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Abstract

This thesis presents non-local conductance measurements on a total of 16 resonance crossings in
a nanowire Cooper pair splitter. The Cooper pair splitter has two gold electrodes acting as the
normal contacts and an aluminium electrode acting as the superconducting contact, connected
by an InAs nanowire. The majority of the non-local signals consisted of a positive and a negative
peak, attributed to the transition of the ground state in the superconductor from a singlet to a
doublet state and vice-versa. Afterwards, the bottom gates on the device were used to tune the
Cooper pair splitter to several configurations, attempting to find the regime with the highest non-
local efficiency. The splitter was successfully manipulated, detecting an increase in efficiency after
several configurations. This thesis has successfully demonstrated the possibility of configuring
a Cooper pair splitter device to a more optimal regime, a step towards creating a reproducible
and highly efficient source of entangled electrons.
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Chapter 1

Introduction

The quantum world has fascinated me since learning about the many bizarre phenomenon in
the field such as wave-particle duality, the Heisenberg uncertainty principle and the famous
Schrédinger’s cat to name a few. The fact that we still do not fully understand many aspects of
quantum mechanics showed me that there was still so much to learn in this area of physics and
it’s one of the reasons why I decided to study nanotechnology. Nanotechnology is a perfect mix
of applying the quantum world to real life problems and will be one of the fundamental pillars of
future life, with tons of potential in physics, biology and chemistry. A promising area is quantum
computing which, when realised, will revolutionise many aspects of life. I am extremely grateful
to have been given the opportunity to contribute to its creation.

This thesis focusses on a nanoscale device called a Cooper pair splitter, a piece of equip-
ment helpful in the creation of qubits, an essential component of future quantum computers.
Cooper pair splitters aim to take apart the bound electron pairs occurring in the ground state of
superconductors to create spatially separated, entangled electrons. The aim of this thesis is to
build upon existing research in Cooper pair splitters, using the knowledge and techniques learned
to attempt to tune the device to high efficiency configurations, working towards a reliable and
reproducible entangled electron source. This thesis presents detection of non-local conductance
on an InAs nanowire based Cooper pair splitter and subsequent successful tuning of the device’s
configurations to more efficient splitting regimes.

1.1 Thesis outline

This thesis will start by providing a short background of Cooper pair splitters. Here the impor-
tance of the device will be outlined along with some influential experiments in the field. Next, in
chapter 3, the theory behind Cooper pair splitters is detailed. Each component of a splitter will
be addressed and explained in the context of this thesis. Chapter 4 contains a summary of the
fabrication techniques used to build Cooper pair splitter devices. At the end of the chapter the
device used in this thesis is presented. In chapter 5 the experimental setup is shown. Chapter 6
showcases all the data collected and includes the discussion of the data. Finally, chapter 7 will
shortly summarise the thesis and provide any concluding thoughts.
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Chapter 2

Background

This chapter will provide a short background to Cooper pair splitters. First a brief explanation of
the quantum mechanical processes essential to the operation of Cooper pair splitters is explained
along with a short description of their use in quantum computers. Next the geometry of the
device is briefly introduced along with several influential research papers on the subject.

2.1 Quantum computers

Quantum entanglement is a quantum mechanical phenomenon where two or more particles are
described by a quantum state. As such, a property like momentum or spin cannot be attributed
to a single particle. Instead, the quantum state carries the property. As a result, measuring one
particle in a two particle entangled state will instantly give information about the second parti-
cle, even when they are spatially separated. These phenomenons were described in the famous
paper by Einstein, Podolsky and Rosen in 1935. [1]

One of the areas in which quantum entanglement can potentially be useful, and the area
this thesis concerns itself with, is quantum information. Entangled particles are essential for
the realisation of the quantum bit, the building block of the quantum computer. Quantum bits,
called qubits, consist of ideally two entangled particles in a superposition, which result in the
qubit being able to hold both a value of 0 and 1 simultaneously. [2] This is in contrast to the
classical bit which is either 0 or 1. The quantum state of the qubit is generally represented in
the Dirac notation as:

ly) = 10) + 1)

Another way to visualise the superposition of the qubit is through the use of a Bloch sphere.
A classical bit, which can be either 0 or 1, points to the north (|0)) or south pole (|1)). In a
quantum bit the state can point to any part of the sphere’s surface, reflecting the superposition
being able to take on any combination of 0 and 1.

The power of the qubit can be seen when considering a 2 bit registry. A computer using clas-
sical bits is able to only store one of the four possible numbers (00,01, 10,11). Qubits are able
to store all four numbers at the same time. This increases exponentially when more qubits are
added. A computer using qubits is able to make 2™ parallel calculations where n is the number
of qubits. [3] A quantum computer therefore has the capability to process complex calculations
potentially a million times faster than a classical computer. A working quantum computer will
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revolutionise many computational tasks such as encryption, database searching and complex
simulations. [4] [2] A quantum computer is able to decode the conventional encryption methods
in instants, will find a request in a database in the square root of the time it takes now and will
be capable of much more elaborate calculations and simulations than is possible today.

Realising a quantum computer is very difficult however. One of the hard parts is creating
stable, spatially separated, entangled pairs for the qubits. Currently a stable qubit can be held
for several hours at cryogenic temperatures. [5] The entangled pairs used today are mostly pho-
tons or electrons. Entangled photons can be generated by parametric down conversion. [6] [7] In
parametric down conversion a laser beam is split by a non linear crystal, where a single photon
can be converted to two photons. This pair of photons has the same energy and momentum as
the original photon along with correlated polarisations. The correlated polarisations enable the
photons to be used as an entangled pair in quantum computing.

2.2 Cooper pair splitters

C o D s Cam D

Figure 2.1: A simplified schematic of the geometry of a Cooper pair splitter. This is not to scale.
The nanowire or nanotube indicated by the red line is connected to two metal electrodes, the
green rectangles denoted by N, at each end and a superconducting electrode, the yellow rectangle
denoted by S, in the centre. The quantum dots that form are represented by the black ellipses
and are named QD1 and QD2. The small blue circles underneath the wire are the gates which
are used to manipulate the energy levels in the dots. There are only two shown in this figure but
more can be added to increase the precision of tuning or manipulate the way the dot is coupled
to the electrodes. A Cooper pair splitter is generally built on a silicon wafer, shown here as the
grey base.

Another way of generating spatially separated entangled pairs is the Cooper pair splitter (CPS).
Cooper pairs are the charge carriers in superconductors and are made up of two spin-entangled
electrons. [8] The CPS is a fabricated device which aims to split these Cooper pairs, leaving a
spatially separated, entangled electron pair. A simplified schematic showing all the necessary
components is shown in Fig.2.1. A nano electronics device is generally built on top of a silicon
wafer, depicted here as the large grey rectangle. A CPS consists of a nanowire or nanotube,
shown in Fig. 2.1 as the red line, connected on each end by a metal contact, indicated by the
green rectangles named N in Fig.2.1. In the centre a superconductor, commonly denoted by S,
connects to the wire. At low temperatures two quantum dots (QD1 and QD2) form between the
superconducting and metal contacts. With side or bottom gates the energy levels in these dots
can be manipulated. These are represented by the small blue circles in the figure. In reality these
are thin leads that run below or next to the nanowire or nanotube. A voltage on the gate will
affect the electrostatic environment around it. Another option, if there are no side or bottom
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gates is to use the wafer as a device-wide back gate to control the electrostatic environment.
When the Cooper pair splitter is in the right configuration these quantum dots can only hold
one electron at one time, forcing the electrons of the Cooper pairs to travel separately into the
two dots or consecutively though a single dot. By suppressing the latter, the Cooper pairs can
be confidently split into a spin-entangled, spatially separated electron pair in the metal contacts.

The first tunable Cooper pair splitter was realised in 2009 by Hofstetter et al. [9]. Simul-
taneously, Hermann et al. developed a Cooper pair splitting device as well, whose paper was
published a few months later. [10] Hofstetter et al. had built two Cooper pair splitting devices.
Side gates were added near the two quantum dots to tune their energy levels. One of the de-
vices had dots strongly coupled to the metal contacts, while the in the other they were weakly
coupled. In order to detect Cooper pair current, the conductance through a quantum dot (QD1)
was measured while the energy levels in the other quantum dot (QD2) were moved around via
the side gate. Moving the levels in QD2 affected the transport through QD1. This is known as
the non-local conductance, as the signal through QD1 depends on the situation in QD2.

In order to detect the non-local signal due to Cooper pair splitting, The group measured the
conductance through QD1 and subtracted the mean value, which gives a non local signal through
QD1 defined as:

AGy = Gy — (Gy)

where G is the conductance through QD1 and (G;) is the mean value. The group measured
AG; at different positions of the energy levels in QD1 while sweeping the levels in QD2. AG;
was found to be heavily dependent on the level position in QD1. At the edge of the energy level
a strong positive non-local signal was observed. Moving closer towards the centre of the level
peak the signal decreases to eventually change sign and become maximally negative at the peak
centre. This result was observed in both samples and different charge states. Additionally the
non-local signal was found to disappear with increasing temperature, completely vanishing at
around 200 mK reinforcing the fact that Cooper pair splitting is responsible for the non-local
conductance. The maximum splitting efficiency of 2% was observed at the lowest temperature of
20 mK. This may seem low, however it is much higher than had previously been accomplished
with photons in parametric down conversion. Hofstetter et al. does give room for improvement
as it states that not all requirements for an efficient Cooper pair splitter were fulfilled.

In 2012 Schindele at al. [11] reported a Cooper pair splitter with a splitting efficiency of
90%. The device was similar as the one fabricated in Hofstetter et al., with a carbon nanotube
connected to two palladium contacts at each end with a superconducting palladium/aluminium
contact in the centre. Two side gates are able to tune the two quantum dots. The group tuned
the levels in one dot (QD1) while measuring the conductance Gs in the second dot (QD2).
They observed a sharp peak (AGs) in the conductance of QD2 when the levels of QD1 were
aligned with the chemical potentials of the electrodes. This peak quickly disappeared when the
levels in QD1 moved away from this resonance condition, confirming the peak was due to non-
local processes. The group defined the splitting efficiency in one dot as %. By assuming that
AGy = AG,, the splitting efficiency of the entire device becomes:

. 2Gcps
G1+Gs

where 2Gops = 2AGs. Using this definition Schindele et al. obtained efficiencies of up to

90%.
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Fiilop et al. [12] fabricated a device with a total of 10 bottom gates, making it possible
to finely tune not only the levels in the dots, but also the coupling between the dots and the
electrodes which has a large effect on the current flowing through the dots. The device consisted
of an InAs nanowire connected to two Ti/Au electrodes at each end and a Nb superconducting
electrode in the centre. The group measured the non-local conductance in a similar fashion as
Schindele et al. and Hofstetter et al. However fiilop et al. then used the side gates to vary the
coupling strengths enabling them to investigate its effect on the non-local signal. They found
the non-local Cooper pair conductance to be strongly dependent on the contact barriers of the
local gates. Tuning the coupling of the dots with the normal electrodes they observed a change
of an order of magnitude in the total conductance. The tuning of the coupling with the super-
conducting electrode had less of an impact, although they did not investigate it as thoroughly.
The group sees definite possibilities in using gates to tune a Cooper pair spitter to the most
favourable configuration.

This thesis will move forward on the statement made by Fiilop et al. attempting to configure
the device to maximise the splitting efficiency. Measurements of non-local signals were done on
an InAs nanowire based Cooper pair splitter device. The device is unique in the fact that it has
15 gates available to configure the device.



Chapter 3

Theory

The Cooper pair splitter is a fairly new and complicated device. It has many components that
are not fully understood, such as superconductivity or the junction of a quantum dot with normal
and superconducting metals. A full and complete theory on the Cooper pair splitter therefore
does not exist yet. Many papers develop their own descriptions and definitions of the current
moving through a CPS device and the efficiency of splitting. This thesis does not aim to reinvent
CPS theory, but is instead concerned with detecting Cooper pair current and the tunable nature
of this current. The goal of this chapter is to introduce the core ideas on which the Cooper pair
splitter is built, which includes superconductivity, nano wires and quantum dots, and explain
the physics that drives it.

3.1 Superconductivity

Superconductivity is a phenomenon that occurs in certain metals. The electrical resistance in the
metal vanishes when the temperature falls below a certain critical temperature, T,.. [13] Below
this temperature, a current can ideally run forever. Another feature of superconductivity is the
expulsion of an external magnetic field from the metal. [13] As a result, there also exists a critical
magnetic field, B., above which the magnetic field is able to break down the superconductivity
due to the high energy cost to keep the field out. In a superconducting metal, electrons are
attracted to each other and form pairs. The pairs can be separated by several hundred nanome-
tres, which is useful when it is neccesary to split them. [14] Classically the pair attraction can
be visualised by considering the electron moving across the metal, attracting positive ions and
increasing the positive charge density around the electron which, in turn, attracts other electrons.
This occurs for any net attraction, no matter how small it is. However the binding energy is of
the order of 1072 eV, so only at low temperatures will there be a significant number of Cooper
pairs present. [15] The quantum mechanical picture is more complicated, and attributes the
attraction to electron-phonon interactions. [16] The BCS theory on superconductivity describes
it further, but this is beyond the scope of this thesis.

It was discovered that the electrons in a pair always have opposite momentum k; = —ko. [8] As
a result the Cooper pairs can be described by an orbital wave function. Cooper pairs are bosons
and have an integer spin, thus in order to keep the symmetric total wave function, the orbital
wave function has to be multiplied with a spin singlet:

1

|5) 7

(1) = 141)



CHAPTER 3. THEORY 8

The result of this action means that the spin of the electrons are in a superposition state. Mea-
suring the spin on one electron will determine the spin of both electrons: one pointing up, one
pointing down; the individual spins of a Cooper pair are maximally entangled with the total spin
being zero.

