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Abstract
The focus of this thesis are spin states and their different interactions in epitaxially
grown InAs nanowires. Its specific bandstructure makes InAs interesting to study
spin dependent effects, especially because of the small effective electron mass, high
effective g-factor and strong spin-orbit interaction compared to other semiconductors.
The nanowires are grown by self-assembly using metal-organic vapor phase epitaxy with catalytic nanometer-size gold particles. Crystallographic analysis shows,
that the nanowires can have perfect wurtzite lattices over micrometer lengths. Individual nanowires are deposited on a substrate and can be electrically contacted
with high reliability. To realize quantum dots, the lateral confinement due to the
wire geometry is combined with electrostatic gates on top of the nanowire. This way,
highly tunable double quantum dots can be defined with sizes of tens of nanometers.
The spin states are probed by electron transport at low temperature. For particular spin configurations in the double dot, the current is suppressed due to the
Pauli exclusion principle. A current through this spin-blockade is directly related to
mixing or relaxation of spin states.
Two different spin mixing mechanisms are identified. First, the strong spinorbit interaction in InAs is detected by its influence on the spin states in transport
spectroscopy at finite magnetic field. Second, the hyperfine interaction with nuclear
spins leads to a current in the spin-blockade regime, which shows a characteristic,
very sensitive magnetic field dependence.
The nuclear spins in InAs are in turn influenced by the electronic spin dynamics. Under certain conditions, a pronounced bistability of the relaxation current is
observed in dependence on external magnetic field and gate voltages. A model is suggested, where the interplay of different relaxation paths for the electronic spin leads
to dynamic polarization of the nuclear spins by the current through the nanowire.
Finally, the time dependence of the electron spins is investigated by measurements with fast gate pulses. Two-electron spin states are probed by pumping single
electrons through the Pauli spin-blockade configuration. The corresponding spin
transition rules systematically reduce the pumped current. Relaxation and time
evolution of the involved spin states modify the pumped current and can be investigated by varying the gate pulse times.
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Zusammenfassung
Zustände und Wechselwirkungen von Spins in epitaktisch gewachsenen InAs Nanodrähten bilden den Schwerpunkt dieser Doktorarbeit. Aufgrund seiner Bandstruktur ist InAs ein interessantes Material, um spinabhängige Effekte zu untersuchen,
insbesondere wegen der kleinen effektiven Masse der Leitungselektronen, des grossen
effektiven g-Faktors und der starken Spin-Bahn Wechselwirkung im Vergleich zu anderen Halbleitern.
Die Nanodrähte werden durch selbstorganisiertes Wachstum mit metallorganischer Gasphasenepitaxie gewonnen, initiiert durch ein nanometer-grosses Goldteilchen.
Kristallstrukturanalysen zeigen, dass die Nanodrähte perfekte Wurtzitstruktur auf
Längenskalen bis zu einem Mikrometer aufweisen. Einzelne Nanodrähte können
auf ein Substrat übertragen und zuverlässig mit elektrischen Kontakten versehen
werden. Quantenpunkte entstehen durch die Kombination der Drahtgeometrie mit
Gatter-Elektroden auf dem Nanodraht. Dadurch können gut abstimmbare Doppelquantenpunkte von einigen zehn Nanometern Grösse erzeugt werden.
Die Spinzustände werden mittels Elektronentransportmessungen bei tiefen Temperaturen untersucht. Für bestimmte Spinkonfigurationen unterdrückt das PauliAusschlussprinzip den Strom durch den Doppelquantenpunkt. Ein Strom durch
die Spinblockade zeigt direkt die Kopplung der Spinzustände untereinander oder
Spinrelaxation an.
Zwei Kopplungsmechanismen können identifiziert werden. Zunächst hat die
Spin-Bahn Kopplung messbaren Einfluss auf die in Transport-Spektroskopie beobachteten Spinzustände in einem Magnetfeld. Darüber hinaus führt die Wechselwirkung
mit den Kernspins zu einem Strom im Bereich der Spinblockade, der eine charakteristische empfindliche Magnetfeldabhängigkeit aufweist.
Die Kernspins selbst werden umgekehrt auch von der Dynamik der Elektronenspins beeinflusst. Unter bestimmten Bedingungen kann ein auffallend bistabiles Verhalten des Stromes als Funktion von Magnetfeld und Elektrodenspannung
beobachtet werden. Es wird ein Model vorgeschlagen, bei dem das Zusammenwirken
verschiedener Relaxationswege für den Elektronenspin zu einer dynamischen Kernspinpolarisation aufgrund des Stroms durch den Nanodraht führt.
Schliesslich wird die Zeitabhängigkeit der Elektronenspins mit schnellen Spannungspulsen an den Elektroden analysiert. Zweiteilchenspinzustände können unter-
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sucht werden, indem man einzelne Elektronen durch die Spinblockade pumpt. Die
Übergangsregeln zwischen den beteiligten Spinzuständen reduzieren den gepumpten
Strom. Relaxation und Zeitentwicklung der Spinzustände modifizieren den Pumpstrom und können durch Variation der Pulszeiten systematisch untersucht werden.
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1 Introduction
Spins
In 1928, Paul Dirac combined quantum mechanics and special relativity to explain
the intrinsic magnetic moment of the electron and put the spin degree-of-freedom on
a firm theoretical ground. In mathematical descriptions, the spin degree of freedom
behaves as an angular momentum, which is intrinsic to elementary particles such
as electrons. Nevertheless, the picture of a rotating charge distribution fails to
explain the magnetic moment, since electrons are structureless point particles. So
far, the magnetic moment appears to be the only property of the spin, which can
be directly measured. Since the early measurements by Stern and Gerlach in 1922,
the magnetic moment of a single spin is known to be very small. The conventional
magnetic interaction with this tiny dipole can be ignored in most practical cases. To
date, spin is used for applications in the form of macroscopic ensembles. Prominent
examples are the Giant Magneto Resistance and its advancement, the Tunneling
Magneto Resistance. They have triggered a break through to new classes of memory
devices and the discovery of the field was awarded with the nobel prize for physics
in 2008.
The combination of the spin degree of freedom and conventional charge based
electronics lead to the vision of spintronics. Spintronic devices promise to yield increased data processing speed, decreased electric power consumption, and increased
integration densities compared to present technology [1].
At the same time, semiconductor technology follows the route of further miniaturization. In very small devices, quantum mechanics can have a significant influence
on the physical properties and may even lead to new functionality. For a spin isolated
in such a nano-device, coherence and relaxation times can be orders of magnitudes
longer than for charge states [2, 3]. Confined spins are therefore suggested as candidates for the realization of quantum bits (qubits) in solid state based quantum
computers and quantum information processing schemes [4].
Nanostructures
Decoherence and relaxation arises due to interaction with the environment. Understanding and controlling the responsible mechanisms are important motivations for
research in todays solid state physics. An intensively studied approach is to isolate
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a single spin inside a nanometer sized device. In such quantum dots, the different
coupling mechanisms can be investigated systematically.
Several techniques have been established to trap single carriers in nanostructures. A focus is on semiconductors, because of the advanced processing technology
and the high structural and electrical quality of the material. In epitaxially grown
heterostructures, carriers are restricted to two dimensions in quantum wells or at
interfaces. The system can be further confined in channels and dots by the use of
electrostatic gates. These devices offer a high degree of tunability, which is necessary for electrical quantum control [2, 5]. As an alternative, a defined region can be
isolated from the electron gas by etching away material. Very small quantum dots
have been fabricated by this means, where the electrons occupy states resembling
those of artificial atoms [6]. Beyond this “top-down” approaches, nanostructures can
be assembled “bottom-up” starting from atoms or molecules as elementary building
blocks. One example are self-assembled semiconductor clusters. Their development
enabled experiments on single electrons or excitons, isolated from the environment
in quantum dots with controlled crystalline facets. The nanowires studied in this
thesis are “bottom-up” nanostructures as well. They grow catalyzed by a metallic
particle and display excellent crystalline quality.
The nanowire geometry itself can be especially advantageous. Gates which wrap
around the conducting channel promise to be very fast and efficient [7]. The longitudinal structure is ideal for light emitting devices with low power consumption.
Placing a transmission line parallel to the nanowire could allow strong coupling of
quantum states in the wire over long distances [8]. This is an important ingredient
for the up-scaling of quantum computation units. In InAs nanowires, the spin-orbit
interaction could allow for very efficient spin manipulation with oscillating gate voltages [9, 10]. With these motivations, we add electrostatic gates to the grown lateral
confinement and obtain highly tunable quantum dots with dimensions well below
100 nm.
Interactions
The interactions of electrons confined in nanostructures can be classified according to
the corresponding energy scales. The strongest interaction is the classical Coulomb
repulsion. Confining two electrons in a structure of the above dimensions requires
a charging energy of a few meV. Since room temperature corresponds to a thermal
energy of 25 meV, all our experiments are carried out at cryogenic temperatures
(< 1 K). The Fermi wavelength basically reflects the average separation of electrons
in a conductive solid body. In semiconductors as InAs, this length is of the order
of 10 nm. The confinement in nanostructures therefore leads to a discrete set of
levels for the quantum states. We find level spacings ranging from ∼ 100 µeV to
almost 5 meV in our quantum dots. Classical charging and quantum confinement
are therefore of similar strength and the states inside the dot are separated from
each other by the above energies.
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A spin occupying a state in the quantum dot still experiences interactions on
smaller energy scales. In InAs, the spin degree of freedom is more strongly coupled
to the orbital motion than in many other semiconductors. This mixes different
spin states with an energy in the range of 1 µeV to 200 µeV (depending on the
magnetic field). Additionally, the electronic wave function overlaps with around
105 nuclei of the host material. This gives rise to a hyperfine coupling between the
nuclear spins and the spin of the electron. Spins are mixed by this interaction with
an energy of around a µeV. The electron spin itself is coupled to magnetic fields
with energies corresponding to the Bohr magneton µB = 58 µeV/T. For the nuclear
spins, this magneton is four orders of magnitudes smaller (3.2 neV/T). Direct dipole
interactions between them are therefore in the neV-range.
A peculiar symmetry property nevertheless connects the spin of an electron to
energy scales, which can be much larger than the described interactions. According to the spin-statistics theorem derived by Wolfgang Pauli in 1940 [11], electrons
are fermions (just as other half-integer spin particles). The wave function describing many fermions has to be antisymmetric under particle exchange. An important
consequence is, that different spin states are related to different charge distributions.
This links the spin to the larger energies of Coulomb interaction and quantum confinement. The so called exchange interaction is responsible for phenomena such as
ferromagnetism in solids or Hunds rules in atomic physics, which have strong impact on the structure of matter. Due to the antisymmetry requirement, two electrons
with the same spin cannot occupy a single orbital state. This exclusion principle is
employed for the measurements in this thesis. In the regime of Pauli spin-blockade,
the spin of a single electron decides whether or not current can flow for an energy
in the range of the level spacing (meV).
This thesis
In this thesis, the coupling of spins and their interactions are probed in double
quantum dots, which are defined in epitaxially grown InAs nanowires using topgates. Fabrication and characterization of these nanowires are described in chapter
2. Their dimensions and crystal structure can be determined to some extend by the
growth conditions. We can obtain reliable electrical contacts to individual nanowires
and analyze their basic electronic properties. In chapter 3, top-gates are investigated
to generate quantum confinement. We focus on the realization of tunable double
quantum dots. In these devices, individual electrons can be trapped and the spins
of two (excess) electrons can be coupled. In transport measurements, selection rules
due to the fermionic nature of the electrons give rise to Pauli spin blockade. As
discussed in chapter 4, this can be used to detect spin dependent interactions simply
by measuring the current in the spin-blockade regime. We concentrate on two spin
mixing mechanisms: spin-orbit interaction and hyperfine coupling. Their influence
depends on the external magnetic field and on the distribution of the two spins
in the double dot. The electrons in the dot can in turn influence the spins of the
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nuclei. In chapter 5, the build-up of a macroscopic polarization of nuclear spins by
repeated flips of an electron spin is investigated. This leads to a striking bistability
in magnetic field and gate voltage, which cannot be explained by magnetization in
the common sense. In chapter 6, time dependent measurements are presented, where
electrons are pumped through the double quantum dot with fast gate pulses. In the
situation of Pauli spin-blockade, this allows us to investigate the time evolution of
two coupled spins which are separated in the two quantum dots.

4

2 InAs nanowires
The experiments in this thesis deal with electrically contacted InAs nanowires. Compared to the heterostructures or quantum wells usually used for mesoscopic transport
measurements in semiconductors, these nanowires are relatively easy to fabricate.
The presented samples were grown by ourselves in a standard Metal Organic Vapor
Phase Epitaxy machine. Following the extensive literature on the topic, satisfactory nanowires for transport measurements could be obtained. In this chapter,
the growth process, crystallographic analysis and basic electrical properties of our
nanowires are investigated and compared to the results of other groups.

2.1

InAs

Among the III-V semiconductors, InAs is distinguished by the properties related
to its band structure. A small effective mass of conduction band electrons (m∗ ≈
0.02m0 , with the free electron mass m0 ) implies a high mobility. Beyond that,
energies corresponding to quantum confinement scale with 1/m∗ . These aspects
make InAs nanostructures interesting objetcs for the investigation of quantum effects
in general.
Due to the small band gap of InAs (Egap = 0.35 eV), electrons in the conduction
band experience a strong spin-orbit interaction compared to materials with a wider
gap as GaAs (Egap = 1.4 eV). The effective g-factor for conduction electrons has
a large value of g ∗ = −14.7 in bulk InAs. This motivates proposals to use InAs
devices for spintronic applications [1] or purely electric spin manipulation via spinorbit interaction [10, 12, 13].
Another peculiarity of InAs is the pinning of the Fermi energy into the conduction band due to surface states. This has two important consequences. On the one
hand, it leads to a charge accumulation layer [14], whereas many other semiconductors show surface depletion. Highly transparent contacts are therefore created to
many metals. This allowed, for example, to demonstrate proximity induced superconductivity in transport through a semiconductor [15], which requires very high
contact quality. On the other hand, the surface accumulation counteracts the formation of Schottky barriers [16]. For this reason, reliable top-gate devices on bulk
or two dimensional InAs are difficult to obtain.
Nanowires grown from InAs combine the above aspects with natural confinement
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in two spatial directions. This makes them appealing for the study of spin transport in nanostructures. Reducing the dimensions to nanometers is, however, often
connected with a change in crystal structure. Bulk InAs is known to have zincblende crystal structure. The nanowires investigated in this chapter exhibit mostly
wurtzite lattices. This change in crystal structure may modify the band structure
and influence the transport properties.

2.2

Catalytic nanowire growth

Our goal is to fabricate single-crystalline InAs nanowires of several micrometers
length in order to make processing for electrical contacts feasible. To observe quantum effects at temperatures accessible with standard low temperature equipment
(T = 30 mK to 4.2 K), the wires should have a width of less than 200 nm.

H2, TMIn, AsH3

Au
nanoparticle
T440 °C
p100 mbar

Figure 2.1: The principle of nanowire growth from catalytic Au nanoparticles.
Using Metal Organic Vapor Phase Epitaxy (MOVPE), the carrier gas is H2 , flow
rate 1.2 l/min at 100 mbar. Precursors are Trimethyl-Indium (TMIn) and Arsine
(AsH3 ). Blue numbers are exemplary growth conditions.
The growth of semiconductor nanowires has been accomplished with several different techniques. A very controllable approach is the catalytic growth from metallic
nanoparticles, which are distributed on the growth substrate, see Fig. 2.1. This has
been demonstrated and explained for Si nanowhiskers by Wagner and Ellis [17] and
was extensively studied for III-V-semiconductors (see [18] and references therein).
Independent of the growth technique, the catalytic unidirectional growth is in
most cases thought to be based on the Vapor-Liquid-Solid (VLS) mechanism. Here,
the growth is fed by precursors in the gas phase surrounding the catalytic nanoparticle and the substrate. The growth species and the metal catalysts form an eutectic
alloy at a temperature below the melting point of the semiconductor. The metal
catalyst itself should be insoluble in the materials to be grown. For most III-Vsemiconductors this condition is met by Au, but growth from Pt, Pd, Ni, Fe has
been demonstrated as well. The driving force for the growth is a supersaturation
of source materials in the alloy, which can ideally only be reduced by nucleation at
the liquid-solid interface. This way longitudinal growth takes place, as long as the
temperature does not rise above a critical value where usual bulk growth in lateral
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direction becomes thermodynamically favorable. A choice of properly sized Au particles allows straight-forward control of the average diameter of the nanowires. The
position of the nanowire to be grown is also well defined by the catalytic particle.
This high degree of control is crucial for an up-scaling of the growth process which
would be desirable for nanowire applications.
The VLS mechanism relies on the fact, that the phase diagram of the binary
semiconductor-Au alloy exhibits an eutectic point. A good example is Si-Au, where
the growth can be well described by VLS [17]. Even in this system, the Au particle
does not act as an ideal catalyst. Diffusion of the metal on the growth substrate
and wetting of the nanowire sidewalls consumes the catalyst and limits the nanowire
growth [19]. The phase diagrams for alloys of III-V semiconductors and Au are much
more complex (more precisely, the alloy forms between the III-component and Au).
Experimental studies of InAs nanowire growth indicate, that in these cases the
mechanism is catalyzed by the solid particle directly [20] (Vapor-Solid-Solid (VSS)
process).

2.3

Metal Organic Vapor Phase Epitaxy

The growth mechanism using a catalytic nanoparticle can be realized with various epitaxy schemes [18], such as Metal-Organic Vapor Phase Epitaxy (MOVPE),
Chemical Beam Epitaxy (CBE), Molecular Beam Epitaxy (MBE) and laser ablation.
We follow the recipes developed for MOVPE [21, 22], starting from almost monodisperse, colloidal Au nanoparticles which are randomly distributed on the growth
substrate (Fig. 2.1). In MOVPE, a constant flow of carrier gas and metal organic
precursors containing the group III and V elements surrounds the substrate with
a total pressure of around 100 mbar. This is in contrast to ultra-high vacuum approaches such as CBE and MBE, where the precursors are brought to the substrate
in a focused beam. The growth rates are therefore higher in MOVPE: typically 10
nm/s in longitudinal direction compared to about one atomic monolayer per second in CBE [23]. An obvious disadvantage of this is stronger gas diffusion, making
it more difficult to grow heterostructures with sharp interfaces, since this requires
instantaneous changes of the source materials at the growth interface [21, 24].
Growth procedure
We use GaAs substrates with h111iB surface orientation, which are prepared epitaxyready by the supplier (American Xtal). As discussed below, InP h001i substrates
were used alternatively to grow nanowires with different crystal structure. To our
knowledge, the growth of InAs nanowires has been reported before only on InAs or
Si/SiO2 substrates. The wafers are cleaved into samples of around 5 mm edge length
and no additional cleaning procedure is applied to the epitaxy-ready pieces. Before
the deposition of the nanoparticles, the substrate chips are dipped into L-lysine
(2,6-diaminocaproic acid) for 30 s. This substance enhances adhesion of particles on
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the surface and has a low vapor pressure. It decomposes at temperatures well below
the growth reaction point [21]. After drying with N2 , a droplet of the colloid of Au
nanoparticles is put onto the substrate and removed with a blast of N2 after ∼ 20 s.
We use commercially available Au colloids (from BBInternational), 0.01% concentration, particle sizes ranging from 20 nm to 100 nm. With this process, the density
of the particles on the surface is not well controlled (order of 108 particles/cm2 ). As
a general observation, no growth takes place for too low density of particles and the
growth slows down for too high densities.
The prepared samples are located on a graphite susceptor used exclusively for
the nanowire process. It is put into the reactor inside an inner quartz shell, which
is freshly cleaned (etched and annealed) for each sequence of similar growth runs.
Beyond that, a MOVPE reactor (AIXTRON AIX 200/4) available in the ETH
Zurich FIRST lab is used without special preparation. The maschine is designed
for a constant flow 1200 ml/min at a pressure of 100 mbar. For InAs nanowires,
the precursors are trimethyl-indium (In(CH3 )3 , TMIn) and arsine (AsH3 ). These
substances are diluted in the (H2 ) carrier gas. The growth sequence starts with
heating up to the growth temperature (420 ◦ C to 470 ◦ C, see below) in presence of
the group-V-component. We set the partial pressure of AsH3 to 8.2 · 10−2 mbar in
100 mbar of H2 carrier gas for all our growth processes. After about 60 s, the source
for the group-III-component is opened. This initiates the nanowire growth process.
The partial pressure of TMIn has strong influence on the wire shape and crystal
structure [22]. We obtained good results with a partial pressure of 1.5 · 10−3 mbar of
trimethyl-indium. Typical growth times are around 15 min. During the growth, the
size of the Au particle often decreases in our process. The reason for this is up to
now unclear, given that the real growth mechanism for InAs nanowires is not well
understood [20]. The sequence is ended by closing the indium source, cool down to
150 ◦ C in the flow of AsH3 and H2 and closing the arsenic source. After that, the
system is cooled to below 80 ◦ C in the flow of carrier gas and switched to N2 purge
for half an hour.

10 m

5 m

Figure 2.2: Nanowires grown with the process described in the text. Scanning
electron microscope image, tilted view 30 ◦ from horizontal.

A growth run as described yields nanowires of different length with signifficant
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variation, typically 10 µm to 30 µm for growth on h111i substrates. A typical result
is shown in Fig. 2.2. The wires are thicker at the bottom than at the tip, but this
tapering is not strong (less than a few per cent per unit length). Some nanowires
grow under an angle with a different crystal structure, as discussed below. The
nanowires are stiff, but flexible enough to be bent and stick together.
Temperature dependence
Crucial parameters influencing the nanowire growth are the temperature, the crystallographic orientation of the substrate surface and the partial pressures of the
group-III and group-V precursors. We focus on the growth of InAs nanowires on
GaAs h111iB and InP h001i surfaces. The partial pressures are kept at the values
described above. Here, we study the temperature dependence.

