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Abstract

In the search for non-Abelian anyonic zero modes for inherently fault-tolerant quantum
computing, the hybridized superconductor — quantum Hall edge system plays an im-
portant role. Inspired by recent experimental realizations of this system, we describe it
through a microscopic theory based on a BCS superconductor with Rashba spin-orbit
coupling and Meissner effect at the surface, which is tunnel-coupled to a spin-polarized
integer or fractional quantum Hall edge. By integrating out the superconductor, we
arrive at an effective theory of the proximitized edge state and establish a qualitative
description of the induced superconductivity.

We predict analytical relations between experimentally available parameters and
the key parameters of the induced superconductivity, as well as the experimentally
relevant transport signatures. Extending the model to the fractional quantum Hall case,
we find that both the spin-orbit coupling and the Meissner effect play central roles. The
former allows for transport across the interface, while the latter controls the topological
phase transition of the induced p-wave pairing in the edge state, allows for particle-hole
conversion in transport for weak induced pairing amplitudes, and determines when
pairing dominates over fractionalization in the proximitized fractional quantum Hall
edge.

Further experimental indicators are predicted for the system of a superconductor
coupled through a quantum point contact with an integer or fractional quantum Hall
edge, with a Pauli blockade which is robust to interactions and fractionalization as a key
indicator of induced superconductivity. With these predictions we establish a more solid
qualitative understanding of this important system, and advance the field towards the
realization of anyonic zero modes.
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CHAPTER

Introduction

“The old particles were the particles of the problem, and
the new particles are the particles of the solution.”

Jainendra Jain on quasiparticles,
in Composite Fermions (2007)

In the theory of condensed matter physics one applies quantum mechanics to systems
consisting of a number of atoms on the order of Avogadro’s number Ny ~ 1023. Since
quantum mechanical descriptions become notoriously complicated for any system of
more than a couple of particles, some clever ideas are needed to succeed. For systems
whose characteristic behavior arises from the collective dynamics of many strongly
interacting particles, one particularly valuable idea is that of the quasiparticle. Instead of
describing the collective dynamics in terms of each individual constituent particle, one
can sometimes arrive at a simpler description by assigning a quasiparticle to describe
just the collective behavior. Perhaps the simplest case of this is the phonon, which
embodies the vibrations of an ion lattice, while the description of a missing electron
in the Fermi sea as a quasiparticle (hole) lies at the very foundation of semiconductor
theory.

Among the more exotic examples, we find the part electron, part hole quasiparticle
characteristic of superconductivity [1], and the Laughlin quasiparticle of the fractional
quantum Hall (QH) effect, which can be accurately described as a fraction of an electron
[2]. This includes the accumulation of a fractional phase under exchange [3-5], i.e.

P(x1,22) = (22, 71),

with ¢ a fraction of the fermionic phase ¢r. While all actual particles must be either
bosons with ¢p = 0 or fermions with ¢r = m, the fractional exchange phase lies
between these cases in an example of the more general exchange statistics of anyonic
quasiparticles, or anyons. As shown by Leinaas and Myrheim [6], for particles in one
and two dimensions any exchange phase is permitted, hence the “any” in anyon. Actual
particles must exist in three dimensions, but quasiparticles are under no such obligation.

An important distinction is that between Abelian and non-Abelian anyons. In group
theory, these labels refer to groups whose binary operation commutes (Abelian) or does
not commute (non-Abelian). Similarly, there are Abelian anyons whose exchange simply
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Figure 1.1: A system of counter-propagating fractional QH edge states with a gap induced by either
backscattering or superconductivity. At the domain wall between these topologically distinct gaps, the
system is predicted to host non-Abelian zero modes (marked with stars) with generalized exchange
statistics. Reproduced from Ref. [16].

accumulates a phase, meaning exchanges commute, and non-Abelian anyons whose
exchange amounts to a rotation within a degenerate subspace, meaning exchanges
generally do not commute [7]. The experimental realization of non-Abelian anyons
has been a topic of widespread interest since it was predicted that certain non-Abelian
systems could form inherently fault-tolerant qubits [7,8]. In addition to academic efforts,
the realization of qubits through non-Abelian anyons is currently also a key element in
major industrial pursuits of large-scale quantum computing [9].

The main system of interest in the pursuit of non-Abelian anyons is one hosting
domain walls between topologically distinct regions with gapped dispersions [10,11].
During the transition from one gapped system to another, the topological distinction
forces a closing of the gap at the border between the systems. This implies the existence
of localized degenerate states with zero energy at this border, also known as zero modes.
These are protected from noise and perturbations, since breaking the degeneracy would
require a breakdown of the topological distinction between the two regions.

To fully localize the zero modes, it is useful to use systems which are effectively
one-dimensional, and whose domain walls are point-like. A useful source of such states
is the QH effect, where a strong magnetic field causes a two-dimensional conductor
to become insulating in the bulk with a persistent, chiral current running around the
edge. This edge state is effectively one-dimensional and extremely robust to impurities
in the material. Due to its chirality, a gap can only be induced in the coupling of two
counter-propagating edges states, which can still be separated by a narrow trench. The
topological nature of the gap can then be controlled by what material is in that trench.

In the simple case that they are separated by vacuum, tunneling across the trench
will allow the states to backscatter, effectively hybridizing the two chiral states. The
induced gap can be topologically distinguished from that of a superconductor (SC),
which is due to the hybridization of particle and hole states. Thus, if we can make a
segment of the QH edge superconducting, we would expect a zero mode between the
superconducting region and the backscattering region. The superconducting QH edge
can be achieved by placing a SC in the trench and taking advantage of the proximity
effect, where the surface of the normal conductor near the interface experiences induced
superconductivity due to its proximity to the SC. The result is a hybridization of the SC
and normal conductor states, where we say that the normal conductor is proximitized.
This effect has been theoretically known for decades [12], but the introduction of a strong
magnetic field in order to induce the QH effect in the normal conductor complicates
matters [13-15].



The system we have just described, and which is sketched in Fig. 1.1 for fractional
QH edges, has indeed been predicted to host non-Abelian zero modes at the domain
walls [16]. For edge states caused by the integer QH effect, these zero modes correspond
to Majorana fermions, while for edge states caused by the fractional QH effect, the
degeneracy increases, and the zero modes correspond to the more general parafermions
[17]. Only recently has such systems become experimentally available, with fabrication
techniques having improved enough that it is now possible to interface materials where
a clear coexistence of superconductivity and QH effect is observed, along with transport
across the interface [18-27]

The main focus of this thesis is the development of a theory which predicts the
experimentally observed proximity effect from well-understood models of the SC and
the QH effect in a framework which applies to both the integer and fractional QH
effects. In addition to that, we will present various experimental signatures of induced
superconductivity in a fractional QH edge, something which was only very recently
achieved [27].

The system we will treat is that of a single edge state coupled to a SC, which in
itself does not host any zero modes, but the understanding of which is an important
element in understanding the composite system hosting zero modes. We will analytically
predict how the experimental signatures of the proximity effect depends on parameters
characterizing the constituent systems, such as the order parameter of the SC and
the Landau level separation in the QH system. By doing this, we seek to further the
understanding of how the hybridized SC-QH edge state depends on the presence of
various underlying mechanisms including spin-orbit coupling and the Meissner effect,
and to contribute with a deeper qualitative understanding of the problem, adding
to the highly illuminating numerical and phenomenological treatments found in the
literature [28-32].

Outline

The thesis is structured as follows.

In Chapter 2 we introduce most of the background material needed to follow the
thesis. The integer and fractional QH effects are described, and the BCS model in the
presence of a strong magnetic field is discussed.

In Chapter 3 the model of the integer QH-SC interface is presented, and reduced to
an effective theory of the proximitized integer QH edge by integrating out the SC. The
effective model is discussed with a focus on particle-hole mixing.

Chapter 4 consists of transport calculations involving the effective model. A carefully
derived scattering formalism for particles and holes is used to predict the conditions for
negative downstream resistance, which is a key experimental indicator of the proximity
effect.

Chapter 5 extends the effective model to the case of the fractional QH edge state
through the framework of a Tomonaga-Luttinger liquid. The effective pairing Hamilto-
nian is derived in terms of the bosonic fields of the Tomonaga-Luttinger liquid, and the
derivation of transport signatures is sketched.

In Chapter 6 we present work on the different system of a SC and a QH edge
contacted through a point contact. A phenomenological model from the literature is
used to derive the current and noise characteristics of the system.

Finally, in Chapter 7 we conclude on the work presented.
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CHAPTER

Macroscopic quantum states

The main system of concern in this thesis consists of two elements: a material exhibiting
the quantum Hall (QH) effect, and a superconductor (SC). Both of these are examples
of “macroscopic quantum states”, in the sense that they are both expressions of a
macroscopic number of electrons condensing into a degenerate ground state at low
temperatures.

To construct a model describing the hybridization of these two systems, we will
start by modeling them separately, and then investigate the consequences of coupling
them. This chapter will summarize the background material required to construct the
separate models. In the case of the QH system, we will start by considering a finite
two-dimensional electron gas (2DEG) in a strong magnetic field, which is a simple
model of an integer QH system with a few important subtleties. The SC model will be
based on the BCS model [36], which will be discussed in the context of an externally
applied magnetic field. The models we present will generally be assumed to be at zero
temperature.

2.1 A two-dimensional electron gas in a strong magnetic field

The quantization of conductance in a 2DEG in a strong magnetic field at low temper-
atures due to the QH effect is a startling example of quantization of a macroscopic
observable robust to material impurities. So robust and exact is this quantization that it
plays a fundamental role in the new SI unit definitions implemented in 2019 [37].

In this section we derive the quantum mechanical origin of the integer QH effect, and
introduce important concepts and quantities for the following chapters. The fractional
QH effect will not be treated until Chapter 5. Further reading on the integer QH effect
can be found in sections 3.1, 3.2 and 14.1 of Ref. [38].

Let us first consider the case of an infinite plane of free electrons with a strong
perpendicular magnetic field pointing out of the plane. We assume the field is strong
enough to polarize the spins of the electrons in the up direction. The Hamiltonian of a
non-relativistic electron with charge —e moving in two dimensions in a perpendicular
magnetic field of positive strength B is given by minimal coupling
2

5 (2.1)

Hyprg = (q + €A)

2me




where the square is in the sense of a dot-product, m. is the electron mass, q is the
two-dimensional momentum operator, and A is the vector potential. Note that we have
chosen units where i = ¢ = 1. Let the magnetic field be uniform such that V x A = Bye.,
where e, is the unit vector along the z-axis. We can freely choose the gauge of the vector
potential, but the simplest choice is a gauge which reflects the geometry of the physical
system. Since we will later introduce a straight edge, we will choose the Landau gauge

A= _BO(y - yO)e:ch (2-2)

which leaves the Hamiltonian translationally invariant along the z-axis. The constant
Yo represents a remaining gauge freedom which will be fixed later. In this gauge, the
z-momentum g, is a good quantum number, and we can replace the operator with the
eigenvalue in the Hamiltonian. We define the magnetic length

def [ 1

By’ (2.3)

which is the characteristic length scale of the system, and rewrite the Hamiltonian as

- 2
g2 + (qx _ @yo) ] . (2.4)

This is the Hamiltonian of a harmonic oscillator along the y-axis with frequency

1
Hopgg = .

def €By 1

We =

= __- 2.5

el (2.5)
which is also known as the cyclotron frequency. The evenly spaced eigenvalues of the
Hamiltonian

En:<n+%>wc, n=0,1,2... (2.6)
are known as the Landau levels. An important characteristic of them is the lack of
dependence on g;, meaning that for a macroscopic number of allowed values of ¢,, each
level has a macroscopic degeneracy in g.

We can understand the role of the quantum number ¢, better by looking at the
Hamiltonian in Eq. (2.4). Here, g, enters into the second term which acts as a harmonic
potential centered around the guiding center coordinate

def
ch = q$£2 + Yo- (2.7)

The eigenfunctions of the Hamiltonian are [38],

1 iqzx—l y—Yge(qz) 2 y_ch(Qx)
Y0V = e T () e

where H,, is the nth Hermite polynomial. As we might have expected, they are plane
waves along the z-dimension and exhibit Gaussian localization around Yec in the y-
dimension. The intertwining of a state’s y-position and z-momentum ¢, will play an
important role in our modeling of the edge interface.

6
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Figure 2.1: Left: Numerical solutions to Eq. (2.9) with a hard wall at y = 0 (black line) forn = 0,1, 2 at

Yoo = — 14 (edge state) and Yy = 5¢ (bulk state). The dotted lines indicate the corresponding harmonic

potential. Right: Dispersion relation corresponding to the numerical solutions for n = 0 (blue circles)
with linear interpolation. See also the supplemental material of Ref. [41].

2.2 Edge states

Let us now introduce an edge along the z-axis at y = 0, letting the 2DEG take up the
semi-infinite plane of y > 0, with vacuum in the rest of space. In the laboratory, the 2DEG
would naturally be finite in all dimensions, but we can assume that the dimensions of
the 2DEG are much larger than /, meaning the edges will not directly affect each other.
We modify the Hamiltonian to include an edge potential, and rewrite it in terms of £ and
We,

We (y - Y )2
Hopeg = [(QyE)Q + Tgc} + Vedge(¥), (2.9)
where the edge is a hard wall
0 fory >0,
Veage (1) = { - (2.10)
oo otherwise.

The general problem of a harmonic potential with a barrier has been solved numerically,
while the specific problem of an infinite barrier at the center of a harmonic potential
(corresponding to Y. = 0) has been solved analytically [39,40]. The solutions to the
latter problem turn out to be the odd-n harmonic oscillator states of Eq. (2.8), which all
have a node at the center of the potential, and thus obey the boundary condition of the
hard wall.

We can develop an intuitive understanding of the effect of the edge by numerically
calculating the y-dimension eigenvalues and eigenfunctions using the renormalized Nu-
merov method, see Appendix A. As shown on the left of Fig. 2.1, the bulk eigenfunctions
are simply the harmonic oscillator eigenfunctions, while the introduction of a hard edge
"squeezes" the eigenfunctions and increases their energy. The energy eigenvalues for
different values of ¢, (or equivalently, different Yy.) are shown on the right.

In other words, the presence of an edge induces a smooth, upwards curve in energy
eigenvalues for states whose guiding center coordinate approaches the edge. Due to

7



Figure 2.2: An example of an experimental setup for measuring Hall conductance. Leads 1 and 3 are
voltage leads, while leads 2 and 4 are current leads.

the connection between Y. and ¢, the same upwards curve is found in the dispersion
E,(gz). If we consider the group velocity v, = 9,, E(q,), we see a remarkable feature
of the quantum Hall effect: the bulk is insulating, v, = 0, while the edge states carry a
persistent current due to them all having v, < 0. Since the above analysis applies to all
sides of a real 2DEG, this current loops back around, and the material naturally remains
charge neutral. However, this edge current has the peculiar feature that the electrons
move without resistance, even in the presence of disorder. This ballistic transport
of particles can be explained by the fact that for energies between the Landau levels
there are no modes for the electron to backscatter into when they encounter impurities.
The bulk allows no states with this energy, and the counter-propagating states are
macroscopically far away, on the other side of the 2DEG. As we will see, this chiral
transport of ballistic electrons around the edge of the 2DEG is what gives rise to the
iconic quantization of conductance in the quantum Hall effect.

2.3 Transport through a QH system

Consider the setup presented in Fig. 2.2, where a 2DEG in a strong magnetic field is
contacted with four terminals, with an applied current I passing from terminal 4 to
terminal 2. Assuming that the current passes through M ballistic channels, we have the
relation [42]

2

I =M~ (Vi Vh), (2.11)
where we have re-introduced the Planck constant for clarity. We can count the number
of channels by counting the number of filled Landau levels: each filled Landau level
adds one edge mode, with higher levels adding modes deeper in the bulk. Labeling the
number of filled Landau levels as v, also known as the filling factor, we conclude that the
transversal resistance, or Hall resistance, as measured between terminals 1 and 3 will be
Ri3 = (V3 —V1)/I = h/(ve?), while the longitudinal resistance as measured for example
between terminals 2 and 3 must be zero, R3 = 0, due to the ballistic nature of the edge
channels. Experimentally, this is indeed what is seen at very low temperatures (~ 1K)

8
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Figure 2.3: Measurements of longitudinal and transverse voltages for a GaAs film showing QH plateaus
at integer filling factors and temperature ~ 1K. Reproduced from Ref. [44].

and at strong magnetic fields, see Fig. 2.3. At higher temperatures, the quantization
is lost due to electron-phonon scattering effects [43]. A more detailed discussion of
transport through a QH system can be found in Chapter 3, where we will predict how
these transport characteristics behave in the presence of superconducting correlations.

For samples of very high mobility and at very high magnetic fields [43], plateaus
beyond the integer QH plateaus become visible, see Fig. 2.4. These occur at filling
factors which are rational fractions, such as v = 1/3, and are clearly not accounted for
by the theory presented thus far. Indeed, it turns out that one must allow for strong
correlations between electrons to account for these fractional plateaus, as modeled by
the wave function proposed by Laughlin [45], the Chern-Simons theory proposed by
Wen [46] and beyond [38]. To an extent, these fractional states can be understood as
collective electron states best described through fractional quasiparticles, with fractional
charge and fractional exchange statistics. This makes the fractional QH edge an exciting
candidate in the pursuit of parafermions, which can “borrow” the rich structure of the
fractional edge state to go beyond the Majorana fermion.

Since we will not concern ourselves with the fractional QH edge until Chapter 5,
further discussion on the matter can be found there.

24 The BCS superconductor model

Among the startling effects of materials at extremely low temperatures, perhaps the
most well-known is superconductivity. For a wide range of materials, sufficiently strong
cooling makes their electric resistance drop to zero, and sees them perfectly expelling
any external magnetic fields. Such behavior is predicted in materials where the repul-
sive Coulomb interaction among electrons is competing with an attractive interaction,
typically from electron-phonon coupling. At low temperatures, the attractive interaction
wins out, causing a phase transition into superconductivity. This phase transition can be
understood as electrons pairing up to form bosonic Cooper pair states, which can then
condense into a degenerate ground state. Further reading on superconductivity can be
found in Refs. [1,47].
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Figure 2.4: Measurements of longitudinal and transverse resistance for a GaAs/AlGaAs heterojunction
showing QH plateaus at fractional filling factors. Reproduced from Ref. [43].

We will be modeling a SC exhibiting conventional superconductivity, where the
attractive interaction between electrons is mediated primarily by phonons. This type
of SC can be accurately modeled by the theory developed by Bardeen, Cooper and
Schrieffer (BCS) [36]. They showed that by considering an interacting electron system
under a mean-field approximation, superconductivity can be accounted for using the
effective non-interacting second-quantization Hamiltonian

Hycs =3 [ekcLUckJ n (AOCLTCLQ L +h. c)] : (2.12)
k,o

where c ., is the annihilation operator of an electron with momentum k and spin o with
kinetic energy

k2
€k —

- 2mg

- /»LS ) (2.13)

where m; is the mass of the superconducting electrons and 1 is the chemical potential.
The complex superconducting order parameter A, generally depends on momentum,
but in the simplest model it is assumed to be constant. At non-zero temperatures, the
parameter indicates the phase of the system, only attaining non-zero values below a
critical temperature.

An important signature of superconductivity is the mixing of particles and holes. For
a non-superconducting system, we can write the free electron Hamiltonian as a free hole
Hamiltonian by exchanging the electron fields and exploiting the symmetric summation
over k

H = Z EkCL,UCka = Z —E_kC—k,aCT,kp + const. (2.14)
k,o k,o
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Figure 2.5: The dispersion of the BCS Hamiltonian in Eq. (2.18) for zero A¢ (blue) and non-zero A
(black). Without superconductivity, the particle dispersion (full blue line) and hole dispersion (dashed blue
line) are distinct. Non-zero A opens an energy gap and hybridizes the particle and hole dispersions.

If we interpret c_y , as the creation operator of a hole in the Fermi sea with kinetic energy
—e_x, we see that describing the system in terms of holes and describing it in terms of
particles are equivalent approaches up to a constant, which we can ignore as long as the
energy scale is not fixed. Now let us diagonalize the BCS Hamiltonian Eq. (2.12) through
the Bogoliubov transformation

Vk,1 uy  —v Ck,
(T >:<vg uk><ﬁ>, (2.15)
T—x,2 k k €k,

where uy, vk are complex numbers with amplitudes,

1
ud® =5 | 1+ %, (2.16)
V6 + Dol
1
e =5 | 1= k (2.17)

Vi T [Aol?
and phases such that arg(uy) + arg(vk) = arg(Ag). This results in the diagonal Hamilto-

nian
Hpcs = + Z v €k + [Aof? 'Y;LJ'Yk,j- (2.18)

k,j=1,2

The dispersion Epcs(k) = £4/€i + |Ao|? is plotted in Fig. 2.5 both for the superconduct-

ing and non-superconducting cases, with the negative dispersion corresponding to an
exchange of the v operators. We see that the quasiparticles given by the operator i are

11
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Figure 2.6: An electron wave impinging from the N side on an NS interface at energies within the SC gap
is either reflected normally, or reflected as a hole through Andreev reflection. Reproduced from Ref. [1].

superpositions of particles and holes. Specifically, for |Ag| = 0, we see that

ck,4 for e > 0,
x 2.19
! {cT—ki for e < 0. ( )

That is, if we define the amplitude k¥ = |k| and the Fermi momentum kp = /2mgus,
the operator 'yl creates a hole if £ < kr and creates an electron if k¥ > kr. However,
for non-zero Ay we see a smooth interpolation between the two cases, with perfect
mixing between electron and hole at k = kr. As we can see in Fig. 2.5, the hybridization
between electron and hole states leads to avoided crossings between the particle and
hole dispersions, opening up an energy gap of width |A¢| from zero. Throughout the
thesis, the order parameter Ay may be referred to as the SC gap or the pairing amplitude,
depending on context.

At energies within the gap there are no single electron states. All the electrons have
paired up and condensed into a collective state, and it requires an energy of at least
2|Ap| to break up such a Cooper pair. At energies E > |Ag| we find quasiparticle states
consisting of electron/hole mixtures, and for E > |A| the states are almost entirely
electron-like.

2.4.1 The NS junction

To accurately model transport between a normal system (N) and a superconducting
system (S), i.e. across an NS junction, the quasiparticle nature of the SC excitations must
be taken into account. In the framework of single particle mechanics, such transport was
modeled by Blonder, Tinkham and Klapwijk [48] using a generalized semiconductor
model. An important result from this work is the process of Andreev reflection. At
energies within the gap, a single electron wave function impinging from the N side onto
an NS junction is forbidden from transmitting into the superconductor by the lack of
single electron states. It does, however, still transmit evanescently into the SC, which
results in a non-zero amplitude of being reflected as a hole rather than an electron in
a process known as Andreev reflection, see Fig. 2.6. The fact that the process changes
the total charge on the N side by 2¢ hints at the physical interpretation: the impinging
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electron is absorbed into the SC condensate along with another electron, forming a
Cooper pair.

The amplitude of this process can be found by wave-matching across the interface,
i.e. by solving the Schrodinger equation on both sides of the interface and requiring
continuity of the wave function [49]. For example, with an interface at y = 0 and the
wave functions ¢+ (y) in the y > 0 and y < 0 regions, respectively, continuity of the
wave function requires

$+(0) = - (0). (2.20)

This method has been applied to the case of a SC-QH interface in previous work [13,14],
but since this thesis considers a second quantization model of the interface, the method
does not apply. It does, however, form the basis of the numerical Numerov method used
to calculate the edge dispersion of the QH edge, see Fig. 2.1 and Appendix A, and will
play an important role in Chapter 4 where we will consider the transport across an NSN
junction, where a superconducting segment is found between to normal segments. As
discussed in that chapter, however, under certain boundary conditions Eq. (2.20) does
not hold, but is superseded by the requirement of continuity of the probability current
across the junction, as implied by the unitary evolution of quantum states [50].

2.5 The London theory of SC electrodynamics

In the presence of an externally applied magnetic field Bpe., a SC will expel the field
such that no flux penetrates it in a case of perfect diamagnetism. For modeling the bulk
of a BCS SC, one usually does not take magnetic effects into account, but since we will be
considering the interface between a SC and a QH edge state, it is important to accurately
model the surface of the SC. To do this, we must take the effects of the externally applied
magnetic field into account, which we will do through a phenomenological theory of the
electrodynamics of the SC, namely London theory [1]. Under the assumption that the
electrons in the SC form a normal fluid with uniform density n,, and a superfluid with
uniform density n,, which is insensitive to scattering, the theory predicts the magnetic
field

B(y) = Boe¥/ e, (2.21)

for a SC taking up the half-space y < 0, where X is the London penetration depth

def ms
)= . B 2.22
4dmeng (2.22)

In other words, the magnetic field is exponentially suppressed inside the SC with a
characteristic length scale A. To account for the magnetic field in the SC Hamiltonian,
we will consider the vector potential A = A, in the London gauge [51],

Ar(y) = —Boe¥ e, (2.23)

which is the unique gauge for which

V.Ap =0, (2.24)
A7 = 0 in the SC bulk, (2.25)
Al -n=0, (2.26)
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where n is the normal vector to the SC surface. This gauge has the unique property that
A is directly related to the supercurrent density j, through the London equation

nse>

js=— A (2.27)
ms
From this we can see that the magnetic field induces a non-zero supercurrent at the SC
surface, which vanishes exponentially with the magnetic field into the SC. This is the
Meissner current which is responsible for the expulsion of the magnetic field.
We can now write up the position space BCS Hamiltonian in the presence of a

magnetic field,

Hycs =Y / dr [cg(r) <HV+€A]Q - MS) co(r) + <A04<r)cj(r) +h c)] , (2.28)

2m

where ¢, (r) annihilates an electron with spin ¢ at a point r. At this point, it is practical to
express the Meissner current in terms of the supercurrent carrier momentum kg, which
relates to the current density as [47]

js = =%, (2.29)

ms

which means k, = —eA . Specifically, Eq. (2.23) implies
ky(y) = eBoAe¥ ey, (2.30)
fory < 0.