Since Cooper pairs are bosons, they collapse to the same ground state at low temperatures.
When a metal is superconducting, BCS theory states that excitations from this ground state
require a minimum energy of 2A, forming an energy gap of A to —A. This is called the super-
conducting energy gap.

3.2 Semiconductor nanowires

Nano scale electronic devices often use nano-wires or tubes as a fundamental component. Due
to their geometry they have strong quantum confinement, allowing for easily created quantum
dots. Their linear nature also makes it easy for fabrication, as the wires are generally several
microns long, while the resolution of nano fabrication techniques can easily achieve distances
down 10 nm. [17] Nanowires are also easy to produce in great quantities using current growth
techniques. [18] [19] [20]

Semiconductors are often chosen as the basis for the wires due the tunable electronic properties
of such a wire. The geometry of a wire causes a quantisation of the electron energy, resulting
in quanitsed energy channels that carry the current. The conductivity of a wire is the sum of
these quantised energy channels and the thinner the wire, the fewer of these channels exists. [21]
These channels can be easily tuned, for example by using a side or bottom gate. By adjusting
the voltage on the gate, the current through a semiconductor nanowire can be controlled and
ultimately pinched off. Semiconductor wires also allow for doping to alter its desired electronic
properties. Another reason to choose semiconductor nanowires are the semiconductor-metal
contacts which are more reliable than other options such as carbon nanotubes. In addition to
that, problems related to Schottky barriers at the semiconductor-superconductor interface can
be avoided by using semiconductor wires such as InAs, where the Fermi level at the surface is
fixed in the conduction band.

3.3 Quantum dots

At low temperatures the thermal energy of the electrons in the nano wire is not enough to over-
come the potential barriers of the contacts. Instead they need to tunnel through the barriers to
enter and exit the wire. A quantum dot forms when the tunnel resistance becomes proportion-
ate to the quantum resistance R; 2 % [22] The quantum dot occupies the space of the wire
between the contacts. This is shown in Fig.8.1b, where the QD, named CNT QD, sits in be-
tween the source and drain contacts of this particular carbon nano tube device. A charge carrier
moving from the source to the drain therefore has to pass through the dot. A schematic of this
situation is drawn in Fig.8.1c. Here the QD is shown to be coupled capacitively to the source
and drain contacts. The I' refers to the strength of the tunnel coupling, and a higher I" indicates
better coupling and thus a higher current through the tunnel barrier. It is important to note
that the coupling to the back gate (BG), which in this case is the silicon wafer the device was
built on. Gates are separated from the dot by a large enough distance or a dielectric barrier so
that the electrons are not able to tunnel to or from the QD. However putting a bias on the back
gate (V) will still influence the electrostatic potential in the dot, as indicated by the capacitive
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coupling of the back gate in Fig. 8.1c.

The quantum dot restricts the electron momentum in three dimensions and therefore has a dis-
crete energy spectrum as indicated in Fig.8.1a. The discrete energy levels restrict the electron
flow to just one electron at a time. [23] The energy levels in the dot are often called € or pu(N)
where N refers to the number of electrons on the dot. An electron occupying a level will charge
the dot, which will result in a voltage gain U = &, where (' is the capacitance of the tunnel
barrier. [24] However, for a small enough dot, the voltage gain in the dot can repel other elec-
trons from entering the level via Coulomb interactions, and so prevent a further flow of electrons.
Thus at low source-drain voltage, current flow through the device is blocked and the system is
in Coulomb blockade. [24] [25]

(a)

k”= 3n/L

k” =2n/L

Source

Figure 3.1: (a) shows the quantum dot energy spectrum and location on a carbon nanotube wire.
For the case of a carbon nanotube the energy levels are equally spaced. For a semiconductor
wire such as InAs this is not the case. (b) shows the position of the formed quantum dot with
respect to the source and drain electrodes. (c) illustrates the coupling the dot has to the source
and drain contacts and any additional nearby gates. It is important to note that the back gate is
only capacitively coupled and is only used to influence the states in the quantum dot and not as
another drain contact. Figure adapted from [22].

When a voltage is applied to a gate close to the qauntum dot, it will shift its energy levels
linearly via the relation aAVj. « is known as the gate factor. [26] The shift enables an electron in
Coulomb blockade to exit the dot when a level in the dot is lined up with the chemical potentials
of the source-drain contacts, pg and pp. This is when the quantum dot is in resonance.[25] A
schematic of this procedure is shown in Fig. 8.2, where a gate voltage has shifted the pu(N + 1)
resonance in Fig.8.2a down to the level of chemical potentials of the electrodes in Fig.8.2b.
When in resonance the electrons flow across the dot and will enable a current through the dot.
Changing the gate voltage further until the chemical potential of the level is lower then pg and
up, will enable Coulomb blockade again. When the next level is aligned, a current is able to flow

again and so on. Measuring the differential conductance, G = %, illustrates this by showing a

peak when the dot is in resonance and being zero otherwise. A a\astD measurement of the device

in Fig. 8.1 is pictured in Fig. 8.2c. The situation in Fig. 8.2a gives zero conductance, as the device
is in Coulomb blockade, whereas Fig. 8.2b with the QD resonance level with ug and pp results
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in a Coulomb peak.
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Figure 3.2: The Coulomb peak measurement from the device in Fig. 8.1 (a) The dot is in Coulomb
blockade and no current is possible through the dot. As a result the measured conductance in (c)
is zero (b) The dot has been tuned with a back gate to move the energy levels in the dot to be equal
to the chemical potential of the electrodes, indicated by g and pp. Now a current is able to flow
though the dot, resulting in a conductance peak in (c). (c) A m‘ZD measurement as the the gate
voltage is swept. Coulomb peaks are observed where transmission through the dot is possible. The
N and N+4 refer to the carbon nanotube shells which are not relevant for this thesis but more

information can be found on them in [22]. Figure adapted from [22].

The height and width of a Coulomb peak can be used to extract the strength of the coupling
T of the dot with the source-drain electrodes. Jgrgensen et al. [27] developed an approximation
of the Coulomb peak given by the Lorentzian expression:

where T' = 1.36I', I' = T';, + I'p and ¢ is the level energy (V). The subscripts L and R refer to
the coupling to the left and right of the dot, such as the source and drain contacts.

When extracting the I'’s, this approximation is fitted against the Coulomb peak in the normal
state. The fit returns a value for I'y, and I'g and the total coupling strength I'. The downside of
this method is that the fit is not able to assign the value to I'f, or I'p directly. This has to be done
manually. This can either be done by looking for signs that the dot is coupled more strongly to
one side, for example by identifying the shape of sub-gap states, which will be explained later in
this chapter. Another way is by varying the voltage on a gate positioned in between the dot and
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the electrode. The changing voltage will tune the strength of the coupling, which would enable
the user to identify which extracted I' belongs to that side.

Alternatively, increasing the source-drain bias will also enable a current to flow through the
device. Doing so will increase the bias window until eventually, with high enough bias, a res-
onance will always lie inside the window and a current will flow continuously. The Coulomb
peaks from Fig.8.2c are taken at a Vgp of zero. At non-zero bias the peaks will widen, as the
bias window increases. This behaviour is seen when a two dimensional map is taken of the gate
voltage versus the source-drain voltage. A diamond pattern forms of areas where conductance
is not allowed as seen in Fig. 3.5a. From these Coulomb diamonds it is possible to extract sev-
eral parameters of the quantum dot. [28] The height of diamond represents the charging energy
plus the energy level spacing. The energy level spacing can be found by noting at which bias
the excited states appear. And finally the gate factor of the dot, «, can be extracted from the

diamond via o = Zeight
width

3.4 Alternative transport through a quantum dot

So far it has been assumed that only single electron transport is possible when a dot is in Coulomb
blockade. However via a process called elastic co-tunnelling two electrons can travel simultane-
ously through the dot while in Coulomb blockade. Elastic co-tunnelling occurs when an electron
from the source enters the dot and within the Heisenberg uncertainty time, 7, another electron
leaves the dot to the drain. [29] The resulting current is proportional to Vsp, which means the
differential conductance due to co-tunnelling is constant. When Vgp is larger than AFE inelastic
co-tunnelling starts to occur. Inelastic co-tunnelling involves the electron leaving the dot in an
exited state. Co-tunnelling can be visible in the Coulomb diamonds as a conductance step inside
the diamond. This step signifies the boundary between elastic and inelastic co-tunnelling and
thus also indicates AF.

3.5 A quantum dot coupled to a superconductor

The electrical transport between a quantum dot coupled to a superconducting electrode is differ-
ent than the N-QD junction discussed previously and gives rise to several transport phenomena.
A result of the BCS theory on superconductivity is the existence of an energy gap in a supercon-
ductor at Fermi level. [16] A Cooper pair excited to an excited state in the superconductor will
break apart into two charge carriers referred to as quasiparticles. When looking at the quasipar-
ticle density of states, Ds(FE), one obtains a result which is very similar to that of semiconductors
[15]:

D.(E) = Dl 5 = { D) fge (B> A)

dE 0 (E < A)
where D;(n)dN is the density of states of free electrons. The important result is that there
are no quasiparticle states at (F < A) meaning that the ground state is completely occupied
by Cooper pairs. When considering the quasiparticle transport through a quantum dot coupled
to both a normal and superconducting electrode, an arrangement fundamental to the CPS, the
importance becomes clear. In the normal state the differential conductance in Coulomb blockade
is caused by co-tunnelling. In the superconducting state this is multiplied by the density of states
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of the quasiparticles. Since an ideal Cooper pair splitter needs exclusively Cooper pair transport,
it is essential to keep the thermal energy below A.

There are other states that exist inside the superconducting energy gap, Andreev bound
states, which are caused by a process called Andreev reflection. [30] Here, an electron with
energy ' < A, momentum k and spin 1 approaches an interface of a normal metal and a super-
conductor. The electron cannot enter the superconductor since it does not have enough energy
to form a quasiparticle. With a high potential barrier the electron will just reflect normally,
travelling back with a energy £ < A, momentum —k and spin . With a low barrier the elec-
tron can instead team up with another electron with energy —F, —k, | and they both enter the
superconductor as a Cooper pair as shown in Fig. 3.3. The electron with —FE will leave behind a
hole, travelling away from the interface. Andreev reflection results in a current across the inter-
face. Andreev reflection also occurs in Cooper pair splitter geometry where two electrons from
separate leads combine to form the Cooper pair. It can also go the other way, with a Cooper
pair splitting up into two electrons. This is called crossed Andreev reflection (CAR).

@ 74

Figure 3.3: A schematic of Andreev reflection. (a) illustrates the formation of a Cooper pair
resulting from Andreev reflection at a metal-superconductor interface. The incoming electron
with energy £ < A, momentum k and spin 1 combines with a second electron with energy
—FE, momentum —k and spin | to form a Cooper pair. The second electron leaves behind a
hole travelling away from the interface. (b) The situation shown in an energy diagram. Figure
adapted from [22].

Another type of an Andreev bound state are the Yu-Shiba-Rusinov (YSR) states, shown in
Fig. 3.4 and Fig. 3.5. [31] [32] [33] These states, also called sub-gap states, appear inside the gap
of the superconductor when electrons in a Coulomb blockaded dot tunnel to the quasiparticle
states above the gap. This occurs only when the coupling of the quantum dot with the super-
conductor, I'g, is strong. The quantum dot has three different occupational states. It can have
zero, one or two electrons occupying the resonance. The ground state can then be described by a
singlet (zero and two electrons), often referred to as even, or a doublet (one electron), otherwise
known as odd. Excitations involving the changing of the singlet and doublet ground state cause
the observed sub-gap resonances. The shape of these states is shown in Fig. 3.4a-c and depend
on system parameters such as the dot charging energy, U, the gate voltage, V,; and the coupling
strength to the superconducting electrode, I's. For a small 1%5 the ground state changes from
a singlet to a doublet and back to a singlet as the gate voltage is swept across the different dot
occupations. Figure 3.4d illustrates this and shows that the corresponding sub-gap states in
Fig. 3.4a have very sharp sign changes at the ground state transition points. As Fﬁs gets larger,
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for example by increasing the strength of the coupling with the superconducting electrode, the
sub-gap states have more gentle slopes. When Fﬁs is high enough, the ground state remains a
singlet as is detailed in Fig.3.4f and the sub-gap states do not cross each other any more, as
shown in Fig. 3.4f. Figure 3.5b shows a bias spectroscopy plot showcasing the YSR states over
a large plunger gate range. The states mostly correspond with the situation in Fig.3.4b and
Fig. 3.4e. The periodic size differences, also seen in the schematics in Fig. 3.4 allows the quantum
dot occupations to be identified.
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Figure 3.4: A wvisualisation of the ground state transistions are shown in (d)-(f). A high Fﬁs
results in the ground state remaining a singlet as the gate voltage is swept. As Fﬁs gets lower the
ground state will transition to a doublet state. The resulting shape of the sub-gap states observable
in a bias spectroscopy of the dot are shown above (a)-(c). The states overlap at the ground state
transitions. This overlap s very sharp when Fﬁs is low (a),(d). As Fﬁs 1s increased, the shape
of the YSR states become less sharp untill eventually they do not overlap (c),(f). The shapes
can used to identify the quantum dot occupations indcated in the diamonds by n. Figure adapted

from [22].
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Figure 3.5: An example of how YSR states look in a bias spectroscopy image. The top plot (a)
has a longer Vgp range and shows the Coulomb diamonds of the dot, clearest in the plunger
gate range of 1.3-1.5 V. (b) When zoomed in on the superconducting gap A the YSR states are
visible. The crossings of the states correlate with the ground state transition as is schematically
shown in Fig. 3.4. Figure adapted from [3]].

