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Zusammenfassung

In der vorliegenden Arbeit wird der Einfluss der Funktionalisierung von Kohlenstoff-
nanoröhren (CNTs) mit tetrametallischen Molekülen untersucht. Detektiert wird
dieser Einfluss mittels Quantentransport, da Quantenpunkte äußerst empfindlich
auf elektrostatische bzw. magnetische Änderungen in ihrer Umgebung reagieren.

Die Eigenschaften der Kohlenstoffnanoröhren können durch eine chemische Funk-
tionalisierung mit den o.g. Molekülen verändert werden, wobei diese mittels einer
Ligandenaustauschreaktion kovalent an die Nanoröhren gebunden werden. Die Ar-
beit ist aufgeteilt in zwei Teile - im ersten werden Tetramangan-funktionalisierte
Kohlenstoffnanoröhren untersucht, im zweiten wird das Mangan durch Kobalt er-
setzt und die Experimente wiederholt. Beide Molekülkomplexe weisen einen anti-
ferromagnetischen Grundzustand auf, während sich der Spin der Metallionen von
SMn = 5/2 innerhalb des Mangankomplexes auf SCo = 3/2 (Kobalt) reduziert.
Darüber hinaus ist es wichtig, die unterschiedlichen Präparationsabläufe der beiden
Probensysteme zu erwähnen, wodurch im zweiten Teil eine starke Unterdrückung
des Hintergrundsignals erreicht werden konnte.

Quantentransportmessungen bei einer Temperatur von T = 4 K an mit Mangan
dekorierten CNTs zeigen zunächst äußerst regelmäßige Coulomb Diamanten, was auf
eine lediglich geringfügige Beeinflussung des Elektronensystems des Quantenpunkts
durch die kovalente Bindung zwischen den Komplexen und der CNT schließen lässt.
Ebenso erstreckt sich der ausgebildete Quantenpunkt über die gesamte Distanz zwis-
chen den Kontakten, wie sich aus der Ladeenergie errechnet. Bei T = 30 mK tritt ein
verstärktes Rauschen innerhalb des Tunnelstroms auf, wird dieser wiederholt über
einen Zeitraum von einer Stunde, bei konstanten externen Spannungsparametern
gemessen. Dieser ist überlagert von einem Hintergrund längerer Fluktuationspe-
riode, der mittels eines Korrekturalgorithmus sowie nachfolgender Digitalisierung
entfernt werden kann. Im Signal zeigt sich nun ein zufälliges Telegraphen Signal
(RTS), welches eingehend untersucht wird und aus dessen Statistik eine äquivalente
Temperatur für die Anregung des Systems von T = 654 mK extrahiert wird.

Die Quantentransport Experimente, die an Kobalt-funktionalisierten Kohlenstoff-
nanoröhren durchgeführt wurden weisen eine bedeutend bessere Qualität der Cou-
lomb Diamanten auf. Grund dafür sind Änderungen beim Prozess der Funktional-
isierung. Fits der Linienform der Coulomb Oszillationen sowie der Treppenstufen-
form der Abhängigkeit des Tunnelstromes von der Vorspannung, können mit einer

i



Elektronentemperatur von etwa Te− = 500 mK korreliert werden. Darüber hin-
aus kann eine Magnetfeldabhängigkeit der Resonanzen der Coulomb Diamanten
festgestellt werden, die sich mit der Zeeman Aufspaltung erklären lässt. Der hi-
eraus abgeleitete Landé-Faktor von g = 1.73 ist außergewöhnlich niedrig, verglichen
mit ähnlichen CNT-Quantenpunktsystemen, und kann auf eine gesteigerte Spin-
Bahn-Wechselwirkung zwischen den Leitungselektronen und den Kernen der Kobalt-
Atome zurückgeführt werden. Die erneut aufgezeichneten Strom-Zeit-Verlaufs Kur-
ven weisen einmal mehr abhängig von ihren äußeren Spannungsparametern ein
Fehlen beziehungsweise Auftreten von RTS auf. Es zeigt sich, dass eine notwendige
Voraussetzung für das Vorhandensein eines RTS’ die Nähe zu einer Resonanz ist.
Dies ist gleichzusetzen mit einer besonders hohen Empfindlichkeit des Quanten-
punktdetektors.

Unter Kenntnis der zur Verfügung stehenden Energie kann letztlich ein Rückschluss
auf den zugrundeliegenden Prozess, der verantwortlich für das Auftreten des RTS’
ist, gezogen werden. Hierbei handelt es sich um eine interne Anregung zwischen
antiferromagnetischen Zuständen des Kerns der Komplexe.
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Abstract

The subject of this thesis is to study the interaction between carbon nanotubes
(CNTs) and antiferromagnetic tetrametallic molecules attached to them. By em-
ploying quantum transport measurements, the sensitivity to sense the interactions
is greatly increased, because the quantum dot is very susceptible to changes in its
environment.

The properties of carbon nanotubes can be altered by chemical functionalization
with the aforementioned molecules, where the attachment is performed covalently
via a ligand exchange with the CNT. The thesis is partitioned into two main
parts: the first part presents experiments performed on tetramanganese-functional-
ized CNTs, whereas for the second similar studies are conducted, except manganese
is replaced by cobalt. Both complexes exhibit an antiferromagnetic ground state,
yet the metal spin of manganese (SMn = 5/2) is reduced to SCo = 3/2 for cobalt.
Additionally, an altered device preparation has been employed during the second
part, leading to a strong suppression of the background signal.

Quantum transport measurements at T = 4 K on manganese-functionalized CNTs
show a very regular pattern of Coulomb diamonds, indicating only a mild distur-
bance of the quantum dot’s electron system by the covalent bond. Moreover, the
charging energy reveals a wave function extending over the entire device dimen-
sions. However, at T = 30 mK in the tunneling current a strong noise emerges,
when repeatedly measuring over an hour while keeping external biases constant.
Additionally, these time traces are superimposed by a long-term background, which
is removed by a correction algorithm plus a subsequent digitization. The remaining
signal reveals a random telegraph signal (RTS) which is extensively studied and
from its statistics the equivalent temperature of T = 654 mK for the excitation of
the system is extracted.

The quantum transport experiments conducted on cobalt-functionalized CNTs
show a much better data quality of the coulomb diamonds, which is ascribed to
the alteration in the device’s preparation. From the line shape of the Coulomb
oscillations as well as from the Coulomb staircases an electron temperature of about
Te− = 500 mK is extracted. Moreover, a magnetic field dependence of the stability
diagrams is apparent, attributable to Zeeman splitting. The respective Landé factor
of g = 1.73 is, compared to similar CNT quantum dot systems, unusually low. It is
as attributed to an increased spin-orbit interaction between the conduction electrons
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and the cobalt’s nuclei. The respective time traces exhibit or lack an RTS signal,
depending on their external biases. Regarding the Coulomb diamonds, an essential
prerequisite for the occurrence of an RTS is the proximity to a resonance, which
is equatable to a high sensitivity of the quantum dot detector. Considering the
available energy, the underlying process that is the cause for the emergence of the
RTS is ascertained to be an internal excitation of the antiferromagnetic states of the
metallic core.
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1 Introduction

Nanotechnology and specifically molecule-based spintronics has been an emerging
field of research, bridging the world of quantum mechanical electronic transport and
magnetism. Nanotechnology in itself is the culmination of an ongoing trend of minia-
turization of the device size used for modern computer technology. 1965 Gordon E.
Moore phrased the so-called Moore’s Law [Moore65], stating that The number of
transistors incorporated in a chip will approximately double every 24 months. Al-
though it was predicted to fail numerous times, it has proven surprisingly valid.
With today’s CMOS (complementary metal oxide semiconductors) microprocessors
the active oxide thickness has in fact shrunken down to only several atoms and not
only technological but also physical hard limits are imminent [Timp00]. Conven-
tional scaling will no longer be sufficient to continue improving device performance
by creating smaller transistors with a gate length below 10 nm [Ieong04]. Thus,
in order to continue advances in computation power, new concepts like spintron-
ics and quantum computing have to be investigated. Here, the computation is
not implemented capacitively by means of the electron’s charge but rather by its
spin [Loss98]. One route to realize such a spintronic device is a single molecular
magnet (SMM). To probe or manipulate such devices they have to be contacted
to a read-out system which is often fabricated by e.g. trapping the molecule be-
tween source and drain electrodes plus a capacitively coupled gate electrode [Vin-
cent12], [Thiele14], [Grose08]. The drawback of this technique is that the probing
current has to directly flow through the molecules, which in turn influences the
charge and spin state of the molecule. An approach to decouple the measurement
from the molecule under test is to use carbon nanotube (CNT) quantum dots as a
detector [Brunel10]. The field of CNTs in and of itself is well studied and has under-
gone a rapid development up to numerous applications within the last two decades
since the discovery in 1991 by Sumio Iijima [Iijima91]. CNTs can be considered as
hollow cylinders formed by wrapping of sheets solely comprising carbon atoms in a
hexagonal lattice. Due to their sp2-hybridized carbon atoms, their bonds exhibit ex-
traordinary mechanical strength, rendering CNTs among the strongest and stiffest
materials known [Yu00a] with a Young’s modulus of ≈ 1 TPa, and are thus uti-
lized in bulk for the reinforcement of composite materials. More importantly, their
electrical properties such as high carrier mobility (> 100 000 cm2/Vs) [Dürkop04]
and their semiconducting band structure enables CNTs for application as channel
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1 Introduction

replacement in high-performance transistors [Franklin12]. Moreover, due to their
quasi one-dimensional properties, they exhibit characteristic electronic behavior,
such as ballistic transport, due to existence of van Hove singularities in the density
of states [Kong01], [Liang01]. The electronic properties of CNTs can be further
extended by attaching molecules in general [Liang01] and single molecular magnets
(SMMs) specifically [Bogani08]. The process is called functionalization. Besides the
endohedral filling of a nanotube [Smith98], also exohedral grafting to its circumfer-
ence has been studied. Such devices have been shown to be used to measure spin
valve effects [Urdampilleta11], spin-phonon coupling, and intra-molecular interac-
tions between electron spins [Urdampilleta15]. Here, Π-stacking is used to attach
the molecules [Kyatskaya09]. The advantage of this technique is the preservation
of the molecules magnetic properties as well as to ensure an unperturbed electronic
system of the CNT. However, it results in an unspecific attachment with virtually
no control over the exact mechanism and geometry of the interaction between the
molecule and the CNT. In contrast, the covalent binding of the molecule to the
CNT allows for a more controlled positioning and a defined spatial orientation with
respect to the CNT [Frielinghaus15a].

This work aims for the demonstration, that the latter route only slightly disturbs
the electronic system of a carbon nanotube by the covalent bonds and quantum dot
spectroscopic measurements are feasible. Moreover, the quantum dot can be used as
a detector, to detect changes in the spin state of the attached molecules. Therefore,

Chapter 2 and 3 introduce the utilized molecules and their properties alongside
the preparation of the investigated devices.

Chapter 4 shows results of the influence of manganese molecules on the quantum
transport properties of a CNT. Also, a means to process and analyze the occurring
random telegraph signal is developed. Eventually the mechanism for the observed
signal is discussed.

Chapter 5 is structured similarly, showing quantum transport measurements influ-
enced by a similar molecule, employing cobalt as the core element. Eventually, due
to the vastly improved quality of the data, magnetic field dependent measurements
can be conducted, and energetic analyses are possible.
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2 The tetranuclear metal complexes

The field of molecular electronics comprises the study of electron transport and
spin manipulation through and in molecular systems. Usually the devices are
probed by contacting molecules directly by e.g. trapping between electrodes [Vin-
cent12], [Thiele14], [Grose08]. A major disadvantage of this technique is that the
probing electrons are directed through the molecule causing an influence on its charge
state and thus on the oxidation state of the spin-carrying center or the surround-
ing ligands. In the latter case, the spin state of the core is influenced via the
interaction with the ligand field. To circumvent the manipulation of the exam-
ined molecule, one can use a CNT as a detector through its functionalization, i.e.,
bringing the CNT in contact with the molecule under test. The functionalization
of carbon nanotubes is a widely studied topic [Hirsch02], [Bogani08]. Both its in-
side [Smith98], [Spudat09], [Fritz17], as well as the outside [Bogani10], [Urdampil-
leta11], [Frielinghaus15b] can be functionalized. The latter can generally be divided
into two pathways. The first is grafting of molecules to the CNT’s circumference by
means of π-stacking [Kyatskaya09], which leaves the electronic system of the CNT
unaltered and mostly preserves the molecules magnetic properties. This technique
also offers the advantage to leave the CNT intact. However, it provides hardly any
control over the nature of the interaction as well as its geometry. The second method
is the covalent binding to the CNT [Williams17], which allows for a more precise
positioning and good reproducibility of the orientation of the molecule with respect
to the CNT by means of its binding ligands. However, compared to π-stacking, an
influence on the electronic properties of the CNT cannot be excluded. Within the
scope of this thesis, the covalent binding is the technique of choice for functional-
ization, as only due to the interaction a readout via the quantum dot represented
by the CNT is possible. The following chapter gives an overview of the covalent
functionalization process employed as part of this thesis as well as the chemical
structure of the utilized molecule. Eventually, the magnetic properties of both the
sole as well as the attached molecule will be discussed.

