate electrode
(mediated by the poor screening), we propose a similar gating
scenario for YSR states in the present case: the electric field of the
tip can tune the energy of the impurity state and thus lead to a
dispersing YSR state.
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Fig. 4 Anderson impurity model for Yu-Shiba-Rusinov bound states. a Local density of states as a function of level energy ¢o. The impurity spectral
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First, we note that there can be a significant difference between
the work functions of the tip and the sample. Typical work
functions are in the range of a few electronvolts, and differences
between chemically different materials of the order of an
electronvolt are common (see Supplementary Note 5). Hence, it
is possible to have a voltage drop between them that is larger than
the applied bias. Secondly, the low carrier density in FeTe, 55Se 45
leads to a non-zero screening length giving rise to penetration of
the electric field of the tip inside the sample. An estimation of the
penetration depth in the sample can be made in the Thomas-
Fermi approximation (cf. e.g.>*). In this framework, the screening

length is given by Ay = (7a,/4k;)"/?, where ay is the Bohr radius
and kg the Fermi wave-vector. Using reported parameters!!12,
this yields Arg= 0.5 nm, which is comparable to the inter-layer
distance®. This implies that in principle, an impurity residing
between the topmost layers can be affected by the electric field of
the tip. In Supplementary Note 6 we further test this possibility by
performing an estimate of the potential shift in the impurity,
when the tip-sample distance is varied using a simple model for
screening (image charges method) to estimate that the shift is
comparable to the charging energy of the impurity. We note that
this estimate is approximative, as some key parameters are
unknown for FeTeg 555€g 45.

Based on these considerations, we conclude that it is possible that
the tip acts as a local gate electrode that influences the energy levels
of the impurity, which in turn influences the energy of the in-gap
states, as we will demonstrate in the modelling carried out below. By
adjusting the tip-sample distance the field penetration is modulated
leading to an energy shift of the in-gap resonances. The spatial
dependence can be explained similarly: when moving the tip over
the impurity location, we change the local electric field, which is at a
maximum when the tip is right above the impurity. We emphasize
that, similar to experiments on semiconductors and Mott insulators,
we expect that the details of the gating process depend on the tip
shape Supplementary Note 5.

Gate-tunable single impurity Anderson model. We model the
sub-gap state as a YSR state arising from the magnetic moment of
a sub-surface impurity level, whose energy is effectively gated by
the tip-induced electric field. It should be noted that the sub-gap
states arising in an s.-wave superconductor from a simple non-
magnetic impurity can produce a dispersive cross in the in-gap
energies as a function of the impurity potential. However, this is
only true for a particular range of potentials, and will not gen-
erally trace out a single dispersive cross as a function of the
impurity strength#244, Therefore, we are led to conclude that the
impurity at hand involves a finite magnetic moment. Local
impurity-induced magnetic moments may indeed be particularly
prominent in correlated systems like FeSe where even non-
magnetic disorder, in conjunction with electron interactions, can
generate local moments®®. Because of the magnetic nature of the
impurity site, the results of our calculations are qualitatively
independent on whether we treat the system as an s or s.-wave
superconductor. For simplicity, we perform our calculations
assuming standard s-wave pairing.

The superconducting single impurity Anderson model®’
involves an impurity level ¢, with charging energy U coupled
via a tunneling rate Iy to a superconducting bath with energy
gap AL 890 We represent the sample by a simple s-wave
Bardeen-Cooper—Schrieffer (BCS) superconductor, and use the
zero-bandwidth approximation, including only a single spin-
degenerate pair of quasiparticles at energy AP%0l. We further
assume that the gating from the tip changes the impurity level ¢,
linearly with distance. We then obtain the YSR states by
calculating the local impurity spectral function, Dy(w, €), as a
function of €, (and thus of gating) using the Lehmann
representation (see Supplementary Note 2 for details). The result
is plotted in Fig. 4a, where the observed crossing of the sub-gap
states indicates a change between singlet, and a doublet ground
state®2. From the spectral function we can determine the current
using leading-order perturbation theory in the tunnel coupling
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connecting the impurity to the tip,

1) = LE [ D@+ ev.a, 50D 0.0 (0 1) ~ fla+ eV, Dda,
(2)

here Dy(w, Ay, 1) is the spectral function of the superconducting
tip with a finite quasiparticle broadening incorporated as a Dynes
parameter®, y, and % the reduced Planck’s constant. A
phenomenological relaxation rate, I',, is incorporated into the
Lehmann representation, (see Supplementary Note 2), to
construct Dy(w, €y). This parameter accounts for quasiparticle
relaxation of the YSR resonances at w = + Ej,. The validity of the
expansion in T, = 7vg|t|%, which captures only single electron
transport and omits Andreev reflections, rests on the assumption
that the sub-gap state thermalizes with rate I'; between each
tunneling event. In the opposite limit, I'\> T, transport takes
place via resonant Andreev reflections, and the sub-gap
conductance peaks at eV = * (A + Ejg) display a bias asymmetry
that is reversed compared to the bias asymmetry of the single
electron transport regime3. In principle, these two regimes can
be differentiated by varying T, since the conductance peaks
increase linearly with I, in the single electron regime, and
sublinearly in the resonant Andreev regime3%%4. The experi-
mental data shown in Fig. 3 display a marked asymmetry,
consistent with our assumption of relaxation dominated transport
where conductance asymmetry will follow the asymmetry of the
underlying spectral function.

Next, we investigate the situations where the tip moves over the
impurity along the surface, or towards the impurity as a function
of tip-sample distance Ad. These situations are marked with blue
and red arrows in Fig. 4a, respectively. In Fig. 4b, ¢ we then plot
sub-gap conductance as a function of level position, ¢,
corresponding to the red/blue traces, assuming a linear
dependence of €, with tip-sample distance. The agreement
between our model and the data is good, both in terms of the
energy dispersion and the asymmetry. Also, in both experiment
and theory, additional conductance peaks at eV = + (A, — Ejg) are
visible close to the singlet-doublet phase transition. We interpret
these lines as the additional single electron processes shown in
Fig. 4d, which arise from thermal population of the excited state
close to the phase transition where Ej; < kgT. The conductance
peaks at A, + E;; meet at the point where the YSR states cross zero
energy, signaling the change between singlet, and doublet ground
states, and the asymmetry in intensity between the conductance
peaks at eV =+ (A + Ejg) switches around.

The good agreement between this simple model (Fig. 4b, c¢) and
the data presented in Fig. 2e and a, supports our interpretation
that the tip exerts an effective gating of the impurity. We discuss
alternative scenarios further in Supplementary Note 2, but the
fact that our impurity is below the surface and the excellent
agreement between the model and the data lead us to conclude
that the gating scenario is most likely in the present case.