3.6 Cooper pair splitters

The goal of the Cooper pair splitter is to split the Cooper pair charge carriers into two spin
entangled electrons. To achieve this the Cooper pair splitter is made of two N-QD-S junctions
as shown in Fig.3.6a. The two quantum dots are in Coulomb blockade and so only allow one
electron to pass at a time. When a bias is put across the device the Cooper pairs have no choice
but to split and let one electron through at a time. Ideally, an electron will go to each of the
two normal leads and leave a spatially separated entangled electron pair, as shown in Fig. 3.6a.
The Cooper pair electrons exit the superconducting electrode at a distance §r. The significance
of this will be explained later.

As described previously the thermal energy ky7 must be smaller than the binding energy of
the Cooper pairs, A. Similarly, the thermal energy of the electrons must not be able to overcome
the charging energy of the dots, U, to not break to the Coulomb blockade. Furthermore the bias
voltage Vgp cannot give the electrons enough energy to overcome these barriers either. This
gives the requirement for a Cooper pair splitter:

kT ,eVsp < U, A

A Cooper pair has the possibility to leave the superconducting electrode through one lead with-
out splitting. Firstly, the pair can tunnel into the same lead via a process called pair tunnelling.
[35] One electron will tunnel to the p(N) resonance of the quantum dot and the second will
tunnel to the u(N + 1) resonance of the same dot. Both will then be able to tunnel to the metal
electrode. Secondly, an electron from a Cooper pair can be excited to a quasiparticle state. [35]
The other electron tunnels to the quantum dot. When it leaves the dot and tunnels into the
metal lead, the excited electron can then tunnel into the same metal lead via the dot. This is
called sequential tunnelling. Fortunately, both these processes can be suppressed to insignificant
levels by adhering to the requirements listed earlier without hampering the splitting probability.
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Figure 3.6: The basic structure and potential energy diagram of a Cooper pair splitter. (a)
shows two entangled electrons leave the superconducting electrode at a distance of ér. The arrows
indicate tunnelling actions made by the electrons. The tunnelling to a quantum dot is requlated
by the coupling strengths denoted by the Is. The dots are also slightly coupled to each other,
shown here as T'rr. (b) The potential energy diagram of the situation in (a). The entangled
electrons from the Cooper pair in the superconductor ground state tunnel towards the normal
metal electrodes when the resonances in the quantum dot (e) are equal to the chemical potentials
the N-electrodes (11). The gap of the superconductor is given by A.

The strength of the coupling of the quantum dot with the electrodes is also important and

are listed in Fig.3.6a. The arrows indicate tunnelling actions of the electrons and with it are
the relevant I's. Figure3.6b shows the potential energy diagram of a Cooper pair splitter,
providing a clear view of the tunnel actions that the electrons have to perform. The total
coupling strengths of the left and right quantum dots are made up of the coupling with the
normal and superconducting electrodes: I'y = 'ty +'s and I'p = I'ry + 'rs. There also
exists an inter-dot coupling, I'f, g, between the two quantum dots.
With a high inter-dot coupling, a split Cooper pair can reform by tunnelling from one dot to the
other. [10] To prevent this the normal electrode has to be strongly coupled so that 'y > 'z g. In
this regime the electrons are much more likely to tunnel out into the normal leads thus reducing
the probability of reforming via inter-dot travel. Similarly, having I'y > T's will allow for
electrons occupying the dots to leave to the normal electrode before new Cooper pair electrons
can arrive. Naturally, it is beneficial when the electrons occupy the dots for the shortest time
possible, allowing for a high Cooper pair current. The coupling strength relations can be added
to the requirements of building an ideal Cooper pair splitter:

ka,GVSD < U,A I'nvn >T1r,I's

When all these requirements are met, a Cooper pair splitter can perform with 100% effi-
ciency. However, even with perfect splitting efficiency, the entanglement of the Cooper pairs can
be destroyed after splitting. One of these processes is when an entangled electron in the quan-
tum dot is switched with a random electron. This occurs when the energy level spacing, AFE,
is small, so that the quantum dot acts like a capacitive island and any electron from the dot is
able to leave to the normal electrode. The result is non-entangled electrons entering the normal
lead. A high level spacing, AE > kT, eVsp , I', will prevent this problem since the electrons in
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the dot will not have enough energy to jump to the u(N) resonance occupied by the entangled
electron. It is also beneficial for this resonance to be empty to rule out any correlations with
other electrons. Lastly, the required strong I'y coupling could allow electrons from the normal
electrodes to tunnel to the quantum dots and interact with the Cooper pair electrons. This
process is limited by maintaining a high enough bias voltage while keeping the resonance of the
quantum dot level with the chemical potential of the superconductor: eVsp > I' while ugp = ps

The complexity of the system becomes clear by the large number of rules and balances that
it must adhere to. Using the Cooper pair splitter as a reliable entangled electron source requires
even more requirements, such as high spin de-phasing times. However, that is slightly out of
scope of this thesis.

3.7 Current through a Cooper pair splitter

There have been several ways to define the current and differential conduction through a Cooper
pair splitter device. Often, a paper on a new CPS device defines their own, different definition
of these parameters. While it is important to understand these definitions, and so understand
what influences the current, it is not essential here to build a new theory as this thesis mostly
concerns itself with measuring relative differences between measurements. We will however look
at some previous papers to get a good picture of the typical current in these devices.

Hofstetter et al. [9] assumed a non-interacting picture and defined the transmission probabili-
ties of the entangled electrons through the two dots as 77 and T5. The transmission probabilities
depend on the parameters of the quantum dot junction such as the tunnel barriers, charging
energy and quantum dot resonances. If both transmissions are small, then the probability of
tunnelling through a dot as a pair (known as local pair tunnelling or LPT) is given by T7 or T%.
The splitting probability is proportional to p(§)T1T> where p(d) is the probability of finding two
electrons of a Cooper pair at opposite ends of the superconducting contact. Therefore the total
conductance through quantum dot 1 GG is proportional to:

OéT12 + p((S)TlTQ

So the model predicts a positive non-local signal caused by Cooper pair splitting. This was also
seen in the experiment but only when the transmission was low. At higher energies the ideal
CPS requirements were likely not satisfied any longer, causing other transport processes to take
over .

Earlier Recher et al. [36] performed a much more thorough analysis. Their thought experi-
ment on a device with a Cooper pair splitter geometry starts with defining its Hamiltonian. Using
the T matrix method they arrived at an expression for the current due to entangled electrons
through one dot:

I — el2I'y - {Sin(kfp(r))rexp( B 20(7"))

(1 + p2)? + Tz kgp(r) 3

The subscripts 1 and 2 refer to quantum dot 1 and 2 respectively. I's and I'y refer the the dot’s
coupling to the superconducting and normal electrodes. p refers to the resonance in the quantum
dot. p(r) is the distance between the exit points of the electrons in the superconductor. £ is the
coherence length of Cooper pairs and ky is the Fermi wave vector.
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Both theories show that the splitting current is dependent on the transmission through the
dot and that the coupling with the electrodes plays a major role. While this may seem obvious
it is useful to see its importance and it underlines the goal of this thesis where we use a 15 gated
device to have major control on the coupling strengths. Another attribute both definitions share
is the inclusion of the exit points of Cooper pair electrons from the superconductor, denoted by
p(0) or p(r). A higher current occurs when the electrons leave the superconductor at the sides. It
is therefore essential for an ideal CPS that the width of the superconducting electrode is less than
the spatial extent of a Cooper pair. The spatial extent is reflected in the coherence length of the
superconductor where a long coherence length allows for 'wide’ Cooper pairs. This is reflected in
the above equation by the exponential term, which greatly suppresses the Cooper pair current
when the coherence length ¢ is smaller then the exit points p(r). The device used in this thesis
has a 100 nm wide aluminium contact used as the superconducting electrode. Aluminium has a
coherence length in the pm range [37], meaning the Cooper pairs can easily exit at the sides of
this electrode thus maximising the Cooper pair current.






Chapter 4

Fabrication

Fabrication of the nanowire devices is a very delicate and precise process, consisting of a series
of steps that need to be completed properly. And even correctly fabricated devices can fail. All
the effect and processes at the nano scale are simply not fully understood yet. As a result the
fabrication process is relatively slow and it is very hard to produce a large number of successful
devices at the same time. For a quantum computer, which would need many nano devices on
its chips, this is a real bottleneck. There is no ideal way of fabrication at this time. Many
groups use their own methods, often based on the materials chosen and the equipment available.
In this chapter, I will go through the most popular methods of the fabrication of Cooper pair
splitter devices, describing the techniques and procedures used at each step. I will focus on
instruments that I have trained on and are therefore more familiar with, but I will to include
all the relevant techniques used in the field. At the end, the device used in this thesis is presented.

4.1 The silicon wafer

The basis of a new Cooper pair splitter device is typically a silicon wafer. These wafers form
a good working platform on which to build the device. Since silicon is a semiconductor it can
also serve as a general back-gate to perform device wide tuning of the electrostatic potentials
as well as the possibility of accepting donor materials to change the wafer to an n- or p-type
semiconductor [38]. Silicon is used because it can be grown as an extremely pure crystal. [39]
The silicon wafers allow more control on the electronic properties by cutting along a specific
crystalline orientation as electron transport through silicon is anisotropic [38].

Often however the proposed chip is smaller than the wafer. In this case the wafer can be cut
to the desired size using a scribing tool. For rough resizing this can be done by hand. A small
cut is made at the edge of a wafer and it is then snapped along the small cut. Alternatively, a
diamond tip can be used in combination with a microscope to make extremely precise cuts.

4.2 Imprinting the design

Before fabrication of the chip can begin, the design has to be "imprinted’ on the wafer. The first
part of the design is called the base chip.

19
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Figure 4.1: An example of a base chip design. This one in particular was part of the first
generation of devices made by Kasper Kirkholt for his thesis. The red squares on the outer edge
serve as bonding pads to connect the chip in the cryostat. From these bonding pads metallic leads
head towards the area where the nanowire and eventually the device will be located. The change
of color is just a stylistic choice and does not indicated a difference in material. This area is
highlighted in the zoomed-in cut-out and is surrounded by gold coloured alignment marks, used
to align several fabrication instruments. Unfortunately the resolution is a bit low, which is a
limitation of the software. This base chip design has a total of 8 deposition areas.
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The base designs used to create nanowire devices, such as the one shown in Fig. 4.1, typically
have several common features. The relatively large red squares on the outer edge in Fig.4.1
serve as bonding pads. The pads will consist of a slab of metal, which will make contact with the
leads in the cryostat to connect the device to all the instruments. From the bonding pads thin
leads propagate towards the area where the device will be. This area is inside the yellow pluses
in the zoom-in of Fig.4.1. These leads move all the way to surround the nanowire deposition
area to make it easy to connect to the electrodes and gates of the device, linking them up to the
measurement setup.

There are multiple ways of imprinting a design on the wafer. Most are based on the principle
of lithography. Personally I have had experience using LED lithography where a photo-reactive
resist on the wafer is exposed to a LED light source.

In LED lithography a few drops of a photo-reactive resist are placed on the wafer. It is then
placed on a spinner to evenly distribute it across the surface. Soon after the chip is placed in
an LED exposer, in our case an Heidelberg LED writer. This instrument is able to follow the
design precisely with a high power LED light source that exposes the photo-reactive resist. The
exposure to the LED light enables the resist to become soluble to a specific chemical called a
developer. When the chip is submerged in the developer, the soluble resist washes away and an
imprint of the design is left in the remaining resist as shown in Fig.4.2. This type of resist is
also know as a positive resist. [40] For a negative resist, The exact opposite process happens and
the unexposed areas will dissolve instead.

A more common option to forge the design is using e-beam lithography. The fundamentals are
the same, with a resist coating, typically PMMA, on top of the wafer. A high energy electron
beam then writes the design into the resist analogous to the LED writer. This exposes the resist
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and allows it to be removed from the chip and leave the design imprinted on the wafer. Besides
e-beam and the LED exposure, the same principle can be applied using ions or x-rays to etch
away a resist.

Radiation (UV, e~, X-ray, ions)

i

e
Wafer
o Aterdecopins

Positive resist Negative resist

Figure 4.2: The difference between a positive and a negative resist. Radiation, usually UV or an
electron beam, hit the resist and exposes it. With a positive resist the exposed area dissolves in
the developer and leaves a troth behind. A megative resist is the opposite, with the exposed resist
becoming insoluble to the developer.

After exposure the chip is generally ashed for a short time. This is in order to remove any
residual resist that may not have fully been dissolved, which can cause the metal to not deposit
properly onto the wafer. The chip is placed in the ashing chamber under a Faraday cage. An
oxygen plasma will fill the vacuum chamber, oxidising the resist, which is then pumped away,
leaving clean troths. The process is showcased in Fig. 4.3

Troth with residue resist Cleaned troth
Wafer Wafer
Before ashing After ashing

Figure 4.3: The result of ashing to clean the troths. The exposure of the design is not always
perfect and some resist may not have dissolved in the developer, leaving a thin layer of residue
resist in the troth. This is a problem since the metal will not deposit directly on the wafer. Ashing
cleans the thin layer away by oxidising the resist with a oxygen plasma, removing a uniform layer.