2.5.1 Surface current

Let us assume that we wish to describe the surface current in a region where the vector
potential varies very slowly, i.e. that it changes on a length scale greater than the size of
a Cooper pair, and thus the Cooper pair experiences an approximately constant vector
potential. Concretely this would correspond to A > ¢, where the superconducting
coherence length ¢ is the characteristic length scale of a Cooper pair [47]. Then we can
approximate A(y) ~ A(0) near the edge, corresponding to a constant supercurrent
momentum k, = eBple,. Under this approximation, the Hamiltonian in Eq. (2.28)
reduces to

Fysurface _ Z &r |l (r) [2iV — kea]” ses]” — co(r) + (A c(r)el(r) +h c)
BCS — ~ ol oM, Us | Co 0Cy 1 -G

(2.31)
Temporarily re-introducing hats to mark operators, the z-component of the kinetic
energy term in the Hamiltonian is

& (z) <W - us> éo (). (2.32)

Let us then define the unitary transformation U (x) = e~**s* such that U1/ = 1. We can
then write Eq. (2.32) as

rvn | (ky — k)2 A
@@ww<<%n>M>mwww (2.33)
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Expanding U(xz) we find

A NN . 1 .
O (ke = kU = ko =k + [ikoi, ko — k] + =ik, =ik ke = k) .., (2:34)
where [+, ] is the commutator. Applying the canonical commutator [, k] = 4, we see

that all the nested commutators in the expansion drop out, and we find

A A

Ulky — k)UT = ky — kg — iks[2, ky) = ke (2.35)

Such a U is known as a shift operator, and we are using the fact that the position operator
Z is the generator of momentum translation, much like how momentum is the generator
of position translation [50]. Once again dropping the hats, we can perform the unitary
transformation ¢, (r) — U(x)c,(r), after which the Hamiltonian Eq. (2.28) becomes

H3uface Z/d?)r [c:r,(r) <—2;SV2 _ ,U's> co(r) + (AOeQiksxcnr)cI(r) + h. c)] .
’ (2.36)

In other words, the current can be described through a plane wave factor on the SC
pairing amplitude [47,52]. Assuming translational invariance in z and z, as well as
approximate translational invariance along y < 0, we can label the states by their
momentum and Fourier transform the Hamiltonian to find

HRE™ = Z [6ks+5kCLS+5k,aCks+5k,a + (AOCLSHk,TCLS—akJ +h. C)} ’ (2.37)
ok,o

where we have changed variables to 0k = k — k. This makes it clear that the Meissner
current corresponds to pairing at the surface occurring between electrons with a total
center-of-mass momentum of 2k,.

2.5.2 Doppler shift
Diagonalizing Eq. (2.37) yields the dispersion

k- kg
Ecurrent,:t(k> = m + \/‘A0’2 + (fk + Es)Qv (238)

S

where we have defined the supercurrent energy E; = k2/(2m;) which is usually small
compared to s and thus often ignored [47]. The dispersion is sketched in Fig. 2.7 with
negative k,. Comparing to Eq. (2.18), we see that the current has an important effect
on the dispersion, namely the introduction of a term which is linear in k. This term is
known as the Doppler shift, and predicts the breakdown of superconductivity at applied
magnetic fields beyond a critical field value B, corresponding to high currents [53]. If
we assume that k; < kr, we can ignore F; and approximate the minimum energy of an
excitation into the upper band as found at £ = kp, such that

: krks
min <Ecurrent,+(k)> = ‘AO‘ - 7}; : (2.39)

S

When this minimum excitation energy is zero or negative, there are single particle states
at all energies, and superconductivity has broken down, see Fig. 2.7. In particular, at
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Figure 2.7: The current induced by a magnetic field tilts the dispersion at the SC surface through the
Doppler shift, see Eq. (2.38), with sufficiently large fields causing the gap to close as shown. The blue
lines indicate the Ay = 0 case, with a full line for the electron dispersion, and a dashed line for the hole
dispersion. The black line indicates the Ay # 0 case.

this point single electron / hole tunneling into the SC would be allowed for any energy,
suppressing Andreev reflection. To avoid this breakdown, we must then assume
|Ag|ms

kp
which guarantees a gap in the SC. This corresponds to assuming that the magnetic field
is less than the critical field, By < B, [47].

kg < (2.40)

2.6 Summary

To model the hybridized SC-QH edge system, we first establish separate models for the
QH edge and the SC. The integer QH state is derived from a 2DEG in a strong magnetic
field, and we show that in the Landau gauge, the eigenstates are plane waves with
well defined momentum ¢, along the interface, and harmonic oscillator states in the
y-direction, with the two dimensions connected through the fact that the guiding center
coordinate Yec of the harmonic oscillator state is determined by the + momentum g¢,.
We show that introducing edges to the 2DEG causes chiral edge states to form, with
backscattering suppressed by the macroscopic distance between the edges.

The transport characteristics of an QH system, i.e. quantized Hall resistance and zero
longitudinal resistance, are described in terms of ballistic transport through these edge
states. In later chapters we will see that the introduction of a superconductor changes
these characteristics.

An s-wave SC is described through the BCS model, and the eigenstates are shown
to be mixtures of particle-like states and hole-like states. This mixing will be the main
mechanism behind induced superconductivity in the QH edge, as well as the main
experimental indicator. At the SC-QH interface, transport can occur due to Andreev
reflection, which causes an impinging electron to reflect as a hole.
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The presence of a strong magnetic field induces a surface current in the SC due to
the Meissner effect. This is described through the London theory of SC electrodynamics,
and it is shown that it can be accounted for by considering the electron pairing at the SC
surface to happen for electron states with a center-of-mass momentum ks = eByA. This
causes a Doppler shift of the gapped SC dispersion at the surface, from which we deduce
a limit on the SC momentum beyond which quasiparticle tunneling takes the place of
Andreev reflection. Since we wish to model Andreev reflection, we will assume that
the supercurrent momentum is beneath this limit, which will let us avoid unphysical
singularities in the theory in the next chapter.

In the next chapter, the two systems will be coupled and an effective theory of the
integer quantum Hall edge state with induced superconductivity will be derived.
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CHAPTER

Induced superconductivity in the
integer quantum Hall state

We now turn our attention to the system sketched in Fig. 3.1 where a superconductor
(SC) and a quantum Hall (QH) edge state hybridize through the proximity effect. We
can understand the effect in a semiclassical picture, where electrons form skipping orbits
along the edge of the two-dimensional electron gas (2DEG), and are converted into
holes at the SC-QH interface due to Andreev reflection. In a more accurate quantum
mechanical model, the QH edge state is a plane wave along the SC-QH interface, with
the SC inducing superconducting correlations into the edge state resulting in mixing
of particle and hole states [13,14]. In the previous chapter, we summarized the general
theory behind an integer QH edge and a SC surface in the presence of a magnetic field.
In this chapter we introduce the specific models of the two systems we will use to
develop an effective theory of the QH edge with induced SC correlation. We introduce
a specific analytical approximation of the QH edge dispersion, discuss the presence
of spin-orbit coupling (SOC) at the SC surface, and couple the two systems through a
tunneling coupling. We then integrate out the SC fields to arrive at an effective theory of
the proximitized QH edge.

z
a) Semiclassical b) Quantum mechanical
y
sc 7| X sc
L —_— T Sy
JO QH D =~ '/4,." )QH

Figure 3.1: A sketch of the QH-SC interface. a) In the semiclassical picture, electrons perform skipping
cyclotron orbits along the edge of the QH due to the applied magnetic field. At the QH-SC interface, the
electrons can reflect into holes through Andreev reflection. b) In the quantum mechanical picture, the QH
edge state is a plane wave state oscillating between electron-like and hole-like states due to hybridization
with the SC surface state. This may result in a hole being emitted at the end of the interface.
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3.1 The QH edge dispersion

We consider again the Hamiltonian of a free electron in a magnetic field with vector
potential A, see Eq. (2.1), but now with an added constant energy shift U,

2
Hyprg = (q + €A> + Vedge(¥) — Vo, 3.1)

2Mme
where Vegge(y) models a hard wall at y = 0. The energy shift Uy allows us to explicitly
account for constant shifts induced by the SC as we will see later. To develop a many-
body Hamiltonian of the total SC-QH system, we need to transform this Hamiltonian
into a second quantization Hamiltonian. Since the integer QH effect hosts quasi-one-
dimensional spin-polarized electron edge states, we can model the lowest filling factor
edge state through the Hamiltonian

Hegge = > Eqthltty, (32)
q

where 1), is the annihilation operator of a spinless one-dimensional QH edge electron
with momentum ¢, and E, is the corresponding dispersion. As discussed in Section 2.2,
this dispersion does not have an exact analytical form, but we can approximate it with
one. To do this, we will first fix the gauge of the total vector potential of the system. In
the SC region y < 0, we will use the London gauge

Asc(y) = —BoAe?*O(—y)e, (3.3)

where B is the applied magnetic field, A is the London penetration length and ©(y) is
the Heaviside step function. Meanwhile, in the QH region y > 0 we have the Landau

gauge
Aqn(y) = —Bo(y — y0)O(y)es, (3.4)

where g is a remaining gauge freedom. Since B = V x A, it is clear that the total
vector potential formed by Egs. (3.3) and (3.4) must have a continuous derivative to
avoid unphysical skips in the magnetic field. This fixes the remaining gauge freedom to
yo = —A, yielding the total vector potential [14]

Aly) = —Bo A" 0(=y) + (y + 1O () e.. (35)

Upon fixing the gauge we then have that the QH states are centered around the guiding
center coordinate in the y-dimension

Yoo = qul — N (3.6)

We can now formulate an analytical approximation of the QH state dispersion. Inspired
by Ref. [41], we approximate the dispersion with a half-parabola. Given the magnetic
length ¢ = \/1/(eBy) and the cyclotron frequency w. = eBy/m, we can assume that

* the approximate ground state dispersion goes as the square of ¢,

¢ that we have the exact solution F = 3w./2 — Uy at Yee =0 [40],
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Figure 3.2: The QH dispersion with Ep = w./2 as calculated numerically with the Numerov method

(red circles), along with the analytical approximation of Ref. [41] (blue line) and the modified analytical
approximation in Eq. (3.7) (red line).

* that we reach the bulk solution £ = w./2 — Uy for Yg. > 2/.

Under these assumptions we arrive at the approximation for the ground state energy
band

Eq::%%@<2£—[q@——ﬂ>(2€—{qﬁ——ADQ——EF. (3.7)

where we have fixed the energy shift
UO = wc/2 + EFv (38)

such that the Fermi energy is measured relative to the bulk ground state energy w./2.
The dispersion is shown in Fig. 3.2. There it is compared with the approximation from
Ref. [41], which we have modified by the substitutions ¢ — 2/ inside the square and the
Heaviside function, as well as w./2¢? — w./4¢? as the front factor. The original expres-
sion fits numerical results well at large filling factors Er > w,., while our expression is
more accurate the lowest filling factor 0 < Er < w.. With this dispersion we can define
the Fermi momentum such that E,, = 0, as well as the Fermi velocity

4r(Br) = 5 (1 o EF) , 9)

We

E
W@m:@@mW:JMmW:—MJﬂ (3.10)

At this point one might be puzzled by the appearance of A\, which is a material-specific
SC parameter, in Egs. (3.7) and (3.9) which describe the QH edge. This is a consequence
of the choice of gauge in Eq. (3.5). In particular, the gauge independent quantities Er
and vr do not depend on \.

In the rest of the chapter, as well as in Chapter 4, we will assume the QH edge to
be described by the Hamiltonian in Eq. (3.2) which has the dispersion in Eq. (3.7) with
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Fermi energy 0 < Efr < w,. corresponding to being at filling factor » = 1 and thus having
a single edge state.

3.2 The SC surface

We consider the surface of a SC in a magnetic field as described by the Hamiltonian in
Eq. (2.37), namely

Hgtérsface - Z |:€k5+6kCTkS+6k’UCkS+5k7g + <AOCLS+6k,TCTk376k,¢ +h. c)} , (3.11)
ok,o

where csx - is the annihilation operator for a SC electron with momentum Jk and spin o,
k, is the supercurrent momentum, and we have the energy

(ks + 0k)?

2mg

45k = ~ s (3.12)

as well as the superconducting order parameter Ay. We recall that this Hamiltonian was
derived under the assumption that the vector potential varies slowly within the relevant
region. We will model the coupling between QH and SC as a tunnel coupling for energies
within the SC gap, which involves the splitting of a Cooper pair into two electrons. The
characteristic length scale of a Cooper pair is the superconducting coherence length
¢ [47], and so we will consider the SC region —{ < y < 0 as the relevant surface region
in the context of tunneling. Then the Hamiltonian of Eq. (3.11) is a good approximation
when A\ > £ How well does that that correspond to the typical experimental situation?

The exact values of A and ¢ in an experimental context depend on many external
parameters including temperature, pressure, crystallic structure of the material and the
overall geometry, in particular the thickness of the SC [54,55], but order-of-magnitude
analysis is still feasible. If we consider the superconductor NbN at a thickness of
~ 100 nm, which is a high-field SC applied in key experiments on induced supercon-
ductivity in quantum Hall edge states [22,27], it is estimated that it has a penetration
length of Anpn ~ 300 nm [54-56], and a coherence length between &npn ~ 5 nm [56,57]
and {&pn ~ 50 nm [22]. Another important SC material is MoRe [20, 24], where it is
estimated that the penetration length is Apore ~ 900 nm [56], while the coherence length
is between &\vore ~ 8 nm [56] to &vore ~ 160 nm [24]. In conclusion, for comparable
experiments we will expect A to be no less than about an order of magnitude larger than
¢, meaning that between y = 0 and y = —¢, the supercurrent momentum k(y) should
decrease less than 10%.

3.2.1 Spin-orbit coupling

In describing Andreev reflection through the model presented so far, we are facing an
important issue. While the s-wave SC condensate consists of pairs of electrons with
opposite spin, the QH edge is spin-polarized. For two QH edge electrons to pair up and
enter the SC condensate, we require a physical process allowing the electrons to flip
their spins [58]. A good candidate for such a mechanism is Rashba spin-orbit coupling
(SOC), which is a coupling of spin and momentum with origins in the symmetries of
low-dimensional systems [59]. The SOC may be inherent to the 2DEG [15]. However,
the observation of induced superconductivity in a QH edge across a NbN-graphene
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interface [22] motivates us to consider the situation where a 2DEG with vanishing SOC
(graphene) inherits its spin-flip mechanism from a SC with strong SOC (NbN).

To model this situation, we follow Ref. [60], which models Rashba SOC at the z, z
plane surface of a three dimensional s-wave SC through the Hamiltonian

Hsoc = oy _[k: + ikalef roxy +hoc., (3.13)
k

where a is the real SOC amplitude with units of velocity. This Hamiltonian couples up
and down spins at the SC surface, and upon shifting the momentum as discussed in
Section 2.5.1 we arrive at the final description of the SC surface by adding it to Eq. (3.11),

Hse =) [eksﬂkcﬂﬁék,ocks”kﬂ + (AOCLS+5k,¢CLS—6k,¢ th C‘)
ok,o

+ (oz[dkz Hi(0ks + ko)lef gl + Duc. )] (3.14)

In the rest of the chapter, as well as in Chapters 4 and 5, we will assume that this
Hamiltonian describes the SC surface region relevant in a tunneling context.

3.3 Tunneling

Having presented models for both the QH edge and the SC, the final element needed is a
coupling between the two systems. Modeling weak single-electron tunneling across the
QH-SC interface within a limited range in the y and z dimensions allows us to describe
the coupling between the edge state electrons and the SC condensate caused by Andreev
reflection. We will assume the tunneling to be local in the fields i(z), ¢(r) and that it
conserves the spin of the electrons involved. Assuming without loss of generality that
the QH edge is polarized in the spin up direction, the tunneling Hamiltonian is then
given by

Lo/2
Huunn = 7/wzwy / d-ﬁ[?/ﬂ(flf)&r(.%, 0,0) + h. C.]
—Ly/2

=T Sqk, (Vlaxs +h.c), (3.15)
q,k

where the second line is the momentum space Hamiltonian resulting from a Fourier
transform of the position space Hamiltonian on the first line. We have defined the
effective tunneling amplitude

W5 Wy
L.L,

I'=~ (3.16)
where 7 is the tunneling amplitude in units of energy, w, . are the effective tunneling
ranges in the y and z directions, and L, . are the total lengths of the SC in the y and z
dimensions. The presence of the Kronecker delta J, ;, means that the tunneling preserves
the z-momentum of the electrons involved, which is implied by the assumption of local
tunneling and translation invariance in the = direction.

It is worth pointing out that the Andreev reflection caused by this tunneling is
qualitatively different from that typically described in single particle theories, and
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Figure 3.3: The energy scales in the SC (blue) and QH (red) regions. All energies are measured with
respect to the center of the SC gap. Energies are not to scale, e.g. |Ao| < fis.

thus from the mechanism sketched in Fig. 2.6. In the single particle picture, Andreev
reflection depends on the evanescent penetration of electron waves into the SC, an effect
not described by the presented tunneling Hamiltonian. As explored in Chapter 4, this
distinction will turn out to have a profound effect on the importance of the Meissner
current at the SC surface, which only causes relatively minor corrections in the single
particle picture [14,15].

3.4 The full model

The full model of the QH-SC interface which will be treated in this and the follow-
ing chapter then consists of the combined QH edge Hamiltonian in Eq. (3.2), the SC
Hamiltonian in Eq. (3.14) and the tunneling Hamiltonian in Eq. (3.15),

H = Hegge + Hse + Hiunn- (3.17)

Before moving forward, it is worth considering the different energy scales involved
in these Hamiltonians. We will measure all energies with respect to the center of the
SC gap, with the main energy scales sketched in Fig. 3.3. At the top of the energy
hierarchy, we have the SC chemical potential, which for a metallic SC is on the order
of ;s ~ 1 eV. Several orders of magnitude below that we have the SC gap with typical
values of |Ap| ~ 1 meV. To model Andreev reflection, we must assume that the gap is
large enough that the edge state does not couple to quasiparticle states beyond the gap.
First of all, this implies that neither the Meissner current nor the Rashba SOC are strong
enough to suppress the gap. The former corresponds to assuming

‘AOIms

3.18
o (318)

ks <
as discussed in Section 2.5.2. The latter can be achieved by assuming akrp < |Ag],
meaning that the SOC energy is small near the narrowest point of the gap k£ = kp.
The weak tunneling model presented in the previous section has its origins in a linear
expansion in -, which means we have implicitly assumed v < |Ag|, and thus I' < |Ay|
sincey > T.
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In the QH region, the energy scale is determined by the applied magnetic field
through w, = eBy/m.. Experiments on induced superconductivity in a QH edge at
filling factor v = 1 typically apply magnetic fields on the order of By ~ 10 T [22,24],
yielding w. ~ 1 meV and ¢ ~ 1 nm.

The assumption that the vector potential varies slowly corresponds to estimating

ks = A(y = 0) = eByAe,. (3.19)

Assuming that the SC material is NbN or MoRe, we have A ~ 600 nm as discussed in
Section 3.2. Further assuming that the effective mass of the SC charge carrier is the
electron mass, ms; = m., we can evaluate the assumption Eq. (3.18),

eBg)\ -~

‘Aolme/\/ 2WLGMS

Thus, under the current assumptions the theory would predict that the applied magnetic
tield is far above the critical field B, of the SC, which from Eq. (3.18) is predicted to
be B. ~ 1 mT. While Doppler-shift induced breakdown of superconductivity at this
magnetic field scale has been observed for geometries of Nb SC’s on a InAs 2DEG [61],
it is clear that the theory does not capture the high-field behavior of the SC’s which have
been observed to induce superconductivity into the v = 1 QH state, which requires large
fields. A central feature of the SC description is the assumption of homogeneity, both
in the London theory which assumes uniform supercurrent carrier density n, and the
assumption that a slowly varying vector potential A is enough to assume plane wave
solutions in the SC.

It is clear from this discussion that we should not expect accurate quantitative
predictions of experimental outcomes from the theory as presented, but rather turn
to it for phenomenological predictions whose scale should match experimental data
given correctly adjusted effective parameters, such as a large effective mass in the SC
Mg > Me.

103. (3.20)

3.5 Diagonalisation

Given the total model of the system, we can start deriving an effective theory of the
proximitized QH edge. This will be done by integrating out the SC fields in the context
of a path integral. Before that, however, we will diagonalize the SC Hamiltonian to make
the future path integral more tractable. Since the SOC is weak, we first consider the limit
of vanishing SOC, o — 0, and then add the SOC perturbatively to first order, which
significantly simplifies the calculation.

3.5.1 Bogoliubov transformation

The SC surface Hamiltonian in the limit of vanishing SOC is

Hsc,ac0=Y [eks+5kclts+ k.0 Cles +0k, T (Ao o skt g1y T I c.) ] . (3.21)
ok,o

This type of Hamiltonian is typically diagonalized through the Bogoliubov transforma-
tion [1], which is the general unitary basis change

clT<S+6k,T _ <u5k v(;k) )grék; (3.22)
Cx,—ok,| Ui —Ugk X—5k,2 ’
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where the fermionic bogolon fields sk ; with pseudo-spin index j = 1,2 form the
diagonal basis. We define the energies

of k2
B, St (3.23)
Ce V(€sk + Es)? + [Ao?, (3.24)

and assuming that we have Ay = |Ag|e??2, we have the transformation matrix elements

g = 1= (14 DB (3.25)
2 ok
1 E,
Vsie = €'9a ¢ 5 <1 - 65‘2;) (3.26)

Note that we have here fixed the phases of usx and vsk, but any choice with arg(usk) +
arg(vsk) = ¢a would apply. The diagonalisation can then be performed on matrix form
in the basis used in Eq. (3.22),

T
1 of €ko+5k Ap Ck,+5k,
Hsc, a=0 = By Z ool ( ZL* t !
ok \Cks—ok,l 0 T ke—0k/ \ Gk -ok,)

T
_1 Z Xj;kJ %k + Cok 0 X6k,1
257 \X—-ok2 0 Bk — Gox XT,(gk,Q

ok - K, ;
= Z < - +C5k> Xk jXok,j> (3.27)

§k,j=1,2 s

where we have used (s5x = (_;k for the last step. As expected, we recover the Doppler
shifted dispersion as discussed in Section 2.5.2.

3.5.2 Degenerate perturbation theory

Having established the oo = 0 case, we can now add the SOC perturbatively by assuming
a small, but non-zero «, such that the SOC term is the smallest term at all momenta. First
we convert the SOC Hamiltonian to the bogolon basis using Eq. (3.22),

Hsoc = oY [0k +i(0ka + ks)lefe sy +Cutates + hoc.

ok
) ) + E
= o Z { (ks + (0ky — zékz)Lk > X(T;k 1X5k,2
o Cok ’

— (0ky + i0k.) (Vs UsKk X -6k 2X5k,2 — ngvékX:r;k,le_(;kJ) +h.c.|. (3.28)

Since the unperturbed Hamiltonian in Eq. (3.27) is degenerate in the pseudo-spin index
J, we use degenerate perturbation theory [50] to approximate the effect of a small SOC.
To lowest order, the energy contribution will lift the degeneracy, and the correct o — 0
limit of the perturbed basis states will be the linear combination of unperturbed basis
states which diagonalize the degenerate subspaces of the SOC term. Considering only
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this subspace, we neglect all contributions other than those which mix x; and x2. In
other words, we neglect all but the first term of Eq. (3.28), which can then be written

€ E
X(Sk 1 0 ks + ((51{7 Zék ) 5k+ = X(;k 1
' 2
O‘Z( > (k + (Okg -+ i0k, ) Bl 0 ) O

X(Sk 2

By diagonalising this contribution we can identify the diagonal elements as the first

order energy shifts,
0 <d6k,+>
(Oky + i0k) DtEe | | \dow— ) *

T . esk+Es
« Z <d5k +> ) (5]% i Zékz) 61261(
o \ o - 0

(3.30)
and the eigenstates as the associated rotated basis,
Xoka1) _ L —ie~ 0ok ek (dyy 4 (3.31)
Xokz) 2\ el eifai dsk,— )’ '
with the angle
1 E
Osk = = arg (k:s + (0ky + iékz)m) ) (3.32)
2 Cok

Thus, to first order in o we find the diagonal SC surface Hamiltonian

esk + Es
Cok

ok - ks .
Hsc = Z < - + Gk + ra|ks + (6ky + i6k>)

S

)dhs o, (339
whose effect on the QH edge we will now investigate.

3.6 Proximity effect

To arrive at an effective description of the induced superconductivity in the QH edge
state we integrate out the superconductor fields. This requires formulating the Euclidian
action corresponding to the Hamiltonian, plugging it into the corresponding partition
function, solving the path integral over the SC fields, and extracting the Hamiltonian
again. Integrating out degrees of freedom in this way is a standard approach with
detailed treatments found in e.g. Ref. [62, sec. 4.2] and Ref. [63, chs. 23-25]. Here we
summarize only the necessary elements to arrive at the results.

3.6.1 Integrating out the superconductor

We consider the system described by the Hamiltonian Eq. (3.17) derived in the previous
chapter. For a more unified description of the total system, we will shift the QH edge
momentum g by k, like we have shifted the SC momentum, i.e. we change variables to

dq = q — ks, (3.34)
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such that the QH edge Hamiltonian is

edge Z Ek +5qwks+5q¢kg+5q (3-35)
dq

The quantum partition function corresponding to the system is
7 = / DidtdiptypleSld' v (3.36)

where d is the vector of Grassmann numbers corresponding to the SC fields, v is vector
of Grassmann numbers corresponding to the QH fields and S is the Euclidean action of
the system, which means it is expressed in terms of the discrete Matsubara frequencies
W

The path integral has the measure

Dldtdyty) =[] didly., )d(dscw,)dvl, , dbsguw,- (3.37)
ok,0q,wn

We divide the action into terms only involving edge fields Sp[t)T¢] and the remaining
terms involving a mix of SC and edge fields 6.5[d"di)T¢]. The notation of 6.5 implies the
view of SC and tunneling as small corrections to the edge state. The total action is then
S = Sp + 65, with

- Z wngn (—iwan,wn + Hedge [Wlﬂ (3.38)
q,Wn
oS[didyTy) = > dly , (—iwn)dskw, + Hscld!d] + Hnn[dT 1], (3.39)
ok,wn,

We have here assumed that the pairing amplitude A is independent of w, corresponding
to the assumption that pairing occurs between fields with the same time coordinate.
This instantaneous assumption neglects any contributions from finite time differences.
Interestingly, including finite time differences can qualitatively change the problem since
it will then involve odd-frequency pairing [64], but that case will not be treated in this
thesis.