In summary, we have reported on the properties of energy
symmetric in-gap states in FeTegssSep4s that can be tuned
through the Fermi level. These states extend over a large (~10
nm) area around the center locations. Our data point towards a
sub-surface magnetic impurity embedded in a low-density
superfluid with large screening length that leads to YSR-like in-
gap states. We propose a novel tip-gating mechanism for the
dispersion and perform calculations within the single impurity
Anderson model that show excellent agreement with the data.
Such a mechanism could also play a role in previous experiments
on elemental superconductors or heterostructures. How such
states are related to the topological superconductivity in
FeTe 555€p 45 remains an open question. Our work further shows

that one needs to be careful when interpreting zero-bias peaks in
putative topological states, and junction resistance dependent
experiments are a necessary—ideally combinded with other
techniques such as noise spectroscopy®>=¢7 (see also Supplemen-
tary Note 4), spin-polarized STM, or photon-assisted tunnel-
ing® will allow for better understanding. Independent of this,
tunable impurity states like the one we report here could offer a
platform to study quantum phase transitions, impurity scattering,
and the screening behavior of superfluids.

Methods

Sample preparation. The FeTe, 5S¢ 45 single crystal samples were grown using the
Bridgman method and show a critical temperature of T = 14.5 K. We cleave them at
ultra-high vacuum (Pygee ~ 1 X 10719 mbar) and low temperature (~30 K) and
immediately insert them to our pre-cooled STM (USM-1500, Unisoku Co., Ltd). The
STM tips used in this work are mechanically sharpened Pt-Ir wires. They are Pb-
coated by indenting them on a Pb(111) surface which was first cleaned by repetitive
cycles of Ar sputtering (Pyqse ~ 5 X 107 mbar) followed by thermal annealing.

Measurement. Standard lock-in technique is employed for the tunnelling con-
ductance measurements at 887 Hz. All measurements were performed at 2.2 K.

Data availability

The data of this work are available from the corresponding author upon request.
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The code used in this work is available from the corresponding author upon request.
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This thesis has explored transport in S-DQD-S junctions formed on InAs nanowires

CONCLUSION AND OUTLOOK

hosting YSR subgap states. We have shown in chapter 3 that measurements of zero-
bias supercurrent in the overdamped, voltage biased, and noise-dominated regime
allows for characterization of charge diagrams and extraction of critical current I..
This technique yielded a consistent measure of I. for all dot occupations, although
fitting could only be done up to a global scaling A due to limited knowledge of circuit
parameters. In future experiments one could think of intentionally designing circuits
with this measurement in mind as the noise-dominated signal has some advantages
compared to the overdamped current biased signal, previously used to extract I; in
S-QD-S junctions [115, 116]. First of all, it allows for measurements of very small I,
as the zero-bias conductance feature’s width is independent of I. and therefore not
limited by bias resolution. In current biased setups on the other hand, measurements
are limited by current resolution compared to switching current I, which for small I,
is significantly reduced by noise. Secondly, the noise-dominated signal follows a simple
Lorentzian form, always scaling with 12, which allows easy fitting compared to the
complicated Bessel functions of the low noise regime. To eliminate the scaling degree
of freedom A plaguing our measurements, one requires an individual measurement of
either I, noise temperature T, or resistance R in conjunction with a fitted zero-bias
peak. Here one could design the resistance R between capacitor C and junction, and
characterize it beforehand, or one could look for a high I, compared to noise for
which the noise-dominated limit fails. In measurement this would be signalled by a
change in width of the zero-bias peak, with flanking NDC peaks moving further out
in source-drain bias. The peak to width ratio at this point would yield an independent
measure of noise temperature T.

Using 4" order perturbation theory in chapter 4 we calculated I. for both single
dots and double dots, and illustrated how the various regimes of U compared to
A can be understood in terms of cooper-pair cotunneling paths. Additionally, this
approach can be used to calculate I; in arbitrary diagonalizable systems, such as N
sites in a chain or multi-orbital dots, with all contributions characterized by one of
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three Q; integrals. Lastly, we have shown that the sign of a given contribution to
I¢ can be inferred by the number of same spin electrons each constituent electron
of the cooper-pair crosses during tunnelling. It is the author’s hope that these rules
can be used to gain some intuition by others calculating supercurrent in complicated
geometries where interactions cannot be neglected.

In chapter 7 we derived expressions for the DC current using Keldysh-Floquet
Green’s functions, which are valid for non-interacting Hamiltonians and includes
MAR to all orders. This was utilized in chapter 8 to analyse transport in S-QD-N
and S-QD-S junctions hosting YSR states, which we describe via the spin-polarized
mean-field approximation. Results of this chapter highlights the importance of relax-
ation and poisoning rates on transport measurements, and identifies tunnel coupling
compared to relaxation, t4/m, as a key scale for determining the importance of higher
order transport through subgap states. In chapter 9 these techniques were utilized
to characterize and fit measurements of transport between opposing subgap states,
where Andreev mediated relaxation channels can be turned on and off through tuning
of gates. The surprising (to the author) realization that Lindblad master equations are
in complete agreement with Keldysh-Floquet Green’s functions, in conjunction with
the fact that the doublet degeneracy can be included in the Lindblad master equations,
makes this an intriguing approach to investigate in further work.

This concludes our work on transport in devices hosting quantum dots. New
challenges are bound to appear as hybrid semiconductor-superconductor devices of
ever growing complexity are being fabricated. In this regard it is crucial that both
theoretical tools and accompanying intuition is developed on par with experiment.
This work constitutes my contribution to this mission.
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NAMBU GREEN’'S FUNCTIONS

In this appendix we detail how Nambu Green’s functions of superconducting systems
are obtained, with specific focus on the localized BCS Green’s function utilized
throughout this thesis.