4.3 Metal deposition

With a smooth imprinted design the chip is ready for metal deposition. One way is using an
e-beam evaporator, in our lab we have several AJA instruments inc. systems. The chip is placed



CHAPTER 4. FABRICATION 22

in a ultra high vacuum chamber. A high energy electron beam then hits a sample of metal
positioned inside the chamber. The electron beam melts the metal and the metal molecules are
thrown into the vacuum chamber and subsequently land on the chip. The metal forms a fairly
uniform layer over the entire chip. When the metals are all deposited to their desired thickness,
the chip is removed and the lift off process can start.

An alternate way is sputtering where instead of a e-beam a plasma, usually argon hits a target
and kicks out a few atoms at a time towards the device. Sputtering is especially useful when
wanting deposit compounds or mixtures that would typically deposit at different rates in e-beam
lithography.

Molecular beam epitaxy (MBE)is another option when a lot control is needed. MBE enables the
deposition of one atomic layer at a time by directing slow streams of elements at the chip.

Lift off is similar to the developer dissolving the resist described earlier. The chip is submerged
in a chemical which allows the resist to release from the chip, taking with it the metal deposited
on it. The metal deposited straight on the wafer in the troths will stick leaving the metal in the
shape of the design behind. The result of metal deposition and lift-off is detailed in Fig.4.4. The
resulting chip is called the base chip.

Metal
Wafer I

Before metal depsostion After metal depsostion After Lift off

Figure 4.4: A schematic of the chip during metal deposition and lift-off. Metal is deposited
uniformly on the chip, landing both on the resist and the wafer. During the lift-off process the
resist will release form the chip leaving just the metal that was directly deposited on the wafer.

4.4 Nanowire deposition and contact

With the design now imprinted in metal on the wafer the nanowire can be deposited. One way
is using a micro manipulator. This instrument uses a small needle, around 0.1 to 0.25 pm thick
at the tip, to grab a nanowire grown on a separate growth chip and drop it in the desired area
of the wafer. The benefit of using this method is that many different types of wires can be used,
even on the same chip. However it is very tedious and slow, with many wires failing to drop or
break apart during deposition.

Instead one can choose to grow a large selection of nanowires directly on the chip. When a suit-
able wire is located the device is fabricated around this wire. Another option is placing a catalyst
inside the fabricated base chip and instigating nanowire/tube growth, which can then be con-
tacted with a second deposition step. This cuts down on the search of finding a suitable nanowire.

After the base design is built and the wire is in position, a second lithography step is done to
contact the nanowire. The process is the same as in the first step, although now the design of the
electrodes and gates is made based on the location of the wire. Generally, before the nanowire is
contacted, an oxide layer on the wire has to be removed. As the nanowire is exposed to the air
during fabrication, an oxide layer will grow on it, which can hamper the metal-wire contacts. Via
a process called milling, the layer is removed right before the contact metal deposition. Milling
involves firing ions, generally argon, at the sample to sputter away the oxide. With the wire
successfully contacted the device is finished.
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The finished device is then placed in a probe station where the conductivity of the device is
tested. This is necessary as it is very time consuming and pointless to place the device directly in
the cryostat when it is unknown if the fabrication has been successful. In the probe station the
electrodes are connected and a current is run through the device. Devices with good conductivity
can be placed in the cryostat.

4.5 The device used in this thesis

Figure 4.5: The design of the device used in this thesis. It has the typical Cooper pair splitting ge-
ometry, with a superconductor in the centre, indicated in purple, and two normal metal electrodes
at the edges (the blue rectangles entering the image from the top), connected by a InAS nanowire.
The superconducting contact is made of Al/Ti (95 nm / 5 nm) and contact the nanowire over
a 100 nm wide section. The normal metal electrodes consist of Au/Ti (90 nm / 5 nm) The 5
nm titanium layer serves to improve the contact of the electrodes with the wire. Between the
two normal electrodes are 15 Au/Ti (12 nm/ 5 nm) bottom gates separated by a 24 nm layer of
hafnium oxide serving as the dielectric barrier between the wire. image 3.8 from AJthesis

The device used in this thesis was fabricated by Anders Jellinggaard during his PHD thesis.
[41] [34] The design used for the fabrication is shown in Fig. 4.5. The device was built on a 100
mm wide and 500 pm thick heavily doped silicon wafer. The wafer is capped with a 500 nm
thick layer of Si05. The superconducting contact consists of a 95 nm thick layer of the supercon-
ductor aluminium on top a 5 nm thick layer of titanium. The titanium layer helps improve the
contact with the nanowire. The contact with the InAs nanowire, indicated by the black line in
Fig.4.5 is 100 nm wide. The wire has a diameter of 70 nm. Under the superconducting contact
there is one bottom gate used to tune the potentials inside the superconductor and the inter-dot
coupling. This gate is referred to in the experiment as gate 8. The gates are represented by
the thin green lines in Fig.4.5. The bottom gates are made of a 12 nm thick layer of gold with
a b nm layer of titanium to aid the contact. A 24 nm thick hafnium layer acts as the dielec-
tric barrier between the gates and the wire, ensuring that the gates are only capacitively coupled.
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There are two normal leads on either side of the superconductor. In Fig.4.5 these are the
two thick blue lines coming down from the top of the device. They consist of a 90 nm layer of
gold on top of a 5 nm layer of titanium. Between each normal lead and the superconductor are 7
bottom gates. These are equidistantly placed in a 330 nm wide section below the nanowire. As
a result there are in total 15 bottom gates capable of manipulating the electrical environment of
the device. The 7 gates on the left side are referred to as gate 1-7, the right side as 9-15.
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Figure 4.6: A simplified schematic of the device, with the normal and superconducting electrodes
and the 15 bottom gates indicated. The location of the gates is crucial in deciding their role in
the measurements. Gate 4 and 12 are both in the center between the electrodes, right underneath
the centre of the dots. Therefore these gates are used as plunger gates, moving the resonances in
the dots. Gates 2, 6, 11 and 14 are used to tune the strength of the coupling of the dots with the
electrodes. Gate 11 is used instead of gate 10 because gate 10 was found to be unstable.

A simplified schematic of the device is shown in Fig.4.6. The gate locations are important
as they indicate what the gate can tune. When the device is cooled two quantum dots will form
on each side of the superconducting electrode. Gate 4 and 12 are located close the the centre
of these dots and therefore are used as the plunger gates, which will tune the resonances of the
dots. The coupling to the normal electrodes is tuned using gate 2 and 14. These gates are close
to the edge of the dots and thus should have the greatest effect on the coupling strength. Using
for example gate 3 or 5 will also have a fairly strong effect on the resonances in the dot while
using gate 1 or 15 will affect the electrodes too much. When tuning the coupling between the
dot and the superconducting electrode, gate 6 and 11 are used. Gate 6 is located close the dot’s
edge as gate 2 and 14. Gate 10 would be a better option to tune I'gp with, but it was found to
be very unstable and therefore gate 11 was used instead.

There are two additional Au contacts fabricated adjacent to the two normal leads. In Fig. 4.5
these are represented by the blue rectangular-like shapes on the outer edge of the device. Under-
neath the 200 nm wire segment there is a additional bottom gate. These contacts are coupled
capacitively to the main device through flouting gates and can be used as sensor dots. However
they were not used in this thesis. The full recipe for the fabrication of this device can be found
in [41].
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Method

As superconductivity is necessary for a working CPS, the device must be held at ultra cold
temperatures. To achieve this, the Cooper pair splitter is placed inside a cryostat, where it is
cooled to about 40 mK. The cryostat is connected to the instruments and the control computer,
where the data is processed and analysed. This chapter will discuss the instrument set-up, with
a description of the use of each instrument.

5.1 Instrument setup

The cryostat used in the experiment was an Oxford instruments Triton 200 system. Triton 200
is a cryofree dilution refrigerator capable of ultra low temperatures down to 20 mK. It uses a
mixture of 3He and *He as its cooling agent. The cold parts of the system are enclosed by a
vacuum chamber, which includes the sample. The device is connected to the electrical circuit in
the cryostat via the bonding pads on the device. These wires first pass through a set of filters
before reaching the breakout box, which is outside the cryostat. The breakout box serves as the
connection to the cryostat for the instruments. Each wire inside the cryostat is connected to an
output on the breakout box, e.g to put a voltage on a specific bottom gate, a bias has to be
set on the output. The breakout box is isolated from ground and care must be taken to ensure
that all incoming signals are isolated as well to minimise the noise and avoid ground loops. The
cryostat is suspended from the ceiling using a specially designed frame to minimise the effect of
vibrations. This cryostat also had an internal 8-3 T magnet to apply a magnetic field around
the device during ultra cold temperatures.

Intuitively, the conductance through the dots is able to be measured using a simple 2-terminal
measurement as shown in Fig.5.1. A voltage is applied on the superconducting electrode. This
voltage will induce a Cooper pair splitting current to the normal electrodes which will be mea-
sured by instruments connected to the normal electrodes.
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Figure 5.1: A setup of a 2-terminal measurement of the Cooper pair current. The source generates
a AC+DC current on the superconducting electrode, which will induce a Cooper pair splitting
current through the dots. This is measured by the current measurements on the normal electrodes.
Filters in the cryostat prevent this type of measurement setup

Unfortunately, filters in the cryostat prevent the use of a 2-terminal setup. The filters in-
troduce a resistance in the lead, making the source bias unable to be used as the voltage drop
across the dots. Instead a 4-terminal measurement is needed to extract the conductance through
the normal electrodes. A schematic of such a setup is shown in Fig.5.2. The setup consists
of three groups of instruments which are color coded. The red group applies the bias to the
superconducting electrode as in the 2-terminal setup. The blue group measures the current in
the normal metal electrodes as before. The new green group measures the voltage drop across
the dots. As a result each electrode now has two connections.



CHAPTER 5. METHOD 27

AG+ DC

pl

Figure 5.2: A j-terminal measurement setup to measure the CPS conductance. The color code
refers to the task of the instruments. The red group is the source from Fig. 5.1 and the blue group
the current measurements. The new green group measures the voltage drop across the dots. This
setup is the one used in this experiment.

The full experimental setup is displayed in Fig.5.3. The color code from Fig. 5.2 is also used
in this figure, indicating the task of the instruments.
The bias is generated in the red group by a Stanford research SR830 lock-in amplifier and a
Harvard instruments 16 bit digital-to-analog converter (DAC) output resulting in a combined
AC and DC source voltage. It has the added benefit of reducing noise as the signal is generated
and measured at a signal frequency. The lock-in amplifier generates a voltage at 121 Hz. 121
Hz is chosen since it was not near any ground loop harmonics. Its signal is first passed through
an isolator to remove the signal from ground and then divided by a factor of 10000. This is
necessary to get the signal to the relevant energy scales of ~ K,T. Afterwards the AC signal
joins up with the DC signal and connects to the break out box, which then connects it to the
superconducting electrode. The DC signal is outputted from a DAC output. The DAC is con-
nected to the computer from which a DC voltage can be set, after which it passes through a
voltage divide set to 1000:1. This brings the DC signal to an appropriate resolution of 300 nV
with which to modulate the AC signal.

The bottom gates of the device are all connected to the DAC via the breakout box. Each
gate is connected separately by a wire to its own DAC output. In Fig. 5.3 these wires exiting
the cryostat are represented by a single wire. Similarly to the DC signal, a voltage can then be
selected on the computer to run through the gates. The plunger gates of this device, gate 2 and
4, have an additional connection. This extra connection divides the DC voltage by a factor of
200 to enable a higher sweep resolution of these gates when needed. To ensure that the noise is
kept to a minimum, every connection of an instrument to the PC is first converted to an optical
signal from a GPIB connection and then back to a GPIB. This ensures that the instruments
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remain isolated from ground.

The blue instrument group measures the current on the normal electrodes. Each normal elec-
trode is connected via the breakout box to a NF instruments LI-75A pre-amplifier. The gain on
the amplifiers is set to 10%. The signal is then connected to a Agilent 34401A digital multimeter
(DMM) and a SR830 lock-in amplifier. The DMM and lock-in amplifier measure the current
through the dot and are both connected to the PC which reads the signal.

The green instrument group measures the voltage across the dots. The two normal electrodes
connect to a DL instruments 1211 voltage amplifier which is set to amplify the signal by a factor
of 100, necessary to make the signal readable by the instruments. To these amplifiers the lead
from the superconducting electrode connects as well, after it splits into two. The voltage on
the electrode is compared and the signal from the amplifier then leads to HP 34401A DMM’s
and a SR830 or Princeton apllied research 5210 lock-in amplifier which measure the AC and DC
voltage drop across the dots.

The computer processes all the data from the instruments via an analysis program written
in Matlab by Anders Jellinggaard. At each measurement the computer collects the data from
all the instruments in the left dot, the right dot or both. The program then enables the user to
select from a menu which images are to be generated, e.g a AG or n plot. All images in thesis
thesis are generated using this custom program.






Chapter 6

Results and Discussion

In this chapter I will present data collected on the Cooper pair splitter device and discuss the
result and observations made. The data was collected in two steps. Firstly, measurements were
taken to determine the parameters of the dots, needed to check if the device met the ideal Cooper
pair splitter requirements. Afterwards the couplings strengths were measured to determine the
regime of each dot. Finally the non-local signal is measured. Initially just one peak crossing is
investigated to explore the nature of the AG signal. Then 32 peak crossings are investigated
giving an unprecedented picture of the non-local behaviour.