1 m

2 m

2 m

Figure 2.3: Scanning electron microscope (SEM) images of InAs nanowires grown
on GaAs h111iB surfaces from 40 nm Au particles for different growth temperatures.
The growth time was 15 minutes in all cases. The longitudinal growth rate is smallest
for T = 465 ◦ C. For (a) and (b), the view angle is 80 ◦ compared to perpendicular.
For (c), it is 30 ◦ .
Figure 2.3 shows InAs nanowires grown for 15 minutes on GaAs h111iB surfaces.
All growth runs were catalyzed by Au particles with 40 nm diameter. The length
distribution of the wires depends strongly on the reactor temperature. For the lower
temperatures, we find wires as long as 30 µm but with strong variations in the length.
At T = 465 ◦ C, the length distribution is quite narrow around 7 µm.
From Fig. 2.3 it is obvious, that the nanowires are tapered from base to top
especially for higher growth temperatures. In this case, typical widths are up to
150 nm at the bottom and less then a few tens nanometer at the tip. These observations, together with the reduced length at higher temperature are expected from
a competition between axial VLS growth and radial bulk growth for high temperature. Beyond that, the size of the Au particle at the tip of the ready nanowire is
in some cases drastically reduced compared to its original size. This can be seen for
example in Fig. 2.4(b), which shows a top view on a nanowire grown from a 60 nm
Au particle. This material consumption is not compatible with the described simple
catalytic mechanism.
The above findings are in agreement with detailed studies of the growth kinetics
for different III-V-semiconductor nanowhiskers [21]. Beyond the described features,
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there are many experimental observations by different groups using various epitaxy
methods that are not understood in detail. For example, InAs nanowire growth
has been demonstrated at temperatures clearly below the melting point of the alloy,
which casts doubt on the validity of the VLS mechanism [20]. This and other
ambiguities are attributed to a significant change of the phase diagram and the
details of the eutectic regime for structures on the nanometer scale. For our purpose,
however, growth with the conditions described above leads to a sufficient portion of
nanowires which are long and homogenous enough for electrical contacting.
Crystal structure
It was already pointed out by Hiruma et. al. [22], that III-V nanowires are not singlecrystalline in a strict sense. Under the described conditions, our InAs nanowires
show perfect hexagonal cross sections, as can be seen in Figs. 2.4(a),(b). Two
equivalent close-packings of the hexagonal crystal system are the zinc-blende and
the wurzite lattice, which are schematically shown in Fig. 2.4(c).

(a)

(b)

(c)

zincblende
<111>

In
As

100 nm

wurtzite
<0001>
Figure 2.4: (a) Side view of a nanowire grown on GaAs h111iB surface. (b) Top
100 view
nm demonstrating the hexagonal cross-section. The size of the Au particle on top
is reduced to its original dimension (60 nm). (c) Models for zincblende and wurtzite
crystals. Both exhibit hexagonal facets in the direction perpendicular to the plane.

This equivalence leads to the possibility of stacking faults. While bulk InAs has
zincblende structure, alternating sections of both lattices or twining plane structures
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are observed in InAs nanowires [21, 22]. In Fig. 2.5, high resolution TEM (HRTEM)
images are shown for a wire grown on GaAs h111iB. Along the piece in Fig. 2.5(a),
the stacking of individual atomic planes is clearly visible. This picture is expected
for a certain view perpendicular to the growth direction in a defect free wurtzite
lattice. As shown in the inset, Indium and Arsenic nuclei align in planes along
[110]. The plane spacings measured from the HRTEM image are consistent with
the wurtzite lattice. In contrast to this perfect lattice, a region with stacking faults
is shown in Fig. 2.5(b). Although the preferred crystal structure can be determined
to some extend by the other growth conditions [22] (especially temperature and
ratio of the group III and V precursors), the described stacking faults are usually
quite frequent. Their typical separation ranges from a few nanometers [25] up to
hundred nanometers. Our growth process differs from the published recipes only in
details, e. g. the substrate (GaAs h111iB instead of InAs or Si/SiO2 ). We observe
a surprisingly good crystal quality compared with the literature, with defect free
lattices on length scales up to a micrometer.

(a)

In
As

(b)
surface
oxide

10 nm

10 nm

Figure 2.5: Bright field high resolution transmission electron microscope (HRTEM)
images (by courtesy of Fabian Gramm, ETH Zürich) of an InAs nanowire grown on
GaAs h111iB. (a) Defect free piece. The atomic planes are consistent with a view
along the [110] direction in the wurtzite lattice (see model in inset). (b) Piece
of nanowire showing stacking faults (black stripes), due to twining planes. The
nanowires are always covered by an amorphous layer of ∼ 2 nm surface oxide after
growth.

The crystal structure can be further investigated by selective area electron diffraction (SAED). In this technique, the diffraction image is recorded in the TEM for an
area around the focusing spot. Zincblende and wurtzite lattices can be clearly distinguished due to their different crystal symmetries. In Fig. 2.6(a), the diffraction
pattern recorded for the nanowire in Fig. 2.5 is shown. Starting from the central
peak (covered by the aperture), every second reflex is suppressed along the horizontal direction. This is obvious in comparison with the parallel upper and lower
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horizontal rows, where every reflex is seen with varying intensity. The suppression of
these peaks is a clear feature of the wurtzite lattice structure projected along [110],
i. e. perpendicular to the growth direction. A simulated diffraction pattern with the
indices of the relevant reflexes is shown in Fig. 2.6(b). Compared to this ideal picture, the experimental pattern shows horizontal streaks and doubling of some of the
diffraction spots in the lines parallel to the central horizontal row. These features
are related to a distortion of the wurtzite pattern by zincblende regions [25]. Altogether the SAED pictures indicate, that our nanowires are mainly wurtzite lattices
with incorporations of zincblende stacking faults.

(a)

(b)

Figure 2.6: (a) Selective area electron diffraction image for the nanowire in Fig. 2.5
(by courtesy of Fabian Gramm, ETH Zürich). (b) Simulated diffraction pattern for
wurtzite viewed along [110], i. e. perpendicular to the growth direction.

It has been argued that the stacking faults reduce the electronic mean free path
to values shorter than expected for epitaxially grown crystalline structures. Different from (111)-oriented substrates, nanowires emerge with square cross section
for growth in h001i direction. In this case, stacking faults are very rare due to
the lack of alternative close packings and energetically equivalent twinning planes.
Perfect defect free structures have been found on (001)-oriented substrates for InP
nanowires [21]. As an approach to overcome the problem of electron scattering at
stacking faults, we investigate InAs nanowires grown on (001) InP substrates. As
can be seen in Fig. 2.7, most of the nanowires still grow along the two equivalent
h111i directions, i. e. under an angle with respect to the surface. Nevertheless there
are some whiskers growing perpendicular to the (001) surface, which clearly have a
square cross section (inset of Fig. 2.7). We find that the growth rate for this [001]
orientation is much smaller than for h111i . Compared to typically 10 µm for h111i,
the 001-wires only reach lengths of about 3 µm after 15 minutes of growth.
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Figure 2.7: Top view SEM image of
InAs nanowires grown on (001) InP
substrate at T = 440 ◦ C from 40 nm
Au particle for 15 minutes. Most of
the wires grow in h111i directions
(pointing left and right in the image). Wires growing perpendicular
to the surface in [001] orientation
are outlined by arrows. They have
a quadratic cross section (inset).

100 nm

2 m

2.4

Electrical contacts and characterization

Contact procedure
For electrical contacting, the nanowires are transferred to a substrate which is non
conductive at low temperature. For the devices in chapters 3–5, we used degenerately
n-doped Si substrate with a 300 nm insulating SiO2 over-layer. The device studied
in chapter 6 was contacted on intrinsic silicon. We obtained comparable quality for
the contacts also on intrinsic GaAs and on GaAs/AlGaAs heterostructures with a
shallow 2DEG underneath the surface [26].

(a)

(b)

(c)
height (nm)

150

5 m

5 m

38 m

0

Figure 2.8: (a) SEM image of nanowires contacted by electron beam lithography
on Si/SiO2 .The nanowire were grown on InP h001i, with h111i growth direction for
the long wire and h001i for the short one. Alignment markers are also visible. (b)
Optical microscope image of a thicker nanowire contacted with optical lithography.
(c) AFM image of a thin nanowire contacted by optical lithography.

A conventional method to transfer the nanowires is to dissolve them in a small
amount of ethanol using ultrasonic pulses to break the wires off the substrate and
subsequently putting a microliter droplet of the solution on the substrate. We

13

2 InAs nanowires

also achieved good results by simply mechanically brushing the nanowires from the
growth sample and tipping onto the substrate with a piece of clean room paper.
Nanowires with diameter thinner than around 90 nm are not easily recognized in an
optical microscope. In this case, the substrate should contain markers with specified
positions. The nanowires are then located with a scanning electron microscope
(SEM) and contact electrodes can be fabricated relative to the markers using electron
beam lithography (EBL). Figure 2.8(a) shows an SEM image of a sample, where
two nanowires are contacted by EBL. The wires were grown on InP h001i. The long
nanowire grew in the h111i orientation (with hexagonal cross section), the short one
is a 001-wire with square cross section (see previous section).
Thicker wires with diameters larger than 100 nm are clearly visible in an optical
microscope with magnification of 200 times. For these nanowires, we use a much
simpler procedure based on a single step optical lithography. After transfer on the
chip without the need for predefined markers, the nanowires are optically located
in a standard mask aligner (equipped with factor 100 magnification optics) and
contacts are defined with an optical mask containing four electrode fingers with a
fixed separation of 1–1.5 µm. An optical microscope image of a typical device is
shown in Fig. 2.8(b). The same procedure is in principle feasible for thin nanowires,
if their location can be determined in a high resolution optical microscope before the
process in the mask aligner (e. g. by alignment with a prominent dust particle on the
chip). In a good optical microscope, even wires with diameter ∼ 50 nm are faintly
detectable via scattered light. The AFM image in Fig. 2.8(c) shows an optically
contacted nanowire with diameter ≈ 90 nm, whose position could be relocated in
the mask aligner by the thick wire piece crossing it in the lower part.
The nanowires are covered with about 2 nm of amorphous material, as can be
seen in the HRTEM images in Fig. 2.5. Using energy dispersive X-ray spectroscopy
(EDX) with a TEM, a substantial oxygen content is detected in this layer. Beyond
that, the thickness is comparable with the native oxide on two-dimensional InAs
surfaces [27]. For the top-gate devices presented in the next chapters, this surface
oxide plays a crucial role as a gate dielectric. In order to achieve good ohmic contacts, the oxide must be removed from the contact surfaces before metallization.
Good results are achieved with the commonly used etch treatment in a buffered HF
solution. One disadvantage of this etchant is, that it also reacts with the insulating oxide layer covering the conductive silicon substrates, which leads to leakage
currents in electronic measurements. Another issue is the rapid reoxidation of the
surface [28]. Much more reliable contacting with about 90% yield is achieved using
a simultaneous etching and surface passivation scheme. A highly diluted (1:1000)
ammonium-polysulfate ((NH4 )2 SX ) solution removes oxide efficiently and provides
protection against re-oxidation during the transfer of the samples to the metal evaporation equipment [28]. The InAs nanowires themselves and the substrate are almost
unaffected by this procedure. After the lithographic steps and etching, a titanium
“wetting” layer of 20nm thickness followed by about 180 nm Au are deposited as
electrode material.
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Electrical measurements
The accumulation of charge carriers at the surface of bulk InAs does not directly
imply the same behavior for nanometer sized wires. Nevertheless, other groups
already reported on ohmic contacts to InAs nanowires with excellent quality, even
better than to interfaces between metal and bulk InAs [15].

(b)
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Figure 2.9: Diameter dependence of the two-terminal resistance per length for
nanowires grown on GaAs h111iB measured at room temperature. The red dot is
the resistance of the h001i nanowire with square facets on the device in Fig. 2.8(a).
(b) Zoom for diameters d > 80 nm.

From four-terminal measurements on devices like those in Fig. 2.8, where a current is driven between the outer pair of electrodes and the voltage drop is measured
over the two inner fingers, we infer a contact resistance of around 100 Ω.
Two-terminal resistances are several kΩ per micrometer wire length at room
temperature for nanowires grown with hexagonal cross section. As shown in Fig. 2.9,
the resistance increases drastically below ≈ 80 nm. Several measurements show,
that these wires become non-conductive at low temperature. For thick wires around
130 nm, the resistance hardly changes with temperature (less than 10%).
For further electrical characterization, we investigate nanowires contacted on
conductive silicon covered with 300 nm insulating SiO2 . The measurements are
performed at 4.2 K. The conductive substrate is used as a global back-gate to perform
field effect measurements. In Fig. 2.10(a), the source-drain current is plotted as a
function of bias voltage for different back-gate voltages between +20 V and -20 V.
The conduction has a linear Ohmic behavior, with a resistance depending on the
back-gate voltage.
Measurements of the differential conductance G = ∂I/∂VSD as a function of the
back-gate voltage are shown in Fig. 2.10(b). The conduction is n-type, i.e. a negative
gate voltage reduces the density of mobile electrons and it is possible to smoothly
pinch-off the current through the nanowire. This is observed at all temperatures
between 300 K and 100 mK for wires longer than a few hundred nanometers. It indi-
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(b)
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cates diffusive rather than ballistic transport. The pinch-off curves allow to estimate
the electron mobility and density with a field effect transistor (FET) model for a
wire-shaped channel on top of a back-gate [29]. For zero back-gate voltage, we find
intrinsic carrier densities of 2 − 5 · 1018 cm−3 . The origin of this high concentration
could be unintentional doping with carbon, which is contained in the metal-organic
precursors used in MOVPE. It is, however, not easy to extract the donor density,
since the pinning of the Fermi level in the conduction band at the surface for InAs
could also lead to a considerable amount of mobile electrons. The carrier mobility
is determined to be in the range 200-1500 cm2 /Vs. This is in agreement with systematic studies of the mean free path in InAs nanowires [30] and about two orders
of magnitude larger than for silicon nanowires [31]. In a three-dimensional diffusive
system, this mobility would correspond to a mean free path of less than 100 mnm.

0
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Figure 2.10: Electrical characterization at 4.2 K. The nanowire was grown on GaAs
h111iB. (a) Nanowire current I as a function of source-drain voltage VSD . The
conductive Si substrate serves as a backgate. The back-gate voltage VBG is decreased
from +20 V to -20 V along the arrow. b) Conductance as a function of VBG .
A reason for these findings might be scattering at stacking faults along the growth
direction (see Sec. 2.3). This kind of structural defects are not expected for growth in
h001i orientation. The red data point in Fig. 2.9 corresponds to the short nanowire
in Fig. 2.8(a), which has square cross section. The two-terminal resistance is not
smaller compared to nanowires grown with hexagonal facets. The main scattering
mechanism therefore seems to be of different nature. Because of the electron accumulation at the surface, alternative suggestions attribute the short mean free path
to scattering at surface states. This is compatible with the diameter dependence
of the resistance shown in Fig. 2.9. An abrupt transition to high resistivities is observed for nanowire diameters smaller than 80 nm, when the surfaces come too close
together. Further possible reasons for this may be an increasing contact resistance
for smaller diameters or the effect of the narrow lateral confinement pushing the
lateral subbands in the wire above the Fermi level.

16

2.5. Conclusion

2.5

Conclusion

Indium-Arsenide nanowires can be grown from catalytic Au particles with MOVPE.
We found prefect wurtzite lattices on a length scale of several hundred nanometers,
interrupted by zincblende type regions. Electrical contacting of the nanowires is reliable. Despite the good crystal quality, transport seems to be governed by scattering
with a mean free path of around 100 nm at low temperature. In systems confined to
small sizes, for example quantum dots, it should still be possible to probe coherent
quantum effects.
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3 Single electrons and spins
Macroscopic ensembles of particles behave classically according to our every day
experience. The main reason for this is the rapid decoherence of the quantum state
for large systems. To study quantum mechanical effects, one way to go is to isolate a
small number of particles from their interactions with the environment. Individual
charges or spins can be confined in quantum dots. These systems can serve as
artificial atoms [6], where quantum mechanics can be studied in specially designed
model systems. Beyond that, the increased coherence properties of the isolated
charges and spins make them interesting candidates for quantum bits in solid state
based quantum computation schemes [4].
In a real quantum dot device, the host material still has a significant influence on
the state of the confined charge or spin. The quantum properties can be quite different for dots fabricated from the various semiconductors, metals or single molecules,
which are technically accessible. The scope of this thesis are the quantum properties
of single spins and electrons confined in InAs. In this chapter, single and double
quantum dots in InAs nanowires are discussed. For both systems, we first outline the
constant interaction model used as a theoretical description and then briefly present
measurements which demonstrate Coulomb blockade and quantum confinement.

3.1

Single quantum dots

Quantum dots are small islands for charge carriers, which are weakly coupled to
reservoirs via tunnel barriers. Such a small structure is essentially a tiny capacitor. The addition of a small charge is therefore connected with a large voltage
change. The charging with single electrons can then be observed – provided the
resistors formed by the tunnel barriers are large enough and the device is cooled to
a sufficiently low temperature compared to the charging energy.
When the size of the structure is comparable to the wavelength of the confined
electrons, quantum mechanics leads to a discrete energy spectrum. This resembles
the situation of an atom, except that the geometry of the quantum confinement
and hence the level structure can be designed to some extend in these artificial
atoms [6, 32]. Typical semiconductor quantum dots are about a thousand times
larger (∼ 100 nm) than real atoms. Consequently, the quantum level spacings are a
thousand times smaller (∼meV). Under suitable conditions (low temperature, weak
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coupling), these discrete levels can be observed just as the quantized charging.

3.1.1

Constant interaction model

Transport through quantum dots can be described very intuitively by the Constant
Interaction Model. Several reviews on quantum dots discuss the topic in detail (e. g.
[2, 5, 6, 33]). The starting point is a classical description of the quantum dot as
a tiny capacitor with the total capacitance CΣ . The quantum dot is connected to
source and drain reservoirs via highly resistive tunnel barriers. Source and drain have
capacitances CS and CD to the dot. Usually, an additional gate with capacitance CG
is used as an independent parameter. The total capacitance is the sum of all these
contributions CΣ = CS + CD + CG . The quantum level structure inside the quantum
dot is included via single-particle energies εn with a quantum number n. These
energies depend on the geometry of the confinement potential and the magnetic
field B. The total energy of the quantum dot containing N electrons, in a magnetic
field B and potentials ΦS , ΦD and ΦG applied to the respective electrodes, can then
be written as
N

X
e2 2
N + eN (αS ΦS + αD ΦD + αG ΦG ) +
εn (B).
E(N ) =
2CΣ
i=1

(3.1)

The constant αx = Cx /CΣ is the lever arm of electrode x = {S, D, G}. It can be
interpreted as the conversion factor of a voltage on gate x into an energy change in
the quantum dot.
Transport through the quantum dot is governed by energy conservation for the
transitions between different charge states N . The energy connected with a particle
transition is given by the (electro-)chemical potential. For the reservoirs, this is the
Fermi energy up to which electronic states are occupied. For the quantum dot, the
relevant quantity is the transition energy required to add the N th electron
µN = E(N ) − E(N − 1) =

e2
1
(N − ) + e (αS ΦS + αD ΦD + αG ΦG ) + εN (B). (3.2)
CΣ
2

The electrochemical potentials µN are sometimes referred to as “levels in the dot”.
As obvious from eq. (3.2), these levels depend on the number of carriers on the dot,
the potentials of the electrodes and the magnetic field. Transport through the dot is
only possible, if the transition source→dot→drain is energetically allowed. At low
enough temperature and small coupling of the dot to the leads, this requires that
the level µN is between µS and µD . If this is not the case, a charge transition is
energetically forbidden and transport through the quantum dot is blocked. In this
so called Coulomb blockade regime, the number of charges N on the quantum dot is
fixed. Adding another electron to the (ground state of a) quantum dot containing
N electrons requires the addition energy
∆µN = µN +1 − µN =

e2
+ εN +1 (B) − εN (B).
CΣ
20

(3.3)

3.1. Single quantum dots

2

The term EC := CeΣ is called charging energy and the difference ∆N := εN +1 (B) −
εN (B) is the N-electron level spacing.

Figure 3.1: Single dot charge sta-
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bility diagram in bias VSD and gate
voltage VG . The number of charges
is fixed inside the Coulomb diamonds. The lines correspond to
alignment of the electrochemical potential for transitions in the dot
to the Fermi energy of a reservoir
(blue are ground state transitions
µN , green excited states µ∗N ). Outside the diamonds, first-order tunneling through states within the bias
window is allowed. Excited states
lead to additional steps in current
(green dashed lines). Inelastic cotunneling via second-order processes
is possible in the yellow region. The
level spacing for an excited N electron state is ∆N , the Coulomb peak
spacing ∆µN .

A plot of current or conductance for a Coulomb blockaded quantum dot as function of two parameters (usually bias voltage VSD and gate voltage VG ) is called charge
stability diagram. The features relevant for the interpretation of the measurements
in this thesis are sketched in Fig. 3.1. For simplicity, we consider symmetric bias for
source and drain: µS = µ0 + |e|VSD /2 and µD = µ0 − |e|VSD /2 (µ0 is the chemical
potential in the leads without bias). Assuming equal lever arms αS = αD , the dot
level µN depends only on VG and remains unchanged for finite bias. Coulomb blockade suppresses current inside the diamond shaped regions around zero bias, called
Coulomb diamonds. Here, no level for a charge transition is inside the bias window.
Therefore the number N of carriers is fixed in each Coulomb diamond. The borders
are defined by alignment of the level for a dot transition (which depends on VG )
and the electrochemical potential of a reservoir (depending on VSD ). Outside the
diamonds, first order tunneling through the quantum dot sets in and a current flows
through the device. Increasing VSD rises µS and lowers µD . Increasing VG lowers
µN . Lines with positive (negative) slope therefore correspond to an alignment with
µD (µS ), as shown in Fig. 3.1. The distance between the crossing points of ground
state transition lines (i. e. the dimension of the Coulomb diamond) is the addition
energy ∆µN , eq. (3.3). Along the gate axis, this value has to be multiplied with the
gate lever arm αG .
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The electrochemical potential µ∗N for adding the N th electron to the first excited
state is shifted up compared to µN by the level spacing ∆N . Similarly, the potential
µ∗N +1 for a transition towards the excited N -electron state is shifted down by ∆N .
If these transitions are within the bias window, an additional transport path is
provided by first-order tunneling events through the excited levels. This gives rise
to a step in current or a peak in conductance. The onset of these processes is
sketched by the dashed lines running parallel to the diamond edges in Fig. 3.1.
Inside the Coulomb diamond, strong current due to first-order tunneling is
blocked. For finite bias |eVSD | ≥ ∆N , a charge transition becomes energetically
allowed, if the dot is left in an excited state after the transition. This is called
inelastic cotunneling and involves higher-order processes. As a result, the blockade
can be partially lifted inside the Coulomb diamond for |eVSD | ≥ ∆N [34, 35] (yellow
region in Fig. 3.1).
The visibility of all the transition boundaries depends on the particular tunnel
rates and relaxation rates of the excited states [36]. For strongly asymmetric coupling to the leads, the lines corresponding to alignment with the weakly coupled
reservoir cannot be detected in transport. Beyond that, an excited state does not
lead to a step in current, if its relaxation time is faster than the time for tunneling
out to the drain.
At very small bias, the current through the quantum dot exhibits peaks as a
function of VG . This corresponds to a cut in Fig. 3.1 close to VSD = 0. These peaks
are broadened either by the temperature smearing of the reservoirs or due to strong
coupling [36]. For weakly coupled dots, the width the Coulomb peaks is a way to
measure the effective temperature of the electrons in the reservoirs.
The described model is simplified in many respects. It is straight forward to
include the spin degree of freedom in the single-particle levels. However, exchange
interactions and many-particle excitations are not included. This is especially relevant for shell filling effects observed in quantum dots containing only a few electrons
[2, 6]. The influence of the electrons themselves on the capacitances and lever arms
should in principle be treated self-consistently. Higher order correlations effects, for
example Kondo scattering at a localized spin in a quantum dot [37], are not easily
covered. Nevertheless, the constant interaction model leads to a reasonably good
description for many observations in quantum dots.