A.1 NAMBU DETAILS

First we have to consider some pesky details of the 4 x 4 Nambu space, which are
required if we are to obtain Green’s functions through equations of motion. The spinor
we use throughout this thesis is,

T (cf |
ij = <C]'kT Cj—xl Cj—ki _CjkT> ’ (Al)
containing lead index j and a momentum k, and from its definition it obeys the
following commutation relations,

{‘P)Tkla, Wine v} = 81kr 85,518 av, {W;fk/a,\y;f,k//b} = 0_ik/95,5 (0yTy) ab, (A.2)

with a and b specifying entrances in Nambu space. Here the first relation is quite
standard and compares to the normal fermionic relation {c, ¢f1 =1, while the second
is not as we are used to {c', ¢/} = 0 no matter the index. Additionally, the matrix in the
second term has the special property WL = oy Ty ¥x. Next, we investigate the effects of
this second relation on equation of motion structures for non-interacting Hamiltonians
of the form,

H(t) = % Z Z\y;rkhijkk’(t)\yjk’- (A.3)

Kk ij

Starting from the retarded Green’s function defined as,

Gl an(t ') = =10t — ') ((Wik o, W aggerjirp}), (A.4)
we take the time derivative and obtain,

101 Gijir,an (') = 8(t —t") ((Wirga(t), Wh,  (£)]) +10(t — ) ({[H(1), Vi) (1), W], , ().
(A.5)
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Here the first term gives the usual identity in all index, 5(t —t')8y /84041, but the
commutator in the second term needs to be considered in greater detail. For clarity
we suppress time arguments and find,

H, Yix v]

1 i ;
— .. . oo Y. T .. .
) z z (wjﬂq aj N1k k2,a1azw)zkz,az\ylk,b Wlk,b\yhk] a Ny jakika,aq aszzkz,CQ)

j1j2 k1/k2,a1az

1
- 2 Z (W; k1,03 Z hj, i *k,a1az(o—yTU)azb — hijy kg /balqjjlkll(h) (A.6)

jikiaq az

=— > i ea ke

jikiag

To go from the second line to the third line we used two properties of the Hamiltonian,

h_ e = hyger, Z Ny ikikarap (OyTyl g = Z (0yTy) g, a, Nijikke bay- (A7)
az az
As all k-dependent Hamiltonians we consider in this thesis are momentum symmetric
the first property is always upheld. The second property corresponds to oyTyh =
h' oy Ty with the transpose operating on all index. Utilizing h' = h*, which is true for
hermitian matrices, the second property can be rewritten as,

(oyTyK)h = h(oyTyK) (A.8)

where K is an operator performing complex conjugation. Recognizing T = ioyK as
the time-reversal operator and defining C = —ity, we find that this requirement is
equivalent to {h, CT} = 0 [96]. All Hamiltonian in this thesis will satisfy this demand
and so we assume eq. (A.6) to be valid. Utilizing these results eq. (A.5) reduces to,

P Wel: R
j1ki

with assumed Nambu matrix multiplication between elements. This equation resem-
bles the normal equation of motion structure for non-Nambu Green’s functions, and
allow us to derive Dyson series as usual. Assuming that the Hamiltonian is time-
invariant and only depends on one k allows us to simplify the Green’s function,
GEk,(t,t’ ) = GE(t —1/)8yxs, for which the equation of motion can be solved via a
Fourier transformation in time-difference,

GR(w) = [w +in — 7T, (A.10)

with the inverse taken in regard to 4 x 4 Nambu structure and n added to achieve
convergence.
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NAMBU GREEN’S FUNCTIONS
A.2 BARE SUPERCONDUCTING GREEN'S FUNCTION

Throughout this thesis we repeatedly use the bare Green’s function of a local BCS
superconductor, and although the derivations is common we include it here for
consistency. The Hamiltonian of a three dimensional BCS superconductor is in Nambu
space given by,
1
H= > Wl [exTs + Re(A) T, + Im(A)Ty Al W (A.11)
k

and from equations of motion eq. (A.10) we find,

gE(w) =[w+1in— e T, — ARTyx — AITU]_] (A.12)

_ wHin+ exT, + Artx + A1ty (A.13)
(+1n)2— el — AP 3

with the common Fourier convergence factor in which should be taken to zero at the
end of calculations, and defining Re(A) = Ag, Im(A) = A;. Next, we integrate over all
k to obtain the local Green’s function at r = 0 which we dub gR(w), and introduce an
assumed constant density of state vi(ey) fulfilling [ d3kgE(w) =vg [ dekgﬁ(w). With
this we obtain,

R & W +1in + e T + ARTx + A1y
g (w) =—vr dey : : .
oo (ek—\/(w+1n)2+|A|2) (ek+\/(w+m)2+|Alz>

(A.14)

In this expression the anti-symmetric term proportional to €y integrates to zero. Next,
we choose a branch cut in the complex plane and perform the contour integral to

obtain,

= —TUVF
VIAR — (w +in)?

which is the local BCS Green’s function. We also wish to obtain the local Green’s

R( (A.15)

g (w)

function as a function of imaginary time at finite temperature. The corresponding
Matsubara Green’s function is given by,

sliwn) =ve | der N (A.16)

with Ep = \/eﬁ + |Al?. To obtain the imaginary time Green’s function we need to
perform,

gl%) = 5 3 ¢ ng(iaon) (A17)
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which is easily done since g(iwn) has two simple poles. Doing the contour integral as
in Ref. [18] we find,

9(1) = — Y Res.—, [g(2)] np(—zj)e " (A18)
j

where j is a sum over all simple poles. Consequently,

Er—A —A
F(—Ep)e FaT4 =2 L Y

E EAT ,
N N F(Ea)e

(A.19)
this last expression can be simplified by substituting x = Ex = /€ +|A? in the

g(t) = viy

1 Joo |:EA + ARTX + AITy
2 dey n

—0o0

integral yielding,

g(t) = vf Joo & [x (np(—x)e ™" + ng(x)e*T) (A.20)

A /X2 — AP

+ (ARTx + Arty) (Np(—x)e T —np(x)e)] .
which constitutes our results for the imaginary time BCS superconductor. Lastly, we
in section 4.4 also require the ZBW Green’s function. We start with,

Wn —ARTx — A1ty (iwn — A) (iwn + A)

gzw(iwn) = (A.21)

and going through the same calculations we find,

gzew(T) = ﬁ [A] (np(—x)e ™" +ng(x)e*) + (ArTx + Arty) (NE(—x)e ™" —np(x)e*)]

(A.22)
which by comparison to the BCS Greens function motivates the definition vzgw = ﬁ.



SIGN OF CRITICAL CURRENT

In this section, we demonstrate that the sign of the critical current I. to lowest order in
dot-lead couplings is given by the groundstate parity for a large range of parameters
for a S-DQD-S junction. This section is copied from the supplement of project 4 [4] with
minor alterations to fit into the structure of the thesis. Compared to the Hamiltonian
investigated in chapter 4 we additionally add a spin-orbit and Zeeman term yielding
the full Hamiltonian,

H =Hp + Hq + Hso + Hpcs + Hr (B.1)
Ho= ) (ei+0giBnic+ Y  Umymny +Uc(niy +npy) (ngr + ngy) (B.2)
ci=LR i=L,R
Hp =ta ) (dl dro+ dh,dio) (B.3)
(o)
HSO - Z Z (:Ltj’r];)'O'/d{GdRo-l - ithLa’dir{GdLU/> (B'4)
j=x,y,z 0,0’
Hpcs = Z Erl 1ko'clk0- + Z <A ClkT 1 Kkl + A} i Ci— KLclkT> (B5)
k,0,i=L,R k,i=L,R
HT = Z ti <C'irkgdici + dzdcik(;> (B6)
k,0,i=L,R

