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chapter 1

INTRODUCTION

∗ ∗ ∗

The implementation of ferromagnetic contacts in complex nanoelectronic de-
vices, e.g. in spin-valves bears great potential for applications and fundamen-
tal investigations. Spin-valves are structures with two magnetic contacts and
a non-magnetic medium (M) in-between, where a step-like change in magneto-
resistance (MR) is observed when the relative orientation of the strip mag-
netization is changed by an external magnetic field. There is already a very
successful use of the electron spin in electronic devices for magnetic field sens-
ing for example in read-and-write heads of computer hard discs. Another up-
coming application of spin valves are for example non-volatile random-access
memories (MRAMs) for data storage.

However, electronic devices which use the electron spin directly, like in a spin-
transistor [1] or as quantum bits [2] requires materials for the non-magnetic
medium exhibiting long coherence times and electrical tunability. Carbon
based materials like graphene or carbon nanotubes are due to their intrinsic
large coherence times in principle ideal candidates for spintronic devices, as
demonstrated in nonlocal spin-accumulation experiments on graphene[3] or in
electrically tunable spin valves on carbon nanotubes. [4, 5]

Especially the observation of a gate dependent magneto-resistance in carbon
nanotube quantum dots contacted with ferromagnetic leads in 2005 by S. Sa-
hoo [4] promises an electrical control over spin transport. These devices analog
to field-effect transistors might pave the way for multi-functional spintronic
devices. However, the implementation of ferromagnetic contacts in nanoelec-
tronic devices has been a proven challenging task due to the complex nature
of ferromagnets and interfaces, where oxidation, surface roughness and meso-
scopic details may induce uncontrolled instabilities in transport measurements.

Spintransport experiments on carbon nanotube quantum dots suffer mainly
from irreproducibilities in the magneto resistance and from the low yield of
electrical contacts to the nanotube. Therefore in this thesis carbon nanotube
quantum dots connected to ferromagnetic leads are investigated, focusing on
the fabrication of stable devices with higher contact yields and first experi-
ments on stable devices. This allows for further investigations of the not well
understood gate dependence of the magneto resistance in such devices. More-
over with such stable devices, even more complex experiments or applications
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4 CHAPTER 1. INTRODUCTION

like detectors for spin entanglement can become possible [6].

This thesis is organized as follows.

• Chapter 2 introduces the theoretical background, starting with con-
ventional spin valves followed by the basics of carbon nanotubes and
quantum dots before going on with spin transport on carbon nanotube
quantum dots.

• Chapter 3 presents the basics about the sample fabrication and de-
scribes the experimental set-up.

• Chapter 4 reports an improved fabrication process and motivates the
necessity for an extended measurement scheme.

• Chapter 5 show magneto resistance experiments on carbon nanotube
quantum dots exhibiting a clear four-fold conductance pattern consistent
with the spin and orbital degeneracy of a carbon nanotube. In addition
preliminary results on energy stability diagrams for different magnetic
orientations are presented.

• Chapter 6 shows first test devices for non-collinear magneto resistance
measurements.

• Chapter 7 summarizes the results of this thesis and give suggestions
for further experiments.



chapter 2

THEORETICAL BACKGROUND

∗ ∗ ∗

Spin transport through carbon nanotube (CNT) quantum dots merges two
independent topics: spin valves and quantum dots. This chapter discusses
the fundamental mechanisms which are relevant for electron transport in such
complex nano-electronic devices. The theoretical concepts of conventional spin
valves and of CNT quantum dots will be introduced consecutively, before the
more complex theory of spin transport in CNT quantum dots is introduced in
the last part of this chapter

2.1 Conventional Spin Valve

A conventional vertical spin valve consists of two ferromagnetic (F) layers sep-
arated by a non-magnetic (N) spacing layer, see fig.2.1a. The relative magnetic
orientation of the F layers lead to two electrical conductancesG when a current
is driven perpendicular to this sandwich structure. To set the relative orien-
tation by an external magnetic field, different coercive fields Bc are needed.
The free layer, with smaller Bc, changes its magnetization orientation at lower
external magnetic fields than the pinned layer with higher Bc. A schematic of
the conductance versus external magnetic field is depicted in fig.2.1b. A step
like change in the conductance occurs when the magnetization changes from
parallel to anti-parallel alignment and vice versa. The normalized difference
between the conductance in the parallel, GP , and the anti-parallel case, GAP ,
is called magneto-resistance (MR) 1 and defined as:

MR =
GP −GAP
GP +GAP

(2.1)

The origin of these two conductances can be found primarily on a population
imbalance between the spin-subbands in a Stoner-ferromagnet and in addition
on the choice of the spacing layer material (e.g an insulating or conducting
material).
In the Stoner-model of a ferromagnet the band structure is supposed to be
separated in two subbands, one for spin up electrons and one for spin down
[7]. Considering the ferromagnetic ordering these two subbands are split due
to exchange interactions of the electrons which shifts the band with respect to
each other by the exchange energy ∆Eex. As a result the densities of states

1Other definitions of the MR can be found in literature. See chapter 2.3 for the rational
of this choice.
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Figure 2.1: a) Schematic of a conventional spin valve: two F layers are separated by a non-
magnetic spacing layer. Depending on the relative magnetization of these two layers, two
conductance conductances can be obtained. b) Conductance G vs external magnetic field B

(DOS) at the Fermi-level EF are not equal for spin up N↑(E) and spin down
N↓(E) electrons (see e.g. fig.2.2 left), which leads to a spin polarization P of
the conduction electrons at the Fermi-level:

P =
N↑(EF )−N↓(EF )

N↑(EF ) +N↓(EF ).
(2.2)

A direct consequence of this spin polarization is that a current~j driven through
a ferromagnet is spin polarized, too. In the two-current-model, theoretically
proposed by Mott [8] and experimentally verified by Fert and Campbell [9, 10],
the total current ~j can be decomposed into two independent currents ~j↑,~j↓ for
each spin species. The spin polarization can then be rewritten as

P~j =
~j↑ −~j↓
~j↑ +~j↓.

(2.3)

In addition to the spin polarization as a basic requirement, the choice of the
spacing layer material plays an important role as well for the fundamental
mechanism leading to magneto-resistance. In particular, one has to distin-
guish between an insulating and a conducting material. However, due to
the different underlying mechanisms the corresponding magneto-resistance ef-
fects are called more specific: tunnel magneto-resistance (TMR) for insulating
spacing layers and giant magneto-resistance (GMR) for conducting ones. The
following will explain TMR and GMR, respectively.

Tunnel Magneto Resistance

A typical tunnel magneto-resistance device consists of a ferromagnetic-insulator-
ferromagnetic (F/I/F) sandwich structure. In such magnetic tunnel junctions
(MTJ) the electron transport is dominated by tunneling processes. According
to the simple model by Jullière [11] and considering the two current model,
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Ferromagnet 1 Ferromagnet 2 Ferromagnet 1 Ferromagnet 2
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Figure 2.2: Schematic of the tunnel magneto-resistance according Jullières model. The
density of states for spin up N↑(E) and spin down N↓(E) are representative depicted for the
Stoner ferromagnets. Since the tunneling current in each spin channel is proportional to the
density of states a higher conductance is expected for a) the parallel alignment than for b)
the antiparallel alignment.

the conductance in each spin channel is proportional to the density of states at
the corresponding Fermi-level. In the linear response regime the conductance
in the parallel GP and the antiparallel GAP magnetic configuration is then
given by

GP ∝ N1
↑ (EF )N2

↑ (EF ) +N1
↓ (EF )N2

↓ (EF ),

(2.4)

GAP ∝ N1
↑ (EF )N2

↓ (EF ) +N1
↓ (EF )N2

↑ (EF ),

including the assumption that the spin of the electron is conserved during
the tunneling process. The indices 1, 2 correspond to the two ferromagnetic
layers.

With the definition of the MR eq 2.1 and eq.2.4, the tunnel magneto-resistance
can be expressed as:

TMR =
GP −GAP
GP +GAP

=
N1
↑N

2
↑ +N1

↓N
2
↓ −N1

↑N
2
↓ −N1

↓N
2
↑

N1
↑N

2
↑ +N1

↓N
2
↓ +N1

↑N
2
↓ +N1

↓N
2
↑

(2.5)

By using the definition of the polarization in eq. 2.2 this can be simplified to:

TMR = P1P2 (2.6)

A schematic of the tunnel currents from one ferromagnet to another is given
in fig.2.2. Here the ferromagnets are represented by the DOS N↑, N↓ and the
current is depicted as dotted lines 2. In the parallel case (fig.2.2a), many
majority-spins ↓ of the first F1 are accepted by many empty states in the
second F2. A high conductance for the majority-spin electrons is the result.
This is in contrast to the situation of the minority-spins ↑. In the antiparallel

2The thickness of these lines corresponds to the value of the current.
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Figure 2.3: a) Calculated density of states of the majority spin channel for a Fe/MgO/Fe
tunnel junction. Bloch states of different symmetries decay with varying rates in the tunnel
barrier. b) Extended MTJ scheme for a symmetry filtering tunnel barrier in contrast to a
simple energy barrier like in fig.2.2. (adapted from [18, 17])

case (fig.2.2b) majority and minority-spins are reversed in the second F2. Now
majority-spins have to tunnel to empty minority-spin states and vice versa.
Therefore the current in the spin ↑ channel is equal to the current in the spin ↓
channel. In total, a higher conductance is observed for the parallel alignment
than for the antiparallel one.

Jullières model is quite sufficient to explain the spin dependent tunneling
process for incoherent tunneling, applicable for example to amorphous tunnel
barriers like Al2O3 [12, 13]. The predicted and measured TMR values for
tunnel junctions with amorphous tunnel barriers correspond well. For the
large TMR values obtained in epitaxial junctions with, e.g., single crystalline
MgO tunnel barriers [14, 15], this model collapses. For a crystalline barrier the
electron transport is based on coherent tunneling and the two ferromagnetic
electrodes can no longer be considered as independent from each other. Indeed,
the F/I/F sandwich has to be treated as one system due to the overlap of
the electron wave-functions in both ferromagnetic electrodes. In particular,
evanescent wave functions in the MgO barrier couple to Bloch functions in the
ferromagnets of the same symmetry. The high TMR values are then obtained
due to the symmetry selection of the tunneling wavefunction. Typical Bloch
states available in 3d transition metals along the (100) direction are ∆1(spd),
∆2(d), ∆2′(d) and ∆5(p,d). Especially in certain metals with bcc structure like
Fe, Co and FeCo, the ∆1 state exists only in their majority spin channel but
not in their minority one. As an example, the calculated DOS of the majority
spin channel for a Fe/MgO/Fe tunnel junction in parallel configuration is
shown in fig.2.3a. The different Bloch states decay with varying rates in the
tunnel barrier due to the symmetry matching of the wave functions between
the barrier and the electrodes. Since the conductance is dominated by ∆1

electrons, very high TMR values are expected [16, 17]. However, these first-
principles theories predict considerably larger TMR values than measured so
far. This is because scattering processes at a real F/I interface have also to
be taken into account.
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Figure 2.4: The conductance band of the
tunnel barrier is exchange split, which re-
sults in different tunnel probabilities for
each spin species [18]

2∆ Eex

Spin Filter Tunneling

Spin Filter Tunneling

A different kind of MTJ has to be mentioned: spin filter tunnel junctions. In
these devices a ferro-/ferrimagnetic insulator separates two nonmagnetic elec-
trodes from each other and the total conductance is determined by the tunnel
probability for each spin species. In such tunnel barriers the conductance band
is exchange split and different barrier heights for the spin-up and spin-down
electrons are the result (see fig.2.4). Commonly used spin filter materials
are europium chalgenides (EuO, EuS, EuSe)[19, 20] and ferrites (CoFe2O4,
NiFe2O4, Fe3O4, γ-Fe2O3) [21, 22, 23]. For later use it is stressed here that
NiFe2O4 and γ-Fe2O3 forms the dominant natural oxides on the surface of
Permalloy (Ni80Fe20) when exposed to air [24]. It is important to keep this in
mind since in this thesis Permalloy (Py) is used as ferromagnetic electrodes
for spin transport experiments.

Giant Magneto Resistance

Replacing the tunnel barrier in MTJs by a conducting material, e.g., Cr, Cu
or Ru, leads to the giant magneto-resistance (GMR), discovered in 1988 by
Peter Grünberg and Albert Fert [25, 26] and awarded with the Nobel prize
in 2007. Two types of GMR-devices exist: the ”current in plane” (CIP) and
the ”current perpendicular to the plane (CPP)” geometry. In both cases the
underlying physical mechanism to observe GMR is based on spin-dependent
scattering rates in the ferromagnetic contacts, schematically illustrated in fig.
2.5. Considering the two-current model and using the Drude formula for free
electrons, a simple expression for the conductivity σ↑,↓ in each spin-channel
can be found

σ↑,↓ =
e2 n↑,↓ τ↑,↓

m∗
, (2.7)

where e is the electron charge, n the conduction electron density, τ the elec-
tron momentum relaxation time for the two spin species and m∗ the mass of
the electrons. This expression is only valid for free electrons, but it is useful
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a)

R↑ R↓

R↑ R↓

Spin Spin

R↑

R↑R↓

R↓

b)

Figure 2.5: Schematic illustration of the mechanism of GMR. Spin-dependent scattering
rates in the ferromagnets cause different conductivities for majority- and minority spin
channel. a) Parallel configuration: scattering takes only place in one spin channel leading
to different resistances for spin up and spin down electrons. b) Antiparallel configuration:
now in both spin channels scattering events are possible. The resistance is equal for both
spin channels. In total a higher resistance in the antiparallel case is the result.

for understanding qualitatively the factors leading to a spin-dependent con-
ductivity. The relaxation time τ can be estimated from Fermis golden rules:

1

τ↑,↓
=

2π

h̄

〈
V 2
scat

〉
N↑,↓(EF ). (2.8)

Here
〈
V 2
scat

〉
describes an average scattering potential. In principle, all quanti-

ties in eq. 2.7 and eq. 2.8 depend on spin, but the origin of the spin-dependent
conductivity leading to GMR can be understood as follows. On the one hand,
the intrinsic properties n, m and N↑,↓(EF ) are entirely determined by the
band-structure. The important quantity is the density of states which can be
described as the superposition of a wide sp-band and a narrow d-band (the ∆1

state in the previous section). Electrons from the sp-band provide the domi-
nant contribution to the conductivity. The conductivity is mainly reduced by
electron-scattering from the sp-band to empty states in the d-band. Since the
d-band is spin split the reduction of the conductivity due to this scattering
events is different for the majority- and minority-spin channel. On the other,
hand the scattering potential is an extrinsic property and can be either spin-
dependent or spin-independent. Especially in diluted magnetic alloys, a spin
asymmetry can be created by spin-dependent scattering potentials due to mag-
netic impurities [27], which could also play a role in alloys like Py. However,
real GMR devices are far away from being perfect and defects like dislocations,
stacking faults, or grain boundaries dominate and usually lead to spin inde-
pendent average scattering potentials

〈
V 2
scat

〉
. Thus,the conductivity and the

mean free path is mostly influenced by the spin polarized band structure. But
with increasing material-quality spin-dependent scattering potentials can play
a more important role. A direct consequence for the CIP geometry, where the
current flows parallel to the layer structure, is the thickness limitation of the
intermediate nonmagnetic layer. GMR is only observable when the majority
of scattering events mainly take place in the ferromagnets, wich requires that
intermediate layer is thinner than the mean free path of the chosen material,
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which is usually a few nm. In contrast to CIP, the CPP geometry, where the
current flows perpendicular to the layer structure, not only larger GMR values
are observed and devices with µm thick nonmagnetic layers are also possible
[28, 29]. Further phenomena of spin-injection and accumulation come into
play and the thickness of the intermediate layer is no longer limited by the
mean free path, but by the much longer spin-diffusion length λ.