Secondly, the bottom gates on the device are used to tune the coupling strengths. The relevant
bottom gates are first used to find the voltage at which the quantum dot changes regime. Having
mapped out the gates, the non-local signal is measured while the device is brought to several
different configurations, including the ideal configuration as suggested by the theory. Visibility
is generally used to compare the effectiveness of a regime, with a high visibility being desirable.

6.1 Detection of the non-local signal

With the working device inside the cryostat, large range sweeps of the source-drain voltage,
(Vsp), against the plunger gates are done to find well conducting regions of the quantum dots.
These are area with high conductance and well defined Coulomb peaks. With these regions found,
smaller range sweeps are taken only including a few Coulomb peaks. The bias spectroscopy plots
allow for the investigation of the Coulomb diamonds and with it, the parameters of the dots,
such as U, and AF, can be determined.

31
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Figure 6.1: The bias spectroscopy of the left (a) and right (b) quantum dots. Gate 4 and 12 are
the plunger gates of the dots. The plots were both taken with the device in the superconducting
state at T = 40mK with B = 0. A Coulomb diamond in the right dot has been highlighted
by a solid yellow line. The dashed yellow line indicates the first exited state, starting from the
diamond at a height AE. The blue parameters refer to the values that can be extracted from the
Coulomb diamond.

In the bias spectroscopy plots of both dots from Fig.6.1 a Coulomb diamond is visible, al-
though the left dot is not as clear. This means that quantum dots have formed on the wire
and that they are in Coulomb blockade. From the Coulomb diamonds several parameters can be
extracted. The Coulomb diamond has been highlighted on Fig. 6.1 in yellow. Firstly the charging
energy of the dots, U,, is determined by looking at the height of the Coulomb diamonds, h, via the
relation h = Q‘J’;ﬂ. Figure 6.1b these parameters highlighted in blue. Starting with the right
dot, the height of the diamond is 1.7 mV. AF, the energy level spacing, is 0.4 mV. This value
also contains the energy gap A, which is around 120 mV. This can more clearly be seen later
when zooming in on the gap, especially in Fig. 6.2d. Lastly, using the height determined earlier,
and the width of the diamonds, the gate factor is calculated via ay, = ﬁ = %7 = 0.089. This
parameter is useful for analysing the coupling strengths later. The same process is done for the
left dot giving the results shown in Table 6.1.

Parameter | Left dot | Right dot
U. 1.5 mV 1.3 mV
AFE 0.7 mV 0.4 mV
@ 0.073 0.089

Table 6.1: The extracted parameters of the dots from the bias spectroscopy in Fig. 6.1.

The measurements are all done at a temperature of 40 mK where the thermal energy is
kyT = 3.5 neV. A successful Cooper pair splitter needs to have a thermal energy well below the
energy scales of the device. Table 6.1 confirms that this is the case. The charging energies and
AE are of the same order as other nano-electronic devices. Along with the fact that there is
little difference between the two dots, this all points towards a successful fabrication.

The next goal is to look closer at what happens inside the gap at low source bias to inves-
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tigate the sub-gap states. The plunger gates on both dot will be swept across 0.1 V and the
conductance measured at constant Vgp = 0 V. This will provide a picture of both the shape
and size of the Coulomb blockade peaks. Additionally, sweeping in normal state as well will give
the opportunity to investigate the coupling strengths of the dots with the normal and supercon-
ducting metal electrodes.

Secondly, a bias spectroscopy is made over the same plunger gate range. This is to get a more
complete view of the coupling and electrostatic environment of the device. The results of the
measurements are shown in Fig. 6.2.
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Figure 6.2: (a) and (b) show the conductance in the normal and superconducting states plotted
against the plunger gates of the respective dot. Both plunger gates were swept over a range of
0.1 V. The peaks that will be investigated further have been given a label shown in red on the
two figures. L refers to the left dot, R to the right. (c) and (d) shows the bias spectroscopy
taken in the superconducting state. The z-axis is the same as the 1D conductance plot above.
As a result (a)and (b) can be interpreted as taking a cut through (c) and (d) respectively in the
superconducting state at Vgp =0 V.

Figure 6.2 shows many differences between the two dots. The left dot in Fig. 6.2a shows that
the normal state conductance is fairly equal to the superconducting state with exception of L1.
This is in contrast with the right dot in Fig. 6.2b where for all peaks the normal state is larger.
This suggests that the right dot is less strongly coupled. Both dots do display a slight asymmetry
in the peaks by having a slight tail on one side, although the right dot displays this much clearer.
This is likely due to the fact that the peaks on the right side are much sharper, even in normal
state. The peaks in the normal state on the left dot only get ”fatter”. Along with the higher
magnitude of the conductance in the left dot this reaffirms the belief that the left dot is more
strongly coupled.

Another difference is the non-zero conductance in the normal state on the left side. This
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points towards additional transport processes occurring such as co-tunnelling.

Looking at the bias spectroscopy in Fig. 6.2c and d the difference between the dots becomes
even clearer. Many of the differences seen in the one dimensional plots can also be seen here.
The right dot has sharp peaks which extend over the whole Vgp range while in the left dot the
Andreev bound states are fairly smooth indicating a stronger coupling to the superconducting
electrode.

Most of these contrasts are due to the different way the dots are coupled to the metal elec-
trodes. This can be confirmed by analysing the strength of the couplings I'. Using the gate
factors of the dots obtained from Fig. 6.1 and the fitting method, the total coupling strengths of
the dots, where I' = I'y; + I'gr; with i = IV, .S, are obtained and shown in Table 6.2.

Peak number | Left dot (ueV) | Right dot (ueV)
1 1150 247
2 997 214
3 715 220
4 785 222

Table 6.2: The coupling strengths of the marked peaks in Fig. 6.2. The peak number refers to
which marked peak was measured, e.qg. peak number 1 refers to L1 in the case of the left dot or
R1 for the right dot.

The total coupling strengths show that indeed the left dot is more strongly coupled than
the right dot as was implied by the observations. The strength of I' also obeys the AE > T’
requirement to minimise entanglement loss in the dots. The fitting program also returns the
strength of I'y and I'g of both dots which are displayed in Table 6.3.

Peak number | T'pny(ueV) | Trs(ueV) | Try(ueV) | Trs(ueV)
1 387 762 209 37
2 259 737 170 44
3 223 491 149 71
4 393 393 132 91

Table 6.3: A breakdown of the supposed coupling strength of each dot with its electrodes. N refers
to the dot coupling with the normal metal electrode. S refers to the coupling with the supercon-
ducting metal electrode. The peak number shows which peak marked in Fig. 6.2 is analysed. Peak
4 on the left dot shows equal coupling strengths. This occurs when the fitted Coulomb peak is 1
% or larger. The Lorentzian approzimation introduced in section 3.3 can only account for this
by setting 'y =T's.

Unfortunately when extracting the values it is unclear which is I'y or I's. This must be
decided by looking at other features. The right dot is fairly clear. The very steep peaks indicate
a weak I's coupling. Therefore it is safe to assume that the Iy is dominating. The left dot is
not as clear, but for now the I's has been assigned as the largest. This will be confirmed later
on when tuning the left dot.

In an ideal Cooper pair splitter it is beneficial to keep I' < A. Table 6.3 shows that the right
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dot is close to A but the left dot is significantly above. This can be addressed by tuning the
coupling strengths.

After getting a good idea of the status of both dots, it was time to measure the non-local
signal. In order to detect a non-local signal, conductance peaks in both dots have to be aligned
with the Fermi energy in the superconductor. In this case the peaks marked L3 and R4 in
Fig. 6.2 are aligned by manipulating the plunger gates. Then, in order to entice a current flow
through the dots the source voltage is set to —40 pV and 40 pV. This is still well within the
energy gap of A = 120 pV but large enough to give a strong current through the dot obeying the
eVsp < U, A requirement for a successful Cooper pair splitter. Measuring at both positive and
negative bias will allow for the observation of a non-local current running in both directions. A
two dimensional map of the non local conductance or AG is created by sweeping the two plunger
gates. This two dimensional picture not only gives the magnitude and peak shape of AG, but
also the position of the signal relative to the conductance peaks of the dot. The results of this
first measurement are displayed in Fig. 6.3.
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Figure 6.3: (a) and (b) show the Coulomb peaks of L3 and R4 respectively at Viource = —40uV
when the two plunger gates are swept simultaneously. The black line is a trace of the peak at
that position. (c) and (d) show the AG or non-local signal at Viource = —40uV at the peak
intersection of the two Coulomb peaks in (a) and (b). The black arrow indicates where the trace
was taken. The traces shown are an average of 5 traces around the position of the arrow. (e) and
(f) show the the non-local signal at Vsource = 40uV . The traces on the AG are all normalised.

A non-local signal is detected according to Fig.6.3. Figures (a) and (b) show the Coulomb
peaks in the left and right dot respectively. Since the resonances in the let dot are moved by the
plunger gate 4, and the right dot by plunger gate 12, the peaks in the left dot appear vertical
and in the right dot horizontal. Both the left and right dot show a non-local conductance in both
bias configurations (c¢)-(f). For every point on the local plunger gate axis, a computer algorithm
calculates the mean of the conductance in a line parallel to the local conductance peak. It then
subtracts the mean from the measured total conductance to detect conductance contributions
from the non-local peak, giving AG. A result of this method is that the noise shows up in parallel
lines, seen clearly in the left dot in Fig.6.3c and d.

The signal consists in all cases of a positive and negative peak next to each other. The left dot
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appears to give much clearer signals with (¢) and (d) showing two peaks at the peak intersection
area.. There is much less noise than the right dot, where the signals are harder to distinguish.
Figure 6.3d and f show the non-local conductance of the right dot. Both plots deal with an
artefact of the image generation causing a horizontal divide running through the middle of the
image and leaving strong positive and negative signals that switch when they reach the centre.
This makes it hard to detect the non-local signals. The AG signals are identified by looking for a
peak that slightly extends outwards from the noise and is located close to the peak intersection.
The noisiness could be attributed to the significantly more strongly coupled left dot being better
at letting current through.

All images in Fig. 6.3 are accompanied by traces. An arrow on the plot indicates where the
trace was taken. The traces of the non-local conductance in Fig. 6.3c-f are also shown in Fig. 6.4.
The positions of the plots are analogous to the position in Fig.6.3. The traces shown in black
are averaged over 5 traces shown in light gray. There appears to be a slight offset of the main
trace most clearly seen in Fig.6.4a. The reason is likely that the main traces are not a direct
average from the gray traces, but taken from a 2D plot that automatically averages the 5 nearby
traces. The algorithm might have inadvertently induced a slight offset. The magnitudes of the
peaks do seem correct however along with the width of the signal.

The most notable effect of the bias is that it switches the positive and negative peaks around,
seen clearly when observing the traces in Fig. 6.4, and occurs in both the left and right dot. This
is not a surprising result, as switching the bias will naturally switch the direction of the current
as well. Lastly the magnitude of the non-local signal is not equal when the bias is switched. It
is not unreasonable to expect this as the bias is the same absolute value, however this is likely
due to the fact that the quantum dot conductance is not perfectly symmetric.

A similar result was found in schindele et al. in 2014. [42] The group measured the non-local
conductance of a Cooper pair splitter device and observed a positive-negative peak pattern iden-
tical to the ones observed in Fig6.3. The switch between negative and positive peaks occurred
when the ground state of the superconductor changed from a doublet to a singlet and vice versa.
Using this for the plots in Fig. 6.3c-f the occupation of the ground states can be determined. For
both negative and positive bias, the ground state starts as a singlet and transitions to a doublet
as the plunger gate is increased. Looking back at the bias spectroscopy of the left dot in Fig. 6.2¢
this is reinforced by the shape of the ABS states, with the L3 peak separating a large and a small
ellipse. The odd occupation generally has smaller amplitude. They also observed a sign chance
of the peaks when the bias was reversed, analogous to the results observed here. To describe this
phenomenon they used a rate equation model, on which more information can be found in [42].
The paper only limited itself to the measurement of non-local conductance through one dot. Here
a simultaneous measurement on both dots can confirm that they both dots display this behaviour.
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Figure 6.4: The averaged traces from Fig. 6.3 are shown in black. The grey lines are the measured
traces from which the average trace was taken. The position of the plots is analogous to Fig. 6.3.
The value of the plunger gate from the other dot is noted on the plot along with the value of Vsp.

Before moving on to measure the non-local signal on more peak intersections, it is vital to
test the obtained signal and ensure it is not an artefact. The signal was therefore measured with
an increasing magnetic field. A high enough magnetic field will destroy the superconductivity of
the aluminium contact and revert to the system back to the normal state. In Fig.6.5 the non-
local signal of L4 and R4 is shown with an increasing strength of the magnetic field. The signal
disappears at around B = 80 mT showing that AG is indeed due to S-state related transport
such as the transport of Cooper pairs. The L4 — R4 intersection was chosen as it had one of
the clearest signals. This test was performed on several other peaks and the non-local signal
disappeared at around 80 mT for all investigated intersections.
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Figure 6.5: The non-local signal of the L4 — R4 intersection with increasing magnetic field. The
signal degrades slowly until it can vaguely be seen at 60 mT (c). At 80 mT (d) it has completely
disappeared, confirming that the observed AG peaks arise from the superconducting effects.

Now that the signal appears real, the rest of the peaks marked in Fig.6.2 are ready to be
investigated. The non-local signal AG was measured in the same way as in Fig. 6.3, meaning
the signal in the right and left dot was measured at both a Vgp = —40 nV and Vsp = 40V pV.
This was done for every peak intersection. The resulting sixty four plots are laid out in Figs. 6.6
to 6.9. The figures had to be displayed sideways to ensure the individual plots were visible.