3.1.2

Top-gate defined quantum dots in nanowires

Quantum dots in nanowires
Indium-arsenide nanowires grown by self-assembly are appealing objects for the
realization of quantum dots, because electrons are naturally confined on nanometer
scale in two spatial directions. Coulomb blockade has been demonstrated in quantum
dots fabricated from nanowires with several techniques. Early attempts use the
whole nanowire itself between weakly transparent contacts. This way, single-electron
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charging and quantum states have been observed in InP [38] and Si [39] nanowires. A
more controlled approach is the incorporation of barriers made of different material
during the epitaxial growth. For InAs nanowires with InP barriers, the resulting dots
show highly resolved single-level transport and can be emptied down to the very last
electron [23, 40]. In these attempts, Coulomb blockade was tuned with a global backgate and the transparency of the tunnel barriers could not be adjusted independently.
Local gating is an important step for precise control over quantum states and the
integration of nanowires into larger nanoelectronic circuits. A grid of lithographically
defined gate electrodes was used by the Lund group, separated from the nanowire
by a Si3 N4 dielectric layer. This allowed to study fully tunable structures of coupled
quantum dots [41] and systematic investigations of the quantum states in the dot
[42]. Here we describe a complementary approach, where top-gates are directly
deposited onto the nanowire.

(a)
top-gate
(Cr/Au)

(b)
native oxide
InAs

top-gates
GC
G1 G2
2 nm

nanowire

substrate & back-gate

ohmic
contacts

S

D

Figure 3.2: (a) Principle of top-gates, which are insulated from the nanowire by the
surface oxide. The gate metal must be thick enough to avoid breaking at the edge of
the nanowire. (b) Nanowire with four ohmic contacts (Ti/Au). Between source (S)
and drain (D), three top-gates (Cr/Au) are defined by electron beam lithography.
Inset: TEM image of the edge of an InAs nanowire showing the surface oxide layer.

Gate fabrication and characterization
Top gates are fabricated with electron beam lithography (EBL) after the nanowires
are electrically contacted with one of the techniques described in Sec. 2.4. For the
two devices presented in this section, ohmic contacts to the nanowire are fabricated
with optical lithography on a highly doped Si wafer covered by 300 nm of SiO2 .
The mask used for the contacts also contains markers, which allow an alignment
precision of around 200 nm for the gates.
The metallic top-gates are directly evaporated onto the nanowire. In contrast
to the contact processing, the surface oxide layer is not etched away. The layer
serves as a dielectric insulating the top-gate from the nanowire. Due to the small
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thickness of the layer (≈ 2 nm), a strong capacitive coupling between gate and dot
is established. As sketched in Fig. 3.2(a), this process creates “half-wrap-around”
gates to the nanowire. The wrap-gate geometry around nanowires is expected to
improve gate performance and speed in technical applications [7]. In the presented
devices, the highly doped Si substrate is used as a back-gate to modulate the electron
density in the whole nanowire.
For the device shown in Fig. 3.2(b), a nanowire with a diameter of around 120 nm
was used. Nanowires with diameters thinner than 80 nm show very high resistance,
and tend to become non-conductive at low temperature (see Sec. 2.4). On the other
hand we observed only weak gate efficiencies on nanowires with diameters larger
than around 130 nm. A proper choice of the diameter is important for the top-gate
processing mainly for two reasons. First, the height of the gate metal should be in
the range of the nanowire thickness to avoid breaking of the metal at the edge of the
nanowire. Second, the width-height ratio of the gate stripes should be around 1:1.
If it is smaller, there is a risk that a gate stripe tips over when it is free standing.
The gate structure is defined with EBL in double-layer resist (PMMA/copolymer
MMA in MAA). This creates an undercut profile of the resist trenches and facilitates
lift-off for the small structures. In the case of Fig. 3.2(b), a sticking layer of 10 nm
Cr followed by 100 nm Au was evaporated into the resist trenches on top of the 2 nm
surface oxide layer of the nanowires (see inset). The three finger gates have a width
of approximately 80 nm and a periodicity of 150 nm.
On laterally extended InAs structures, only low-quality macroscopic metal-insulatorsemiconductor structures can be produced using the native oxide layer. These structures exhibit strong hysteresis and instabilities [43]. For InAs nanowires, the metallic
gates on the length scale of 100 nm do not show break through for voltages in the
range ±1.5 V. Surprisingly, we find that the yield of the top-gate process depends
critically on the substrate. While only around 15% of the well defined gates leak to
nanowires on Si or Si/SiO2 substrates, this is the case for more than 75% on intrinsic
GaAs (which is also insulating at low temperature).
The top-gates induce potential barriers along the nanowire. The height of the
barriers depends on the voltage applied to the gates. In Fig. 3.3, the effect of gate
voltages is investigated at different temperatures for a representative device similar
to the one in Fig. 3.2(b). To measure the conductance, a small bias VSD = 20 µV
is applied between the contacts labeled S and D. Each gate is swept individually,
while the others are kept at +0.4 V. In this device, the bare presence of the top-gates
already increased the resistance substantially (from 10 kΩ for the ungated piece of
the same length). This is not observed in all top-gate devices. The original conductance can be recovered with positive voltages on the top-gates or the back-gate.
For the measurement in Fig. 3.3, the back-gate was grounded. At room temperature (and down to liquid nitrogen temperature), each of the gates monotonically
increases the wire resistance (top panel of Fig. 3.3). The center gate is less efficient
than the others: it requires a more negative pinch-off voltage and the slope of the
curve is less steep. Possible reasons are screening of the center gate by the outer
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Figure 3.3: Example for (improper)
gate characterisics of a device comparable to Fig. 3.2 (nanowire diameter about 110 nm). The twoterminal conductance between S
and D is plotted as a function of
the individual gate voltages for different temperatures during a cooldown. For each sweep, the other
gates were fixed at +0.4 V and the
back-gate was grounded. In this device, many resonances occur at low
temperature. This made operation
as a quantum dot impossible.

T=4.2 K

0

T≈30 mK
1/25

0
-1

VGate (V)

0

+0.4

gates or a variation in the lithographical gate width or an inhomogeneity (e. g. impurity) along the wire. The voltage ranges for “on” and “off” state do not change
with temperature. However, striking resonances emerge below a few Kelvin. These
observations are consistent with the short mean free path of ∼ 100 nm (see Sec. 2.4),
which is in the range of the gate spacing. Some of the resonances do not depend on
the voltage settings of the other gates. Satisfactory operation as a quantum dot was
only possible in devices, where the pinch-off part of the gate curves was sufficiently
free of these resonances.
If the gates are varied over a very large voltage range (∼ 300 mV), the traces
become hysteretic for sweep rates faster than 1 mV/s. This effect is not due to the
measurement circuit (cables, stray capacitances etc.) and could be confirmed with
the high-frequency setup described in chapter 6. For smaller gate variations, we did
not observe an intrinsic hysteresis.
Coulomb blockade and quantum confinement
With the device shown in Fig. 3.2, single quantum dots can be formed between
each two pairs of the three gates. The characteristics of the top-gates are shown in
Fig. 3.4(a). Compared to Fig. 3.3, the regime close to pinch-off shows less resonances
and all three curves have very similar pinch-off slopes. We could only form quantum
dots in devices with similar quality of the gate curves.
As an example, we investigate the small quantum dot formed between the neigh-

25

3 Single electrons and spins

boring gates GC and G2. The gate G1 was fixed at +0.5 V in order to keep the source
lead open. The back-gate voltage was +6 V . The measurements are performed in
in a pumped 4 He system with base temperature 1.7 K.
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-20
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Figure 3.4: (a) Gate characteristics of the device in Fig. 3.2 at 4.2 K. (b) Conductance as a function of the voltages on gates GC and G2 at 1.7 K. The other gate was
fixed at VG1 = +0.5 V. A small bias VSD = 50 µV was applied. (c) Differential conductance as a function of bias and gate voltage in arbitrary units (including sign).
The axis VG2 parametrizes the variation of both gates along the dashed line in (b).

To demonstrate the formation of a quantum dot, we measure the transport
through the device as a function of the voltages at GC and G2. The differential conductance G = ∂I/∂VSD is plotted in Fig. 3.4(b). Current is only allowed
along diagonal lines in the plane of the gate voltages, with an overall decrease from
upper right to lower left corner. This is a clear sign of Coulomb blockade. Each of
the gates GC and G2 defines a tunnel barrier to the leads and has a lever arm on the
level in the dot. The slopes of the Coulomb peak lines are about −1, showing that
the lever arms of both gates on the dot are comparable. Therefore, the quantum
dot is situated between the gates.
A variation of the two gates along the dashed line in Fig. 3.4(b) from top-right
to bottom-left mimics the effect of a single plunger gate rising the electrochemical potential levels in both dots simultaneously. At the same time, the height of
both barriers is increased symmetrically. The corresponding Coulomb diamonds are
shown in Fig. 3.4(c). The voltage VG2 parametrizes the variation along the dashed
diagonal line. Black regions correspond to zero conductance. The edges of the
Coulomb diamonds are framed by lines of negative differential conductance in some
cases. This has been reported for measurements in various quantum dot devices.
One reason could be a peaked density of states in the reservoirs which leads to resonances instead of steps in the current outside the diamonds. Another explanation
could be asymmetric barriers, where one transport direction has the character of resonant tunneling instead of Coulomb blockade. The first explanation is reasonable
given the low-dimensional nature of the leads in our device. A systematic investigation of quantum dots formed by asymmetric InP barriers grown in InAs nanowires
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revealed similar negative differential conductance features [23, 40].
From the dimension of the Coulomb diamond labeled N + 1 we estimate the
charging energy of this quantum dot, EC ≈ 11.5 meV. This energy corresponds to
the electrostatic energy associated with a capacitance CΣ = 13.9 aF. To estimate
the size of the quantum dot, the corresponding radius of an isolated sphere would
be R = 1/(4π0 r ) = 8.5 nm. This sphere would be located inside the nanowire,
therefore the dielectric constant r = 15 for InAs was used.
The large size difference between the diamonds N and N + 1 can be attributed
to excited states as discussed in Sec. 3.1.1. Within the constant interaction model,
the addition energy is the sum of the charging energy and the level spacing. Beyong that, the size variations of consecutive Coulomb diamonds is influenced by the
electron spins. Exchange interaction favors parallel alignment of spins. Depending
on the interaction strength, even-odd behavior or complicated shell structures were
reported in GaAs [44, 45]. The influence of exchange interactions is governed by
the ratio of Coulomb interaction and confinement [46]. In quantum dots, this is
measured by the ratio of the extension of the wave function and the effective Bohr
radius of electrons in the dot. Since the effective mass of conduction electrons in
InAs is small compared to GaAs (m∗ ≈ 0.02m0 , with m0 the electron mass), interaction effects are expected to be smaller. It is therefore reasonable that the orbital
states are successively filled with spin-up and spin-down electrons. Starting with N
even, an additional (N + 1)th electron needs to pay only the charging energy EC . It
can occupy the same orbital state as the N th electron, just with opposite spin. Because of the Pauli principle, the (N + 2)th electron needs to pay an energy equals to
EC + ∆, where ∆ is the level spacing (see Sec. 3.1.1). From this difference of energy
we determine ∆ ≈ 7.5 meV. Modeling the quantum dot with a three-dimensional
harmonic potential, the quantum level spacing is ∆ = ~2 /(4m∗ R2 ). The effective
radius R in this case is the length scale of the exponential decay of the wave function
compared to the center of the dot (oscillator length). With the measured value, this
energy corresponds to R = 11 nm, which is consistent with the size determined from
the charging energy.
The charge stability diagram in Fig. 3.4(c) is qualitatively very similar to results
for quantum dots which can be depleted down to the last electron [6, 23]. In our system, we are not able to determine whether N = 0 for the lowest Coulomb blockaded
region. Applying a more negative gate voltage on GC and G2 also closes the tunnel
barriers to source and drain. The Coulomb peaks therefore become unmeasurably
small, but not necessarily because the dot is empty. Considering R ≈ 8.5 nm from
the capacitive model and an electron density of 1018 cm−3 in plain InAs nanowires
(see Sec. 2.4), we estimate (4/3)π(8.5 nm)3 1018 cm−3 ≈ 3 electrons in the dot. Determining the size from the level spacing leads to approximately 6 electrons.
The resolution of the excited state spectrum is not satisfactory in the measurements at 1.7 K. One reason could be time dependent fluctuations in the confinement
of the quantum dot, which is consistent with the switching observed in the Coulomb diamond edges in Fig. 3.4(c). This can arise due to insufficient screening of the
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Figure 3.5: Coulomb diamonds for the two quantum dots in series along the
nanowire. The device has a little smaller dimensions than in Fig. 3.2 (see text). The
base temperature of the cryostat is 30 mK, the temperature evaluated from peak
widths 145 mK. (a) Gates G1 and GC are varied simultaneously, VG2 = +0.4 V is
fixed. (b) Similar for varying GC and G2, keeping VG1 = +0.4 V. Arrows indicate an
excited state transition. The dashed line emphasizes inelastic cotunneling through
this state (compare to Fig. 3.1).

experiment from external noise in this particular cryostat. To show that these fluctuations are not due to bad quality of top-gate defined quantum dots in nanowires,
we investigated a similar device in a 3 He/4 He dilution refridgerator with base temperature 30 mK. The measurement setup includes careful filtering of external noise
and proper shielding against radiation. We use a device comparable to the one
shown in Fig. 3.2, but with reduced dimensions. The nanowire has a diameter of
around 80 nm. The gate metal can therefore be thinner (6 nm Cr followed by 66 nm
Au). This allows a narrower gate width (≈ 70 nm) and periodicity (130 nm). The
same device was also used for the experiments on a double dot presented in chapter
4 and 5.
As in the device presented before, single quantum dots can be formed between
each pair of gates. In Fig. 3.5, the Coulomb diamonds for each of the two dots
along the nanowire are shown. From the width of the Coulomb peaks, an effective
temperature of 145±5 mK can be evaluated. After around one weak of measurement,
the effective temperature reached 90 mK and remained constant.
The charge stability diagrams in Fig. 3.5 are much more stable than the one
at 1.7 K. Excited states are clearly seen in both dots, as outlined for “dot 2” by
arrows. The charging energy, level spacing and lever arms are comparable to the
results for the thicker nanowire device presented above. This is in line with the
estimated length scales. In both cases, the quantum dots are formed completely
inside the nanowire and therefore the geometry of the dot is mainly determined by
the electrostatic potential induced by the gates and not by the wire dimensions.
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At very low temperature, higher-order tunneling events can become comparable
to first order tunneling through the quantum dot. We can resolve a step of the
conductance inside the Coulomb blockade, which ends up in lines corresponding to
transport through an excited state. This can be explained by inelastic cotunneling
[34, 35], which involves simultaneous tunneling of two electrons and leaves the dot
in an excited state (compare to Fig. 3.1).
Magnetic field spectroscopy
The effective g-factor in bulk InAs (|g ∗ | ≈ 15) is more than an order of magnitude
larger than in GaAs. Therefore the Zeeman energy is expected to have a strong
influence on the excited state spectrum. In Fig. 3.6(a), a zoom into the charge
transition between two Coulomb diamonds is shown for two magnetic field values.
The dot is located between G1 and GC of the same device as studied in Fig. 3.5.
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Figure 3.6: (a) Differential conductance at the charge transition between two Coulomb diamonds for the same device as in Fig. 3.5. Electronic temperature 90 mK.
The peak of the excited state transition splits at finite field (arrows). (b) Cut through
the diamond at VSD = +2 mV as a function of magnetic field B. The plot shows
the transconductance ∂I/∂VG1 with respect to the gate parameter VG1 in arbitrary
units.

At zero field, an excited state transition is clearly observed by its alignment
with the Fermi energy in the source (blue arrow, compare to Fig. 3.1). Two peaks
are visible for finite field B = 0.6 T (outlined by arrows). The low energy peak
approaches the ground state peak linearly in magnetic field as shown in Fig. 3.6(b).
For this measurement, the gates are varied along a line cutting the diamond at bias
VSD = 2 mV. In the plot of transconductance ∂I/∂VG1 , the peak which is split to
higher energies is not as well resolved as in the Coulomb diamonds (where differential
conductance ∂I/∂VSD is plotted).
The regime for this measurement was obtained starting from a double dot with
a spin-blockaded configuration. As detailed in chapter 4, we can therefore consider
two excess electrons on top of a spin-less core. The observed excited state line then
corresponds to the transition from a two-electron state to a one-electron state. As
discussed in detail in Refs. [42, 47], the ground state for N = 2 at zero magnetic
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√
field is a singlet S = (| ↑↓i − | ↑↓i) / 2. Assuming an electron with a given spin
(e. g. ↑) in the dot, the ground state line corresponds to the transition ↑→ S.
The excited two-electron
states are the triplets T+ = | ↑↑i, T− = | ↓↓i and T0 =
√
(| ↑↓i + | ↑↓i) / 2. The low energy peak of the excited state line at finite field arises
due to transitions ↑→ T+ . The second peak corresponds to ↑→ T0 . (If the remaining
electron in the dot is spin down, the corresponding transitions for the two peaks are
↓→ T0 and ↓→ T− [42, 47].)
Using this attribution of transition lines to spin-states, an effective g-factor |g ∗ | =
5.5 is evaluated from the peak splitting. This is significantly smaller than the value
for bulk InAs. In low-dimensional systems, g ∗ depends on the size and geometry of
the confinement [48]. It is often found to be strongly reduced with respect to the
bulk value, for example in InAs nanowire quantum dots of different size [49]. The
effective g-factor for the present device is studied in more detail in Sec. 4.3.2.

3.2

Coupled quantum dots

Two quantum dots connected by a tunnel barrier allow to study an “artificial
molecule” by transport measurements – just as single dots serve as artificial atoms.
An extensive literature covers transport through different double dot structures ranging from systems with only classical capacitive interaction to strongly tunnel-coupled
devices. In Ref. [5], an overview of the experimental and theoretical work is provided. For the vision of solid-state based quantum computation, coupled quantum
dots are appealing candidates for quantum bits (qubits) [4, 50]. In these systems,
the entanglement of two spins can be controlled by tuning the exchange coupling
between the dots [51, 52]. Reliable readout and manipulation schemes for qubit
states in dots have been demonstrated, e. g. [53–55]. A crucial prerequisite for
these schemes is a precise tunability of the energy levels and particularly the tunnel
coupling between the two dots.

3.2.1

Constant interaction model

In this section, the properties of transport in double quantum dots relevant for the
discussion in this thesis are outlined. As for single quantum dots, the constant
interaction model leads to a reasonable description of the charge stability diagram
of a double quantum dot in Coulomb blockade. Detailed derivations can be found
in several reviews on the topic [2, 3, 5].
We focus on two quantum dots connected in series, which is a good description
of the nanowire devices. Figure 3.7(a) shows the model used for the treatment
within the constant interaction model. The two dots are labeled 1 and 2. The
number of charges in the system is given as a pair of occupation numbers (n, m).
The two gates G1 and G2 are electrostatically coupled to each dot, as indicated in
Fig. 3.7(a). Source and drain reservoirs are connected via tunnel barriers and have
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capacitances CS and CD with respect to dot 1 or 2 respectively. The center gate sets
the tunnel coupling t between the dots. The capacitive cross-talk between the dots
is characterized by the mutual capacitance Cm and is a key ingredient to understand
the charge stability diagram. Each of the dots can be regarded as a small capacitor.
The total capacitance to the environment contains all the above contributions. Just
as in the case of a single dot (Sec. 3.1.1), the effects of quantum confinement are
1(2)
included by single-particle levels εn for states in dot 1(2). Those levels depend
on magnetic field and geometry of the confinement. For the derivation of the total
energies as a function of the occupation numbers (n, m) and the electrode potentials,
two complications have to be taken into account:
• A change in the potential of one dot shifts the potential in the other dot via
the mutual capacitance Cm . Beyond that, the gate electrode of each dot has
a small direct cross-talk to the neighboring dot in any real device.
• Each single electron charging in dot 1 shifts the energy in dot 2 by a small
amount and vice versa. This inter-dot charging energy is also determined
(mainly) by Cm .
For details about the derivation see [5]. From the total energies, the electrochemical
potentials for charge transitions can be derived. They are labeled µ1 (n, m) (for a
transition (n − 1, m) → (n, m) in dot 1) and µ2 (n, m) (for (n, m − 1) → (n, m) in
dot 2). (Note that in the expressions derived in [5], the direct capacitive cross-talk
of the gates is neglected). In the following discussion, the electrochemical potentials
for transitions in the dots again take the role of “levels” which provide transport
channels.
With the electrochemical potentials, the charge stability diagram as a function
of the two gates G1(2) at zero bias (µS = µD ) can be constructed, as sketched in
Fig. 3.7(b). The blue lines form the characteristic “honeycomb” pattern. Inside
each cell, the occupation numbers (n, m) are fixed due to Coulomb blockade. The
edges can be obtained by the conditions µi (n, m) = µS,D for each dot i = {1, 2}. A
transition across a blue line adds or removes an electron from one of the dots to its
proximate lead. The red lines correspond to alignments of the type µ1 (n + 1, m) =
µ2 (n, m + 1). They indicate inter-dot charge transitions where the total number of
carriers in the system is conserved. At the crossing points of red and blue lines, the
electrochemical potentials for transitions in the two dots are in resonance with each
other and with the Fermi energy in the leads. Only at these triple points, electrons
can sequentially pass through the double dot.
The shape of the honeycombs can be intuitively understood. A gray line in
Fig. 3.7(b) indicates a charge transition in one of the dots taking into account the
cross-talk from the other gate. The almost vertical lines correspond to transitions
in dot 2, mainly tuned by G2 with a slope due to the influence of G1. The almost
horizontal lines indicate the same processes for dot 1. Passing, for example, a
horizontal transition line, adds an electron to dot 1. This charge induces a small
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Figure 3.7: (a) Model for two coupled quantum dots (1 and 2) in series. They
are tunnel coupled to each other (coupling energy t) and to source S and drain D.
The constants CS , CD and Cm describe the capacitive contribution of this coupling.
Gate voltages VG1 and VG2 influence the potentials in the dots via the different
capacitances. (b) The blue lines and occupation numbers sketch the charge stability
diagram of a double dot at zero bias in the plane of the two plunger gate voltages.
Gray lines indicate charge transitions of a given dot, including the cross-talk of the
gate of the other dot. Charging dot 1 with an electron, shifts the transition line for
dot 2 by the a mutual charging energy and vice versa (red lines). Across the red
lines, a charge is transfered between the dots.

gate change for dot 2 due to the mutual capacitance. Therefore the vertical transition
line for dot 2 is shifted by a small voltage to more positive VG2 . These parallel shifts
along the red lines lead to the honeycomb shape.
When a finite bias is applied to the double dot, current can flow in the regions
around the triple points in the charge stability diagram. In our experiments, the bias
voltage VSD is applied symetrically, i. e. µS = µ0 + |e|VSD /2 and µD = µ0 − |e|VSD /2
(µ0 is the chemical potential in the leads without bias). Transport is allowed, if the
involved electrochemical potentials form a declining energy ladder: µS ≥ µ1 ≥ µ2 ≥
µD . This corresponds to the triangles outlined by thick black lines in Fig. 3.8. In
the yellow region, electron transport is inelastic. The side borders of the triangles
are defined by alignment of the electrochemical potential for a dot transition with
the source or drain potential. For example, the lower edge of the bottom triangle is
defined by the alignment of the level corresponding to the addition of a charge to
dot 1 with the Fermi energy in the source. The baseline of the triangle is related to
a charge transition between the dots and not with the reservoir (blue dashed line in
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Figure 3.8: Outline of the charge stability diagram around two triple points for a
double quantum dot at finite bias. Inelastic transport is allowed inside the yellow
triangles. The lines correspond to alignment of the electrochemical potential of a
charge transition with the Fermi energy in a reservoir. Along the dashed baseline,
levels in the two dots are in resonance with each other, enabling inter-dot transitions.
An excited state with level spacing ∆ in dot 1 or 2 can give rise to features parallel
to the triangle edges (green lines). The schemes (1) and (2) show the level energies
at the points labeled correspondingly.