Spin Injection

The basic principle of spin injection is that a current flowing from a ferromag-
netic metal into a nonmagnetic metal (NM) generates a spin polarized current
in the nonmagnetic material, first observed by Johnson and Silsbee [30]. The
spin polarization in the NM is induced by a spin accumulation at the interface
between F and NM, depicted in fig.2.6a. The spin accumulation is defined as a
local difference at the interface between the chemical potentials ∆µ = µ↑−µ↓
of the spin up and spin down electrons near the Fermi-level (see fig. 2.6b) and
an imbalance of the chemical potential inside the NM is the result. Therefore
the spin accumulation diffuses from the interface in all directions. The spin
accumulation decays exponentially due to spin-flip processes with distance x
from the interface, described by the diffusion equation [31]

∂2∆µ

∂x2
=

∆µ

λ2
, with λ =

√
Dτs (2.9)

Here D is the diffusion constant and τs the spin relaxation time. One handicap
arises in spin injection experiments when the nonmagnetic metal is replaced
by a nonmagnetic semiconductor or carbon based materials like graphene or
carbon nanotubes. In general spin injection is reduced by the so-called conduc-
tivity mismatch when a ferromagnet is connected to a nonmagnetic material

µ0

E

N↓(E) N↑(E)

EE
F1 F2NM

j

F1 N

0
x

M
V

a) b)

Figure 2.6: Basic principle of spin injection: a) A current flowing from a F into a NM induces
a spin accumulation at the F/NM interface. The spin accumulation decays exponentially in
a diffusive material. b) The spin accumulation in the NM leads to a local splitting of the
chemical potentials for spin up and spin down electrons. With a second F connected to the
NM the detection of the remaining spin polarized current is possible. This schematic has
been adapted from [30].
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with significant larger resistivity. [32]. The much larger density of states in
the metal causes spin accumulation on both sides of the interface. Since the
spin density accumulation in the metal is much larger and therefore a higher
number of spin flips takes place. As a result the current becomes already
depolarized before passing the interface. Adding a tunnel barrier between F
and NM decouples the two materials and the resistance is dominated by the
tunnel barrier and can solve therefore this problem [33, 34]. In principle the
tunnel barrier induces a discontinuity in the spin accumulation and shifts the
depolarization from the F side to the NM one.
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2.2 Carbon Nanotube Quantum Dots

Carbon-based materials, like graphene or carbon nanotubes, are the perfect
candidates to investigate spin transport, because of their potentially long spin
lifetimes [35]. Carbon with four valence electrons exists in two different hy-
bridizations:

• sp3, all four electrons are involved in the chemical bonding. This hy-
bridization type forms the insulating material diamond.

• sp2, only three electrons form planar σ-bonds. The residual π-electron in
the pz orbital is free to move along the xy-plane and entirely determines
the electronic band structure. Thus, the layered material graphite is the
result.

• sp1, The 2s orbital mixes with only one of the three p-orbitals by forming
linear chains like for example in Acetylen.

The weak binding between stacked layers in graphite provides the possibility
to isolate one single sheet sufficiently from its environment, forming so called
graphene [36, 37]. A carbon nanotube can then be imagined as graphene
rolled-up into a seamless cylinder.

Carbon nanotubes

As the structures of graphene and carbon nanotubes (CNT) are related, the
most convenient way of explaining the electronic structure of CNTs is starting
with the one of graphene.
The sp2-hybridized carbon atoms of graphene form a 2-dimensional hexagonal
honeycomb lattice with two sub-lattices A and B, depicted schematically in
fig.2.7a. The delocalized π-electron can hop between the two sub lattices and
the overlapping wavefunctions of neighboring π-electrons form the bonding

ky

kx

b1

b2

K

K'

M K
K'

b) c)

kx

ky

E
a1

a2

A B
a)

Figure 2.7: a) Hexagonal honeycomb lattice of graphene with sub lattice A (blue) and B
(yellow). b) Corresponding first Brillouin zone. Only two of the six corners labeled K and
K′ are inequivalent. (Pictures taken from [38].) c) Band structure of graphene from the
tight binding approximation. The conduction- and valence-band touch only at the K, K′

points. Adapted from [39].
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and antibonding orbitals. The corresponding dispersion relation can be cal-
culated by applying the tight binding method [40] (see fig.2.7c). The Conduc-
tance and valence bands touch each other only at 6 specific points, according
to the 6 corners of the first Brillouin-zone (fig.2.7b). Each corner belongs only
about 1/3 to the Brillouin zone and therefore two of these 6 corners, labeled
K and K ′, are inequivalent. In a first approximation the dispersion relation
close to the K,K ′ points is linear and can be expressed as:

E(~κ) = ±h̄vF |~κ|, with ~κ = ~k − ~K, (2.10)

with the Fermi velocity vF ∼ 106 m/s [41]. The linear dispersion relation
close to the K,K ′ points is one of the remarkable characteristics of graphene,
leading to zero effective mass for electrons and holes. Due to this disper-
sion relation, electrons and holes can be described as relativistic particles by
the Dirac-equation. Therefor the K,K ′ points are often called Dirac-points.
In undoped graphene the Fermi-energy lies at the Dirac-points, resulting in
a completely filled/empty valence/conductance band respectively. Since the
Fermi-energy is tunable by applying a gate-voltage, the carrier type and den-
sity can be seamlessly adjusted.

A carbon nanotube can be thought of as a rolled-up sheet of graphene the elec-
tronic properties of CNTs can be obtained from those of graphene by imposing
periodic boundary conditions. On the one hand, the diameter d of a typical
nanotube is in the range of a few nanometers, while the length can achieve
several micrometers. Consequently, the circumferential momentum compo-
nent ~κ⊥ becomes quantized while the one along the tube ~κ|| is continuous.
Owing to this, carbon nanotubes are often considered as prime example of a
1-dimensional system. The circumferential component ~κ⊥ can only increase
stepwise described by the quantization condition

∆κ⊥πd = 2π. (2.11)

This condition corresponds to cross sections in the graphene bandstructure
leading to 1-dimensional subbands:

E(κ||) = ±h̄vF
√

(κ||)2 + (κ⊥)2. (2.12)

There are many ways to roll up graphene into a tube, the introduction of
a chiral vector C is useful. The chiral vector points in the direction along
the sheet is rolled up. All atoms of the graphene sheet have to fold onto the
CNT atoms, the atoms on the seam have to be integer multiples of the lattice
vectors ( ~a1, ~a2). Therefore the chiral vector ~C is given by

~C = n~a1 +m~a2, n,m ∈ Z. (2.13)
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a)

b)

Zig-zag Armchair Chiral

c)

Figure 2.8: a) Schematic of the different types of carbon nanotubes depending on the chiral
vector ~C = n~a1 + m~a2. [42]. The quantization of the circumferential momentum compo-
nent ~κ⊥ leads to 1-dimensional subbands represented by cross sections (pink lines) of the
bandstructure of graphene. b) If the cross section meets the Dirac-point a metallic CNT
is the result. The dispersion relation E(~κ||) shows no energy bandgap. c) In the case of
a semiconducting CNT the cross sections does not include the Dirac-point leading to an
energy bandgap in the dispersion relation. Adapted from [43].

Nanotubes with n = m are called armchair, those with n = 0 or m = 0 zig-
zag and all others are named chiral, see fig.2.8a. With the help of the chiral
vector the boundary conditions can be specified such that a distinction into
two types of CNTs occur: metallic- and semiconducting-nanotubes. If ~C · ~K
becomes zero, then the cross section in the graphene bandstructure includes
the Dirac-point and κ⊥ = 0 is a solution to the boundary condition. There-
fore the nanotube becomes metallic [42]. This is shown in fig.2.8b (pink lines
represent the cross sections).

In contrast, the cross section for a semiconducting nanotube does not include
the Dirac-point resulting in an energy gap in the dispersion relation E(~κ||)
(fig.2.8c). The displacement of the cross section from the Dirac-point is given
by:

πdκ⊥ = ±2π

3
. (2.14)

From this it follows that the energy gap is inversely proportional to the tube
diameter d. In contrast to 3-dimensional materials where electron-scattering is
possible in all directions, the 1-dimensionality of a carbon nanotube restricts
scattering to only backward or forward scattering events [44]. This leads to a
much lower scattering probability in CNTs and thus an increased mean free
path of ∼ 10 µm [45]. The results in this thesis where obtained in devices
with rather short (∼ 300nm) CNT channels, therefore the electron transport
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can be assumed ballistic.

For achieving a confinement in the last dimension eventually resulting in quan-
tum dot in a CNT one common approach is to connect the nanotube to metal
electrodes acting as source (S) and drain (D) contacts (see fig.2.9a). For

transparent contacts a two terminal conductance of 4e2

h is expected, since
the conductance channel is fourfold degenerated (↑, ↓,K,K ′). In real devices
the contact resistance is mostly not fully transparent due to the formation of
tunnel barriers at the metal/CNT interface. These tunnel barriers cause an
additional lateral confinement along the tube axis and enable the formation of
a quantum dot (0-dimensional electronic structure) in the CNT between the
two contacts at low temperatures. The QD will be explained in more detail
in the following.

Quantum dots

Quantum dots (QDs) can be thought of as small islands where electrons or
holes are confined in all three spatial dimensions. This confinement leads to a
quantized energy spectrum similar to atoms, therefore a quantum dot is often
called artificial atom. The big advantage of a QD in comparison to an atom
is the much larger size, ranging, from a few nanometers up to micrometers
which allows the addition of capacitively coupled electrical contacts for the
investigation of electron transport through such a structure.

A quantum dot is a very general system and can be realized in many different
materials: For instance, self-assembled quantum dots [46], lateral or vertical
QDs in 2-dimensional electron gases (2-DEGs) [47], semiconducting nanowires
[48] or carbon nanotubes [49]. However, the major underlying physics that
describes such systems are universal for all QD systems, like the discrete en-
ergy spectrum or the Coulomb blockade, where due to Coulomb repulsion a
charging energy is required to add an electron/hole to the island. In contrast,
shell filling or spin-orbit interactions for example are material dependent.

In a carbon nanotube electrons are confined naturally to 1-dimension. By
introducing tunnel barriers, an additional longitudinal confinement can be
achieved. These tunnel barriers can be generated for example by modifying
the electrostatic potential using gate voltages [50] or by adding metallic elec-
trodes which may induce Schottky barriers at the metal/CNT interface [51].
A schematic of a carbon nanotube device with two metallic electrodes is shown
in fig.2.9a. Between these two electrodes, which can also act as source (S) and
drain (D) contacts, a quantum dot forms at low temperatures (typically from
∼ 10 mK to ∼ 10 K, depending on the dot size). The tunnel barriers can be
characterized by the tunnel coupling strengths ΓS,D and the capacitances CS,D
of source and drain. In typical devices additional capacitively coupled gates
allow for the control of the number of electrons/holes on the dot by tuning
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Figure 2.9: a) Schematic of a carbon nanotube device with nano patterned metal contacts
on top. The highly doped silicon substrate serves as a backgate (BG). b) Capacitance model
of a QD. Source (S), drain (D) and backgate are capacitively coupled to the CNT QD. In
addition the electron transport across the CNT QD is determined by the tunnel coupling
ΓS ,ΓD of S and D respectively. c) The metal electrodes cause a longitudinal confinement
leading to a quantized momentum component ~κ|| separated by the level spacing δE. d)
Measured differential conductance vs backgate. A clear 4-fold pattern of Coulomb blockade
oscillations is visible.

the dot energy level positions. A simple capacitance model to describes such
a system is given in fig.2.9b.

Due to the longitudinal confinement the parallel momentum component in the
CNT ~κ|| becomes quantized,

~κ|| =
nπ

L
n ∈ {1, 2, 3, ...}. (2.15)

L is the distance between the two contacts and thus approximately the size
of the quantum dot. In simpler words the nanotube quantum dot can be
treated as a 1-dimensional particle-in-a-box system, where the longitudinal
wave vector fulfills the boundary condition for a standing wave. A discrete
energy spectrum is the result, see fig.2.9c. The spacing between two energy
levels δE is approximately

δE = h̄vF
π

L
. (2.16)
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Each energy level can be filled with four electrons due to the spin (↑, ↓) and or-
bital (K,K ′) degeneracy. Fig.2.9d shows an example for the gate dependence
of the measured differential conductance G = dI

dV across such a carbon nan-
otube quantum dot. The typical pattern of conductance peaks is visible, so
called Coulomb blockade resonances, at certain backgate voltages VBG. The
occurrence of these Coulomb peaks in sets of four is referred as the 4-fold
degeneracy of each energy level.

Following ref. [47] a common simplified model to describe electron transport
through a QD with capacitively coupled S, D and BG is the constant interac-
tion model (CIM). This model is based on two main assumptions:

• The discrete energy level spectrum of the QD is independent of the
number of electrons (N) on the dot.

• The interactions of the electrons on the QD with the environment is
covered by a single constant capacitance C = CS + CD + CBG.

With these two assumptions the total energy Etot of a QD containing N elec-
trons is given in the CIM by

Etot =
(−|e|(N −N0) + CSVS + CDVD + CBGVBG)2

2C
+

N∑
n=1

En. (2.17)

Vs, VD and VBG are the source, drain and backgate voltages, N0 is the number
of electrons on the dot at zero applied voltages and En is the nth energy
level. The first term refers to the electrostatic potential of a capacitor. The
terms CSVS , CDVD and CBGVBG describe the charges induced onto the island
(gating-effect), which change continuously the electrostatic potential of the
QD. Since the total energy Etot depends quadratic on the backgate voltage it
is more convenient to think in terms of electrochemical potentials µdot with
linear dependence. The electrochemical potential of the dot is defined as:

µdot(N) = Etot(N)− Etot(N − 1)

(2.18)

∝ NU − |e|
C

(CSVS + CDVD + CBGVBG) + En.

U = e2/C is the charging energy referring to the energy required to overcome
the Coulomb repulsion. Two electrochemical potential levels are spaced by
the addition energy Eadd:

Eadd(N) = µdot(N + 1)− µdot(N) = U + δE. (2.19)
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δE is the energy level spacing given in eq. 2.16. The resulting ”ladder” of
the electrochemical potential levels is depicted in fig.2.10. The continuous
pink lines represent occupied states while the dashed pink lines correspond to
empty states. The tunnel coupling to S and D is described by the rates ΓS
and ΓD. In fig. 2.10a the off-resonance situation is depicted, where the elec-
trochemical potential levels of the leads (µS , µD) are positioned between an
occupied and empty level of the dot. Thus electrons from source or drain have
not enough energy to enter the empty level of the dot. No electron transport
is possible, resulting in a conductance G equal to zero. This situation is called
Coulomb blockade. Since the electrostatic potential of the QD can be changed
by applying a gate voltage VBG, the whole electrochemical potential ”ladder”
can be shifted linearly according to αVBG. The lever arm α = −|e|CBG

C is just
an efficiency factor of the gate coupling. This allows one to align an empty dot
level µdot with µS and µD by changing the gate voltage VBG, see fig.2.10b. Now
electron transport is possible, resulting in a conductance peak. Recording the
differential conductance G while sweeping the gate voltage VBG leads to the
characteristic Coulomb-blockade-oscillation pattern shown in fig.2.9d. Each
peak in the measurement corresponds to an alignment of the electrochemical
potentials. The four-fold pattern of the Coulomb peaks can be understood in
the following way: all energy levels En are four-fold degenerated (↑, ↓,K,K ′)
and therefore every energy level corresponds to 4 electrochemical levels. The
spacing of these levels determined by the addition energy Eadd (see eq. 2.19)
becomes equal to the charging energy U since the energy level spacing δE is
zero. Two sets of four electrochemical potential levels correspond to two dif-
ferent energy levels En, En+1 are then spaced by the charging energy U plus
the energy level spacing δE.