2.1 Chemical structure

Two chemically similar molecules have been employed for the functionalization
within this work. One employing manganese in its core and the other using cobalt,
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2 The tetranuclear metal complexes

both forming a tetranuclear metal complex. The entire coordination complex is
abbreviated {Mn4} or {Co4}, respectively. If no particular type is of importance, a
metal complex {M4} is mentioned (see fig. 2.1). The synthesis of the employed clus-
ters has been done in the Forschungszentrum Jülich by Dr. Claire Besson following
analogous to the procedure published by Kampert et al. [Kampert09]. Character-
izations of the CNT’s functionalization with the molecules have been conducted
subsequently [Meyer12], [Frielinghaus15b]. The complex comprises a metallic, cubic
M4O4 core {M4}, that is stabilized by two pentadentate pyridine ligands (LH2),
which provide the bridging oxygen atoms of the core (see fig. 2.1 b)). Additionally,
four acetate groups (CH3COO−, A−) surround the core, two of which bridge two of
its MII atoms while the other two form a chelate with one atom of the bridge metal
ions. While the structure of the metallic core remains untouched, the strength of
its magnetic interactions can be tuned by means of the electron withdrawing prop-
erties of different ligands [Kampert09]. Other choices can be e.g. trifluoroacetate
or benzoate groups (having higher electron density withdrawing character). These
options, however, are not within the scope of this thesis. The cluster’s full structure
is

[M4L2A4] := M4 [2, 6–bis(1–(2–hydroxyphenyl)iminoethyl)–pyridine]2 A4

and has a size of about 32�A.

a) b)

CH3

C

metal

O

O
N
C
H

A

C
D

B

Figure 2.1: a) Schematic of the complex’s core, with its four metal atoms (A-D). The
blue, green and orange lines depict the three different coupling strengths Ji, which are
mediated by the oxygen atoms of the four acetate groups either bridging (A-B and C-D)
in the axial positions or chelating (A and D) the metal centers in the equatorial plane.
Hydrogen atoms have been omitted for clarity. b) The LH2 ligand comprises i.a. two
oxygen atoms (red), which are provided to the core, whereby one of the ligand’s hydrogen
atoms is replaced by a core metal atom. The three nitrogen atoms of each of the two LH2

ligands stabilize the complex bond to one of the metal centers without a chelating acetate
attached. Edited from [Kampert09] and [Frielinghaus12].
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2.2 Magnetic properties

2.2 Magnetic properties

The magnetism of the {M4} complexes employed within this work is dictated by
the atomistic structure of the metal atoms comprising the inner core. Both Mn
and Co are elements from the class of 3d transition metals, with Mn having a d5

configuration and Co d7. Due to the nearly cubic coordination of the core, its
ligand field results in a splitting of the d-orbitals. Since the splitting ∆ of the
d-orbitals is relatively small, a high-spin type splitting occurs, resulting in a spin
state of SMn = 5/2 and SCo = 3/2. The four oxygen bridges which are part of
the LH2 ligands (see section 2.1), mediate a magnetic exchange interaction between
the individual metal atoms. However, due to varying overlap of the orbitals, the
exchange is characterized by different coupling strengths, which can be distinguished
individually [Kampert09]. SQUID measurements done in house by Dr. Claire Besson
(see fig. 2.2) and by Kampert et al. [Kampert09] have confirmed, that the overall
coupling is of antiferromagnetic nature for both {Mn4} and {Co4}, resulting in a net
spin of S{M4} = 0. Hence, they do not couple to external dipolar fields and offer a
higher stability compared to ferromagnetic molecules. It has also been shown that,
upon grafting of the molecules to CNTs, their predominantly antiferromagnetic
coupling between the metal ions is weakened but no fundamental change of the
magnetic properties is observed [Frielinghaus15b].

Figure 2.2 shows SQUID magnetometry measurements performed at 3.6 K and
50 K. Both complexes exhibit no magnetic moment at zero field and start with a
finite slope, a behavior typical for molecular magnets governed by antiferromagnetic
exchange. With increasing magnetic field an incremental population of the higher
spin energy levels can be observed by means of a gain in magnetic moment. However,
it was not possible to saturate the clusters at high magnetic field due to limitations of
the setup. Comparing the {Mn4} and {Co4} complexes at 3.6K, it is obvious that
the magnetization of the {Mn4} is higher which is expected due to manganese’s
higher spin of SMn = 5/2 compared to cobalt’s SCo = 3/2. Remarkably, at 50 K
the magnetization of the {Co4} is larger than that of {Mn4}, which indicates the
contribution of a spin-orbit coupling of the Co ions of the {Co4}. While the orbital
momentum is quenched for all MnIId5-ions, it is not for all configurations of the
CoIId7-ions. This has been confirmed by DFT calculations performed by Dr. Zeila
Zanolli (publication in preparation).
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2 The tetranuclear metal complexes
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Figure 2.2: SQUID magnetometry measurement of the magnetic moment of the {M4}
complexes plotted as a function of the applied magnetic field. Measurements have been
conducted at T = 3.6 K and T = 50 K, respectively. The dotted lines serve as a guide to
the eye.

2.3 CNT functionalization process

In order to graft {M4} complexes to the CNT, one has to define attachment sites.
In the present case, defects on the circumference and ends of the CNTs are intro-
duced. These defects are rarely present in pristine (grown) CNTs but can be induced
e.g. via nitric acid oxidation [Kanai10] or oxidation in air, which has been solely
employed here. The reason is the very harsh conditions during the wet oxidation,
which are unsuitable for single CVD (chemical vapor deposition) grown CNTs on a
substrate. A process has been developed and optimized [Frielinghaus15b] to yield
the highest ratio of carboxyl groups (COOH−) among others such as alcohols, lac-
tones or anhydrides which are induced via the oxidation. The submersion of the
oxidized CNTs in a solution of the functionalizing complex [M4L2(A)4], using either
acetonitrile (AcN, CH3CN) or dichloromethane (DCM, CH2Cl2) as solvent, leads
to their functionalization via a carboxylate exchange. The process is illustrated in
fig. 2.3. The chemical equation is

CNT−COOH + [M4L2(A)4] −−→ CNT−COO−M4L2(A)3 + AcOH
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2.3 CNT functionalization process

Subsequently, the substrate-borne CNTs are thoroughly washed in the same solvent
to ensure only the covalently bound molecules to remain and remove ones, which
are only adsorbed.

a) c)

b)

pristine isolated CNT

oxidation in air
@450°C (2min)

functionalization

in CH3CN or CH2Cl2 
at RT (1 week)

synthesis

in methanol
2 N

OH

NH2

4+ +

O O

4    M(CH3COO)2
      M = Mn, Co

Figure 2.3: Overview of the functionalization process. a) Formation of attachment sites
along the CNT by oxidation. b) Synthesis of the {M4} complexes. See [Kampert09],
[Meyer12] for detail. c) Functionalized CNT; reaction mechanism follows a carboxylate
exchange.
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3 Sample Preparation

In this chapter the basic preparation of the devices, that are studied in later chapters,
is presented. The growth of carbon nanotubes is discussed as well as the general
steps of an electron beam lithography process. The final section describes the exact
procedure alongside its process parameters in detail. The functionalization routine
presented in the previous chapter 2 is conducted after the entire device preparation
for the Mn-functionalized sample presented in this chapter. Conversely, the Co-
devices undergo an earlier functionalization, immediately following the CNT growth
(cf. section 5.1).

3.1 Carbon nanotube growth

In order to synthesize carbon nanotubes three techniques are commonly known: the
laser ablation and arc discharge technique both provide a very high yield but also
bundled CNTs. Debundleing is also a well-studied procedure, using ultrasonication
in SDS (sodium dodecyl sulfate) and a subsequent stripping step. Unfortunately,
this results in very short and dirty CNTs. However, for the fabrication of nanode-
vices, long and substrate-borne CNTs are needed. Therefore, a third means, namely,
chemical vapor deposition (CVD) has been chosen for this work [Kumar10]. The
procedure has been established by [Kong98], where a detailed description can be
found. CVD growth yields sufficiently long and individually distributed CNTs with
very few molecular defects. The required catalyst is deposited from a suspension
onto the substrate to lithographically predefined spots (see section 3.2.2). By mini-
mizing the catalyst particle size, it is possible to govern CNT growth towards small
diameter [Cheung02], [Li01], [Dai96]. The selected catalyst for this work consists
of Fe/Mo particles (in Fe(NO3)2 / MoO2(C2H5O2)2 configuration) dispersed by an
Al2O3 support [Goss09]. It is produced by suspending all three solids in methanol,
followed by a subsequent sonication for several hours. Thus, homogeneity and small
cluster size is achieved.

For the CNT growth process the substrate with the patterned catalyst spots is
heated to growth temperature in a tube furnace under an inert argon gas flow. The
target temperature determines the number of walls of the CNT [Spudat09] and their
diameter [Bandow98], hence a growth temperature of 860 ◦C is chosen, resulting in
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3 Sample Preparation

2µm

CNT

catalyst marker

Figure 3.1: Phase sensitive atomic force micrograph of several nanotubes grown from a
stray catalyst particle in the vicinity of an AFM marker. The two dark grey stripe features
are artifacts of the measurement, that originate from the height of the markers and tip
velocity.

predominantly thin single walled nanotubes. Subsequently, argon is switched off
and hydrogen and methane as the carbon source are introduced for 10 min. Growth
takes place in a vapor liquid solid process (VLS), during which carbon is dissolved in
the molten metal [Jiang]. Once the solution is supersaturated, CNT growth starts
abruptly. Eventually, the process is stopped by switching back to argon and cooling
down. A typical AFM image showing a CNT alongside catalyst particles and AFM
markers is depicted in fig. 3.1.

3.2 Sample fabrication

The fabrication process from a silicon substrate to an electrically contacted carbon
nanotube is an extensive process done in several steps. The patterning of the re-
quired nanostructures is done using electron beam lithography. This process offers
the advantage of writing nanometer sized structures paired with the flexibility to
design individually tailored patterns to account for the random growth behavior of
the CNTs.

10



3.2 Sample fabrication

3.2.1 Electron beam lithography

The electron beam lithography (EBL) process starts with covering the sample with
an electron-sensitive resist. By scanning it with an electron beam in specified regions,
the resist is altered on the molecular level. In the case of a positive resist (as used
in this work without exception), crosslinks are formed that render the resist soluble
by a developer. The remaining resist serves as a mask for e.g. an etching process
or deposition of either catalyst or metal thin films. Finally, the resist including
the deposited material on top is removed in a stripping agent only leaving behind
material in the written pattern. As resist the polymer polymethylmethacrylate
(PMMA) has been used. It is available with different molecular weights of the
polymer which has influence on the sensitivity of the resist to the electron beam.
Hence, when irradiated with the same dose the lighter one will result in a wider
feature compared to the heavier one. By using bilayered resists (with the bottom
one containing the lower-molecular-weight-polymer) one can design an undercut
structure (see fig. 3.3). It prevents the deposition of material to the sidewalls of
the trenches. During lift-off, this extra material is not removed entirely and, while
sticking to the surface, remains as a thin and rugged remnant (fencing, see fig. 3.2).