Fig. 3.8). Altogether, the size of the triangle is directly related to the bias voltage.
From a honeycomb cell with finite bias applied, all capacitances (or lever arms) of
the constant interaction model can be extracted.
The excited state spectrum gives rise to structures inside the triangles. Two
examples are shown as green lines in the lower triangle of Fig. 3.8 with labels (1) and
(2). As explained above, the level corresponding to the transition (n, m) − (n + 1, m)
in dot 1 is in resonance with µS along the bottom edge of the triangle. Following
this line to the right, the energy in dot 2 is lowered due to the increasing VG2 . A
transition to an excited state in dot 2 has an electrochemical potential shifted by
the level spacing ∆ compared to the ground state level µ2 (n, m + 1). Eventually,
this excited level enters the bias window (indicated by (1) in Fig. 3.8). The level
alignment is shown in the corresponding level scheme to the right.
A transition involving an excited state in dot 1 leads to a resonance at the position labeled (2). Along the baseline of the triangle, both ground state levels are
in resonance with each other and enable inter-dot transitions. Shifting both gates
simultaneously to the upper right along this line lowers all energy levels simultaneously. If this shift exceeds the level spacing ∆, the excited state in dot 1 contributes
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to the transport (see corresponding level scheme).
As a rule of thumb, excited states in the “outgoing” dot lead to features parallel
to the baseline of the triangle. Excited states in the “incoming” dot are visible
parallel to the side edge. In the first case, the “outgoing” excited state is probed
by a level in the “incoming” dot. Therefore, a peak corresponding to the overlap of
the two levels is observed rather than a step in current. The width of this peak is
ideally not broadened by temperature, but only by the inter-dot coupling.
In transport through a serial double dot, excited states are only visible under
certain conditions for tunnel rates and the relaxation time of the state. If the tunnel
rate between the dot is smaller than the relaxation rate for an excited state in the
“incoming” dot, it does not increase the current if it enters the bias window. A
feature parallel to the side edge is not visible in this case.

3.2.2

Top-gate defined double dots in nanowires

In both devices presented above, single quantum dots can be formed between all
combinations of neighboring gates. Here we describe the coupling of the two quantum dots along the nanowire device studied in Fig. 3.5. These measurements were
done during the same cool-down, and the electronic temperature for the double dot
measurements in this section and chapter 4 has reached a stable value of 90 mK.
(The device in Fig. 3.2 showed similar behavior but was only measured at 1.7 K).
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Figure 3.9: Source-drain current I (logarithmic color scale) as a function of side
gate voltages for different center gate voltages. The bias is VSD = 140 µV. (a) At
VGC = +0.2 mV, an effective single dot is formed. The total number of electrons
between the Coulomb peaks is fixed (N, N + 1, . . .). (b) VGC = 0 mV. Electrons are
redistributed in the double well potential. (c) VGC = −120 mV yields the chargestability diagram for a double dot.

Tuning the coupling
As a starting point, a single quantum dot is defined between the two outer gates
G1 and G2. The center gate GC is kept open at VGC = +0.2 V. In Fig. 3.9(a), the
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current at small bias is plotted with these settings as a function of VG1 and VG2 .
The current exhibits Coulomb oscillations: peaks occur when the electrochemical
potential for the transition of an N electron state to the N + 1 electron state is
aligned with the electrochemical potentials µS and µD in the contacts. The slope of
the Coulomb peaks in the plane of the side gate voltages is around −1, indicating a
dot formed well between the gates.
Reducing VGC leads to the formation of a double-well potential. The lines corresponding to the charge transitions in the single dot start to wiggle, as shown in
Fig. 3.9(b). This indicates a redistribution of the N electrons into the two emerging
valleys. The electron numbers in dot 1 and 2 are denoted as n and m respectively.
For even smaller VGC , we obtain the characteristic honeycomb pattern for the
charge stability diagram of the double dot. Within each hexagon in Fig. 3.9(c), the
charge configuration (n, m) of the double dot is fixed. Elastic electron transport
leading to high current is only possible at the triple points, i. e. the corners of the
hexagons. Here, the electrochemical potentials of the n → n + 1 electron transition
in the left dot and the m → m + 1 electron transition in the right dot are aligned
with µS and µD .
Along the lines connecting the triple points, a level in only one of the dots is
in resonance with the Fermi energy of the reservoirs (see Fig. 3.7). The current
here involves cotunneling through the other dot. This process is possible, because
the dots are relatively stongly coupled to the leads [5]. The cotunneling current is,
however, more than an order of magnitude smaller than the resonant current at the
triple points (note the logarithmic color scale).
The series shown in Fig. 3.9 demonstrates the tunability from one large single
dot to two mainly capacitively coupled dots.
Finite bias
Finite bias measurements allow to evaluate the capacitances of the double dot in
the constant interaction picture. The current through the double dot is plotted at
VSD = 1.2 mV in Fig. 3.10(a). Around the triple points, inelastic transport gives rise
to the characteristic triangles. Compared to the measurements in Fig. 3.9, a charge
rearrangement affecting only G1 shifted the necessary gate voltage by approximately
150 mV. The center gate, which determines the interdot coupling, has not been
changed. The dimensions of the honeycomb cells (∆VG1 , ∆VG2 ) correspond to the
addition of one electron to dot 1 or 2. Hence, the direct gate capacitances can be
evaluated as CG1 = |e|/∆VG1 = 13.7 aF and CG2 = 12.7 aF (for the definition of the
capacitances see Fig. 3.7).
The lengths of the edges of the triangles (vectors ~x and ~y in Fig. 3.10(a)) are
determined by the applied bias |e|VSD = µS − µD . This allows to calculate the lever
arms of each gate on each of the dots. The lever arm of gate j on dot i is defined
as αij = ∂µi /∂VGj , where µi is the electrochemical potential in dot i and VGj the
voltage on gate j. Comparing to the situation depicted in Fig. 3.8, the change in
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Figure 3.10: (a) Current through the double dot at finite bias (VSD = 1.2mV) as
function of the side gates. The center gate is fixed, VGC = −120 mV. From the
dimensions of the honeycombs and bias-triangles, all capacitances of the system can
be extracted (see text). (b) Zoom around one pair of degeneracy points in Fig. 3.9(c).
The deviation from the capacitive model (dashed lines) is clearly visible (see arrow).
(c) Transport around triple points at finite bias VSD = 1.2mV, when strong tunnel
coupling modifies the triangle shape (see text).
the electrochemical potential of each dot along the edges is given by
α11 y1 + α12 y2 = µS − µD = |e|VSD

(for dot 1)

α21 x1 + α22 x2 = µS − µD = |e|VSD

(for dot 2).

and
Together with the conditions for the triangle boundaries (gray lines in Fig. 3.8), these
equations can be solved for αij . The total capacitances of dot 1 and 2 (see definition
in [5]) are C1 = 29.7 aF and C2 = 30.7 aF. They translate into single dot charging
energies EC,1 ≈ 5.4 meV and EC,2 ≈ 5.2 meV. These values are consistent with
Coulomb blockade measurements on the individual dots between two neighboring
gates (Fig. 3.5). The mutual capacitance between the dots is related to the splittings
m
m
of the triple points ∆VGi
(i = 1, 2) by ∆VGi
= |e|Cm /CGi Cj [5], which leads to
Cm ≈ 2.8 aF.
Molecular states and excited states
Quantum mechanical tunnel coupling between the states in both dots induces the
formation of molecular states which are extended over the whole double dot system [56]. The presence of tunneling is clearly indicated by rounded corners of the
honeycombs in the vicinity of the triple points. A Heitler-London picture for two
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degenerate quantum levels has proven to give a good qualitative and quantitative
description for the curvature around the degeneracy points [57]. In this model, the
spacing of two neighboring triple points is approximately given by γm + 2t, where
2
) is the
t is the tunnel coupling between the levels and γm = 2e2 Cm /(C1 C2 − Cm
total capacitive splitting of the triple points [57]. Neglecting the tunnel coupling
therefore leads to an overestimation of the capacitive coupling energy.
A zoom around one pair of triple points is shown in Fig. 3.10(b). The deviation from the purely capacitive model (dashed lines) is clearly visible. From the
magnitude of the anticrossing, we estimate a tunnel coupling of t = 0.27 meV. The
extracted capacitive interdot coupling γm = 0.87 meV implies Cm ≈ 2.5 aF. This
is consistent with the capacitive analysis described above, considering the expected
overestimation in the latter case.
Strong tunnel coupling can also explain the shape of the triangles in Fig. 3.10(c).
A large current is allowed outside the triangles due to tunneling through molecular
double dot states of the form |n + m + 1i = c1 |n + 1, mi + c2 |n, m + 1i, with complex
coefficients c1 , c2 (for a detailed investigation see [58]).
Other effects related to quantum mechanics such as the excited state spectrum in
each dot and cotunneling in the current stripes connecting the triple points (e. g. in
Fig. 3.10) are discussed in the following chapter 4. Consistent with the measurement
on single dots presented above, we observe different spin states with large effective
g-factors (see Sec. 4.3.2).
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-30
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-160 VGC (mV) -130
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Figure 3.11: Dependence of the position of the triple point corresponding to the
lower left charge transition in Fig. 3.10(a) on the coupling. The plots show the
coordinates in the VG1 -VG2 -plane as a function of VGC .

Gate action, dot location and lever arms
Only three gates are used to define the double quantum dot in the present device.
Therefore the tunability is limited. An important consequence is, that changing the
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Figure 3.12: Lever arms αij (absolute values plotted) of gate j on dot i as a function
of magnetic field B. Refers to the charge transition in Fig. 3.10. (a) Direct lever
arms i = j. (b) Cross-talk i 6= j .
inter-dot coupling with GC requires variation of G1 and G2 to maintain the charge
configuration.
In Fig. 3.11, the position of the lower left triple point in Fig. 3.10(a) is investigated
as a function of the coupling. A decrease in VGC is connected with an increase of
the side gate voltage. The slope of the curves is around 0.5 in both cases. Reducing
the inter-dot coupling is therefore accompanied by an increase of the coupling to the
leads. The slopes indicate, that the two dots are located well between G1 and GC
or GC and G2, respectively. The center gate influences both dots in a similar way.
In the constant interaction model, the values for all capacitances and therefore
for all lever arms are constant. Magnetic field and confinement geometry enter only
via the single-particle excitation energies. The limitations of this model can be seen
in Fig. 3.12. The plotted lever arms are evaluated from finite bias measurement as
in Fig. 3.10 at several magnetic fields B. The relative errors for these evaluations are
about 10%, because the edges of the triangles are usually smeared out by cotunneling
current (for a more detailed discussion see Sec. 4.2). Within these errors, the direct
lever arms of each gate to its proximate dot αii increase monotonically with B. For
the lever arms describing the cross-talk, this effect is much weaker.
The magnetic field is applied perpendicular to the wire direction. The influence
of this field on the quantum state is measured by the cyclotron energy ~ωB =
~eB/m∗ . With the parameters of InAs, this is in the range of the level spacing
(∼meV) for B > 1 T. Here, the wave function starts to shrink due to the additional
magnetic confinement. This is expected to have an effect on the gate efficiency, if
the corresponding gate is close enough to the quantum dot to be sensitive to the
shape of the wave function. For the cross-talk, the distance between gate and dot
is large from the beginning. Shrinking of the wave function should therefore have
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only weak influence on the cross-talk lever arms, consistent with Fig. 3.12. In the
following chapters, the variation of the lever arms with magnetic field is taken into
account only for measurements at fields B > 1 T (see Sec. 4.3).

3.3

Conclusion

Single and double quantum dots can be realized by top-gates on InAs nanowires.
The native surface oxide of the nanowires serves as gate dielectric. The reliability
of this process is limited mainly by resonances in the gate characteristics, probably due to trapped impurities under the gate and by leakage through the native
oxide. In the presented three-gate devices, the tunability is limited because of the
double-functionality of the gates as barrier- and plunger gates. For nanowires with a
thickness of ∼ 100 nm, this minimal design nevertheless allows to access all coupling
regimes between two dots. In these devices, the typical features of quantum transport through dots can be observed: excited states, cotunneling and the coupling of
magnetic field to spin states.
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4 Spin-state mixing in double
quantum dots
Spin dependent interactions can limit the lifetime of spin states by enabling dephasing and relaxation due to interaction with the environment. Two different mixing
mechanisms are predicted to dominate the spin decay in quantum dots: the spinorbit interaction [59–63] and the hyperfine interaction with nuclear spins [64–69].
As a general trend for experiments in GaAs dots, hyperfine interaction is most destructive for spin states in double quantum dots [51, 53, 70, 71], while the decay in
single dots is dominated by spin-orbit interaction [54, 72–75]. The question of spin
mixing and relaxation is particularly relevant in InAs, where spin-orbit interaction,
the nuclear magnetic moments and the effective electronic g ∗ -factor are larger compared to GaAs. In this chapter, spin selective transport through a double quantum
dot in the regime of Pauli spin-blockade is employed to study the different mixing
mechanisms for two-electron states.

4.1

Concept of Pauli spin-blockade

Among the key issues in spin-based electronics is the ability to measure the spin
state of individual electrons electrically. One possibility is the use of ferromagnetic
contacts [76], ideally made of magnetic semiconductors [77, 78]. Alternatively, magnetic focusing employs the difference in Fermi wavelength of opposite spins in a high
magnetic field and in principle allows quantum coherent spin detection [79–81]. The
spin state of a single confined electron can be read using spin-to-charge conversion
schemes. Here one takes advantage of the ability to tune the energy levels [54] and
the tunnel barriers [75] in gate defined quantum dots. In double quantum dots,
Pauli spin-blockade offers the possibility to distinguish two-electron spin states in
electrical transport measurements [82, 83]. Pauli spin-blockade arises due to spin
selection rules. They have their roots in the exclusion principle, which governs the
possibilities to combine two electrons. It is therefore a genuine quantum mechanical
effect - in contrast to the classical electrostatic Coulomb blockade discussed before.
In the following, the origin of spin-blockade and its use for the detection of mixing
and relaxation is described.
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4.1.1

Two-electron states in double dots

Definition of detuning axis
We consider two electrons confined in a double quantum dots. The charge stability
diagram with occupation numbers (n, m) of the two dots is sketched in Fig. 4.1 (blue
lines and numbers). At finite bias voltage VSD defines transport windows for each
dot, symbolized by gray lines. Transport is energetically allowed in triangular regions
around the triple points, as discussed in Sec. 3.2.1 (outlined only for one triple point
in Fig. 4.1 for clarity). For the following discussion of the two-electron states, a
suitable energy axis measures the detuning of the electrochemical potentials for the
transitions in the two dots. In the charge stability diagram, this detuning direction is
perpendicular to the (1, 1)-(0, 2) charge transition [2, 5]. The characteristic property
of the detuning axis is, that the total energy of the system, i. e. the average of the
two levels, remains constant. Along the red arrow, the levels in dot 2 are lowered
with respect to the levels in dot 1 by the energy ε. If the detuning axis is placed
through the (0, 2)-tip of the triangle, transport is allowed as long as the levels in both
dots are within the bias window 0 ≤ ε ≤ |eVSD |. To evaluate ε in the experiment,
gate voltages can be readily transformed into energy using the leverarms obtained
by relating the size of the triangles to the bias voltage [5].

VG1 (1,1)

(1,2)
(0,2)
ΔST

(0,1)

(0,2)

ε
VG2

Figure 4.1: Charge stability diagram for a double dot around the
2-electron configuration (blue lines
and occupation numbers). At finite bias voltage, a transport window opens for the levels in every
dot (gray lines, shown only for one
triple point for clarity). Transport
is energetically allowed inside the
black triangle. Spin-blockade suppresses the current inside the yellow
region (see text). The axis ε defines the level detuning. The singlettriplet splitting in (0, 2) is denoted
by ∆ST (0, 2).

Two electron spin states
Without spin dependent interactions, the two-electron wave function is a product of
an orbital and a spin state. Since electrons are Fermions, the total wave function has
to be anti-symmetric under the exchange of particles. We can therefore differentiate
between states with symmetric orbital part and anti-symmetric spin state or vice
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versa. The anti-symmetric spin state is the singlet with total spin s = 0, denoted S
in the following,
1
S = √ (| ↑↓i − | ↓↑i).
2
There are three possibilities for symmetric spin-states, with total spin s = 1. These
triplets are
T− = | ↓↓i

1
T0 = √ (| ↑↓i + | ↓↑i)
2

T+ = | ↑↑i,

labeled according to the z-component of the spin ms = 0, ±1. In a magnetic field
B, the triplets T± are split by the Zeeman energy EZ = ±g ∗ µB B, with the effective
g-factor g ∗ and the Bohr magneton µB .
Including the orbital occupancy in the notation, the possible states at the (1, 1)(0, 2) transition are
S(1, 1), T0,± (1, 1)

and

S(0, 2), T0,± (0, 2).

In (0, 2) both electrons occupy the same dot. An anti-symmetric orbital part of the
wave function can then only be formed, if an excited state is involved (assuming
non-degenerate orbital levels, as it is the case for a system with broken spatial
symmetries). For this reason, the (0, 2)-singlet-triplet splitting ∆ST (0, 2) is around
the typical level spacing in the isolated single dot.
In the (1, 1) regime, the two electrons occupy different dots. The splitting
∆ST (1, 1) between (1, 1) singlet and triplets then depends on the detuning ε, because it determines the overlap of the wave functions. The dependence of the level
energies on detuning is sketched in Fig. 4.2. A finite magnetic field B is taken into
account, which splits the T± -states. Consistent with the charge stability diagram,
S(0, 2) is the ground state for ε > 0, while (1, 1)-states have the smallest energies
for ε < 0. Tunnel coupling allows the charge transition of one electron to the other
dot in the first place. It hybridizes states with equal spin quantum numbers if they
are close in energy. The value t of this coupling determines the size of the avoided
crossing between S(1, 1) and S(0, 2) at ε = 0 (and similar for the triplets around
ε = ∆ST (0, 2)). For small tunnel coupling, the anticrossing is small and ε basically
measures the energy splitting between S(1, 1) and S(0, 2). The scheme in Fig. 4.2 is
calculated with a Hund-Mulliken model, considering the states {S(1, 1), T0,± (1, 1)}
tunnel coupled to {S(0, 2) , T0,± (0, 2)}. Detailed calculations including also the influence of exchange interactions and the charging energies of the system can be found
in [3, 52].
In the model of Fig. 4.2 only Zeeman terms are considered for the influence of
a magnetic field. Orbital magnetic field effects are neglected. In lateral quantum
dots, a perpendicular magnetic field effectively changes the confinement [32, 44].
This would modify ∆ST (0, 2). Because of the large |g ∗ | and the wire geometry, these
orbital effects are weak compared to the spin dependent terms in the presented
measurements.
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Figure 4.2: Schematic energy dependence of the two-electron states at the (1, 1)(0, 2) transition as a function of detuning ε as defined in Fig. 4.1. The (0, 2) singlettriplet splitting is labeled by ∆ST (0, 2). The Zeeman splitting in a magnetic field B
is EZ = g ∗ µB B. The tunnel coupling t leads to an anticrossing of states with equal
spin quantum numbers, as shown for singlets at ε = 0 in the inset. At the crossing
points of different spin states (e. g. X,Y ,Z 0 ,Z 00 ), spin dependent interactions can
lead to additional mixing.