Here, ni; denotes the electron occupation operator for dot i € {L, R} with spin o € {1, ]}.
ty, ty and t, are interdot spin-orbit tunneling amplitudes, and U is the vector of Pauli
matrices [175]. Next, we calculate the sign of I to lowest order in dot-lead couplings,
and demonstrate that it is determined from the double dot groundstate through the
simple rules stated in subsection 4.2.1. We start from eq. (4.27) valid for a general
Hamiltonian between a left and right lead,

4 ;[
=Y Iju= eIAI rRrLZ J dnj dT)JO diJ do (B.7)

ijkl 0

x (11 — 12)f(13 — T4) Bijia(T1, T2, T3, T4)
With the object Byji; containing all DQD operators,

Bijk(Tt1, 72,73, 74) = €ijkl<di(Ti)dj(Tj)dk(Tk)dl(Tl)>0/ (B.8)
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with the definitions di(t7) = d} (1)), da(T2) = d  (T2), d3(73) = dr,(73) and dy(T4) =
drt(T4). At zero temperature, the dot system is in a definite groundstate, |g), of the
full dot Hamiltonian with,

Bijia(t1, 12,73, 1) = €jia (gl diU(Ty, 75) djU(Ty, i) dieU(Ty, T dr [g) S (B.9)

where we have separated the trivial time evolution of the isolated dots due to Hy from
the evolution generated by Hp + Hso, which couples the dots. The time evolution
operator above is defined in the interaction picture,

Uy, 7j) = e MomBeTiT e I dvHn () (Ho—Eg)r, (B.10)

with Fp (1) = e"o"(Hp + Hgp)e 0T, where Ty is the t-ordering operator. In eq. (B.7)

we expand the time evolution operators appearing in eq. (B.g) to N’th order in Hp.

From now on we will discuss generic contributions to this expansion, which we label
Igﬁ”c) with I, = qut 12 obe—o Uﬁ) ‘. The integers a, b and ¢ specify the order of
expansion (counting from left) of each time evolution operator in eq. ((B.9)). A single

N’th order (a + b 4 ¢ = N) contribution can, in terms of the amplitudes

(gl Qﬁf “I1g) = eija(—1)N (gl di(Hp + Hso)*dj(Hp + Hso) dk (Hp + Hso)d |g)
(B.11)
be expressed as,
(a,b,c)
Lija

de B E—Eg)(t/,—1 (ab,c)
= €|A| FRFLJO dTiH Jo dTL_Hei( n—Eg)(Tu—T41) (11 — 1) f(13 —T4) <g|€uk1

p=0
4e *  dw o w T 1
= —ILIRI|A _— —_— | | B.12
h LR A JA wZ—AZJA w2 —Ar - (Em_Eg+w+wl) (b1

Tl//
1

n
1 (a,b,c)

— [T (—— ) (g€ ,

: H < ’_Eg‘l—w) H (Em”_Eg‘l'w/) m"=1 <Em"'_E ><g| bkl |g>

m’=1

— ! ! .
with the defmltlon T =Ty Tj = Tory, Tk = Ty, +be2 and T = T4, 3. In the second line

a+1/
n+n’+n”4+n"” =N+ 3 are positive integers whose values are specified by both the
expansion in a, b and ¢ and the ordering ijkl, while E,, are energies of the uncoupled
charge basis Ho.

Next comes the critical statement: since all fractions in eq. (B.12) are positive, the

sign is determined solely by @Uﬂ) )

. For this to be true, the groundstate energy of
Ho + Hp + Hso, Eg, must satisfy that E; < E,, where E;, are eigenenergies of Hy. For a

hermitian matrix, A, with diagonal entries a,, and minimal (maximal) eigenvalues

'lg)
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Amin (Amax), the min-max theorem [176] states that Apin < ann < Amax. In the charge
basis, Hp + Hsp only contains off-diagonal elements, and with A = Hy + Hp + Hso,
we may therefore conclude that Eg = Apin < ann = Ey, as needed. Note that this
perturbation series breaks down if E,,,» = Eg in the denominator 1/(E,» — Eg). Such
a denominator occurs only if E,, relates to a state with +2 electrons compared to the
groundstate. In such instances one would have to go to higher order in ty, tg.

By removing the integrals [\’ \/%, setting w, w’ = A in the denominators and

using I} = Tttizl zew/ 24, one would obtain the corresponding I. expansion for a ZBW
description of the superconductors. As such, the previous and following arguments
about the sign of I; also holds for a ZBW description.

B.0.1 Sign of all contributions to critical current
We now turn our attention to the time independent part Ggﬁf’c), which specifies the
total sign, and we wish to show that no matter the value of a,b,c or i,j, k, |, the sign
of a contribution to I. is determined by the groundstate. In this subsection we neglect
spin-orbit coupling, Hso, the effect of which we discuss in a following subsection.

It is convenient to work in a spin-sorted basis of the many-body state (2,2| =
(0l dp.ydrydr dr|. With this choice, one can make use of the fact that Hp conserves

spin and therefore commutes with operators of opposite spin to sort Gi(ﬁf’c) as

(91 €l 19y = 3 amery (el €550 [my) (ny[ €50 my),  Bay)
nm

where we have expressed the ground state as a tensor product state between the
two spin sectors, |[g) = ), &n ]n¢> ® ‘n ¢>, with «, being prefactors from the diag-

Ag,00,C0
o,i’j’
follows: i/,j’ € {1,4} for spin-up and i”,j” € {2, 3} for spin-down, while ordering is

the same as in ijkl for each subset independently, e.g €\ corresponds to G%ﬁ{bmcﬂ

onalization of Hy + Hp. The indexes of € are specified by the ijkl index as

and Gi?z’bwci ). Finally, the powers ag, by and ¢y denote the number of Hp operators
containing spin-o, such that } ja;+bs+ce = a+b+c = N, where we do not
permute any operators of same spin in the sorting. This yields the following object,
which determines the sign of each spin independently:

(ol egllgbccc) me) = eij(_1 )ac+bg+cg (nol (HDd)aGdi(HDc)bGd)’(HDG)CG mo), (B.14)
with the Levi-Civita symbols, €;;, defined with €14 = T and €3 = 1. Additionally we
defined Hp, = tddIGng +h.c.
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Figure B.1: The paths transferring one electron across the DQD for various ground states. The
numbers represent the order of operations applied to (nt| to reach |n;). Lines with arrows

in both directions indicate an integer number of back-and-forth jumps each yielding t3.

a) ‘n¢> =10,0), b) ‘nT> = [1,1) ¢), one ordering of ‘n¢> = [1,0), d) another ordering of
|TLT> = |],0>

We will now consider a few specific spin contributions. We start with the state where
both dots are void of spin-up electrons such that [n) = |m;) = [0,0) where left and
right number in the kets refer to the number of spin-up electrons on the left and right
dots respectively. Such a contribution yields

b
(0,01 €151°7¢10,0) = e45(—1)%+0r+¢1 (0, 0] (Hpp) “ di (Hpy) * dj(Hpy)°1 [0,0)  (B.15)
b
= 8i48j104,00¢,0€41 (—1)'ty" (0,0l dRTdLTdLTd}:T 10,0) >0,

where the disappearance of ngT stems from the fact that the only non-zero contribution
arises when b4 is odd and HbDTT contains a single tdd&dm multiplied by (b —1)/2
back-and-forth operators of the type tfid{T dgry dITQT drt. A visual representation of such
processes is shown in fig.B.1 a). If the two dots are void of spin-up electrons, the
spin-up part will therefore yield a positive sign to eq. (B.13) to all orders of Hp.