We can choose to perform the path integral in Eq. (3.36) over the superconductor
fields d', d only, which will leave us with an effective Hamiltonian in terms of the edge
fields ¢, 4. To do this, we recast the path integral in the form of a Gaussian vector
integral by defining the vector fields

dsk,1,wn
Nokon = < g “ (3.40)
—0k,2,—wn,
; —i04 o1, T * L0k
P e Tk g, T VR ko —un (3.41)
Prwn ok 10 —i0_ s, T ’
u,.e wks —6q,—wn T Uk€ wks+5q7wn

where k = (dq,0ky, 0k.), the phase 0, is defined in Eq. (3.32), and I" is the tunneling
energy defined in Eq. (3.16). We note that the ¢ field has units of energy. We also define
the diagonal matrix

. —iwp + Esurf,ék,Jr 0
Asicon, = ( 0 i Fat e (3.42)
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where

ok - kg

S

sk + Fs
ok

+ (s + ra ks + (0ky + i0k,)

Esurf,ék,r = < ) (343)

is the SC surface energy of Eq. (3.33). We can then write out 4.5 in terms of vector fields

St el = Y Mk Askewon Mo, — D (@L,wnnn,wn + nL,wn%,wn)- (3.44)

ok,wn, K,Wn

Before we can write up the path integral, we must be careful in correctly treating the
different momenta involved. Since the order of multiplication in the path integral
measure is irrelevant, we can separate the product in the path integral measure into a
product over those momenta involved in tunneling, i.e. dk = k with k., = k;, and the
remaining momenta 6k’ with dk/, # k

I1=1I1I: (3.45)
J 3 K Sk’
We will then apply the identities
ei % = H e (3.46)

N N iN
IT o I1 ¥ = JT bie™. (3.47)
i=—N j=-N i=—N

for general commuting numbers a;,b; and a general limit V. We note that though
Grassmann numbers anti-commute like fermionic fields, pairs of Grassmann numbers
commute, and since the action is bi-linear in all fields, the above identities apply. The
path integral over the SC fields from Eq. (3.36) then becomes

_58Tntnot / Tt
/ D[nTngngo]e 3S[nTneTe] _ H [ / dnL,wnd”n,wnde Mnd@n’wnesn,wn [nTne w}}

K,Wn
s , T
< 11 [ / dn;k’,wndnék’,wne o con 1 ﬂ (3.48)
Sk’ wn,

where we have divided the action into the fields that take part in the tunneling

Sl

K,Wn

T neT0] = =1k o, Mmoo + Plicor, Mon + M o, Prision s (3.49)

and those which do not
]

e 1) = =0l i o, o1 (3.50)

The integrals on the right hand side of Eq. (3.48) are well defined Gaussian integrals
over Grassmann numbers [62], and we can resolve the path integral to

/D[nTn]eas[nTn@W} = exp (Z [@LMHA;LRQO&M + C}) (3.51)

K,Wwn,
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where we have defined the constant
C =In(det(Agw,)) +In (det(Age ) 5 (3.52)

which constitutes a simple shift of the action and will be ignored.
Returning to the partition function Eq. (3.36), we can insert the result of Eq. (3.51) to
find

Z = / D[] exp (—SOW«M - soL,wnAn,Lnson,wn> = / DlyptypleSle ™1 (3.53)

K,Wwn,

where the argument of the exponent becomes the effective action Se¢s describing the
proximitized edge. Note that the only fields present are the 1 fields, with the ¢ vector
fields simply being a compact way of writing up the involved combinations of v fields.

3.6.2 Effective Hamiltonian

Finally we need to convert the action into a Hamiltonian. To do that, we assume that the
action §S[¢11] only induces instantaneous effects in the QH edge, neglecting any other
effects. As in the previous section, this implies that the induced parameters contained
in A;}wn are independent of w,,. As the frequency enters as 1/(iwy, + Egsyrf .+ ), we will
find the greatest magnitude of induced effects at w,, = 0. Going forward, we will fix the
Matsubara frequency in A, to zero and treat the resulting system.

Given a A, independent of w,,, we can write up the effective action on the form

Set[ 0] = Y Ul s(—iwn) s, o + Het, (3.54)
wn,,0k

where we have the effective Hamiltonian of the system
Hegt = Hedge + 6 H. (3.55)
Here Heqg is defined in Eq. (3.2) and

OH =) ol A ow (3.56)

corresponding to the latter term of the effective action of Eq. (3.53) at w, = 0. Since the
effective Hamiltonian in terms of 1) is a key result of this thesis we will now resolve the
above expression in detail. The matrix A is diagonal, and thus the inverse is trivial to

evaluate
E7L 0
A,;l:( R ) (3.57)

surf,—K,—

The matrix elements diverge in the case of gy, + = 0, corresponding to the critical
Doppler shift as discussed in Section 2.5.2. However, since we have assume that we are
below this critical shift, we avoid the singularity.

The lack of off-diagonal elements in A~! means §H depends in a simple way on
gpLgoR. We find

t :
oH =Y (*0"’“0””’1 _ Pra¥n ) . (3.58)

Esurf,m,—f— Esurf,—n,—

K
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The sum over k is symmetric, which lets us change the signs of « in the second term,

T T
SH — Z (‘P&l@n,l . 90_;4;,280—/4,2> . (359)

P Esurf,n,+ Esurf,n,f

Recalling the definition of Eg . + in Eq. (3.43), we can split off the SOC contribution by
defining the o = 0 energy

oqks
Eocor = o2 4 ¢, (3.60)
Mg
as well as the momentum
Es
Ko = ks + (6q + z’é/-cz)e"" i , (3.61)
Cre
such that Fgf . » = Fa—0,x + Tkq. This lets us simplify 6 H by writing
i
Pr,1¥Pk,1 Pk 2¥P—k,2
0H = . ) 3.62
Z<a/{a+Ea On+aﬂa_Ea:0,n ) ( )

We can put the two terms on a common denominator and find

SH — Z (a/{a - a:O,n)(’DLl@n 1+ (a/{a + Ea:O,n)SOT_RgSDfn,Z
B (akq)? — E2

a=0,k

_ Z Ea—ok( —k2P-K2 T ‘PLJ‘PR 1) + O‘“a(@if;z@—ﬁﬂ + @L,l‘»@n,l)
(akq)? — B2 ’

a=0,k

(3.63)

where the second step is a simple re-arrangement of terms. This expression contains
all orders of o though, which is inconsistent with the perturbation expansion in Sec-
tion 3.5.2. Taylor expanding the expression and discarding terms higher than first order
corresponds to simply omitting the a? term in the denominator, such that the form of
dH which is consistent with perturbation theory is

1
0H = Z [ [Ea:O,R(SO]LR,Q(P—mQ - SOLJ‘PRJ) + Ozlia(SOT,R’Q(P—R,Q + 90:27190,@,1)] s

a=0,k
(3.64)
Noting that u,, v, are symmetric in k, we can write the components of ¢ as
90;190"%1 (=it % il kil —ify,
e = (—zune Uk, 154 T V€ ¢ks—5q> (zune Yiy+6q + Ukl wm-&;)
= ‘unyzdﬁis_;_(sqwks—l-&q + ‘Un|2¢ks—5q¢]ts _oq
— z'u,gvne”w“w,:d&qw,is_&q +iuy v 6219“1/1ks,5q1/1k5+5q, (3.65)
1
780_&12:5_&2 = (iuZew“dJkSHq - U,@efw"w,is_(;q) (—iu,@e*w"‘wls%q - v:eie"q/)ks_(;q)
= \Un’2¢ks+6q1/1;is+5q + ‘UR|2¢Z;S_5q¢kg—5q
+ iunvne*%a‘w,:s_&qw,iﬁ&q AT 6219“1/1ks+5q1/1ks,5q. (3.66)
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By commuting the fermion fields of the last line, we find

ol 2 Pr2

2 2
1—\2 = _|uh‘/| d}].is«k(sqd}ks‘f‘dq - ‘UH| wks—5q1/}]1575q
—iuve YL sl sy o s sg. (3.67)
We see that the sum in Eq. (3.64) cancels the two first terms of each product, while the

difference cancels the two last terms of each product,

1
§H = 2I° Z 2 . [Ea:ﬂ,nﬂun|2¢115+5q7/}ks+6q + ‘UHkas—éqw]Lfaq)
P a=0,k

+ cma(iu,@vne_2w"¢};s+5qwll_5q + h. C)} . (3.68)

We can now identify two types of contribution from the SC in the effective Hamiltonian,
namely a renormalization of the kinetic energy 6 E5, and a pairing amplitude A,

As
Hoi = 3 B + Sl gt + (00 gl + 1) || 369
dq

We can identify the kinetic contribution from Eq. (3.68) by commuting the fermionic
fields

|u,@\2 +
> Foo, VhotoqVhotoa T

K

|UF»|2

wks _6‘11/}]1{.35 —5q:|

Ea:O,n

|u’K,|2 T |UK,|2 T :|
B - _sa| & const., (3.70
zn: |:Ea:O,n wk5+5qwks+5q Ea=0,n d)ks_qu)ks %q ( )

whereupon ignoring the constant and changing summation variables kK — —x, and thus
d0q — —dq, in the second term leads to the contribution

2 2
6Es =202 Y (’““‘ G > (3.71)

E,— Eoo_
Sky 0k a=0,k a=0,—k

The induced pairing amplitude As,, which must be odd in dq due to the fermionic
nature of the fields, can be written as as A, = (As; — A_s,)/2, where the pairing term
in Eq. (3.68) leads to the definition
A 2 /@aunvne_%e"
5q = A Rto" Z E2— (3.72)
Sky, 0k a=0,k

In the next sections we will write out these effective parameters 6 E5, and As, in terms
of externally applied parameters.

3.6.3 Induced pairing

To simplify the pairing amplitude in Eq. (3.72) we first note that according to Egs. (3.32)
and (3.61), we have that «, is defined as the amplitude of a complex number, while 26,
is the argument of the same complex number, yielding

€ + Fs

Rae 20 = ks + (3q — idk) ¢

(3.73)
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We then note that
Ao

Up Uy, = TR (3.74)
which gives us
Agy — %I‘zaA Z (ks + (€x + Es)(6q — idk ) (3.75)
Sky 0k ¢ (‘ffé + Cn)
Once again, the divergence at gk;/ms = —(, is avoided by assuming a sub-critical

Doppler shift, see Section 2.5.2.

Finally, we see that the term with %, in the numerator will be anti-symmetric in 6k,
and evaluate to zero over the symmetric summation range, while the remaining terms
are symmetric in the summation variables and remain,

ans + (en + E3)6q
oqk 2
Sky, 0k C2 (m— + Cn>

The momenta are discretized in steps of d(dk,,.) = 27/L, ., with L, . the relevant
length dimension of the SC, so for large L, and L. we can approximate the sum as an
integral (i.e. take the continuum limit)

o = d(0k,,.) ° d(k,,.)
oo =Ly. > — :Ly/z/oo%. (3.77)

) k=—o00

Asy = %F%Ao (3.76)

Oky )=~

By noting that 6k, and k. only appear inside (,. and ¢, both in the form 51@3 + tk:g, we

can straightforwardly convert to polar coordinates with radius 6k = /(5]4332/ + 0k? and
find

. 2m 6k: ) 0k[Ceks + (€x + E5)dq]

A Oon/ d¢/ <'% <;q;LkS€+—ZR> q

d(k) 5k[<nk: + (ex + Es)dq]
G (% + ¢

where we have resolve the angular integral in the second step, and defined the tunneling
amplitude I';, = I'y\/L, L, as modified by the conversion from sum to integral. This
result will be investigated further in Section 3.7.

As we can clearly see, for a = 0 the induced pairing vanishes as expected in the case
without spin-flipping mechanisms. The role of the Meissner current is more subtle, and
will be discussed further in the context of transport through the Andreev edge state.

FLaAodqﬁ / ; (3.78)

3.6.4 Kinetic renormalization

We will now conduct a closer investigation of the kinetic renormalization in Eq. (3.71).
We rewrite the expression into one fraction

E,—o_ 2_FE,— 2
5y = or? Yy Postonlunl” — Boconlvel” (3.79)
Sk ok Ea:O,K,Ea:O,—R
Y z
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which, using the fact that |u|? + |vk|? = 1, can be re-arranged into

Cn(|un‘2 - ‘URP) — Oqks/ms
§Es, = 22 . (3.80)
‘ M% G2~ (Sqks/m.)?

We can resolve

K ES
[ ? = w2 = € j , (3.81)
to find
5Es —or? y e tle s Ogks/ms (3.82)

2 _ 2
s5 G (oaks/m,)

Finally, writing out (2 yields

+ Es — dgks/m
§Ejs, = 22 x T s s/ M . 3.83
0= D T B (0akm T AP (389

We again convert this sum to an integral,

°° d(dk) 0k(ex + Es — 6qks/ms)
Es, = 2I'2 ) )
0Fsq L/O 27 (en & B)? — (3qka/ms)® + |AgP2 (3.84)

This energy accounts for the effect of the SC on the QH edge state beyond pairing, with
the interesting feature that it is independent of the SOC, i.e. persists for o = 0. This
reflects the fact that single electrons can tunnel without a spin-flip mechanism, but they
will not carry any superconducting correlation with them until full Cooper pairs can
tunnel.

3.7 Effective dispersion

Before we move on to transport calculations using the effective Hamiltonian, we will first
diagonalize it and consider the limit of small dq to investigate the effective dispersion of
the proximitized edge state, as well as investigating the behavior of § E5, and As,. The
effective Hamiltonian we have derived describes a BCS-like Hamiltonian with pairing
between spinless fermions. Such a system is well understood, see for example the work
by Read and Green [65].

It is straightforward to diagonalize the effective Hamiltonian Eq. (3.69) in much the
same way we diagonalized the original BCS Hamiltonian, and arrive at the dispersion

eff
E5q,:t -

1] - _ ~ ~ 2
5 | Boa— Bosq \/ <E5q n E_5q> n 4|A5q|2] , (3.85)

where

E(gq = Eks+6q + 5E5q. (386)

The associated eigenvectors are

() ()
v, = (% A (3.87)
- (U&] _uéq
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where

E&z + E—&z
\/(E&J + Eféq)2 + 4‘AI,5q‘2

1
U5q: 5 1+

)

(3.88)

E(Sq + Eféq
V Bag + B_5y)? + 4151 5,2

wa |1
Bsg = de % |~ |1~

)

Note that we have here fixed the phases of s, and 5, but any choice with arg(usk) +
arg(vsk) = ¢a + m would apply. The angle results from the observation in Eq. (3.78) that
arg(Asq) = arg(ilo).

Experiments [24, 25] report the detection of particle/hole mixing as the primary
indicator of induced SC, and as discussed in Section 2.4, this mixing is greatest at the
avoided crossings between particle-like and hole-like bands, which for induced SC has
magnitude |As,|. In Eq. (3.85) we see that for |As,| = 0 we find Eggf L= iEkSiaq. When
both values equal zero for the same dg value, the pairing will cause an avoided crossing
near the Fermi energy and we will see the greatest effect. For g = k;, both energies
iEkSJr(;q cross zero at ¢ = 0, and thus the parameters ¢r ~ kg and dg ~ 0 are the most
relevant for transport experiments. We will now consider the small d¢ limit 6g < ¢F,
and then interpret the condition ¢ = k.

Since the pairing amplitude is odd in dg, its expansion around dg = 0 contains no
constant terms, and we have the linear approximation

Asq = ie"®2 Apdg (3.89)
with the real p-wave pairing amplitude

Ap = —z‘aqugq(éqzo. (3.90)
This can be evaluated by taking the derivative in Eq. (3.78), giving

msI2a ([ Es(Es — ps) + |Aol?/4  E Es—u 7r
A, =L < S\VTS 5 I {arctan[ 5 s] —}) 3.91
P 2nAl \ (Bs — )2+ 1A0P ] Aol |2 (9

We can simplify this expression by assuming a metallic SC with Ej, |Ag| < s, letting us
approximate

mel
12
BTN

Ap >~ — (3.92)
This approximate expression is proportional to both SOC a and Meissner current Ej,
though the full impact of the latter will not become clear until we perform transport
calculations. It is interesting to note that the induced amplitude depends on the inverse
square of the SC pairing amplitude A, o« [Ag|7?, i.e. the linear part of the induced
pairing increases with weaker pairing in the SC. However, as discussed in Section 3.4,
the model is based on the assumption that neither SOC nor the magnetic field are strong
enough to close the SC gap, meaning the limit |Ay| — 0 is not accurately described. In
particular, the supercurrent bound in Eq. (3.18) corresponds to the energy bound

B < 1
’AOP 4;“/57

(3.93)
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which is small since p5 > |Ag|, Es. Moreover, a dependence on the inverse SC gap is
expected in the context of p-wave pairing, where local pairing is suppressed by the Pauli
principle, meaning the pairing has the SC coherence length £ o 1/|A| as a characteristic
length scale [47].

Next, the kinetic energy renormalization can be expanded as

5E5q = 5E5q:0 + dvdq, (3.94)

where we have defined the velocity dv = 054(0Esq)|sq—0. The constant term formally
diverges in the infinite limit, but since realistically only states up to some finite band-
width will contribute, we can freely replace the upper limit with a large, finite number.
Assuming that the upper limit is some large 6k, we find

SFQ A 2 2 2myg) — 1is Es 2

|A0|2 + (:us - Es)2

This constitutes a renormalization of the constant Uy in Eq. (3.8), but in an experimental
setting this shift can be compensated by e.g. the application of a gate voltage, and
going forward we will ignore it such that the Fermi energy Er still measures the energy
difference between the middle of the SC gap and the lowest Landau level. The velocity
is

kSF2 |:7T <_:us +Es>:|
ov = — L2 _arctan | ——— 1, 3.96
w5l |2 B (326)

which we can again approximate for p > Ej, |Ag| as

o _FsT
| Ao

(3.97)

Applying the approximations in Egs. (3.92) and (3.97) to the effective dispersion in
Eq. (3.85) we can plot the dispersion to second order in dq in Fig. 3.4 for different values
of the Fermi energy. Note that since the induced parameters 0 Es;, A, are odd in dg,
they contribute only to first order in dg, while the original QH edge dispersion E, is
quadratic in §¢ and its contribution is unmodified.

3.8 Particle/hole mixing

As discussed in the previous section, the experimentally interesting effect is particle/hole
mixing near the Fermi energy. This happens at ¢ = 0 when gr = k,, which corresponds
to Er = Ei, = w.. As shown in Fig. 3.4, Er = w, is indeed the condition under which
the bands touch, while for Er < w. the bands are separate and for Er > w. we see
avoided crossings. To see better understand the particle/hole mixing at the avoided
crossings, we write up the effective Hamiltonian on matrix form in the Nambu basis

(Vko+8qs w,ts_éq), such that

T ~
1 Wl (E5 A; ) Vky+s
Hoo— = ko+8q S 2 s+oa ) (3.98
off 2Z<¢ks_5q> Ay, —E_s) \ vl s, )

dq
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Figure 3.4: The effective dispersion in Eq. (3.85) to second order in dq for different Fermi energies. Solid

and dotted lines denote particle-like bands, E?( +, and hole-like bands, Eéff _, respectively. The inset

shows the avoided crossmg for Erp > we. The' dispersion has been calculated for effective parameters
= 10me, ps = 4- 103w, |Ag| = 40we, A = 0.80, and T, = o = w,L.

Particles and holes are treated as separate particles in a scattering calculation. We
therefore explicitly define the particle p and hole h operators

T def
Psq ¢ks+5q’

L (3.99)

wksféq

With this definition we are counting an electron operator such as 1, s, twice, once as
the particle operator ps, and once as the hole operator i 54~ This double counting is,
however, already accounted for in Eq. (3.98) by the factor 1/2 in front. Physically, it is not
an issue, since describing an electron state as either a particle or hole state are equivalent.
Then the Hamiltonian is

1 T ~
_ 1 péq E5q qu Désq
Het =5 (hT ) < e —is,) L (3.100)

dq

In the absence of pairing, i.e. for As, — 0, the holes are simply a doubling of the particle
system, but with opposite energy and momentum. The hybridization of these two types
of particles becomes clear upon diagonalization in the presence of pairing. Explicitly, @
and v as defined in Eq. (3.88) determine the amplitudes of the particle and hole states,

T
~ ~k ff ~ ~
oo 1 u5qugq + v(;qh;q qu n 0 ugqp(sq + Usqhsg (3.101)
‘fff_2Z Bsopl — @ bl 0 Ef |\ & ps, — tsohsy ) '
5q U(qu(;q uéq dq 6q,— 6qp5q 0q'tq
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Recalling the definitions in Eq. (3.88),

Eéq +E—5q
\/(EM + E*c?q)g + 4|AI75q‘2

)

s 1
qu: 5 1+

(3.102)
! Esq+E_
bsg =i 02 | - |1 - —— % ] :
\/(Eéq + E_59)% + 4|Arsq/
we see that an even mix [0]> = |a|* = 1/2 occurs at a point 6q = d¢; /» Where E(;qm =

—E_(;q e This is the point which minimizes the distance between the bands, which
becomes

eff eff _
|E5q1/2’+ — E5q1/27—‘ = ]A(gqm\. (3.103)
Since we are interested in the behavior near the Fermi energy, we found in the previous
section that we should consider ¢r ~ ks where the QH edge Fermi momentum matches
the Meissner current momentum at the SC surface. Recalling the definition in Eq. (3.9),

qr(Er) = % <1 + 2% - EF) (3.104)

We

as well as the fact that we found ks, = \/¢? in Section 2.5.1, we see that the condition
gr =~ kg corresponds to Er ~ w.. Let us define a quantity {2 measuring the departure
from this condition,

Q=w, — Ep. (3.105)

The full behavior of the amplitudes |s,| and |Us,| under the condition €2 ~ 0 is shown
in Fig. 3.5. We see that for 2 < 0, a shift between particle-like and hole-like states
occurs, while for 2 > 0 there is only weak mixing. The evenly mixed states only occur
at avoided crossings, and thus only for {2 < 0. Transition across the resonance Q2 = 0 is
discontinuous, with

lim |tg5,— 2 = 1, 3.106
i 0 |u§q 0’ ( )
li Usg— 2 = 0, 3.107

1%1 |U5q 0l ( )

where 0T means zero approached from the positive (+) or the negative side (—). At
(1 = 0 exactly we have Es5,—y = 0, and we can apply L'Hopital’s rule to see that

Esq+ E_
élimo - §~q 2t
” \/(E5q+E—5q)2+4|AL5q|2 Q=0

=0 (3.108)

since Es, depends on the square of d¢, while |As,| depends linearly on dq. In that case,
|tisq—0| = |Usq=0| = 1/2. This description is analogous to that of complex p-wave pairing
between spinless fermions by Read and Green [65], where the pairing depends on
momentum as Acp = Ag(k, — ik, ). In that context, we see that €2 is the order parameter
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Figure 3.5: The amplitudes of the particle-like state |us,|* (full lines) and the hole-like state |vs,|” (dashed
lines) for the case of avoided crossings ) < 0 (red), touching bands Q@ = 0 (black), and no avoided
crossings € > 0 (blue). For illustrative purposes, the deviations from the resonance conditions are chosen
to be small, Q = +5 - 107° w,, and we have the same effective parameters as in Fig. 3.4.

of a topological phase transition. Then €2 > 0 describes the strong-pairing phase where
the position dependence of the pairing will fall off quickly, corresponding to tightly
bound pairs, while 2 < 0 describes the weak-pairing phase with the pairing amplitude
decaying slowly in space. Furthermore, {2 = 0 marks the topological phase transition
where the gap between the upper and lower bands of the effective dispersion closes.

It is clear that for any non-zero amplitude of the induced pairing |Ap| # 0, the degree
of particle-hole mixing is determined by the resonance condition, which in turn depends
on the externally tunable parameters of Er, which is controlled by e.g. a gate voltage,
and w, which is controlled by the strength of the applied magnetic field. But while the
pairing amplitude does not control the degree of mixing, it controls how fast the mixed
states decays into non-mixed states as a function of d¢. Thus for small A, the shift from
particle-like state to hole-like state will happen across a narrow interval of dq. As we
saw in Eq. (3.92), the width of the transition is thus increased for greater amplitudes
of tunneling and SOC, as well as larger effective mass and larger London penetration
depth since E; o A\?. Meanwhile it is decreased for larger SC pairing amplitude |Ao|.
None of these parameters depend simply on easily varied externally applied parameters.
In the next chapter we will attach measurable quantities to the particle/hole transition,
and in that context we will take consider more detailed behavior.

3.8.1 Finite tunneling barrier

The resonance condition corresponds to finding the Fermi energy at the second Landau
level. This is problematic, since we have assumed that there is only one edge state, i.e.
we are at filling factor » = 1. In the presence of more edge states, the situation changes
qualitatively as interplay between the edge states is introduced, as has been shown using
a phenomenological model [33,58], and which will be explored further in Chapter 5.
The fact that crossing the resonance condition corresponds to crossing the second
Landau level is a consequence of the assumption of a hard wall confining potential in

39



;3 E
-
0 01251
3
~
. =
= I 16
~ g |
= 075k
05— _]
0 " " " "
0 0 20 40 60 80 100
y Vo/we

Figure 3.6: Left: Sketch of a half harmonic oscillator with a step of size Vy in the middle. Right: The lowest
energy eigenvalue of the half harmonic oscillator (full line) with the zero and infinite barrier limits marked
by dashed lines. The half harmonic oscillator ground state asymptotically approaches the infinite barrier
result E = 3w, /2 from below. This system corresponds to a QH edge state with quiding center coordinate
Yie = 0 confined by a finite edge potential. The dotted line indicates a linear interpolation between the full
harmonic oscillator ground state energy and the lowest potential barrier treated numerically.

the derivation of the approximate QH edge dispersion in Section 2.2. The condition
qr = ks generally corresponds to fixing the Fermi energy with the condition Es,—¢ = 0.
Since ks = A2, the state corresponding to dq = q — ks = 0 is the harmonic oscillator state
with guiding center coordinate Yy = 0, i.e. with a barrier in the middle. The ground
state energy of a harmonic oscillator with a barrier in the middle was solved in Ref. [40]
in both the finite and infinite cases. For a one-dimensional system with the potential, see
the left side of Fig. 3.6

We

V(y) {Vo/wcforygo, (3109)

B y?/(20%) for y > 0,

i.e. a half harmonic oscillator with a finite step in the middle, the lowest energy eigen-
value is given by a transcendental equation whose numerical solution is shown on
the right side of Fig. 3.6. Note that in the V{j — 0 limit, Eq. (3.109) does not become a
harmonic oscillator, and thus solutions with small V; are ignored in Fig. 3.6, with the
full harmonic oscillator limit indicated by a dotted line. We see that for greater barrier
strengths, the energy approaches the second Landau level at E = 3w./2 asymptotically
from below. Thus, for large but finite barriers, we predict that the resonance condition is
found at some Fermi energy near, but below, the second Landau level, Er < w,.

3.9 Summary

We present an approximate QH edge dispersion with a Fermi energy Er measuring
the energy difference from the lowest Landau level to the Fermi level, and find that a
constant vector potential at the SC surface is a good approximation for experimentally
relevant materials. We then assume Rashba SOC at the SC surface to allow for the critical
spin-flip needed for Andreev reflection, and model the tunneling coupling between the
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systems. We then find that the total model predicts lower critical SC fields than found in
experiment, which underlines the qualitative nature of the model.

We assume that the SOC is small compared to the SC gap, and consider it pertur-
batively to first order. The resulting diagonal SC Hamiltonian is then integrated out,
resulting in an effective model of the proximitized QH edge with induced pairing and
contributions to the kinetic energy,

A;
Ha=Y [(Eks+5q + 0Es) 0] sqWketsq + <2q¢,15+5q¢;s_ 5q T I c)] . (3.110)
dq
The full expressions for 6 Es, and As, are derived, with the pairing amplitude being

mg kg

2|40

Ay = —ie"2T2 5q, (3.111)
in the lowest order in dq. The effective dispersion of the system sees avoided crossings
between particle and hole bands, which indicates particle-hole mixing. This mixing
occurs even for weakly induced pairing, and we derive the resonance condition

Q=w. — Ep, (3.112)

which is the energy for which the system undergoes a topological phase transition
between weak and strong pairing. This condition corresponds to the condition ¢r = ks,
and is thus fundamentally linked to the Meissner effect at the SC surface. We predict
that for finite barrier strengths at the interface, the transition occurs at Fermi energies
below w.