Every Coulomb peak can be described by Lorentzian profiles with a full-width
half-maximum of Γ = ΓS + ΓD at low temperatures (Γ >> kBT ) [52]. Ac-
cording to Heisenbergs uncertainty relation ∆E∆t ≥ h the intrinsic lifetime

a) b)

DS

U

δE

U

U

ГS ГD

Eadd

µS µDEF

DS

U

δE

U

ГS ГD

Eadd

µS µD

Figure 2.10: Energy diagram of a quantum dot. a) Off-resonant situation. The QD is in
Coulomb blockade and no electron transport is possible. b) In resonance all three electro-
chemical potential levels are aligned (µS , µD and µdot), resulting in electron transport.
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broadening is approximately given by the average dwell time ∆t ≈ h/Γ of an
electron on the dot.

The application of a DC bias voltage VSD between the source and the drain
contacts can also generate electron transport across the QD (see fig.2.11a).
In common measurements D is kept on ground leading to µD = 0 and the
voltage is applied on the S. Since µS = −|e|VSD a positive applied voltage
VSD decreases the electrochemical potential of the S and opens a so called bias
widow: µS ≤ µdot(N) ≤ µD. Due to the capacitive coupling of S and D to the
QD the electrochemical level of the QD decreases by ∆µdot = eVSD

CS
C and has

to be compensated by the gate voltage, ∆VBG
CBG
C = −∆VSD

CS
C . Whenever

a chemical potential level enters the bias window an electron can tunnel on
and off the dot. Therefore the conductance changes abruptly resulting in
a measured peak in the differential conductance. Typical measurements to
characterize a QD is the mapping of the conductance G as function of VBG
and VSD. In fig.2.11b such a so called stability diagram is schematically drawn
and shaded with data from a typical measurement of a CNT QD at 230 mK. In
such a color scale plot where the color refers to the conductance G, a diamond-
shaped pattern is visible (pink lines and bright background). These lines
corresponds to situations where the dot level is either aligned with µS , µD or
both. At the top of a diamond two lines crosses, corresponding to VSD = Eadd
and two chemical potentials are within the bias window. The pattern of three
smaller diamonds enclosed by two big diamonds reflects the 4-fold degeneracy
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Figure 2.11: a) Schematic of the energy diagram at finite bias VSD. b) Measurement of the
conductance G (color) as a function of bias and backgate. The typical coulomb diamond
pattern is highlighted with pink lines.
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of the CNT QD levels. In the space of such a Coulomb diamond the number
N of the electrons on the dot is fixed and the dot is in Coulomb blockade.
From the stability diagram the following information for the characterization
of the QD can be extracted:

• Charging energy U and energy level spacing δE. Points in the sta-
bility diagram where two pink lines crosses denote situations wherever
−|e|V SD = Eadd.

• CS , CD and CBG. The slopes of the Coulomb diamonds are given by
β = ∆VSD

∆VBG
= CBG

C−CS
and γ = ∆VSD

∆VBG
= −CBG

CS
. Together with the charging

energy U = e2

C one can calculate the important capacitances.

• The lever arm α = β|γ|
β+|γ| follows from the slopes as well. The lever arm

is needed to convert applied voltages into energy.

• The lifetime broadening Γ one gets from a Lorentzian fit to a single
Coulomb peak.

For achieving spin transport phenomenas in CNT QD one has to replace the
nano patterned source and drain metal electrodes by ferromagnetic metals.
The arising possibility for controlling the electron transport across a QD not
only by applying a gate or bias voltage but additionally by the alignment of the
magnetization (parallel or antiparallel) of the ferromagnetic electrodes results
e.g. in a gate dependence of the magneto resistance and will be explained
more detailed in the following section.



22 CHAPTER 2. THEORETICAL BACKGROUND

2.3 Spintransport in CNT Quantum Dots

Replacing the normal metal electrodes in CNT QD devices, described in chap-
ter 2.2, with ferromagnetic materials like Fe, Co, PdNi or Py lateral spin-
transport experiments on carbon nanotube quantum dots become possible.
The ferromagnetic contacts are shaped into long rectangular strips with two
different widths. As a consequence of the shape anisotropy, the coercive fields
Hc of the two strips are different3 and the direction of the magnetization can
be set by an external magnetic field. Recent experiments on devices with
PdNi contacts in the sequential tunneling regime demonstrated a gate depen-
dence of the magneto-resistance. This includes the observation of a negative
MR [4]. Finding an explanation for the underlying mechanisms is still on-
going research and two qualitatively different approaches [53, 54] coexist so
far. This chapter discusses the observed negative MR and introduces the two
theoretical approaches.

Negative Magneto-Resistance

Common spin-transport experiments on a CNT QD tune the QD to a fixed
backgate voltage and sweep the magnetic field (applied parallel to the F strips)
while mapping the conductance. In ref.[4] a MR depending on the backgate
voltage was observed and can be either positive (GP > GAP ) or negative
(GP < GAP ). This is schematically illustrated in fig.2.12a for two different
backgate voltages VBG. The measured linear conductance GP and the corre-
sponding MR for several VBG is shown in fig.2.12b [4]. The MR oscillates with
VBG and maxima/minima in the MR occur if the VBG is fixed at the right/left
slope of a Coulomb peak respectively. The definition MR = GP−GAP

GAP
is used

for calculating the MR in fig.2.12. Since the MR can become positive and
negative the more symmetric definition

MR =
GP −GAP
GP +GAP

(2.20)

is used in this thesis and provides an equal measure for positive and negative
MR values. One reason for the oscillating MR could be shifts of the Coulomb
peak position sketched in fig.2.12c. Another possibility for the observation of
negative MR is depicted in fig.2.12d. Here a larger amplitude of the Coulomb
peak in the antiparallel alignment can cause negative MR as well. Two ap-
proaches for explaining the observation of negative MR by spin-dependent
energy level shifts exist. Both approaches trace back the underlying mecha-
nism to an effective Zeeman shift of the QD energy levels. But they differ in
the origin of this Zeeman shift: In the first approach spin dependent interfacial
phase shifts are assumed while the second approach uses a renormalization of
the energy levels induced by charge fluctuations .

3details explained in chapter (4.3)
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Figure 2.12: a) Schematic of the observed MR for two different VBG. The MR can be either
positive (GP > GAP ) or negative (GP < GAP ) if the backgate voltage is tuned to the right
or left slope of a Coulomb blockade peak respectively. b) Measurements of the conductance
G (parallel alignment) and corresponding MR = GP−GAP

GAP
as a function of VBG (taken from

[4]). A shift of the Coulomb peak position c) or a change of the amplitude of a Coulomb
peak d) can lead to negative MR.

Spin Dependent Interfacial Phase Shifts (SDIPS)

For the understanding of spin dependent interfacial phase shifts it is useful to
start with the non-interacting model. In the non-interacting case the nanotube
can be treated as a one-dimensional ballistic wire contacted by ferromagnetic
leads [53]. The ballistic nature of the nanotube allows for coherent multi-
ple reflections between the two F contacts. Therefor transport properties are
mainly determined by quantum interferences leading to Fabry-Perot like res-
onances of discrete energies Eres. Electron transport in the non-interacting
limit can be described by using a scattering approach [55]. Scattering events
at the interface F/CNT can be spin dependent since electrons with spin par-
allel or antiparallel to the magnetization of the F scatter with different phase
shifts. This is due to different scattering potentials at the interface caused by
the exchange fields of the F leads . This spin dependence of interfacial phase
shifts (SDIPS) modifies the resonant energy levels and therefore the conduc-
tance of such mesoscopic devices. In particular, SDIPS can cause a Zeeman
like spin splitting

gµBh
c
SDIPS = Ecres↓ − Ecres↑ (2.21)

of the resonant energies. Index c ∈ {P,AP} describes the magnetic config-
uration of the F leads and hSDIPS stands for an effective Zeeman field. In
contrast to an external magnetic field the effective field depends on the config-
uration c of the F electrodes. For example for symmetric coupled F contacts
the effective field vanishes in the antiparallel configuration. Results in recent
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MR measurements on CNTs with transparent PdNi contacts in the Fabry-
Perot regime [5] are well described by this approach.

In the interacting case Coulomb interaction is present in the nanotube seg-
ment. Instead of a one-dimensional wire one has to consider a QD connected
to the F leads. The scattering approach is no longer suitable in the interacting
regime but can be replaced by a description based on an effective Anderson
Hamiltonian

H = Hdot +Hleads +Hc (2.22)

with

Hdot =
∑
n,σ

Enσc
†
nσcnσ +

∑
n,n′,σ,σ′

U

2
c†nσcnσc

†
n′σ′cn′σ′ (2.23)

Hleads =
∑
k,σ

Ekσc
†
kσckσ (2.24)

Hc =
∑
n,k,σ

(tknσc
†
nσckσ + (tknσ)∗c†kσcnσ) (2.25)

Enσ refers to the nth Energy level of the QD with spin σ ∈ {↑, ↓}. Ekσ de-
scribes the energy state k of the lead for spin σ and tknσ is a hopping matrix
element (form leads to QD) where the spin σ is preserved during the tunnel
event. The notion of interfacial scattering phases is less intuitive than by using
a scattering approach. However, in the Hamiltonian Hdot for the charging en-
ergy U = 0 each energy level of the quantum dot En corresponds to a resonant
energy level Eres in the scattering approach with En↓ − En↑ = gµBh

c
SDIPS .

Therefore it is possible to incorporate the observed effective Zeeman splitting
hcSDIPS in the Hamiltonian for the interacting case. This is based on the idea
to adapt the spin dependent scattering potentials caused by the ferromagnetic
exchange field by confinement potentials which are assumed to be spin depen-
dent as well. The spin dependent confinement potentials are illustrated in
fig.2.13a,b.

For comparison with the experimental data the corresponding conductance
can be calculated by using an equation of motion (EOM) technique [57]. The
resulting conductance with corresponding MR is plotted for two different val-
ues of hcSDIPS in fig.2.13c. The orbital (K,K ′) degeneracy in a carbon nan-
otube is considered in addition to the spin degeneracy in the Hamiltonian with
n ∈ {K,K ′} and EKσ = EK′σ [56]. In doing so high-order quantum processes
that couple K an K ′ orbitals are neglected. For hPSDIPS = hAPSDIPS = 0 the
MR remains positive for any backgate voltage as one would expect from con-
ventional spin-valve measurements. For finite hcSDIPS the MR oscillates and
exhibits a negative MR depending on the QD occupation and therefore on
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Figure 2.13: Schematical illustration of the spin dependent confinement potentials in the
parallel a) and antiparallel case. For symmetrically coupled F contacts hAP

SDIPS = 0 and
therefore the effective Zeeman splitting of the QD energy level is only present in the parallel
configuration. c) Calculated conductance and corresponding MR using the interacting model
for two different hc

SDIPS values [56].

different energy level shifts. Peak 1 and 2 for example shift to lower backgate
voltages while Peak 3 and 4 shift to larger values. In addition, splittings of
the conductance peaks in the parallel alignment are visible for peak 3 and 4
(which are double occupied). The splitting is only resolved for large values of
hcSDIPS but even for lower values the effect of SDIPS persists and could be
used for fitting the data from reference [4] (pink line in fig.2.12b).

However, the spin dependent energy level shifts in this approach depend only
on the spin active interface and are therefore almost gate independent.

Recent experiments on CNTs [58] and InAs nanowires [59] in the Kondo regime
showed in contrast that energy level shifts can be partly gate dependent and
gate independent. It is possible to explain both contributions by virtual charge
fluctuations which is explained in more detail in the following section.

Level Renormalization Induced by Charge Fluctuations

Since the QD is connected to F leads with a difference in the density of states
for spin ↑ and spin ↓ an asymmetry of the tunnel coupling Γ↑,↓ to the QD can
be induced [60, 61] by charge fluctuations. Due to the hybridization of the
dot level with the leads, the spin dependent tunnel coupling generates a spin
imbalance on the dot leading to an intrinsic effective Zeeman field hint. This
is schematically depicted in fig.2.14a,b where the discrete energy level (not the
electrochemical potential) of the QD is shown between two F contacts (arrows
in the leads reflect the difference of the DOS).

Following ref. [54] an effective generalized Zeeman field hc(VBG), c ∈ {P,AP}



26 CHAPTER 2. THEORETICAL BACKGROUND

eαVBG(ε0)
0 3.6 7.2

TM
R

 (%
)

G
 (10

-2 e
2/h)

0

1

2

0

100

GP (γ = 1)
GAP

γ = 1
γ = 1/16
γ = 16

N = 
4n+3

N = 
4n+2

N = 
4n+1
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corresponding MR from diagrammatic approach to the reduced density matrix [54].

is assumed and leads to a negative MR. In this model the effective field in-
cludes extrinsic (stray fields, applied magnetic field) and intrinsic (charge fluc-
tuations) sources . A CNT quantum dot in the sequential tunneling regime
is considered with sufficiently small couplings where the Coulomb peak width
Γ is determined by the temperature. Then at least two possibilities can lead
to negative MR. First, if |hP | = |hAP | ≈ kBT the effective Zeeman splitting
removes the spin degeneracy and can lead to GAP > GP (see fig.2.12d). In
this case the ground state of the QD favors states with total maximum spin.
Possible ground states of a CNT in shell n are:

• N = 4n |·, ·〉

• N = 4n+ 1 | ↑, ·〉, |·, ↑〉

• N = 4n+ 2 | ↑, ↑〉

• N = 4n+ 3 | ↑↓, ↑〉, | ↑, ↑↓〉

For example for the transition between 4n+ 2↔ 4n+ 3 electrons on the QD,
spin-down electrons have to be transferred. Since in the parallel magnetic
configuration spin-down electrons are in the minority, the peak height for
antiparallel alignment exceed those for the parallel case. Second, if |hP −hAP |
is on the order of the peak width Γ = kBT the peak positions for the P and AP
configuration can shift with respect to each other (see fig.2.12c) This would
lead to the situation depicted in fig.2.12a including negative MR values.

In this model electron transport is described by the total Hamiltonian

Ĥ
P/AP
tot = Ĥ + Ĥ

P/AP
ext +

∑
l=S,D

Ĥl + ĤT ,



where Ĥ = Ĥ0−eαVBGN̂ is the isolated QD (Ĥ0) and the effect of an applied
gate voltage VBG. N̂ is the total number of electrons in one energy level. The

Term Ĥ
P/AP
ext considers extrinsic gate independent level splittings and contains

at least the contribution from the applied magnetic field for controlling the
magnetization of the F leads. The leads

∑
l=S,D Ĥl are described similar to

eq.2.24 where S,D stands for source and drain respectively. ĤT considers
tunnel events between CNT and leads as a perturbative contribution to the
total Hamiltonian. The conductance can be calculated within a diagrammatic
approach to the reduced density matrix of this nanosystem [62]. Especially
the intrinsic level normalization hint caused by charge fluctuations can be
expressed more detailed. For the case of a flat bandstructure including a
finite Stoner splitting ∆St in the leads one obtains

hint = h0 + ∆h(∆St).

h0 depends on the energy level position of the dot and therefore on the gate
voltage. In contrast the contribution of the Stoner splitting described by ∆h
is almost gate independent. Ref. [54] calculated the conductance and cor-

responding MR for varying contributions of external shifts h
P/AP
ext , intrinsic

shifts hint, Stoner splittings ∆St and coupling assymmetries γ = ΓS
ΓD

. The ma-
jor result for combining intrinsic shifts (which depend on the dot occupation)
with equal extrinsic splittings |hPext| = |hAPext | is plotted in fig.2.14c and may
reflect the shape of the measured MR in fig.2.13c.