4.1.2

Suppressed nonlinear transport
and lifting the blockade

The conservation of spin during tunneling can lead to a blockade situation. If a
positive bias is applied to the double dot, transport is energetically allowed inside
the characteristic triangle (Fig. 4.1). Current arises mainly due to sequential transport with the occupation sequence (0, 1)-(1, 1)-(0, 2)-(0, 1). This is illustrated in
Fig. 4.3(a), taking into account a large bias voltage |eVSD | > ∆ST (0, 2). If the tunnel coupling is small, the detuning ε basically measures the gap between S(1, 1)
and S(0, 2). Around ε = 0, the constant tunnel coupling dominates the splitting
(corresponding to the anticrossing in Fig. 4.2). The singlet-triplet splitting in (1, 1)
is very small and depends on the detuning, as explained in the previous section.
At sufficiently small magnetic field, S(1, 1) and all triplets T0,± are within the
bias window. Starting from (0, 1), it is reasonable to assume that these states are
populated with the same probability (because all states involve the same ground
state orbitals). If S(1, 1) is loaded, it passes to S(0, 2) for positive detuning and
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Figure 4.3: (a) Scheme for sequential transport via (1, 1)-(0, 2) through a double dot
at finite bias VSD . The singlet-triplet splitting ∆ST (0, 2) in (0, 2) is much larger than
in (1, 1). The detuning ε approximately measures the energy splitting of S(1, 1) and
S(0, 2) (details see text). For ε < ∆ST (0, 2) < |eVSD | Pauli spin-blockade suppresses
current, once a (1, 1)-triplet is populated. (b) Spin dependent interactions lifting the
blockade. Hyperfine interaction (blue arrows, rates Γ0,± ) and spin-orbit interaction
(green arrows, rate Γ0 ) induce mixing or relaxation to the singlet over the splitting
J. The singlet S is coupled to the drain lead with the rate ΓD . Cotunneling leads
to direct escape of the additional electron from (1, 1).

leaves the double dot. However, once a triplet is occupied, sequential transport is
blocked. This has a twofold reason: first, spin conservation imposes a spin selection
rule on tunneling. A triplet cannot tunnel to the S(0, 2) ground state. Second, the
Pauli exclusion principle prohibits a return of the added electron to the left reservoir. Current is therefore suppressed in the base region (yellow) of the triangle in
Fig. 4.1. If the detuning exceeds the singlet-triplet splitting ∆ST (0, 2), the electrons
trapped in (1, 1)-triplets can escape via the (0, 2)-triplet. This undermines the spin
selection rule and therefore the blockade is lifted for ε ≥ ∆ST (0, 2), i. e. in the tip of
the triangle in Fig. 4.1. Alternatively, the exclusion principle for the return to the
reservoir becomes ineffective, if the blocking (1, 1)-state is aligned with the Fermi
energy of the left reservoir. In this case, rapid exchange with the lead reinitializes
the state until a singlet is formed. For this reason, the blockade is inefficient along
the side edges of the triangle.
For reverse bias, no spin selection rule governs the transition from (0, 2) to (1, 1).
The (1, 1)-(0, 2) thus exhibits a pronounced current rectification effect in DC transport. This effect has first been observed in vertical double dots [84] and is named
Pauli spin-blockade due to its origin in the Fermionic nature of the electrons.
In the presence of spin dependent interactions that couple triplets and singlets,
spin-blockade is broken and a leakage current arises inside the base region (yellow)
of the triangle in Fig. 4.1. We distinguish two cases. First, the mixing of spin states
is strongest at the points where the different states become degenerate. These
points are marked in Fig. 4.2(b), e. g. at the positions X,Y ,Z 0 ,Z 00 . Second, the
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coupling enables relaxation between the mixed states by energy dissipation to the
environment.
In this chapter, we explicitly consider three mechanisms that can lift the spinblockade. The corresponding processes are illustrated in Fig. 4.3(b):
1. Mixing and relaxation mediated by spin-orbit interaction. This effect couples
triplets to the singlet (green arrows, rate Γ0 ) and the second electron can leave
the system by the coupling to the right lead ΓD .
2. Mixing and relaxation as a result of hyperfine interaction with the nuclei of
the host material (blue arrows, rates Γ0,± ). Additionally, these processes can
lead to a polarization of the nuclear spins by the electrons passing through the
spin-blockade. A striking bistability in magnetic field can be observed and is
discussed in detail in chapter 5.
3. Cotunneling through the double dot. In this spin-independent process, the
additional electron leaves the system directly from a (1, 1)-state (gray arrow,
rate Γ00 ).
The level scheme for the states used in the above discussion is strictly valid only
in absence of spin dependent interactions. If these couplings are in the range of the
other energy scales in the system, they cannot be treated as perturbations anymore.
The dependence of the levels on detuning and magnetic field may be substantially
changed in this case. A separation of the total wave function in orbital and spin part
is then not possible and the assignment of spin-states to the levels in Fig. 4.2 and
Fig. 4.3 breaks down. In this thesis, the singlet-triplet picture is used for qualitative
descriptions, but the limits of validity have to be considered in every case.
In the following sections we demonstrate, that the current through spin-blockade
at finite bias is a convenient way to investigate mixing and relaxation. It has also
been systematically employed to detect controlled rotation of single spins in a double
dot [9, 55]. Beyond that, we probe the selection rules for the transitions at zero bias
with a pumping scheme, which is described in chapter 6.

4.2

Experimental detection of spin-blockade

The double dot investigated in this section is similar to the device shown in Fig. 3.2.
We refer to the two outer gates as G1, G2 (tuning energy levels in dot 1 and 2)
and to the center gate as GC (tuning the inter-dot coupling). A back-gate voltage
can be used to tune the overall resistance of the nanowire by almost a factor of
five. For the measurements presented here, the back-gate is grounded. Transport
measurements are performed in a dilution refrigerator at a base temperature of
30 mK. From the width of the Coulomb peaks, an average electronic temperature
of 90 mK is extracted. An external magnetic field can be applied in a direction
perpendicular to the nanowire axis.
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Figure 4.4: (a) Current through the device (similar to Fig. 3.2) as a function of
the two side gates. A center gate voltage VGC = −120 mV creates a double dot.
The bias voltage is VSD = −1.2 mV. The occupation numbers (n, m) refer to excess
electrons (see text). (b) Double dot current around the 3 degeneracy points (I)-(III)
for positive (left column) and negative bias (right column). The coupling VGC has
been adjusted in every case, which explains the shift in the side gates. Spin blockade
is observed for (I) and (III). The excited state is consistently observed in both bias
directions for (I) and (II) (arrows), while it is outside of the bias window in (III).

The three gates are tuned to create two coupled quantum dots. The states can
then be labeled by the occupation numbers (n, m) for dot 1 and 2. In Fig. 4.4(a), the
current is plotted as a function of the two side gates (the axes are interchanged compared to Sec. 4.1 in order to maintain the consistency with the following discussion).
For finite bias voltage VSD , electron transport is forbidden due to Coulomb blockade
everywhere except for triangular regions in the VG1 -VG2 -plane. Here, the dot states
are in the bias window and sequential transport through the serial dots is possible.
In Fig. 4.4(a), the bias voltage is negative leading to negative current from drain to
source. The current lines connecting different triangle pairs arise due to cotunneling
through one of the dots. For the roughly horizontal stripes, transport arises independent on the value of VG1 (apart from a slope due to capacitive cross-talk). The
width of the current stripe in VG2 matches the bias voltage. This process corresponds
to cotunneling through dot 1 as long as a level in dot 2 is in the bias window. An
analogous process through dot 2 gives rise to the almost vertical stripes and is much
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less intense (probably because the coupling to the lead is weaker). The magnetic
field dependence of the cotunneling current is much weaker and happens on a larger
field scale than the other effects discussed in this chapter. This is important, since
the background current also occurs inside the spin-blockaded regions.

4.2.1

Shell filling

Even-odd occurence and quality of the blockade
Figure 4.4(b) shows the current around the three neighboring pairs of triple points
labeled (I)-(III) in the charge stability diagram 4.4(a). Positive bias is applied in the
left column, the corresponding negative bias in the right column. Around (I) and
(III), the current is suppressed in the base region of the triangles for positive bias
direction. For reverse bias, the current level is always high. The two configurations
differ by 2 electrons added to dot 2. For the triple points (II), significant current is
observed in both bias directions (note the different current scales).
This observation can be explained by the model of Pauli spin-blockade described
in Sec. 4.1. However, we are not able to determine the absolute number of electrons
in the device. The side gates define barriers and tune energy levels at the same time.
Therefore the dot occupation cannot be reduced to two electrons without pinching off
the contacts. In the regime described here, we estimate around 10 residual electrons
using the dot size extracted from the excited state spectrum and the carrier density
[85]. Spin-blockade was observed in GaAs double dots also for charge transitions
with higher even numbers of electrons [83, 86]. As a general trend, the quality of the
blockade degrades with higher electron number. Beyond that, exchange interaction
favors parallel alignment of spins. This leads to the formation of spin states with
higher total spin [45]. In few electron quantum dots fabricated in GaAs, pronounced
shell filling effects are observed in the Coulomb blockade energies [44]. In the case
of InAs, exchange interaction effects are expected to be weaker because of the small
effective mass (m∗ ≈ 0.02m0 ). Hence the formation of spin pairs is more likely to
occur (see also discussion in Sec. 3.1.2). It it therefore reasonable to consider the
spin states of carriers in addition to a spin-less core of electrons. The occupation
numbers in Fig. 4.4(a) refer to this number of excess electrons.
In the two spin-blockaded transitions (I) and (III), current lines at the side edges
are visible. Here, the alignment of the (1, 1)-states with the source reservoir allows
continuous spin exchange an the spin-blockade is broken, as described in Sec. 4.1.2.
For all three transitions (I)-(III), cotunneling through dot 1 gives rise to stripes of
background current roughly independent on VG1 . This process obscures the spinblockade in the upper right part of the triangles for (I). In these cases, the typical
magnetic field dependence described in Sec. 4.2.2 still allows a clear detection of
spin-blockade.
The coupling between the two dots is a crucial parameter for the quality of the
spin-blockade. As an example, the blockaded triangles around the transition (I) are
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shown for reduced coupling in Fig. 4.5(b). A leakage current is observed along the
baseline corresponding to ε ≈ 0. As discussed in the remainder of this chapter,
the coupling determines the efficiency of different contributions to spin mixing and
relaxation.
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-15
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Figure 4.5: (a) Singlet-triplet splitting ∆ST in dot 2 as a function of center gate
voltage at the transition labeled (I) in Fig. 4.4. (b) Spin-blockaded triangle at transition (I) for VSD = 4 mV and reduced coupling VGC = −145 mV.

Excited state spectrum and confinement
A key ingredient of spin-blockade is, that the splitting ∆ST (0, 2) between singlet
and triplets in dot 2 is larger than other splittings of the contributing states. This
is because it involves an excited orbital state, as discussed in Sec. 4.1.1. In the
situation around the triple points (I), the excited triplet in dot 2 is consistently
observed for positive and negative bias (indicated by arrows). Depending on the
bias direction, it occurs either as a step in current parallel to the baseline or to the
side edge of the triangle. This is expected for an excited state in the drain-side dot
2 (see Sec. 3.2.1). Adding another electron to dot 2 leads to the situation around
(II). No spin-blockade is expected in this configuration and substantial current is
allowed for both bias directions. Nevertheless the excited state can be detected in
the current: once the excited state enters the bias window, the current increases due
to the additional transport channel [5]. This current step is visible for positive and
negative bias. In (III), the bias window is smaller than ∆ST (0, 2) and transport via
triplets cannot be observed. Additionally, the same transition is shown in Fig. 4.6(a)
for larger bias. Here the triplet is visible.
Figure 4.5(a) shows the dependence of the singlet-triplet splitting ∆ST (0, 2) in
dot 2 on the center gate voltage. The data points are extracted from the spinblockaded triangles for different VGC . The described cotunneling gives rise to an
uncertainty in the size of the measured triangle at a given bias voltage. This trans-
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lates into errors for the determined values of ∆ST (0, 2). As an example, the triangle
for VGC = −145 mV is shown in 4.5(b). With the bias VSD = 4 mV, the large
singlet-triplet splitting ∆ST (0, 2) ≈ 3 meV is resolved.
Changing the gate voltages alters the electrostatic confinement of the dots and
therefore ∆ST (0, 2) [6, 87]. A more negative VGC in principle implies stronger confinement for the separate dots (assuming rigid outer barriers). This explains qualitatively the increase of ∆ST with decreasing VGC starting from about −130 mV.
The dependence is consistent with results for lateral quantum dots [74], where the
singlet-triplet splitting changes linearly in gate voltage. For VGC < −145 mV we
observe a change in the behavior. This could be related to an additional change in
confinement: the reduction of VGC requires a compensation by increasing both side
gate voltages.

4.2.2

Magnetic field dependence

A typical feature of spin-blockaded transport is a very sensitive dependence of the
current on small magnetic fields of a few mT. Experimentally, this can be employed
to detect spin-blockade more unambiguously.
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Figure 4.6: Spin-blockaded triangles at the transition labeled (III) in Fig. 4.4. (a)
VGC = −120 mV, VSD = 2 mV. (b) VGC = −170 mV, VSD = 1.6 mV.

In Fig. 4.6, the spin-blockaded triangles at the transition (III) are shown for two
different values of the coupling gate GC. For the smaller coupling, different spin
mixing and relaxation processes partly destroy the spin-blockade. This is most pronounced around zero detuning, which leads to a baseline with high current. A similar
behavior is observed at the transition (I) (compare Fig. 4.4(b) and Fig. 4.5(b)).
Figure 4.7(a) shows the magnetic field dependence of the spin-blockade around
the transitions denoted (I)-(III) in Fig. 4.4(a). The current is plotted as a function
of field and the detuning ε of the dot potentials as indicated in Fig. 4.6. Only in the
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Figure 4.7: Current as a function of magnetic field B and detuning ε at the transitions (I)-(III) in Fig. 4.4. Bias and center gate voltages are given in the plots.
(a) A characteristic variation of the current is observed only for the spin-blockaded
transitions (I) and (III). (b) For reverse bias, no B-dependence is observed in (III).
(c) Complex behavior on small field scales is observed in spin-blockade for increased
coupling.

cases (I) and (III) a characteristic peak with a width of a few mT is observed. In
the case (II), where no spin-blockade is expected, the current exhibits no variations
on small field scales. For reverse bias, the transport is not affected by spin-selection
rules at (I) and (III). In this situation, we do not observe the characteristic Bdependence, as shown in (b) for the transition (III) at negative bias. The exact
shape of the variations with small B-field depends on the inter-dot coupling. For
more strongly coupled dots, a pronounced valley is found instead of the peak (see
sections 5.2.1 and 6.3.2). At intermediate coupling, the overall behavior can be more
complex, as shown in 4.7(c) for the transition (I).

4.3

Spin-orbit interaction

Spin-orbit interaction couples the spin direction to the orbital motion. In unconfined electron systems, this leads to relaxation of spin polarization on times below a
nanosecond [88]. The relaxation energy is readily dissipated to the motion of the car-
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riers. In quantum dots, the discrete level spectrum prohibits this rapid mechanism.
In a confinement of lengthscale l0 , the effect of spin-orbit interaction is governed by
the ratio lSO /l0 [42, 60, 61]. The spin-orbit length lSO is a measure for the strength
of the spin-orbit interaction (the distance associated with a spin flip of a ballistically
moving electron). Typical values for lSO are ∼ 2 µm in GaAs [72, 89] and ∼ 100 nm
in InAs [30, 42]. Spin orbit interaction is thus expected to have a weak influence on
the states in GaAs quantum dots (typically l0 < 100 nm), while it is significant in
InAs dots. The mixing of spin states is strongest at the degeneracy points of two
states. This modifies the level scheme drawn in Fig. 4.2 and introduces additional
avoided crossings.
We consider electrons in the conduction band. The narrow band gap of InAs
generally enhances the influence of spin-orbit interaction for conduction band electrons compared to semiconductors such as GaAs with a wider gap (see e. g. the
review article [90]). The nanowires have wurtzite crystal structure, as described in
Sec. 2.3. This lattice has reduced symmetry compared to zinc blende, which is the
structure of bulk InAs. This leads to additional terms in the spin-orbit Hamiltonian
[42] and makes InAs nanowires interesting objects to study spin-orbit interaction
for electrons.

4.3.1

Finite bias spectroscopy

We focus on the spin-blockaded triangles shown in Fig. 4.6. For weak coupling
between the dots, leakage current occurs around ε = 0, while SB is preserved at
larger detuning. Current can flow via triplet states for ε > ∆ST (0, 2) at the tip of
the triangle.
To investigate spin mixing, we measure the current through spin-blockade as a
function of detuning ε and magnetic field B. These are two independent parameters
to vary the energy scales in the system. The detuning changes the energy separation
between (1, 1) and (0, 2) states according to Fig. 4.2. A magnetic field mainly induces
a Zeeman splitting between the spin-polarized triplets T± and the unpolarized T0 , S.
Figure 4.8(a) shows the result of this measurements for a coupling corresponding
to the situation in Fig. 4.6(b). Generally, leakage current inside the spin-blockade
(i. e. for ε ≈ 0) is mainly observed around zero field. This current peak splits into
characteristic wings around zero detuning.
The baseline corresponding to ε = 0 at finite fields cannot be suppressed completely even for large fields. The continuation of Fig. 4.8(a) up to B = 5 T is shown
in Fig. 4.9. The baseline shifts linearly between 0 T and 2 T. The top peak corresponding to transport through (0, 2)-triplets is separated by ∆ST (0, 2) = 1.1 meV
at B = 0. It splits into three branches with very different current levels (dashed
lines). At B ≈ 2.7 T, a pronounced anticrossing of the two lowest peaks occurs. For
magnetic fields higher than around 1 T, the lever arms used to convert gate voltages
into energy depend on B. For the detuning axis in Fig. 4.9, this dependence was
taken into account using the lever arms extracted from the triangles at various fields
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Figure 4.8: (a) Current through spin-blockade at transition (III) (see Fig. 4.4) as
a function of magnetic field and detuning ε. Parameters: VGC = −170 mV, VSD =
1.6 mV. Dashed lines are fits to a model for tunnel-coupled levels (t = 6 µeV, |g ∗ | =
7), see text. (b) Level scheme around zero detuning ε (see Fig. 4.2). A Zeeman
energy g ∗ µB B splits the triplets. At the degeneracy points (yellow dot), spin mixing
mechanisms can couple the states.

(see Sec. 3.2.2).
This avoided crossing at the singlet-triplet ground state transition is in contrast
to the usually observed crossing in GaAs quantum dots [6, 34, 91]. Measurements
in a two-electron single quantum dot fabricated in an InAs nanowire show a similar
behavior [42].

4.3.2

Energy scales

The concept of spin-blockade allows to attribute the current lines in Fig. 4.8(a)
and Fig. 4.9 to spin states in the double dot. To analyze the low-field regime, we
plot a zoom into the level scheme of Fig. 4.2 around zero detuning. This is shown
in Fig. 4.8(b), rotated by 90 degrees for convenient mapping onto the data. As
described above, the tunnel coupling t hybridizes the singlets leading to the anticrossing ∼ 2t between the two branches S. An external field B splits the triplets
by a Zeeman energy g ∗ µB B, where g ∗ is the effective g-factor and µB is the Bohr
magneton.
In general, current through spin-blockade due to spin state mixing is expected
at the degeneracy points of a blocking state with the singlet branches. For finite B,
the triplet T− (1, 1) crosses the (excited) singlet branch. The crossing point follows
S, if the Zeeman splitting increases as indicated by the yellow dot in Fig. 4.8(b).
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Figure 4.9: Continuation of Fig. 4.8(a) to larger fields. The lines show fits to the
model described in the text (∆SO = 200 µeV, |g ∗ | = 7, |g2∗ | = 5.5).

This explains the splitting of the current peak around B = 0 into wings for small
detunings (i. e. close to the avoided crossing). A basic assumption for this model is,
that the coupling energy of the responsible spin mixing mechanism is smaller than
the tunnel induced anticrossing. Otherwise, the additional anticrossings between the
triplet states and S would drastically change the level scheme around zero detuning.
A fit to the wings in Fig. 4.8(a) with the basic model of tunnel coupled singlets
yields a tunnel coupling energy t = 6 µeV. To convert the magnetic field in energy,
we used |g ∗ | = 7. This value is determined from the large field data (Fig. 4.9), as
described below. If the tunnel coupling is smaller, hyperfine interaction mixes all
involved states around B = 0. This leads to a single current peak and is investigated
in Sec. 4.4.
Spin-orbit interaction has a strong influence on the states at higher fields. To
interpret the observed current peaks and their magnetic field dependence, we consider again the level scheme in Fig. 4.2 containing also the (0, 2)-triplets. At B = 0,
the (0, 2)-triplets are separated from S(0, 2) by ∆ST (0, 2). The tunnel coupling t hybridizes states with equal spin quantum numbers and leads to anticrossings between
them at ε = 0 and ε = ∆ST (0, 2).
Resonant current peaks occur at those detunings in Fig. 4.9, where (1, 1) and
(0, 2) states are mixed. The strongest current line occurs at a detuning corresponding
to ∆ST (0, 2) = 1.1 meV (value at B = 0). We relate this peak to tunnel mixing of
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(1, 1) and (0, 2) triplets with the same spin quantum number m = 0, ±1. The
corresponding anticrossings are labeled X in Fig. 4.2. If the effective g-factors g ∗ for
T± (1, 1) and g2∗ for T± (0, 2) are similar, all three anti-crossings occur at almost the
same B-independent detuning and give rise to a single peak.
The lowest current stripe in Fig. 4.9 shifts linearly in B up to ∼ 2 T. We explain
it by probing the lower singlet branch with the state T+ (1, 1). At finite field, this
state is split from T0 (1, 1) by g ∗ µB B. Both states can be mixed at the degeneracy
point (named Y in Fig. 4.2). The resonant current involves a first order spin-flip [92]
and is consequently weaker than the tunnel peak X. The slope of this current line
allows to extract an effective g-factor |g ∗ | = 7 for the (1, 1)-triplets. We note that we
did not compensate for a quadratic shift in B, which would be the expected orbital
effect of the magnetic field in single dots [44]. Instead, the whole spin-blockaded
triangle shifts linearly in B for the considered field range. This shift of 0.3 meV/T
has been subtracted in Fig. 4.9. Important for the discussed model is the relative
energy shift of the levels, which is not affected by this compensation.
The two upper lines in Fig. 4.9 are much weaker than the peak due to tunnel
coupling. Comparing to Fig. 4.2, we suggest that these lines arise from the degeneracies labeled Z 0 and Z 00 . The involved mixing processes require higher order spin
flips. This is consistent with the much weaker intensity of these current peaks. The
effective g-factor evaluated from the slopes of the upper lines is |g2∗ | = 5.5, which
differs from the value for the T+ (1, 1)-S anticrossing. In contrast to (1, 1) triplets,
the states responsible for the upper current lines (T± (0, 2)) involve excited orbital
states of dot 2. This could explain the difference between the two values [42].
If g ∗ µB B approaches ∆ST (0, 2), the singlet S(0, 2) becomes degenerate with
T+ (0, 2). We observe a pronounced anticrossing of the lower two lines. Similar
to measurements in InAs single dots [42], this can be explained by spin-orbit interactions exclusively. Contributions of the hyperfine interaction are expected to be
negligible in this situation, because the two electrons in (0, 2) states experience the
same nuclear field [59, 61, 65]. The anticrossing can be modeled with two coupled
levels


−∆ST (0, 2) + g ∗ µB B ∆SO
.
HSO =
∆SO
0
Here, ∆SO = hS(0, 2)|HSO |T+ (0, 2)i is the coupling energy between S(0, 2) and T+ (0, 2)
due to spin-orbit interaction. Using |g ∗ | = 7 and ∆ST (0, 2) = 1.1 meV, we can overlay the eigenenergies from diagonalization of the above Hamiltonian to the anticrossing lines in Fig. 4.9 (green lines). With reasonable agreement we obtain a coupling
matrix element ∆SO = 0.2 meV. This splitting is related to the spin-orbit length
lSO and the magnetic field strength at the anticrossing. The dependence is due to
the combined influence of magnetic field and spin-orbit interaction on the overlap
of the singlet and triplet wavefunction [42]. A detailed discussion of the magnetic
field dependence can be found in [93]. In general, the splitting scales as
∆SO (B) ∼ g ∗ µB B
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where lel is the effective distance between the electrons. This predicts three orders
of magnitude difference in the spin-orbit coupling energy for the two field ranges in
Fig. 4.8(a) and Fig. 4.9.

4.4

Hyperfine interaction

It is by now well established, that the dominating source for spin decay in GaAs
double quantum dots is the hyperfine interaction of the electrons in the dot with the
nuclei of the host material. The experimentally observed relaxation and dephasing
can be quantitatively modeled by theories taking into account only this type of
mixing [51, 53, 70, 94]. In this section, the influence of hyperfine interaction is
investigated in InAs double quantum dots in the regime of spin-blockade. Similar
to GaAs, we find that hyperfine mixing is the dominant source for spin state decay
at small magnetic fields.