Having derived the effective Hamiltonian, we proceed to predict the experimental
signatures associated with the system it describes.
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CHAPTER

Transport through the proximitized
edge

We now wish to investigate transport through the proximitized edge states, also known
as Andreev edge states. In particular, we will draw inspiration from experiments [24,25]
and consider the setup sketched in Fig. 4.1. Here four leads with chemical potentials
f1,....4 are connected to a two-dimensional electron gas (2DEG) in the quantum Hall
(QH) phase. A current [ is passed through the system, carried by the chiral edge states
which propagate in a clockwise direction. As the current passes through the Andreev
edge states characterized by induced superconductivity, the particle and hole states

H

Figure 4.1: A sketch of a transport experiment measuring the downstream resistance Ry3 = dVs/dlI,
where V3 = ps/e. A 2DEG in a strong magnetic field is connected to three normal leads and one grounded
SC lead (lead 2). A current I is injected through lead 4 and leaves through lead 2, while leads 1 and 3 are

voltage leads measuring py and ps. Due to the proximity effect, the edge channel passing lead 2 consists
of Andreev edge states (AES) which are mixtures of particle and hole states.

43




mix. Since the particle and hole states have opposite charge, the mixing can be detected
in the charge transport. In particular, we will consider the effect of the mixing on the
differential resistance as measured downstream of the SC-QH interface, i.e. between
terminals 2 and 3

Rz = T (4.1)
where V3 = pi3/e is the voltage corresponding to the chemical potential i3 with e being
the elementary charge. We assume that the SC is grounded such that the chemical
potential of the other terminals are measured in relation to j2, and fix it to the middle of
the SC gap, 112 = 0. This further means that the SC can absorb an arbitrary amount of
charge. We note that the chemical potential 12 corresponding to the voltage of terminal
2, and the SC chemical potential /1, which enters into the BCS Hamiltonian are different
quantities, since y; represents what the chemical potential of the metallic SC would be
in the absence of superconductivity.

For the integer QH case, transport can be modeled by a scattering calculation in the
Landauer-Biittiker formalism. We will present this formalism in a particle-hole context,
and use it to predict the effect of the induced superconductivity on Ry3. For further
reading see Ref. [42]. Going forward we will work in units where |e| = 1 such that
charge current and probability current are the same.

4.1 Scattering in the particle-hole basis

As discussed in Section 2.2, the chiral edge state conduction in QH systems is one-
dimensional and ballistic, i.e. insensitive to backscattering. This insensitivity is quali-
tatively different from superconductivity, where electron scattering involves breaking
apart a Cooper pair and thus exciting electrons above the SC gap of magnitude |Ag|.
Instead, due to the chirality of the edge states, backscattering in a QH edge would
involve scattering to the opposite edge of the 2DEG, and is thus strongly suppressed
by the macroscopic distance involved. What type of transport do we then expect in the
proximitized edge, superconducting or ballistic? As shown in Section 3.7, the proximity
effect does not induce a gap into the QH edge, and also does not affect the chirality
of the edge state by introducing any backscattering channels. Thus the transport will
remain ballistic.

One-dimensional charge transport through ballistic channels is well understood in
the Landauer-Biittiker formalism [42], which relates transport quantities such as current
to the microscopic details of the ballistic system. This formalism can be extended to the
superconducting case [13,14,24] by explicitly taking particle-hole mixing into account as
for example done in the seminal paper by Blonder, Tinkham and Klapwijk [48]. In this
section we use these formalisms to carefully derive the current of a superconducting,
ballistic edge channel in terms of the scattering amplitudes between particle and hole
states.

4.1.1 Particles and holes

We will first derive the current of a general 1D system of particles and holes, and then
apply it to the specific case shown in Fig. 4.1. The discussion of particles and holes will
be similar to that of Section 3.8, but it is necessary to repeat in clear detail to ensure
consistent definitions for transport calculations.
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Consider the electron operator c¢;, which annihilates a one-dimensional electron with
momentum k and kinetic energy e, = k%/(2m) — Er, where m is the electron mass and
Ep = k%/(2m) is the Fermi energy with associated Fermi momentum k. We define the
operator as annihilating a particle for momenta above a fixed momentum kg, and define
it as creating a hole for momenta below kg

{pkko for k > ko,
Cr —

42
hl,_y for k < ko, ®2)

where we have made the arbitrary choice of having a hole operator at k = kq. Typically
we have ky = kp, but in light of the role of the supercurrent momentum in the previous
chapter, we will keep k¢ general, and show that the choice has no effect on the current.
The particle and hole definitions correspond to

Pk = Chotk for k >0,

i (4.3)
hi = ¢y, fork >0
The free electron Hamiltonian is then
H1 = Z GkCLCk + Z chltck
k>k‘0 kSkO
=Y fkpz_kopk—ko + > Ekhko—khlo_k
k>ko k<kg
= hrnoPhpr + Y ero—rhih, (4.4)
k>0 k>0

where the last term involved shifting the momentum variable. For energies near the
Fermi energy, we can linearize the spectrum around the Fermi momentum kr = v/2mEr
as €, = vp(k — kp) and thus define

€pk = €ktky = UF(IC + ko — kF),

(4.5)
€nk = —€ko—k = Vr(k — ko + kp),

where we have used that €;,, = 0. An important detail that we will apply later is that
particles and holes only differ by the sign of the (shifted) Fermi momentum £y — kr. In
other words, the two particles share the same group velocity v, but their bands are
separated by an energy 2vp(ko — kr). For ky = kp, the two bands are the same. The
Hamiltonian becomes

H, = Z ep,kplpk + Z eh,khzhk + const., (4.6)
k>0 k>0

where the constant is added due to the fermionic nature of the fields {h, h,t} =1land
will be ignored. We note that the linearization implies infinite bands, which means it
introduces an implicit momentum cutoff beyond which the linear model fails.

4.1.2 Current

The probability current density J passing through the one-dimensional system is given
by the continuity equation under conservation of charge

Owp + 0y =0, 4.7)
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where p(x) is the local density operator whose time evolution is given by
3t,0 = i[Hb p}a (48)

with the Hamiltonian H; defined in Eq. (4.6). For the linearized system of free electrons
in one dimension, the result is well known [42], and the average probability current
density can be expressed in terms of momentum states

()= £ > (ehew) (4.9)

k

In other words, the probability density is the summed product of electron density 1/L
and velocity v for each occupied state. In particular, assuming all states are occupied
below kr, and none above, we have

(J) = %F Yoo (4.10)

which formally diverges due to the assumption of an infinite band. In one dimension,
the current density J is the same as the current I [42], and so we can write the average
current in terms of particles and holes as

(1) =L 3 (e + Y (ehen)

kE>ko k<ko

(%3
= A Z <p27kopk*k0> + Z <hk0—kh;20,k>

k>ko k‘Sko
VR
== S ioe) =D (i + > 1. (4.11)
k>0 k>0 k<kg

Despite particles and holes having the same group velocity, see Eq. (4.5), and thus
moving in the same direction, particles contribute positively to the current, while holes
contribute negatively to the current.

We now consider a system where electrons are allowed to move in two directions
with velocities +vF, labeling those moving in the positive direction as incoming with
associated operator ij, and those moving in the negative direction as outgoing with
associated operator oy. Ultimately this will used to model the currents in and out of
the terminals in Fig. 4.1. Since we now simply have two free electron systems in one
dimension, we can repeat the above analysis to write the current of the system as

(I) = %F (Zk: (i) — Zk: <o;ok>> . (4.12)

As we did in Eq. (4.3), we can then define in- and outgoing particle operators as p;/, 1, as
well as the equivalent hole operators h;, 3, with i indicating incoming and o indicating
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outgoing. The current in terms of particles and holes then becomes

Oy
(I) = A Z <p;k_k0pi,k—ko> - Z <h1:k0_khi,ko—k> + Z 1

k>ko k<ko k<kg

(%2
= | 2 hargPos—ko) = D By phore-r) + Y1) (413)

k>ko k<ko k<kgo

We resolve the parentheses and find that the constant contributions cancel since they
correspond to opposite electron currents,

VR
(I) = I Z {<p;‘r,k_kopi,k—ko> - <pi,k_k0p0,k—ko>}

k>kq
-> [« ) = (A o _ihoko—k)
zko k Zko—k o,ko—k o,ko—k
k<kg
(U
=X [@Z,kpi,w (p] kPok } +Z[ (B i) <hz,kh07k>} . (414)
k>0 k>0

where we have shifted the momentum variable in the second step. We find that ingoing
particles and outgoing holes contribute positively to the current, while outgoing particles
and ingoing holes contribute negatively, which is what we would expect. All the currents
discussed are independent of the choice of kg, as they should be.

4.1.3 Scattering

We will now modify Eq. (4.14) to account for the scattering of incoming particle into
outgoing particles at the terminals. In the continuum limit }°, — L [ dk/27 we have

* dk
(I) = UF/O o ((Pz,kpz',m + <hi,kho,k> - <Pi,kpo,k> - <h;khivk>) - (4.15)

For the scattering context will relabel the fields p; , — i, 1 etc., which will make future
notation more readable. In this labeling we have

dk /4 . .
(I) = UF/O o ((Z;;Jp,w + (0}, onk) — (0} jopk) — <1J}Lklh,k>> : (4.16)

Furthermore, in preparation for treating the NS junction between normal edge state
and proximitized edge state, we note that for a system without translational invariance
momentum is not conserved, but energy is. We relabel the states in terms of energy
instead of momentum as ig, og by performing the substitution £ = E/vp,

(I) = ;ﬁ / dE ((,,Esz>+<oIl,th,E>—<o;Eop,E>—<z';,Eih,E>). (4.17)

In a multi-terminal system with ballistic conduction, the in- and outgoing modes of
each terminal are related through the scattering matrix [42] as

Om.j,E = Z i (B)in g B, (4.18)
I=p,h
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where the indices j,l € {p, h} describe whether we are dealing with particles or hole,
while the indices m,n = 1,2, 3, ... label the terminals. In the four-terminal case, the
scattering matrix has dimensions 8 x 8 to account for both particles and holes, with
the matrix elements t,, , j;(E) being the amplitude a particle of type I from terminal
n being transmitted to terminal m as a particle of type j, all at energy E. Due to the
ballistic nature of the conduction, the energy does not change in the transmission process.
Applying this relation between in- and outgoing particles to the current in Eq. (4.17)
while keeping the order of terms, we have the current through terminal m

1 .
(Im) = o /dE ( (i m.p, Elmp,E Z |tm n, hl < L7Z’Eln,l,E>
I=p,h

- Z |tm,n,p,l(E)|2 <iL,l,Ein,l,E> - <iin,7h7EZ’m,h,E> ) (4.19)

n
l=p,h

Since the expectation values involved are for number operators at a certain energy, we
can resolve them by assigning a chemical potential 1, and assuming Fermi distributions
np(E — i) in each lead. For the particle operators, this leads to

<ijn,p,Ein,p7E’> = 5(E - E,)ém,nnF(E - Mm)- (4.20)

Since we know from Eq. (4.5) that the only difference between particle Hamiltonian and
hole Hamiltonian is the sign of the chemical potential, we also have

(il pinn ) = 0(B — E)omnnp(E + fim). (4.21)

We can then write out the particle and hole terms of the current, which after re-arranging
the terms becomes

1 . . )
o /dE<< Lp,Elm,p7E> - <Zin,h,Elmvh’E>

>

(Im) =

(Itmnp(E)? = i (B)) (i i)
+(um%muEn2—um@puEﬂﬂ<i@E%@E4>, (4.22)
where evaluating the expectation values yields
(Im) = % Z/dE (nF(E = tim) + ([tmnhp (B = [tmnpp(B)?) (B — pin)

+ (|tm,n,h,h(E)‘2 - ‘tm,n,p,h(Eﬂz) ne(E + pin) —np(E + Nm))- (4.23)

To calculate the current through the system we then need to derive expressions for the
transmission amplitudes t. We will do this by solving the first quantization Schrodinger
equation corresponding to the system and finding the solutions for an NS junction.
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Figure 4.2: The spectrum in Eq. (4.26) (black dashed line) of the linear effective QH edge Hamiltonian
compared to the full effective spectrum in Eq. (3.85) (blue full line). It is plotted for Q! = w./10 with an
exaggerated A, = vp/\/10 for illustrative purposes. While the spectrum is a good approximation for
Q > 0, it is symmetric across Q = 0 and thus fails to take into account the avoided crossings at Q@ < 0.

4.2 Position-dependent parameters

To model electron scattering through a proximitized region of the QH edge, we will
consider what is effectively a one dimensional chiral system with a proximitized region
surrounded by two normal regions, i.e. an NSN junction. This will be modeled by
introducing position dependence into the parameters of the Hamiltonian as follows.

We consider the linear approximations around dg = 0 of Egs. (3.89) and (3.94), as
well as the linear approximation of the non-proximitized QH edge dispersion

Ergi5q ~ Q — weldg (4.24)

with Q defined as w. — EFr in Eq. (3.105). Under these approximations, the effective
Hamiltonian of the proximitized QH edge in Eq. (3.100) becomes

P\ ,
o 1 Psq Q+ vpdg zApéq Dsq
Heff,lm - 2 Z (h'i‘ ) < —ZApéq o) + 'UF6q hdq y (425)
oq dq
where we have vp = —wl + dv. By linearizing Ej 54, the following transport calcula-

tions are far more tractable, but at the cost of treating a slightly different model than that
derived in the previous chapter. To illustrate the difference, we can diagonalize Eq. (4.25)

to find the spectrum
1 2 2
Eettlin,sq,+ = 3 (’UFéq + /9% + (Apdq) ) (4.26)

This spectrum is shown in Fig. 4.2 for €2 = w./10, and with an exaggerated pairing
amplitude A, = vp/V/10 for illustrative purposes. Since Eeg jin 54 iS Symmetric across
1 = 0, it fails to take into account the introduction of avoided crossings, but at €2 > 0
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and small momenta, which will be the focus of the analysis, the physics are unchanged
by the approximation.

To allow for a spatially inhomogeneous system we Fourier transform to position
space

1 —idqx
Psq = \/Tio /dxe ba p(z),
1 .
b = / dwe= 09 (), 4.27)

where L is the total length of the system, distinct from the length of the SC segment L.
Then, we find

1 @\ (Q—ivpdy  Apds p(z)
Hettiin = 5 / dz <hT(x) Ady  —Q—ivpd,) () @)
Using this convention, the p(z) and h(x) modes propagate in the same direction, i.e.
both towards the left for vy < 0. We now introduce the NSN junction by assuming that
the edge is only superconducting in a region —L/2 < x < L/2. We assume the transition

between N and S regions to be steep on the length scale of the wave function, and model
it as a step function, such that the Hamiltonian has the parameters

Ap(x) = Ap 0(z + L/2)0(x — L/2),

vp(z) = wel + 6v O(z + L/2)0(x — L/2). (4.29)

Note that since we ignored the constant shift in the linearization of § Es,, see Eq. (3.94), we
are technically missing a spatial dependence on €2 as well. Such a shift would constitute
a potential barrier between the normal and proximitized regions, which cannot affect
a chiral system with no backscattering, where perfect transmission is enforced by the
conservation of probability current. In a physical scenario, a non-negligible potential
barrier would force the edge state inwards into the 2DEG, in a similar situation to
experiments where a superconducting finger protrudes into the 2DEG [22]. In the
absence of crossed Andreev reflection, we do not expect any qualitative effects of this
push beyond the weakening of the induced superconductivity as the edge state is
pushed further away from the SC. This does not appear to be a concern in comparable
experiments [24,25], and we will assume no such potential barrier exists.

When introducing position dependence into the parameters in the Hamiltonian,
they no longer commute with 9,, and care must be taken to ensure Hermiticity of
the Hamiltonian. Since there are multiple Hermitian Hamiltonians which correspond
to Eq. (4.28) in the limit of position independence, this is not a unique choice. This
problem is well-known in the context of position dependent mass in semiconductor
heterostructures [66], and the choice is not expected to have any effect within the
accuracy of the presented model. We follow Ref. [15] and replace the product with an
anti-commutator,

Dp it = 3 {Bp(), 0}, (4.30)

and similarly for vp. This has the correct limit for position-independent parameters and
the Hamiltonian remains Hermitian. This can be seen if we define the matrix

o) = vp(z) 1Ay (x)
M= (S ) @31
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and write the NSN Hamiltonian

Hnsn = HnsNyo + Hnsn, v (4.32)
in terms of M (z) and the spinor ¥ (x) = (p(z), h(x))”

Hyso =~ [ dov!(0)00.0(0) (4.33)
Hysar == [ dov! @) {M(@). 0.)0() (@34

where o, is the Pauli matrix. Since Hynsn, is trivially Hermitian, we can the check
Hermiticity of Hnsn, i by writing out the anti-commutator

Hysn == [ do (wa:)M(x)[axw)] - wx)[axM(x)w(w)]). (4.35)

Since M () is unitary, we can replace it with MT(z) integrate by parts in the second term

Hysnr = —3 / dz (me(m) (010(2)] = (09" ()] (xw(x))- (4.36)

Since we have [—i0,v(z)]T = —i0,%'(x) (i.e. the momentum operator is Hermitian), the
Hamiltonian is Hermitian

HNSN,M = —% /da: (Zl/)T(x)M(x) [8;,;1/1(3:)] +h.c. ) . (437)

We note that going forward, the most practical form to use is that in Eq. (4.35), written
out as

Hysn =5 [ do (W)M(@ Oui(@)] + wx)[axM(m)w(xn)

= —% /dl‘ (W(x)M(l‘) [02t(2)] + 91 (@) [0 M ()] () + w*(x)M(w)[axw(x)O

1

- / A () M () 0 ()] — / da (2)[0. M (2)]) () (4.38)

Given this NSN Hamiltonian, we are ready to discuss transport across the junction.

4.3 Boundary conditions

To calculate scattering across the NSN junction, we must ensure that we apply the correct
boundary conditions at each NS junction. These are obtained by imposing continuity of
the current through the interfaces. We thus need to first derive the correct form of the
current operators associated with the Hamiltonian in Eq. (4.32).
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4.3.1 Current

To find the current operator, we will use the one dimensional continuity equation

Op(x) + 0 J(x) = 0. (4.39)
We define the local density as
p(x) = Pl (x)y () (4.40)
with the time evolution
Op(z) = i[Hnsn, p(2))]. (441)

We can write out the Hamiltonian as a sum of particle and hole components with
P1(z) = p(x) and ¢2(z) = h(z), such that

1
__Z E T M.
Hnsn = ) - /dx¢r(Nrs + M;s0:) s (4.42)

with the matrix
N(z) = Q0. + %GIM(:U). (4.43)

The commutator describing the time evolution of the density is then

s ) =5 Y [ do [5]0) (M) + Moo(a)01 ) ula), b (0)iml)] - (448

r,8,m

Defining the differential operator D,s(z) = N,s(z) + M,s(x)0,, we have

duply Z [tz [l@Dra@) @), v () )] (4.45)
We can then apply the commutator Eq. (B.16) from Appendix B to see
p(y Z /dx ¢T )Um(Y)0m,s Drs(x)d(x — y) — ¢;z(y)5r,m5(x = Y) Drs(2)s().
(4.46)

We write out D(z) and integrate by parts in the first term

8259 Z /dl‘{ rs W( )+Mrs( )¢T( ) x]ém,swm(y)(s(fx_y)

r,8,m

- wjn(y)‘sr,md(x ) {NTS(CC) + M (w)az} Vs (37)}

-1 z / dx{ o (@)(2) — 0ul My ()0 (2)] S st ()0 — )
— b ()8 (z — 1) [Nrs(a:) + Mrs(x)ax} ¢S(x)}, (4.47)
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after which we can evaluate the m sum and the x integral,

ep(y)
= % { [Nrs(y)wi(y) — Oy [Mrs ()L ()] | ¥s(y) — VL (W) | Nos(y) + Mrs(y)ay} ¢s(y)}.
’ (4.48)
We note that the IV terms cancel, and we are left with
dhp(y) = —% > {@/ [Mys(9)} ()]s (y) + wi(y)Mrs(y)ayws(y)}
- > 000 Mes )t (4.49)

where the contents of the parenthesis is a matrix product. Comparing to Eq. (4.39), we
see that the current is

1
J(@) = 501 (@) M (@) (). (4.50)
Note that this is technically only determined up to a constant, but since we only need
the current operator to ensure continuity of current, this constant has no effect and can
be ignored.

4.3.2 Continuity of the wave function

Since the system in consideration consists of non-interacting electrons, we can make a
tirst quantization description of the scattering. By solving the Schrodinger equation to
find the wave functions of each region, we can match these wave functions according to
the boundary conditions. This will result in the scattering matrix elements needed to
find the current from the Landauer-Biittiker formula in Eq. (4.23).

The boundary conditions of the problem are based on current conservation and will
be derived in detail. We will follow the strategy laid out in Ref. [67] and start by assuming
|Ap(z)| < |vr(z)] for all z, corresponding to weak induced pairing. The eigenvalues of
M (z) are vr(x) £ Ap(z), and since these are positive and M () is Hermitian, M (z) is
positive definite. This implies the existence of a positive, Hermitian matrix A(z) = Af(x)
such that

M) = (A ) —up@t = 0y BEUUBEIU = Aw)AG)

vr(z)
(4.51)
Here we have defined the unitary matrix U and the diagonal matrix D(x)
1 (=i i
U—\&<1 1), (4.52)
~ (vr(z) = Ap(x) 0
D(w) = < 0 op(@) + Ap(x) ) (4.53)
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such that A(x) = U+/D(z)U'. We can then recast the derivative of M (z),

8, M(z) = U (89”/17(9;)) UtU /DU + U/ D@ Ut (Gx\/D(x)) Ut (4.54)

Since UTU = I and diagonal matrices commute, we have

8, M (z) = 2U/D(x) (81\/D(x)> Ut = 24(2)9, A(x), (4.55)
which lets us write the Hamiltonian in Eq. (4.34) as

s =~ [ dovl @) A(@) oA (o). (456)

The Schrodinger equation in first quantization corresponding to the Hamiltonian is then
l 1
H(2)6(x) = —2 A@)D [ A(@)6(@)] + 500-0(x) = Fo(x) 457)

where ¢(x) = (¢1(z), p2(z))T has two components for particle and hole, respectively.
We can recast the equation in terms of the rotated spinor wave function

o(z) = A(z)(z), (4.58)

so that it becomes
L A@)2H() + 32047 @)d(x) = BA™ (2)5(x). (4.59)
Multiplying by A~!(z) from the left we have

—% 3z + %QA-l(x)azA—l(x)w) — B (A7 ()]’ 3la), (4.60)

which can be re-arranged into the form
Dadh(w) = Q(2)d(), (4.61)
where we can use M ! = [A~!(z)]? to define

Q(z) = 2%EMY(z) —iQA  (2)0. A"} (2)

2i <UF(x)E — Qop(z)/2 iNp(z)E > 7

2 —ilp(z)E vp(z)E + Qop(x)/2

- _- 4.62
5F($) ( )

with the renormalized velocity

op(z) = \/vi(x) — A (). (4.63)

In the context of a single NS boundary, we can consider this boundary to be found at
x = 0 and integrate Eq. (4.61) over a narrow interval of width 2e around the boundary.
Since the matrices on the right hand side are all bounded for |vp| > |A4], if we assume
that &(m) is bounded as well, we see that the right hand side vanishes and the boundary
condition becomes

¢(e) — d(—€) = 0. (4.64)
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This, in turn, means that the wave function ¢(z) obeys the boundary condition

A(@)P(7) = = A(2)P(2)|2=—c (4.65)

Hence, the simplest model of spatial dependence taking the form of a step function
implies a discontinuous wave function. As pointed out in Ref. [67], this is an artifact of
the model, which stems from the discontinuous form of the Hamiltonian parameters
as described in Eq. (4.29). When we consider the physical current Eq. (4.66) in the first
quantization picture, we see that for a state given by ¢(z), the current

T@) = 5o @M (@)o(w) = 53 (@) (4.66)

remains continuous.

4.4 Transfer matrix

We will now solve Eq. (4.61) for ¢(z) in the N and S regions, and connect the solutions
through the boundary condition in Eq. (4.65). This will let us derive the scattering matrix
elements needed to calculate the current in Eq. (4.23).

Considering again a single NS junction at x = 0, we solve Eq. (4.61) separately for
2 2 0 and then impose continuity of ¢(z) at z = 0. We will assume that on each side,
the parameters are constant, such that M ~!(z) is a piecewise constant function M .
This allows us to solve the equation on either side of the boundary, after which we will
connect the solutions.

To make the calculations more tractable, we define the velocity and length

Up = w/v%—A%,

i % (4.67)
\/4A1%E2 + 5202
as well as the three parameters
a=2vp/0%,
b=2A, /0%, (4.68)
c=Q/op.

4.4.1 Wave function
On a given side, we then have to solve the two coupled equations,

—i0z01(x) = aBg (z) — ibEds(x) — cdi (x), (4.69)
—i0yGa(x) = ibE1 (x) + aEda(x) + cha(x), (4.70)

The general solution of this coupled system is given by

b1(x) = C1e" % cos(x/L) + L(BECy — icCh)e'F® sin(z/ L),
Po(x) = CeeF® cos(x/L) — L(BEC) — icCy)e'F® sin(x/L). (4.71)
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We have two integration constants C1 5. Atz = 0, we have q~51,2(0) = (2. Therefore,
continuity of ¢(z) means that the constants C'; 5 are identical on both sides. Hence, the
most general continuous solution, valid for all z, reads

b1(x) = C1e" %% cos(x/L+) + Ly (b+ECy — ice C)Lye % sin(x /L),
Po(x) = Coe'*E% cos(x/L1) — Ly (b+EC) — iceCo)e'*E% sin(x /L), (4.72)
where a4 = a(xz 2 0) and similarly for b4, ¢+ and L. Written as a spinot, this means
$(x 2 0) =
a4+ Bx T 7 . = 0 1 . [~ . = 1 0
e"“*F 5 \cos(x/Ly)la + Liby Esin(x/Ly) (_1 0) —idcy Ly sin(z/Ly) (0 _1)} C,
(4.73)

where C' = (C1, C2)T. Next, we translate this to the wave function ¢(z) by using
¢(z) = A~L(x)p(z). For this we need the inverse of the matrix A(z). Using Eq. (4.51),
we find that this is given by

A Yz) =U[/D(z)]"tUT, (4.74)

where we have used the fact that the matrix v/D is (trivially) invertible because it is
diagonal and positive-definite. Therefore, we have

oz = 0) = AN (z)p(x)
= ¢P7 | cos(a/L+)U[y/D(@)) U + Lebs Esin(z/Le)U\/D()] U <_01 é)

—ifseq sin(e/ L) UN/D(@)] Ut ((1) _01> ]c 4.75)

This solves the discontinuous wave function ¢(x) up to the constant vector C, which
will be fixed in the next section.