Figure 6.6 shows the non-local conductance observed in the left dot at Vgp = —40 pV for
all peak intersections. The plot with the highlighted border is the same as Fig. 6.3c. The signal
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observed there is seen is the remainder of the plots in the same column, with identical peak
patterns. The signal is weaker in the L1 column and L2 shows no to very weak non-local con-
ductance. Column 4 shows a long positive peak instead, different from the others.

Figure 6.7 shows the right dot at Vgp = —40 pV. The highlighted plot is identical to Fig. 6.3d.
The peaks that were hard to detect in that plot are clearer in the other rows. This confirms that
the signal observed in Fig.6.3d was due to non-local conductance. All plots have peaks with
similar intensity except for the top row, whose signals are not that obvious. The R2 row has
similar behaviour to the L4 column in Fig. 6.6, showing only a positive peak.

The left dot at positive voltage in Fig. 6.8 shows strong signals, especially in the L4 column.
As the highlighted plot from Fig. 6.3e suggested, the peaks have changed sign. The L4 column
now does not show a single peak any more but instead displays the positive-negative peak com-
bination observed in all the other signals.

In contrast the signals in the right dot at Vgp = 40 nV in Fig. 6.9 shows weak signals. Only
the R4 and R2 rows display observable peaks. Similar to the L4 signals in the left dot, at positive
voltage the R2 row now displays positive and negative peaks as opposed to the single positive
peak at Vgp = —40 pV. Overall the right dot is plagued by noise a lot more, making the signals
hard to observe.

The non-local signal is in Figs6.6 to 6.9 are very dependant on the local conduction peak,
meaning in the left dot, AG depends strongly on the resonances in the left dot. It appears the
non-local conductance is only weakly dependent on the non-local resonances.

To get a better idea of the non-local signals, the visibility, n = A—GG, is measured for every plot
from Figs. 6.6 to 6.9. The acquisition software creates a 2D plot of the visibility by calculating
7 at every point in the AG plots. The value chosen for the visibility is the maximum value in
the area of the peak. A value of 0% means there was no visible  peak or that the peak was
not clear and inside the noise range ~ 2%. This is therefore also assigned as the uncertainty on
7. The errorbars are not added to Fig.6.10 as this made the plots to cluttered and unreadable.
Most plots contain two peaks, a negative and a positive peak. The visibility was determined
for both peaks. The results are reported in Fig.6.10. The x-axis in these plots are the reso-
nances of the right dot, while the data points are organised by the resonances of the left dot.
This means that for example the data point of the L1 peak at R = 1 reflects the visibility of
the L1 — R1 intersection. Each intersection has two points, one for the positive peak and one
for the negative peak which is reflected by the positive and negative visibility values in the graph.
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Figure 6.10: The wvisibility of the non-local signals detected in Figs. 6.6 to 6.9. (a) and (b) show
results of the AG signals measured at Vsp = —40uV on the left and right dot respectively. The
plots contain the visibilities of both the positive and negative signals detected. (c) and (d) present
the findings of the left (c¢) and right (d) dots at Vsp = 40uV . The z-axis shows the peak number
of the right dot. As such, A value of L1 on the R1 axis represents the visibility of the L1 — R1
peak intersection. The visibility has an error of 2% but the errorbars are not added on the plots
as this made them to cluttered and unreadable.

The visibilities of the non-local conductance in Fig. 6.10 show very varied results between the
different dots. The visibilities in the right dot (Fig.6.10b and d) show a strong dependence on
the resonances in the right dot, in accordance with the observations made in Figs.6.6 to 6.9.
At negative bias in Fig.6.10b, the R1 and R3 peaks have a consistent stronger 7 then R2 and
R4, whereas at positive bias in Fig.6.10d this is reversed in the extreme sense, with R1 and R3
showing no visibilities. The right dot is also responsible for the highest observed visibility, in
both the positive peaks and negative peaks. This is likely due to it being in a more optimal split-
ting regime than the left dot as observed in the bias and conductance measurements in Fig. 6.2.
However it is rather surprising that there is no negative AG Fig.6.10b at all even though the
negative peaks in Fig. 6.6 were not all that strong. In agreement with previous observations there
is also no strong dependence on the resonances of the left dot, with the data points in Fig. 6.10b
and d being fairly close to each other.

The left dot (Fig. 6.10a and c¢) shows the visibilities being strongly dependent on the resonances
of the left, with the data points spread out. It also shows a weak non-local dependence as
in the right dot with the magnitudes of the resonances varying only slightly. In addition, the
left dot has more total observed visibilities but they occur in a smaller range. Similar to the
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right dot, the negative signal are less clear with a maximum of —7+2% to a maximum of 16+2%.

To get a clearer picture the magnitude of the visibility is mapped out in Fig.6.11.

40 y ‘ ‘
Il Positive visibility
35 Il Negative visibility |

occurence
N
o

15
10
5
0% 1-5% 6-10% 11-15%  16-20% 20+%
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Figure 6.11: The wvisibility of the peaks has been organised and categorised into groups. The
figure shows the number of times the value of the visibility has fallen into one of the categories.
It illustrates the disparity between the positive and negative signals, with the negative signal being
far less successful. It also shows the large number of peaks which showed zero wvisibility. The
highest observed visibility was 23 %.

Fig.6.11 shows clearly the weak negative signal, with 40 of the 64 total negative peaks re-
sulting in a visibility of 0%. The positive signals have a wider spread, with the 6 — 10% category
having the highest occurrences.

6.2 Tuning of the non-local signal

With the detection of a non-local signal it is time to tune the coupling of the dots. The device
has 15 bottom gates but initially only gate 2,6, 11 and 14 are used to tune. Gate 2 (g2) controls
the coupling between the left dot and the normal electrode, I'yy,. The tuning of this gate is
showcased first, with a description of the method of tuning. The other gates are not shown,
but were tuned in the same way. Gate 14 (gl4) controls the normal electrode coupling on the
right dot I'yr while gate 6 (g6) and gate 11 (gl1) control the coupling to the superconducting
electrode I'g;, and I'gi respectively. Gate 10 is in a better position to tune I'gg however it was
found to be unstable and very slow so instead gate 11 was used.

The coupling is tuned by applying a voltage on the tuning gate. In the case of gate 2, it’s
voltage was changed from 0 V to —0.55 V with steps at —0.3 V and —0.45 V. When adjusting
the voltage on the coupling gate however it also slightly shifts the quantum dot resonances due
to the proximity to the dot. Therefore it is necessary to adjust the plunger gate, in this case
gate 4, to follow the resonances. This is illustrated in Fig.6.12, where the peaks can be seen
moving diagonally as gate 2 is lowered. When gate 2 is tuned the peaks in the dot are tracked.
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This is the blue line in Fig. 6.12 which follows between L1 and L2. This is necessary to find the
gate 4 value needed to image the same peaks as before. It is important to image the same peaks
as the differences in the electrostatic potential in the dots can be observed in 1D conduction
and bias spectroscopy plots such as in Fig.6.2. The peak shape of the Andreev bound states
observable in these type of plots indicate the coupling regime. When the dot switches regime,
e.g from I'y > T'g to 's > I'y, it will be visible in these images. Figure 6.12 also shows when a
peak gets less intense or narrows, already giving clues as to the changing shape of the ABS states.

After the tuning of all the gates the values needed to bring the device to any configuration
are known. This was used to measure the non-local signal in several different regimes. The goal
is to confirm whether the efficiency of the non-local conductance in tunable and, if so, is the
highest in the ideal regime and if there is any significant transport in other regimes.
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Figure 6.12: A tuning overview of the tuning of gate 2 from 0 V to —0.3 V. When varying the
voltage on gate 2, due to its proximity to the dot, it also slightly affects the resonances, shifting
them similar to the plunger gate 4. Therefore it is important to track the peaks, shown here with
a blue line, to ensure that the same peaks can be imaged after the tuning is finished.

First the tuning of gate 2 is showcased. Gate 2 was varied from 0 V to —0.55 V with steps
at —0.3 V and —0.45 V. At each point the conductance was measured and a bias spectroscopy
of the left dot was taken. These are laid out in Fig.6.13. Additionally these measurements were
taken in the normal state with a magnetic field of B = 0.14 T to measure the coupling strengths,
shown in Fig. 6.14.
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Figure 6.13:  The conductance (a),(c),(e),(g) and the corresponding bias spectroscopy
(b),(d),(f),(h) of the left dot in the superconducting state as a result of the tuning of gate 2
(92) from 0 V to —0.55 V. The value of gate 2 is stated on the conductance plots but also applies
to the bias spectroscopy plots to the left. The conductance through the dot decreases rapidly until
the dot is practically pinched off at g2 = —0.55 V (g). Clear Andreev bound states start showing
up in the spectroscopy plot at g2 = —0.3 V, a sign that the T's coupling is strong (g).
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The conductance (a),(c),(e),(g) and the corresponding bias spectroscopy
(b),(d),(f),(h) of the left dot in the normal state as a result of the tuning of gate 2 (g2) from
0V to —0.55 V. The value of gate 2 is stated on the conductance plots but also applies to the
bias spectroscopy plots to the left. The conductance through the dot decreases rapidly similar to
observed in the superconducting state. A strange artefact occurred at the bias spectroscopy at
92 =0 V (b), which was found to be due to a low time constant of the bias lock-in.

Figure 6.13 shows clearly that I'y is being tuned. By increasing the negative voltage on the
gate the contact barrier will get larger and I'y smaller. The result is that the dot will move to-
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wards a I's > I'y regime. This is confirmed by the strong Andreev bound states which can clearly
be seen at g2 = —0.3V (Fig. 6.13d) onwards. The increased barrier results in a lower conductance
through the dot. Note the adjusted scale on the conductance plots from g2 = —0.45V (Fig. 6.13e
and g). At g2 = —0.55V the conductance through the dot is almost negligible showing that the
current through the wire has been effectively pinched off. This tuning shows that having gate 2
at —0.3V results in a I'g > I'y regime with relatively high conductance through the dot. Natu-
rally, gate 6 can still be adjusted to tweak the regime more or switch back to the opposite regime.

Fig.6.14 shows the measurements taken in the normal state. The drop in conductance seen
in the superconducting state is even more prevalent. Again note the adjusted y-axis on Fig. 6.14e
and g. The bias spectroscopy emphasises the low conductivity in the superconducting gap. At
g2 = 0V in Fig.6.14b an artefact blurs the measurement. The measurement was performed
twice and both times the artefact popped up. It was found to be due to the time constant on
the source lock-in and was resolved for future plots.
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Figure 6.15: The right dot in the superconducting state before (92 = 0V )(a)-(b) and after (g2 =
—0.55V ) (¢)-(d) tuning. The situation in the dot is completely unchanged after tuning gate 2.
This is expected as gate 2 should not have an effect on the electrostatic environment of the right
dot since it is positioned relatively far away.
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Figure 6.16: The right dot in the normal state before (92 = 0V )(a)-(b) and after (g2 =
—0.55V )(¢c)-(d) tuning. As in the superconducting state in Fig. 6.15 the situation in the dot
is completely unchanged after tuning gate 2. The artefact observed in Fig. 6.14b has returned in

().

Simultaneously the right dot was also measured. Figures.6.15 and 6.16 present the measure-
ments at g2 =0V and g2 = —0.55 V. They show that the situation in the right dot has not been
affected at all by the tuning in the left dot, showing that independent control of the quantum
dots is possible on this device. At g2 = —0.55 V in Fig.6.13g the left dot has been almost
completely pinched off. As a result the Cooper pair splitting would stop, causing a drop in the
total conductance through the right dot. However the measured AG at g2 = 0 V in Fig.6.13
was of the order of (0.04 %) compared to % of the G peaks. Detecting a drop in conductance
would require a specialised measurement as these plots are not precise enough to confirm the

nature of the non-local signal.



CHAPTER 6. RESULTS AND DISCUSSION

52

200 ©
2 1 * e > _—
3 3 o
2 = s
I » [ Total
10"} / 1 100 | 1
7 ! N
—~—5
/ Total
100 —{— : : : : - ————
06 -05 04 03 02 -01 0 -0.6 -0.4 -0.2 0
Gate 2 (V) Gate 2 (V)

Figure 6.17: The coupling strengths of the two dots during the tuning of gate 2 from OV to
—0.55V. The T values shown are the mean of the extracted values of the 4 numbered peaks in
each dot (L1 —4,R1 —4). (a) shows the evolution of the coupling in the left dot, (b) in the
right dot. (a) The decreasing S coupling in the left dot shows signs that the tuning of gate 2 also
weakly tuned U'gp,, while the increase is likely caused by the negative bias pushing the dot towards
the superconducting electrode. (b) The right dot, since it was untouched during this tuning, has
remained stable. This is a good sign as it shows that gate 2 has no effect on the electrostatic
environment in the right as was intended.

The peaks traced in the normal state were used in the analysis of the coupling strengths
shown in Fig.6.17. The coupling strengths in the tuned left dot are shown in Fig.6.17a. One
coupling decreases exponentially as the voltage on the gate is made more negative, as is ex-
pected. This has to be I'y as gate 2 is close to the normal electrode. I'pny being extremely
low at g2 = —0.55 V explains why the total conductance through the dot was almost zero in
Fig.6.13g. 'L s however, would be expected to stay approximately level, as it is not being tuned.
Instead it slightly increases and decreases again. An increase is not unusual, as a large negative
bias on gate 2 can push the dot towards the superconducting electrode. A decrease is often caused
by I's being affected by some of the potential on gate 2, tuning the coupling slightly as well. The
observed trace is likely caused by a combination of these two factors. The right dot in Fig. 6.17b
is completely as expected, with the coupling strengths staying constant. With gate 2 very far
from the right dot, it it is not affected by any of the tuning effects and remains in the same regime.