CNT

1µm

fencing

he
ig

ht
 (n

m
)

position (nm)

Figure 3.2: Scanning electron micrograph of a device showing fencing features, which
appear brighter due to the enhanced emission of electrons from edges and peaks. They
are caused by the effects of topography on the generation of secondary electrons. The
inset shows a height profile, cut perpendicularly through one of the contacts.
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3 Sample Preparation

electron beamresist deposition

substrate

PMMA 200K
PMMA 950K

a) b)

c) d)

e)

development metal deposition

lift-o�

Au, Pd, Pt, catalyst

Figure 3.3: a) Resist stack: PMMA 200K (AR-P 649.04), PMMA 950K (AR-P 679.02).
b) Electron beam lithography; due to the different sensitivities an undercut is formed. c)
The exposed structures are removed using a development agent (AR-600-55). d) Metal or
catalyst is deposited. e) Remaining resist is dissolved and removed with residual material
on top.

3.2.2 Detailed fabrication process

The process of fabricating a carbon nanotube quantum dot device starts with a
silicon chip of 10× 10mm2. It has a 200 nm thermal oxide on both sides and is
highly p-doped with boron. It is commercially available in wafer size and cut to the
desired chip size. To remove the protecting resist layer, fuming nitric acid is used.
After cleaning with acetone, the chip is exposed to an oxygen plasma, both to purge
the surface from organic contaminants and to prime the surface to improve resist
adherence. Subsequently, the resist is spinned onto the surface with 3000 revolutions
per minute for 60 s. The bottom layer is a PMMA with a molecular weight of 200K
(AR-P 649.04 from Allresist GmbH) and a solid content of 2%, the top layer a
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3.2 Sample fabrication

PMMA 950K (AR-P 679.02) with 4% solid content. Both are baked for 15 min on
a heating plate at 180 ◦C to undergo the glass transition. The process obtains a
bottom layer thickness of 180 nm and 100 nm for the top layer, respectively [Goß12].
The first EBL layout is patterned, which includes alignment markers for further
steps and both optical and atomic force microscopy (AFM) orientation markers
as a coordinate system. The entire sample is divided into eight cells, that provide
sixteen electrical contacts (see fig. 3.4). The most important parameter for the EBL
is the current, that is dependent on dosage, beam step size and acceleration voltage.
While the latter is constant at 50 keV, the other two parameters must be studied
(see [Goß12]) and optimized to the layout at hand. Specifically, the AFM markers
with their small dimensions have to be taken into account using a higher dosage.
The pattern is developed using AR 600-55 for 120 s followed by submersion for 60 s
in isopropanol to stop the reaction. The chip is metallized with 60 nm platinum and
a 5 nm titanium layer underneath to promote adhesion. Lift off in warm acetone is
performed immediately after. Subsequently, another EBL step is conducted, writing
the catalyst islands (500× 500 nm2). After development, the catalyst is deposited
from a suspension and dried in an oven at 60 ◦C. Ensuring the integrity of the lift off
is a critical process, hence the sample is positioned upright for 30 s in an ultrasonic
bath of hot acetone (54 ◦C) in a large beaker to ensure fast and optimal dispersion.
CVD growth of carbon nanotubes follows at a temperature of Tgrowth = 860 ◦C under
methane flow of 0.52 l min−1 (H2 flow: 0.70 l min−1). Using atomic force microscopy,
the CNTs are located and mapped relative to the marker coordinate system.

At this point of the fabrication process the functionalization of the carbon na-
notubes is conducted. Therefore, attachment sites have to be defined by means of
oxidation in air (2 min at 450 ◦C, see section 2.3). However, in comparison to earlier
experiments, the order of processing has been altered. In the course of this thesis’
studies, it has been found, that by postponing the contact formation after oxida-
tion, a co-oxidation of the contacts can be avoided. This typically leads to their
deterioration and harms their interfaces to the CNTs. Thus, only the CNTs are ox-
idized at this point in the process. Consequentially, this alteration of the sequence
has lead to a drastically improved device yield. After the oxidation, the sample
is submersed in the solution of the functionalizing complex for several days to un-
dergo the attachment of the molecules, which is described in detail in 2.3. Another
EBL step patterns the contact layout. It comprises a common coarse pattern with
bonding pads and leads as well as an individually designed layout of fine contacts
in each cell’s very center (see creffig:ChipLayout). Again, a layer of 5 nm titanium
is deposited prior to the actual contact material (60 nm of e.g. platinum or gold)
to promote its adhesion and lifted off using acetone. Typically, the integrity of the
devices is tested at room temperature by means of an electric probe station.

Finally, the individual cells are isolated, glued into a chip carrier with conductive
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3 Sample Preparation

silver epoxy and wire bonded. Since the highly doped silicon substrate is insulated
from the CNTs by the SiO2 layer it acts as a backgate. In order to contact it,
the SiO2 layer is scratched with a diamond pen and connected to the chip carrier’s
conductive base.

10mm 1.4mm 80µm

a) b) c)

Figure 3.4: Layout of a sample at the end of the fabrication process. a) Photograph of an
entire chip cut into 9 smaller pieces. They are covered by a protective resist which gives rise
to the colorful features along the edge. b) Macroscopy photograph of one individual chip
labeled D1, bonded to a chip carrier (not visible). One can see the bond wires attached
to the bond pads which lead to the very center of the sample via coarse leads. This
layout is common for all eight cells. c) CAD sketch of the innermost region containing
the customized contact structure (blue) for the nanotubes. They are mapped using AFM
technique in relation to the AFM markers (green).
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4 Quantum transport through
manganese-functionalized carbon
nanotubes

In this chapter, the transport properties of manganese functionalized carbon nano-
tubes are investigated. The first section gives a pre-analysis of the prepared devices
by microscopy means as well as room temperature I-V measurements. Subsequently,
quantum transport measurements conducted at T = 4 K demonstrate that the co-
valent attachment of the complexes leads only to a weak disturbance of the elec-
tron’s wavefunction and does not segment the quantum dot into several small dots.
Measurements performed at the lowest achieved temperature give rise to a random
telegraph signal (RTS) in time traces taken at fixed biases. In order to analyze the
RTS in greater detail, the traces have to undergo extensive processing to separate
the signal from actual noise and long-term drifts. Eventually in the final sections
the statistics of the RTS are assessed in order to estimate an energy scale of the
involved process, which is proposed in the last section.

4.1 Device characterization

Directly after the CNT growth, the entire sample is mapped via atomic force mi-
croscopy (AFM). This gives information about the usefulness of the CNTs, as well
as their respective diameters. Its determination is done by evaluating a line pro-
file across the nanotube using Gwyddion software [Nečas12]. AFM imaging during
the mapping process is not optimized for highest image quality but to account for
the extreme height differences between the CNTs and AFM markers and ensure a
good visibility of the CNTs alongside the markers (fig. 3.1). Thus, the oscillation of
the AFM cantilever is tuned to a higher drive amplitude, which not only decreases
shadow formation of high features but can also underestimate the height of small
features such as a CNT [Postma00]. Thus, the accuracy of the height extracted from
these images is rather low, yet serves as a suitable indicator for the number of walls
of the CNT. Figure 4.1 a) shows an AFM image of the same CNT that constitutes
the device under test (DUT) but one cell below (the top marker of fig. 4.1 a) and
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4 Quantum transport through manganese-functionalized carbon nanotubes

the lower right of b) are the same). On the left-hand side two AFM markers are
visible. The inset shows a line profile taken at the yellow marked position across
the nanotube with an integration width of w = 10 px. Its height and hereby its
diameter is determined by a Gaussian fit to dCNT = 0.54 nm, which indicates the
CNT at hand to be single walled. In subsequent experiments the CNT’s chirality
has been determined by means of tip enhanced Raman measurements (conducted
at TU Berlin by Asmus Vierck) to be of the metallic (15,0) type. It refers to the
chiral vector ch = n1a1 + n2a2 ≡ (n1, n2) of a CNT, where n1, n2 are integers and
a1,a2 the unit vectors of graphite, and ch connects two crystallographically equiv-
alent sites [Saito92]. The CNT is formed by connecting these points. Its diameter
can be calculated by d = a/π

√
n1

2 + n1n2 + n2
2, where a = 1.42

√
3�A is the lattice

constant of graphene. Thus, the diameter of a (15,0) tube is d(15,0) = 1.17 nm. The
difference to the AFM analysis can be explained by the aforementioned tuning of
the cantilever. Note, that these AFM images have been taken before contacting,
oxidizing, and functionalizing. Therefore, damages or changes in the position of the
CNT cannot be monitored. However, to confirm a successful contact deposition,
the entire chip has been investigated via scanning electron microscopy under UHV
conditions, to minimize the risk of carbon contamination. In addition to overview
scans, detailed images have been taken of the individual cells to ensure the devices’
integrity. Fig.4.1b) shows a detailed scanning electron microscopy (SEM) image of
the CNT and the contact structure in cell CMR01 D3. The DUT is situated in
between the two colorized leads.

Over the entire fabrication process room temperature I-V measurements were
conducted both to check the devices’ integrity and to monitor their resistance over
the course of the functionalization. At room temperature a carbon nanotube exhibits
either metallic or semiconducting behavior, predefined by its chirality [Wildöer98].
From the room temperature resistance and its response upon applying a gate voltage,
one can distinguish between these electrical properties. By means of a Süss MicroTec
DC probe analyzer equipped with tungsten tips (7µm tip radius), the macroscopic
bonding pads (200 µm × 200 µm) are contacted. Moreover, a backgate voltage can
be applied by a third terminal, contacting the highly doped silicon directly with
another tip. Measurements are conducted via two source meters (Keithley 2400,
Keithley 2420) connected by coaxial cables to the probes. Considering a field effect
transistor structure for the nanotube, two probes contact it directly as source and
drain, respectively, to apply a bias voltage and measure its resistance. The third
probe connected to the gate allows for gate-dependent measurements to study the
transistor-like behavior.

These measurements have been conducted after the contact deposition, the oxi-
dation and functionalization (see table 4.1). Since all devices on this specific sample
are fabricated from the same CNT, the differences in resistance spread over its en-
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4.1 Device characterization

tire length is prominent. It is explained by a varying degree of deterioration of the
metallic leads due to the harsh environment during the oxidation process.

The increase of each device’s overall resistance along the fabrication process has
a second component, which is the formation of defects in the nanotube itself. These
defects have been shown to affect the delocalized electronic system by decreasing the
conductivity [Bockrath01]. For the device that has been chosen to be investigated in
greater detail at low temperatures, a successive resistance increase has been observed
(Rpristine = 42 kΩ, Rox = 53 kΩ, Rfunc = 66 kΩ). To maximize the probability to cool
down an optimal device, in this case the slight increment in resistance throughout
the process indicates a mild functionalization with only few defects. After wire
bonding the chip to a chip carrier, it has been installed into the cryostat where
quantum transport measurements are conducted. These are discussed in section
4.2.1.
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Figure 4.1: Sample CMR01 D3. a) AFM image of the CNT that later serves as the
active part of the device. The inset shows a profile across the CNT. Its diameter is about
0.54 nm. b) SEM image of several devices, with the CNT situated below the contacts.
The black blocks depict four AFM markers, showing a dark black hue due to the difference
in the electric potential compared to the leads, which are grounded. The black features
along the contacts arise from fencing during lift-off. The blue coloration depicts the actual
device under test.
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4 Quantum transport through manganese-functionalized carbon nanotubes

Table 4.1: Table showing the room temperature resistances of the various devices (see
fig. 4.2) in cell CMR01 D3 after oxidation and after functionalization. Note that the
numbered devices are only the ones that survived the entire fabrication.

device no. Rox (kΩ) Rfunctionalized (kΩ)

1 77 116

2 81 180

3 763 1700

4 2110 7000

5 1000 5000

6 53 66

7 320 820

8 296 290

9 58 600

2

3
4
5

1

6

7

8
9

Figure 4.2: Map of the cell CMR01 D3. The active devices are numbered and correspond
to the numbering in table 4.1. The device discussed in this chapter is #6. Illustrated is
also the rough position of the CNT.
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4.2 Quantum transport measurements

4.2 Quantum transport measurements

Quantum transport measurements of the previously characterized device are con-
ducted at T=4.2 K and T=30 mK. These temperatures correspond to the passive
mode of the cryostat cooled with liquid helium only and the running dilution refrig-
eration of the cryostat, respectively. The following sections cover measurements at
these two temperatures.