4.4.1

The effective nuclear field

Hyperfine interaction describes the coupling between electronic and nuclear spin. In
contrast to an atom, electrons in a solid state device interact with many nuclei of
the host material. The nature of this coupling is a Fermi contact interaction [64]
~ and those nuclear spins I,
~ which are probed by the
between the electronic spin S
electronic wavefunction
X
~ˆ · I~ˆ(α) .
ĤHF = −g ∗ µB
Aα S
(4.1)
α

The index α runs over all nuclei, Aα is a positive constant containing the overlap
of the electronic wave function with nucleus α and g ∗ is the effective g-factor of the
electron (which is usually negative).
The dynamics of the nuclear spin system is typically very slow [64, 65, 95] (hundreds of µs in [96], seconds in [97]) compared to the time scale for the electrons
considered in our experiments (nanoseconds). This is due to the weak coupling of
the nuclear spins to each other and the weak interaction with the environment. A
separation of time scales is therefore possible and the nuclear spin configuration is
considered to be constant for the electronic evolution. In this quasi-static approximation [64], the hyperfine Hamiltonian eq. (4.1) can be rewritten in the form of a
Zeeman energy
~ ·B
~N.
HHF = g ∗ µB S
(4.2)
P
~N = −
~(α) is determined by the quasi-static
The effective nuclear field B
α Aα I
configuration of the nuclear spins.
In macroscopic systems, the amplitude of the nuclear field is usually small.
Even at millikelvin temperatures, the thermal ensemble in an external field of a
Tesla is almost unpolarized. The reason is the small nuclear magnetic moment
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µI = 3.2 neV/T, which is four orders of magnitude smaller than the Bohr magneton µB = 58 µeV/T. For an ensemble of N randomly oriented nuclear spins,
the field amplitude
(precisely: the root mean square) of the effective field scales as
√
BN ∼ Btot / N [64, 65]. The parameter Btot represents the maximum polarized
field and depends on the nuclear spin species of the material [98]. The values for
both InAs [99, 100] and GaAs [98] are in the range of Teslas. This leads to hyperfine
fields of BN = 1 − 3 mT for typical quantum dots containing 105 –106 nuclei. As an
important conclusion, hyperfine interactions characterized by the size of BN are in
general more relevant for smaller numbers of nuclei, i. e. smaller devices. This is in
contrast to spin-orbit interaction, which becomes suppressed in structures smaller
than the spin-orbit length.
As a consequence of the quasi-static approximation, the value of BN during the
evolution time of an electron in a particular experimental run is chosen from a
Gaussian distribution [64, 65, 95]. This is due to the central limit theorem: the
overall distribution for an ensemble of N randomly oriented, discrete spins becomes
Gaussian for large N . The width of this distribution is given by the root mean
square value BN . Independent of this width, the overall distribution can have a
nonzero mean value. This is the case in a large external field or when the nuclear
spins are dynamically polarized (see chapter 5).
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Figure 4.10: Visualization of the hyperfine interaction for double dot states. The
~ =B
~ ext + B
~ N defines the quantization axis (z-direction) in the quasitotal field B
~ N between the dots couples the states.
static approximation. The difference field ∆B
(a) Situation in the (1, 1) subspace (ε < 0). (b) For positive detuning ε > 0.

For spin states in a double quantum dot, eq. (4.2) provides an intuitive picture of
the mixing by hyperfine interaction. If the two electrons are distributed between the
two dots, i. e. in (1, 1)-states, they experience different effective nuclear fields due
to the overlap with different subsets of nuclear spins. Comparing with Fig. 4.2, this
mixes the triplets with the singlet branches. Suitable theoretical descriptions for
positive and negative detuning ε are detailed in [3, 67]. The coupling contributions
are visualized in Fig. 4.10. Within the quasi-static approxation, the quantization
~ =B
~ ext + (B
~ (1) + B
~ (2) )/2. Here, B
~ (1,2) is the effective
axis is defined by total field B
N
N
N
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nuclear field in dot 1 or dot 2 respectively. Couplings between the spin states,
i. e. off diagonal elements in the Hamiltonian, are introduced by the difference
~ N =B
~ (1) − B
~ (2) of the effective fields in the two dots. The longitudinal gradient
∆B
N
N
∆BN,z leads to different precession frequencies of the spins in the two dots around
the total field. A relative phase of π is accumulated between the two spins after
a time ∼ h/g ∗ µB ∆BN,z . This can be considered as a dephasing time between the
states S and T0 (1, 1). With the parameters of InAs, this time scale is only a few
nanoseconds. In contrast to that, the transverse terms ∆BN,(x,y) can flip the spins
and induce transitions between T± (1, 1) and S. In the case of negative detuning
(Fig. 4.10(a)), the spin-flip coupling can be suppressed by splitting away T± (1, 1)
with the external field (see below). For positive detuning (Fig. 4.10(b)), these terms
become dominant and can lead to polarization of the nuclear spins as discussed in
chapter 5.

4.4.2

Magnetic field dependence of the hyperfine mixing

The hyperfine interaction has been identified as the origin of the characteristic sensitive magnetic field behavior in spin-blockaded GaAs double dots [70]. To analyze
this mixing, we measure again the current through spin-blockade as a function of
detuning and magnetic field. We focus on the same transition as studied in Fig. 4.8.
The result around zero detuning and zero magnetic field is shown in Fig. 4.11(a).
Compared to the situation in Fig. 4.8(a), the coupling is reduced. The wings have
merged to a single peak and the current is enhanced around zero detuning. Following the same approach as in Sec. 4.3.2, an upper bound of 3 µeV can be extracted
for the tunnel coupling.
With the model described in the previous section, an intuitive explanation for the
current peak can be given. The hyperfine interaction affects mainly the (1, 1)-states,
where electrons are distributed between the dots and feel different nuclear fields. A
(1, 1)-triplet is mixed to S(1, 1), if their splitting J(1, 1) is smaller than the Zeeman
energy associated with the difference in hyperfine field g ∗ µB ∆BN . As detailed in
~ N is different for T0 (1, 1) and T± (1, 1). In
Sec. 4.4.1, the relevant component of ∆B
Fig. 4.11(b), the level scheme for pure double dot states (Fig. 4.2) is plotted around
zero detuning. The yellow shaded region indicates the energy corresponding to the
size of the mixing hyperfine field ∆BN . Here, the states are mixed by the hyperfine
coupling. An external field B splits the triplets T± (1, 1) from S(1, 1). If this splitting
is larger than the hyperfine coupling energy, the triplets T± (1, 1) are not mixed to the
singlet anymore. Electrons can get stuck again and spin-blockade is therefore partly
recovered for finite field. In the limit g ∗ µB ∆BN > J(1, 1), this leads to a current peak
around B = 0. For very weak coupling as in Fig. 4.11(a), the anticrossing of the S
branches is narrow and the above condition is always fulfilled. For stronger coupling,
it can be achieved at finite detuning ε > 0, as shown in Fig. 4.8(a). Intuitively, the
width of the current peak reflects the spread in the distribution of ∆BN .
A quantitative description for the B-dependence taking into account the tran-
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Figure 4.11: (a) Current through spin-blockade as a function of magnetic field B
and detuning ε. Same charge transition as in Fig. 4.8, but with reduced coupling
VGC = −180 mV. (b) Level scheme of the two electron states around zero detuning.
The total field B splits T± (1, 1). A difference ∆BN in the hyperfine fields of the two
dots mixes the states within the yellow shaded region.

sition rates between the levels was developed in [67]. This theory reproduces the
experimental findings in GaAs double dots with high accuracy [70]. In Fig. 4.12(a)
we plot a current trace (circles) as a function of B for fixed detuning. The cut
was taken at the position of the dotted line in Fig. 4.8(a). This curve appears to
be a superposition of two peaks with different widths and heights. The complete
data set cannot be fitted satisfactory with a single curve according to the mentioned
theory of hyperfine mixing (Eq. (11) in [67]). Nevertheless, a fit to the central peak
leaving out the wide tails for |B| > 3 mT leads to good agreement (red curve in
Fig. 4.12(a)). As can be seen in Fig. 4.12(b), the peculiar wide tails are consistently
observed for different values of inter-dot coupling. The model [67] allows to extract
the amplitude BN of the effective nuclear field. From the fits to the central peaks,
we obtain BN ≈ 1.5 ± 0.2 mT. The value of this parameter is plotted as a function
of detuning for different voltages on the coupling gate in Fig. 4.12(c). The size of
BN is almost independent on coupling and detuning. This independence on the
electronic details of the double dot indicates, that the central peak arises due to
interaction with the nuclear enironment. A hyperfine field of 1.5 mT corresponds to
the fluctuation amplitude of N ≈ 0.5 · 105 nuclei [100], which is consistent with the
dot size evaluated from charging energy and excited state spectrum [85, 101].

4.4.3

Deviations from pure hyperfine mixing

The described deviations of the leakage current from the theory for finite fields
(|B| > 3 mT) have not been reported in GaAs double dots. The model of [67] does
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Figure 4.12: (a) Current as a function of magnetic field. Cut along the dotted
green line in Fig. 4.8(a). The solid red line is a fit of the center peak with the model
in Ref. [67]. A current offset ≈ 1 pA due to measurement electronics is included.
(b) Similar traces and fits for different coupling between the dots. Curves offset for
clarity. (c) Effective hyperfine field BN extracted from the central peak fits as a
function of detuning for different couplings.

not include additional spin mixing mechanisms. This is justified by the experimental results on GaAs double dots, which indicate the dominating role of hyperfine
interactions.
The wide tails are fitted with excellent agreement by a Lorentzian curve in magnetic field B
γ
f (B) = A 2
,
B + γ2
with an amplitude parameter A and a full width at half maximum 2γ. For the
Lorentzian fits, the data points of the center peaks are ignored. Examples for two
different coupling voltages are shown as green curves in Fig. 4.13 (a) and (b) for
various values of detuning. This lineshape is different from the central peak, which
is nicely approximated by the model presented in [67] and not by a Lorentzian. The
dependence of the Lorentzian width γ on detuning is plotted for different coupling
voltages in Fig. 4.13(c). The corresponding nuclear field amplitudes BN extracted
from the center peaks with the model in Ref. [67] are plotted as dashed lines for
comparison. In contrast to the central peak width BN , the width γ of the wide tail
varies significantly with detuning and coupling. This dependence indicates, that the
tails have their origin in the electronic system instead of the nuclear system.
A possible explanation could be the additional contribution of spin-orbit interaction, which is much stronger in InAs than in GaAs. Singlets and (ms = ±1)–triplets
are also hybridized by the spin-orbit coupling. This enhances the anticrossing of
those levels. The resulting states could therefore sustain a singlet contribution up
to larger Zeeman splitting. In this scenario, a higher external field is required to recover spin-blockade by the T± (1, 1) states. A model related to spin-orbit interaction
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Figure 4.13: (a) and (b): Current traces as in Fig. 4.12(a) for different couplings
and detunings. Lorentzian curves are fitted to the wide tails (green). The center
peaks are only reproduced satisfactory by the model in Ref. [67] (red curves). (c)
Width of the Lorentzian curves (see text) as a function of detuning for different
coupling voltages. For comparison, the dashed lines show the fit parameter BN for
the central peaks.

is also supported by similar measurements with stronger coupling between the dots
as presented in Sec. 5.2.1. The field scale of the wide tails (∼ 10 mT) agrees with
the onset of relaxation current in this case. There, the observed monotonic increase
in B is consistent with spin-orbit mediated relaxation.

4.5

Conclusion

Pauli spin-blockade can be observed with good quality in an InAs nanowire double
dot containing several electrons. Experimental evidence is provided by the rectification behavior and the characteristic variations with small magnetic fields. In this
regime, it is possible to identify singlet and triplet states and to study the mixing
between them by the leakage current through the spin-blockade. We can distinguish
the contributions of spin-orbit interaction and hyperfine coupling in different magnetic field regimes. At large fields, the energy associated with spin-orbit interaction
is ∆SO = 0.2 meV. This value is orders of magnitudes larger than the hyperfine coupling (BN ≈ 2 mT =1
b µeV) and the tunnel coupling in the presented measurements.
For small magnetic field, our results deviate from the behavior in GaAs, where
hyperfine interaction is the dominant mixing mechansim. The observations are consistent with spin-orbit interaction as well. Indium Arsenide nanowires are therefore
interesting objects for the realization of schemes, where spins are manipulated with
electric fields via the spin-orbit interaction [9, 10, 12].
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5 Nuclear spins
Interactions between electrons and the nuclear spins have a major influence on the
states in double quantum dots. Hyperfine coupling is a source of spin-state mixing
for the electrons. As described in Sec. 4.4, the nuclear spins give rise to a random
effective magnetic field. Since the nuclear spins interact only weakly with each other
and the environment, their dynamics is slow and the effective field can be considered
as quasi-static for the electrons. In other words, the nuclear environment has a
long (classical) memory compared to the electronic system [66, 95]. A hyperfine
mediated electronic spin-flip is accompanied by a nuclear spin flip. The nuclear
spins can therefore be influenced via electronic spin states. Due to the separation
of time scales, these processes can dynamically build up a substantial polarization
of the nuclear spins.
In this chapter, the mutual influence of electrons and nuclei is investigated in
the regime of Pauli spin-blockade. Under certain conditions, we observe strongly
reduced spin relaxation accompanied by a bistable behavior in magnetic field and
gate voltage. This bistability is a typical feature of nonlinear systems and can be
explained by dynamic nuclear spin polarization. We suggest a model, where the
polarization relies on the coexistence of different independent relaxation paths.

5.1

Spin flip-flop

The starting point for a microscopic understanding of the hyperfine interaction is
the coupling Hamiltonian for a single spin, eq. (4.1). The contact interaction of the
~ with the nuclear spins I~ can be expressed as
electronic spin S

X1 
(α)
(α)
Aα Ŝ− Iˆ+ + Ŝ+ Iˆ− + 2Ŝz Iˆz(α) .
(5.1)
ĤHF = −g ∗ µB
2
α
The constant Aα describes the overlap of the electronic wave function with the
nucleus with index α. The operators Ŝ± and Iˆ± create or annihilate a spin quantum
for the electron or the nuclei respectively. Therefore, eq. (5.1) effectively describes
a spin flip-flop. During this process, angular momentum is transferred between
electron and nuclei.
The same reasoning holds for the coupling of the two-electron spin states in
double dots by the hyperfine interaction. A transition from a polarized triplet T± to
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a spin state with ms = 0 involves a spin flip [3, 66]. These processes are especially
relevant for positive detuning, where T± are selectively brought in resonance with the
singlet depending on magnetic field and detuning (see Fig. 4.10(b)). The situation
is different for flip-flop relaxation between off-resonant states. Because of the large
mismatch of the electronic and nuclear Zeeman energy, the relaxation energy has
to be dissipated to the environment [68, 69]. For the energy scales considered here,
phonons are the most probable thermal bath.

5.2

Dynamic nuclear spin polarization

Because of the weak interactions between the nuclear spins and the small nuclear
magneton (µN = 3.2 neV/T), the nuclear spins are randomly oriented for the temperatures of our transport experiments (down to millikelvins).
In thermal equilib√
rium, the effective nuclear field for N nuclei scales as 1/ N (see Sec. 4.4.1). Microkelvin temperatures would be required to achieve ordering of the nuclear spins
under equilibrium conditions [102]. Due to the long correlation time of the nuclear
system, electrons can dynamically build up nuclear spin polarization via the hyperfine interaction. In this non-equilibrium situation, it is possible to achieve an
extensive polarization that scales with N .
A polarization of the nuclear spin system can persist for a very long time compared to the electron dynamics. Relaxation times up to minutes have been observed
for nuclear polarization in quantum dots [97, 103]. For the polarized nuclei, the
hyperfine interaction is in turn the most efficient relaxation mechanism. Electron
mediated nuclear spin flips degrade a nuclear polarization much faster than e. g. outdiffusion of polarization by dipole-dipole interactions between the nuclear spins [96].
For these electron mediated processes, even the interaction with a single confined
electron is sufficient to degrade a macroscopic nuclear polarization [104].
We investigate dynamic nuclear spin polarization by the relaxation current through
spin-blockade. Similar to experiments in GaAs double quantum dots, we observe
non-equilibrium phenomena as current switching, slow modulations in time and
bistable or hysteretic behavior [70, 97, 105, 106].

5.2.1

Strongly coupled dots

The results presented in this chapter are obtained in the same device as in chapter
4 (similar to Fig. 3.2). The side-gates G1 and G2 define tunnel barriers to the leads
and tune the energy levels in dot 1 or 2 respectively. With the center gate GC,
the coupling between the dots can be adjusted. The double dot is tuned to the
transition labeled (I) in Fig. 4.4.
In Fig. 5.1, the current is plotted for both bias directions as a function of the
two side-gates. The inter-dot coupling is decreased compared to Fig. 4.4 (VGC =
−134 mV). Spin-blockade suppresses the current for the positive bias direction com-
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pared to reverse bias (note the different color scales). Following the arguments in
Sec. 4.2, we label the electronic configuration with the excess electron numbers (1, 1)
and (0, 2). The splitting between S(0, 2) and the lowest (0, 2)-triplet is clearly visible as a step in current for both bias directions. As expected, this feature occurs
parallel to the baseline of the triangle for VSD > 0 and parallel to the lower side
edge for reverse bias (see Sec. 4.2.1).
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-24
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134 V

G1

(mV)140
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Figure 5.1: Current at charge transition (I) in Fig. 4.4 for VGC = −134 mV. The
(0, 2) singlet-triplet splitting is visible as a step in current (indicated by arrows).
The axis ε defines the detuning of the elecrochemical potentials in the two dots. (a)
Forward bias VSD = +3 mV. Spin-blockaded direction. (b) Reverse bias.

The coupling between the dots turns out to be a crucial parameter for the influence of the hyperfine interaction. As described in chapter 4, mixing and relaxation
can be probed by measuring the leakage current through spin-blockade as a function of magnetic field and level detuning. With the arguments given in Sec. 4.3.2,
we estimate tunnel coupling energies t between t < 5 µeV (for VGC ≤ −175 meV)
up to t ∼ 50 µeV (for VGC = −128 meV) for the presented measurements.
If the dots are weakly coupled, we observe a current peak around B = 0 mT
with a width of ∼ 1.5 mT—shown Fig. 5.2(a). As discussed in detail in Sec. 4.4,
this peak can be attributed to hyperfine mixing of states. The effective nuclear
field BN mixes triplet and singlet, if their splitting is smaller than g ∗ µB BN . In line
with the observations in Sec. 4.4.2, the peak shape shows systematic deviations from
corresponding measurements in GaAs double dots [70]. As mentioned above, this
could be related to additional contributions of spin-orbit interaction.
The situation is reversed for strong inter-dot coupling as shown Fig. 5.2(b). Spin
blockade is observed around B = 0 mT and lifted for finite fields. After a monotonic
increase for small fields, the leakage current saturates to a field-independent value.
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Figure 5.2: Current through spin-blockade (Fig. 5.1(a)). For the measurement, the
detuning ε is swept and magnetic field B is stepped. (a) Weak inter-dot coupling
VGC = −175 mV. (b) Strong coupling VGC = −128 mV. (c) Same for slightly decreased coupling VGC = −129 mV. Relaxation current is suppressed in a field interval
of maximum size ∆B.

The saturation value depends on the exact voltage settings of double dot gates, and
is most likely limited by the coupling to the leads. To the best of our knowledge,
this dependence of the current through spin-blockade has not been reported for
double dots in GaAs. In contrast to the situation at weak coupling, spin state
decay is enhanced with increasing field. This behavior is consistent with mixing
and relaxation dominated by spin-orbit interaction [2, 72, 74]. A similar situation is
investigated in chapter 6 with time resolved measurements (see Sec. 6.3.2). Changing
the voltage on the coupling gate requires to adjust also the side gates. This modifies
the confinement and explains the variation of the (0, 2) singlet-triplet splitting with
VGC (see Fig. 4.5).
Tuning to intermediate coupling, we observe a complex behavior. In Fig. 5.2(c),
the measurement of (b) is repeated with slightly decreased coupling. The leakage current is suppressed by an order of magnitude in a sharply defined region of
magnetic field and detuning.
Cross sections for the three coupling values are shown in Fig. 5.3(a). A sharp
step in current occurs in the case of intermediate coupling. In this characteristic
curve (red), the low field behavior (|B| < 5 mT) follows the monotonic increase of
the strong coupling case (blue curve). The current peak for weak coupling shows
the feature of wide tails similar to the other spin-blockaded transition (Sec. 4.4.2).
The region of suppressed current only exists up to a critical coupling strength. The
dimension of this region is denoted ∆B in Fig. 5.2(c). Below VGC = −128 mV, the
value of ∆B varies strongly with VGC , as shown in Fig. 5.3(b).
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Figure 5.3: (a) Current traces for the three coupling voltages in Fig. 5.2. (b) Size
∆B of the region of suppressed relaxation current as defined in Fig. 5.2(c). Bistable
behavior is observed for −134 mV < VGC < −128 mV (see text).

5.2.2

Bistability

The region of reduced leakage current exhibits a pronounced bistability. For the
measurements shown in Fig. 5.2, the gate voltages are swept and the magnetic field
was stepped. Figure 5.4 shows the corresponding measurements, but sweeping the
magnetic field in one particular direction and stepping the detuning after each sweep.
The region of reduced relaxation is drastically extended in the sweep direction of the
field. We find no dependence on the sweep rate within the experimental accessible
values (0.5 mT/min – 300 mT/min).
Under these conditions, the current state can be switched with gate voltage
as well. As an example, a point in the extended low-current region labeled X in
Fig. 5.4(b) is accessed coming from positive magnetic field. The current is stable
at ≈ 1 pA for hours at this point. The system is irreversible switched back to high
current, if the gate voltages are tuned outside the region of suppression and back
along the dashed line in Fig. 5.4(b). The corresponding current traces are plotted as
a function a gate parameter in Fig. 5.5(a). The setup used for this measurement was
not equipped for fast gate pulses. The fastest possible switching time was around
500 ms for the described gate traces. On this time scale, no time modification of the
bistability is observed.

5.2.3

Temperature and coupling

The bistable behavior is affected by temperature and inter-dot coupling. In Fig. 5.5(b),
current traces are shown for up (green) and down (black) sweeps of the magnetic
field along the dashed line in Fig. 5.4(a). From the bottom to the top curves, the
temperature is increased. Bistable features vanish abruptly above a critical temperature of Tcr ≈ 600 mK. At high temperatures, the current traces match the ones for
strong coupling (see Fig. 5.3(a)).
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Figure 5.4: Measurements corresponding to Fig. 5.2(c), but sweeping the magnetic
field and stepping the gate voltages after each trace. (a) Up-sweeps −120 mT to
+100 mT. (b) Down-sweeps.

The temperature values given here refer to the base temperature of the cryostat.
This value determines the temperature of the semiconductor lattice and the nuclear
spin ensemble. The electronic temperature is influenced by the wires connecting the
cold device to the measurement electronics at room temperature. For the lowest
base temperature of 30 mK, we determined an electronic temperature of ≈ 90 mK
from the width of Coulomb peaks.
Changing the coupling affects the size of the bistable loop. If the coupling gate is
increased above −128 mV, both the characteristic wings of suppressed current and
the bistability vanishes (see Fig. 5.3(b)).
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Figure 5.5: (a) Example demonstrating the bistabilty in gate voltage. Current
traces are plotted for variation of the gate voltages starting from point X back
and forth in Fig. 5.4(b). The voltage on the abscissa parametrizes variations along
the horizontal dashed line in Fig. 5.4(b). The high-current state is stable, once the
gates are tuned out of the region of suppressed relaxation. (b) Current for up- and
down-sweeps along the dashed line in Fig. 5.4(a) for different base temperatures.