4.4.2 Interface transfer matrix

We are now ready to derive the transfer matrix 7, which relates modes at > 0 to modes
atx <0,

$(0-) = Té(04). (4.76)

To find 7" we do not need to determine C, because taking the limit + — 0 on both sides
of the boundary yields

¢(0+) = U[y/D(01)]"'UC (4.77)

We can use the first of these equations to express C in terms of ¢(0.),

C = U[v/D(0)]UT$(04), (4.78)
which immediately yields the transfer matrix
¢(0-) = Uly/D(0-)] ' [v/D(0)]UT$(04). (4.79)
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If we assume that we have an N region on the right (z > 0) and an S region on the left
(x < 0), we can write down the N to S transfer matrix explicitly as

o (i =i\ (Jor =B 0 -
w0 Y ) (D)) e

Interestingly, this transfer matrix is not unitary. However, we recall that the unitarity of
scattering matrices is implied by conservation of current [50], and as we saw in Eq. (4.66),
current conservation holds for ¢ rather than ¢. We can rewrite Eq. (4.76) as

¢(0-) = A_TA'$(04), (4.81)

and since Tgy = A:1A+, we have

$(0-) = &(04), (4.82)

as also implied by continuity of . Since the only available channel across the boundary
is transmission, ¢ must be perfectly transmitted, which in turn implies non-unitary 7.
Even in the case A, = 0, we can see from Eq. (4.80) that T" is non-unitary due to the
different velocities in the two regions. To find the transfer matrix from S to N we repeat
the above process to find

1 T —1 vp — A 0 - 1
Bl ) (0T ) (1) e

4.4.3 NSN junction

To evaluate the scattering amplitudes between the terminals sketched out in Fig. 4.1, we
need to combine the above results to describe a full NSN junction. We assume that we
have normal conducting regions at 2 < —L/2 and « > L/2, and a superconductor region
at |x| < L/2. We will assume that L is great enough only plane wave states contribute to
coupling across the junction.

Based on this assumption, we can directly apply the transfer matrices we have
derived so far. In analogy to Eq. (4.76), we can relate the N and S region solutions by

O(—L/2 — €) = Tsd(~L/2 +e),
O(L/2 — €) = Tsnd(L/2 + ), (4.84)

where € is an infinitesimal distance. To fully account for the transport across the junction,
we also need to describe the transport within the S region by relating ¢(—L/2 + €) to
¢(L/2 — €). Looking at Eq. (4.73), we recall that ¢(0) = C, and thus we see that ¢(z) is
related to ¢(0) through

p(z) = “Fr T (2)h(0), (4.85)

where we have defined the matrix

cos(x/L) — icLsin(z/L) bELsin(z/L) > _ (4.86)

To(w) = < —bELsin(z/L) cos(x/L) +icLsin(z/L)
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This matrix is unitary, as can be checked by applying the fact that L = 1/vb2E?2 + ¢2.
All quantities are implicitly of their S region form. We find the relation

B(—) = e F Ty (~2)9(0) = e P Ty (—a) (e ET (@)d()). (487)
We transform back to ¢ to get the relation
O(—z) = e HETAT (=) Ty (—2) Ty (2) A(2) (=), (4.88)
Settings x = L/2 allows us to define the transfer matrix across the S region
Ts = e 29EL2 A=Y (L /2)Ty(—L/2)Ty H(L/2) A(L/2). (4.89)
The total transfer matrix for the NSN junction Tsy is defined by
¢(—L/2 — €) = Tnsno(L/2 + €), (4.90)
meaning that it must be
InsN = INsTsTsN- (4.91)
Noting that ATsy = 1,/vF and TnsA™! = 1(y/vF) ™!, we find that remarkably the NS

and SN junction transfer matrices cancel out when inserting the definition of 7. The
matrix 7p is unitary and obeys Tp(—x) = TOT (z), therefore

T = P2 To(~L/2) T (L/2) = (T](L/2)) 4.92)

Writing out the product and applying the double angle formulae

sin(2z) = 2sin(z) cos(z), (4.93)
cos(2x) = cos®(z) — sin?(x), (4.94)
leads to the expression
9 cos(L/L) 4 icLsin(L/L) —bELsin(L/L)
Ty = 2 ( bELsin(L/L) cos(L/L) — icL sm(L/E)> ' (4.95)

The physical meaning of this result is that applying the transfer matrix 7p(z) twice to
a state corresponds to translating that state by a distance 2z, i.e. Tg(z) = To(2z). It
is worth dwelling on the fact that this matrix only depends on the parameters of the
S region. We can understand this by considering the nature of transport through QH
edge states. This transport is chiral and ballistic, meaning that everything must be either
perfectly transmitted or tunnel into the superconductor. This tunneling is not affected by
the parameters of the N regions, and thus any divergence from the well known ballistic
transport of the QH edge should only depend on the nature of the superconductor and
the length of the S region.
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0.25

Q/E

Figure 4.3: The hole transmission probability Py, with vp/DeltaP = 2 as a function of the system
length L (in units of A,/ E) and the detuning from resonance 0/ E. The contour lines indicate Pj, =
(0.25,0.5,0.75). We will later show that Pj, > 0.5 corresponds to negative downstream resistance.

4.5 Hole conversion probability

We are now ready to express a main result of this chapter, which is the the hole conversion
probability P, (E) expressing the probability that an incoming particle is transmitted
through the NSN junction as a hole. As we will see in the next section, this probability
determines the behavior of the downstream resistance Rs3. Since Thsy is unitary, we
can safely interpret it as a scattering matrix in the basis of particles and holes (p, h)7T,

with the matrix elements

Thsn = (tpp tph) , (4.96)
thp thh

where t,, is the amplitude of converting a particle into a hole. We thus find the hole

conversion probability P, = |tp,|?, which after inserting the definitions Egs. (4.67)

and (4.68) becomes

| (VA QEPr /) 1)

Py(E) = 1+ L(Q/B)2[(vp/0p)% — 1] i (vr/Ap)? =1 Ap

(4.97)

This expression is plotted in Fig. 4.3. We see that the probability oscillates with an
amplitude described by a Lorentzian curve centered around /E = 0 with a width
determined by vr/Ap. In particular we find the half-width-half maximum

Q 2
HWHM _ . (4.98)
i (vr/Ap)? — 1
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beyond which we always have P, < 1/2. Thus, A, determines the width of the
Lorentzian, with A, — 0 leading to an infinitely narrow function. For finite A, the
Lorentzian reaches unity at the resonance point §2 = 0, corresponding to ks = dqr as
also discussed in Section 3.8. In other words, at resonance we can find perfect hole
conversion, while far away from resonance the Andreev reflection is suppressed.

We also see that the hole conversion probability oscillates with the length L of the
S region. The expression is symmetric around 2 = 0, which is a consequence of the
linearization of the effective Hamiltonian in Eq. (4.25). This oscillatory behavior has
also been found in numerical treatments of the system [24,25], where it is expressed as
Py, o sin? (gpnL/2), with gpn /2 interpreted as being the momentum difference between
the particle-like and hole-like SC eigenstates. We can confirm this interpretation by
considering the linearized spectrum in Eq. (4.26), namely

1
Eeftlin,sq.+ = 5 (UF5q +4/9% + (Ap5Q)2>' (4.99)

If we consider a fixed energy Ly, then a state propagating through the proximitized
edge segment will in general be a linear combination of the two energy eigenstates with
energies Fef lin,s¢,,+ = £0- The momenta solving this equality is

2(vr/Ap) £ /44 (Q/Eo)?[(vp/Ap)? — 1]
0qo + = o \/(,UF/AP)Q[)_l i fi, (4.100)

meaning the momentum difference between the eigenstates is

\/4 + (Q/Eo)*((vr/Ap)? = 1] g,
(wr/Bp)? — 1 Ay

def
Goh = 0qg 1 — 6qp_ =2 (4.101)

This corresponds to the result in Eq. (4.97). The oscillation of P, reflects the fact that as a
state propagates through the S region, it oscillates between a particle-like and a hole-like
nature due to the momentum difference between these states. The S region length L
determining when this oscillation is "interrupted" and the state stops oscillating as it
passes into the N region.

The oscillation peaks at

L _ w20+ 1)[(op/Ap)? — 1]
Bp 24+ (@/m)(vr/Bp)? — 1]

. n=0,1,2... (4.102)

For 2 = 0, at these peaks we find perfect hole conversion P, = 1. This is a quite
striking result: despite the low transparency across the SC and QH interface implicitly
assumed in a tunneling model, it is still possible to find perfect hole conversion. Even
for very weak induced pairing it is technically possible, though as shown in Eq. (4.98),
the strength of the induced pairing as represented by A, controls how finely tuned the
system has to be for perfect hole conversion to take place.

To understand the dependence of the downstream resistance Rgg on P,(FE), and to
find a physical interpretation of the energy argument, we will now insert the transmis-
sion amplitudes of Eq. (4.95) into the Landauer-Biittiker formula in Eq. (4.23).
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Figure 4.4: A sketch of the treated transport experiment with transmission amplitude T;; between the
terminals.

4.6 Downstream resistance

We recall the experimental setup from the start of the chapter, as shown in Fig. 4.4, where
current is being transported through a 2DEG in a strong magnetic field through ballistic
edge channels. Terminal 2 is grounded and superconducting, and the electrons passing
between terminals 1 and 3 are converted into holes with probability P, (E) as given in
Eq. (4.97). The current passing through each of the four leads is given by the expression
derived in Eq. (4.23)

(Im) = % Z/dE (nF(E — pim) + (|tm,n7h,p(E)|2 - ‘tm,n,p,p(E)P) np(E — pin)
+ (|tm,n,h7h(E)|2 - ’tm,n,p,h(E”Q) np(E + pn) —np(E + Mm)) , (4.103)

where ¢, ,, ,, 1, is the scattering matrix element indicating the transmission amplitude of
a hole at terminal n is transmitted as a particle to terminal m, etc. We recall that we are
working in units of |e| = 1. Electron scattering in and out of terminal 2 is energetically
forbidden, and the effect of the SC on the QH edge was shown in Chapter 3 to be
effectively modeled by a QH edge state with induced superconductivity. Therefore in
the transport calculation we will not explicitly account for terminal 2, instead effectively
accounting for it through the induced NSN junction between terminals 1 and 3.

We are interested in investigating the effect of the NSN junction on the resistance Rg3
downstream of the junction. To ensure an accurate description, we will first construct
the scattering matrix for all four leads. Transport between the leads is restricted to the
chiral edge states, meaning that scattering only occurs between sequential terminals,
and only in one direction, 1 — 3 — 4 — 1. The outgoing electron mode from terminal
m, denoted o,,, is related to the ingoing modes of the system 7,, through the scattering
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matrix,

i17E 0 0 T14(E) OLE
’L'3,E' == T31 (E) 0 0 03,E (4104)
14,F 0 Ty3(E) 0 O4.F

where T;;(E) denotes a 2 x 2 scattering matrix in the Nambu basis which describes
scattering of particles and holes from lead j to lead i, see Fig. 4.4. For example, the
first row of the matrix is interpreted as the incoming electrons in terminal 1 being
the outgoing electrons of terminal 4 modified by the amplitude matrix T74. We allow
particle-hole conversion between leads 1 and 3, while the remaining scattering must
take the form of ballistic transport scattering particles to particles and holes to holes

T31(E) = Tnsn(E) = <§ZE§; zzzg» ,

1 0
Ty =Tyz = <0 1> ; (4.105)

with Tysn given by Eq. (4.95). The resulting 6 x 6 matrix 7' is unitary because,

0 Ti(E) 0 0 0 Tu
T'"rT=(0 0o TL||DE 0 0
T, 0 0 0 Tz O
T} (E)T5(E) 0 0
= 0 T 0 =1, (4.106)
0 0 T],Ty

where we used that Ty is unitary. Next, we calculate the currents using the generalized
Landauer-Biittiker formula of Eq. (4.23). For the current at lead 3, we find,

(1) = 5 [~ B (nr (B = 19) = (Tt ol B = [Tot ()P mr(E = )
— (151,90 (E)? = | T31,00(E) ) np(E + p1) — np(E + M3)>- (4.107)

Note that despite this expression only involving the scattering matrix elements of
incoming modes, it accounts for both incoming and outgoing modes as discussed in
Section 4.1.2. We insert the scattering matrix elements from Eq. (4.96) and obtain

Is) = o /0 "B (np(E - 1) = (1t ()~ ltny(E)) mp(E — )
— ([t (B = [t (B)) m (B + 1) = npe (B + ) ) (4108)

We then use the definition P, (E) = |t,,(E)|%, and apply unitarity [t,,(E)|> = 1 —
e (E)J2 = 1 — Py(E) to find

(I3) =
1 o0

o ), AE (np(E — ps) = np (B + pi3) — (1 = 2Py(E)) (np (B — i) = np(E + un)) ).
(4.109)
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Similarly, we have the normal currents,

(I) = % /Ooo dE(”F(E — pa) = np(E — ps) + np(E + p3) —np(E + M4)>a (4.110)
(h) = % /Ooo dE(nF(E — 1) —np(E — pug) +np(E+ pg) —np(E + m))- (4.111)

In the simplest case we take the zero-temperature limit so that the Fermi distribution is
just a step function np(E — p) = 6(p — E). For the combinations of # functions we have,
we can use the following relation for a general function f(E)

o0 o VIS AEF(E) for pn >0
/0 dEf(E)[0(n— E) — 0(—p E)]_{Ofo_“dEf(E) for 1 < 0
|l
:sgn(p)/ dEf(E). (4.112)
0

We see that f(E) need only be defined for £ > 0 in the integrand. However, if we
assume that f(E) is even around E = 0 (as P (F) is), we can write this as

| dEs@)00 - B) - 0-u—B) = [ aEs(E), @113)
0 0

for any sign of p. In the special case f(£) = 1, which is relevant for (/4) and (/1) this
implies,

/0 dEO(p—E)—0(—p— E)| = p. (4.114)
This means that at zero temperature

(Iy) = L (pa — p3),

2w
() = % (1 — pa)
(L) = % {Mg - /Om B[ — 2Ph(E)]} . (4.115)

In the experiment considered, a current is injected into lead 4, i.e., (I4) = I, whereas the
two other leads are voltage probes such that (/1) = (/3) = 0. From (I;) = 0, we find
pta = 1. From the first equation, we can then determine p3 in terms of I and 1,

M3 = 1 — 2rl. (4116)

Inserting this in the third equation, we obtain an equation which allows us to determine
p1(I) implicitly as a function of I,

M1
p1 = 2wl +/ dE[1 —2P,(E)], (4.117)
0
where resolving part of the integral leads to the result

/ " AEP,(B) = 1. (4.118)
0
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The differential resistance which contains information about the hole conversion is then

. dVs
Ros = TR (4.119)
Restoring Planck’s constant & and the elementary charge e such that
h
Uz = g — g_r (4.120)
we have
R _1%_1%_£ (4.121)

BT oAl e dl €2

To calculate the remaining derivative, we face the fact that while y; (/) is difficult to
differentiate, I (11 ) is simple. We use the fact that for full derivatives the following holds
for inverse functions

du dr \ *
— = — . 4.122
Since we have the identity
d M1
T dEPy(E) = Ph(p), (4.123)
H1 Jo
we find
dpy 2e o 1
i _ (2e _n 4.124
o7 (h h(m)) ¢ 2P, 01) (4.124)
Therefore, we have the result
= h1—2P,(p1)
=" 4.12

where /11 ey p1(I). This resistance is plotted on the left in Fig. 4.5 for 0 < P, < 1. Com-
paring this result to the zero resistance result of the QH effect without superconductivity
has some subtle elements. We see that for zero induced pairing, AP — 0, we have no
hole conversion Py (u1) — 0 and thus infinite resistance Rzg — oo. This is a consequence
of the current passing through the SC terminal: zero hole conversion means suppressed
Andreev reflection, and since that is the only process for electrons to cross the SC-QH
interface, no current can pass through the system. This in turn implies infinite resistance.

To better compare with the case of no induced pairing, we instead consider the
relationship between the chemical potentials of the terminals and P}, (41 ). In the normal
QH effect, longitudinal resistance is zero, meaning that there is no voltage difference be-
tween terminals on the same side of the system. Specifically, when the superconducting
terminal 2 is grounded, the downstream terminal 3 must have ;3 = 0. If any electrons
at 111 # 0 are passed from terminal 2 to terminal 3, it would change 13 away from zero.
This is clearest for ;17 > 0 where u3 would be raised to positive values, but since Py, (1)
is symmetric in 1, the same effect would hold for ;11 < 0.

From this perspective, it is clear that the zero resistance case must correspond to a
neutralization of the charge transport between terminals 2 and 3, i.e. P,(u1) =1/2. In
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Figure 4.5: Left: The downstream resistance Rog (full line) as a function of the probability Py, [y, (1)) that
electrons at chemical potential yi1 (I) are transmitted through the NSN junction as holes. The normal QH
effect result Ry3 = 0 is marked with a dashed line, which crosses the full curve at P, = 1/2. Right: The
downstream resistance at j11 L /A, = 16 oscillates above and below zero as a function of the resonance
parameter ). This plot corresponds to a vertical slice of Fig. 4.3. The resistance unit in both plots is
h/e? ~ 25.81 kQ).

other words, the electrons being passed to terminal 3 have their charge canceled out by a
corresponding amount of holes. Now, just like how a majority of electrons being passed
to terminal 3 will change p13 towards 1, if a majority of holes are passed to terminal 3,
p3 will change in the opposite direction. This means that for P, (u1) > 1/2 we will see
negative resistance since p3 changes sign. The holes passing from terminals 2 to 3 can be
interpreted as a current running the other way, meaning the negative resistance implies
that we are measuring the “wrong direction”. It is, however, important to point out that
due to the chirality of the system, no physical current is flowing from terminals 3 to 2.

In recent experimental works on the system described, the condition Re3 < 0 was
considered the main indicator of the Andreev edge state [24,25]. It should be noted that
the Andreev edge state can exist without measuring negative resistance. Combining
Eq. (4.97) and Eq. (4.125), we see that the energy argument to consider is 1,

P S (s i Y
T T Q)2 l(vr /A% 1 (vr/Ap)? — 1 Ap |
(4.126)

and we want to investigate when P, (u1) > 1/2 as that is the region where Eq. (4.125)
predicts negative resistance. Considering the example where the length is fixed at
p1L/Ap = 16, we plot a vertical slice of Fig. 4.3 to the right in Fig. 4.5. Near Q = 0,
we see almost perfect hole conversion with Rgz ~ —0.5¢%/h, with oscillations around
zero resistance as we increase {). An important result of this chapter is the fact that
the interplay between momentum conservation and Meissner current represented by (2
plays a key role in predicting the conditions for negative resistance.
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4.6.1 Expansion for small bias current

To determine the differential resistance for a given applied current, we still need to solve
the equation

w1 (I)
/ dEP,(E) =7l (4.127)
0

for i1 (I). Since there is no clear way of finding the antiderivative of P, which would
let us solve the equation generally, we will solve it approximately for small . For I =0,
the only solution of this equation is y; = 0 since P,(E) > 0 by definition. Therefore, for
small 7, we will still have p; ~ 0, so we can Taylor expand the integrand around E = 0,

ui(I) pi(l) E2
/ dEP,(E) = / dE [Ph(()) + EP;(0) + TP/;(O) + O(ES) . (4.128)
0 0

From Eq. (4.97), we see that P,(0) = 0. We also have P}(0) = 0 since P,(F) is a
symmetric function of E. Therefore, the leading order will be

pi(l) pa(I) E2 1
/ dEP,(E) = / dE {2 A’<0>+O<E3>} = PO +00).  (4129)
0 0

Since this integral equals 71 we find the approximation,

0= (575)

8A2 201
Pl0)= — P __gin? | — 2| 4.130
7 (0) Q2(v%—A§) sin A2 ( )
\/ P

For Rgg, we can also Taylor expand for small ;1 and thus find

5= h1-2P(um) _ h1-PF0)3

Ros = ~ 4131
B2 B @ B0 (13D
Since we have assumed P/ (0)u? < 1, we can further approximate
~ h 1 h
Roz ~ ————— = —[P/(0)]"V/3(6x1) "%/, (4.132)
AP0 2"
In other words we predict that the relation
Rog oc I7%/3 (4.133)

provides an experimental indicator of the existence of the Andreev edge state

4.7 Experimental perspectives

The experiments on induced superconductivity in the quantum Hall edge involve three
main geometries as outlined in Fig. 4.6. The first is the edge setup [19,24,25,68], which is
the geometry treated in this thesis. The second is the finger setup [22,27] where a narrow
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Figure 4.6: Sketches of three common experimental setup, which we will call the edge setup (left), the
finger setup (middle), and the SNS setup (right).

superconductor protrudes into the 2DEG, allowing for crossed Andreev reflection across
the SC. The third geometry involves a 2DEG between two SC’s [20, 26], effectively
forming an SNS junction. The presented model can only be expected describe the edge
geometry, though there are still interesting elements from the other geometries we will
comment on. We note that typical experimental parameters which are varied include the
applied magnetic field By and the Fermi energy Er of the 2DEG in terms of an applied
gate voltage.

As discussed in Section 3.4, care should be taken in comparing the results of this
chapter directly with experiments, since the approximations and limits assumed do
not necessarily apply to a general experimental situation. Indeed, some effects which
have been neglected in this thesis have been the focus of work done by other groups in
parallel to this thesis, e.g. the effect of vortices in the SC [29,31], the effect of disorder in
the SC [32] and the interplay between Meissner current and the angle of the SC wedge
in a finger geometry [30]. In addition, while considering the model in the tunneling
limit makes analytical derivations tractable, it may well be difficult to compare with
experiments which generally strive for high barrier transparency.

In addition, the presented work seeks to derive analytical descriptions of the qual-
itative effects seen in experiment to allow for straightforward physical interpretation
of the roles the parameters of the underlying models play in these effects. Thus, the
purpose is not to account quantitatively for any particular experimental result, where
other approaches including phenomenological models with fitted parameters [24,25],
numerical tight-binding simulations [28] and numerical solutions of transcendental
equations [14] have already been applied. With these things in mind, we can proceed to
comment on the experimental perspectives of the presented results.

¢ The first result we note is the prediction of how SOC in the SC comes into play in
the induced superconductivity. It was speculated in Refs. [22,27] that the induced
superconductivity detected in a spin-polarized QH edge without SOC was made
possible by inherent SOC in the Nb-based SC [69], and our results show that
Rashba SOC in the SC with amplitude a # 0 allows induced superconductivity
with an amplitude A, o « to first order in «, see Eq. (3.92).

* A strong, quantitative prediction of the presented model is the Pauli blockade at
zero bias, u; = 0, or correspondingly zero current I = 0, as well as the scaling
at small bias current Ry3 o I~2/3. There are, however, to our knowledge no
experiments currently available in the literature which report measurements of the
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Figure 4.7: In Ref. [13], the contribution from Andreev reflection to the conductance G ar is calculated by
numerically solving a transcendental equation resulting from wave-matching across the SC-QH interface.
For a transparent interface w = 0, the Andreev reflection contribution increases in steps with increasing
v = 2Ep /w.. For a non-transparent interface w > 0, Andreev reflection is suppressed except for one
point per step. Figure reproduced from Ref. [13].

relevant parameters at filling factor v = 1, and at higher filling factor we expect
the Pauli blockade to be circumvented [58].

¢ The critical role of the Meissner current in the suppression of Andreev reflection
away from the resonance condition ¢r = k; is of particular interest since it is tied
to the tunneling coupling of the two systems. For a highly transparent interface,
where a description in terms of evanescent electron excitations in the SC applies,
the Meissner current plays no such critical role, and can be neglected without
losing induced superconductivity. For such a system, it has been reported [13,14]
that at low transparency, Andreev reflection is suppressed for all 2DEG Fermi
energies except one point between each Landau level, see Fig. 4.7.

In the context of the tunneling model presented, a simple extension to account for
higher filling factors while neglecting tunneling into different edge states would
see the resonance condition fulfilled once per Landau level. Thus, a possible
physical interpretation of this phenomenon is that at high interface transparency,
the resonance condition plays no significant role, while in the tunneling limit, it
determines when the induced superconductivity is entirely suppressed. To confirm
this connection would require further work. Experimentally, it has been reported
for an SNS setup experiment [20] that indicators of induced superconductivity
only occurred at a single narrow energy range between each Landau level, while
for other edge setup experiments [24,25] signatures of induced superconductivity
were found at a broad range of energies between the Landau level transitions.

¢ The edge setup experiments of Refs [24,25] are of particular interest due to their
geometry corresponding to the presented model. Ref. [24] has a 600nm long MoRe
SC interface with graphene and sees strongly oscillating downstream resistance
within each Landau level, while Ref. [25] has a 150pm NbTiN SC long interface
coupled with a InAs 2DEG, and sees a downstream resistance which is essentially

68



pL/A, =100

0 0.5 1 1.5 2 0 0.5 1 15 2
Q/m Q/m

Figure 4.8: For a fixed vp /A, = 2, we predict increased resistance oscillations with increased j11 L/ A,
here shown with two examples of Ros(Y/ju1) at fixed values of i L/ A,.

independent of 2DEG Fermi energy within each Landau level. In addition to the
effects of disorder and graphene-specific considerations as described in Ref. [28],
both experiments argue that the oscillatory behavior should be in part understood
through the content of the sine function in Eq. (4.126).

As we demonstrated in Eq. (4.101), inside an S-region of length L, a propagat-
ing state oscillates as sin2(qphL /2) between particle-like and hole-like due to the
momentum difference

A+ @/ )2((vr/Ap) = 1]

M1
= -— 4.134

between these two states, where we recall that (/) corresponds to the voltage
difference resulting from the applied current I. For two experiments with equal
dph, We would expect greater L to lead to more oscillations as {2 changes, see
Fig. 4.8. However, the experiment with no oscillations has an interface length
which is about 250 times longer than the experiment with strong oscillations. In
the context of the presented model, this indicates a large difference in g, between
experiments. If we define the momenta and lengths of the experiments to be
@ph,1; L1 and gpp 2, L2, with Ly = 250L,, then in order for the long experiment
with Lo to correspond to the left of Fig. 4.8, while the short experiment with L
correspond to the right, we would require gpn,1/qph2 >~ 5 103. Assuming a fixed
vr/Ap, one way to achieve this would be to have this difference contained in
p1/Ap, where we recall from Eq. (3.92) that the pairing amplitude depends on a
number of material parameters

mgFs

A, ~-—T2q—"2
P La2‘A0|27

(4.135)

from which a difference of several orders of magnitude between experiments
might accumulate.
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Furthermore, while previous work [22,24] reports measurements of small negative
downstream resistance —|Ro3| with | Roz| < h/e?, Ref. [25] reports negative down-
stream resistance with | R3] ~ h/e?. As shown in Fig. 4.5, this indicates significant
hole conversion, with perfect hole conversion in a single edge state corresponding
to a negative downstream resistance of |Ry3| = h/(2¢?). As our results suggest,
perfect hole conversion is in principle possible even for weak induced pairing, as
long as we can assume that all electrons tunneling across the interface Andreev
reflect, i.e. that none are lost as quasiparticle excitations above the SC gap.