4.2.1 Quantum transport measurements at T=4.2K

At T=4.2 K the DUT shows a diamond shaped pattern (Coulomb diamonds), as a
typical signature for Coulomb blockade behavior that corresponds to the consecutive
addition of single electrons to the quantum dot electrically formed in the CNT [Bock-
rath96]. The pattern shown in fig. 4.3 a) varies hardly over the entire measured range
of gate voltage (VBG = −2 V..2 V), thus lacking the fourfold periodicity of diamond
height typical for pristine single-walled CNTs [Cobden02a], [Sapmaz04], [Liang02].
This can be attributed to the extensive functionalization routine. Moreover, the ab-
sence of a transport gap, i.e. the complete draining of the dot, is in agreement with
the measured room temperature resistance (cf. section 4.1), indicating a metallic
CNT.

The detailed segment of diamonds in fig. 4.3 b) is measured with an increased
gate resolution. Here the addition energy Eadd of the quantum dot can be estimated
by the size of an individual diamond, indicated by the dashed lines, to Eadd ≈
4.30 meV..6.22 meV. The spread is attributed to the blurred outline of the diamonds.
From the addition energy one can also estimate the effective size of the quantum
dot [Bockrath96]. Using

Eadd = U + ∆E

=
1.4 eV

L(nm)
+

0.5 eV

L(nm)

=
1.9 eV

L(nm)

⇔ L(nm) =
1.9 eV

Eadd(nm)
,

the (electric) size of the quantum dot calculates to a range of Ldot = 300 nm..440 nm.
Here, U = e2/C is the Coulomb charging energy for adding an electron to the dot and
∆E is the single-particle level spacing. Compared to the lithographically designed
size of the quantum dot of Llitho = 500 nm, the observed size is in good agreement.
This result is a particularly important, since it demonstrates, that the covalent
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4 Quantum transport through manganese-functionalized carbon nanotubes

functionalization routine and attachment of the molecules does not lead to a strong
localization of the electron wave function of the quantum dot [Bezryadin98]. If, for
the moment, we consider this, it would lead to a fragmentation of the entire quantum
dot and the formation of about 50 small ones between the contacts. (The number of
functionalization sites can be estimated from the oxidation time and temperature to
be in the order of around 50 along the device [Frielinghaus15a]). Each of these would
have a much larger addition energy than observed, namely in the order of 190 meV.
The corresponding diamonds are absent in the stability diagram. Furthermore, these
dots would unlikely be of the exact same size, as the creation of defects is a statistical
process. This in turn would give rise to a superposition of several diamond patterns,
which can clearly not be seen in the stability diagrams. Thus, in conclusion, the
quantum dot spans over the entire distance between the leads. To investigate the
quantum dot further, experiments at a base temperature of around T = 30 mK have
been conducted, which will be discussed in the next section.
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Figure 4.3: a) Stability diagram measured at T=4.2 K over a wide range of positive
backgate voltage. b) Measurement of the same region, with a higher resolution and
focus on the diamonds between UBG = 120 mV..150 mV. The lines indicate the size of a
diamond, utilized to determine the charging energy and dot size.
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4.2.2 Quantum transport measurements at T=30mK

Since there was no visible effect of the functionalization on the transport pattern
at T = 4.2 K (beside the absence of the 4-fold shell filling), one could argue that
just by chance no defects, and hence, attachment sites for the molecules, have been
created along the investigated segment of the CNT. However, at T = 30 mK dra-
matic changes of the transport pattern can be observed, as shown in fig. 4.4 a). A
stability diagram is depicted, showing a single diamond. It is important to note
that while both diagrams in fig. 4.3 show the absolute current through the device,
here the differential conductance dIQD / dVbias is plotted. Since the electronics setup
is optimized for DC (direct current), all measurements have been performed in that
manner. Thus, each derivative has been calculated point wise. Typically, variation
in the current through the dot appears as a white resonance line in the stability
diagram, whereas constant currents are not visually highlighted.

The overall size of the Coulomb diamonds has not changed in comparison to the
measurements done at T = 4.2 K and one can clearly distinguish between regions of
transmission and suppressed conductance. However, the depicted Coulomb diamond
does not close on each side. Another conspicuous feature is the grainy region outside
of the diamond, i.e. where transport takes place. This indicates a local fluctuation
in the current that is highlighted by the differential conductance plot. To focus
on these fluctuations of the current, traces have been taken at a fixed back gate
voltage of VBG = 1040 mV and the bias voltage between source and drain has been
swept between VSD = ±6 mV (see fig. 4.4 b)). All three curves have been measured
consecutively and in the same direction, beginning each sweep at USD = −6 mV in
order to eliminate hysteresis effects. The time for each sweep of 2 min is considered
as sufficiently short to exclude a major drift of the entire sample and the integration
time of tint = 200 ms determines the DC character of each measurement. While the
noise level for each trace is sufficiently low (Inoise = ±1 pA) within the Coulomb
blockade (see inset of fig. 4.4 b)), they deviate from each other in the transport
regime. Moreover, at certain gate bias ranges the measurement becomes unstable
(e.g. Vgate ≈ −192 mV..−190 mV). This behavior has been seen through various
experiments, including ones that are not shown and is not reproducible but rather
occurs randomly, both at different gate voltage and ranges.

In summary a vast change in the transport characteristic takes place when mea-
suring at T = 30 mK. While the overall pattern of the quantum dot measurements
remains unchanged, noise emerges when transmission sets in and instabilities occur.
While the latter emerge occasionally, the noise is seen through all measurement and
it can be excluded that both features are instrument-based. Hence, to investigate
this phenomenon in greater detail in the next section, time traces have been taken
and analyzed. Thus, it is possible to observe fluctuations, its underlying temporal
statistics and involved energies.
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Figure 4.4: a) Single Coulomb diamond measured at T = 30 mK. Depicted is the
differential conductance through the quantum dot. The yellow circles depict the positions
of subsequent time trace measurements, presented and discussed in section 4.3. One can
clearly distinguish the blockade from the transmission region as well as a very unstable
ranges below Ugate ≈ −198 mV and above Ugate ≈ −192.5 mV. b) Current through the
device in dependence of the applied source-drain-bias at T=30 mK. The three IV-curves
have been measured consecutively and clearly differ from each other. The inset depicts a
magnification of the Coulomb blockade region showing a low noise level of ∼1 pA. Only
the red curve has been displayed for clarity. The negative offset originates from the
measurement setup.
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4 Quantum transport through manganese-functionalized carbon nanotubes

4.3 Time domain analysis - Telegraph Signal

In the last section the occurrence of noise in the transport regime through the
quantum dot has been observed. After confirmation of the reproducibility, time
dependent measurements have been conducted. Here, a specific point in the stability
diagram has been chosen by fixing both bias and gate voltage. The current through
the quantum dot is observed over a certain period of time, which is usually in the
range between one to three hours. Here, the polling rate of the electronics is of high
importance. Since all measurements are conducted by means of a direct current
(DC) setup, it is limited by the employed meter. The noise level is, i.a., determined
by the integration time for each data point and thus has to be balanced against the
polling frequency. All measurements presented are conducted at the same setting of
∆t = 100 ms.
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Figure 4.5: a) Comparison of noise traces measured at T = 30 mK at the same gate
voltage of VBG = −195 mV but varying bias voltages of Vbias = −0.03 mV (blue trace,
inside Coulomb blockade region) and Vbias = −5.0 mV (red trace, transmission), respec-
tively. Depicted is a short interval of the entire trace to highlight individual fluctuations.
b) Corresponding histograms comparing the difference in characteristic of both traces.

Figure 4.5 a) shows sections of current traces taken at a single fixed backgate
voltage of VBG = −195 mV and two different fixed bias voltages of Vbias = −0.03 mV
and Vbias = −5.0 mV. The time scale has been magnified to show an arbitrary
segment of both traces in detail. For the blue trace, the bias parameter has been
chosen to be inside the Coulomb blockade region. It shows a background noise level
(variance) of Inoise = ±0.12 pA, which is higher than the lowest attainable level of the
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4.3 Time domain analysis - Telegraph Signal

setup, due to the restricted integration time. Additionally, no drift or modulation
of the constant current can be observed throughout the entire measurement.

The bias voltage for the bottom curve puts the system into a transmission state.
Electrons can transfer through the quantum dot and a current can be measured.
Considering the static state of the quantum dot, the expected shape of the current
trace is a constant, finite current (superimposed by Gaussian noise). However, three
types of modulations can be observed [Schnee16]:

1. The background noise on the shortest time scale. It shows a Gaussian distribu-
tion (see fig. 4.5) and occurs on the time scale of the measurement’s sampling
rate.

2. A fluctuation of the trace that arises on a time scale of around 1 s. It is
investigated further and termed random telegraph signal (RTS) hereafter.

3. A slow long-term drift of the entire trace which impedes the subsequent analy-
sis of the RTS and thus will be eliminated by means of a correction algorithm.

The difference in the overall structure of the two traces can also be depicted in
the corresponding histograms of fig. 4.5 b). Here, the count of the measured current
values is plotted each for the system in blockade and transmission state. Note the
equally expanded current axis to allow for direct comparison. While the upper one
shows a very sharp normal distribution, the lower histogram clearly differs from this
shape. With the noise trace in mind one can picture side peaks on the more negative
side of the histogram. However, it is not possible to obtain a deconstruction of the
histogram into a convolution of normal distributions with the signal in its current
form. This is due to the fact that the signal to noise ratio of the RTS is too low and
is masked by the long-term drift with a higher amplitude than the signal itself.

Thus, several processing algorithms have been conducted in order to separate the
different noise contributions from the signal, while simultaneously taking great care
not to affect the RTS itself. In the next sections these algorithms will be described
and the impact on both the signal and histogram will be discussed.

4.3.1 Rubberband background correction

Due to its highest amplitude, the biggest influence on the signal is exerted by the
long-term drift. However, it occurs on a much slower time scale than the RTS and
can thus be analyzed and removed. The rubberband correction is a well-known
and frequently applied algorithm in spectroscopy. The name originates from the
appearance of the correction line, resembling a rubber that is attached at a given
number of points and is thus wrapped around the signal from the top. (The following
descriptions are made under the assumption of a negative signal) As seen from the
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4 Quantum transport through manganese-functionalized carbon nanotubes

top, the rubber band assumes a convex polygonal configuration, which corresponds
to the undesired baseline to be removed from the signal. In fig. 4.6 it is represented
as the red line. The algorithm is supplied with a number of attachment points which
has to be optimized for best results, i.e. the optimal superposition between the drift
and the rubberband, while preserving the short-term fluctuations. For the signal at
hand this number has been found to be around Nattach ≈ 500, which translates to a
timescale of around one anchor per 7.1 s. However, by dividing the signal into N −1
equidistant segments, it is not guaranteed that the attachment points are actual
local maxima. Therefore, each point’s vicinity is scanned for maxima and its position
contingently corrected. Subsequently, a polygonal chain is determined by calculating
a linear regression between the points, by which the original signal is then corrected.
The resulting data is the original signal corrected for the long-term background
signal. Figure 4.6 shows the comparison of the signal before (black) and after (blue)
the correction. One can recognize that the RTS features are preserved and remain
untouched by the correction to the greatest extent, whereas the background has
been successfully removed. The hereby acquired, background corrected signal is
exclusively used for all following processing steps and is thus referred to as the
signal.
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Figure 4.6: Segment of the signal, measuring the current through the quantum dot. The
lower trace shows the original signal with the rubberband correction (red) enveloping it
from the top. Subtraction yields the corrected curve (blue).
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4.3 Time domain analysis - Telegraph Signal

4.3.2 Current level determination

By means of the rubberband correction the signal quality has been vastly improved.
However, it is still not possible to determine current levels from the histogram by
a convolution of normal distributions. Yet, a means to a guess of initial levels has
been acquired. By sorting the signal based on its current values one can distinguish
a noticeable increase at certain points. One can identify these locations with a best
guess approach of the RTS levels. A way to confirm this guess is to calculate the
difference in current of two consecutive data points, i.e. ∆I = In+1 − In, with N
the number of data points. It is proportional to the derivative ∆I

∆t
, since a constant

polling rate results in equidistant time steps. The distribution of the height of these
derivatives is depicted in the histogram in fig. 4.7. It is symmetric around zero and
not single-Gaussian distributed. In order to accomplish a fit of several Gaussians,
one has to a assume that the broadening of each Gaussian is caused by the same
effect, namely the background noise. Moreover, the symmetry of the auxiliary peaks
can be exploited. Hence, the resulting sum of three Gaussians can be simplified to

NΣ = A1 exp

(
−x− µmain

σ2

)
+ A2 exp

(
−x− µaux

σ2

)
+ A3 exp

(
−x+ µaux

σ2

)
(4.1)

Fitting the data with equation (4.1) yields a broadening of σ = 0.0542 nA and the
position of the auxiliary peaks at µaux = ±0.095 nA. The latter refers to the location
of the first current level.