5.2.4

Model for spin transfer

Bistability or hysteretic behavior in magnetic field has been observed in the current
through spin-blockaded GaAs double quantum dots [70, 97] as well as by optical
pumping in InGaAs dots [105, 106]. In both cases, the effect was attributed to
dynamic nuclear spin polarization (DNSP) via the hyperfine interaction. In line
with these arguments, we analyze our results with a model that accounts for the
influence of DNSP on the two-electron level scheme. As an important result of this
analysis, a net nuclear polarization can be achieved only when hyperfine-induced
processes occur in parallel with alternative relaxation paths.
In the regime of spin-blockade, different relaxation or mixing mechanisms lead to
a current through the double dot. We refer to the situation described in the context
of Fig. 4.3(b). Three contributions are considered:
• Cotunneling leads to a background leakage current. This effect dominates in
the Coulomb blockaded region of the charge stability diagram and gives rise to
the current stripes connecting the triple points (see Sec. 4.2). We observe no
substantial magnetic field dependence of these currents up to several hundred
mT.
• Spin-orbit interaction is strong in InAs compared to GaAs and has significant
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Figure 5.6: (a) Dependence of singlet branches S and triplets T0,± (1, 1) on the
detuning ε. A small field B > 0 is included. (b) Evolution of the triplet energies
at fixed ε for up- and down-sweeps of the external magnetic field B, including the
influence of dynamic nuclear spin polarization (see text). Arrows indicate the sweep
direction. (c) Current traces along the dashed line in Fig. 5.4(a). Up-sweeps (green)
and down-sweeps (black). The dotted curve (blue) for strong coupling is taken along
the dashed line in Fig. 5.2(b) and does not exhibit bistability.

influence on spin-blockade in the present device, as discussed in Sec. 4.3. In
the presence of spin-orbit interactions, no fixed spin quantization axis exists
and singlets and triplets are mixed [60, 61]. For inelastic relaxation, energy
has to be dissipated to the environment. The most likely mechanism is the
coupling to phonons, as discussed in Sec. 6.3.3. Spin-orbit interaction should
not contribute to relaxation at zero magnetic field due to time reversal symmetry [2]. The relaxation rate is expected to increase with a power-law for
finite field [59, 62, 74, 75]. Our observations for strong coupling between the
dots (Fig. 5.2(b)) are consistent with this relaxation mechanism and discussed
in more detail in Sec. 6.3.2 and 6.3.3.
• The effect of hyperfine interaction depends on the involved double dot states.
We observe mixing of states due to equilibrium fluctuations of the effective
nuclear field in the range of ∼ 1.5 mT (see above Fig. 5.2(a) and Sec. 4.4).
Now we focus on transitions between the polarized triplets T± (1, 1) and the
singlet. As discussed above, these processes transfer angular momentum to

70

5.2. Dynamic nuclear spin polarization

the nuclear spins and can build up a nuclear polarization.
Recent theoretical work addresses the question, under which conditions the electrons can dynamically polarize the nuclei in a spin blockaded double quantum dot
[102, 107, 108]. The basic idea is described in the following.
The transitions T± → S involve a spin-flip for an electron. If mediated by the hyperfine interaction [68, 69], this transfers a spin quantum from the electron to the
nuclei. The flip-flop rates Γ± depend on the energy splitting between T± and the
singlet. For aligned energy levels, the rate of a given transition is expected to be
maximal. At the (1, 1)-(0, 2) transition of a double quantum dot with finite bias
applied, spin-blockade suppressed transport for positive detuning ε > 0. The degeneracy points of T± (1, 1) with the singlet depend on magnetic field and detuning (see
e. g. the level scheme Fig. 4.2). Therefore, spin-flips from a particular initial triplet
can be selectively addressed.
As shown in Fig. 5.6(a), the splitting J between singlet and triplets varies with
the detuning ε and the magnetic field that splits T± from T0 . Sequential transport
through (1, 1)-(0, 2) occurs via the lower singlet branch, which has mainly S(0, 2)character. This state is coupled to the drain lead with a rate ΓD . It therefore has a
substantial broadening, indicated in Fig. 5.6(a).
In Fig. 5.6(b), we model the two-electron levels as a function of the external magnetic field B for up- and down-sweeps (green and black arrows). In addition to the
external field, we include the effect of the dynamically polarized nuclei. Increasing
the field from B = 0, the triplets T± initially split linearly in field with the Zeeman
energy (indicated by dotted blue lines). This way, T+ approaches the lower singlet
branch S, while T− is shifted away in energy. The broadened level S therefore selects
mainly transitions from T+ and hence Γ+ dominates among the hyperfine rates.
During this process, an electron is flipped from parallel to antiparallel alignment
with the external field. Correspondingly, an increasing amount of nuclear spins
are flipped parallel to the field. Due to the negative effective g-factor in InAs, the
effective field felt by the electrons is opposite to the nuclear spin direction (see e. g.
eq. (4.2)). The described process therefore builds up a nuclear field that counteracts
the external field. This way, further Zeeman splitting is inhibited and the triplets
evolve along the inner traces in Fig. 5.6(b) (indicated by the green arrow). In the
experimental current trace in Fig. 5.6(c), the leakage current is therefore sustained
at the value ∼ 1 pA corresponding to this low field (green arrow).
Increasing the field further, a saturation for the nuclear polarization is reached
and the triplets start to split more in Fig. 5.6(b). As soon as T− crosses the upper
singlet branch, the T− → S relaxation becomes energetically possible (rate Γ− ).
This flip-flop process builds up a nuclear field that points in the same direction as
the external field. Therefore the Zeeman splitting rises drastically. In the green
current trace Fig. 5.6(c), this induces a sharp upturn.
Decreasing the B-field from this value after the step, the high current state is
maintained until T+ crosses S again. Then the flip-flop processes from T+ reduce the
effective field for the electrons. This explains the bistable loop between the green
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and black traces. According to this model, both the low and the high current state
are stable in time. The low current state is maintained by a continuous spin transfer
due to the T+ → S flip-flop.
Alternative relaxation mechanisms are a crucial ingredient for a buildup of nuclear spin polarization in the described model [102]. Even if one of the flip-flop
rates Γ± is much higher than the others, the net rate for a particular flip-flop would
be the same. This is because electrons get trapped in spin-blockade and therefore
the slowest rate determines the net number of relaxation events per time. Since
electrons are loaded with the same probability into the initial states T0,± , no nuclear polarization can build up. In the presence of alternative paths from triplets
to the singlet, the fastest of the rates Γ± can dominate the hyperfine contribution
of the relaxation (this can be seen solving the rate equations with the different relaxation paths [107]). Considering the observed current for strongly coupled dots in
Fig. 5.2(b), the most probable additional relaxation path is provided by spin-orbit
interaction.
The small reproducible peaks at ∼ ±5 mT in Fig. 5.6(c) are not captured by
this simple model. It is nevertheless in line with the argument, that the current in
principle follows the magnetic field dependence for spin-orbit mediated relaxation
for strongly coupled dots (blue dotted curve in Fig. 5.6(c)) —before nuclear spinpolarization modifies the effective magnetic field.
This argument is also supported by the temperature dependence of the bistability. A transition from T− to the upper singlet branch would counteract DNSP.
However, it requires a source of energy, provided e.g. by phonons, and is therefore
suppressed at low temperature. It becomes possible, if the number of phonons with
energies in the range of the singlet-triplet tunnel splitting increases. This could
explain the suppression of the bistable behavior above Tcr ≈ 600 mK. The current
then follows again the magnetic field dependence for strongly coupled dots.
In the experiment, the bistable behavior vanishes above a critical value for the
coupling, Fig. 5.3(b). This can be understood when solving the rate equations for
the flip-flop processs in a simplified model with spin- 12 nuclei [107]. It leads to a
condition showing that dynamic nuclear spin polarization is not possible for too
large singlet-triplet splitting J (Eq. (5) in [107]):
(J + g ∗ µB Btot )2 + (~ΓD )2 < (g ∗ µB Btot )2 .

(5.2)

Here, ΓD is the coupling of S(0, 2) to the drain lead and Btot is the total nuclear
field produced by the polarization of all nuclei. For an intuitive understanding of
this condition, the coupling of S(0, 2) to the drain plays a crucial role. This leads to
a peaked density of states for S(0, 2), as sketched in Fig. 5.6(a). If J is small enough,
the overlap with this peak favors transitions from the closest triplet T+ already for a
small Zeeman splitting. For increased tunnel coupling, the splitting J becomes too
large compared to the width ΓD . Relaxation from T+ is not preferred over others
and no nuclear spin polarization starts to build up initially.
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5.3

Conclusion

Hyperfine mediated spin flips lead to current through spin-blockade. In turn, these
processes can polarize the nuclear spins. This leads to a pronounced bistable behavior. From an analysis of the involved rates we conclude, that alternative relaxation
paths play a crucial role in an efficient polarization mechanism. Our observations
suggest spin-orbit interaction as the source of these additional processes. The dimensions of the bistable loop (tens of mT) indicate, that several per cent of the
nuclei can be polarized by the electronic spin-flips.
This polarization is not necessarily connected with a narrowing of the nuclear
spin distribution. It is the spread of the distribution, that gives rise to mixing
of spin states by the hyperfine interaction, as discussed in Sec. 4.4. The observed
suppression of relaxation current is therefore more an indicator for nuclear spin
polarization, than for an increased lifetime of the involved spin states.
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6 Time dependence
The aim of this chapter is to explore the time evolution of spin states in InAs
nanowires. In transport experiments, this can be achieved with a combination of
fast voltage pulses applied to the gates and time-averaged current measurements
[109–111]. For this purpose, we implemented a setup which allows application of
nanosecond voltage pulses in a dilution refrigerator. We then probe two-electron
states in a double quantum dot by pumping single electrons through a Pauli spinblockade configuration. The underlying spin transition rules are directly observed
by a reduction of the pumping efficiency, if electrons are pumped in the direction
of spin-blockade compared to the opposite direction. Coherent evolution of the spin
states modifies the pumped current on a timescale of ∼100 ns. Beyond that we find
a long-time decay behavior, which differs significantly from measurements in GaAs
double dots. The magnetic field dependence indicates a dominant role of spin-orbit
interaction for the decay.

6.1

High frequency signals at low temperature

The detection of quantum effects in transport measurements requires low temperature and low electric noise. In this section we describe the experimental setup that
allows to apply fast gate signals to a quantum dot. We outline the measurements
necessary to characterize the bandwidth and to calibrate the system.

6.1.1

Experimental setup

Cryostat wiring and thermal anchoring
The presented measurements are performed in a Kelvinox MX 100 dilution refrigerator from Oxford Instruments. The excess cooling power of the dilution is only about
100 µW for a base temperature of 100 mK and rapidly drops for decreasing temperatures. Hence special attention has to be paid to optimize thermal conduction
and power dissipation at the low temperature stages. Low thermal conductivity
of cables usually conflicts with high electrical conductivity, since the conduction
electrons tend to dominate heat transfer at low temperature. Cables have to be
thermally anchored at different temperatures from the top of the cryostat at room-

75

6 Time dependence of spin states

temperature down to the mixing chamber at millikelvins, see Fig. 6.1. Furthermore,
the transmission of high frequency signals with low noise to low temperatures requires trade-offs between high bandwidth cabling and filtering. The construction of
our setup is based on successful layouts developed in other groups [112, 113].

DC input
Top of cryostat

AC input
300 K

RF feedthrough filter

IVC plate

4.2 K
attenuator
-20 dB

1K pot
∼ 100 mW

1.8 K

Still
∼ 1 mW

800 mK

Mix. Chamber
∼ 10 µW

20 mK
DC

resistive wires
twisted pairs

AC

bias-tee

silver paint coating

AC+DC

Sample

Figure 6.1: Schematics of the cryostat wiring showing the different temperature
stages (numbers on the right) and their typical excess cooling powers (numbers left).
DC signals are supplied via twisted pairs of resistive wires, wrapped around thermal
anchors (blue). The sample is mounted on a cold tail below the mixing chamber.
Resistive wires and silver paint coating form a continuous RC-filter, see Sec. 6.1.1.
The shields of the coaxial cables for AC signals are thermalized at all stages. Cooling
of the inner conductors is achieved by an attenuation step at the 1K-pot and with the
bias-tees. Here AC signals are capacitively coupled to the sample and DC voltages
are admixed via a large inductance. For some measurements, attenuators and/or
DC-blocks are inserted in the AC lines on top of the cryostat.
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For DC signals (and low frequencies up to a few kHz), the cryostat is equipped
with ribbon cables containing twisted pairs of resistive wires (constantan, 100 µm
diameter, ∼ 200 Ω each). Experience shows that this is a good compromise between
electrical and thermal conductivity. The twisted pair configuration is advantageous
for minimizing the pickup of magnetic noise. The wires are thermalized through their
insulations by being tightly wrapped around Cu anchors at the different temperature
stages as shown in Fig. 6.1. On the sample holder below the mixing chamber, the
thermalized resistive wires are assembled in a geometry forming a continuous RCfilter, described in the next section. As discussed in Appendix A, we found that
additional filtering of GHz noise in the DC lines drastically improves the results.
We use a homebuilt RF-tight filter box which is directly mounted to the 24-pin
Fischer connector on top of the cryostat. It contains 24 feedthrough capacitors in
a CLC-setup (Tusonix EMI Filters TX-4100-002) which short GHz noise to ground
level. These filters provide attenuations of −25 dB at 100 MHz and > 60 dB for
frequencies > 1 GHz.
High frequency AC signals have to be transmitted with coaxial cables. Here,
attenuation and dispersion should be as small as possible. We use stainless steel
coaxial cables (2 mm diameter, supplied by Oxford instruments). The heat conduction of the outer shield of one of these cables is significant (estimated ≈ 20 µW for
a 2 m cable). By thermal anchoring, this heat load can be reduced to below one
µW. The inner conductor however is well isolated from the environment and cannot
be thermalized by mechanical contact. Cooling is achieved by inserting attenuators
(Minicircuits SMA BW Series). A single attenuation stage of −20 dB at the 1K-pot
leads to satisfactory results in combination with the cooling effect of the bias-tee.
The bias-tee (Anritsu K251) is installed with thermal contact to the mixing chamber. It admixes AC signals via a capacitor to DC potentials. The cut-off frequency
for the AC port is specified as 50 kHz for 50 Ω load impedance. This limits the possible length of a square voltage pulse to below 20 µs. However the cut-off frequency
is substantially lowered if high impedance loads, such as gates, are connected to the
output of the bias-tee.
The inner conductor of the coaxial cable is not directly coupled to the sample.
Since DC voltages are provided by “cool” and well filtered wires, the bias-tees have
a major cooling effect for the coaxial lines. To further reduce the noise input from
the signal sources, we often use additional attenuators at the room-temperature part
of the cryostat.
Sample holder
The sample is mounted on a “cold tail” screwed to the mixing chamber as sketched
in Fig. 6.1. The purposes of this tail is to place the measured device inside the
coil of the superconducting magnet inside the cryostat and to thermally link the
sample to the mixing chamber. At this stage, a very efficient filtering is realized
for the DC cables. As shown in Fig. 6.2, the filter is realized by winding the ribbon
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cable of resistive twisted pairs around the copper posts of the tail. After that, the
wires are covered with conductive silver epoxy paint. This forms a chain of infinite
RC-elements where the resistive wires are capacitively coupled to ground. Our
configuration yields an attenuation of > 80 dB for frequencies > 1 GHz, which agrees
well with calculations using a lossy transmission line model [114]. The output of
the bias-tee (located at the mixing chamber, see Fig. 6.1) is connected to the sample
with a low-loss copper coaxial cable (diameter 0.8 mm).

Cu anchor plate
(screwed to mixing chamber)

10 cm

continuous RC-filter

silver epoxy paint
chip socket
constantan
twisted pair
ribbon cable

Cu coaxial
cables

connectors to
bias-tee output
Figure 6.2: Photograph of the cold tail. Copper ensures good thermal contact to
the mixing chamber. The ribbon of resistive twisted pairs is wound around the Cu
post and covered with conductive silver paint. This forms an efficient filter. The
outputs of the bias-tees are connected to the chip socket with Cu coaxial cables.

Device
The design of the measured device itself should also account for high frequency
signals. The nanowire device studied in this chapter is shown in Fig. 6.3. Three
lithographically defined top-gates create a double quantum dot along the nanowire.
In contrast to the devices in previous chapters, we use a non-conductive oxidized
silicon substrate without back-gate. This reduces capacitive coupling between the
contact pads for the gates and the environment, which would short high frequency
pulses. The gates G1 and G2 are connected to the outputs of the bias-tees. Therefore
we can apply DC voltages and add pulses within the frequency range of the AC port
of the bias-tees.
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With this layout, we achieve a bandwidth that allows to apply nanosecond square
pulses as discusses in the next section. This is significantly higher than pulse frequencies possible with in-plane gated structures realized by AFM-lithography in
GaAs/AlGaAs based heterostructures (see Appendix B).

S
V

NW
t G1

Figure 6.3: Scanning electron microscope image of the measured device. Cr/Au top-gates G1,G2 and
GC define a double quantum dot in
the InAs nanowire (NW) between
ohmic contacts source (S) and drain
t (D). Fast voltage pulses can be applied to G1 and G2. The external
magnetic field is parallel to the NW.

GC
G2 V

D

6.1.2

1 m

Calibration of pulses

The experiments presented in the following sections require square pulses ranging
from a few nanoseconds up to microseconds. These signals are generated with a
Tektronix AWG520 arbitrary waveform generator. The nominal rise time of pulses
generated with the apparatus is < 1.5 ns. It provides a time resolution of 1 ns for
the waveform definition.
The quality of the complete setup including cables and device can be characterized at low temperature during the experiment by pulse measurements. We tune the
double dot (Fig. 6.3) to a regime of spin-blockade, similar as described in Sec. 4.2.
As shown in the left panel of Fig. 6.4, the current is suppressed by spin-blockade
inside the base region of the current triangle around the triple points at finite bias.
We observe a baseline for the ground state transition and an excited state line in the
tip of the triangle. The characteristic magnetic field dependence of these resonances
and the involved spin states are further discussed in Sections 6.2, 6.3. The situation
differs from Sec. 4.2 in two important aspects. First, the electronic temperature
with the high frequency setup connected is higher - around 130 mK, estimated from
the width of Coulomb peaks (see Appendix A). Second, spin-blockade is observed in
the many electron regime in the present case. We estimate a number of around 50
electrons in the double dot.
One advantage of spin-blockade for pulse experiments is, that the width of the
peaks is not affected by the bias voltage. A current peak arises only, if levels in the
two dots are resonant - which is in contrast to a Coulomb blockade peak where a
bias-voltage increases the peak width. Hence spin-blockade allows to work at finite
bias, which minimizes disturbing effects such as rectification of high frequency noise
[55]. To calibrate the setup, we admix square pulses to one of the gates and measure
the current as a function of the two DC gate voltages. Note that the integration time
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Figure 6.4: Left panel: Current through the device shown in Fig. 6.3 as function of
the gate voltages at bias 0.7 mV. Spin-blockade suppresses current inside the triangle
between the resonant peaks for ground state and excited state transition. Along the
axis ε, levels in the two dots are detuned. Right panels: Adding square pulses
(50 MHz) to G1 (G2) splits the peaks by ∆1 (∆2 ). This splitting allows to calibrate
the setup as described in the text.

of the ampere meter is 0.2 s here. Each point is therefore an average over a large
number of periods. The right panels of Fig. 6.4 show the result, when square pulses
with output peak-to-peak amplitude 50 mV are applied at a frequency of 50 MHz
(corresponding to 20 ns step length of the pulse). We observe a clear doubling of the
charge stability diagram. When pulsing gate G1 (G2), the peaks are doubled with
splittings ∆1 = 0.8 mV (∆2 = 0.75 mV) along the corresponding gate axis. The
height of the current peaks is approximately half of the full value. Moreover, the
width of the peaks is not substantially broadened. These observations indicate, that
the pulse shape at the sample is a well defined square without significant rounding of
the pulse edge on this timescale. We also conclude that the electronic temperature
is not substantially increased by the pulses. The bandwidth of the setup has to be
much higher than the 50 MHz for well-defined square pulses. The limit set by the
bandwidth is manifested in the effective rise time of the pulses. With the described
setup, we can effectively apply voltage pulses with a typical rise time of around 2 ns
to G1, G2. Since the splitting is almost completely parallel to the axis of the pulsed
gate, the cross-talk between the gates can be ignored for the pulse experiments in
the remainder of this chapter.
From the peak splittings we calculate conversion factors between the output
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voltages V1 , V2 of the pulse source and the effective pulse amplitude at the sample:
∆1 /V1 = 0.016 and ∆2 /V2 = 0.015. These values are consistent with the in-line
attenuation of the setup (−10 dB additionally inserted at the input of the cryostat,
−20 dB at 1K-pot, −3.. − 5 dB measured attenuation of cables and bias-tee in the
range up to 100 MHz). We find only a weak dependence of the conversion factors
on frequency for square pulses up to 300 MHz. For higher frequencies, resonances in
the setup modify the voltage amplitude at the sample, as discussed in the following
section.

6.1.3

Photon assisted tunneling

When a mesoscopic device at low temperature is connected to a “warm” environment with high bandwidth wiring, high frequency photons can excite transitions
between the quantum states. This may be considered as a parasitic effect, leading
to peak broadening and decreased resolution (discussion see [5, 115]). Controlled
Photon Assisted Tunneling (PAT) [116, 117] can also be used to characterize the
high frequency properties of the setup. This has been systematically employed to
determine the voltage drop across the tunnel barriers of a double quantum dot under
GHz irradiation [9, 55].
Here we briefly present PAT measurements in our setup to further characterize
its properties. The spin-blockaded transport in the left panel of Fig. 6.4 shows one
current peak from the ground state transition at detuning ε = 0 eV and one due
to transitions to the excited triplet state in dot 2 at ε ≈ 400 µeV. The effect of
microwaves with a frequency of f = 10 GHz applied in continuous wave to gate G1
is shown in Fig. 6.5(a). We plot the current as a function of detuning ε and the
output power P of the microwave source. For small power (P < −20 dBm), the two
resonant current peaks for ground state and excited state can be identified. Both
resonances are broadened, if the power is increased.
This is consistent with PAT due to high frequency modulation of the tunnel
barrier between the dot, as modeled in Ref. [116]. Photon absorption or emission
enables transport through virtual states, leading to side peaks detuned by εph = nhf
from the resonance, with n = ±1, ±2, ... . For 10 GHz, the expected spacing of these
side peaks is hf ≈ 40 µeV. This value is consistent with the weakly resolved fine
structure in the ground state transition of Fig. 6.5(a) (which is only a bit larger than
the peak broadening without high frequency excitation in this experiment). In the
model of Ref. [116], the intensity of the satellite peaks is very small for processes involving absorption/emission of a large number n of photons. The probability for the
processes depends on the amplitude VAC of the actual voltage drop across the barrier. An n-photon process contributes significantly to transport, if n < |eVAC |/hf .
This predicts a linear envelope function for the broadened current resonance, i. e. a
square-root dependence on the power as observed in Fig. 6.5(a).
The detected voltage drop at the barrier is only compatible with the in-line
attenuation of the setup, if a substantial contribution of the cables is included.
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Figure 6.5: Current through the spin-blockaded double dot at finite bias 0.7 mV under microwave irradiation. The high frequency signal is applied to G1 (see Fig. 6.3).
(a) Current as a function of output power and detuning ε (as defined in Fig. 6.4).
The frequency is f = 10 GHz. With increasing power, photon assisted tunneling
broadens the peaks of the ground state transition around ε = 0 eV and at the excited state ε ≈ 400 µeV. (b) Current as a function of frequency and detuning at fixed
output power −10 dBm. Resonances in the circuit lead to non-monotonic behavior
of the peak broadening.