* Finally, it was recently reported [27] that induced superconductivity had success-
fully been detected in a 2DEG exhibiting fractional QH effect interfaced with a SC
in the finger setup. A major benefit of the presented approach to modeling the
QH-SC interface is much of the derivation does not depend on the explicit form of
the QH edge Hamiltonian, and as we shall see in the next chapter, our results can
be extended to the fractional QH case.

4.8 Summary

We consider a typical experimental transport measurement setup, in which the resistance
Ry3 downstream of the SC terminal is considered to be an indicator of a proximitized
edge state due to the modified charge transport in a mixed particle-hole state. We derive
the Landauer-Biittiker formalism for transport involving particles and holes, and see that
despite having the same group velocity, particles add to the current and holes subtract.

We introduce position dependence in the parameters of the effective Hamiltonian to
model an NSN junction, and approximate everything to linear order in d¢g, which is a
good approximation for {2 > 0, and less so otherwise. To ensure that we are applying
the correct boundary conditions at the NS junctions, we derive the current operator for
the proximitized system and require its continuity at the junctions, which turn out to
imply discontinuity of the wave function. We then derive the scattering matrix of the
system assuming |vr| > |Ap| to arrive at the amplitude of a particle being transmitted
across the NSN junction as a hole,

| (VA @B/ Ay = 1] g,
L+ JQER[(or/Bp)2 1] (or/Ap)% — 1 Ap |
(4.136)

Py(E) =

which does not depend on the nature of the normal regions due to the lack of backscat-
tering in a chiral edge. We see that hole transmission is strongest near the resonance
Q2 = 0 and vanishes on the scale of A, /vr away from this point, that it vanishes at £ = 0
due to a Pauli blockade, and that it oscillates as sin2(qphL) where gpy, is the momentum
difference between the particle-like and hole-like modes in the proximitized region.

We then apply the derived Landauer-Biittiker formalism to predict the downstream
resistance to be

- h1—2P ()

5= o () (4.137)

where the Planck constant is re-introduced for clarity. We find that the negative resistance,
which happens for P, > 1/2 and which experimentally indicates Andreev reflection, can
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occur even for weak pairing. We further find that it depends strongly on the resonance
condition 2 = 0, which in turn is a consequence of the Meissner effect. We compare our
predictions with relevant experiments, and find that our model supports the hypothesis
about Andreev reflection being enabled by SOC in the SC, and predict how a difference
in A, for fixed vp/Ap may account for why one experiment sees a strongly oscillating
resistance as a function of €2, while another does not.
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CHAPTER

Induced superconductivity in the
fractional quantum Hall state

As discussed in Chapter 1, a proximitized integer quantum Hall (QH) edge is useful
in the search for Majorana fermions, but to find parafermions with more generalized
anyonic exchange statistics, we must turn to the fractional QH edge [17]. We can extend
our model to this case by introducing strong interaction between the electrons in the
QH edge state Hamiltonian and replacing it with a chiral Luttinger liquid Hamiltonian,
which is known to be an effective low-energy model of a fractional quantum Hall edge
state.

5.1 The effective Hamiltonian

As in Chapters 3 and 4, we will treat a system consisting of QH edge state along the
r-axis proximitized by an s-wave SC, see Fig. 5.1, described by the Hamiltonian

H = Hedge + HSC + Htunn, (51)

where once again the second term describes the SC surface, and the third term describes
tunneling between them, but this time the first term describes the fractional QH edge. In
particular, the SC surface Hamiltonian is

Hse = Z {Eks+5kcir<s+6k,acks+5kva + (AOCIT«5+61<,TCL—61<,¢ th C')
ok,o

+ <a[(5k’z 80k + ko)lehsirChotoicl + D c)] . (5.2)

SC 4 y4
e —>
LTI, — = - /,/‘1_ - - > FQH

Figure 5.1: An illustration of a fractional QH system interfaced with a SC.
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where c;i » annihilates a SC electron with momentum Jk and spin 0. As in Chapter 3,
momentum is measured relative to the supercurrent momentum kg, namely dk = k — k.
The first term describes the kinetic energy of the SC electrons esx, the second term
describes the s-wave pairing with complex pairing amplitude Ay, and the third term
describes spin-orbit coupling with real amplitude o.

We assume as in Chapter 3 that the systems are coupled through local and spin-
preserving electron tunneling and thus have the tunneling Hamiltonian

L2
Hiunn = vy/wwy , dx ['QZJT (ZL’)CT(J}, 0,0) 4+ h.c.]
—L/2
=T by (o +1c.), (5.3)
g,k

where 7 is the tunneling amplitude, w, and w, are the effective widths of the tunneling
interface in the y, z dimensions, while L, and L. are lengths of the SC in the same
dimensions. In the second line we have Fourier transformed into momentum space and

introduced the modified amplitude
 [wowy
I'=~ L.L, (5.4)

In Chapter 3 it was shown that integrating out the SC fields in Eq. (5.1) yields the effective
QH edge state Hamiltonian

As
Heff = Hedge + Z |:5E5q1/)]ts+5qwks+6q + <2q¢113+5q¢113_5q + h. C>:| ) (55)
dq

where §Ejs, is the SC contribution to the kinetic energy of the QH edge state, and A, is
the induced pairing amplitude.

The effective Hamiltonian was derived without reference to the edge state Hamil-
tonian other than the assumptions that the edge state is one-dimensional and that the
systems are coupled through electron tunneling. Thus, under the assumption of those
two conditions, the effective Hamiltonian applies directly to the fractional QH case.

5.2 Chiral Tomonaga-Luttinger liquid theory

For a QH system at integer filling factors, the edge states can be modeled as one-
dimensional channels of non-interacting electrons, see Chapter 2. To describe a QH edge
state at fractional filling factors, we must however take electron-electron interactions ex-
plicitly into account. This can be done through the approximate wave function proposed
by Laughlin [45], or the composite fermion approach [38], but the field theoretical ap-
proach by Wen [70] fits better into the framework we have developed so far, and strikes
a good balance between accurate predictions and tractable calculations. The approach
involves developing a field theoretical description of the 2DEG in the fractional QH
phase and inserting the correct boundary conditions by hand. The resulting field theory
shows that the low-energy physics of simple FQH states can accurately be described
by a one-dimensional field theory on the same form as a chiral Tomonaga-Luttinger
liquid [2,71]. This effective theory of chiral, one-dimensional conductors describes
the strongly interacting electron system in terms of free boson fields representing the
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collective excitations of the electrons. In particular, the electron system can be accurately
described through a Hamiltonian consisting of quadratic terms of bosonic fields with
interactions encoded into a velocity v and an interaction parameter K. While the theory
does not predict the value of these parameters beyond the non-interacting limit where
v =vr and K = 1, it predicts the scaling of experimentally available quantities such as
temperature in terms of exponents given by these parameters.

The connections between this theory and the system of a fractional QH edge can be
hinted at by considering the following result: calculating the Hall resistance through
a QH system by imposing a voltage difference between two spatially separated chiral
fields yields the result [71]

2

B = gz

(5.6)
which is exactly the expected Hall resistance if X' = v. It turns out that a chiral Tomonaga-
Luttinger theory with K = v is indeed a good description at many filling factors, in
particular the integer filling factors and the Laughlin sequence with v = 1/(2n + 1) for
an integer n. This remarkable connection between the filling factor v and the interaction
parameter K can be theoretically derived from the Chern Simons theory devised by
Wen [2,70,72]. The rest of this section introduces the theoretical framework we will need
to describe the proximitized fractional QH edge.

We will be following Refs. [2,70] to introduce the chiral boson theory. We assume that
at low energies, the dispersion of the system is approximately linear up to a momentum
cutoff go, corresponding to a short-distance cutoff a« = 1/¢p. In a true one-dimensional
conductor, such as a nanowire, this is related to the bandwidth of the system, while in
the case of a QH edge state, the linearity approximation, and thus the cutoff, is rather
related to the separation between Landau levels. The expressions involving the cutoff
are only strictly mathematically exact in the limit ¢go — oo, but physically it is useful
to keep qo finite. We take the edge state electrons to be moving to the left (negative
direction). At low energies we have an effective description in terms of bosons,

W(@) = L emiarme=i®(@)/ v

V21 /q0 ’

where g is the Fermi momentum, ®(x) is the bosonic field, v is the filling factor of the
fractional QH edge, and the operator F' is the Klein factor [71]. This operator connects
the bosonic description to the fermionic description by ensuring the correct raising and
lowering of the fermion number, as well as ensuring the correct fermionic commutation
relations. The exact form of the operator will not have any profound impact on our
results, and we refer to Ref. [71] for more details. The boson field is defined as

2 —a/(290)
=iy T T Z ¢ "t — W%T) (5.8)

where L is the length of the edge and b, is the boson annihilation operator for momentum
g. This field obeys the commutation relation [2]

(5.7)

5.9)

o oy - | Lo [ v+ /)]
[®(z), ®(y)] =1 {1_exp B0 —J:+i/(J0)]}'
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We will generally consider a macroscopically large interface corresponding to the ther-
modynamic limit L — oo, where

lim [®(x),®(y)] = —2iarctan (qo[z — y]) - (5.10)

L—oo

In the limit ¢y — oo, we find the strict relation
[®(z), ®(y)] = —imsgn(z — y), (5.11)
which means

(i@ VT —RWVT  (—i®()/VF i@V o <_” san(z — y)> ‘ (5.12)
14

Interestingly, for the Laughlin sequence v = 1/(2n + 1) with integer n, exchanging the
exponentiated fields in space leads to a fermionic exchange phase, while other filling
factors have a more general behavior. Ultimately, the correct commutation of electrons
is ensured by the Klein factor.

Within this theory, it can be shown that the linearized interacting electron Hamil-
tonian can be approximated at low energies by the chiral Tomonaga-Luttinger liquid
Hamiltonian

v 2
Hip = / dz [a@(a;)} , (5.13)

where v is the velocity of the bosonic excitations, which is the Fermi velocity v = vr in
the non-interacting case.

At this point it is worth returning to the assumption that the fractional QH edge
and the SC surface are coupled through electron tunneling. Since both systems have
bosonic ground states, one might expect tunneling of bosonic quasiparticles between
the systems. However, while quasiparticle tunneling is allowed between the edge states
of a fractional QH system, electron tunneling is the only allowed coupling to a SC which
does not host fractional quasiparticles [73].

5.3 Pairing Hamiltonian

We will now express the effective Hamiltonian in Eq. (5.5) in terms of the bosonic field
®(z). By applying the results of the previous section, at ¥ = 1 we can describe the
non-superconducting case A, = 0 as

Hip = % / da [ax@(x)r, (5.14)

where vr contains all information about contributions to the kinetic energy from the
proximity effect. Adding interaction and going to v # 1, we substitute vy — v/v. We
can then add pairing by considering the A, # 0 case as expressed through the boson
fields ®. We can do this through the relation Eq. (5.7), but first we must transform the
pairing Hamiltonian to position space using the Fourier transform

L/2

1 .
Urorss = 7 /_ ™ ()l toar, (5.15)
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When applied to the induced pairing term

1
= > Mgl st sy +heco (5.16)
dq
we find
1 L/2 ‘
Hp = ﬁ Lo dridzs A](xl _ $2)6_Zk5(m+m)¢T($1)¢T($2) +h.ec. (5.17)

where we have introduced the spatial pairing amplitude
1(x1 — x2) Z Asq e~ Wa(@1—2) (5.18)
Note that since A, is odd around dq = 0, we could replace the complex exponential with

a sine, but we will keep the exponentials for now. Applying the definition of electron
fields in terms of ®, Eq. (5.7), we find

q0F2 L/2 [ > »
p= 0 [ dmndes Ay — e e TN
—L)2

(5.19)

which is the position space pairing Hamiltonian for filling factor v in terms of the chiral
bosonic field ®.

5.3.1 Linear approximation

We can simplify the pairing Hamiltonian further by simplifying A;(z; — x2). We recall
that in Chapter 3 we defined the antisymmetrized expression

1
A&] = 5 ( /I,Sq - /1,75q> ) (520)

which implies that at at sufficiently small ¢, the pairing amplitude is accurately de-
scribed by a linear approximation whose validity is evaluated below. Furthermore, as
discussed in Chapter 4, we expect small /g contributions to dominate the low energy
transport qualities of the system, and is thus the domain we are interested in. The
explicit expression is

ksCr + (€n + E5)8q
' GR(0gks/ms + ()

A5, = 1|0 T Z (5.21)

Here we have the momentum « = (dq, ky, k), the superconductor electron mass m, and
the supercurrent energy Es = ks/2ms, as well as the energy

5" + k2 + k2

Ce = \/(fn + Eg)? +]A¢]? = $ ( 2myg

2
— s+ E) + A2, (5.22)

As discussed in Chapter 3, the amplitude A7 ; becomes singular for —dgks/ms = (x,
corresponding to a critical current at the SC surface Thus, the singularity imposes a
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cutoff on our theory, corresponding to assuming that we are well within the supercon-
ducting regime of the SC surface. Since ¢, > |Ao| for all k, the singularity is always
avoided when |dg| < dgp, where

|A0 |ms
ks
This imposes a bound on the large momentum cutoff of our theory, namely that gy < dga.

Assuming an unspecified cutoff within this constraint, we can approximate the pairing
amplitude as

Sqn = (5.23)

Agsy = ie"a Apdge™ 1%/ w0 (5.24)
where Ap is the real constant

E,
Y180

Going forward we will assume the induced SC phase to be $a = 0 without loss of
generality. The linear approximation is adjusted with the soft cutoff e~199/% suppress-
ing contributions from higher momenta. This allows us to keep the full momentum
summation range while capturing the small ¢ physics without any artifacts from a
hard cutoff. The approximate expression in Eq. (5.24) allows us to partially evaluate the
spatial integral in the pairing Hamiltonian, resulting in a form better suited for future
calculations.

In particular, we can resolve the sum in Eq. (5.18). We first convert the sum to an
integral by applying the large L limit,

Ap ~ —mgal 2L, L, (5.25)

1 —i6q(z1—x —15 r1—232) ,—|d
ZA] Ty — o) ZAéqe q(x1—x2) ~ ;A / a(z1—x2) ,—99|/q0 (5.26)

We split up the 1ntegral into positive and negative momenta,

1

T Ar(z1 —22)
0 e
—iA / d(dq) 5qe~a(x1-22) da/q0 +/ d(dq) Sqe~a(x1—22) g=b4/a0 (5.27)
P —00 2w 0 27 ’
and apply the general integral identities
0o ) 1 -2
/ dq qefquefq/qo = ( + m) , (5.28)
0 9
0 ' 1 -2
/ dq qe~ 1%/ = _ < — m) , (5.29)
—oo q0

to find the approximation

lAI(m ) = Z;‘ﬂ <q0 + iz — x2)> o (qlo —i(z1 — xz)) 2]

L
A 2(x1 —
e S () . (5.30)
T qo(d” + (1 — 22)?)
We find the behavior shown in Fig. 5.2, noting in particular that A;(x; — x2) is odd
around z1 — 23 = 0, and vanishes beyond a distance given by the length scale 1/qp.
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Figure 5.2: The approximate spatial pairing in Eq. (5.30) is odd around the distance x = 0.

5.3.2 Short distance approximation

As Fig. 5.2 shows, the spatial pairing is odd around zero distance and vanishes at large
distances. The cutoff marks the momentum beyond which our model breaks down,
which is approximately on the order of the separation of Landau levels. From our
model dispersion of the QH edge presented in Chapter 3, we can approximate this
to correspond to qp ~ 1/¢, corresponding to a cut-off length 1/qy ~ ¢, which under
the assumptions of that chapter is around one nanometer. Assuming that the relevant
physics involves momenta much smaller than ¢o, we consider that in the limit go — oo
the pairing is dominated by its 1 — 2 — 0 behavior. Then the pairing amplitude
approaches the form of the derivative of the Dirac delta function,

A(:L’l — $2) ~ (5’(.7}1 — $2), (531)

for which we have the identity for a general function f(x)

/ dad' (z) f(z) = — / dwd(z) [ (). (5.32)
To ensure the correct scaling, we will first define the the antiderivative D;(z) of the
pairing amplitude

def

Di(x) = Aq(x), (5.33)

which we find to have the form

P (5.34)

D - =P
]($) 40 (q0_2 + .732) )

such that we recover the result from Eq. (5.30) using the chain rule,

d (2LA,N\ d [ 1 2LA
Di(z) = —— < p) — <2 +x2> = pY - (5.35)
du \ qou ) dx \ g Tq0 (qa2 + 22)
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If we then assume that Aj(x) = Ad'(x), the scaling factor A can be found as

/deI(a?) = A/dmé(az) = A. (5.36)
Resolving this integral yields
A= —LA,, (5.37)
and thus we have the correctly scaled approximation
Ar(z) = —LARY (z). (5.38)

Physically, this approximation corresponds to only considering pairing between particles
whose relative distance is very small but still non-zero, with zero-distance pairing being
suppressed by the Pauli principle. We will now apply this short-distance approximation
to the pairing Hamiltonian.

5.3.3 Simplifying the pairing term

Looking again at Eq. (5.19), we can exploit the fact that the pairing amplitude only
depends on the distance 1 — x2. We formulate it in terms of relative and center-of-mass
coordinates

T+ T2

r=1x1 — T, X = 5 (5.39)

This change of coordinates has a unit Jacobian determinant and thus the integral becomes

qoF? [L/? . L . A
H, — / dX ¢2ilhs—ar)X / dr A3(r)e ATV (X1 //\F Ly
arL J 12 L

(5.40)

where we have explicitly written out the term associated with Aj instead of As. In
anticipation of the application of the ¢’(x) approximation, we see in Eq. (5.32) that only
the slope around r = 0 will affect the result of the integral. We will therefore expand
the exponent around r = 0 to linear order. To do this, we note that taking the derivative
0, ® can be replaced with taking the derivative dx ® as follows. Using the definition of ¢
from Eq. (5.8), we have

8,8(X £1/2)

r=0

o e~/ 20) jq . .
_ ; 9 —iq(X=+r/2) iq(X£r/2)17T
T {“/L 3 N (e by + e bq> . (5.41)

7>0 r=0

We evaluate this expression at r = 0,

1 [on e~/ (290) iox X
=Foiy/ = iq (e "% by + 0} ) (5.42)
r=0 2 L 20 \/(j ( )
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and note that the right hand side corresponds to taking the derivative of X instead of r,
namely

0, @ (X + g) - i%&XQ(X). (5.43)

r=0

Applying this result to exponential expanded to linear order around r = 0

P [_\2@ (X + ;)] = exp [—\k (<I>(X) + 0,0 (X + g)

Tzor)] . (5.44)

then yields

exp [~ @ (X £ D)| = exp |~ (2(X) £ ox 2 (X) 7| (5.45)
NG 2 NG 2

We then factor the exponential into a product of exponentials. According to the Baker-
Hausdorff lemma we have the following identities for operators A, B with [4, B] € C:

[A,eP] = [A, BleP, (5.46a)
eAB = AeBeABI/2 (5.46b)
eBet = eAeBe B, (5.46¢)

The first identity lets us evaluate the following useful commutator

[0, (), V] = - L [0, (), D) eI, (5.47)

o
NI
From the commutator in Eq. (5.9) it can be derived that [74]

(@ (21), O, P(22)]

2mi 1 1
=—— . : + . ‘ . (548)
L (1 —exp [~ 3 (21 — 22 —i/q0)] 1 —exp [2F(x1 — 22 —i/q0)] )
In the thermodynamic limit L — oo we can expand the exponentials and find

21
qo [(z1 — 22)> + QSQ] '

[®(x1), Oz, P(x2)] ~ (5.49)

From here on we will assume that the commutator is evaluated in this limit. With this
result we are ready to simplify the expanded product of exponentials

O (X+1/2) ~B(X—r/2) [P +50xD(X)] 1~ 5 [(X) ~50x D(X)]

i
= € \/;

e Vv Vv Vv (5.50)
Looking again at Eq. (5.46) we generally have
(A+B A-B _ (A B ~[AB]/2,A,~B [A,B]/2
— ABAB
— 24— 1AB] (5.51)
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This means the two exponentials become

¢~ VE P XAT/2) = p X /2) = OX) [ -i(X) [ VE,—i0x 2(X)r/ (2v7)]
_ 6_%@(X)er/(zy)[@(X),axé(X)}

= WX giaor/v. (5.52)
where in the final step we have used that at zero distance, Eq. (5.49) becomes

lim [®(z1), 0z, P(z2)] = 2iqo. (5.53)

Tro2—T1
We can then separate out the center-of-mass integral to obtain the pairing Hamiltonian

L/2 ‘ g [P .
/ dx e2ihs—ar) X = / dr A7(r)ev™ +h.c. (5.54)
—L/2 —L

_ qF?
P 4nL

We apply the Aj(x) ~ §'(x) approximation of Eq. (5.38) to find

L . L ,
1 / dr Al(r)e T = — A / dr &/ (r)e . (5.55)
LJ L L
Resolving the integral as shown in Eq. (5.32) yields

1 [t iag 1) 0 [ i
A* v T = A —_— v T
L /_L dr Aj(r)e I or (e )r:O

AW
) S (5.56)
v
We thus find the pairing term
A 2F2 [L/2 . g
g, = —PhT / dx 2 kemar)X=J5200 |y (5.57)
ATy ~L)2
Inserting this result into the effective Hamiltonian Eq. (5.5),
A 2F2 [L/2 ‘ ,
He = — / dz [0, (z)]2 + -=P07_ / dp 2i(ks—ar)z=2@)VY L] o (558)
Ay —L)2

we obtain the effective Hamiltonian of a proximitized segment of a fractional QH edge
with filling factor v in terms of the bosonic field ®(z). In the above derivation we have
performed first order expansion of the exponents and then applied the approximation
Aj(z) ~ ¢'(x). Both steps result in lost information about the system, and thus applying
them in the opposite order could possibly lead to a different result. That this is not the
case is demonstrated in Appendix C. An interesting feature of the bosonized pairing term
is that it appears that re-fermionization would lead to a vanishing term H), o ¢ (x)y(x).
This is not actually the case, as we will see in the next section.

Seeing as there is a oscillatory factor under the integral, we should consider the
relevance of the pairing term to transport. In the continuum limit L — oo, the oscillatory
factor %(ks=ar)® within the integral would average the pairing out for all cases but
ks ~ qr, corresponding to the resonance condition discussed in Chapter 3. That this
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resonance condition shows up so explicitly in the Hamiltonian without reference to
transport suggests that the pairing suppression is of a different nature than that found in
the previous chapters. Since the pairing fundamentally happens between electrons, and
the minimal excitation of the fractional QH edge is a fractional electron quasiparticle, the
suppression can be interpreted as the competition between electron pairing and electron
fractionalization.

For large but finite systems, the pairing will be weak but non-zero, with a dominant
contribution for ks ~ ¢p. In the case of large but finite L, we would then be justified
in treating the pairing perturbatively in A, /v, where v is the velocity associated with
the system without pairing. We will use this to sketch out a calculation of transport
properties of the proximitized fraction QH edge in Section 5.4.

5.3.4 Re-fermionization

To interpret Eq. (5.57), it is helpful to consider the re-fermionized version in the electron
case v = 1. Using Eq. (5.53) we can write

ZA q0F2 L/2 X B iy 1 »
- Tpi7 2i(ks—qp)x ,—i®(x) ( = i®(z)
H, o /L/2 dx e e <2 [®(x), 835(1)(1:)])6 (5.59)

Adding and subtracting the gradient of ® we have

B Z'APQOFQ /L/2

: , 1 |
= 2i(ks—qp)x —i®d()( _ 1 B ()
P . e dx e <e ( 10, ®(x) + 5 [®(x), 8$(I)(x)]) e

+ e (30,0(x) + %[w), aﬂ(m)])e@(@) (5.60)

As demonstrated in Appendix D, the derivative of an exponentiated operator obeys the
relation

Dpe @) = _ (z’@x@(:r) + % [®(x), 8xCI>(:r)]> e 1@, (5.61)
Applying Eq. (5.46), we furthermore have that

0,61®@) — _i®() <i8x¢’(1:) + % [®(z), 0,®(2)] — [®(x), 8x<1>(a:)]>

_ (o) <—i6x<I>(x) + % @ (), aqu(x)]) | (5.62)

We can therefore rewrite Eq. (5.60) as

iNqoF? [L/2 i i i . .
— p 2i(ks—qr)x 1®(x) i®(z)  —i®(x) i®(x)
H, o /L/2 dre (81;6 ) e e (axe ) .

(5.63)
Re-fermionizing through the fermion field definition

Y(z) = Le—iw%—“’(x), (5.64)

V21 /q0
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Figure 5.3: We investigate the current Iae.(x) at a point along the proximitized fractional QH edge
(blue region). The current corresponds to a potential difference Vi — Vi, between the far right and far left
regions.

we find
i L2 ,
H,y =, / i o2k [(83;1!)(3:))@0(1:) —(x) <8mw(w))] . (5.65)
—L/2
Integrating by parts, and applying the Pauli principle ¢ (z)y(z) = 0, we find
i L/2 it
Hp = _QAP/ dx e’ éxw(x)axw(x) (5.66)
—L/2

This term can be understood through the definition of the derivative,

() = tim LEF @) = ¥(@). (5.67)

a—0 a

from which we can see that ¢)(2)0,1(x) corresponds to the two fields being separated
by an infinitesimal distance. Since 1 is a fermionic field, this critically means that the
term does not vanish due to the Pauli principle. As discussed in Section 5.2, at filling
factors in the Laughlin sequence v = 1/(2n + 1), we also find fermionic behavior of the
fields, and so this treatment can in principle be extended to Laughlin quasiparticles.

We would expect that at v = 1, the general bosonized pairing Hamiltonian would
reduce to the electronic pairing Hamiltonian derived in Chapter 3. With the result in
Eq. (5.66), we see that this is indeed the case for the bosonized pairing Hamiltonian in
Eq. (5.57). In particular, we see that under the applied approximations, the bosonized
pairing Hamiltonian reduces to the position space equivalent of the effective pairing
Hamiltonian for electrons derived to linear order.

5.4 Transport

Now that we have found the Hamiltonian describing the proximitized fractional QH
state, the next step is to use the Hamiltonian to predict the behavior of observable
quantities as we did in Chapter 4. This problem was not addressed within the scope of
this thesis, but here we provide an outline for how an observable transport signature
could be predicted from the result in Eq. (5.57).

While the derivation of the effective Hamiltonian in Chapter 3 applies equally well
to the integer and fractional QH edges, the same cannot be said for the transport
calculations in Chapter 4. In particular, the scattering formalism used only applies to
the case of free electrons, while in the fractional QH case, strong electron interaction is
an essential element of the system. In this section we will outline another strategy with
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which one use the derived Hamiltonian Eq. (5.57) to predict the outcome of transport
measurements across a proximitized fractional QH edge.