Using this tuning, the regime in the left dot, originally assigned in Table 6.2, can be confirmed
as it clearly shows that at g2 =0 V the dot is in the I'g > I'y regime.

After the tuning of gate 2, the other coupling gates were tuned in a similar fashion. All
the gates were tuned until a regime change was detected to allow for easy switching between
different device configurations. The non-local signal is measured in 4 different configurations.
The goal is to confirm whether the visibility and efficiency of the non-local signal in the ideal
configuration is the highest. At each regime a bias spectroscopy of the dots is shown, after which
a non-local conductance measurement at both Vgp = —40 pnV and Vgp = 40 nV is made for the
resonance crossing of L5 with R1. L5 was chosen as it turned out to be a more promising peak
after mapping out L5 to L8. Non-local measurements for 3 other peak crossings were also done
but are not shown.
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The measured configurations encompass the main regimes the dots can be put in. An overview
of the coupling in the configurations can be seen in Table 6.4. Firstly, the device was put in a
configuration where the superconducting electrodes are more strongly coupled. This regime is
optimal for the generation of ABS states and sub-optimal for Cooper pair splitting. Then the
right dot was brought to the optimal regime of I'y > I's while the left dot was left untouched.
After that the left dot was tuned to the same regime as the right dot to bring the device in the
most optimal configuration. Next the configuration was optimised after analysing the non-local
signals, to eventually try to achieve a highly efficient device. The fourth configuration kept the
same regime in the dots but involved opening up the tuning gates to increase the total conduc-
tance through the dots. Unfortunately a forced warm-up due to a cooling system renovation
cut the experiment short after configuration 4. An attempt was made to cool the device again
however the electrical environment was completely changed, making it impossible to continue
with the same peaks.

Configuration number | Regime left dot | Regime right dot
Configuration 1 I's>Txn I's>Tn
Configuration 2 I's>Tn I';vy >T'g
Configuration 3 'y >Tg I'ny>Tg
Configuration 4 I'nv >Tg I';vy >T'g

Table 6.4: The configurations of the dots during the different measurements.

Configuration 1

To achieve this configuration the gate values were set as shown in table 6.5.

gate 2 | gate 6 | gate 11 | gate 14
-0.3 -0.3 0.6 —0.6

Table 6.5: The value of the tuned gates to achieve configuration 1. Values are shown in volts.
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Figure 6.18: The bias spectroscopy of the left and right dots in the first configuration. Both dots
show features of ABS, a sign that the superconducting coupling is strong.
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Figure 6.19: The non-local conductance of the resonance crossing L5 — R1 in the first configura-
tion at Vsp = £40 pV. The shape and magnitude of the signals are comparable to ones detected
earlier. Interestingly, the right dot shows a single dominant peak instead of the positive-negative
peak combination gemerally observed during the detection measurements. This is slightly unez-

pected as the bias spectroscopy shows clear YSR-states indicating ground state transition which
cause the positive-negative peaks.

Fig. 6.18 shows that both dots have ABS states as expected in a strongly S-coupled system.
The spectroscopy plots also show that the total conductance in the left dot is higher.

The non-local conductance measurements in Fig. 6.19 show fairly strong AG peaks, compa-
rable to the earlier measurements. Despite the system being in a sub-optimal regime, Cooper
pair splitting can still occur, so it not unexpected. Especially since both dots are in the same
regime and the total conductance through the dots is fairly high. The left dot again shows the
positive-negative peaks seen in Figs6.6 to 6.9. The right dot has more similarities with the L2
and R4 peak measurements in Figs. 6.6 and 6.7.

Configuration 2

Next the right dot was tuned towards the ideal regime for a CPS. The voltages on the gates are
shown in Table 6.6.

gate 2 | gate 6 | gate 11 | gate 14
-0.3 -0.3 0.55 0.15

Table 6.6: The value of the tuned gates to achieve configuration 2. Values are shown in wvolts
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Figure 6.20: The bias spectroscopy plots of the two dots in configuration 2. The left dot remains
unchanged, with the sub-gap states still visible, indicative that the dot has remained in the I'g >
T'ny regime. This is expected as tuning gates were unaltered. The right dot has moved to the
I'y > T's regime as a result of altering the tuning gates. The dot not shows sharp Coulomb
peaks, indicative of a low I's coupling.
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Figure 6.21: The non-local conductance of the resonance crossing L5 — R1 in the second config-
uration at Vgp = £40 pV. The AG has largely disappeared, the left dot shows no signs of any
signal and the right dot only has a very low non-local conductance. The imbalanced configuration
does not appear beneficial for Cooper pair splitting.

Figure 6.20 displays a change in the right dot analogous to its new configuration. The ABS
states have become very sharp, a sign of a low I'g. The left dot shows an unchanged bias spec-
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troscopy as expected. The right dot does appear to have low conduction inside the gap where
the non-local signals take place. At Vsp = —40 nV and Vgp = 40 nV the conductance seems to
be at least 5 times lower than in the left dot.

This configuration appears to be very ineffective as Fig. 6.21 shows very low non-local signals.
The scale in the right dot had to be adjusted in order to detect AG. The low non-local signal can
be due to the uneven configuration in the device, however the dots were also in an uneven regime
when the non-local signals were initially detected in Fig.6.6 to 6.9. The low total conductance
in the right dot could be another reason for the significantly lower AG signal. Mostly because
the left dot, which was left untouched and previously showed good non-local signals, now has
very weak AG. Likely it is due to a combination of the two.

In these plots there is also a rather high signal to noise ratio. Ideally the measurement would
have been repeated several times and averaged, allowing a hidden to possibly appear. Unfortu-
nately with the impending warm-up this was not an option.

Configuration 3

By setting the gates to the values shown in Table 6.7 the left dot was tuned to the same regime
as the right dot bringing the device towards the ideal configuration.

gate 2 | gate 6 | gate 11 | gate 14
—-0.2 | —-0.75 0.55 0.15

Table 6.7: The value of the tuned gates to achieve configuration 8. Values are shown in wvolts
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Figure 6.22: The bias spectroscopy plots of the two dots in configuration 3. The left dot has now
moved to the same regime as the right dot, which has been left untouched. The left dot now shows
sharp Coulomb peaks as the right dot indicating that both dots are in the same regime.
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Figure 6.23: The non-local conductance of the resonance crossing L5 — R1 in the third configu-
ration at Vsp = £40 pV. The non-local signal has completely disappeared. This is unexpected as
the device should be in or near the optimal regime. However, the total conductance through the
dots is quite low which could cause an undetectably small AG signal.

The bias spectroscopy plots in Fig.6.22 display the left dot in its new strong N-coupling
regime with similar sharp peaks as the right dot. However, as with the unchanged right dot, the
total conductance appears to be quite low at Vgp = —40 nV and Vsp = 40 nV which may result
in weak signals although it is higher than the right dot.

Fig. 6.23 shows the non-local measurements from regime 3. There appears to be no observ-
able signal. This is quite unexpected as the device is in its theoretical ideal configuration. The
low total conductance G could be the issue.

Configuration 4

Next the coupling strengths were altered to the gate values in Table 6.8 to tweak the regime so
the non-local signal will hopefully be visible.

gate 2 | gate 6 | gate 11 | gate 14
-04 | —-1.15 0.55 —0.15

Table 6.8: The value of the tuned gates to achieve configuration 4. Values are shown in volts
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Figure 6.24: The bias spectroscopy plots of the two dots in configuration 4. The dots are in

the same regime as in configuration 8 but the couplings with the electrodes have been opened up
allowing a higher conductance through the dots.
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Figure 6.25: The non-local conductance of the resonance crossing L5 — R1 in the fourth config-
uration at Vsp = —40uV'. The non-local signals have returned. The peaks appear very narrow,
likely a result of the very sharp Coulomb peaks seen in Fig. 6.24. The left dot also shows the
positive-negative peak combo seen so often in the detection measurements.

Unfortunately when taking this set of measurements time constraints due to a forced warm-
up to replace the cooling system resulted in low resolution images and only the non-local signal
at negative bias being measured to speed up the data collection.

Figure 6.24 shows both having very sharp peaks indicative of strong I'y > I's. Conductance

between the peaks has also completely disappeared and the total conduction through both dots
is also similar as the first regime.

In configuration 4 in Fig. 6.25 the non-local conductance have returned. Both dots show AG
peaks with a similar intensity as the ones in the first configuration, although the low resolution
on the plots makes it hard to conclude if the the peaks are more well defined. The behaviour
is also similar, with the left dot showing positive and negative peaks and the right dot only a
positive peak. Ideally the non-local signals would have been visibly stronger as this the ideal
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configuration for Cooper pair splitting. However measuring the visibility of the non-local sig-
nal will show if the final configuration has been more successful. The visibility is shown is Fig. 6.26
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Figure 6.26: The visibility n and efficiency s of the non-local signals measured for the L5 — R1
intersection at Vgp = —40uV. Only the negative source bias is shown as there is no data for
the positive bias. The fourth configuration is the most successful with the highest visibilities and
efficiency occurring here. A good result as the fourth configuration is the most optimal of the
four.

The visibility strongly increases in the last configuration showing that the non-local signals
are indeed stronger as expected. The first configuration has visibilities comparable to the non-
local detection measurements in Fig.6.10. In configuration 2, the visibility of AG in the right
dot actually increases, even though the signal was very weak. However the left does not give
any significant visibility. Configuration 3 shows no visibility. Not surprising as there was no
observation of any non-local signals. When the regimes were tweaked to configuration 4, the
visibilities jump up to a maximum of 60 & 2%. Being in the ideal regime this is very promising
as 60% is higher than detected in any of the other measurements in this thesis. This shows that
the device can be successfully moved to from a low Cooper pair splitting configuration to a high
splitting configuration. With more tweaking a complete map could be created, allowing the users
to precisely control the flow of entangled pairs.

To calculate the efficiency of the device the same definition as the 2012 paper by Schindele
et al. [11] which reported an efficiency of 90 % is used:

< AGL + AGRr
- GL+Gpg
Where the subscript L or R refers to the left or the right dot. The maximum value of the
G and AG peaks are used. The result is also shown on Fig.6.26. The efficiency follows the
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general result of the visibility although not as drastically. configuration 1 gives an efficiency of
10.9 4+ 0.2% compared to the ideal configuration 4, with high visibilities, with 12.8 + 0.2%.

While the forced warm-up prevented any further investigation it did produce one important
point. The device did not return to the state it was before the warm-up, meaning if a similar
device is to be used as a reliable source for entangled pairs it has to constantly be held at cryo-
genic temperatures which might prove difficult.

A non-local conductance was successfully detected in most of the 32 investigated resonance
crossings at both neagative and postive source-drain bias. Many showed a positive and negative
conductance peak, a result of a transition between the superconductor ground states according
to [42]. The visibilities reinforce the strong dependence on the local resonances observed in the
initial detection measurements. Also observed is the positive signals having a higher visibility
and a better spread than negative AG, where 40 of the 64 peaks show no visibility.

The tuning of the non-local signals has been successful. The coupling strengths have demon-
stratively been varied using the many gates available on the device. This allowed us to measure
the non-local conductance in various regimes culminating in a high visibility and the highest ef-
ficiency in the ideal configuration. Unfortunately the forced warm-up cut the experiment short.
I believe that a higher visibility and efficiency definitely could have been achieved by tweaking
the configuration of the device, perhaps even by using the remaining gates, which have remained
unused in this thesis but were utilised in following experiments. Despite this, I still believe the
main goal of this thesis has been successful as we have detected non-local conductance in a large
number of resonance crossings and demonstratively tuned them to more effective configurations.

More data exist that can still be analysed, but due to time constraints was not done for this
thesis. There are 3 additional peak crossings measured in all the configuration. Calculating the
visibilities and efficiencies of these peak crossings can help underline the observed behaviour and
confirm that configuration 4 is indeed the most successful.
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Conclusion

With the Cooper pair splitter device placed in the cryostat at 40 mK, two quantum dots formed
between the normal and superconducting electrodes. The dots were first characterised, using the
observed Coulomb peaks in both dots to extract the charging energy, energy level spacing and
the gate factor of the dots. The values found for U, and AF satisfied the requirements stated
in section 3.6. Next, the observed Coulomb peaks in both dots were investigated further by
looking at the superconducting gap. The bias spectroscopy suggested that the coupling regimes
of the dots were different, which was confirmed by I' analysis. The analysis showed that the right
dot was less strongly coupled and, from the shape of the ABS states in the bias spectroscopy
plots, was likely in the I'y > I'g regime. The left dot was assigned to the I's > I'y, which was
confirmed later. Next, the non-local conductance was measured in both dots for one resonance
crossing at positive and negative bias voltage. The observed non-local conductance consisted of
a positive and negative peak. This type of signal has been observed before by Schindele et al. in
2014 [42] suggesting the sign change occurs due to ground state transitions in the superconduc-
tor. Also observed, and in line with Schindele et al. (2014) is a sign change of the peaks when the
source-drain bias is reversed. In order to confirm whether the observed signals were caused by
S-state related transport such as Cooper pair splitting, the signal was measured with increasing
magnetic field. The non-local conductance disappeared at a magnetic field of 80 mT showing
this is indeed the case. With the non-local conductance observed and tested against the field,
a total of 32 resonance crossings were investigated at both Vgp = —40 nV and Vgp = 40 nV.
Most crossings displayed non-local signals with the positive-negative peak seen earlier except the
L4 resonance in the left dot and the R2 resonance in the right dot which showed only positive
signals. The reason for this is unknown. The AG peaks were strongly dependent on the the local
resonance and only weakly dependent on the non-local resonance. The visibilities were measured
of all the detected signals. This showed the positive peaks being far more successful than the
negative peaks. The weak dependence on the non-local resonances is also apparent from the
visibility plots.