Due to the electron-hole symmetry, a very similar derivation follows for the doubly
occupied spin-up state

(L 1ELST 1, 1) = e5(— )40 (1,1] (Hpg) “ di (Hpy) * dj(Hpy )T [1,1) (B.16)

b
= 8118j404,00p,0€14(—1 )ty (1,11 d]]:leTQTdLTdRT 11,1) >0,

where a visual representation is shown in fig. B.1 b).
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The odd groundstate configurations are a little more complicated, as there is more
than one way of organizing operators. Consider contributions with |n;) = [m;) =|1,0)

meaning one spin-up electron on the left dot,
b
(1,01 €451 1,0) = e5(—1)4+017¢1 (1,0] (Hpp) “di(Hpy)* dj(Hpy)t 1,00 (Bap)
= 6bT0taT+CT( 1 )1 (5i16j4€14 <1, 0| d[]:TdRTdedLT I, O>
+0i4051€41 (1,0 dRTd]J[Td}L{TdLT 1, 0>>
<0,

which shows that all such non-zero contributions are negative. By symmetry, exchang-
ing spin-up with spin-down yields precisely the same signs. Similar calculations can
be done for the other configurations and here we list the results:

(0, 1|e§gb0°6 0,1) <0, (B.18a)
(1,0 el 0, 1) > 0, (B.18b)
(0,11l ¢ 1,0) > 0. (B.18¢)

With these results it is straightforward to compute the sign of the critical current for a
given groundstate using eq. (B.13). Here we will show some results to illustrate the

methodology:
(0,01 €57 10,0y = (0,01 €% " 10, 0) (0,01 €% 10,0 > 0 (B.19a)
2,21€50 12,2) = (0,10 €S 1, 1) (1,11 1,1y > 0 (B.19b)
(1,01 €l 1,0y = (1,01 €15 11,0 (0,0 €)% 10,0y < 0 (B.190)
@€ 12,4) = (1,1 el e 1y (L0 el% < 1,0y < 0 (B.19d)

What we have shown is that, independent of ordering and order of Hp, all contri-
butions to I; in eq. (B.12) have the same sign, proving that the signs shown above
must also be the sign of I; for the respective groundstates. This method can also be
used to compute the sign of I for ground states that are not eigenstates of Hy, but
eigenstates of Hyp 4+ Hp. Consider for example the groundstate with a single electron
delocalized across the dots, [t) = a|f,0) — b0, 1), where a and b have the same sign.
Then it follows that

b b b
(1] G%‘ﬁ%c} 1) = (0, O]Gﬁ# wey) 0,0) ( (1,0| GTQI; 1¢1) 1,0) + b2 (0, HGTQJ et) 0,1)

—ab (1,01€,%5" j0,1) —ab (0, 1|eT‘j"TC“|1,o>)

0, (B.20)
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which proves that the sign of I in the delocalized single electron doublet sector is

negative to all orders in t4. Using the same methodology on other groundstates, we
tind:

ey i) > o, (B.21a)

(o @Eﬁé{)'c) lo) <O, (B.21b)

(14 o C’Eﬁ;{"” It} o) <0, (B.210)
ey it = o, (B.21d)

for eigenstates of Hy + Hp with electrons delocalized across the dots:

|Ti/> =a H\/ \L> +b H// T> —C |2/ O> —d |O/ 2> ’ (B.22a)
It o) =12,0)— glo,2), (B.22b)

defined with positive prefactors, a, b, c, d, f, g, on all components.

Crucially for this experiment, we have shown that both a triplet groundstate, [11),
and a singlet groundstate, [1]), will guarantee a positive I.. This concludes the proof
that for the serial double dot, neglecting spin-orbit coupling, the sign of I. to lowest
order in dot-lead couplings is completely determined by the charge groundstate.

Even though these derivations are quite technical, the results can be summarized
as a rather simple rule: For each spin in a cooper-pair in the left lead, count the
number of same-spin dot electrons it crosses to get from left to right lead. For each
such same-spin crossing attribute a minus sign. The sign of I. will then be equal to
the product of all such crossing signs. This rule can be inferred from egs. (B.13) and
(B.18), noticing that for a delocalized groundstate all contributions yield the same
sign as resulting from one of its localized constituents. For a serial double dot this
rule clearly implies that the sign of I is determined by the total charge parity of the
dots: the sign is negative for odd parity and positive for even parity, regardless of spin
configurations.

B.0.2 Discussion of spin-orbit coupling

So far we have established that the sign of the critical current for a double dot without
spin-orbit coupling can be inferred solely from the groundstate. In this subsection, we
discuss the possible implications of a finite spin-orbit coupling on the two quantum
dots, implemented as a spin-dependent interdot tunneling amplitude. We begin by
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considering only the spin-conserving tunnel coupling, t,, and write the total interdot

tunneling Hamiltonian as

Hp+Hso = Y ((td +iot,)d] dre +h. c> (B.23)

o
= teoff Z (ewe d}:o_ng + h. C) p
o

where tef is the modulus and 6 the complex phase of t4 + it,. On this system we can
perform a gauge transformation e'°® dTL(7 = aTLG which removes 0 from the interdot
coupling and moves it onto the left dot-lead tunneling amplitude,
Hr =t Z <ewec£koc~1hT +h. c) . (B.24)
ko
Since the expansion in tr, tr in eq. (B.7) contains two electrons of opposite spin
jumping from the superconductor lead to the dot, this phase cancels out in I, and the

only effect of t, is simply to renormalize the interdot coupling teg = 4 /’c%1 + tZ, leaving
the sign of I, unchanged.