Following Ref. [75], we can consider the current loqg(7) passing through a point =
along the chiral, left-moving fractional QH edge in terms of its linear response to an
applied electrostatic potential V'(x),

Legge(z) = / de' DR (x — 2’ ,w = 0)V (2'), (5.68)

where D (z,w) is the retarded response function for position z and frequency w,

0 . 2 .
DR(z — o' w) = —i / ) dte*z“t% ([ (x,0), 00 (', 1)]) (5.69)
It can then be shown that for a potential V' () which has the constant value V7, far to the
left, and the constant value Vg, far to the right, see Fig. 5.3, the current becomes

2

(&
1 =—v—V] 5.70
edge V27r R, ( )

corresponding to the expected fractional QH conductance.

We then add pairing by considering the above result as true for a system described
by the Hamiltonian Hj, and then investigating the case where the system is described by
the Hamiltonian Hy + H,, with H,, defined in Eq. (5.57). We can pull out the derivatives
from the correlator inside the response function

00y ([®(, 1), D(2', )]} 1=0,0=t, (5.71)

where the I subscript indicated that it has induced pairing. To treat the pairing perturba-
tively, we take the standard approach of considering time evolution in the interaction
picture [50], which lets us write up the well-defined sum to second order in Ap /v

([@(x, 1), (2, t)]); = ([@(z,1), D(a’, )y + ([@(z, 1), B(", ")) . (5.72)

where the (.. .), correlator is that of the system without pairing. The first order term must
vanish under the following argument: any correlators in the context of bosonization in
terms of ®(x) must be invariant under a constant shift ®(x) + C [71], and since the first
order contribution would involve a correlator on the form (®d,®H,[®]), we see from
Eq. (5.57) that it can only be invariant under a constant shift if it is zero.

The second order term will constitute a correction to the response function

DRz — 2’ w) = DE(x — 2/, w) + Dﬁ(:c — 1 w), (5.73)

which in turn will modify the current as
Iedge(ff) = /d:r:' [D§($ — 2 w)+ Dﬁ(l‘ — :c',w)] V(z"). (5.74)

Thus, we expect a direct observation of the induced superconductivity in the transport
characteristics of the otherwise highly precisely quantized fraction QH edge, much like
we saw with the integer QH case in Chapter 4. This contribution can be predicted by
calculating ([®(z,t), ®(a/, ¢/ )]>(12) by resolving time-ordered correlators of the bosonic ¢
fields and the pairing Hamiltonian H,.
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Experimentally [27], results from a finger setup have found a reduction of the Hall
resistance Ry for up to 10% at the v = 1/3 plateau, as well as strongly negative longitu-
dinal resistance on the order of k(). The reduction of Ry can, however, also be attributed
to other reasons than induced superconductivity. A clearer signature of induced super-
conductivity would be negative longitudinal resistance, the prediction of which would
require a different approach than that sketched out here.

5.5 Summary

We extend the effective Hamiltonian of an integer QH edge with induced supercon-
ductivity as derived in Chapter 3 to the case of a fractional QH edge. To account for
the strong electron interactions causing the fractionalization, we apply the theory of
a Tomonaga-Luttinger liquid to bosonize the Hamiltonian, and use the fact that this
becomes an approximate low energy description of the fractional QH edge in the case
where the interaction parameter equals the filling fraction K = v.

The bosonized theory has a large momentum cutoff gy, and we show that for a large
cutoff, the spatial pairing amplitude is approximately the derivative of a delta function,
Ar(x) ~ 0'(x). We expand the bosonized Hamiltonian for small pairing distances and
apply the derivative-of-delta approximation to find the effective pairing Hamiltonian of
the fractional QH edge in terms of the bosonic fields ®

ZA QQF2 L/2 . .
e 2i(ks—qp)x ,—2i®(x)/\/v
Hp 477\/; —L/2 dz e € + h.c. (5'75)

We then refermionize the Hamiltonian at v = 1 to confirm that it has the expected
behavior for p-wave paired electrons. A sketch is presented for how the Hamiltonian
can be used to predict a modified Hall resistance in experiments, which is consistent
with the relevant literature.

By deriving the effective pairing Hamiltonian for the fractional QH edge based on
the results for the integer QH edge, we have demonstrated the general applicability of
our model to both cases. Despite the fact that the minimal excitation of the fractional
QH edge is a fractional electron quasiparticle, our results predict that electron pairing is
still possible, as was also recently found experimentally.
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CHAPTER

Current correlations of Cooper-pair

point tunneling into the quantum
Hall edge

In this chapter we consider a different model of a similar system, namely second-order
tunneling of Cooper pairs across a quantum point contact into a quantum Hall (QH)
edge at different integer and fractional filling factors. This model was introduced by M.
P. A. Fisher in 1994 [58], and we expand upon the work by predicting the experimental
signatures of the most notable effects in terms of tunneling current and finite-frequency
noise. Since the paper by Fisher, the fractional nature of the quantum Hall edge at
very high fields has been successfully probed through experimental investigations of
tunneling current and noise signatures [76], and we will extend the results of the original
paper in terms of those quantities. Only recently, however, has it become possible to
couple the fractional QH edge to a superconductor (SC) due to the monumental challenge
of developing a SC material whose superconducting state can survive magnetic fields
up to B ~ 14 T, with Ref. [27] being the only experiment known to the author to report
success in this regard. Since that experiment did not report on the tunneling current and
noise quantities investigate in this chapter, theoretical predictions on this type of system
remain untested for now.

The work in this chapter was published in Ref. [33]. This chapter will focus on
my contribution to the paper, which, in contrast to the previous chapters, did not
involve the full technical derivations. Therefore, some of the key results in this chapter
will not be derived, but rather taken from the paper, as marked by a reference to
Ref. [33]. In addition, while great care was taken in the previous chapters to rigorously
derive a Hamiltonian of the coupled system, this chapter will involve a more loosely
derived phenomenological Hamiltonian. Seeing as this Hamiltonian has already been
treated in the literature [58], we satisfy ourselves with only briefly motivating it before
discussing the resulting physical predictions. As a consequence of the loosely motivated
Hamiltonian, we do not expect to derive accurate predictions beyond scaling relations,
e.g. predicting which is the lowest non-zero order voltage contribution to the tunneling
current.

Throughout the chapter we will be working in units of |e| = kp = h = 1.
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SC QH SC QH

v=1 v=2
Figure 6.1: A quantum point contact with tunneling amplitude T connects a SC to the chiral edge
states of an integer quantum Hall (QH) phase at filling factor v. For v = 1, both electrons of the Cooper

pair tunnel into the same state, leading to a Pauli blockade, while at v = 2 the electrons can tunnel into
different states. The bias V is applied between the chiral edge channel and the superconductor.

6.1 Quantum point contact

Compared to the extended interface with which we have become familiar over the
previous chapters, the quantum point contact is different in a few key areas. The fact that
tunneling only occurs at one point implies that we have broken translation invariance,
and thus momentum conservation, along the interface. The description of the system
will therefore be in position space, and we will not find the same momentum matching
condition that played such a key role in the previous chapters.

Furthermore, where the extended interface saw hybridization between the SC sur-
face states and the QH edge states, resulting in electron transport across the interface
corresponding to an oscillation between particle-like and hole-like states in the QH
edge, the quantum point contact has a more well-defined spatial electron transport.
The electron transport due to an applied voltage across the interface will all happen at
the point contact, and rather than looking for signatures of induced superconductiv-
ity downstream of the contact, we will be directly investigating the tunneling current
passing through the point contact.

The geometry of the system and some key simplifying assumptions allow us to
extend our analysis to filling factor v = 2, where two parallel states propagate along the
QH edge, and we will see that this case is qualitatively different due to the possibility
of a Cooper pair tunneling into separate edge states. Another extension compared
to previous chapters is that into finite (non-zero) temperature, where we will see a
dampening of quantum effects. Of course, while this system is different to the one
treated in previous chapters, it is also similar, and the reader will recognize several
elements of the treatment. In particular, we will see that the Pauli blockade, which
completely suppressed Andreev reflection at zero bias as discussed in Chapter 4, will
appear again.
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6.1.1 Perturbative Hamiltonian

We consider a system consisting of a quantum point contact between a SC and a QH
edge with an applied voltage V' across the contact, as depicted in Fig. 6.1, using the
Hamiltonian presented in Ref. [58]. In this section we will briefly outline the justification
of the Hamiltonian, and refer the reader to the reference for more detail. Similarly to
the total Hamiltonian treated in Chapter 3, it consists of a QH edge Hamiltonian, a SC
Hamiltonian and a tunneling Hamiltonian

H:HQH+H30+HT. (6.1)

We will be treating QH edges at different integer and fractional filling factors, which
imply different forms of Hgpy as detailed in the following sections. The SC will be
assumed to be an s-wave SC described by a BCS Hamiltonian, which means that it hosts
local pairing with an amplitude A between electrons of opposite spin, where A can be
assumed real without loss of generality. We will assume all energies to be within the SC
gap described by A, such that all tunneling involves only Cooper pairs, and no single
electrons. Assuming that the QH edge states are spin polarized in the same direction,
the s-wave nature of the SC implies that tunneling is only allowed in the presence of a
spin-flip mechanism such as spin-orbit coupling, as discussed in Chapter 2. In contrast
to the case in that chapter, however, we will not assume any particular source of the this
mechanism, but simply include it in the tunneling Hamiltonian. This can be considered
an effective model of relevant spin-orbit coupling at the SC surface or in the QH edge.

As we will see, the tunneling current can be described exclusively in terms of the
tunneling Hamiltonian, and thus this is the only part of the total Hamiltonian in Eq. (6.1)
which we will be describing explicitly. The simplest tunneling Hamiltonian removes
one Cooper pair from the SC and adds two electrons to the QH edge, or vice versa. The
point-like nature of the tunneling means that the resulting Hamiltonian will depend
evenly on all momenta, and we can ignore momentum dependencies. In a mean field
description [1], the Cooper pair operator can be replaced with the pairing amplitude A,
and thus the tunneling Hamiltonian with included spin-flip takes the form

Hr = /da:dx’ t1(z,2) <A¢$(m)¢i(m') +h. C.)
+ / dz to(z) (wi(xm(x) +h. c.), (6.2)

where 94(x) is the annihilation operator of the QH edge spin-up electron at position
while ¢; is the unitless Cooper pair tunneling amplitude and ¢; is the spin flip amplitude
with units of energy. Note that the operator 7 is not tied to a particular edge state,
and thus for v > 1 it represents a superposition of edge states as discussed below. The
coordinates z, 2’ run along the QH edge, and we have assumed the point contact to be
at z = 0, meaning that this is the only coordinate where Cooper pairs can tunnel to and
from the SC.

Treating the tunneling Hamiltonian perturbatively in ¢; and ¢, the lowest order non-
zero term must be a second order cross term involving both tunneling, as indicated by
the presence of ¢;, and spin-flip, as indicated by the presence of t,. While the tunneling
Hamiltonian is symmetric in spin, all spin-down fields will be highly energetic due
to spin polarization, and can be integrated over in a low-energy theory. Under these
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arguments, the dominating term can be shown to be describing pairing between parallel
spins

/ drdz’ 7(x, ')A 7@(53)74(%/) +h.c.|. (6.3)
with an effective unitless tunneling amplitude

T(z,2") o ty(z, ") [ta(z) — ta(2)]. (6.4)

We neglect all other terms and consider this the effective tunneling Hamiltonian. Follow-
ing Ref. [58], we can simplify the description further by the following observation: for a
single edge state, the tunneling will be suppressed at small distances  — 2’ — 0 due to
the Pauli principle forcing ¢ (x)y(x) = 0. Furthermore, superconducting correlations
are exponentially suppressed between electrons beyond the superconducting coherence
length § = vp /7 A [77], with vg ; being the Fermi velocity of the SC. We thus find that
the greatest contribution to the integral Eq. (6.3) must occur at distances on the order
xz — 2’ ~ £ We can then simplify the tunneling term by only considering the dominant
contribution to the integral

Hp = AP (z = &)yl(z = 0) + h.c., (6.5)

where we have fixed the positions of the QH electrons involved in the tunneling. Going
forward we will suppress the spin index since we will only be concerned with spin-up
electrons. The Pauli principle argument clearly applies to the case of one edge state,
but we can extend the validity of the argument, and thus the fixed distance tunneling
approximation, to the case of two edge states with equal spin by defining different
electron fields for the different states, ¢, and 12, and writing

Y(z) = P Y1(x) + /1 —ppa(x). (6.6)

Here we have introduced 0 < p < 1 which is the probability of tunneling into edge state
1, and consequently 1 — p is the probability of tunneling into edge state 2. At a fixed QH
edge Fermi energy, the two edge states will have a relative phase related to the strength
of the external B-field and the distance between them, see Chapter 2. As we will see, this
phase difference will lead to interference effects in the tunneling current. By assuming
p real, we assume that no further phase differences are induced due to tunneling. To
evaluate the finite distance approximation in Eq. (6.5) for two states, we can write

b)) = (VB () + VI = pva(@) (VB Ui (2) + V1= p ta(a))
= pa (@) (@) + (1= p)a(a)a(@) + Vo0 = p) (V1 (2)0a(@) + Ya(@)ta(2) ), (67)

which must be zero under the Pauli principle. Thus, for two edges we can still consider
Eq. (6.5) the dominant term.

Replacing the tunneling Hamiltonian in Eq. (6.1) by Eq. (6.5) gives us the total
effective Hamiltonian of the system. By considering the effective tunneling term pertur-
batively we will calculate the tunneling current and noise for different filling factors.
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6.1.2 Tunneling current

The first observable of interest we wish to calculate is the tunneling current across the
quantum point contact. The corresponding operator measures the change in electron
number in the QH edge over time,

dNQH
J =
dt

where Noy = [ da1T(z)y () is the number operator for electrons in the QH edge. Since
the only term of the Hamiltonian in Eq. (6.1) which changes electron number in the QH
edge is the tunneling term, this is the only term with a non-zero commutator

J = i[H}, Nog)- (6.9)

Evaluating the commutator lets us perform the integral within the number operator
yielding

J = —2iTA (W(g)q/ﬁ(o) “hoc ) (6.10)

We can calculate the current across the point contact at a time ¢ under a dc bias pertur-
batively in the tunneling by applying the Keldysh formalism [78]. Then the current is
the interaction picture expectation value with respect to the biased ground state of the
system without tunneling

I(t) = (U(t, —00)J (1)U (¢, —00)) (6:11)
where the time evolution operator U (¢, t1) can be written to lowest order in the tunnel-
ing amplitude as

t
U(t,—c0) ~1— z/ dt' H(t). (6.12)
—00

The steady state current at a given dc bias V' can then be found in terms of the operator

A(t) = ¥(0,8)(&, 1) (6.13)
as [79]
Li(V) = 2(70)? / Tt < [AT(t),A(O)] > (6.14)

Taking the center of the SC gap as zero energy, the applied bias V' means that the
QH edge fields are at energy V. Applying the unitary transform Uy = ¢! to the
QH edge operators shifts the QH ground state energy down to zero, corresponding
to the momentum shift discussed in Section 2.5.1, but for energy and time instead of
momentum and space. We can apply this transformation to rewrite Eq. (6.14) as

Loe(V) = 2(7A)? / Z dteVt <[AT(t), A(O)} >0 , (6.15)

where the expectation value is now with respect to the unbiased ground state. Evaluating
this expression at different filling factors will be one of the main original contributions
of this chapter.
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6.1.3 Noise

Beyond current and conductance, a common experimentally available quantity used to
probe quantum mechanical effects of materials is noise [2]. Experiments on quantum
systems involve many sources of noise, with some external which interfere with the ex-
periments, and some which are inherent to the system which can be used to understand
details about the system which are otherwise difficult to access. If we consider a well-
isolated system we can focus on two interesting sources of noise: thermal fluctuations,
and the Poissonian statistics of quantized charge transport across a tunneling junction,
i.e. shot noise [76].

Specifically, we describe the noise through its power spectral density .S at a finite
frequency w and dc bias voltage V, which is defined as

Sqc(w, V) = / h dte™t (5.J(t)6.J(0)), (6.16)

—00

where §.J(t) = J(t)—(J(t)) measures the deviation of the current from its average, which
is taken with respect to the ground state of the QH and SC system without tunneling
but with bias. Using the definition of the current operator Eq. (6.10), we can write up the
noise to the lowest order in the tunneling amplitude

Sac(w, V) = 4(TA)? / Tt [eiwwﬂ + e“HV)t} (AT () A0)), . (6.17)

—00

From this expression, results relating to the shot noise can be found by assuming that the
power spectral density is independent of frequency, corresponding to taking S(w = 0, V).
In that case, we can exploit time-translation invariance [33]

<AT(t)A(0)> - <AT(0)A(—75)>, (6.18)

to express S through the anticommutator

50c(0,V) = 4787 [ a [V (41 (040, + ¢V AT 0) A1),

—00

= 4(rA)? / eVt <{Af(t),A(0)}> : (6.19)

o 0

Here we have made the substitution ¢t — —t in the second term in the second step.
It can be shown through scattering calculations that the shot noise across a quantum
point contact obeys the relation [76,80, 81]

S(0,V) = qla.(V), (6.20)

where ¢ is the charge involved in tunneling, i.e. for Cooper pair tunneling, which
involves two electrons, we have ¢ = 2, while for tunneling of fractional quasiparticles [73]
at filling fraction v we have ¢ = v. By measuring the signal-to-noise ratio represented
by the Fano factor! S(0,V)/I4. = g, one is then experimentally able to determine the
charge involved in tunneling, a fact which cannot be extracted from the current itself.

!Depending on one’s definition of noise, the Fano factor may be defined as S(0,V)/2I(V) instead.

92



6.2 Tunneling current in the DC regime

In this section we present the tunneling currents at filling factors » = 1,2 and the
Laughlin sequence v = 1/(2n + 1) with n € N. These are calculated by applying
Eq. (6.15), and the section will focus on discussing the physical interpretations of the
results in different experimentally relevant limits, foregoing the inclusion of the full
derivations.

Note that several of the results in this section were already discussed in Ref. [58]. We
present the calculations in greater detail and include interactions, and the next section
adds to these results with noise calculations not found in the literature.

6.2.1 Filling factor v =1

For a single QH edge state at filling factor v = 1, we can write the QH Hamiltonian in
position space as

Hop = ivp/dx@ﬁ(x)ﬁxq/)(x), (6.21)

where v is the Fermi velocity of the QH edge. We can assume vy > 0 (right moving
particles) and V' > 0 without loss of generality. Resolving the integral in Eq. (6.15) in
this case yields [33]

0 ) (o) (I e

Iy VR T T vp T

where we have normalized by the factor Iy = (7A)?/mvré and the terms in square
brackets are given by the dimensionless integral

Y cos(bz)
Fla.b) = /oo dzcosh(a) + cosh(z) (623

This integral has an analytic solution in terms of hypergeometric functions, but since we
are primarily interested in the scaling of the current in terms of voltage and temperature,
we will simplify the expression by considering it in different limits. First we consider
the limit of low temperature compared to the SC gap, {T'/vr < 1, as well as low voltage
compared to the temperature scale, V/T' < 1, to find the lowest order resultin V and 7.
To expand the integrals we note that for a < 1, cosh(a) ~ 1 + a?/2, letting us expand
the integrand as

2 poo 2 2
FO0)-Fan=S [~ a S 2O 6y
oo (1 —l—cosh(z)) sinh(mb)
while for b < 1 we can further expand
a? 2

Applying this expansion we find the current

wNﬂV{l (2wa)2

IO - ’UFT 3 (al

v (-5) ()

} : (6.26)
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Figure 6.2: The normalized tunneling current 14.(V')/1y at filling factor v = 1 oscillates with the
dimensionless bias 2V ¢ /vp around linear (Ohmic) behavior, with non-zero temperature damping out the
oscillation (see Egs. (6.22) and (6.28)).

which to lowest order in V/T is

2
Lac(V) _ 4n° (’5T> &V (6.27)

In 3 \vp/) wp

Resolving the integral Eq. (6.15) at T' = 0 requires a slightly different strategy than at
finite 7" to avoid dividing by zero, and in this case it is found that [33]

I (V) 28V sin(26V/vr)
= 1— 2
IO VR 2§V/UF ’ (6 8)
which for small bias voltage {V/vp < 1 can be approximated as
3
Lac(V) 4 (V)" (6.29)
Iy 3 \vp

This limit can also be found by setting 7' = 0 in Eq. (6.26) which suppresses the linear
dependence I o V, leaving the non-Ohmic I oc V3 behavior as the lowest non-vanishing
order. The general results are plotted in Fig. 6.2, where it can be seen that the zero-
temperature case oscillates around Ohmic behavior, with oscillations damped at higher
temperatures.

The departure from Ohmic behavior at zero temperature means that the conductance
G= % at V' — 0 goes from the finite 7" value

G(T) _1 27éT Jvp Gy =

2(1A)?
Go B sinh(27¢T Jvp)’

2
VR

: (6.30)

to zero at zero temperature G(T' — 0) = 0. As discussed in Ref. [58], this behavior
stems from the effect of the Pauli exclusion principle in a similar way to how the hole
transmission probability P}, in Chapter 4 vanishes for vanishing V' or I. Without an
applied bias, the Cooper paired electrons would both tunnel into a single state, which is
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not allowed. The time scale £ /v can be understood as the time separation below which
the tunneling events are suppressed, i.e. the second electron can tunnel after the first
tunneling electron has been transported away from the point contact for a time ¢ ~ &/vp.

This Pauli blockade constitutes a strong experimental signature of pair-tunneling,
and is also found for the extended surface treated in Chapter 3. We will hold off on
calculating the noise, since it will be shown in the next section that the v = 1 filling
factor is a special case of the v = 2 filling factor.

6.2.2 Filling factor v = 2

We now extend our discussion to filling factor v = 2, modeling a system where the QH
edge hosts two edge states with parallel spin polarization, see Fig. 6.1. As discussed in
Section 6.1.1, this system can be described within the same framework as for v = 1 by
substituting the QH edge state electron operators in the tunneling Hamiltonian with

Y = D1+ /1 —pia. (6.31)

where p is the probability of tunneling into state 1. For simplicity we can assume both
edge states to have the same Fermi velocity — different velocities could be absorbed into
a redefinition of p. Upon performing the substitution Eq. (6.31), the dc bias tunneling
current at finite temperature is found to be [33]

el L (1) |7 (057 ) ~wvwror (5 )] 6

Iy VF uv vp T

with F and I defined as in Eq. (6.22). Shifting to filling factor » = 2 has introduced the
interference factor

N(p, k&) =1 —2p(1 = p)[1 — cos(kE)], (6.33)

where k = ko — k; is the difference in edge state momenta. Without going into details
of the derivation of Eq. (6.32), we can attempt an interpretation of N in terms of the
amplitudes of the different correlators involved in calculating (Af(t) A(0)) for two edge
states. These are four point correlators of the form

(b€ 0} (0.1)0e(0,00(&,0) ) (6.34)

where the indices a, b, ¢, d indicate either state 1 or state 2, with either all indices equal
or each state index appearing twice. Since we know from Chapter 2 that an edge state
is proportional to a plane wave along the interface 9, (z,t) x e *s*, we anticipate
momentum differences coming out of the correlator when a = cand b = d. In particular,
the expectation value (AT(¢)A(0)) will involve the two terms

(AT HA©)) = p(1 = p) (¥](€ 0RO, )4:1(0,0)0(¢.0) )
+p(1 = p) (VH(E [0, 002(0.001(6,0)) +... (635)

The former term involves the phase difference e~#(¥2~#1)¢ while the latter involves the
phase difference e*(*2=%¥1)¢ The correlators with a = d and b = ¢ will carry no phase,
but still contribute with an amplitude p(1 — p), while the remaining correlators with all
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indices equal correspond to tunneling into one edge state only. We can then see that '
corresponds to one minus the sum of amplitudes of cross-tunneling correlators

N =1-2p(1—p)—2p(1—p) (Ezi(szkl)f 4 efi(szkl)g)
=1-2p(1 —p)[1 — cos(k&)]. (6.36)

This simple argument is not meant as a derivation of the source of N/, but rather meant
to facilitate some intuitive understanding of its appearance at filling v = 2.

As discussed in Chapter 2, the momentum of an edge state depends on the choice
of gauge, however by taking the difference the gauge dependence cancels. Indeed,
due to the inherent relationship between an edge state’s momentum and position, the
momentum difference becomes k = Bl where B is the B-field strength and [ is the
spatial separation between the edge states. As expected, we recover the v = 1 current for
p = 0 or p = 1 where only one edge state is involved in the tunneling, but interestingly
it is also recovered for cos(k{) = 1, due to destructive interference between the two
tunneling events. This can be experimentally accessed by tuning the applied magnetic
field to B = 27n/(¢l) for an integer n.

The zero-temperature current is found to be [33]

Ige(V)  2VE sin(2V¢/vr)
= [ Nk . (©37)

where we see that for {V/vp < 1 we again have Ohmic behavior in the leading order,

Idc(v)
Iy

2V 4 V\?
o (1= N k) 2L+ A, ) (é) | (638)
(Ja 3 VR
as long as NV (p, k€) < 1. Correspondingly, the zero bias conductance for finite tempera-
ture is
G(T) 2mETN (p, k€)

=1- .
Go vpsinh(27ET Jvp)’ (6.39)

with the zero temperature limit G o« 1 — N (p, k€), which is no longer necessarily
vanishing.

The recovery of Ohmic behavior is expected, since allowing the electrons to tunnel
into different edge states allows the circumvention of the Pauli blockade. What is
more interesting is that tuning the B-field across the values yielding cos(k{) = 1 while
staying at filling factor » = 2 should allow for the experimental observation of the
Pauli blockade turning on and off. This result lets us interpret A as the amplitude of
destructive interference between the tunneling modes.

The current in Eq. (6.32) is plotted in Fig. 6.3, where the Pauli blockade is recovered
for k& = 2mn with n € N, resulting in more pronounced oscillations along the V' axis.