In order to improve the guess and validate the location of the levels, a subsequent
optimization process is conducted using Matlab programming. Therefore, a function
has been developed, that calculates the variance of all data points of the signal that
are attributed to a given current level. To achieve this, the sorted signal is divided
into segments by the initially guessed levels. The actual RTS level is then defined
to be at the mean value of all the data points in each segment. Additionally, the
variance of each segment’s data is calculated and handed over as an output param-
eter of the function. Eventually one of Matlab’s implemented functions fminsearch
is utilized to find the minimum of the former function, i.e. the variance, using a
derivative-free method [Matlab16]. Thus, the RTS levels are shifted as long as the
data points of each segment are as close together as possible, i.e. are evenly dis-
tributed around the centered level. By comparing these optimized niveaus with the
initial guess one can confirm its quality. Table 4.2 shows a comparison of the newly
determined current levels alongside their respective variances after minimization.
For comparison, the value for the blockade region is also given. Here, no drift is
apparent (cf. fig. 4.5) and the variance is very low compared to the transfer window
current. Naturally, this has to be the case, since the background noise is present
both in blockade and transmission.
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Figure 4.7: Histogram showing the distribution of calculated differences between dat-
apoints (∝ derivative). Additionally, the data has been fitted using a modified three-
Gaussian-model (eq. (4.1)), exploiting the symmetry of the side peaks. The Gaussians are
depicted individually and in total. The position of the auxiliary peaks is µ = ±0.095 nA.

level no. current (pA) variance (pA)

blockade -6.01 0.12

1 -73.67 2.15

2 -229.18 2.71

3 -427.09 2.22

4 -610.98 3.85

5 -824.47 1.12

Table 4.2: Variances of the current levels after minimization.
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4.3 Time domain analysis - Telegraph Signal

4.3.3 Digitization

At this point of the analysis it has been achieved to detect various RTS levels in the
corrected signal and data points have been attributed to these levels, accordingly.
By assigning the determined current levels to each respective data point according
to its current value, one can digitize the signal and thus remove background noise
fluctuations and drifts. The result of this process is an information-only signal, as it
is depicted in fig. 4.8. Visualized is a segment of the time trace after the rubber band
correction (blue) and the resulting digitization (red). It is clear, that the digitization
preserves the RTS features of the trace but eradicates other fluctuations. This data
now allows for advanced analysis of the temporal and statistical properties of the
time trace.

As a last point it is important to note that due to the subtraction process of the
rubber band correction, the absolute values of the signal have been altered, whereas
the relative heights, their temporal features and statistic manifestation remain un-
touched. However, for the subsequent study of the energy scale (see section 4.4.2),
knowledge about the absolute relations are essential. Thus, an approximative cor-
rection has been used to generate an offset corrected version of the digitized signal.
For this purpose, the mean value of the rubberband correction (fig. 4.6, red line)
is calculated, which corresponds to the baseline of the original signal. Next, the
digitized signal is offset to this position, with the result that its lowest level resem-
bles the ground niveau of the uncorrected signal while the level spacing remains
unaltered.

time (s)
172017001680 17601740

I SD
 (n

A
)

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

digitized signal
original (background corrected) signal

Figure 4.8: Comparison of the rubberband corrected signal and the signal after the
digitization routine. In order to achieve better visual comparability, a magnification of an
arbitrary part of the time axis is depicted.
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4 Quantum transport through manganese-functionalized carbon nanotubes

4.4 Statistical Analysis

In the previous chapter the time trace signal of the current through the quantum
dot under test has been vastly enhanced using the rubber band method followed
by a subsequent digitization routine. Moreover, certain distinct levels have been
identified. This chapter continues with a detailed analysis of the statistical properties
of the temporal occupation of the current levels. Here, the digitization is extremely
helpful, since the occupation can be counted straightforwardly. Also, the correlation
between the system’s dwell time in each level and the involved electron energy is
examined. Eventually the transition probability between distinct individual states
is examined.

4.4.1 Dwell times

The first and easiest means to approach the statistics of the given system is to refer
to the overall percentage of time spent in the respective current states. Only with
the availability of the digitized signal one has access to this information. It can
be straightforwardly analyzed by counting the data points corresponding to each
level. Table 4.3 gives an overview of the statistics of the system’s dynamic. The
first column references the level number, while its corresponding current niveau is
given in the second one. The 3rd column shows the number of data points correlated
to each level. The cumulative dwell time in each level is directly proportional, i.e.
the occupation number multiplied by the equidistant time interval (T = 0.1094 s)
determined by the polling rate and can be found in the 4th column. Naturally,
the lowest lying level is occupied the most (∼ 72%), decreasing exponentially with
higher currents.

More involved and informative is the analysis of each dwell time, i.e., the time
between individual excitation and relaxation events, respectively. For that, a list of
dwell times has been compiled by sequentially counting and storing the number of
consecutive data points for each level. This in turn gives reference to the mean dwell
times of the system in each current level, which are displayed in the 5th column of
table 4.3. Again, one can note the decreasing mean dwell time with higher current
levels. However, the last level does not follow this trend, which is an artifact of
the allocation procedure. Namely, it comprises all data points that are positioned
above level # 5 and cannot be assigned individually. Thus, both its statistic appears
enhanced and transitions inside this level artificially increase its mean dwell time.

Eventually, the highest degree of insight into the dynamics of the system can be
yielded by knowledge of the excitation and relaxation frequency between a partic-
ular level and each other possible state. In order to analyze it, one has to track
every combination of transitions between two levels. The result is the transition
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#
current

level (pA)
# of points

time

spent (s)
percentage

mean dwell

time (s)

1 -73,7 23800 2601,6 72,30 1,0248

2 -229,2 7567 828,6 22,99 0,2841

3 -427,1 1129 123,8 3,43 0,2217

4 -611,0 356 39,0 1,08 0,2212

5 -824,5 40 4,4 0,12 0,1620

6 -972,5 25 2,7 0,08 0,2103

Table 4.3: Statistics of the system’s dwell times.

matrix shown in fig. 4.9. The x-axis shows the target level, the y-axis the origin
level. On the z-axis the total cumulative number of transitioning events between
two respective current levels is plotted logarithmically. Naturally, the diagonal el-
ements referring to the system dwelling in the same state are occupied the most.
The probability of transitions to and from higher lying levels is exponentially re-
duced with the involved energy/level. While information about the highest levels
are obviously uncertain to interpret in general due to its skewed statistic already
discussed above, it is important to note that not all these matrix elements are zero
as it is suggested by the logarithmic representation in fig.4.9. Thus, for reference,
table 4.4 contains the numerical values associated with the transitional matrix. Fig-
ure 4.9 and table 4.4 illustrate the fact that there are no forbidden transitions by
the existence of non-zero off-diagonal elements. Additionally, along a single column
or row, representing excitations or relaxations from a particular level, the values
follow an exponential evolution which hints that those events are not statistically
independent. Moreover, the transition matrix is symmetric, thus excitations and re-
laxations are equally likely. In order to understand more about the physical system
causing these processes, the involved energies have to be known, which the following
chapter shows different approaches to.
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target level
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1 2 3 4 5 6

1 21260 2495 36 7 1 0

2 2493 4654 390 28 1 1

3 34 398 572 122 3 0

4 9 20 130 180 13 4

5 3 0 1 15 13 8

6 0 0 0 4 9 12

Table 4.4: Transition matrix. The rows represent the origin levels, while the columns
refer to the target levels. All possible excitations constitute the upper triangular, and the
relaxations the lower triangular, respectively. The diagonal elements represent the system
dwelling in the same state and exhibit the show occupation.
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Figure 4.9: Matrix showing the logarithmic number of transitions between current levels
(origin level ←→ target level). The diagonal elements refer to the system dwelling in the
same state.
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4.4.2 Energy analysis

In order to translate the measured currents into an energy, one can take advantage
of the fact, that the given system is measured in a quantum dot configuration. More-
over, the involved biases prepare it in the single electron transport regime, i.e., only
one electron at a time is transferred through the quantum dot. Thus, by knowing
the bias one can explicitly state the electron’s energy in eV. An easy means to cor-
relate the current levels to the applied bias is via the previously acquired Coulomb
diamonds (cf. fig. 4.3 b)). These are composed of hundreds of individual source-
drain sweeps at different gate biases. By selecting the one at the same gate bias
that was applied during the time trace, one yields the system’s correlation between
current and applied bias. However, every single source-drain trace is influenced by
the same background fluctuations discussed in section 4.3.1. By averaging several
adjacent traces one can reduce these fluctuations, while simultaneously balancing
against a slight shift in backgate bias (∆Ugate = 20 µV per trace). The following
analysis has been conducted with three adjoining traces, resulting in an uncertainty
in energy of ∆Egate = 3 ·20 µV ·0.18 = 10.8 µeV. Figure 4.10 a) illustrates the result
of that averaging process. The dotted lines represent the three source-drain traces
and the red line the average. Especially below a bias voltage of VSD < −5.4 mV the
variations between individual traces are very apparent, though within the region of
interest (see inset of fig. 4.10 a)) they are substantially suppressed.

The objective of translating current into voltage (and subsequently into energy)
is eventually achieved by determining a shape-preserving piecewise cubic Hermite
interpolating polynomial (PCHIP) of the averaged data [Fritsch80]. It is part of
Matlab’s nonparametric fitting toolbox and essentially connects each pair of con-
secutive points by a different cubic polynomial described with four coefficients. It
is utilized to interpolate the data and calculates biases from given currents. Figure
4.10 b) shows the result of the PCHIP fit. Compared are a standard polygonal
interpolation of the data points with the PCHIP. The PCHIP naturally reproduces
the data with excellent agreement. Hence, by applying the formula of the interpo-
lating polynomial, the corresponding biases to each current level can be calculated
and are marked (green crosses) in the graph. Here, it is important to note that the
current values intended to be translated are the ones that have been offset corrected
in 4.3.3. The obtained numeric results of this bias extraction are shown in table 4.5
and conform with the electron energy in eV.

With this information at hand it is now possible to investigate the correlation
between the involved energy, the dwell times, and the temperature by means of the
Arrhenius equation [Arrhenius89]. It generally describes the temperature depen-
dence of chemical reaction rates. Another notation correlates the activation energy
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4 Quantum transport through manganese-functionalized carbon nanotubes

with the temperature:

k = A exp

(
−Ea

kBT

)
(4.2)

where k is the rate constant, T the absolute temperature, Ea an activation energy,
A a prefactor specific to the type of transition taking place and kB the Boltzmann
constant. Figure 4.11 depicts the energy (or bias) equivalents of the current levels
along with their respective cumulated dwell times. Using eq. (4.2), an exponential
fit of this data yields the system’s electron temperature of T = 654 mK. In compar-
ison with the previously stated base temperature of T = 30 mK (see section 4.2.1)
this appears to be comparatively elevated. However, deviations between the cryo-
stat’s base temperature and the electron temperature are common and originate
from several sources such as imperfect heat transfer between the cryostat and the
device under test, heat transfer through the electronic leads and most distinctly by
electromagnetic influence onto the wires (noise). Hence, such discrepancies can be
explained and have been observed previously in unrelated experiments [Goß12]. In
the subsequent section 5.2.1, the electron temperature of a similar system will be
determined to be around Te− ≈ 500 mK.

In conclusion, the displayed behavior indicates a system that exhibits distinct
energetically separated states. The transitions between those states require energy,
which is provided by the temperature. Although the energy is high enough to
promote occasional transitions, it is too low to degenerate the entire system, which
would manifest in an equal occupation across all energy levels and dependencies
such as shown in figs. 4.9, 4.11 would not occur.