Both theoretical models describe a MR(VBG) pattern depending on the occu-
pation of the QD. Especially due to the four-fold degeneracy of the QD energy
level peak shifts are predicted which differ from peak to peak. In addition,
situations are described where the amplitude of a Coulomb peak can become
larger in the antiparallel configuration than in the parallel one. Up to now,
however, no MR experiments on CNT QDs exhibiting a clear four-fold con-
ductance pattern or at least over a backgate range containing four peaks could
be performed.





chapter 3

BASICS OF DEVICE FABRICATION AND EXPERIMENTAL
SET-UP

∗ ∗ ∗

Devices are the heart of almost every research project in the field of nanoelec-
tronics. The general fabrication procedure used in this thesis is introduced in
this chapter and details of each fabrication step can be found in appendix A.
Additionally, the set-up for transport measurements at low temperatures is
described at the end of this chapter.

3.1 Sample Fabrication

The starting point for all devices are highly p-doped Si wafers covered with a
400 nm thick insulating thermally grown SiO2 layer cut into 1 × 1 cm2 pieces.
The use of highly doped silicon wafers enables the possibility for applying
a backgate voltage. After growing the CNT on top of the SiO2, standard
electron-beam (e-beam) lithography and metalization processes are used to
contact the CNT. The general fabrication process is depicted schematically in
fig.3.1.

Carbon Nanotube Growth

After a thorough cleaning procedure of the wafer pieces, the CNTs are grown
by using chemical vapor deposition (CVD) [63]. For this the wafer is spin-
coated with an iron (Fe)-ruthenium (Ru) based catalyst solution and placed in
the quartz tube of a CVD-oven. The FeRu-catalyst is used since recent exper-
iments have shown that this recipe yields single-walled CNTs with diameters
ranging from 0.7 nm - 1.8 nm and typical lengths of 2-10 µm [64]. The forma-
tion of tunnel barriers at the metal/CNT interface benefits from small CNT
diameters and improves the spin transport measurements [65]. The wafer in
the CVD-oven is heated up to 850◦ C under an argon (Ar) flow. At the de-
sired temperature the Ar flow is replaced by methane and hydrogen for 10
min. The methane provides the carbon for the CNT growth and assembles at
the catalyst particles. The hydrogen reacts with the excess carbon and helps
to avoid the growth of nanotubes in bundles. After the growth process, the
wafer is cooled to room temperature under Ar and H2 flow. A schematic of
this fabrication procedure and a corresponding scanning-electron-microscope
(SEM) picture of a resulting CNT is shown in fig.3.1a.

29
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Figure 3.1: Schematic of the fabrication steps. a) Illustration of the CNT growth with
corresponding SEM picture of the result. b) E-beam lithography step to transfer the designed
structure into the resist layer. c) Metal deposition. The SEM picture shows a cross section of
a fabricated test sample after the metal deposition. d) Immersing the sample onto a dissolver,
removes the remaining resist with metal on top. SEM: example of a real fabricated device.
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E-Beam Lithography and Metalization

For fabricating a grid of alignment markers, contacts to the CNT and contact
pads for bonding, three e-beam lithography steps are required, followed by a
metalization process after each lithography step (see fig.3.1b, c). The align-
ment markers are necessary for locating the carbon nanotubes and serve as
coordinate system for all following lithography steps, allowing an alignement
with an accuracy of < 10 nm. The alignment markers are fabricated directly
after the nanotube growth. For this, the wafer is spin-coated with a few 100
nm thick resist layer. In this thesis two different resists, PMMA1 and ZEP 520
A2, are used and details are reportet in chapter 4. After hardening the resist
on a hot-plate, the desired structure can be transferred into the resist via a
highly focused e-beam exposure. Fig.3.2 gives an overview of the structures
used. The exposure to an e-beam brakes up the polymer chains of the resist,
which are then removed by a developer bath, see fig.3.1d. As developer, a so-
lution of 1 part methyl isobutyl ketone (MIBK) and 3 parts of IPA is used for
the PMMA and n-amylacetat for the ZEP. After the lithography step, metal
is deposited on top of the remaining resist mask. For the alignment markers a
5 nm thick titanium (Ti) adhesion layer followed by a 45 nm thick gold (Au)
layer is deposited by e-beam evaporation in a high vacuum chamber (base
pressure ∼ 10−7 torr).

Removing the remaining resist (covered with metal) in a so-called lift-off pro-
cedure completes the lithography step. For the lift-off the device is immersed
in hot acetone for PMMA and in hot n-methyl-2-pyrrolidone (NMP) for ZEP.
For selecting individual CNTs for further fabrication steps, SEM imaging is
used for locating the CNT with respect to the alignment marker grid (SEM
picture in fig.3.1a). After transferring the carbon nanotube position to a de-
sign file (GDS II-file, CLeWin), see fig.3.2d, the contacts to CNT and the
bonding pads can be easily fabricated by following the above described pro-
cedure in a repetitive manner. The procedures differ only due to differently
deposited materials in the metalization process.

For contacting the carbon nanotubes, Py (Ni80Fe20) is the chosen material
for this thesis. 25 nm thick Py shaped into long (∼ 10µm) rectangular strips
of different widths (from 150 nm to 400 nm) provide single-domain contacts
with a high control over the magnetic properties [66]. The Py is deposited by
e-beam evaporation in an ultra high vacuum (UHV) chamber (base pressure
∼ 10−9 torr) or with UHV-magnetron-sputtering (base pressure ∼ 10−9 torr).
The Pd (50 nm) for the bond pads is deposited by e-beam evaporation in
an UHV chamber. It has to be mentioned that the devices are exposed to

1polymethyl methacrylat, Ar-P 671.09 950K, Allresist
2 ZEP 520A, composed of 11% methyl styrene and chloromethyl acrylate copolymere an

89% anisole (solvent) by ZEON corporation.
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Figure 3.2: a) Schematic of the design files with bond-pads b) Alignment grid and contacts
to the nanotube (zoom in). c) Device glued in a chip carrier. Al bond wires connect the
bond pads of the device with bidirectional Au pads of the chip carrier.

air between every lithography step, which can lead to oxide formation on the
metal surfaces, especially of Py. Therefore an argon sputtering step is done
before the Pd deposition to remove the oxide of Py in-situ.

On each wafer piece four structures depicted in fig.3.2a are fabricated in paral-
lel. This allows for contacting at least 16 nanotubes in one fabrication process.
Afterwards the wafer is cut into 4 pieces (4 × 4 mm2) and glued with silver
paint onto a so-called chip carrier (see fig.3.2c). The gluing with silver paint
provides the electrical contact to the backgate. The chip carrier bridges the
fabricated nanostructure with the macroscopic measurement set-up. They
consist of 20 bidirectional Au contact pads. One side is connected to the
nanostructure with aluminum wires done in a commercial ultra sonic wire
bonder. The chip carrier is mounted on a chip carrier socket which connects
the other side of the chip carrier with further contacts. These further contacts
are soldered to the measurement lines.
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3.2 Measurement Set-Up

In the first place the samples are tested with a needle prober at room tem-
perature (RT). For this an AC voltage of 100 µV is applied between the two
contacts and the two terminal resistance of the device is measured with an
lock-in amplifier3. The criteria for a working device at RT is the observation
of a two terminal resistance below 1 MΩ, since devices with higher resistances
are often fully depleted at low temperatures and do not become conducting
anymore. In case the criteria is fulfilled the device is transferred to a low
temperature measurement set-up. A schematic of a typical set-up is depicted
in fig,3.3. Cryogenic temperatures are needed to resolve the single electron
levels of a quantum dot.
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AC signal

- +
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Figure 3.3: Schematical illustration of a typical low temperature measurement set-up. The
set-up offers voltage biased differential conductance measurements via lock-in technique.
Blue parts are placed inside the cryostat while red parts are at RT under ambient conditions.

3Stanford SR 830



34
CHAPTER 3. BASICS OF DEVICE FABRICATION AND

EXPERIMENTAL SET-UP

Therefore it is crucial that the temperature kBT is lower than for example
the charging energy U ∼meV and the level spacing δE ∼meV. For achiev-
ing sufficient low temperatures cryostats are used. For this thesis mainly two
cryostats were used based on different liquid helium (He) isotopes. One with
4He where temperatures ∼ 1.5 K can be reached and one with 3He with tem-
peratures ∼ 230 mK. Liquid 4He has a temperature of 4.2 K. For achieving
lower temperatures one can remove evaporated 4He particles by pumping. The
removal of latent heat leads to further cooling down of the liquid to ∼ 1.5 K.
The helium isotope 3He has a higher vapor pressure yielding a lower boiling
point. Pumping on a 3He bath yields temperatures ∼ 230 mK. Since 3He is
quite rare and therefore expensive, so-called 3He cryostats provide a closed
3He cycle surrounded by a 4He bath. The evaporated 3He can be collected in
a charcoal sorbtion pump (sorb). Heating up the sorb to 30 K for releasing
the collected helium one can condensate the 3He back again with a controlled
cooling by evaporating 4He.

For transport measurements at low temperatures the device has to be placed
in such a cryostat and connected to the read out electronics at RT. The mea-
surement lines connecting the cold device with the RT set-up usually contains
heat leaks caused by insufficient precooled cables or electromagnetic radiation.
A good thermal anchoring of the cables and strong filtering of high frequency
radiation (e.g a frequency of 2 GHz= TkB/h correspond to a temperature of
≈100 mK) is required. Therefore, the device is shielded by a Faraday-cage and
radiation baffles are installed along the insert. Specifically designed so-called
tape-worm filters (rf-filters) [67] are installed at cryogenic temperatures con-
sisting of twisted wire pairs packed into copper foils and commercial π-filters
from Syfer at RT. The cut off frequencies are f > 10 MHZ for the tape-worm
filters and f > 1 MHz for the π-filters.

The measured devices can exhibit resistances up to several MΩ and therefore
voltage biasing of the sample is the choice for performing transport mea-
surements. To do so the device is biased with a DC voltage4 ∼ 0 − 10 mV
superimposed by a small AC excitation voltage5∼ 10− 100 µV with a typical
frequency of ∼77 Hz, see fig.3.3. I/V-converters (typical gain of 107) convert
the generated AC current into an AC voltage which is then measured by a
lock-in amplifier. To keep the noise level as low as possible the I/V converter
is placed close to the cryostat. Additionally a second DC voltage source is
connected to the backgate of the sample with a resistance in series to pro-
tect the device from accidentally occurring leakage currents. The set-up and
read out of the data is controlled by Labview programs and a general purpose
interface bus (GPIB).

4Low noise DC voltage source: Yokogawa YK 7651.
5Provided from a lock-in amplifier: Stanford SR 830.



chapter 4

THE ORIGIN OF INSTABILITIES IN MR MEASUREMENTS

∗ ∗ ∗

The observation of a gate dependent magneto-resistance in carbon nanotube
quantum dots contacted by ferromagnetic leads in 2005 by S. Sahoo [4] demon-
strated the possibility of an electrical control of spin transport. These devices
paved the way for multi-functional spintronic devices. However, the imple-
mentation of ferromagnetic contacts in nanoelectronic devices has proven to
be a challenging task due to the complex nature of ferromagnets and inter-
faces, where oxidation, surface roughness and mesoscopic details may induce
uncontrolled instabilities in transport measurements.

For example, it turned out that palladium nickel (PdNi) contacts used in ref.
[4] have, due to the formation of multi domains, unfavorable magnetic proper-
ties [68]. The preferred direction (magnetic easy axis) of the magnetization in
narrow (∼ 250 nm) and long (∼ 5 µm) PdNi strips is transverse to the strip,
leading to less control over the coercive field HC by a magnetic field applied
parallel to the strip. In contrast recent experiments have shown that e-beam
evaporated permalloy (Py, Ni80Fe20) strips with high aspect ratio provide
due to the formation of single domains and the dominant shape anisotropy
accurately controllable coercive fields with an easy axis along the strip [69, 66].

Though, the lack of reproducibility in MR measurements can not be solely
explained by uncontrolled coercive fields. So-called single switches where only
one conductance step occurs in a MR experiment. They lead to different
conductances for the two parallel cases (↑↑ and ↓↓) and are observed in many
MR measurement on CNT QDs independently of the contact material (Co, Py,
CoFe or Fe) and detection method,1 see for example ref. [65, 70, 71, 3, 43, 72].
A possible mechanism for single switches could be a ferromagnetically pinned
strip or the magneto coulomb effect [73, 3]. In addition, changes in the con-
ductance unrelated to magnetic switching fields are observed.

In this thesis the origin of instabilities in MR measurements is traced back to
magnetic particles in the case of e-beam evaporated Py and to metallic and
magnetic flakes in the case of sputtered Py appearing during the fabrication
process. A solution to this problem is found in an improved fabrication pro-

1Two-terminal (local-) measurements like presented in this thesis or 4-terminal (non-
local-) measurements where the current path is spatially separated from the spin-current.
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cess for both deposition methods presented in this chapter.

The chapter is organized as follows: In the first section MR measurements on
carbon nanotubes contacted with e-beam evaporated Py are presented and
the need for an extended measurement scheme is motivated. In the second
part several resist systems are introduced followed by the description of the
optimized lithography process. The third section shows MR measurements on
devices with sputtered Py and optimized lithography. The last part of this
chapter reports on the improved sputter deposition process. MR measure-
ments on devices with increased stability due to the fabrication with optimized
recipe are discussed in chapter 5.

4.1 The Necessity for an Extended MR Measurement
Scheme

The device for performing MR measurements presented in this chapter consists
of two 25 nm thick Py contacts placed on a carbon nanotube as schematically
illustrated in fig.4.1. The two contacts are 10 µm long, 200 nm and 400 nm
wide and separated by 300 nm. For the fabrication of the two Py strips a 600
nm thick PMMA resist layer and an acceleration voltage of 30 kV is used for
the lithography step and the metal deposition is done by e-beam evaporation
(deposition rate ∼ 0.2 Å/s). The characterization at RT obtained a two
terminal resistance of ∼ 700 kΩ.

For measurements at low temperatures of ∼ 230 mK the starting point is
always the electrical characterization of the quantum dot. In fig.4.2a the con-
ductance G is plotted for a large backgate voltage VBG interval showing a
pronounced four-fold symmetry pattern. The observation of a four-fold pat-
tern is a sign for a defect free carbon nanotube QD [74]. The almost perfect
four-fold pattern can be seen more clearly in fig.4.2b where the spacing be-
tween two peaks is plotted in terms of addition energy, Eadd as a function
of VBG. A regular pattern is visible where three data points with almost the
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Figure 4.1: a) Schematic of a nanotube contacted by two 25 nm thick Py contacts. The
contacts are 10 µm long and 200 nm/400 nm wide. For setting the magnetization an external
magnetic field can be applied parallel to the strips. b) Scanning electron micrograph of a
typical device with measurement set-up.
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same addition energy of 4.1 meV, which is given by the charging energy U , are
followed by one data point with significant larger addition energy Eadd ≈ 6.9
meV given by Eadd = δE + U . From this one finds an energy level spacing of
δE = 2.8 meV for the QD. Since the peak conductance G∼ 10−3 e2/h is quite
low one can conclude an asymmetric coupling between Py contacts and QD.
For completeness in fig.4.2c the energy stability diagram of the QD is plotted.
The pattern of three small diamonds enclosed by two larger diamonds reflects
again the four-fold symmetry. The height of the small diamonds refers to
the charging energy and the height of the large ones to δE + U . The values
obtained from the energy stability diagram matches the one extracted from
fig.4.3b. Additional lines parallel to the slopes of the diamonds correspond to
excited state transitions whereas the lines of the diamond itself correspond to
ground states. Such stable (in time) QDs with very regular four-fold conduc-
tance pattern are the perfect basis for performing MR measurements.