Including either t or t,, interdot tunnelling is no longer spin conserving, and
therefore disrupts the spin-sorted arguments used above to show that all contributions
to I have the same sign. This is most easily illustrated with an example. Consider a
specific term arising from the combination HsoHpHso with a finite t,

HsoHqHso = _tétddItTdRileudLidIiidRT +... (B.25)

When acting on [0, 1), this operator is equivalent to —tﬁ Hp. Such combinations of
operators will arise in eq. (B.11), where, for example, a contribution with a = 1 would
contain Hp while a contribution with a = 3 would contain HsoHpHgp. As these two
terms have different signs, we observe that not all contributions to I. have the same
sign removing the guaranteed protection.

Without any external magnetic field, one may choose the spin quantization axis to
be aligned with the spin-orbit field, such that only t, is non-zero. As such the sign of
I¢ is still completely determined by the groundstate of the DQD. With a finite external
magnetic field, however, t, and t; components are unavoidable unless the field is
carefully aligned with the spin-orbit field. In this case, I. will sample amplitudes
of different signs and the overall sign of I, cannot be guaranteed analytically, since
the magnitudes of the individual terms now also matter. Instead, we have done this
numerically to confirm the observed signs of . in the plots presented in the main text
of chapter 11. To lowest order in Hp and Hgp, it can be shown analytically, that the sign
of Ip remains determined by the groundstate, and that it is only higher order terms
including both Hp and Hgp, such as eq.(B.25), which yield contributions of different
signs. To leading order, the sign of I thus remains determined by the groundstate.



KELDYSH GREEN’S FUNCTIONS

In this appendix we cover the basic Keldysh Green’s function relations required to
derive transport equations in chapter 7. In regular equilibrium physics one expects
that if a time-independent quantum system is initialized with some density matrix
po describing the state at t = 0 and coupled to a thermal bath of temperature T, then
in the long time limit py — pg with pg = e kT /7(B) ie. the system will reach
thermal equilibrium and the ground state will be described by a Gibbs distribution.
The description of such systems is the subject of equilibrium Green’s function theory,
notable the Matsubara description [18]

If the Hamiltonian is time-dependent the system does not necessarily equilibrate,
since time-evolution can possibly excite the system and drive it away from equilibrium.
In one wish to describe such systems using Green’s functions a different contour
than Matsubara is required. This can be achieved by use of the Schwinger-Keldysh
contour [177-179] which extends the regular equilibrium contour with a backwards
path. The derivations presented in this section are based on Ref. [146-148], and are by
no means an exhaustive walk-through of this large subject, as we focus primarily on
the necessities for transport calculations. The first step is to motivate and define this
new contour.

For a general Hamiltonian, which can be time dependent, the time evolution of the
density matrix is given by,

p(t) = U(t, —oo)poU(—o0, t), (C.1)

with pp = p(—o0), and the time evolution is the solution to the time dependent
Schrodinger equation 0 [ (t)) = H(t) (p(t)) given by,

T HL @MW sy

U(t,t/) = - . rt " "
Toet [t dtH(E")/m t <t/

(C.2)

such that [((t)) = U(t,t') Wb(t")) and fulfilling U(t’,t) = U(t,t"). T; (T;) denotes time
(anti-time) ordering which sorts operators in time, with lowest to the left (right) and
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highest to the right (left). For fermions this operation comes with a sign for each
exchange,
T (A(1)B(t) =O(t—t)A(t)B(t) —O(t' — t)B(t")A(t) (C.3)

with A(t) and B(t) denoting fermionic operators. If we now consider the expectation
value of some operator O,

1 1
where we assumed that the system at time t = oo was initialized in some known state
po. In this equation, we use the cyclicity of the trace and insert a unity to obtain,

(O(t)) = l Tr [U(—o00, 00)U (oo, t)OU(t, —00)p(—00)] (C.5)
4

which sketches a time integral running from t; = —oo to t,, = oo and then back again
to tf = —oo applying the operator O at time t on this path. This path we define as the
Keldysh contour depicted in Fig. C.1. In this manner we rewrite,

Po Cq
O O > T+ 1
Y >~
_ ~€--—-/\ ’
%) C, o0

Te (DAO) =-AD00O

Figure C.1: Sketch of the Keldysh contour following t: —co — co — —oo with three operators
applied along the way. Tc showcases the contour ordering, sorting operators by the
position on the contour.

(O(t) Z%Tf Tee He dUHEMO )y | . (C.6)

where T¢ is defined as the time-ordering along the Keldysh contour sketched in fig. C.1.
The top branch following —oo — oo is labelled C; while the bottom branch going back
is C,. Next, we define the single-particle Green’s functions in Nambu space on the
Keldysh contour as,

Gap(t,t') = —(TcWa ()W (1) (C7)
= —Oc(t, t')(Wa (W] (') +1Oc(t), ) (Wh(t)Wq (1)) (C3)

where a and b are index specifying the fermion type e.g left/right lead. O¢(t,t') is
the step function on the Keldsyh contour, such that if t is farther along the contour
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than t’ we define O¢(t,t’) = 1 and 0 otherwise. At this juncture we limit ourselves to

non-interacting Hamiltonians which can be cast in the form H =5 Zab yl ahap (t)Wp.

To start, we consider only the diagonal part Hp(t) = > , c(1 aa(t)cq whose Green'’s

functions we label gq(t,t’), defined with a single 1ndex as the Hamiltonian is diagonal.

The corresponding equation of motion is obtained by taking the time derivative of
eq. (C.8),

101ga(t, t') = Sc(t, t')([Wa(t), Wh(t")]) 4+ 1(Te [Ho(t), Wal (t)W](t))
= 8c(t,t') + haa(t)galt, t'). (C.9)

To obtain this result we used {WQ,WL} = I, which is the identity in Nambu space, and,

[H(t), W] (t) = haa(t)¥(1) (C.10)

which we show in appendix A. In these equations Nambu matrix multiplication is
assumed between each element. Lastly, we defined the delta function on the Keldysh
contour,
dt—t")  t,t' e
Sc(t,t)=<6(t—t) tt eC, (C.11)
0 tECi,t/EC]',i%j
which satisfy [~ dtd(t,t')f(t’) = f(t) for t’ € C. Rearranging eq. (C.9) we obtain,
[10¢ —ha(t)] galt, t') = 8c(t, t'), (C.12)

which defines gq(t,t’) also known as the bare Green’s function. Regarding the two
time variables t,t’ in eq. (C.9) as matrix indices we recognize 5¢(t,t’) on the right
hand side as the identity. In this view the inverse matrix is given by,

g '(t,t") = [t — haa(t)], (C.13)

which satisfies the following identity,

1= L at”g 1 (t,t")g(t",t), (C.14)

with contour integrals [ dt as inner products. Returning to the full Hamiltonian,

including off diagonal terms, we find the following equation of motion,

10Gaa(t, t) = 8c(t,t') + NaaGaalt, ) + > hap(t)Gpalt, t'), (C.15)
b#a
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which can be rewritten as,
10t — aal Gaa(t, ') =8¢ (t,t") + ) hap(t)Gralt, t'). (C.16)
b#a
Recognizing the inverse bare Green’s function on the left hand side we multiply with

g(t”,t) in a matrix manner and find,

Gaa(t, t') = gal(t, t') +ZJ ga(t, t" ) Map(t") Gy (t”, 1) (C.17)
b#a

= ga(t,t')+ ) gaohay o Gralt,t'), (C.18)
b#a

where we define fog(t,t') = [ dt"f(t,t")g(t”,t') and hep(t,t') = hap(t)dc(t, ).
For the cross index Green function Gg(t,t’) with a # b the anti-commutator
{Wy(t), Ya(t)} = 0 but otherwise derivations are similar yielding,