Table 4.5: Numeric values of the correlation of bias and current obtained from fig. 4.10
b).

# current level (nA) corresponding bias (mV)

1 -1,122 -4,998

2 -1,278 -5,068

3 -1,476 -5,142

4 -1,660 -5,174

5 -1,873 -5,278

6 -2,021 -5,317
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Figure 4.10: a) Averaging of several current - bias voltage traces. In this example, three
traces adjacent to the target trace have been averaged in order to reduce fluctuations. The
inset depicts the region of interest, i.e. where the straight lines (current levels) intersect
the traces. Note the reduced spread of the individual curves in this region. b) Translation
of device current into the respective voltage by averaging of several gate dependent traces.
Depicted are the data points alongside different interpolating polynomials. In order to
determine the biases of the intersections of the current levels with the curve (green crosses),
the best interpolation of the data points is accomplished by the PCHIP.
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D =  8.0759e41 * exp( 17.7323 * VSD )

T  =  654 mK
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Figure 4.11: Plot of cumulated dwell times in dependence of the electron’s energy corre-
sponding to the respective current levels. An exponential fit yields the effective electron
temperature of the system, which is T = 654 mK.
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4.5 Discussion of the RTS mechanism

The mechanism that explains the emergence of the RTS best, is the excitation
of a quantum dot system, that is composed of the CNT in between the contacts
plus all the attached molecules. From the conditions during the preparation of the
devices (i.e. oxidation temperature and time) and from ealier experiments including
transmission electron microscopy (TEM) imaging as well as titremetry with bulk
CNTs, it is possible to estimate the number of molecules to be in the order of 50 over
the length of the device. Electrons tunneling onto the quantum dot carry thermal
energy which is Gaussian-distributed around the expectation value. The tunneling
rate is dependent on the external parameter of the quantum dot (gate/bias voltage)
and the tunneling barriers of the leads. At times, the electron’s energy is high enough
to introduce it into the system and induce an excitation of a molecule. The newly
generated quantum dot system is subsequently probed by electrons constituting
the current through the CNT, whereby the system acts as a detector for the now
altered molecule state(s). From here the system can either relax into a lower state
over time (see section 4.4.1) or can be excited again by a subsequent electron’s
energy via one of the numerous other molecules. Depending on the number of
simultaneous excitations, discrete levels in the current trace and in the corresponding
histogram are detectable. Moreover, the coupling of several molecules is unlikely,
since the observed energy levels are almost equidistant, and no forbidden transitions
are apparent (cf. fig. 4.9). Statistical analyses of the data have been done to greater
extent by Philip Stegmann (publication in preparation), concluding the existence of
various independent, individually excitable molecules.

Assuming a thermally activated process, the electron temperature has been de-
termined to be around T = 654 mK (see fig. 4.11) which corresponds to an energy
of E ≈ 56 µeV, which is available to induce excitations and can be used to iden-
tify their respective type. A typical process causing RTS in CNT devices is the
occupation dynamic of charge traps in the SiO2, used as the insulating dielectric
for the backgate. Their activation energy has been found to be Ea = 63 meV or
higher [Sydoruk14]. Another possibility is the rotation of the molecule along the
bond axis to the CNT. To gauge an energy for this process, one can approximate
it as the rotation of the bond between the carbon atoms of an ethane molecule
(H3C–CH3) which has an energy barrier of 124.7 meV [Pitzer83]. Both of these
excitation pathways are related to energies that exceed the ones observed in this
analysis by far. It has also been excluded that metal particles have been deposited
close to the device that can be charged and thus influence the quantum dot sys-
tem by a capacitive coupling. 1 Finally, the exchange coupling between individual

1Assuming a metallic particle was present in the vicinity of the CNT. Transferring an electron
to this particle costs its Coulomb charging energy EC = e2/ (CCNT-Au + CAu-gate) ≈ e2/ (CCNT-Au)
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MnII ions in the pure {Mn4} complex is in the order of 260µeV [Kampert09]. It is
very similar to the one of the attached {Mn4} molecules. Although it is still higher
than the available thermal energy, it is in the same order of magnitude and the
difference explains the relatively infrequent internal excitation and relaxation of the
molecules. Neither the ground nor excited state of the {Mn4} complexes carry a
magnetic moment that could couple to an external field, which explains the longer
dwell times compared to the {Co4}. Thus, the switching of the molecules occurs be-
tween antiferromagnetic states, that are both stable against outside manipulations
by a dipolar field.

To reduce the effort of preprocessing (and a potential variation) of the data by
removing the long-term drifts existent in the data, prior elimination is targeted.
Since a side functionalization by the employed solvent acetonitrile is conceivable,
a different solvent that does not react with the CNTs should be used for future
experiments. Here, dichloromethane (DCM) has been employed, which offers the
same solving capabilities but is inert towards the CNTs and as shown in the following
chapter 5 it has led to an improved data quality.

[Gruneis07]. Additionally, the capacity of a platinum (the contact material) sphere is C =
4πεrε0rPt. Thus, the diameter of a Pt particle is given by rPt = e2/ (EC4πεrε0). Using a charging
energy of 2 meV and εr(Pt) = 6.5, the diameter of a potential Pt particle would be rPt ≈ 0.11 µm,
which would be clearly visible by SEM / AFM imaging.
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cobalt-functionalized carbon
nanotubes

In this chapter, results of a differently functionalized sample are presented and
discussed. Here, the element comprising the active part of the molecule has been
substituted for Co, which shows different magnetic behavior at low temperatures (see
chapter 2). Additionally, an improved functionalization routine has been utilized
that is considered to reduce the disorder introduced into the system. Also, the
magnetic field dependence of the CNT-molecules system and the emergence of an
RTS are analyzed, which gives information about the type of interactions between
them.

5.1 Adapted functionalization procedure

By exchanging MnII with CoII, one can alter the magnetization properties of the
complex (see chapter 2) without changing its external structure. Hence, a different
metal reactant has been employed to functionalize the CNTs. In addition, the
solvent used in chapter 4 (acetonitrile, AcN, CH3CN) presumably binds to the CNT
as well. This in turn can lead to an influence on the quantum transport properties
and is supposedly one cause of the background overlaying the random telegraph
signal analyzed in section 4.3. To improve the signal to noise ratio, it is favorable
to prevent the generation of the background noise in the first place as opposed to
an elaborate correction of the noisy data, which was necessary in chapter 4 for the
manganese-functionalized device. Hence, dichloromethane (DCM, CH2Cl2) has been
used as solvent. It shares equivalent properties with acetonitrile, however, remains
inert towards the CNTs.

More importantly, a different fabrication sequence has been employed. Compared
to the procedure previously discussed in chapter 2, two processes have been swapped.
The sequence has been altered around the functionalization, namely the oxidation
procedure has been performed as earlier process step. On many samples, which
are not reported here, it has become apparent, that the transport qualities (i.e.
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5 Quantum transport through cobalt-functionalized carbon nanotubes

resistance, stability) have often deteriorated and even lead to the device’s destruction
after or during the oxidation. This could be ascribed to a corrosion of the leads and
the interface to the CNTs during oxidation in combination with the physical stress
during the wet chemistry processes. Altering the sequence by deferring the contact
formation to after the oxidation, the oxidative conditions are only administered to
the CNTs whereas pristine leads are deposited subsequently. In effect, the yield of
well-functioning devices could be increased substantially. The device discussed in
the following chapter has been fabricated in that manner.

a) b)

10µm 200µm

Figure 5.1: a) Microscopic image showing the cell (D1) containing the device under
test, which is denoted schematically. b) Macroscopic image of the same cell with its
wire-bonded leads.

5.2 Quantum transport measurements

In this section, quantum transport measurements of the previously introduced, Co-
functionalized CNT quantum dot device are discussed. First, a detailed analysis
of the electron temperature of the system is presented in section 5.2.1 and the
Zeeman features are evaluated subsequently. All measurements have been carried
out in the same 3He/4He dilution refrigerator as in chapter 4. However, for the
current series of measurements, the base temperature of the cryostat fell short of
cooling below a base temperature of Tbase ≈ 100 mK, due to an inadvertent loss
of 3He in the cooling mixture and the associated reduction of cooling power. Bias
and gate voltage have been applied symmetrically by means of digital-to-analog
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converters (DACs), decoupled from the mains by addressing via optical fiber cables.
All stability diagrams as well as the single sweeps and noise traces have been recorded
using an HP34401A with the NPLC 1 setting, equaling an integration time per data
point of 20 ms.

5.2.1 Electron temperature

In section 4.4.2 the electron temperature of the system has been determined by its
statistic and an Arrhenius fit. A detailed statistical analysis is not within the scope
of this chapter, but the excellent quality of the data makes it possible to evaluate
the electron temperature by utilizing the thermal broadening of the Coulomb peaks
and via the line shape of the rise of the Coulomb staircase.

According to [Beenakker91], the line shape of a conductance peak in the resonant
tunneling regime (~Γ � kBT � ∆E, where Γ refers to the tunneling rate through
the barriers connecting the quantum dot and the leads, kBT is the thermal energy
and ∆E the level spacing) is given by

G/G0 = cosh2

(
δ

2kBT

)

= cosh2

(
eα|VG0 − VG|

2kBT

)
(5.1)

with δ = e(Cgate/C) · |VG0 − VG| = eα · |VG0 − VG| the distance to the center of the
peak in units of energy. α can be extracted from the Coulomb diamond measure-
ment as height divided by width of a single diamond and represents the coupling
of the gate to the system, i.e. converts gate voltage to energy. In the present case,
α = 0.18 (see eq. (5.3)). In the aforementioned regime, the temperature only influ-
ences the width of the peak but not the height. Fig. 5.2 shows both a wider range
of a gate sweep measurement as well as a magnification of the first Coulomb peak
(at positive gate bias). The data is extracted from the two-dimensional stability
diagram measurement (fig. 5.4 a) at VSD = 0.07 mV), causing the low resolution
in the backgate bias. Two Coulomb peaks are clearly visible at a gate voltage of
VBG1 ≈ 19 mV and VBG2 ≈ 39 mV, while the following peaks are faint yet observ-
able. However, it is important to note that the depicted diagram shows the absolute
current through the device and plots of the differential current (e.g. stability dia-
gram, see fig. 5.4) clearly display even the weaker peaks and a very regular pattern
with closing diamonds. Simulations of eq. (5.1) for the first peak are shown in the
inset of fig. 5.2 for three different temperatures, determining the temperature to
approximately Te− ≈ 500 mK.
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Figure 5.2: Sweep of the backgate voltage at a constant source-drain bias of VSD =
0.07 mV. The red boxed highlight shows a magnification of a single coulomb peak. Ad-
ditionally, simulations of the line shape of a thermally broadened conductance peak in
the resonant tunneling regime at three different temperatures are shown. The one at
T = 500 mK gives the best alignment with the data. Also highlighted is Wd = 19 mV,
which refers to the width of the second diamond in fig. 5.4, measured in mV.