Next the non-local conductance was tuned. Gate 2,6,11 and 14 on the device were assigned as
tuning gates. The tuning of 'y using gate 2 was showcased. At each tuning step a trace of
the conductance and a bias spectroscopy plot was taken in both the normal an superconduct-
ing state. As the voltage on gate 2 was made more negative, the total conductance through
the dot decreased drastically, as well as the ABS states becoming more defined. Analysing the
Coulomb peaks in the normal state showed that Iy, was successfully tuned, although I'f s was
slightly affected by it as well. The right dot was unaffected by the tuning of gate 2, showing
that independent control of the dots is possible on this device. Finally the device was put in
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four different configurations using the tuning of the coupling strengths with the tuning gates.
In the first configuration where both dots were in the I's > I'y regime, non-local conductance
was detected. The device was then moved to an asymmetric regime where the right dot was
moved to the I'y > I'g regime. This regime is the optimal regime for Cooper pair splitting.
The asymmetric regime only showed very weak AG signals in the right dot. Both dots were
put in the optimal regime next, but surprisingly no non-local conductance was visible. The
configuration was tweaked in the final regime resulting in a return of the non-local conductance.
The experiment was cut short due to a forced warm-up. The calculated visibility and efficiency
mirror the observations, with the first and last configurations being the most successful. The
visibilities were significantly higher in the final configuration while the efficiency showed an in-
crease of around 2% with respect to the first configuration.

The experiment could have been improved by more tweaking of the configuration of the de-
vice. Unfortunately a forced warm-up prevented this. I firmly believe that the efficiency could
have been improved further, especially considering the difference between the third configuration
which showed no AG signals at all and the successful fourth configuration. Being able to explore
further would have led to a better understanding of the requirements to create a very efficient
Cooper pair splitter. Secondly, the initially observed non-local conductance could have been
fitted to the rate equation model used to fit the similar looking signals in [42]. This would have
provided more insight into the nature of the observed signal and is something I would definitely
recommend to be done in future. Thirdly, repeat measurements of the 2D AG plots would have
decreased the noise and would have provided more precise values for the visibility and efficiency.
Unfortunately time constraints prevented repeat measurements being utilised for the plots in
this thesis. After the warm-up we did experiment with repeat measurements. However, while
improving the signal to noise ratio, creating one 2D plot of ten repeat measurements took about
16 hours. Attempting to analyse the large number of resonance crossings and device configura-
tions would require careful planning and time management.

The next step is to analyse the extra data collected in this experiment. Three additional

resonance crossings were measured in the four configurations. Comparing their efficiency and
visibility across the configurations to the L5 — R1 crossing shown in this thesis would solidify
the claim of successful tuning to high efficiency regimes.
The experiment can be repeated with different Cooper pair splitter devices, investigating the
success of different materials and configurations to attempt to reach a near unity efficiency. As
explained in section 3.6, even with a 100% efficient device the entanglement of the Cooper pair
electrons can decay in or before reaching the normal leads. Spin detection measurements are a
necessary next step to ensure the success of the Cooper pair splitter as an entangled electron
source. Finding the right parameters to ensure entanglement, along with a configurable, highly
efficient Cooper pair splitter will end the search for a reliable and reproducible source of entan-
gled particles and will greatly aid the research into the development of qubits.

This thesis showcased non-local conductance observed in both dots which was measured si-
multaneously. An unprecedented number of resonance crossings have been investigated, giving
a very complete view of the non-local signals. This thesis showed the ability to successfully tune
a Cooper pair splitter device in order to increase the efficiency of the non-local conductance as
suggested by Fiilop et al. [12], which is an important step towards creating a reliable source of
entangled particles for use in the generation of qubits.
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Appendix

Appendix A: All data collected on the device

The following tables introduce all the data taken on the device in the full experiment of the
thesis. It is split in two tables, with table 8.1 showing all the data obtained before the forced
warm-up. The rows highlighted in light blue are the data sets included in the thesis. The data
taken before the warm-up mostly consists of tuning the 4 main tuning gates leading up to the
configuration measurements.

Table 8.2 shows the data taken after the warm-up. While the dots remained fairly stable and
it was easy to return to the previous regimes, noise had become a big problem. As a result, a
lot of gate tuning was performed to find good, clear non-local signals to repeat the configuration
measurement performed the thesis. Unfortunately, this was unsuccessful, leading to a attempt
to average AG over a number of measurements (repetitions). While this was successful in some
cases, when attempting to measure AG the conductance peaks kept shifting, rendering the av-
eraged data useless. New current amplifiers were brought in to reduce the noise but they were
only partially effective. After several more tuning attempts, it was concluded that the device
was no longer suitable for configuration measurements. After that the temperature dependence
of the non-local signal was measured, disappearing at 200 mK aligning with the earlier B-field
dependence showing AG is due to superconducting effects. The chemical potentials of the two
normal electrodes were also varied and finally the non-local conductance was measured at dif-
ferent ground state transitions, showing the positive-negative peak combination seen so often in
this thesis only occurs when the ground state transitions from a singlet to a doublet state or vice
versa.

After this experiment was concluded, the device was used to investigate double dot systems as
the many gates on the device can be used to precisely manipulate the two dots, in an experiment
led by Kasper Grove-Rasmussen.
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’ Data type \ Data description
AG plots L1 —-4QR1 — 4 at +40 pV
Bias dependence L3@R4 and L3QR2 from —200 to 200 pV
Tuning g2 From 0 to —0.55 V

Tuning g2 AG plots

Large scale AG and total conductance plots containing several peaks at
g2=0,-0.3

Bias dependence L4QR?2

From —100 to 100 nV Gate switch occurred on left dot resulting in losing
the peaks. Peaks named with letters, e.g LA, until the previous peaks
were found

Bias dependence

LA, D, E From —60 to 60 at g2 = —0.3 pV

Tuning g2 #2

From 0 to —0.5

Tuning g2 #2 AG plots

LC — DQR1 — 2 at 40 pV only

Tuning g2 #3

From 0 to —0.5 no AG plots

Bias dependence

LC, LDQR] from —90 to 90 nV

Tuning g6

From 0 to —0.7 at g2 = —0.3

Tuning g6 AG plots

Large scale AG and total conductance plots containing several peaks
@—0.3,—0.5, Traditional 2D AG plots containing one peak @—0.5, —0.7

Tuning g14

From 0.3 to —0.6

Tuning g14 AG plots

L5 —6QRI —2 at gl4d =10, 0.3, 0.6

Tuning gl1

From 0.6 to 0.55. stability test

Tuning gl4 From -0.6 to 0.45. no AG plots
Regime tuning Tuning dots to the 4 regimes used in the configurations
Configurations Measured AG in 4 configurations

Table 8.1: Data overview BEFORE warm-up. Highlighted rows are the data sets that were
included in the thesis. Each row represents a data set. The description states the key parameters
or results in the data set. The notation LQR refers to a resonance crossing. When referring to
a gate, e.g. gate 2, the notation g2 is used.
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Data type

\ Data description

Tuning g6

From —0.4 to —0.7

Tuning g6 AG plots

Regimes in dots similar to before the warm-up when clear signals were
detected. However observe weak to no signal and high noise

Tuning g2 From —0.3 to —0.6
Tuning g2 AG plots L3 —4QR3 —4
Tuning g13 From —0.3 to —0.6
Tuning g13 AG plots L4QR3 — 4

Bias dependence

L4QR3 from —240 to 240 pV (above A).
disappears with B > B,

Signal persists above A but

Tuning gl1 From 0.6 to 0.85

Tuning g1l AG plots L3 —4QR3 —4

Tuning gl1 From —0.85 to —1.0 no AG plots
Tuning g2 From —0.4 to —0.3

Tuning g6 From —0.4 to —0.7

Tuning g6 AG plots L3 —-4QR1 —2

Tuning g2 From —0.3 to —0.4

Tuning g2 AG plots L1 —-4QR1 —2

New current amplifiers in-
stallation

Switched to Basel IF3602 and LSK389A in order to try to reduce the
noise

Tuning g2 From —0.4 to —0.3
L3QR2 tuned across 4 different dot configurations. AG signal was av-

Configurations eraged over 7 repetitions on only the left dot. Frequent peak shifting
prevented further measurements

Tuning g2 From —0.4 to —0.3

Tuning g6 From —0.6 to —1.0

Tuning g2 From —0.3 to —0.5

Tuning gl1 From 0.6 to 0.8

Tuning gl1 AG plots L0 —2QR1 —2

Tuning gb From 0 to 0.8

Tuning g6 AG plots L1 —-2QR1 -2

T-dependence

L1QR2 and L2@QR1. AG disappears at 200 mK

Tuning gl1

From 0.6 to 0.85

Tuning gl1 AG plots

L3/4QR0 at gl1 = 0.8, 0.85

Tuning g2

from —0.5 to —0.4

Tuning g2 AG plots

L3 —4@QR1 — 2 at g2 = —0.4,—-0.5

wr and pr dependence

Varied source and py, and pgr from —80 to 80 nV while measuring AG.

Ground state dependence

Measured signal for two singlet states on left dot and two doublet state
on right dot. Found single positive peak for singlet-singlet crossing and
positive-negative peak combo for singlet-doublet crossing

Ground state dependence

Measured signal for two singlet states on both dots. Found single positive
or single negative peak for singlet-singlet crossings

Table 8.2: Data overview AFTER warm-up. FEach row represents a data set. The description
states the key parameters or results in the data set. The notation LQR refers to a resonance
crossing. When referring to a gate, e.g. gate 2, the notation g2 is used.




CHAPTER 8. APPENDIX 66

Appendix B: Additional data taken on the different config-
urations

As stated in the thesis, the non-local conductance of 4 peak crossings, L5 — 6@QR1 — 2, was
measured across the 4 different configurations. The thesis only showcased one, L6@QR1. The
visibilities of the three remaining peak crossings were measured and averaged with the visibilities
obtained from the L5@QR1 crossing. The results are shown in Fig.8.1. However, only the first 3
configurations are averaged. During the fourth configuration the left dot experienced a peak shift,
as seen in Fig. 8.2, resulting in nearly all the AG peaks being out of frame or not trustworthy.
As a result, only the data extracted from L5QR]1 is usable in the fourth configuration.
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Figure 8.1: The visibilities of the non-local signal across the four configurations. Configuration
1, 2 and 8 are averaged. 4 is not and only shows the visibility of the LSQR1 peak crossing. This
is due to a peak switch which made the non-local signal in the other peak crossings disappear.
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Figure 8.2: The non-local conductance measured in the fourth configuration showing the peak
switch. The signal is collected from left to right in vertical traces. The instantaneous drop in
conductance shows that the peak has moved. In the consecutive measurements the peak was out
of frame.

The visibilities in configuration 1 and 3 are quite consistent. Configuration 1 has values
around 10% for the left dot and 24% for the right dot. Configuration 3 is zero all round, just as
the left dot in the second configuration. The value of 13% for the right dot is the average of two
values of zero from the L5 — 6@R2 peak crossings and two values of 26% from the L5 — 6QR1
crossings. Configuration 4 has no clear signals due to the peak switch aside from the ones seen
in the thesis and is therefore not averaged.
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Appendix C: Tuning of gate 6

Included is the data taken while tuning gate 6 from 0 V to —0.7 V before the warm-up. Gate 6
is the tuning gate for I'p g coupling. This particular tuning set was interesting for two reasons.
Firstly there is a very clear transition of the Andreev bound states, going from smooth to very
sharp states. Secondly the non-local conductance AG is visible in some of the raw conduction
data. This shows the non-local signal seen in the thesis is not an artefact of the computer algo-
rithms but actually real. The tuning of the ABS states is shown first, then several large scale
AG plots are shown, taken during the tuning, showcasing several peaks.

As Fig. 8.3 shows the Andreev bound states move from a smooth profile in Fig. 8.3b to a very
sharp profile in Fig.8.3f and h. A smooth profile occurs when I'g is large. From the tuning of
gate 2, shown in the thesis, we know that the dot is in the I'gs > T'y regime. This is reflected
in the shape of the ABS. When the negative voltage on gate 6 is increased, the potential barrier
becomes larger and the coupling strength decreases. The shape of the ABS states suggests that
the dot has moved to I'y > I's regime.

The large scale AG plots are generated with a different color scale than used in the thesis.
This color scale enhanced the contribution of the non-local signal most clearly. The non-local
contribution is most obvious in Fig. 8.6b and Fig.8.8b. This contribution correlates with strong
positive peaks seen in (d). Both these signals occur at negative bias. At positive bias AG
becomes much weaker. The left dot shows some non-local contrbutions in the large overview
plots in Fig. 8.4a and Fig. 8.5a.
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Figure 8.3:  The conductance (a),(c),(e),(g) and the corresponding bias spectroscopy
(b),(d),(f),(h) of the left dot in the superconducting state as a result of the tuning of gate 6
(96) from 0 V to —0.7 V. The value of gate 6 is stated on the conductance plots but also applies
to the bias spectroscopy plots to the right. The Andreev bound states move from a smooth profile
(b) to a very sharp profile (h) indicating o likely regime change in the dot.
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