The standard way to perform MR measurements is to tune the QD to the
desired state by VBG and measure the magnetic field B dependence of the
conductance G at fixed backgate voltage VBG. Here an extended measurement
scheme is introduced where a Coulomb peak is mapped while sweeping the
magnetic field.

For this, the conductance is measured as a function of the backgate voltage
and the external magnetic field, resulting in two-dimensional color scale plots
as shown in fig.4.3a for a magnetic field sweep from negative values to positive
ones (up-sweep). The horizontal red/yellow line corresponds to one Coulomb
resonance peak indicated as additional white line (vertical cross section of the
conductance map) in the color plot. Increasing the magnetic field, starting
from negative values, beyond B = 0 a first sharp change of the conductance
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Figure 4.2: Electrical characterization of the QD measured at low temperature ∼ 230 mK.
a) Differential conductance G of the CNT as a function of VBG a nice four-fold pattern is
visible. b) The distance between two Coulomb peaks is plotted in terms of energy as function
of VBG. c) Energy stability diagram of the QD.
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pattern occurs at B1 = 20 mT followed by a second change at B2 = 30 mT.

Both magnetic fields B1 and B2 correspond to the expected coercive fields
[66] for a 400 nm and 200 nm wide strip, respectively. At B1 mainly two
things happen: on the one hand, a large shift of the peak position by ∼ 4
mV and on the other hand, an increase of the amplitude by almost a factor
of 2. At B2 the peak position shifts back roughly to the same position like
for B < B1 but the amplitude does not change back to the former value. For
comparison with standard MR measurements two horizontal cross sections for
slightly off-resonance backgate voltages, indicated by dashed lines, are plot-
ted on top/below the main figure in fig.4.3a corresponding to magnetic field
sweeps at fixed VBG.

The shape of the curves are similar to measurements introduced in chapter 2.3.
On one side of the resonance peak a positive MR of ∼ 70% is observed and on
the other side a negative MR of∼ 80%. The MR step is almost solely caused by
the large shift of the peak position. Sweeping the magnetic field from positive
to negative values (down-sweep) the change of the conductance pattern is
completely different and reflects the issue of instabilities in MR measurements,
see fig. 4.3b. Only at one magnetic field B3 ≈ 20mT, a significant change
can be observed. The peak position shifts again, but the amplitude changes
only slightly. In addition a change of the peak width takes place. Cross
sections at the same backgate voltages like in fig.4.3a show a behavior of single
switches and are again mainly caused by shifting the peak. Since the magnetic
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configuration can affect all characteristic features like position, amplitude and
width of a Coulomb resonance peak in an irreproducible manner, it is highly
recommended to perform MR measurements with an extended measurement
scheme.
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Figure 4.4: The same Coulomb resonance peak from fig.4.3 is mapped as function of time.
Within five hours no gate jump or other instabilities could be detected and suggests a
magnetic origin of the instabilities.

Measuring with the extended scheme is quite time consuming. For example
the color plots in fig.4.3 took approximately 1 h each, which requires stable
devices in time. Surface impurities on the SiO2 substrate may cause gate-
dependent or temporal charge rearrangements where the conductance may
change abruptly. To exclude charge rearrangements in MR measurements the
Coulomb peak in fig.4.3 is additionally mapped with zero applied magnetic
field over a long time period. The measured result in fig.4.4 shows no insta-
bilities within 5 hours. From this one can conclude that the instabilities are
solely of magnetic origin. For tracing the origin of these instabilities the device
is imaged by a scanning electron microscope (SEM).

In fig.4.5 the SEM picture of the investigated device is shown.2 Two main
features are noteworthy:

• A dark shaded area (black arrow) around and between the two Py strips
corresponding to PMMA residues. The residues are identified by the
lower contrast in the SEM image. These PMMA residues are primarily
responsible for typical low yields of devices fulfilling the two terminal
resistance criteria R < 1 MΩ at RT.

• Small particles with large contrast are identified as metallic. These
particles can be be magnetic (e.g. Py) with uncontrollable behavior in
an external magnetic field. Especially they are visible in the zoom-in

2In this SEM picture the secondary electrons are detected and not the backscattered
electrons (BSE). A carbon nanotube is better visible in the SEM used in this thesis if one
detects the BSE [75].
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Figure 4.5: SEM picture of the measured device. Dark shaded areas (black arrow) are visible
around and between the two Py strips corresponding to PMMA residuals. Additionally small
bright Py particles are visible close to the CNT (red dashed line in the zoom in).

picture close to the carbon nanotube (marked as red dashed line) and
may affect the MR measurements.

These fabrication problems can be avoided by optimizing of the fabrication
process. The way to an optimized fabrication recipe is reported in the following
section.
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4.2 Optimized E-Beam Lithography

For the first devices fabricated during this project a resist layer structure
consisting of a 100 nm PMMA/MA3 layer and a 200 nm PMMA4 layer was
used for the e-beam lithography step following the recipe from [66]. For the
lithography an acceleration voltage of 20 kV and an aperture of 10 µm was
used and the Py was deposited via e-beam evaporation. The yield of devices
with a two-terminal resistance at RT was very low < 5 % and none of these
devices worked at low temperature. The reason for this low yield may be
polymer resist residuals. This problem was already mentioned in an earlier
PhD project [43]. In general this is a well known issue from semiconductor
technologies and can in principle be solved by an oxygen plasma ash or by
UV-ozon cleaning [76]. Another possibility to remove the resist residuals is an
argon-plasma etch step before the metallization, see fig.4.6. However all of of
these cleaning procedures can damage or even remove the carbon nanotube
as well, for example no intermediate argon plasma etch rate could be found
for removing the residuals while the CNT stays alive.

200 nm 200 nm200 nm

0 min. Ar sputtering 2 min. Ar sputterimg1 min. Ar sputteringa) b) c)

Py Py
Py

Figure 4.6: SEM pictures of fabricated Py test strips where an additional argon plasma etch
step was done before the metal deposition.

For solving this problem one approach was the use of a single PMMA layer
and to try different thicknesses, acceleration voltages and apertures [43]. In
fig.4.7a) the result of a Py strip fabricated with 600 nm PMMA, 30kV ac-
celeration voltage and 30 µm aperture is shown. No residuals and disturbing
magnetic particles are visible.
Therefore, a sample batch following this recipe was fabricated. Measurements
on the resulting device are presented in the previous section 4.1. Obviously
from the SEM picture of this device (fig.4.5) the Py strips are not as clean
as predicted from the test strip in fig.4.7. It is assumed that this test was a
lucky shot due to a coincident overexposure of the resist in a non-reproducible
manner. It is known that an overexposure may reduce residuals [77]. Since
the fabrication of the ”real” device could not reproduce clean Py strips fur-
ther resist studies were performed.5 For this another test sample following the
same recipe was fabricated, dipped in liquid nitrogen (for a better breaking

3PMMA/MA = polymethyl methacrylat-methacrylic, AR-P 617 33 %, Allresist.
4PMMA = ploymethyl methacrylat 671.09 950 K, Allresist, diluted in chlorbenzene.
5Done by a team colleague: Jörg Gramich.
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Figure 4.7: SEM picture of a test Py strip fabricated by using 600 nm PMMA, 30 kV
acceleration voltage and 30µm. No resist residuals and disturbing Py particles are visible.
b) SEM pictures: tilted side view of a test Py strip after metal deposition and of the resulting
Py strip after lift-off fabricated with the same recipe like in a). The undercut is V-shaped
leading to a deposition of material on the side walls and resulting in a bad lift-off.

edge) and cleaved into two pieces after the metal deposition. This allows for a
tilted side view of the resist profile, see fig.4.7b. Due to the high acceleration
voltage the undercut profile of the resist is V-shaped which supports a metal
deposition on the side walls as well leading to remaining disturbing particles
next to the Py strip after lift-off. In addition, residuals from the resist are still
visible. It is possible to improve the resist profile by lowering the acceleration
voltage, but the issue of resist residuals remains.

200 nm 200 nm

Py

SiO2
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Py

Figure 4.8: Side view of the ZEP resist profile after metal deposition. An almost perfect
undercut is visible. The Py strip after the lift-off is well defined and no disturbing magnetic
particles and resist residuals are visible.

The use of the high-sensitive copolymer ZEP 520A (ZEP)6[78] as resist brought
the solution. Here a 300 nm ZEP resist layer, an acceleration voltage of 10 kV
and a typical dose of ∼ 34 µC is used for the lithography. A 60 s development
took place in n-Amylacetate, stopped in a 9:1 solution of MIBK an IPA and
finally rinsed in pure IPA. After the metallization the lift-off is done in a 70◦

C hot NMP7 bath. Fig.4.8 shows the test result for this recipe. An almost
perfect undercut profile is visible with a narrow opening at the top of the resist
film and clean residual free Py strips can be obtained. For devices fabricated

6ZEP, composed of 11% methyl styrene and chloromethyl acrylate copolymer, solved in
89% anisol, ZEON corporation.

7NMP = n-mythyl-2-pyrrolidone
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with the new recipe a significantly increased contact resistance yield could
be observed. 50% of these devices fulfill the RT criteria of a two-terminal
resistance R < 1 MΩ.
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4.3 MR Measurements on Devices with Sputtered Py
Strips

Parallel to the e-beam lithography optimization a new UHV magnetron sput-
ter machine8 was launched. The physical vapor deposition (PVD) method of
depositing thin films of the desired material (target) by sputtering provides a
much higher degree of versatility in comparison to e-beam evaporation. Sput-
tering is in principle a bombardment of the target with ions provided by a
plasma (e.g an argon plasma). An incident ion initiates a collision cascade
inside the target and when this cascade reaches back to the surfaces with a
kinetic energy larger than the surface binding energy an atom can leave the
target. The main advantages of sputter deposition are:

• Deposition of materials with very high melting points, e.g niobium.

• Stoichiometric deposition of multicomponent materials.

• Better adhesion due to larger kinetic energies ∼ 2 eV on the substrate.

• No hot parts at the sputtering source (water cooling).

• Compatible with reactive gases like oxygen or nitrogen.

• Easy access for fabricating multilayer systems like ferromagnetic ex-
change bias layers or synthetic antiferromagnets (SAF).

The drawback of sputter deposition is the difficulty of combining with lift-off
technique since the material transport from target to sample is due to the
argon gas pressure less directional. Another disadvantage may be the large
kinetic energies of the deposited material since this can damage delicate sub-
strate materials. For example it is known that sputter deposition on graphene
causes disorder in the graphene sheet [79].

Since the new fabrication recipe introduced in the previous section was de-
veloped in parallel first devices with sputtered Py strips where fabricated
following the new recipe for the e-beam lithography step. A device (sample #
2) with two Py contacts (200nm and 400 nm width) separated by 300 nm was
designed. For the sputter deposition step an argon pressure of 5 mTorr and
a power of 35 W was used. It has to be mentioned that the sputter machine
used for the deposition provides 7 sputter sources arranged in a circle while
the sample holder is placed above the sources but in the center of this circle.
This implies a large angle ∼ 40◦ between sputter gun and device. The depo-
sition of ferromagnetic materials under an incident angle induces a magnetic

8Commercially available Orion-8-UHV, AJA, USA.
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Figure 4.9: Electrical characterization of the CNT QD with sputtered Py contacts. a)
Backgate VBG sweep of the conductance G. A four-fold periodicity superimposed by a two-
fold symmetry is visible. b) The addition energy Eadd as a function of VBG The energy
for the second electron (green data points) exceed those for the first and third electron. c)
Energy stability diagram. The highlighted package of four Coulomb resonances is chosen for
MR measurements.

anisotropy axis [80]. For avoiding this the sample was rotated while sputtering.

The device yield fulfilling the RT criteria of a two terminal resistance be-
low 1 MΩ increased slightly in comparison to devices fabricated with e-beam
evaporation. A device with 40 kΩ at RT was cooled down to 1.5 K for spin
transport measurements. The electrical characterization of the QD is plotted
in fig.4.9a. The Coulomb peaks oscillate with a 4-fold periodicity. In contrast
to the data from fig.4.2 the four-fold pattern is superimposed by a two-fold
periodicity. This means that the four-fold degeneracy of the QD energy lev-
els is slightly lifted with an energy separation of ∼ 0.4 meV. This can be
read from fig.4.9b where the addition energy is plotted a function of back-
gate voltage. This generally observed behavior [81, 74, 82, 83, 84] may be
caused by a disorder induced coupling of the K,K ′ states [82, 85] leading to
a splitting by ∆KK′ of the energy spectrum into two spin-degenerate orbitals.
Another possibility for lifting the energy degeneracy is the recently observed
spin orbit coupling ∆SO induced by the curvature of the CNT [86, 87]. Both

mechanism may be present leading to a total splitting of ∆ =
√

∆2
KK′ + ∆2

SO.

However, for MR measurements a package of four resonances indicated in
fig.4.2c as red rectangular is chosen. The result for the magnetic field sweep
(up and down) mapping these four peaks is shown in fig.4.10. Again, like in
the MR data from the previous device (fig.4.3) the measurement is dominated
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Figure 4.10: MR color map for four Coulomb peaks. Like in the MR measurements from
section 4.1 the conductance pattern is dominated by random changes.

by random changes of amplitude, peak position and peak width. In addi-
tion the significant changes of the conductance pattern take place at magnetic
fields which do not correlate with the expected coercive fields for 200 nm and
400 nm wide Py strips [66].

Therefore anisotropy magneto-resistance (AMR) measurements on these two
strips were preformed to determine their coercive fields. AMR is an effect
which causes a resistance dependence on the orientation of the magnetization
of a ferromagnetic material relative to the direction of the current due to the
interplay of magnetization and spin orbit interaction [88, 89].

For this the two terminal resistance R of a single Py strip is measured as a func-
tion of the magnetic field applied parallel to the strip. This is schematically
illustrated in the SEM picture of the device, see fig.4.11a. When sweeping the
magnetic field and reaching the coercive field of such a Py strip the magneti-
zation of the strip changes abruptly by 180◦. Since the magnetic field is never
perfectly aligned with the strip axis the magnetization of the strip does not
change in one 180◦ step and is usually for a short moment during the switching
perpendicular to the current direction resulting in a small resistance change.
Therefore AMR measurements are the perfect tool to state the coercive field
of single Py strips. The results of these measurements from the 400 nm wide
and 200 nm wide strip are plotted in fig.4.11c and fig.4.11d respectively. The
up and down sweep for the 400 nm wide strip results in a resistance change
asymmetric around zero magnetic field. This is caused by an 4 mT offset of
the magnet. Taking this into account one finds a coercive field of ±10 mT well
matched with values obtained in ref.[66] for a 400 nm wide strip. In contrast
the 200 nm wide strip switches in a non reproducible manner. Two up/down
sweeps are plotted taken one after another with completely different shapes.
A closer look at the SEM picture (fig.4.11a) of the measured device sheds light
on this issue.
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Figure 4.11: a) SEM image (secondary electrons) of the device with an illustration of the
measurement scheme for AMR measurements. In addition large Py flakes are visible lying on
top of the narrow strip (white arrows). b) The same SEM picture (backscattered electrons).
AMR measurements of the 400 nm wide c) and the 200 nm wide d) Py strip.