Another means to determine the temperature of the electrons is the line-shape of
a staircase’s rise. The two flat sections correspond to two separate energy levels.
The lower level represents the no-current state, whereas the higher represent the
ongoing constant flow of single electrons through the QD. The rise in between is
associated with the condition of aligned bias window and quantum dot energy level.
That discrete transition is broadened by the finite temperature and hence extends
over a certain bias window. The shape of the transition is characterized by the
Fermi-Dirac statistics, which in general describes the distribution of Fermions over
energy states and follows the term

I(E) = A+

I0 ·
1

exp
(

EF−E
kBT

)
+ 1

 (5.2)

where A accounts for the small offset from zero, kB the Boltzmann constant, T
the electron temperature, EF the Fermi energy and E the energy of the electron.
The deviation from the Fermi-Dirac behavior can be seen in the inset of fig. 5.3.
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Depicted is the positive section of the Coulomb staircase extracted from the diamond
measurement (fig. 5.4 at VBG = 21.2 mV). Two complete transitions and the rise
of a third one are evident and it is clear, that the first transition follows the shape
of a Fermi-function the closest. The dotted lines point to the corresponding cutout
of the stability diagram, linking the diamond edges visible in the color code of the
differential conductance with the steepest portions of the I-V measurement. In order
to determine the electron temperature, simulations of eq. (5.2) at three different
temperatures are plotted alongside the data, exhibiting the best accordance for
Te− ≈ 500 mK.
Concluding, a very good agreement of the electron temperatures by means of two
different extraction methods is accomplished. Moreover, it is also in the range of
the temperature of T = 654 mK, that has been calculated in section 4.4.2 by means
of the Arrhenius fit of the cumulated dwell times of the Mn-sample. The difference
to the base temperature of Tbase ≈ 100 mK of the cryostat is common, since the
electrons are generally heated by external noise via the leads. The significance of
this finding is very important, since by assuming a thermally activated excitation
process (see chapter 2), it is the driving parameter, giving an upper bound for the
available energy.
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Figure 5.3: Short segment of a Coulomb staircase, i.e. the current through a quantum
dot, over a bias range of Ubias = 0 mV..1.2 mV at a fixed gate voltage VBG = 21.2 mV. The
data curve has been smoothed by averaging over three adjacent traces. The three colored
lines depict simulations of the staircase’s shape by means of a Fermi function (eq. (5.2)).
The reduced sharpness of the two levels originates from the finite temperature of the elec-
trons. Best agreement with the data is achieved for T = 500 mK. Additionally, the inset
shows the aforementioned staircase embedded into a wider sweep from Ubias = 0 mV..5 mV
(upper half of the stability diagram). Several steps can be identified, however the Fermi
shape prevails only for the first one. Above the plot a small stripe of the corresponding
two-dimensional measurement is depicted showing the derivative conductance through the
quantum dot. It serves as a visualization for the relation between staircase and stability
diagram.

5.2.2 Stability diagram analysis

Despite an elevated temperature, the quantum transport measurements presented
in this subsection exhibit a remarkable resolution of the Coulomb diamond struc-
ture. This is a clear evidence of the efficacy of the altered functionalization routine.
Depicted in fig. 5.4 are differential conductance plots of the device in the same gate
region (VBG = 0 mV..125 mV), at zero magnetic field (a)) and under an applied
magnetic field of B = 8T (b)). The diamonds close at zero bias and excited states
are observable as resonances starting from the edges of the diamonds. The addition
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energy of the dot varies slightly, yet no four-fold shell filling pattern typical for single
walled CNTs can be ascertained [Cobden02a], [Sapmaz04], [Liang02].

However, a two-fold superstructure is apparent [Cobden02b], [Sapmaz04], [Kouwen-
hoven01]. It is explained by the difference in energy for the number of electrons on
the quantum dot N = odd or N = even. Since two electrons with opposite spin
can occupy the same orbital state, the energy to add an electron to the system
varies between Eadd,odd = U and Eadd,even = U + δE, where U is the charging en-
ergy and δE the orbital energy difference between N + 1 and N electrons on the
quantum dot. From the height of the diamonds, the addition energy can be ex-
tracted as Eadd = (3.77± 0.15) meV and varies between Eadd,min = 3.27 meV and
Eadd,max = 4.01 meV. Likewise, by the width (extracted from the Coulomb oscilla-
tions depicted in fig. 5.2 and height one can determine the gate lever arm or α-factor
by

α =
Eadd

width
=

height

width
= 0.18. (5.3)

It is employed for the calculation of the electron temperature from the conductance
peaks in section 5.2.1 and to convert gate voltages into energies in general.

In the lower, i.e. the negatively biased half of the stability diagram a prominent
feature (see fig. 5.4, black arrows) is evident which conveys the impression of the
existence of a second quantum dot. A serial quantum dot can be ruled out, since its
influence on the stability diagram is more severe and distinct because it would switch
off the current through the QD entirely while being in a blocked state. More likely
is the existence of a capacitively coupled parallel quantum dot [Eliasen10], [Goß11].
Its appearance typically involves resonances that span multiple diamonds of the
main dot with a shallow slope depending on the coupling to the gate. However,
the actual slope of the resonances at hand (black arrows) is effectively zero over
the entire recorded range and only the repetitive slope inside each diamond gives
the appearance of an overall slope. Also visible in the slightly negative half of the
stability diagram are lines reaching inside the blockade regime (red arrows). These
are indicative of inelastic cotunneling, a process involving higher order tunneling
events leading to slanted resonances within the otherwise blockaded region (red
arrows) [Holm08]. Though these features as well as the splitting in a magnetic field
and the increased noise are an interesting observation, the detailed analysis has been
omitted in this thesis for the sake of focus.

Eventually, a very striking feature is the manifestation of extra lines (green and
blue arrows) when turning on a magnetic field (perpendicular to the CNT and the
substrate) of B = 8T . These lines are the only systematic alterations between the
two stability diagrams and are discussed in the following section 5.3.
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Figure 5.4: Quantum transport measurements showing a Coulomb diamonds structure
in the differential conductance along the gate region between VBG = 0 mV..125 mV. a)
measured without a magnetic field. b) same measurement under an applied magnetic field
of B = 8 T. The arrows highlight distinct features and are discussed in section 5.2.2 and
5.3, while the numbers refer to individual Zeeman lines discussed in section 5.3.
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5.3 Zeeman splitting

In this section the effects on the transport characteristics of the quantum dot due
to the application of a magnetic field are discussed. The employed cryostat allows
the application of a magnetic field of B = 8 T perpendicular to both the sample
surface and CNT. In this work, only two magnetic field strengths have been used,
i.e. Boff = 0 T and Bon = 8 T. Its influence is most evident in the comparison of the
Coulomb diamond measurement in fig. 5.4. While most features of fig. 5.4 a) are
already discussed in the previous section, the appearance of additional resonances in
fig. 5.4 b) (green and blue arrows) is the only, yet striking difference between both
measurements [Cobden98], which result from a Zeeman splitting of the lines under
the influence of the magnetic field. Though this can be observed for all diamonds,
the analysis is focused on the resonances near the green arrows, since they are very
distinctly resolved and can be compared to the ones from a). In fig. 5.5, surface plots
depict magnifications of the stability diagrams of this region. Zeeman lines alongside
the diamond edges are clearly visible in b). Five lines with a negative slope are visible
that comprise the main diamond edge and excited states, each with its corresponding
Zeeman states. Though is not possible to ascribe each of the five lines to their origin,
one can unambiguously assign line #1 and #2 (numbers according to fig. 5.4) as a
Zeeman pair, since #2 has emerged between the diamond edge and the lowest lying
excited state. To calculate the Zeeman splitting energy, one has to determine the
distance between the two resonances with respect to the bias voltage axis. Due to
the faintness of #2, the data has to be processed, which is illustrated in fig. 5.5. The
green line in b) is fitted to the diamond edge and yields a slope of mdia = −0.447.
In between the dashed lines, starting at Vgate = 12.5 mV, line cuts at 30 consecutive
fixed gate voltages are performed and plotted with an offset of 0.01 e2/h, resulting in
subfigure c). The resonances are visible as slight increases in the differential current.
However, it is obvious that it is impossible to determine the position of the second
resonance from each trace by itself. Therefore, utilizing the slope of the diamond
edge, subsequently each line is shifted by a specific amount in order to align the
features in a vertical line. Projection of the individual traces onto a single line
results in d). Here it is possible to fit a two-Gaussian function to the data (e)), in
order to determine the distance between the two Zeeman lines. It is equivalent to a
Zeeman energy of EZeeman = 0.80 meV and the Zeeman term EZeeman = gµBB yields
a Landé g-factor of g = 1.73. This value is very low compared to the lowest one found
in literature of g = 1.9± 0.2 for carbon nanotubes [Tans97], [Thess96], [Petit97]. A
possible explanation is the presence of the Co molecule. Values for the g-factor
close to those of a free electron (gfree = 2.0023) are common in CNTs due to the
generally small spin orbit coupling [Izumida09]. The decoration of the CNT with the
Co complexes could result in an increase of the spin orbit interaction between the
conduction electrons and the Co’s nuclei, which in turn could explain the deviation
of the Landé factor from the free electron value.
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Figure 5.5: Surface plot of the stability diagram of the upper left section of fig. 5.4
at a) B = 0 T and b) B = 8 T. For a better illustration, the negative currents have
been omitted. Also depicted is a fitted green line along the main edge of the diamond,
as well as dashed lines, indicating the window for the line cuts used for the analysis of
the Zeeman splitting. c) Waterfall plot of the differential current of the source-drain
traces extracted from the diamond data. Resonance lines of b) are visible as a small
increase in the differential current. Traces are offset by 0.01 e2/h with respect to the
y-axis to illustrate the evolution of the peaks. d) Same source-drain traces as in c),
shifted along the x-axis according to the slope of the green line in b), to rectify the tilted
resonances. e) Plot of the aforementioned shifted lines contracted onto each other. The
red line represents a two-Gaussian fit, yielding a separation of the two initial lines of
Esep = 0.80 mV,⇔ EZee = 0.80 meV.
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5.4 Time domain measurements

Analogously to section 4.3 time dependent current measurements of the quantum dot
at fixed biases have been conducted (referred to as time traces, hereafter), which
are presented and analyzed in this chapter. The analysis and discussion will be
less in depth in comparison to chapter 4, due to the complexity of the examined
system and to focus on one gate position (VBG = 14.7 mV) as well as only positive
biases. The reason for the specific choice of this position is the excellent resolution
of the individual resonance lines in combination with the stability and absence of
fluctuations of the quantum dot for this gate bias. Chronologically, the stability
diagram without a magnetic field has been measured first, directly followed by the
corresponding time traces. After ramping the magnetic field to 8 T again the 2D
Coulomb diamonds and finally the time traces are recorded. Here, the focus has been
to limit the sweeping of the magnetic field as well as of the gate bias to minimize
potential hysteresis effects, for example due to charge trapping in the sample’s oxide
layer.

In order to correlate the particular state of the quantum dot with the observed
characteristics of the time traces, the detailed stability diagrams of fig. 5.6 are used
as a reference. These are recorded with an increased gate resolution. Each trace
is taken at the same backgate voltage of VBG = 14.7 mV and different source drain
voltages (VSD =1.45 mV, 2.00 mV, 2.80 mV and 3.80 mV) , which correspond to
specific positions in the diagram. These positions are marked with red dots in
fig. 5.6. Measurements have been taken without (a)) and with a magnetic field (b)).
Every time trace has been taken over a time of 3600 s, accumulating on average
55862 data points, which translates to an effective hold time of thold ≈ 65 ms. It
includes the integration and communication time of the employed meter at a setting
of NPLC 1. A faster repetition time, e.g. by means of reducing the integration time,
could not be employed due to a severe increase of the background noise, decreasing
the signal to noise ratio. With the chosen recording settings, the effective repetition
time and the RTS are in the same order of magnitude. Thus, without a magnetic
field, the excited state of the RTS rarely comprises more than one data point.

In fig. 5.6 b) a slight shift of the entire diamond is apparent, which can be ex-
plained by a hysteresis, caused by shifts of the effective gate voltage through charges
in the insulating oxide of the substrate. Additionally, it is caused by the symmetric
down- and upward shift of the lines due to the Zeeman effect.

Figure 5.7 displays a compilation of measured time traces, alongside their corre-
sponding histograms. The diagrams on the left-hand side are recorded without a
magnetic field and the ones on the right-hand side with magnetic field applied. The
arrangement of the diagrams is done according to their respective positions inside
the diamond. All depicted traces are truncated to a time interval of 1400 s in order
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Figure 5.6: Segments of the stability diagrams depicted in fig. 5.4, measured with an
increased resolution at a magnetic field of a) B = 0 T and b) B = 8 T. Red dots
indicate the positions with respect to bias and gate voltage, at which noise traces have
been recorded. The letters refer to the subfigures of fig. 5.7, showing the corresponding
noise traces. Biases are USD =1.45 mV, 2.00 mV, 2.80 mV and 3.80 mV and the gate
voltage Ugate = 14.7 mV.

to be able to visually compare their characteristics. The current axis has also been
adjusted to the same range to assess the extent of potential fluctuations. It is es-
sential to note, that unlike the data discussed in section 4.3, the data presented in
this chapter is absolutely raw and has not been reconditioned or corrected in any
manner. That alone is a major improvement and can be attributed to the altered
sample preparation procedure. Accordingly, all displayed histograms could be ex-
tracted from the subset of data shown in the respective figure and are also scaled
equally. The positions with respect to the stability diagram are chosen to be at
constant or zero current, which corresponds to a position in between the resonance
lines, as well as on the slope of a staircase, hence on a resonance line. In general,
the noise traces exhibit three types of characteristics, revealed by their histograms:

No RTS
The depicted traces show no sign of an RTS and the corresponding histogram
is very narrow. b), d), g).
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Clear RTS
The time traces show a primarily occupied ground level and a less occupied
excited state. Current values in between the two levels are very rare. Also,
the histogram shows two clearly separated peaks, each following a Gaussian
shape. e), f)

Intermediate case
The time traces are widened in comparison to the first ones without an RTS,
however do not show the clear allocation to a ground / excited state. The
histograms also do not exhibit the same separation as the previous ones, yet
rather a broadening and deviation from the Gaussian shape. a), c), h)

The noise trace d) is clearly positioned inside the blockade region, meaning, no
current is measured through the quantum dot. The shape of both the noise trace and
the histogram exhibit standard Gaussian noise. The slightly negative offset of the
current level originates from the measurement setup. Basically, the same behavior
is observed for the trace b), which is positioned at a location of constant current
inside the Coulomb diamond. Similarly, subfigure g) shows no sign of an RTS.
Parametrically it is positioned in between two resonances, with its current carried
by the ground state. It is again constant but non-zero. All three traces carry only
a very low noise level and the respective histograms each are distinctively narrow
(FWHM ∼ 1.1 pA) with a Gaussian shape.