Gab(t,t') =) gaohacoGep(t,t') for a#b. (C.19)
c#a
The two equations eq. (C.18, C.19), allows us to derive Dyson equations for the Keldysh
Green’s function, enabling us to include couplings hqy, to all orders. Next, we will
show some general properties of such equations. For simplicity assume that state a
couples to a number of states b through hyp, but b does not couple to anything else
hpe = 0 for ¢ # a. In this case insertion of eq. (C.19) into eq. (C.18) yields,

Gaalt, t ’) =ga(t,t") + gaoZaa o Gaalt, t)) (C.20)
Zaalt Zhab gb(t t )hba( ) (C-Zl)
b

where the last term is known as the self-energy Zq(t,t’). Because of the iterative
structure this equation can be solved as a Dyson equation,
—1
—1
Gaalt,t) = |(90) "~ Zad] (1,1 (C22)
where the inverse is in regard to both Nambu and time structure.
At this point, we have developed the necessary equations of motion for our needs
and in the following we seek to relate Keldysh Green’s functions to the types of
Green’s functions appearing in calculations, namely retarded, advanced, and lesser.

Common definitions include,

GR,(t,t ):_@u ) ((Wa(t), YL (1)), Gt t) =10t —t) ({(Walt), Wi (t")),
G5t t) = LWl ()Wt )> Gyt t) = —i(Wa (t)W] (1)), (C.23)
Gly(t,t') = —i(TWa(t)W] (t), Gly(t, ') = —i(TWa (V)W) (1)),
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With the subscripts (R, A, <, >, T, T) denoting retarded, advanced, lesser, greater, time-
ordered and anti-time ordered respectively. The Keldysh time-ordering allow us to
connect these various elements, by specifying the time branches, t € {Cy, C}, on the
regular Keldysh Green'’s function,

GT(tt)) for teCyt' ey
G=(t.t’/ for teCy,t'eC
G(t,t) = (tt) 1 2 (C.24)
G~ (t.t) for teCyt' ey
GT(tt)) for te Cyt €Cy,

These relation are due to the fact that Tc always sorts along the Keldsyh contour, so
for example t € Cy,t’ € C; will by Keldysh ordering place t to the left of t’ which is
per definition the lesser Green’s function. Other important relations that follow from
definitions are,

GR(t,t') = GT(t, t') = G<(t,t))
GAMt,t) =G (t,t') — G (t,t))

G (t,t')—G'(t,t), (C.25)
G<(t,t)— Gl (t,t). (C.26)

If we now regard the inner product between two functions A(t,t’) and B(t, t’) on the
Keldysh contour,

C(t,t') =AoB(t,t') = J dt”A(t,t")B(t",t") (C.27)
C

:J dt"A(t,t")B(t",t')+J dt”A(t,t”)B(t”,t") (C.28)
C] CZ

we can by specifying time-ordering in C(t,t) in combination with [ dt"A(t) =
IC1 dt”A(t) + fcz dt”B(t) find the following relations,

C<(t,t) = J dt”AT(t, t")B<(t,t)) +J A<(t,t"BT (", ) (C.29)
Cq Cy

Clt,t/) = J at”"AT(t, t")BT(t,t') +J A<(t,t")B>(t",t)) (C.30)
C] CZ

Lastly, we utilize [ dt = [*] dtand [. dt = [ dtin conjunction with the above
relations to obtain,

C<(t,t)) :J

—0o0

o0

dt” [AR(t,t”)B<(t”,t) + A<(t,t”)BA(t”,t’)]
= AR0B<(t,t/) + A< o BA(t, t'), (C.31)

CR(t, t') :J

—0o0

(o]

dt” [AR(t,t”)BR(t”,t')} = AR BR(t, t/), (C.32)

CAt,t)) = JOO dt” [AA(t,t”)BA(t”,t’)} = A% o BA(t, t/). (C.33)

—0o0
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Here we defined the inner time-product for non-Keldysh components as A o B(t,t') =
7 at”A(t, t")B(t”,t'). These equations are collectively known as Langreth rules,
and allow us to specify all Green’s function components from Keldysh equations of
motion. Next, we apply these rules to obtain the equations used in chapter 7. First, the
cross index lesser component in eq. (7.25) is obtained by application of Langreth rules
on eq. (C.19),

(e.¢]

at" | g (4, ) hee ()G (£, 1) + g (4, )i ()G (£, 1))

(C.34)
Next, we need the same index retarded and lesser Green’s function used in eq. (7.28).

Gy (t, t)) :J

—0oQ

Using Langreth rules on eq. (C.18) we find,

GRL(tt) = gf(t,t') + gf o I} 0 G (1, ) (C.35)
Gt t)=gi(t,t)+gr oI o G (t,t)) + g oI5 o G (t,t) +gF o IR 0 G (1, ).

In the last equation we need to solve for Gy (t,t'), which is done by subtracting the
last term on either side and recognizing,

—1
- glozfi(tt) = |1+ Gf oz | (61! (C.36)

which is a rewriting of the Dyson series G (t,t') = [(gf)~' — Z‘ELT]. Multiplying

with this matrix finally yields,
Gii(t,t') = (I +Gfpo ZEL) ogr o (I +Giy o Zﬁ) (t,t')+ G o I o GLL(t, 1)) (C.37)

which is the final equation we need in order to derive transport.