In fig.4.11b the same device is shown but for making the carbon nanotube
visible an SEM image of the backscattered electrons is shown instead of an
image of the secondary electrons. In both images one can see large flakes
consisting of Py (indicated with white arrows) lying on top of the narrow
Py strip while the wide Py strip looks much cleaner. Together with the AMR
measurements one can conclude that these flakes affect the magnetic properties
of the narrow Py strip. In some devices one could also observe flakes lying
on top of the nanotube. For tracing back the origin of these flakes a test
sample was fabricated, dipped in liquid nitrogen and cleaved after the metal
deposition to look at the undercut profile, see fig. 4.12a. Not surprisingly
the undercut is due to the less directional sputter deposition completely filled
with the deposited Py including a Py deposition on the sidewalls of the resist
layer. In fig.4.12b the corresponding Py strip after lift-off is shown. The edges

200 nm 200 nm

a) b)

Py
Py

ZEP

SiO2

Figure 4.12: SEM image for test devices with Py deposited via sputtering a) side view before
lift-off. b) The Py strips after lift-off.
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of the strips are very rough and partly small flakes are visible. The filling
of the undercut with the deposited Py makes the lift-off not reproducible. A
worst case scenario is shown in fig.4.13. Here massive Py flakes are standing
perpendicular to the strip with a height of ≈ 300 nm corresponding to the
resist thickness.
In the following section an optimized sputter deposition process is reported.

200 nm

Py
Pd

Pd

Figure 4.13: SEM image of a worst case scenario of a failed lift-off.
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Figure 4.14: a) Top view of the sputter chamber. b) Side view of the sputter chamber. 3
different positions for locating the sample are indicated. c) The new sample holder with an
additional side arm

4.4 Optimized UHV Magnetron Sputter Deposition

For optimizing the sputter deposition it is reasonable to have a closer look at
the sputter machine used for the deposition. In fig.4.14 a top view of the inside
of the sputter chamber is shown. 7 magnetron sputter sources are arranged
in a circle. The sample holder is mounted above the sources in the center
of this circle. Labeled as position 1 in fig.4.14 which shows a side view of
the chamber. For this situation the material deposited at the sample arrives
under an angle of ∼ 40◦. The possibility of rotating the sample holder may
compensate the deposition at an angle of incidence. In addition the platform
where the sample holder is mounted can be moved up and down. For more
versatility a new sample holder was built with an additional side arm to have
the possibility for localizing the sample vertically aligned to the sputter source,
see fig.4.14c.
For optimizing the sputter deposition process cross sections of test strips,
fabricated with different sputter parameters at 3 distinct sample positions
indicated in fig.4.14c, are investigated.

Position 1

At position 1 three different test samples were fabricated:

• Ar pressure: 5 mTorr, Ar gas flow: 35 sccm, power: 35 W, rotating the
sample (parameters from the measured device in the previous section).

• Ar pressure: 0.7 mTorr, Ar gas flow: 23 sccm, power 50 W, rotating the
sample. This was the lowest achievable pressure.

• Ar pressure: 0.7 mTorr, Ar gas flow: 23 sccm, power 50 W.

The first idea tried out was lowering the argon pressure to reduce scattering
events of the deposited material with gas particles on the way from target to
sample. By reducing the Ar gas flow from 35 sccm to 23 sccm and increasing
the power from 35 W to 50 W an Ar pressure of 0.7 mTorr with stable plasma
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Figure 4.15: Sputter test for position 1. SEM pictures of cross section before lift-off and SEM
pictures of test strips after lift-off. The Py strips are fabricated with different parameters,
indicated at each SEM picture. In all cases the undercut is filled with deposited material
leading to rough edges of the Py strip and a contamination with Py flakes coming from the
sidewalls of the resist.

could be achieved. For the deposition of ferromagnetic materials it is crucial
not to induce an unwanted magnetic easy axis. Therefore the sample was
rotated during the deposition. The result is shown in fig.4.15b. The undercut
is still completely filled with deposited Py resulting in Py strips contaminated
with flakes. For a test sample with the same low pressure parameters but
switched off rotation the same result was observed, see fig.4.15c. With the
new sample holder the possibility arises to place the sample on top of the Py
magnetron source for avoiding a deposition under an angle (position 2). In
first place the distance between sample and sputter source was chosen as large
as possible ∼ 20 cm because of the fear to destroy the carbon nanotube.

Position 2

For sputter test at position 2 two test samples with different sputter parame-
ters where fabricated:

• Ar pressure: 5 mTorr, Ar gas flow: 35 sccm, power: 35 W.

• Ar pressure: 0.7 mTorr, Ar gas flow: 23 sccm, power 50 W.

The results are shown in fig.4.16. For 5 mTorr argon pressure the undercut is
completely filled and the Py strip exhibit rough edges with additional flakes.
Additionally one can see in the zoom in that the grown film is less uniform
and the Py forms columns. It is hard to say, if this is a consequence of the
position and the sputter parameters used since the resolution in most of the
SEM pictures is due to charging up of the resist not high enough. In general
the uniformity of a thin film depends strongly on the sputter parameters
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Figure 4.16: Results for position 2. a) For 5 mTorr Ar pressure the undercut is still com-
pletely filled resulting in bad Py strips after lift-off. Zoom-in: The deposited Py does not
form a uniform film but grows with a column texture. b) Sputtering with an Ar pressure
of 0.7 mTorr shows a first improvement since the major deposited material fill the undercut
only partly. But still a small amount of Py fills the undercut

[90]. The columns develop due to a self-shadowing effect where the incoming
atoms are captured by atoms already incorporated into the deposited material
[91, 92]. The formation of columns may cause an increase of the resistivity.
Additionally they may induce due to shape anisotropy a perpendicular easy
axis when the deposited material reaches a finite thickness. For example
rotating the sample, while sputtering, reduces this self-shadowing effect [93,
91]. The test strip fabricated with an argon pressure of 0.7 mTorr yields first
improvements. In fig.4.16b most of the deposited material fills the undercut
only partly corresponding to the size of the opening at the top of the resist
layer. But still a small amount of Py fills the whole undercut. The Py strip
after lift-off reflects this behavior. A thick well defined Py strip is visible with
thinner material deposited at the edges. The final test step is a decrease of
the distance between sample and sputter source.

Position 3

The following sputter parameters were used for fabricating the last batch of
test samples:

• Ar pressure: 5 mTorr, Ar gas flow: 35 sccm, power: 35 W.

• Ar pressure: 2 mTorr, Ar gas flow: 35 sccm, power: 35 W.

• Ar pressure: 0.7 mTorr, Ar gas flow: 23 sccm, power 50 W.

A significant improvement of the Py strip could be achieved by decreasing
the distance between sample and sputter source from ∼ 20 cm to ∼ 10 cm.
In fig.4.17 one can see well defined Py strips for argon pressures of 5 mTorr
and 2 mTorr. The widths of the resulting strips are still slightly wider than
the opening of the resist and for achieving Py strips with 200 nm and 400
nm width one has to design 180 nm and 350 nm wide strips respectively. In
addition only parts of the deposited material reaches the bottom of the resist
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Figure 4.17: Sputtering at position 3 where the sample is placed 10 cm above the sputter
source a significant improvement of the fabricated Py films is achieved. a) For an argon
pressure of 5 mTorr a well defined Py strip is the result. b) As well for 2 mTorr. c) The
result for 0.7 mTor.

trench, and for fabricating a 200 nm wide strip of 25 nm thickness one has
to deposit a 60 nm thick film. The thickness depends on the width of the
strip and depositing 60 nm of Py gives a thickness of 30 nm for a 400 nm
wide strip. Another feature observed is that the incoming material deposits
preferentially at the edge of the resist opening which shrinks the width of
this opening during the Py position. Therefore the Py strip has no longer a
perfect rectangular shape but rounded edges . This is for example visible in
fig.4.17c. For an argon pressure of 0.7 mTorr the Py deposits at the bottom
of the trench are slightly asymmetric with respect to the undercut. This leads
to a connection between strip and the right side wall and to a small amount
of deposited material beside the main strip on the left side of the strip. This
results in a rough edge on the right side of the Py strip and a very smooth
left side after the lift-off. The positioning of the sample on top of the sputter
source is done with limited precision based on visual judgment only. This
misalignment probably causes the asymmetric deposition of the Py for 0.7
mTorr argon pressure.

However sputter parameters for well defined and clean Py strips where found.
The Py strips are of the same visual quality like Py strips fabricated with
e-beam evaporation. For further fabrications of ”real” samples where a nan-
otube is connected with two Py strips an argon pressure of 5 mTorr and a
power of 35 W is chosen for the sputter deposition. Before going on with MR
measurements on hast to verify that the visual improvement of the Py strips
goes along with an improvement of the magnetic properties. Especially for
the narrow 200 nm wide strip. For this AMR measurements are performed.
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In fig.4.18 the result of an AMR measurement for an 200 nm wide strip is
plotted and a coercive field BC of ±40 mT is found. For comparison with e-
beam evaporated Py strips the measured coercive fields are plotted in fig.4.18
as a function of the strip width for Py strips fabricated with different recipes.
From this plot one can conclude that Py strips fabricated with optimized
sputter deposition (red data points) are of the same high magnetic quality
as strips fabricated via e-beam evaporation (black 9 and blue10 data points).
Py strips fabricated with the not optimized sputter parameters (green data
points) show significant lower coercive fields.
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Figure 4.18: a) AMR measurement for a 200 nm wide Py strip. A coercive field of ± 40 mT
can be extracted. b) Coercive field BC as a function of strip width for Py strips fabricated
with different recipes. Py strips fabricated with optimized sputter parameters exhibit the
same high degree of control over the coercive field by the width of the strip.
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chapter 5

MR EXPERIMENTS ON STABLE DEVICES

∗ ∗ ∗

The gate-dependence of the MR in carbon nanotube QDs [4], especially the
observation of negative MR values, is not fully understood so far. Theoretical
models [56, 54] based on an effective Zeemann splitting of the QD energy
levels, predict major contributions to the MR from shifts of the Coulomb
peaks. Taking into account the four-fold degeneracy of each energy level,
both models predict a MR(VBG) pattern dependent on the occupation of the
dot. MR measurements on devices exhibiting a clear four-fold conductance
pattern have not been reported up to now.
MR measurements suffer mainly from a lack of reproducibility. Some irrepro-
ducibilities in the MR could be traced back in chapter 4 to disturbing magnetic
particles or flakes appearing during the fabrication process. In devices fabri-
cated based on the optimized recipe reported in chapter 4, improved repro-
ducibility and magnetic and electrical contact properties could be achieved.
This chapter discusses MR measurements on two independently fabricated sta-
ble devices which exhibit a clear four-fold periodicity. These measurements
seem not to be compatible with the theoretical models reported in ref. [56, 54].

5.1 Negative Magneto Resistance over Set of Four
Coulomb Peaks

The first device presented in this chapter is fabricated following the optimized
recipe (see chapter 4) with sputtered (pAr = 0.5 mTorr. P = 35 W) Py for the
ferromagnetic electrodes. For this device a two-terminal resistance of 50 kΩ
was obtained at RT. The differential conductance G measured as a function
of backgate voltage VBG at low temperature (∼ 230 mK) is plotted in fig.5.1a.
The Coulomb blockade oscillations and the corresponding distances between
two peaks in terms of energy, plotted in fig.5.1b, as a function of backgate
voltage VBG show a clear four-fold periodicity consistent with the spin and
valley degeneracy. The four-fold degeneracy is slightly lifted by ∆ = 0.9
meV. From the energy stability diagram shown in fig.5.1c one can extract the
following parameters:

• Lever arm of the backgate to the QD α = 0.14

• Charging energy U ∼ 4.5 meV.

• Level spacing δE ∼ 4 meV.

55
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Figure 5.1: Electrical characterization of the carbon nanotube quantum dot formed at low
temperature ∼ 230 mK. a) The conductance G of the QD spin valve is plotted as a function
of backgate VBG. A clear four-fold periodicity is visible reflecting the spin and orbital
degeneracy of the QD energy levels. b) The distance between two corresponding peaks in
a) is plotted in terms of energy versus backgate. c) Energy stability diagram of the QD.

• Source capacitance CS ≈ 23.6 aF.

• Drain capacitance CD ≈ 6.3 aF.

• Backgate capacitance CBG ≈ 4.9 aF

The average width of the Coulomb peaks is Γ ∼ 2.4 meV which is much larger
than the broadening by temperature (for T = 230 mK ∼ 0.02 meV). From
this one can assume a lifetime broadening of the QD energy levels dominated
by the coupling to the contacts. This (kBT << Γ) allows for a description of
the intrinsic line shape of such a QD resonance by:

Gi = G(i)
max

Γ2
i

(E − Ei)2 +
Γ2
i

4

. (5.1)
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Figure 5.2: a) Conductance G as a function of backgate voltage VBG and external magnetic
field B. Clear conductance variations are visible in the up (left) and down (right) sweep
at magnetic fields corresponding to the coercive field of the Py strips. b) Horizontal cross
sections at fixed backgate from the conductance maps (indicated by dashed lines). Sharp
switchings occur at the coercive fields of the Py strips and lead to a negative MR ∼ −4%.

E − Ei ∝ α∆VBG describes the detuning of the Coulomb peak position. For
a four-fold degenerate CNT the maximum of a conductance peak is given by

Gmax =
4e2

h

ΓSΓD
(ΓS + ΓD)2

. (5.2)

From this one finds a maximum of the conductance peak Gmax ∼ 0.5 e
2

h and
the tunnel couplings1 to source ΓS ≈ 2.0 meV a drain ΓD ≈ 0.4 meV, which
gives a quite symmetric tunnel coupling ΓS

ΓD
≈ 5.

For the MR measurements a set of four peaks is chosen indicated with a red
rectangle in fig.5.1a. The conductance G is mapped as a function of back-
gate voltage and external magnetic field applied parallel to the Py strip and
plotted in fig.5.2a. The two color plots refer to up sweep (increasing B field
form negative values) and down sweep (decreasing B field from positive val-
ues). Each yellow/red horizontal line corresponds to one Coulomb resonance
peak. On top of these lines one can see intensity variations in the magnetic
field range where it is expected (from AMR measurements) that the magnetic
strips switch their magnetization. In the up sweep an increase of the conduc-
tance G occurs at B= 27 mT and when reaching B=33 mT the conductance
changes back to the original value. This small field range 27 ≤ B ≤ 33 mT
is identified as the antiparallel magnetic configuration. In the down sweep

1The larger value is chosen as ΓS .
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Figure 5.3: a) Conductance G as a function of backgate voltage VBG for parallel (red solid
line) and antiparallel (black dashed line) magnetic configuration. b) Corresponding MR.
The MR oscillates with the backgate voltage.

the change of the conductance to larger values occurs at -32 ≤ B ≤ -22 mT.
Almost no additional features, like random shifts or changes in the conduc-
tance are visible. For comparison with the common way for performing MR
measurements where the magnetic field is swept up and down for fixed back-
gate voltage horizontal cross sections in the color plot (indicated as by dashed
lines) are plotted in fig.5.2b. Sharp switches of the conductance at the coer-
cive fields of the Py strips are visible. The change of the conductance between
parallel and antiparallel magnetic configuration corresponds to a negative MR
of ∼ −4%.

The amplitude, position and width of the conductance feature in such devices
can depend on the magnetic configuration. For further analysis vertical cross
sections are taken from fig5.2a. Two of them taken at -80 mT (parallel config-
uration P) and 29 mT (antiparallel configuration AP) are plotted in fig.5.3a.
The two curves differ significantly. Higher amplitudes for the antiparallel case
are visible and in addition the peak positions are slightly shifted with respect
to each other. In fig.5.3b the corresponding MR is plotted as a function of
backgate voltage VBG. The MR oscillates with the backgate voltage. Maxima
in the MR occur at the left slopes of each Coulomb peak and minima at the
right slopes, which is a strong indication for a MR mainly caused by the shift
of the peak positions.