In contrast, set to USD = 2.00 mV, diagram c) exhibits a faint RTS behavior
apparent in the noise trace. It is placed close to the diamond edge, where a rapid
increase of the current through the quantum dot is measured. The signal is broad-
ened (FWHM ∼ 3.25 pA) compared to the aforementioned ones and several single
spikes can be observed. However, the histogram appears to show no sign of an RTS
at first glance. Yet under close inspection, a deviation from the Gaussian shape sets
it apart from the ones such as d) or g). A possible explanation can be a reduced
dwell time in the excited state, which might be too short to be detected consis-
tently. Due to the integration algorithm of the employed meter during the hold
time (20 ms), those short peaks could also account for the data points in between
the low and high current levels. A similar behavior can be observed for diagrams
a) and h). With respect to the stability diagram, h) is set to an identical position
as c), i.e. very close to the main diamonds edge. However, the current floor is at
I ≈ 17 pA, well above zero, i.e., the trace has been recorded closer to the resonance
as opposed to inside the Coulomb blockade region. Again, the histogram does not
show a second peak but rather a distribution consisting of several Gaussians and an
increase in the current ”noise”, that likely has the same origin as reasoned before
(FWHM ∼ 2.4 pA). In contrast, a) is set (USD = 3.80 mV) to a position deep outside
the diamond, on an excited state resonance, where the dot-current is not constant
anymore, but increases heavily. It is also broadened compared to the no-RTS cases
(FWHM ∼ 1.44 pA).
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Eventually, the last category, exhibiting a distinct RTS, can be seen in diagrams
e) and f). The latter is set at Ubias = 2.8 mV, meaning it is exactly positioned in
between two resonance lines. Here again, a constant, non-zero current is conducted
through the quantum dot. Due to the location above the first Zeeman line, the
current is spin-polarized. The corresponding noise trace exhibits the clearest RTS
of all recorded data. The separation of the ground level and the excited state can
easily be extracted from the histogram as ∆I = 2.8 pA, which is illustrated in detail
in fig. 5.8 a). The red line depicts the fit by the superposition of two Gaussians,
whose positions are at Ia1 = 23.6 pA and Ia2 = 26.4 pA. By transferring these
current levels of the noise trace into a plot of the source-drain current over applied
bias it is possible to gauge the involved energy for the RTS fluctuation. In fig. 5.8 c)
the current levels are depicted by the horizontal dashed lines and the resulting bias
(Umin = 2.81 mV, Umax = 2.97 mV) by the vertical lines. Thus, the bias difference
and energy are ∆V = 160 µV and ∆E = 160 µeV, respectively. The approximate
FWHM of the left peak is about FWHML ∼ 1.24 pA and the right one is FWHMR ∼
2.79 pA. Lastly, the noise trace recorded at Ubias = 3.80 mV, e) is positioned exactly
on top of a resonance. Again, an RTS can be observed, though not as distinct as
the previous one. The reason is, that not two but three current levels are present,
which can already be seen in the histogram of the short section depicted. In order
to resolve the individual positions further, in fig. 5.8 b) a histogram is analyzed
using a wider range (2500 s..5000 s / 19223 data points) of the noise trace. Here,
a superposition of three Gaussians is fitted to the data, resulting in peak positions
of Ib1 = 43.5 pA, Ib2 = 46.3 pA and Ib3 = 49.7 pA. I.e., the current difference
between the first two levels is ∆I = 2.8 pA → ∆V = 300 µV → ∆E = 300 µeV.
Analogously, the separation of the second and third level can be determined to
∆I = 3.4 pA → ∆V = 280 µV → ∆E = 280 µeV. The conversion into energy has
been achieved using the technique from section 4.4.2 again and is also illustrated in
fig. 5.8 c).
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In order to smooth the curve, five adjacent traces haven been averaged. Note that due
to the trace’s non-linearity in the upper region (Vbias ≈ 4.0 mV..4.3 mV) an unambiguous
intersection cannot be determined. Hence, the one closest to the center between Ib1 and
Ib3 is used.
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5.5 Conclusion

Comparing the quality of data from the {Mn4} functionalized CNTs of chapter 4
with the one of the present chapter, it is obvious that it has vastly improved. Not
only the stability diagrams show much more detail and improved stability, but also
the recorded time traces exhibit almost no long-term background noise and in some
cases a clearly resolved RTS. This can be attributed to the altered sample prepara-
tion, both using DCM as solvent and an earlier oxidation procedure. As a conse-
quence, an analysis of the Zeeman splitting under applied magnetic field was possi-
ble. The reduced g-factor could be ascribed to the decoration of the CNT with the
molecules, thus promoting a spin-orbit interaction between conduction electrons and
the nuclei of the Co atoms. Moreover, it has become possible to precisely measure
time traces at defined positions with respect to the Coulomb diamonds to study the
influence of the current state through the quantum dot on the emergence of an RTS.
Whereas parameters set on a current plateau do not lead to an RTS, the system
prepared close to a or on a slope is very sensitive for external excitation and shows
a fluctuation in current, accordingly. The mechanism proposed in section 4.5 also
applies to the findings in this chapter of {Co4} functionalized carbon nanotubes.
Here, the available energy for the excitation has been determined via the electron
temperature of Te− ≈ 500 mK, which corresponds to E ≈ 43 µeV. It is very similar
to the activation energy of the {Mn4} functionalized CNTs of chapter section 4.4.2
(T{Mn4} = 654 mK, E{Mn4} ≈ 56 µeV). Hence, the same conclusion of the internal
excitation of the {M4} complexes as the only possible mechanism can be drawn.
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This thesis presents the impact of the functionalization of carbon nanotubes with
two similar species of metal complexes on their quantum transport properties. The
emerging data has been processed to separate the influence of the molecules from
unwanted background fluctuations, thus enabling its analysis.

Success has been confirmed after measuring very regular Coulomb diamonds at
T = 4 K, proving the mild influence of the covalently attached molecules on the
electronic system by showing a quantum dot similar to the designed dimensions.
Thus, the wave function of the tunneling electrons is extended over the entire CNT
device. Stability diagrams measured at T = 30 mK exhibit an increased noise level
plus slower fluctuations, specifically at the edge of the diamonds. A detailed study of
the noise by means of time trace measurements, exhibits a random telegraph signal
superimposed by a long-term background. The emergence of this signal is dependent
of the constant source-drain and gate biases applied during the time traces. Via a
thorough correction procedure, by means of a rubber band algorithm followed by
a digitization, the background fluctuations have been removed resulting in a clear
signal that has been examined numerically. It is apparent that the current through
the quantum dot exhibits several distinct energy levels which are occupied with an
exponential decline, as are their respective dwell times. Moreover, detailed tracking
of every possible excitation/relaxation combination leads to the conclusion that
there are no forbidden transitions present and that the events are not statistically
independent.

Upon restructuring of the sample preparation, a higher device yield and stability
has been achieved, resulting in a vastly improved data quality, and dispensing with
the need for correction. Here, oxidation of the leads and interfaces as well as a
co-functionalization with the solvent has been recognized as the main cause for
background fluctuations and instabilities. The corresponding stability diagrams
show a remarkable resolution of resonances and their magnetic field dependence.
Zeeman splitting has been observed and used to determine the Landé g-factor, which
is lower than expected for a CNT system, and indicates an influence of the molecules
onto the electron system by means of spin-orbit coupling between their nuclei and
the conduction electrons. Additionally, the measurement of deliberately positioned
time traces with respect to the stability diagrams, offers the possibility to study the
influence of the current state of the quantum dot on the emergence of the random
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telegraph signal. Here, the vicinity to a resonance, i.e. a current slope in the
respective I-V diagrams with the accompanying sensitivity to external interference,
has been concluded to be its underlying condition. The corresponding time traces
and their associated histograms show a distinct RTS with clear separation of the
current levels and enable an analysis of their distance and involved energy. The latter
limit the conceivable mechanisms to intramolecular antiferromagnetic transitions of
the molecules’ core which are detected by the CNT quantum dot.

Summarizing, the results in this thesis demonstrate the detection of intramolecular
antiferromagnetic transitions of {M4}-complexes by attaching to carbon nanotubes
and measuring in quantum dot configuration. The crucial prerequisite has been the
data processing developed in chapter 4, enabling the extraction of the RTS and its
statistics and the conclusions drawn hereafter, in combination with the essential
alteration to the sample processing and the consequential improved data quality
presented in chapter 5.

In order to separate the influence of the molecules from the solvent and the oxida-
tion defects, it is of interest to monitor the changes in quantum transport after each
preparation step. Thus, by means of null experiments the emergence of the RTS
can be pinpointed. However, consecutive iterations of quantum transport measure-
ments with its associated temperature cycles severely stress the particular devices
and can impede repeated measuring. Exchanging the tetranuclear core molecules
for a different species with a S 6= 0 ground state can be achieved straight forwardly
and is rather a preparation challenge, since the covalent bonding mechanism has
been studied extensively and remains unchanged. Thus, the magnetic properties of
the molecules can be extended to a finite magnetic moment. Moreover, different
molecules can be employed that are attached covalently as well. An interesting class
represent the so-called spin-crossover complexes [Bousseksou11], [Meded11]. These
molecules have a magnetic core which can exhibit a high- and a low-spin configura-
tion. Intriguingly, the switching between the two states can be triggered externally,
for example by an electric field, light irradiation, or temperature change. Thus,
an interaction could be switched on or off and the consequences on the RTS could
be studied. Binding to the CNT could be achieved similarly via a covalent ligand
exchange.

Ultimately, the comparison with DFT calculations, as already performed by Dr.
Zeila Zanolli (publication in preparation), can help understand the electronic spin
structure of the attached molecules and the intramolecular fluctuations accountable
for the emergence of the RTS.

The already conducted experiments in combination with a deeper understanding
of the involved processes by the proposed alterations can pave the way to explore the
molecular equivalent of antiferromagnetic spintronics. Appropriate devices exploit
the improved stability of antiferromagnetic states, since they do not couple to dipolar
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fields. By increasing the energy separation between the states of newly designed
molecules, it might also be possible to conduct experiments at higher temperature
than previously presented, eventually reaching liquid nitrogen temperature, thus
expanding the application of molecular spintronics in general.

59





Bibliography

[Ando00] Ando, T. Spin-orbit interaction in carbon nanotubes. Journal
of the Physical Society of Japan, 69, 6, 1757, jun 2000. ISSN
00319015.
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gegeben hat. Die Wissenslücken, die trotz ihrer gründlichen Einarbeitung noch vor-
handen waren, konnte Dr. Robert Frielinghaus schließen. Er hat es bei geduldigen
Tutorial-Session auch geschafft, seine Leidenschaft für Matlab auf mich überspringen
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diesem Zusammenhang möchte ich auch allen anderen Kollegen des Magnetlabors
für die gelassene Atmosphäre dort danken.
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aus stand mir Bernd Küpper für alle mechanischen Aspekte und besonders Pro-
bleme rund um das Vakuum als Ansprechpartner zur Verfügung. Markus Consoir
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