NAIVE LEHMANN USAGE

In this appendix we elaborate on the issues of naive usage of Lehmann Green’s
functions. The Lehmann representation of a Nambu Green’s function, which for
simplicity we define in 2 x 2 Nambu, is given by,

Z (i n') (n'p] n)
" Z — w+1in+Ey—Ey

(e*ﬁE“ + e*BEn’) (D.1)

where 1|)iT = (dL d i) are local Fermionic operators and [n) exact eigenstates, with
energies £y, of some possibly interacting Hamiltonian H. This expression is a conve-
nient way of obtaining the single particle Green’s function for systems that can be
diagonalized, such as ZBW Hamiltonians, but includes interactions. The question is
then, can we use this Green’s function to calculate current through eq. (7.42) if the
Hamiltonian includes interactions? In deriving eq. (7.42) we explicitly assumed that
the bare Hamiltonians was non-interacting. If we included interactions, the DC current
would also depend on higher order correlators of fermionic operators which cannot
be reduced to single particle correlators as Wick’s theorem is not applicable. In light
of this, the answer is no. Inputting the Lehmann Green’s function of an interacting
Hamiltonian in eq. (7.42) does not yield the correct DC current. The follow up question
is then, what do you obtain if you do it anyway? This we dub naive usage of Lehmann
Green’s function and to illustrate the consequences we follow an example.
Consider the S-QD Hamiltonian but with U = 0 known as the resonant level,

H = Hp + Hs, (D.2)
ZekckgcngrZ [Acch i, +he c} +tZ [CT ds +h. c] (D.3)
Z eddT dg. (D.3)
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In this limit, the dot is characterized by a simple Green’s function in Nambu space,
gE(w) = [w+1in— ed’rz]*], such that the dot Green’s function dressed by the super-
conductor is,

—1

R(w) = w+in—edTZ—tzTZg§(w)’tz (D.5)

where gR(w) is the local superconducting Green’s function. If we choose now to
consider only low frequencies compared to the gap w < A then we can approximate
gs(w) = —mvETy, and we find,

w+1in+ eq1, + Ny
(w+1in+Ep) (w+1in—Ep)

1 V% UpVo 1 u(z) —UoVo
= ) |t 2 (D.7)
w+1in—Ep \ugvy ug w +1in+Ep \ —uovo Vo

with T = 7vpt?, = /i +T2, uy = %,/ andvo f,/]%—éd To go

from line two to three we used ab = s + - ( ) = b m (l — ) From this form we

9*(w) = (D.6)

recognize two simple poles corresponding to excitations at energy w = +Ey,.

Now let us consider a slightly different model, where we add the interaction
Hy = Ud¥did 1dy to the Hamiltonian. Still considering the limit of large A compared
to all other scales we solve first for Hy + Hs, and obtain the Green’s function eq. (D.5)
which we rewrite as go(w) = [w +in — Heg]. From this, we recognize an effective
Hamiltonian for the dot system with the superconductor integrated out,

Fl=Herr + Hu = eq y_ dbdo +Tdld] +Td;d; +Udld]d, dy, (D.8)
(0

—EdZdeU+FdeI+Fd¢dT+ (Zd*dg—1> (D.9)

which corresponds to the large A limit investigated in Ref. [38] using &4 = €4 + U/2.
If we span this Hamiltonian in number states we find that the odd states |o) are
eigenstates with energy E; = &4, while |0) couples to |2) through the anomalous term.
This even subspace we diagonalize and find,

u
l+) =ul0) +v[2), E+:£d+3+\/£‘21+l“2 (D.10)
u
|—>:—v|0>—|—u|2),E,ZE,d—i—z—\/E%l—l-rz (D.11)

with u = \/; /11— \/% and v = \/; /1— \/EZ—FZ Consequently, if we set U = 0

the groundstate is always |—), and the first excitation is to the two |o) states with



NAIVE LEHMANN USAGE

excitation energies E; — E_ = Ey, connecting us to the resonant level model with
Green’s function eq. (D.6). Next, we choose U finite and set \/Eé +T2 = U/2+3,
with & being a small positive number compared to U. The system is now effectively
described by the three levels |—) and the two |o), as |[+) is far away in energy. Using
the Lehmann representation for T = 0 we obtain the following single particle Green’s

function,
oY (glbiIn) (] |g) Ly (glbiIn) (] |g) D.12)
Y w+in+Ey—En w+in—Eg+E”
where |g) is the ground state. For our choice of parameters |g) = |[—) and we find,
1 V2 uv 1 u? —uv
R
_ D.1
gulw) w+in—2>3 (uv u2> +w+in+6 <—uvo vz ) (D.13)

here the subscript U remind us that this is a Green’s function for finite and large
charging U > . Notice the striking similarity between this Green’s function and
eqg. (D.6). Next, if we in eq. (D.6) choose €4 = 0 and for finite U choose &4 = 0 we find
u=v =1y =V = 5 and the two Green’s functions are completely identical, apart
from the denominator & compared to Ey. Finally, since eq. (D.6) was exact and derived
from the Hamiltonian Hp 4 Hs we can ascribe eq. (D.13) as an exact solution of,

P =sdldl +5d,d, (D.14)

2
#H(Ea =0) = (%—5> <d$d1+d¢dT> +% (Z deU—1> (D.15)

here we highlight that the new effective Hamiltonian of the Green’s function is
not equal the original one. This fact becomes more obvious when we the consider
excitations. H has four eigenstates with energies Ei € {=5,0,0,8} while H(éq = 0)
also has four eigenstates, but with E; € {—§,0,0, U + 8}. Consequently, the lowest
excitation Egx = 0 is the same, but the next excitation is very different. So what have
we learned? We see that the Lehmann representation is not a one-to-one map as
multiple Hamiltonians can have the same single particle Green’s function. In order to
pair eq. (D.13) with its correct Hamiltonian, we would require higher order correlators
than single particle, which would differ between A and H(&g = 0). Crucially, A is
specifically the non-interacting(!) Hamiltonian yielding the same single particle Green’s
function as H(&4 = 0). From this we recognize that to naively use a Lehmann’s Green’s
function in DC current calculations, eq. (7.42), corresponds to assuming that the
Hamiltonian is effectively its non-interacting counter-part, similar to A for A(&4q = 0).
Additionally, the Lehmann Green’s function that describes the excitation from a singlet
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to a doublet state with energy o, corresponds to a resonant level Hamiltonian in which
the doubly excited state (which we label [1])), with energy 26 above the groundstate, is
also an allowed many-body state. This correspondence is not restricted to £4 = 0 or the
infinite gap model, as from eq. (D.12) any model including only a singlet to doublet
excitation will yield a Green’s function of the form eq. (D.13) with a mirror in eq. (D.6),
and consequently a corresponding non-interacting resonant level Hamiltonian. Lastly,
in case the doublet state is the groundstate (consider § slightly negative) and for a
infinitesimal temperature, such that the |g) is a thermal mixture of [) and |{), we find
GR(w) = 3G} (w) by use of eq. (D.1). This still resembles the resonant level but with
half coupling. This concludes our studies into the Lehmann Green’s function, which if
naively used i.e. neglecting higher order correlators, corresponds to assuming that the
dot Hamiltonian is a resonant level Hamiltonian.
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