For a quantitative analysis the data are fitted by multiple Lorentzians (eg.
5.1). This allows for extracting the amplitude, peak position and width of
each peak. As an example, the fit (orange solid line) for one conductance curve
of the AP configuration (dashed line) is plotted in fig.5.4a. Each Lorentzian
is plotted as green line. The results are shown (of the third peak highlighted



5.1. NEGATIVE MAGNETO RESISTANCE OVER SET OF FOUR
COULOMB PEAKS 59

VBG (V)
-0.5 -0.45 -0.4 -0.3-0.35

G
 (e

2 /h
)

0.1

0.3

0.5

0.7a)

0.54

0.56

0.58amplitude G
 (e

2/h)

position

-405.9

-405.3

-404.7

V
B

G  (m
V

)
0-0.1 0.1

B (T)

17.8

17.5

17.2

width

V
B

G  (m
V

)

0-0.1 0.1
B (T)

0-0.1 0.1
B (T)

17.1
17.4
17.7

-404.9
-404.3
-403.7

0.54

0.56

0.58 G
 (e

2/h)

V
B

G  (m
V

)

V
B

G  (m
V

)

0-0.1 0.1
B (T)

0-0.1 0.1
B (T)

0-0.1 0.1
B (T)

sweep

sweep

b)

c)

Figure 5.4: a) The conductance G for the antiparallel configuration as a function of backgate
voltage V is fitted with multiple Lorentzian. The sum (orange line) over these six Lorentzian
is well matched with the data. Each single Lorentzian is plotted as green lines in addition.
This allows for extracting the amplitude, peak position and width of each Coulomb peak.
The Results of the extracted parameters for the third peak highlighted with an asterisk are
plotted as a function of magnetic field B for the up sweep b) and the down sweep c). Similar
results for the other peaks are obtained an can be found in appendix B.

by an asterisk) for the amplitude, peak position and peak width as a function
of magnetic field in fig.5.4b for the up sweep and in fig.5.4c for the down sweep.

The results for all other peaks can be found in appendix B. The amplitude
increases in both sweeps for the antiparallel magnetic configuration by ∼ 4%
relativ to the parallel one. The peak position shifts about 1.0 mV (∼ 140µeV)
which is ∼ 6% of the peak width. In the down sweep an instability is visible
at B ≈ 100 mT affecting the amplitude and at B ≈ 80 mT the peak position.
These small additional features could come from charge rearrangements. In
contrast the width of the peak is not affected by instabilities and shows solely
an increased value of 4.5% in the antiparallel configuration. Similar behaviors
could be found for all other peaks as well (see appendix B). The peaks are all
shifted by the same value within experimental errors.

This allows for investigating the respective impact on the MR by correcting
the relative shift of the conductances curves between parallel and antiparallel
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Figure 5.5: a) Conductance G as function of backgate voltage VBG for the measured con-
ductance in the parallel configuration (red line) and the for the shift corrected conductance
in the antiparallel configuration (black dashed line). b) Magneto-resistance for the original
case (red line) and the corrected case (blue dashed line).

alignment of the Py strips. In fig.5.5a the original conductance curve for the
parallel alignment and the shift-corrected curve for the antiparallel alignment
are plotted. From this one can calculate the corrected MR shown in fig.5.5b as
blue dashed line, together with the original MR for comparison. The corrected
MR exhibits a remaining modulation of 3% and maxima occur at backgate
voltages corresponding to the Coulomb peak maxima. The remaining modula-
tion can tentativly be attributed to changes in widths of the peaks for parallel
and antiparallel configuration. In addition, the resulting MR is negative for
all backgate voltages in contrast to the standard TMR picture.

The observation of a global shift of the Coulomb peak positions and a complete
negative MR over a set of four peaks is in contradiction to the two existing
theories introduced in chapter 2.3. An effective Zeeman splitting of the energy
levels of any origin would lead to energy shifts of pairs of Coulomb peaks, each
with opposite directions. In addition these models predict that the amplitudes
dependent on the occupation of the dot and can lead either to an increased or
decreased amplitude when the magnetic configuration changes from parallel
to antiparallel. It has to be mentioned that the assumed regimes of the QD in
both theories differ from the regime of the QD presented here. In particular,
in ref.[56] the assumed tunnel rates ΓS = 0.0725U and ΓD = 0.0043U are
much lower than the observed tunnel rates of ΓS = 0.4U and ΓD = 0.09U for
the QD in this thesis. Due to the weak tunnel coupling in this work, higher
order tunnel processes are neglected. In ref.[54] similar small tunnel couplings
are assumed and a thermal broadening is assumed.

A global shift in the antiparallel configuration could be caused by another
mechanism: the magneto-Coulomb effect (MCE) [94, 73, 95]. The MCE de-
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scribes a situation where the density of states at the Fermi energy for spin up
and spin down electrons in the ferromagnetic contacts is shifted by the Zeeman
energy ∆EZ = ±1

2gµBB caused by an external magnetic field. Since the num-
ber of total electrons has to stay constant the electrons rearrange between the
two spin subbands, leading to a change of the electrochemical potential ∆µ.
In the case of a ferromagnet capacitively coupled to a small island like a QD,
this change in the electrochemical potential induces an additional charge onto
the QD and acts like an additional gate, resulting into a shift of the Coulomb
peak positions. This gating effect has to be compensated by the backgate
voltage ∆VBG. This shift in an external magnetic field can be described by

∆VBG =
1

2e

CS + CD
CBG

PgµBB. (5.3)

Since the slope of the shifts depend on the magnetic configuration additional
step like changes are expected when changing the orientation. For estimating
the MCE shift in the presented device a polarization of P = 0.8 of the fer-
romagnet is used as an upper limit. The Landé g-factor is 2.1 for thick (>
15 nm) Py films [96]. With the data obtained above on source, drain and
backgate capacitances one obtains a MCE shift of ∆VBG/B ≈ 300µV/T. This
negligible slope of the peak position is consistent with the one observed in
fig.5.4b. Sweeping the magnetic field beyond both coercive fields of the two
Py strips connected to the QD a total change in position of ∆VBG = 15µV
would be expected by the MCE. This is far too small for explaining the ob-
served shift of 1.0 mV. In principle it is still possible that this shift is caused
by a small instability for example at the interface between Py and CNT. The
optimized fabrication process led to cleaner devices with increased stability.

For the observation of an overall negative MR two possible reasons will be
discussed in the following. First: A negative MR was also observed in con-
ventional magnetic tunnel junctions with Py as ferromagnetic electrodes. Es-
pecially in ref. [97] it was demonstrated that the sign of the TMR signal
dependents on the tunnel barrier material (e.g. Ta2O5 , Al2O3) and the bias
voltage (in case of a Ta2O5 tunnel barrier). The underlying mechanism of
these observations is based on evanescent Bloch waves decaying due to differ-
ent symmetries with different rates in the tunnel barrier (see chapter 2.1 for
more details).

The second possibility for observing negative MR is based on the fact that
the surface of Py may become oxidized when exposed to air. In ref.[98] a
lateral spin valve with a similar structure like for the presented devices but
with a silver (Ag) nanowire instead of a CNT was investigated. They imaged
the cross section of the interface between the 25 nm thick and 80 nm wide
Py strip and the 100 nm wide Ag strip with a scanning transmission electron
microscope, see fig.5.6a,b. After exposing the device to air under ambient con-
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ditions for 7 days they found a completely oxidized Py interface, see fig.5.6c,d.
As introduced in chapter 2.1 the natural oxide of Py exhibits an additional
spin filtering effect. However, for observing negative MR, one Py strip has to
be completely oxidized while the other one is only partly oxidized. This may
tentatively be explained by the different widths since the oxygen has to diffu-
sive from the sides of the strips for affecting the interface. These mechanisms
could explain a sign reversal of the MR but not the shifts of the peak at the
coercive field of the two Py strips.

Another possibility is discussed in the next section where energy stability
diagrams are investigated for different magnetic orientations. There the oc-
currence of co-tunneling events close to zero bias are taken into account.

Figure 5.6: a) STEM image of a Py/Ag junction in an as-grown device. b) Corresponding
oxygen-map image obtained by energy filtered transmission electron microscopy (EFTEM).
c) STEM image of a Py/Ag junction exposed to air for seven days. d) Corresponding
oxygen-map. Pictures are taken from [98].
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5.2 Stability Diagrams for Different Magnetic
Configurations

Further investigations of MR are performed at finite DC bias. In the energy
stability diagram shown in fig.5.1c, additional conductance lines inside of the
small Coulomb diamonds are visible. Since sequential (first order) tunneling
is blocked due to the Coulomb blockade in such a diamond, these lines are
due to to higher order tunneling processes so-called co-tunneling events [99].
In this case transport takes place via virtual intermediate states within the
uncertainty time τ ≈ h̄/U . Depending on the total energy of the QD after
the tunnel event one distinguishes between elastic- the energy before and after
the tunnel event stays the same and inelastic co-tunneling, where the final QD
energy differs from the one before the tunnel event.

A specific effect based on spin-flip co-tunneling events is the Kondo effect
[100]. The Kondo effect describes the situation of an increased resistance in
metals containing localized magnetic impurities. A QD tuned to a state with
an odd number of electrons allows for a treatment of the QD as an artificial
magnetic impurity connected to leads. Virtual tunneling events which may
effectively flip the spin on the dot lead to the spin-1/2 Kondo effect in QDs
[101, 102]. These successive spin-flip processes screen the localized spin on the
dot, leading to the formation of an additional conductance channel at zero-
bias VSD = 0. In the case of a QD connected to ferromagnetic leads, recent
experiments [103, 104, 59, 105] found on the one hand that the Kondo reso-
nance peak may become enhanced when the magnetic configuration changes
from parallel to antiparallel. On the other hand, the QD becomes spin polar-
ized by a local exchange field, leading to a tunneling induced spin splitting of
the Kondo resonance. Especially the enhancement of the Kondo resonance at
zero-bias may affect the MR measurement.

Energy stability diagrams for the two magnetic configurations have been mea-
sured. The one for the parallel configuration is plotted in fig.5.7a and the one
for the antiparallel case in fig.5.7b. Already in these two plots, a change in the
conductance is apparent. Pronounced features are indicated by white arrows.
For a better visibility of the conductance changes, the difference ∆G of the
data is plotted in fig.5.7c. To make sure that the conductance change is really
coming from the two magnetic orientations and not from the change of the
QD with time, the energy stability diagrams for the two parallel configura-
tions (↑↑, ↓↓) are subtracted from each other as well and plotted in fig.5.7d.
The difference between the two parallel cases ∆G = G↓↓−G↑↑ should be close
to zero within the noise level, which is the case. The plot of ∆G = G↓↓ −G↓↑
differs significantly. In particular, parts with increased conductance in the
antiparallel configuration (indicated by black arrows) leading to negative ∆G
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Figure 5.7: Energy stability diagrams for parallel a) and antiparallel b) magnetic configura-
tion. Changes in the conductance are visible, especially at places marked with white arrows.
c) The conductance difference ∆G = G↓↓ − G↓↑ between parallel and antiparallel config-
uration is plotted as function of bias VSD and backgate VBG. d) ∆G for the two parallel
(↑↑, ↓↓) magnetic configurations. e) The calculated MR as a function of bias and backgate.

values are visible. Especially the obtained negative values at zero bias are
consistent with the MR measurements shown in section 5.1. Increased ampli-
tudes where obtained for the antiparallel configuration leading to an overall
negative MR. In addition, parts at finite bias with decreased conductance in
the antiparallel configuration (indicated by green arrows) with positive ∆G
values can be seen. For completeness the calculated MR plotted in fig.5.7e.
Here it has to be mentioned that due to technical reasons the device warmed
up between the MR measurements presented in section 5.1

and the measurement of the energy stability diagrams. Due to this, the QD
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changed slightly and one has to be careful with comparing these two measure-
ments since the measured conductance peaks are not the same.

The interval of the pronounced MR effect at the large right diamond was
recorded with a higher resolution. The energy stability diagram for the an-
tiparallel alignment is plotted in fig.5.8a (the stability diagram for the parallel
alignment can be found in appendix C). In fig.5.8b the conductance difference
∆G = G↓↓ − G↓↑ between parallel and antiparallel configuration is plotted.
In the stability diagram for the parallel configuration a charge rearrangement
occurred at VBG =≈ −0.507 V so that the values for the difference ∆G can
only be compared for backgate voltages VBG < −0.507 V. Again, parts with
negative and positive values are visible.

Especially negative values (indicated by black arrows) occur at

• left slopes of the diamonds at positive bias.

• right slopes of the diamonds at negative bias.

• close to zero-bias within the small diamonds.

In contrast positive values (indicated by green arrows) occur at

• right slopes of the diamond at positive bias.

• left slopes of the diamond at negative bias.

Whenever the conductance difference becomes negative, a positive value can
be observed next to it which suggests shifts of the resonances with respect to
each other. For excluding shifts, several cross sections are taken (indicated by
white dashed lines in fig.5.8a) for the parallel and antiparallel configuration
and plotted in fig.5.8 c-f. In all cases the peaks occur at the same values and
are shifted neither in bias- nor in backgate-direction.

Cross Section 1

In cross section 1 no significant shifts with the backgate are visible. Peaks
marked with black arrows exhibit large amplitudes in the anttiparallel config-
uration. In addition, the two peaks become narrower which may explain the
positive values at the slope of these peaks. For the other peaks no significant
changes in amplitude or position occur.

Cross Section 2

For the same peaks (black arrows), like in cross section 1, no shifts with the
bias are obtained. Sharper peaks are visible with a clear larger amplitude and
for the antiparallel alignment.
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Figure 5.8: a) Energy stability diagram for the antiparallel configuration (for the parallel
configuration see appendix C). b) Conductance difference ∆G = G↓↓ − G↓↑, parts with
positive and negative values are visible. c)-f) Cross sections taken at fixed bias or backgate
voltages indicated with white dashed lines in a) for the parallel and antiparallel magnetic
configuration. No significant shifts are visible in all cross sections in bias or backgate direc-
tion and positive/negative ∆G values are solely caused by the change in amplitude and the
shape of the peaks.

Cross Section 3

For all peaks, a change in the amplitude can be obtained. For peaks marked
with black arrows, the amplitudes becomes larger in the antiparallel config-
uration while the amplitude becomes smaller for the one marked with green
arrows. This is consistent with the observation made above for left and right
slopes of a diamond at positive bias. The conductance changes with different
signs when the magnetization is switched from parallel to antiparallel.

Cross Section 4

In this cross section a broad and small peak is visible in the parallel magnetic
configuration close to zero bias. In the antiparallel configuration, this peak
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changes significantly. The amplitude becomes larger and the peak is much
sharper (black arrow). Thus a second small peak marked with a green arrow
can be resolved.

All preliminary results presented in this section have been constrained due to
the limited lifetime of the device and thus limited number of measurements.
Further investigations are proposed. The energy stability diagrams for the
same peaks, like those chosen for the gate dependent MR measurements (in
chapter 5.1), should be measured for obtaining a direct comparison. Moreover,
applying high (several Tesla) magnetic fields or temperatures could help in
verifying whether the co-tunnel conductance lines close to zero bias observed
in cross section four are related to the Kondo effect or not.
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5.3 Indications for a MR depended on the Occupation of
the QD

A second device has been fabricated independently from the one presented
in section 5.1 by using the same fabrication recipe. For this device the same
high degree of reproducibility in the MR signal could be observed. The device
exhibits a RT resistance of R ≈ 50 kΩ. The data from the electrical charac-
terization of the QD at low temperature (∼ 1.5 K) is plotted in fig.5.9. The
four-fold degeneracy of the QD energy levels is slightly visible superimposed
by a two-fold periodic conductance pattern. From the energy stability dia-
gram (fig.5.9b) one can extract a charging energy of U ∼ 4 meV and a level
spacing of δE ∼ 3.8 meV. These values comparable to the ones from the QD
presented in section 5.1 and fits to a QD of ∼ 300 nm size corresponding to
the distance between the two Py strips. With the lever arm α = 0.07 one
obtains an average Coulomb peak width of ∼ 1.75 meV.