Interacting electrons

We now further generalize our model by including electron interactions both within
an edge state and between edge states. In particular we will consider the model of a
Coulomb potential suppressed on all but extremely short range compared to £ by the
surrounding material such that it is effectively a delta function in space [82-84]. As
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Figure 6.3: At filling factor v = 2, we have oscillations of the normalized tunneling current both with
the dimensionless bias 2V { [vr as well as the interference factor arqument k€. Here, the oscillations are
shown at a finite temperature of 26T /vp = 0.5, with tunneling probability p = 0.5, see Eq. (6.32). Black
lines indicate integer values of the current ratio I/ Iy.

discussed in Section 5.2, we can exploit the one-dimensional nature of the QH edge to
include interactions of arbitrary strength in a low energy effective field theory [46,70].
We assume that tunneling is only allowed into one of the edge states, corresponding to
p = 1 or p = 0. The excitations of the interacting electron system can be described as
collective fluctuations of the charge density of the edge state with index j = 1,2

1
pi(z) = 5-0sdj(x), (6.40)
where ¢;(z) is a bosonic field operator with commutator
[9i(2), ¢;(y)] = imdij sgn(z — y). (6.41)
In terms of this field, the free electron Hamiltonian for two edge states is as in Section 5.2
_ o Nk
Ho= - ;:2 / da [ax@ (:c)} : (6.42)

where we recall the assumption that both edge states have the same velocity. We then
introduce the screened Coulomb interaction between electron densities Ud(x — y), where
U > 0 is the interaction strength. Defining the matrix

Vij (‘,177 y) = (U + 27TUF52']‘)6(‘,17 - y)7 (64-3)

we can write up the total Hamiltonian

Haon = % ,;2 / dr / dypi(x)Vij(z,y)p; (y)
- # 2 / de / dy[0:0i()] Vi (x, y) [0y b5 (v)], (6.44)

ij=1,2
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Figure 6.4: The dc bias tunneling current for interacting electrons tunneling into a single edge, see
Eq. (6.47). We have v = 2 and 26T /vy = 0.5 and the interaction is parametrized by vy /vy, with
vo/v1 = 1 being the non-interacting case. Stronger interactions (i.e. smaller vy /v1) mean decreased
magnitude of the normalized tunneling current, as well as longer oscillation periods with the applied bias.

which becomes H for U = 0. This Hamiltonian is diagonalized by the unitary transfor-
mation

1 1

¢ = %(Xl + x2), ¢ = ﬁ(xl - X2) (6.45)

which preserves bosonic commutation relations and yields the chiral bosonized Hamil-
tonian,

1 2
Hou =1 3 v / dz|0,x;(z)] (6.46)
j=12
where j no longer represents the edge modes, but rather two effective bosonic modes
with velocities v1 = U/7 + vp and vy = vp.
Given this model of interacting electrons, the integral in Eq. (6.15) can be resolved to
find [33]

Lae(V) _ w2 26T (‘;) 11 [sinh (ﬂﬂ J <2W§T, 2mel 2V> . (647)
j=1,2

I(/) V1 U2 U1 V9 T

Uj
where the normalization factor is now I}, = (7A)?/m,/v102¢ and we have the unitless
integral

o0

cos(by)
b) = d '
J(a1,a2,b) /_oo yCOShQ(y) 1o \/cosh(2y) + cosh(a;)

Assuming low temperature {7'/vy < 1, we can employ similar strategies as in Sec-

tion 6.2.1 to find the zero bias conductance as

G(T) _ 2n* (£T)? _
Gy, 3 vy’ TU1Ve

(6.48)

(6.49)
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while for zero temperature and V¢ /vy < 1 we have Iy, o (2/37)(V3£2)/(v1v2)?, mean-
ing the zero bias conductance vanishes. In other words, the Pauli blockade persists in
the presence of cross-channel interactions, making it a robust result for experimental
investigation.

The behavior of Eq. (6.47) at finite temperature is shown in Fig. 6.4 for different
interaction strengths, with vy/v; = 1 corresponding to the non-interacting case. As
can be seen, non-zero interactions reduce the tunneling current while increasing the
oscillation period around Ohmic behavior.

Noise

We first consider the case of non-interacting electrons at filling factor v = 2 with tun-
neling into both edges, which reduces to the v = 1 case for p = 0 or p = 1. Applying
Eq. (6.17) to this system yields the finite temperature noise

Sgc(w, V) _ Z g—Texp <w—|—2aV)

IO T (2 2T

w+ 20V 2méT w + 20V
X |:~F (Oa M) _N(pa ké)f( v ) 2T >:| ’ (650)

o=

with the normalization factor I defined after Eq. (6.22) and with the dimensionless
integral F (a, b) defined in Eq. (6.23). The corresponding result at zero temperature is

Sdc Z 20< w+20V)) {|w+20V\§ ~ N(p. ) sin <\w+20V\§)}7

G s

(6.51)

where 6(z) is the Heaviside step function and the interference factor NV (p, k¢) is defined
in Eq. (6.33). The noise at finite and zero temperature is shown in Fig. 6.5. At frequencies
w = £2V the zero-temperature noise changes with a discontinuous derivative. For
Cooper pair transport, these frequencies are known as Josephson frequencies, and
the characteristic behavior at these frequencies is due to the difference in chemical
potential [85]. Notably, in the case of tunneling between chiral Tomonaga-Luttinger
liquids, the noise exhibits a singularity at these frequencies, which is absent in our
system [85].
We can expand the zero-temperature noise for small frequencies 0 < w < 2V

Sdc(w, V) 2V

L~ 2 N(p, k€) sm< SV)] +2 [1 — N(p, k€) cos( £V>] <§w> )
Iy VR (o U I
(6.52)

where we see that the frequency dependence appears linearly in a sub-leading term,
while for large frequencies w > 2V > 0 we find
Sdc ((/.)7 V) 46&)

~ 6.53
s (6.53)

i.e. that the linear frequency dependency leads. By measuring the shot noise we can also
observe the Pauli blockade behavior we found for the conductance measurements,

1 anC(O, V)

GO ov V=0

=21 — N (p, k¢)], (6:54)
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Figure 6.5: The normalized finite frequency noise at dc bias Sq.(w, V') /Iy with filling factor v = 2,
plotted as a function of the dimensionless frequency wé /v at applied voltages 2V /vp = 4 (blue lines)
and 2VE¢/vp = 6 (red lines). The solid lines correspond to finite temperature 2T /vp = 0.5, see
Egq. (6.50), and the dashed lines correspond to zero temperature, see Eq. (6.51). We have p = 0.5 and
k& =2m/3.

where G| is defined in Eq. (6.30). The signature oscillations of the interference factor
can thus be found in shot noise measurements as well. At low, non-zero temperatures
£T/vp < 1 we find a sub-leading correction to Eq. (6.54) of (4/3)N (p, k&)(n€T Jvr)?,
and so the temperature independence of the derivative of the shot noise is only found to
leading order.

Using Egs. (6.32) and (6.50) and the fact that F(a, —b) = F(a,b), we can directly
evaluate the fraction of shot noise and current at finite temperature

Sdc(ov V)

v
T (V) 2 coth () , (6.55)

T

which shows that the tunneling current exhibits the typical Poissonian shot noise form
[76]. In the limit of zero temperature, we recover the Fano factor S4.(0,V)/I4.(V) = 2,
which is consistent with the tunneling of Cooper pairs. Explicitly considering filling
factor v = 1, i.e. setting p = 1 or p = 0, we have that at low temperature {7'/vr < 1 and
bias voltage V/T < 1 we find

2
Sac(0.V) _ 86V <7T§T> ' (6.56)
Iy 3vup (%3

Including electron-electron interactions and assuming tunneling into only one channel,
we find the noise

Sqc(w, V) v 26T w+ 20V ) w&T 2w€T 27€T w+ 20V
— = = —_— h({—— .
I4.(V) 2 vl V2 P 2T z'l—i[2 S v; J vi vy | wT

(6.57)

The Fano factor for this noise is unchanged from the result in Eq. (6.55), which is expected
since interactions should have no effect on the tunneling charge. The zero temperature
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shot noise for V¢/v; < 1 with i = 1,2 becomes
Sacl0,V) _ 803 V3¢
Iy 3v} w3’

where again the Pauli blockade is recovered as 054.(0, V)0V =0at V' — 0.

(6.58)

6.2.3 Filling factor v = 1/(2n + 1)

Finally we consider the fractional filling factors belonging to the Laughlin sequence
v =1/(2n + 1) with n € N. Once again we can construct an effective field theory in
terms of bosonic fields, this time considering a single channel of free bosonic fields
¢(x) propagating with velocity v. This field relates to the electron operator through
Y(x) x e'¥(®)/V as discussed in Chapter 5. Repeating the steps of the previous sections,
the tunneling current can be shown to be [33]

Lae(V) _ €T (aTN?"72 o) (7T (V. 2m€T 2V
I =2 ol e sinh ” sinh T Q T (6.59)

where a is an ultraviolet (short distance) cutoff and we have the normalization factor
IJ = (tA)?/mvé. We have also introduced the dimensionless integral

> cos(by)
9(a,b) = / d . 6.60
(@?) —o0 ycosh_2/”(2y)[cosh(2y) + cosh(a)]/¥ (6.60)
For low temperatures {7'/v < 1, the zero bias conductance becomes
GI) |V L) (rT\Y"72 (meD\Y L 2082
Gy 2 I'(1/2+2/v) \ 2v v ’ 07 2 '

where I'(z) is the gamma function. At zero temperature and small bias £V /v < 1, the
current becomes

e _ 2m%€v <2r§>2/ v i/ 662

- 2 \m? L(4/v)
This means that the zero bias conductance vanishes, and we once again recover the Pauli
blockade.
There are several interesting things to note here, as pointed out in Ref. [58]. First
of all, the powers of V' and T involved are very large: the v = 1/3 state leads to a
conductance scaling of G(T) ~ T'Y and a zero temperature tunneling current scaling of
I4¢(V) ~ V10, Furthermore, despite the fact that both the SC state and the fractional QH
edge state can be accurately described as bosonic states, the Pauli blockade persists due
to the fundamental electronic nature of the tunneling.

Noise

Resolving Eq. (6.17) in this context, the noise at fractional filling factors is found to
be [33]

Sac(w, V) _ 3 o1/ &T <?”T>2/V_2 <inh2/” (WfT)

Il ot v \ 2v v
w+ 20V 21éT w + 20V
X exp <ﬂ> Q ( " , T ) . (663)
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At zero temperature and frequency, assuming a small bias V¢ /v < 1 yields the approxi-
mation

Sac(0,V) _ dn®  we <2r§V2>2/V

~ 6.64
Iy L'(4/v)r2v | mov? (6.64)

with vanishing shot noise derivative 054.(0,V)/0V at V' — 0. Interestingly, the Fano
factor Eq. (6.55) is unchanged despite the fractionalization of the edge state charges,
indicating that the tunneling current consists of Cooper pairs no matter the filling factor
of the edge state.

6.3 Tunneling current and finite frequency noise in the AC
regime

Finally, we place our results so far into the context of a quantum point contact with an
applied ac bias, i.e. a time-dependent voltage V (t). We assume a periodic bias of the
form

V(t) =V + Vi cos(Q2t), (6.65)

with a low driving frequency (2 allowing adiabatic treatment and constant voltages V, V;.
We will not assume any particular filling factor, but rather express our results in terms
of the I3, and Sy results from the previous sections.

The time-dependent part averaged over one period 7 = 27 /() gives zero, and the
average tunneling current is given by [79]

I=- % /O " /_ " d'Re [t v (1), A ). (6.66)

Applying the correlators calculated previously and using an expansion in terms of Bessel
functions of the first kind J,, for integer n,

e = N T, (N, (6.67)
we find .
I= )" J22W/Q) Iic(V + nQ/2), (6.68)

where I4.(V +n£2/2) is the relevant tunneling current calculated in the previous sections.
At Q — 0 or V7 — 0 the bias is constant, and we can use the Bessel function sum rule [86]

i T2\ =1 (6.69)

n=—0o0

for any A, meaning we recover the dc bias results. To treat the noise under an ac-bias [79]
we consider the time domain correlator S(¢,t') = (6.J(¢)dJ(t')) in terms of the “center of
mass” variables

t+t
;— ; R (6.70)
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Figure 6.6: The normalized finite frequency noise of the tunneling current in presence of adiabatic ac
bias, V(t) = V + V1 cos(Qt), at zero temperature for different 2V /vp, see Eq. (6.72). The plot shows
the case of Sqc(w, V') at filling factor v = 1, i.e. with N' = 1. We set 2V1&/vp = 2 and Q& Jvp = 1.

yielding the one-period average noise

T oo .y
S(w) = 71,/0 dT/ dr'S(r+ 7' /2,7 — 7' /2)e™T . (6.71)

Applying the same methods as when calculating the ac-bias current, as well as the
identity J2, (\) = J2(\) we arrive at the result

S(w) = i J2(2V1 /) S4c(w, V +n8/2), (6.72)

n=—oo

where Syc(w, V 4 n€/2) is the relevant dc-bias noise as calculated in previous sections.
At filling factor v = 1, the ac-bias noise S(w) is shown in Fig. 6.6. The result is similar to
the case of dc bias, and again we see no singularities in the noise.

An analogous relation to Eq. (6.72) was experimentally tested for quasiparticle
tunneling between fractional QH edge states Ref. [87], and found to hold for electron
current, heat current and shot noise in a quantum point contacted fractional QH edge
under AC bias. According to Eq. (6.72), the relation holds for the tunneling current and
the finite frequency noise of a tunneling contact to a SC, indicating that the relation might
be universal for systems point contacted with a QH edge, and that the relation may
also hold for finite frequency noise across a point contact between QH edges. Further
work to find if Eq. (6.72) holds for tunneling between fractional QH edges would allow
probing of such a system, and the anyonic quasiparticles it is predicted to host, beyond
the regime of shot noise, but that is beyond the scope of this thesis.

6.4 Summary

We consider an effective model of Cooper pairs performing local tunneling from across
a SC-QH edge quantum point contact as presented in Ref. [58], which lets us predict
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tunneling current and noise for applied ac and dc biases across the point contact. Only
recently has a similar system been realized experimentally, motivated by which we
expand on the known theoretical predictions of such a system by considering interactions
and noise.

The main experimental signature is the Pauli blockade, which causes vanishing
zero-bias conductance in the zero temperature limit. This blockade is found both for
interacting and non-interacting electrons, as well as for a single integer QH edge state at
v = 1 and for a fractional QH edge state in the Laughlin sequence v = 1/(2n + 1). For
two integer QH edge states, we find a zero bias conductance G « 1 — N, with0 < N < 1
measuring the amplitude of destructive interference between tunneling modes which
involve both edge states. We predict a recovery of the Pauli blockade for an applied
magnetic field B = 27n/(£l), in which case N = 1.

The finite frequency noise is predicted to have discontinuous derivatives in its
frequency dependence at the Josephson frequencies w = +2V, where singularities have
been predicted in the case of tunneling between chiral Tomonaga Luttinger liquids. The
Pauli blockade can also be seen in the shot noise, whose derivative vanishes with the
conductance.

At small bias and low but finite temperatures, tunneling involving the fractional
QH edge involves remarkable scaling of the conductance G' « T%/*~2, while at zero
temperature we find similar scaling of the current I3, o V4/v=2 and the noise Sy.
V4 /v—=1

Investigating the point contact under an ac bias, we find that current and noise are
expressed as sums over their dc bias counterparts, weighted by squared Bessel functions.
This result is analogous to an experimental result for tunneling between point contacted
fractional QH systems, indicating that finite frequency noise would show the same
behavior in that system.
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CHAPTER

Conclusion

In this thesis we have developed a model of a superconductor (SC) tunnel-coupled to an
integer or fractional quantum Hall (QH) edge. By integrating out the superconductor, we
have arrived at an effective QH edge Hamiltonian with induced pairing, and derived an
analytical prediction of the induced pairing amplitude in terms of externally determined
parameters of the separate systems. We have derived the effects of the induced pairing
on transport in a typical experimental setup where a segment of the edge of a Hall bar is
proximitized. This includes an analytical expression of the probability that an electron is
transmitted as a hole when passing the proximitized segment, as well as an analytical
expression of the effect of this hole transmission on the resistance measured downstream
of the proximitized segment. We have predicted the negative downstream resistance
found in experiments in terms of applied voltage and current, as well as its dependence
on Fermi energy, induced pairing and interface length. The analytical descriptions of
pairing amplitude, hole transmission probability and downstream resistance constitute
a central contribution to the literature, advancing the qualitative understanding of the
interplay of physical effects in this composite system.

This model has been extended to the fractional QH edge, where we predict that
pairing is induced despite the effective fractionalization of the electronic edge states.
Finally, applying an alternative, phenomenological model to the problem of a quantum
point contact between a SC and an integer or fractional QH edge, we have predicted a
number of experimental signatures of the induced superconductivity. The most robust
of these is the Pauli blockade, which causes vanishing zero temperature conductance
and shot noise, and persists in the presence of interactions and fractionalization. We
predict that this blockade can be continuously tuned across in the case of filling factor
v = 2 by inducing constructive interference through the externally applied magnetic
field.

Taking into account the presence of the strong magnetic field needed to induce the
QH phase, we have found that the Meissner effect, which leads to a supercurrent at
the SC surface, has a surprisingly profound effect on the induced superconductivity.
In particular, the resonance condition that the QH edge fermi momentum matches
the supercurrent momentum gr = k;, corresponding to the QH system Fermi energy
matching the cyclotron frequency Er = w,, plays a key role in our predictions:

¢ it marks the topological phase transition where the induced p-wave pairing crosses
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between the weak and strong pairing phases.

¢ it marks the point of maximum hole transmission amplitude, where perfect hole
conversion is predicted even for a weak induced pairing amplitude,

¢ in the competition between fractionalization and pairing in the proximitized frac-
tional QH edge, it marks the point where pairing is most significant.

Predicting the key role of the Meissner effect is another central contribution of the thesis.
The resonance condition is clearly linked to experimentally tunable parameters, making
it both a critical test of the applicability of the presented theory, and an indicator that
accounting for the Meissner could be an important step on the way to ever-improving
fabrication of SC-QH systems and ultimately the encoding of quantum information in
anyonic zero modes.

Outlook

Considering the interesting physics contained in the different experimental geometries
presented in Chapter 4, it would be very interesting to extend the transport calculations
to predict the behavior of experimental signatures in those geometries. Since the trench
and finger setups involve the coupling of counter-propagating edge states, these states
can couple directly into the SC bulk states with zero center-of-mass momentum, and it
would be interesting to see the impact of the Meissner effect in this case.

Naturally, a complete transport calculation for the fractional QH edge is of great
interest, in particular to predict if there are qualitative differences between the integer
and fractional QH cases. Furthermore, considering higher order tunneling terms in the
model would allow for the investigation of how the tunneling case and the transparent
case converge in the semi-transparent case. Another approach to model the semi-
transparent case would be to generalize the surface current to include a wide range of
momenta ks, modeling induced surface currents from the evanescent penetration of QH
edge states into the superconductor.
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APPENDIX

The renormalized Numerov method

This appendix is based on a more in-depth explanation in Ref. [88]. We reintroduce & # 1
for clarity. The Numerov method integrates one-dimensional second order differential
equations with no first order derivative. Assume that such an equation is of the form

Q] v =o. (1)

which is the Schrodinger equation when

2m

Qla) = 5 (B~ V(a). (A2)

We discretize space into N small intervals of length a starting at a point z, continuing
in points z,, = zg + na with n € N and ending at a point z. The discretized wave
function is then v,, = ¥(x,), and @Q,, = Q(z,,). The Numerov formula, which is derived
through a Taylor expansion in a, says that

(1 + ?;Qn+1)¢n+1 + (1 + ;Z;Qn1)¢n1 - (2 — 5(612Qn>¢n + O(a6) 0 (A.3)

where @), is known for all n. For increased numerical stability we introduce the ratio

wn—&-l
R, = A4
o (A4)

which is usually on order one. If we ignore terms of order ab and higher, we find

he (1 o) [ o) (e )mn] e

Given Ry = 91 /10, we can use this formula to iteratively construct the wave function
forwards from xy. We can also construct the wave function backwards from xx by
defining

R, = Yt (A.6)

Un
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and use the formula
R, = (1 + an_l)_l [(2 . 522Qn> _ (1 + ?ZQM)R;J. (A7)

The numerically optimal strategy is to choose a point x. between zy and z. The wave
function is then iterated from left and right up to z.. At this point, the matching function

5= ("5 ™ (7 o =

is evaluated. G is zero if and only if E is an eigenvalue of the Hamiltonian H corre-
sponding to Q(z, E). While the choice of z. is arbitrary, it can be advantageous to use
the first extremum of the wave function as evaluated from z when the more complex
behaviour occurs in .

The task is then to choose g and zx as points with well known wave function
behaviour (and thus Ry, Ry). Then a root of G(E) can be found through optimization in
E, with the resulting energy being an eigenvalue of the Hamiltonian. The wave function
can then be reconstructed from the boundary conditions and the ratios R and R.
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APPENDIX

Commutators
We have the general operator identities

[A,B] = 2AB — {A, B} = {A, B} — 2BA, (B.1)
[AB,C] = A[B,C] + [A,C|B. (B.2)

For fermionic operators ¢ we generally have [50]
{¥m,wn} = (0], ¥} =0, (B.3)
{T/Jm, d};&} = 5m,na (B4)
W}ma wn] = 2¢min, (B.5)
[wmv wj},] = 2¢mihy — 5m,n' (B6)

These identities will be applied in the following proofs.

B.1 Density-density commutator

The commutator of two different density operators at two different points is

[V (@) (@), 8 )0 (v)| = V@ @0 ) (y) = B ) ()] @) ().

(B.7)

We can apply Egs. (B.3) and (B.4) to re-arrange the fields such that

(V4@ (@), v} ()]

= V(@) ()0 @) (Y) = VW) (Gmnd (@ = 1) = VL (@) (y) ) (@)

= P} (@) Ym (2)P] (y)en(y)

— VL ()8mnd (@ — y)¥m(2) + O ()0}, ()¢ (y)m ()

= U @ )a(v)

J

— ) (1) Omnd(x — Y)Y (z) + ¥F, (2) 0] ()Y (2)10n ()
= 8, (2)¢m (2) 0] ()1 ()

— 0L )6mnd (@ — )0 (@) + B} @) (Gmnd (2 = 1) = Y(@)PL (W) ) Yuly).  (BI)

H

N
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Writing out the parenthesis we see that the first and last term cancel,

0@ (@), V] () (y)]

=y}, (z ) Unly)

— VL ()0 (@ — Y (@) + ] (2)mnd (x — y)n(y) — ¥, (x )0 (y).
(B.9)

The remaining terms are zero when m # n or  # y, while for m = n and x = y they
cancel,

Pl (@) 1hm (@), wi(y)%(y)] = — 0} (1)0mnd (@ — Y)om (@) + U, (2)0mnd (@ — y)1hn(y)
—0. (B.10)

B.2 Current operator

In the derivation of a current operator, the commutator

[} (1) By (v), ¥ (2)1m (@), (B.11)
must be evaluated. Applying Eq. (B.2) we have

= I () [0y s (1), ¥ (@)U (2)] + [V (1Y), Y], (2)m (2)] 0yt (y).  (B.12)

In the first term we can move out the derivative to find

[1 )0y s (y), ) (@)t (@)]
= L)y [0 (1), ¥l (@) ()] 4[] (9), Vo (2) o (2)]0y00 (). (B.13)
Applying Eq. (B.2) we have
[s(9), Vi (@)Ym(2)] = W( ) ws<y>]wm< ) + Vb () [$s(1), ¥ ()
— (200,@)05 (1) = {8 (), 5 0)}) (@) + 01 (@) (205 @) m (@) — {3 p(TTT)
= =20 (€)1 (y) (= >+2wm< ) (W)U (x) + 6,50 (y — ) ()

= Os0(y — 7)o (), (B.14)
and
(), ()0 ()] = (01 (9), 05 (2 m (2) + 65, () [0} (), Y ()]
= (201 ()¥h(2) — Ll @I} ) (@) + 0L (@) (201 () (@) = Sr0(w = 1))
= 265 ()} (@) (@) + 20, (@)0] () () — 0L ()0 0y — )
= 20l ()0, (@) (2) = 265 ()0 (@) (2) = ], (2)0m r 8y — 2)

= —Omr0(y — )t} (@), (B.15)

Putting these results together we have

61 0)0y05(9), 05, (2) b ()]
= G s (0)0y (0 — ) (2)) = S Sly — D)0 (200 (y). (B16)
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APPENDIX

Exponent expansion for bosonic
pairing

We will do the approximations in opposite order and show that we find the same result.
We start from the A ~ ¢’ approximation in Eq. (5.38)

qoF2 L/2 4 L . .
H, = / IX e2z(ks—6qF)X/ dr A3 (r)e 9T/ VT 9(X—r/DIVT |, o
arL J )0 )

QA F? [F2 2i(ks—8¢ ) X L —id(X (X —

= dX e*!ks=0ar) / dr 8 (r)e ATV T (X=r /Y L ¢
dm ) L) )

(C.1)

Using Eq. (5.52) we expand the exponentials to find

L
/ dr §(r)e~ X/ VP (X =r/D)/ V7 _ 0 (efié(XJrr/Z)/ﬁe—i(b(X—r/2)/ﬁ)

L or r=0
0 / _2i i
——— (e H(X)e;wo)rzo (C.2)

We evaluate the derivative to find the expected pairing term

Z'quOF2 L/2

H,=—"——
? dmyv 1

dx 2k =0ap)X =22/ 0|y e, (C3)
N

111






APPENDIX
Evaluating 8,¢!%(®)

We wish to derive the result of taking the derivative
0, @) (D.1)

Naively, one might take

9, @ L 39, (®(z)) e'®@), (D.2)

but that assumes a specific ordering of operators not present in the original expression.
Let us instead derive the result by replacing the exponential with its series representation,

0, i@ ¥ 3 % (0,9 (z)). (D.3)

n=1

The constant term evaluates to zero, and is skipped. Of course, taking the derivative
inside the sum is simple,

0:9" () = "7 (2) (0:D(x)) + 2" (2) (0:®(2)) B(x) + ©"*(2) (0:2(2)) D*(x) +

=" (2) (0.2(x)) @7 (x), (D4)
m=1
and thus
_ Z%"' 3 0" (2) (9,0(x)) B (a). (D.5)
n=1 m=1

We can propagate the derivative to the left to find

n=1  m=1
E i; Z { 8 <I> (I)n m( )+ [én—m(:p)’axq)(x)]}q>m—1($)‘ (D6)
n=1 =1
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Using the identity
[@”_m(aj), 6x<1>(x)] = (n—m)[®(x),0,P(x)] @”_m_l(x) (D.7)
we find

n=1 m

1

{(0:0(2)) 2" (2) + [ (2), 0, (2)] } 0" (3)

3‘*
i[=

S

M
=
NE

{(0:®(2)) @" ™ (x) + (n — m) [®(x), 0P (x)] @™ (z)} @™ !(2)

3
I
—
i
N

S

{(0:@(2)) 2"~ (2) + (n — m) [@(), :D(x)] " ~*(2) }

M
R
NE

ﬁ
—
I
_

U0 =1 152, 0,0 ()] qw—?(x)} (D.8)

n (0, (@) 2" () +

I
M8
3‘@3
—— 3

3
I
—

The first term can be evaluated by shifting the index by oneto k =n — 1

0: () %@nfl(x) = 0,®(z) Y w Tl),qwl(x)
n=1 : n=1 '
00 ’ik
= i0,P(z) ) @CPk(m)
k=0
= i, ®(2)e' @), (D.9)

In the second term we see that due to the factor (n — 1), the n = 1 term drops out, and
we can form the exponential by shifting the index by two to j =n — 2

= i"n(n — i 0"
@), 0,00 > =020y = Do), 0,00)) Y 0" ()
il 2 2 = (n—2)!
_ _% [(2), 0,0(2)] 3 i ()
=07’
. _% (@ (), 0, B ()] ®). (D.10)
In conclusion, we find

0,67 — (i0,8(2) - § [0(2),0.8(0)]) 1, D11)

which is the correct way of evaluating the derivative of an exponentiated operator.
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