For the MR measurements four peaks are chosen, indicated by a red dashed
rectangle in fig.5.9a. The corresponding conductance G is plotted as a function
of backgate voltage VBG and magnetic field B in fig.5.10a for the up (upper
panel) and down (lower panel) sweep. At magnetic fields B ∼ ±40 mT and
B ∼ ±20 mT conductance changes are visible, in agreement with the coercive
fields of a 200 nm and a 400 nm wide Py strip, respectively.

As in the previous section, multiple Lorentzians are fitted to the data for
extracting the amplitude, Coulomb peak position and peak width as a function
of magnetic field. Due to the comparative high temperature of T =1.5 K
the Peaks exhibit no Lorentzian shape (see appendix D)2. The fit does not
match the data between two Coulomb peaks and therefore the width of the
peaks can only be taken as a rough approximation. No clear features, due to

2The temperature of 1.5 K is for this dot corresponds to an intermediate regime and is
too low for treating the Coulomb peaks as purely temperature broadened.
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electrical instabilities, are visible in the magnetic field dependence of the peak
position and width (see appendix D). This section focuses on the magnetic
field dependence of the amplitude of each Coulomb peak.
In fig.5.10b The amplitude extracted for each peak is plotted as a function
of magnetic field (up and down sweep). For a clearer presentation they are
plotted with individual offsets. The labeling with numbers (1-4) corresponds
to the labeling in fig.5.10a. Clear step like changes of the amplitude occur at
magnetic fields related to the parallel and antiparallel magnetic configuration
of the Py strips. A reproducible MR of 3-5% is obtained. Remarkable is the
magnetic field dependence of Coulomb peak number 1. The sign of the MR is
inversed yielding a positive MR of ∼ 5%. In addition, for peak number 2 the
MR is superimposed by a single switch. These are first indications that the
MR may depend on the chosen Coulomb resonance, as predicted by theories
on spin transport in CNT QDs introduced in chapter 2.3. For tracing back
the origin of MR in carbon nanotube quantum dots further investigations
are proposed. MR measurements in different QD regimes should be made.
In particular, MR measurements on Coulomb resonances with strong overlap
(conductance in the blockade does not completely decrease to zero) or exhibit-
ing Kondo resonances and on Coulomb resonances well separated from each
other. Moreover measurements of MR in QDs weakly/intermediate/strong
coupled to the ferromagnetic leads are proposed.
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BEYOND COLLINEAR MR MEASUREMENTS

∗ ∗ ∗

A pair of entangled particles - so-called EPR (Einstein-Podolky-Rosen) pair
[106] - play a major role in quantum information. A natural source of entan-
gled electron pairs are, for example, Cooper pairs in a s-wave superconductor
which occur in a spin-singlet state [107]. Recent research demonstrated the
possibility of a controlled spatial splitting of such Cooper pairs in semiconduct-
ing nanowires [108] and carbon nanotubes [109, 110]. In a so-called Cooper
pair splitter (CPS) a s-wave superconductor is connected to two quantum
dots. These QDs enforce the splitting of the Cooper pairs in the two arms of
the splitter by Coulomb repulsion. Up to now only charge correlations have
been probed and the confirmation of the degree of spin-entanglement is still
a challenging task. One approach for the detection of spin entanglement are
spin projection measurements which can be realized by using ferromagnets as
spin detectors [6].

Ferromagnetic contacts as spin detectors project the spin state to the direction
of magnetization of the ferromagnet. The design of long and narrow Py strips
contacted to CNTs as discussed in chapter 5 allows only for a parallel and
antiparallel magnetic configuration. Such an experiment is not able to distin-
guish between a two particle product state, in which one spin is up and the
other down, and an entangled state. The proof of entanglement necessitates
to perform non-collinear spin projection experiments in different directions
[6, 111]. For realizing a versatile tunable spin-filter one can replace one rect-
angular shaped Py strip by a circular shaped Py contact. The circular shape
allows for setting the magnetization in any desired direction. The drawback of
a single circular shaped ferromagnetic layer is a huge stray-field. For reducing
the stray-fields one approach is to replace the single ferromagnetic layer by
a circular shaped synthetic antiferromagnet (SAF) [112] stack, for example
consisting of alternating Py and ruthenium (Ru) layers. Two Py layers are
strongly antiferromagnetically coupled through the thin (7-9 Å) Ru layer by
RKKY-exchange interaction1 (see fig.6.1a). The antiferromagnetic alignment
of the two Py layers reduces the stray-fields. The total energy ESAF of a SAF
in an external magnetic field H applied with an angel θ to the axis of the
aligned Py layers) layer structure is given by

ESAF = −(MsHt)
2

2J
sin2(θ), (6.1)

1RKKY stands for Ruderman-Kittel-Kasuya-Yosida
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Figure 6.1: a) Schematically illustration of a circular shaped synthetic antiferromagnetic
(SAF disc). b) SEM picture of first devices where a carbon nanotube is contacted with a
SAF disc and a common Py strip.

where Ms is the saturation magnetization, t the layer thickness and J de-
scribes the antiferromagnetic coupling between the two layers. In a large
external magnetic field the Py layers nearly align parallel. From eq. 6.1 one
sees that for a SAF layer the energy minimizes by rotating its magnetization
axis with respect to the external field. When lowering the external field the
exchange part becomes dominant and the Py layer end up in an antiparallel
magnetized state perpendicular (θ = 90◦) to the external field. This is known
as a so-called spin flop [113, 114] and is the result of the competition between
external magnetic field (trying to align the magnetization in parallel) and ex-
change coupling (trying to align the magnetizations antiparallel). Contacting
for example a carbon nanotube on the one side with a SAF disc and on the
other side with a narrow rectangular Py strip, spin transport experiments with
tunable spin projections angles are possible.
First test devices have been fabricated in this thesis. The SEM image in
fig.6.1b shows the first test device. The sputtered SAF disc consists here
in particular of a stack made of [Py(5.5 nm)/Ru(0.9 nm)]4/Ru(2nm)]. The
fabrication of the SAF layer structure has been done in collaboration with the
group of Bryan Hickey (School of Physics and Astronomy, Leeds University).
The fabricated device fulfilled the criteria of a two-terminal resistance below
1 MΩ at RT, but did not work at low temperatures. Since spin transport
experiments suffered so far mainly from instabilities the focus of this attempt
was first on the development of stable devices. First steps have been done and
opens the road for further even more complex experiments which are beyond
the scope of this thesis.
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SUMMARY

∗ ∗ ∗

This thesis presents the investigation of carbon nanotube quantum dots (QD)
contacted by ferromagnetic leads. Merging the two topics - quantum dots and
spin valves - is a proven challenging task. Electron transport in nanospintronic
devices suffers mainly from instabilities in the magneto resistance (MR) and
from a low yield < 5% of electrical contacts to the nanotube. For the fer-
romagnetic contacts Permalloy (Py, Ni80Fe20) has been chosen, since a high
degree of control over the coercive fields in narrow electron-beam (e-beam)
evaporated Py strips was recently demonstrated [66].

In this thesis the origin of instabilities could be attributed to disturbing mag-
netic particles and flakes appearing during the fabrication process based on
either, e-beam evaporated Py or Py deposition by sputtering. For both depo-
sition methods an improved fabrication process has been developed resulting
in clean and well defined Py strips with a significantly improved electrical
contact yield.

In particular it is demonstrated that close to ideal polymer mask cross sections
exhibiting almost no resist residuals could been achieved by processing with
the low-density polymer ZEP 520 A. This yields in a significantly reduced oc-
currence of magnetic particles and improved electrical contact properties for
thermally evaporated Py.

An even higher electrical contact yield ∼ 60% was found for Py strips fabri-
cated by sputter deposition. In addition, by improving the directionality of
the sputter deposition the occurrence of flakes and rough edges of the sput-
tered Py strips could be avoided. This allows for the fabrication of sputtered
Py strips of the same high quality like e-beam evaporated ones.

It is shown that an enhanced reproducibility in MR measurements for de-
vices with sputtered Py strips can be achieved with the optimized fabrication
process. This enabled first MR measurements on carbon nanotube QDs ex-
hibiting a clear four-fold shell-filling conductance pattern.

With a measurement scheme where the conductance is mapped as function of
backgate voltage and magnetic field it could be demonstrated that all charac-
teristics of a conductance feature like amplitude, Coulomb peak position and
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peak width depend on the magnetic configuration. A specific data analysis
allowed even for a separate investigation of the magnetic field dependence for
amplitude, position and width.

The observed MR for a package of four peaks is characterized by equal shifts of
the Coulomb peaks for the first device. In addition, larger amplitudes for the
antiparallel case are obtained. This leads in total to an oscillating MR(VBG)
with negative offset which is not fully consistent with common theories for
spin transport in such structures. These theories [56, 54] predict a MR(VBG)
pattern dependent on the occupation of the QD, which is not seen in the first
device.

However, first indications for the predicted dependence are found in a second
device. For the second device the different Coulomb peaks show an increased
and decreased amplitude for the antiparallel configuration. Because of a higher
noise level no conclusions can be derived from the shift behavior.

Preliminary results on energy stability diagrams for the two different mag-
netic configurations are shown. It is highly recommended to take them into
account for interpreting MR values, especially for QDs in an intermediate
coupling regime, since additional zero-bias features like the Kondo effect may
depend on the magnetic configuration as well.

The time-consuming investigation of energy stability diagrams is limited by
electrical instabilities like gate-dependent or temporal charge rearrangements.
It would be very interesting to combine the improved fabrication process pre-
sented in this thesis with recently demonstrated devices where the QD is
electro-statically defined by bottom-gates [50]. These devices exhibit the char-
acteristics of ultraclean QDs even after standard electron beam lithography
steps for designing the electrical contacts and thus promising electrical stabil-
ity.

The new fabrication recipe developed in the frame of this thesis resulting in
stable devices with sputtered Py strips paves the way for more elaborated
applications. The use of two rectangular narrow Py strips allows only for a
parallel and antiparallel magnetic configuration. By replacing one rectangu-
lar Py strip by a sputtered synthetic antiferromagnet [112] shaped to a disc
enables the possibility for spin projection measurements into any desired di-
rection. First test devices for these non-collinear MR measurements have been
fabricated. The development of theses advanced versatile spin detectors offers
for example the possibility for detecting spin entanglement.
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appendix a

FABRICATION RECIPES

∗ ∗ ∗

Wafer Cleaning

• Cutting highly doped Si wafer into 1 × 1 cm2 small pieces.

– Dopant: p, Boron

– Resistivity: 0.003 - 0.005 Ωm

– Capping layer: 400 nm thermaly grown SiO2

• 15 min. sonication in aceton.

• 15 min. sonication in isopropanol (IPA), blow dry.

• 1 h UV-ozon cleaning (Model: 42-220, Jelight Company, USA).

CVD Catalyst

• Sonication of the stock solutions for 2 h.

– 30 mg Al2O2 dissolved in 20 ml IPA

– 93 mg Fe(NO3)3-9H2O dissolved in 20 ml IPA

– 48 mg RuCl3-H2O dissolved in 20 ml IPA

• 0.5 ml of each solution is mixed + 38 ml IPA.

This Ru-solution is produced in-house for stock and this fabrication step has
only to be done from time to time.

CVD Growth

• 1.5 h sonication of the Ru-solution in high-power sonicator to break up
the catalyst clusters.

– Power: 100

– Pulse duration: 0.5 s

– Pause: 0.5 s

• 1-2 droplets of Ru-solution on cleaned, already spinning wafer (4000
rpm).
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• Placing the wafer in the quartz tube of the CVD reactor.

• Heating up the furnace under Ar flow (104 l/h = 1500 sccm) to 850◦ C.

• Replacing Ar, flow with CH4 (44.7 l/h = 1000 sccm) and H2 (8 l/h =
500 sccm) for 10 min.

• Replacing the CH4 flow with Ar flow and switching off the furnace.

• At T < 550◦ C switching of the H2 flow.

• At T < 250◦ C switching of the Ar gas flow an taking out the wafer.

It is recommended to grow 3-4 wafers in parallel since the amount and density
of CNTs can vary from wafer to wafer.

E-Beam Lithography

During the duration of this Phd project several resist systems are tried out.
Only the most suitable recipe for the fabrication of CNT spin valves is listed
in the following

• Spinning of 300 nm ZEP (520A, Zeon Cooperation) diluted in Anisol.

– Ramp: 4 s

– Speed: 4000 rpm

– Time: 40 s

• Baking on hot plate at 180◦ for 3 min.

• Exposure with standard e-beam lithography (Zeiss Supra 40).

– Acceleration voltage: 10 kV

– Area dose: 34 µC/cm2

– Working distance: 9 mm

– Aperture: 10 µ for the small write field (100 µm) and 120 µm for
the coarse write field (2000 µm)

• Development

– 60 s in n-Amylacetate

– 10 s in 9:1 solution of MIBKA and IPA to stop the development

– Rinsing in pure IPA, blow dry



87

Metalization

Recipes for the metalization depend strongly on material and system (three
different systems have been used). Therefore detailed parameters are not
listed. Before the Pd deposition on top of Py an Ar plasma etching for 2 min
is done to remove possible oxides on the surface

Lift-Off

• 15 min. in n-methyl-2-pyrrolidine (NMP) at 70◦.

• 30 min. in aceton at 50◦.





appendix b

ADDITIONAL DATA TO CHAPTER 5.1

∗ ∗ ∗

This appendix shows the magnetic field dependence of the amplitude, peak
position and peak width for all the other peaks. In figB.1 the conductance is
plotted (black dashed line) as a function of backgate voltage for the antiparallel
magnetic configuration. In addition, the fit of multiple Lorentzians is shown,
the sum as orange line and each single Lorentzian as green lines. For peak
#1,#2,#4 the amplitude, peak position and peak width are extracted as
a function of magnetic field and plotted for up and down sweeps in fig.B.2-
fig.B.4, respectively.
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Figure B.1: Conductance as function of backgate voltage for the antiparallel magnetic config-
uration . The orange line represents the sum of 6 fitted Lorentzians. Each single Lorentzian
is plotted as additional green lines.
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Figure B.2: Magnetic field dependence of the amplitude, peak position and width of Peak 1
for up a) and down b) sweep.
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Figure B.3: Magnetic field dependence of the amplitude, peak position and width of Peak 1
for up a) and down b) sweep.
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Figure B.4: Magnetic field dependence of the amplitude, peak position and width of Peak 1
for up a) and down b) sweep.

In all cases the same qualitatively behavior could be observed, especially all
peaks shift about the same value within experimental errors.
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∗ ∗ ∗

For completeness the energy stability diagram for the parallel magnetic config-
uration is plotted in fig.C.1a and for a better comparison the stability diagram
for the antiparallel case is plotted in fig.C.1b. For the parallel stability dia-
gram small gate-jumps are observed at backgate voltages indicated as white
arrows.
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Figure C.1: Energy stability diagrams for the parallel a) and antiparallel b) magnetic con-
figuration.
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∗ ∗ ∗

This appendix contains additional data to chapter 5.3. In fig.D.1a the con-
ductance G of the QD for the parallel magnetic configuration is plotted as
function of backgate voltage VBG. In addition the fit of multiple Lorentzians
(red line) and the corresponding single Lorentzians (green line) are plotted.
As an example the extracted peak position and peak width are plotted for one
peak as a function of magnetic field in fig.D.1b and fig.D.1c respectivley. No
significant features are visible.
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Figure D.1: a) Conductance versus backgate voltage. The fit on the data of multiple
Lorentzians is plotted in addition (red line: sum, gren line: single peaks).
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