In Fig. 6.5(b), we investigate the photon assisted peak broadening as a function
of the excitation frequency. The output power is fixed to −10 dBm, as indicated
by the dashed line in Fig. 6.5(a). Strikingly, the peak is not broadened for certain
frequencies. This implies that no voltage drops at the device under these conditions.
In principle, the frequency dependence of the attenuation of a coaxial cable follows a square-root curve. However, resonances forming in the circuit (e. g. between
connectors at different stages of the cryostat) can modify the effective attenuation in
a non-monotonic way. We do not find these strong resonances up to frequencies of
several hundred MHz. This is in agreement with the pulse calibration measurements
described in the previous section. We conclude that resonances is the circuit do not
affect pulses longer than a few nanoseconds.

6.2

Role of spin for charge pumping

In this section, the pumping of single electrons through the double quantum dot
is investigated. If the system contains two (excess) electrons, this can be used to
probe the spin transition rules that give rise to the spin-blockade at finite bias as
observed in Fig. 6.4. We find that the pumped current is significantly reduced, if
electrons are pumped in the direction of spin blockade compared to the opposite,

82

6.2. Role of spin for charge pumping

non-spin selective direction. This effect is cancelled, if a strong magnetic field lifts
the spin-blockade by hybridizing the spin states or if the pumping period is slower
than the typical decay time for the spin states.

6.2.1

Single electron pumping in a double quantum dot

A double quantum dot in Coulomb blockade can be used to shuttle individual carriers
between the reservoir contacts at zero bias voltage [118]. In this classical mechanism,
transport is induced by a periodic modulation of the potential along the device,
which loads and unloads the two dots sequentially. The accuracy of such pumps can
be increased by extending the principle to several quantum dots connected in series
[119]. In nanowires, the natural confinement in the lateral direction leaves only one
unconstrained axis for carrier transport. This makes them appealing objects for
pumping applications. The described “peristaltic” pumping of single electron has
been demonstrated in a gated InAs nanowire up to about a MHz [120].
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Figure 6.6: (a) Current as a function of the two gate voltages measured at small
bias, VSD = 10 µV. The green dotted lines sketch the charge stability diagram with
the electron occupation numbers. (b) Charge pumping in the same region of the
charge stability diagram. Current is measured at zero bias as a function of VG1 and
VG2 . Circular voltage loops (as indicated) with a period of 100 ns are admixed to
the gate voltages. Carriers are pumped only, if the loops circumscribe a triple point.
The pumped current has opposite sign for the two cycling directions.

The principle of pumping is studied in Fig. 6.6. We focus on a region of the
charge stability containing two charge degeneracy points. At very small bias (VSD =
10 µV), transport is only allowed around the triple points as shown in Fig. 6.6(a).
Faint current lines arise due to cotunneling when the electrochemical potential for
a transition in one of the dots is in resonance with the electrochemical potential in
the leads. This allows to construct lines indicating the transitions between different
electron occupation states (n, m) in the charge stability diagram - as sketched with
green dotted lines.
In Fig. 6.6(b), the time averaged current is plotted, when 90 degree phase shifted
sinusoidal voltages with period T = 100 ns are added to VG1 and VG2 . The slow
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measurement in the VG1 -VG2 -plane effectively shifts the fast circular voltage loops
sketched in the plots through the charge stability diagram. This time, no bias
voltage is applied across the device (VSD = 0 V). Current is only pumped, if the
loops circumscribe a triple point in the charge stability diagram. The sign of the
pumped current is opposite at two adjacent triple points and inverts when reversing
the cycle direction.
These outcomes are readily understood with occupation cycles of the double
dot. If the gates are pulsed clockwise around the lower triple point, one passes
through the states (n, m),(n + 1, m),(n, m + 1) and back to (n, m). This shuttles an
electron from source to drain and leads to negative current in our sign convention.
A clockwise loop around the upper triple point corresponds to the occupation cycle
(n + 1, m + 1)-(n, m + 1)-(n + 1, m)-(n + 1, m + 1). Here, a hole is transported from
source to drain, which yields positive current. Reversing the cycle direction inverts
all occupation cycles and therefore the sign of the pumped current.
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Figure 6.7: (a) Sketch of the charge stability diagram and the pumping loop. The
voltages are switched between the corners with a typical pulse rise time of 2 ns. (b)
Pumped current for the cycle described in (a) as a function of the position of the
(n, m + 1)-corner. The period of the cycle is 300 ns. Pumping is only efficient, if the
corner is chosen inside the pumping triangle, where direct transitions from (n+1, m)
to (n, m + 1) take place (left level scheme). Outside this region, transitions via
intermediate states suppress charge pumping (right level scheme).
Two details of the cycles strongly influence the pumping efficiency. First, the
size of the pumping loop cannot be chosen arbitrarily large. Second, the mechanism
requires transitions between the occupation states, which are slower than the time
associated with the tunnel coupling. For further investigations, we use a triangular
pulse scheme around a triple point as sketched in Fig. 6.7(a). The gates are switched
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between the corners along the dotted lines with the rise time of the setup (≈ 2 ns,
see Sec. 6.1.2) and equal waiting times are spent after each switch, determining the
total period. In Fig. 6.7(b) we plot the pumped current for this cycle with a period
T = 300 ns as a function of the position of the (n, m + 1)-corner. The other corners
of the loop are chosen close to the triple point in appropriate positions. To increase
the sensitivity, the current is averaged over 2 s at each point. The charge stability
diagram is outlined by blue dashed lines. Pumping is only efficient, if the swept
position of the cycle corner is within a triangular region. This “pumping triangle” is
constructed by continuation of the lines representing the charge transitions (n, m)(n + 1, m) and (n + 1, m)-(n + 1, m + 1).
The occupation numbers in the charge stability diagram denote the ground state
configuration at the particular gate setting. If the cycle corner is inside the pumping
triangle, the only accessible state from (n + 1, m) is the ground state (n, m + 1)
as indicated in the left level scheme in Fig. 6.7(b). Outside the pumping triangle,
another state is energetically accessible between the initial (n + 1, m) and the final
(n, m + 1) state. For example, at the position referred to by the arrow from the
right level scheme, the transition can take place via (n, m). The effective process
(n, m)-(n + 1, m)-(n, m)-(n, m + 1)-(n, m) does not transport an electron. Similar
arguments can be given for the position of the (n + 1, m)-corner of the loop.
For the following measurements, we chose the geometry of the pulse cycles appropriate to avoid the described charge escape processes. In this case, we observe charge
pumping with the full efficiency of one electron per cycle. An example is shown in
Fig. 6.8. Here the pumped current is plotted as a function of cycling frequency. The
lowest red curve is an example for a loop (n, m)-(n, m + 1)-(n + 1, m)-(n, m). One
electron per cycle is transported from drain to source up to frequencies of several
MHz.
The velocity of the gate transition also affects the pumping efficiency. The tunnel
coupling t in the present situation corresponds to timescales h/t < 1 ns. This upper
bound is estimated from measurements as in Sec. 4.3.2 (see also Fig. 6.13). The
pulses with rise time ≈ 2 ns are slow with respect to the tunnel coupling. According
to the adiabatic theorem, the charge configuration (n, m) during the cycle therefore
follows the ground state given in the charge stability diagram. Non-adiabatic pulsing
would partly populate excited occupation states, similar as discussed in Fig. 6.7(b).
This would lead to incomplete charge passage and systematically reduce the pumped
current.
We never observe pumping efficiencies higher than one electron per cycle. This
supports that the current is really generated by pumping. An alternative mechanism
could be capacitively coupled rectification of the radio-frequency gate signals. This
can induce much higher currents [81, 121, 122]. Beyond that, the spin dependence
presented in the next chapter is not compatible with a picture of rectification.
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6.2.2

Spin transition rules in pumping

The discussed pumping mechanism is in principle classical and relies on the presence
of Coulomb blockade. Quantum mechanics can influence the mechanism and modify
the pumped current. We investigate the double quantum dot in a regime where it
contains two excess electrons. The spin selection rules due to the Pauli principle
then suppress some of the transitions between the different occupation states. At
finite bias across the device, this gives rise to the spin blockade discussed in previous
chapters.
In this section, we probe the underlying selection rules with pumping cycles at
zero bias voltage. We focus on a region of the charge stability diagram, where the
double dot exhibits the typical indications for spin-blockade as discussed in Sec. 4.2.
The states are conveniently labeled by the number of excess electrons. The pumping
loop described in Fig. 6.7(a) then surrounds a (0, 1)-(1, 1)-(0, 2)-triple point.
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I/e at zero bias as a function of pumping frequency f . The cylce is indicated
in Fig. 6.7(a) with two excess electrons,
i. e. involves (0, 1), (1, 1) and (0, 2). The
lowest curve (red) shows I/e for anticlockwise cycling as indicated in the lower
round inset. For clockwise cycling (see
upper round inset), the pumped current
is significantly reduced by Pauli spinblockade for zero magnetic fields (blue
curve) compared to large fields (green
curve, 1 T). Insets sketch the level energies for the transition (1, 1)-(0, 2) in the
clockwise cycle. For B=0 T (blue), spinblockade suppresses the transition from
triplets T (1, 1) to the (0, 2)-singlet. For
B=1 T (green), (0, 2)-singlet and triplet
become degenerate and are mixed by spinorbit interaction. Then no spin-blockade
occurs.

In Fig. 6.8, the pumped current is shown as a function of cycling frequency.
Current is measured with zero bias across the device and each point is averaged for 2 s
during continuous pumping. The behavior is different for the two possible pumping
directions. The lowest (red) curve shows the result for anti-clockwise cycling (lower
round inset). The current is negative and equal to the elementary charge times
the cycle frequency up to several MHz. When cycling in the opposite direction
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(upper round inset), the current is reversed and the pumping efficiency is sensitive
to magnetic field. For B = 0 T (middle curve, blue), we find a significantly reduced
current compared to the anti-clockwise direction. If a high magnetic field B = 1 T
is applied, charge is again pumped with the full efficiency of one electron per cycle
(upper curve, green).
These observations can be qualitatively understood with the basic singlet-triplet
model of spin-blockade. For the anti-clockwise cycle (lower round inset), the transition from (0, 2) to (1, 1) is always allowed and one electron is transfered from right to
left during each roundtrip. In the opposite direction (upper round inset), the transition from (1, 1) to (0, 2) is spin selective. The three triplets T0,± (1, 1) are blocked
and only the singlet can pass. If all states are populated with the same probability,
this implies a reduction of the pumped current to one fourth. At B = 1 T, the
triplet T+ (0, 2) comes close in energy to the ground state S(0, 2). The states are
then mixed by the spin-orbit interaction. In the present device, we observe a similar
anticrossing as in Sec. 4.3.1, with a singlet-triplet splitting ∆ST ≈ 550 µeV and an
effective g-factor |g ∗ | ≈ 9. As a consequence, spin-blockade is lifted at B ≈ 1 T and
the full pumping current is recovered.

0

decay

I/e (MHz)

10

0

coherent evolution

20 f (MHz) 40

Figure 6.9: Pumped current in spin-blockade direction as a function of cycling
frequency f as in Fig. 6.8, but with an exernal field of 80 mT. The cycle is (0, 1)(1, 1)-(0, 2). Spin-blockade reduces the pumping efficiency for 2 MHz ≤ f ≤ 8 MHz
(green points). For smaller frequencies, decay of the spin states releases the spinblockade (blue region). Coherent evolution of the spin states modifies the pumped
current for high frequencies leading to a large spread in the data points (red region).
Quantum mechanical time evolution of the relevant spin states can modify the
pumped current beyond the described selection rules. In Fig. 6.9 the pumped current
is plotted as before as a function of frequency, but with an external field of 80 mT
applied. For pumping frequencies between around 2 and 8 MHz (green data points),
spin-blockaded pumping with reduced efficiency is observed as in Fig. 6.8. If the cycle
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is passed with a frequency smaller than about 1.5 MHz, the full pumping efficiency
of one electron per cycle is recovered (blue data points). This can be understood
with a decay of spin-blockade, if the waiting time in the relevant states is longer
than ∼ 200 ns. For high pumping frequencies on the other hand, the values of the
pumped current are spread with a large variation. As discussed in the following
section, this is related to periodic oscillations in time. These appear to be due to
coherent evolution of the involved spin states, if the waiting time in the states is
below 100 ns.

6.3

Spin dynamics in pumping

As discussed in the previous section, the quantum dynamics of the participating
spin states modifies the pumped current. A shortcoming of the described pumping
experiment is, that the pulse cycle does not distinguish between the time evolution
in the different states.
To answer the question in which of the states the observed time dependence
originate, we modify the pulse sequence. Now only the time spent in one of the
corners is varied, while the remaining two waiting times are kept constant at 50 ns.
In the following, we denote with t(0, 1), t(1, 1), t(0, 2) the waiting times in the states
(0, 1), (1, 1) and (0, 2). The transition between the corners of the pulse loop is again
characterized by the effective pulse rise time of about 2 ns. For a tolerable signalto-noise ratio of the pumped current, the total cycle times should be shorter than
≈ 2 µs (corresponding to ≈ 80 fA pumped current).
In Fig. 6.10(a), raw data for these measurements are shown. We plot the pumped
current as a function of the cycle period for two different time sequences. The total
period is T = (50 + 50 + x) ns composed of two constant waiting times of 50 ns and
a varied time step x. The measured current includes a constant offset due to the
measurement electronics (current-voltage converter with amplification factor 1010 ).
If x = t(0, 1), the current follows a 1/T -curve up to 1.8 µs (black triangles and red
line). The reduction of the pumping efficiency to a factor of 0.6 is consistent with
the spin-blockaded pumping described in Sec. 6.2.2. For the time dependence on
x = t(1, 1), we observe a different behavior (green dots). If t(1, 1) is smaller than
around 200 ns, the pumped current is consistent with spin-blockaded transitions.
For large t(1, 1), the pumping efficiency reaches the full value of one electron per
cycle (dashed blue line). This is in agreement with the recovery of full pumping
efficiency for small frequencies in Fig. 6.9.
To better understand this relaxation process, we analyze the time averaged
number of pumped electrons per cycle hN i = (I − Ioffset )/(e/T ). In Fig. 6.10(b),
hN i is plotted as a function of the waiting time in one state x, while the others are kept at 50 ns. As mentioned before, no time dependence is observed in
t(0, 1). For long t(1, 1), hN i reaches one electron per cycle. The quality of the
data does not allow a quantitative analysis. To assist the interpretation, we plot
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Figure 6.10: (a) Pumped current as a function of cycle period T . The pumping loop
is (0, 1)-(1, 1)-(0, 2). Only one time step x is varied, while the two others are fixed at
50 ns. The current axis contains an offset due to amplifier electronics. An external
magnetic field of 90 mT is applied. (b) Time averaged number of pumped electrons
per cycle hN i, plotted as a function of the varied time step x. An exponential decay
curve with τ = 250 ns is given for comparison (dashed line, see text).

an exponential decay curve from blockaded pumping to full pumping hN i(t(1, 1)) =
1 − (1 − 0.25) exp(−t(1, 1)/τ ) with a characteristic decay time τ = 250 ns (dashed
line). We observe no dependence on the time spent in the (0, 2)-state within the
time limit set by the signal to noise ratio. This may come as a surprise, if one
expects singlet-triplet dephasing or relaxation as the general origin of spin-bockade
decay.
In the following, we focus on the time evolution of the (1, 1)-states, where the two
electrons are distributed between the two dots. We find coherent oscillations between
spin states on timescales up to ∼100 ns and long time decay with a characteristic
timescale of ∼300 ns.

6.3.1

Coherent evolution of spin states

First, the time dependence of the pumping current for short waiting times in (1, 1) is
investigated. To maintain a well detectable signal, the total cycle period is fixed to
140 ns. Since hN i only depends on t(1, 1) for these timescales (see previous section),
we fix t(0, 2) = 20 ns and compensate the time spent in (1, 1) by shortening the time
in the initialization state correspondingly.
As shown in Fig. 6.11(a), hN i exhibits damped oscillations with a period of 9.4 ns.
This time does not change with magnetic field (see curves for 0 T and 100 mT). A
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Figure 6.11: Average number of pumped electrons per cycle hN i as a function of the
waiting time t(1, 1). (a) Dependent on the external field, hN i shows oscillations with
a period 9.4 ns and characteristic decay time of 25 ns (for 0 mT) and 45 ns (100 mT).
(b) When changing the initialization state of the cycle, the phase of the oscillations
changes by π. Cycles are (0, 1)-(1, 1)-(0, 2)-(0, 1) (blue dots) and (1, 2)-(1, 1)-(0, 2)(1, 2) (black rhombs).

pure exponentially decaying function cannot be fitted to the damping of these oscillations. Nevertheless it allows to estimate a decay time, which increases monotonically
from 25 ns at 0 T to 45 ns at 100 mT.
Surprisingly, the phase of the oscillations depends on the way the two-electron
state is loaded, as shown in Fig. 6.11(b). Moving the initial state from (0, 1) to
(1, 2) in the charge stability diagram results in a phase shift of π. Note that in both
cases, the charge is pumped in the direction of spin-blockade, i. e. with a transition
(1, 1)-(0, 2).
The oscillations in t(1, 1) are robust against variation of the times t(0, 2) and
t(1, 2). In Appendix C, several other configurations for the time steps are investigated, supporting that the origin of the oscillations is an evolution in the (1, 1)
states.

6.3.2

Spin state decay

The long-time dependence of hN i on t(1, 1) is investigated in Fig. 6.12(a). The total
cycle time is again fixed to a constant value, T = 1.2 µs. In this time regime, the
signal still only depends on t(1, 1) as detailed in Sec. 6.3. For times shorter than
around 100 ns, the pumping efficiency is dominated by the oscillations described
above. Since the data points in Fig. 6.12(a) are recorded in steps of 5 ns, the oscillations are not resolved and effectively lead to a spread of the points. A monotonic
increase of hN i is found for longer times. As demonstrated by the different curves,
this effect is much more pronounced at finite field than at B = 0 T. The striking
minimum at t(1, 1) ≈ 160 ns is independent on magnetic field. To exclude a circuit
resonance as the origin of this minimum, we tested that the feature is unchanged
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for different total cycle periods (Appendix C). Beyond that, the minimum is also
present in Fig. 6.10(b), where only t(1, 1) is varied without fixing the period.
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Figure 6.12: (a) Long-time evolution of the average number of electrons per cycle
hN i for different magnetic fields. At small fields, hN i does not reach 1 for times up
to 2 µs. (b) Dependence of the long time limit of hN i (t(1, 1) = 1 µs) on the external
magnetic field B.

In Fig. 6.12(b) the long-time limit of hN i is studied as a function of B-field. The
value at t(1, 1) = 1 µs varies on a field scale of a few mT. It is interesting to note, that
this behavior of the pumped current is in line with the field dependence of the DC
current through spin-blockade at finite bias. For comparison, the current through
the double dot at finite bias VSD = 0.7 mV is plotted as a function of detuning ε
and magnetic field B in Fig. 6.13(a). We observe a similar behavior as in Sections
4.2.2 and 5.2.1. Sequential transport from (1, 1) to (0, 2) is in principle allowed, if
the relevant levels are within the bias window: 0 ≤ ε ≤ |eVSD |. Around zero field
however, the current in Fig. 1(c) is strongly suppressed due to spin-blockade up to
ε ≈ 550 µeV. Blockade arises once a (1, 1)-triplet is loaded: the state can neither
tunnel to S(0, 2) nor unload again to the source, if it is within the bias window. The
current for ε > 500 µeV then arises, because the (0, 2)-triplets enter the bias window,
which provides a transport channel for the triplets. Not explained by this simple
singlet-triplet model is the strong current which sets in for small finite fields as shown
in Fig. 6.13(b). To our knowledge, this behavior is not reported for GaAs double
dots tuned to a corresponding configuration. The monotonic B-dependence of both
the pumped current and the DC current is consistent with spin-orbit mediated
relaxation, which is strong in InAs nanowires compared to GaAs [2, 42, 123].

6.3.3

Discussion

It is by now well established theoretically and experimentally, that the dominating
source for spin state decay in GaAs double quantum dots is the hyperfine interaction of the electrons with the nuclear spins of the host material [65, 66, 68]. The
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Figure 6.13: (a) Current ISD for finite bias VSD = +0.7 mV as a function of magnetic field B and detuning ε. The axis ε defines the detuning of the elelctrochemical
potential levels in the two dots at the (1, 1)-(0, 2) transition. Spin-blockade suppresses the current around B = 0. (b) Cross section along ε = 3 µeV as indicated
by the dashed line in (a).

experimentally observed relaxation and dephasing can be quantitatively modeled by
theories taking into account only this type of mixing [51, 53, 70, 94].
We investigate double dots realized in InAs nanowires. A main difference to GaAs
is the strong spin-orbit interaction. This additional spin dependent interaction could
drastically change the electronic states in quantum dots.
To understand the role of the spin states in the pumping experiments, we sketch
the evolution of the levels along a pumping cycle in Fig. 6.14. The corners of the
pulse cycle are labeled (I), (II) and (III). They correspond to ground state occupation
numbers (0, 1), (1, 1) and (0, 2) as indicated on top of the diagram. The positions of
the corners are chosen so that transitions between the charge states are direct and no
escape processes via intermediate states reduce the pumped current (see discussion
in Sec. 6.2.1). In the corners of the loop, the waiting times t(0, 1), t(1, 1) and t(0, 2)
are spent. The transition between the corners is carried out as fast as the rise time
≈ 2 ns of the pulse. During the cycle, tunneling and spin dependent coupling induce
transitions between the levels. The transitions are indicated by arrows. We can
readily separate processes which lead to pumped current (full arrows) and those
where transitions only shuttle electrons back and forth in a cycle (dashed arrows).
For the two-electron states, we use the singlet-triplet picture described in Sec. 4.1.
However, the nature of the levels could be very different from this scheme due to
spin-orbit interaction. We are not aware of reported model calculations for double
dot states in presence of spin orbit interaction. Because the singlet-triplet splitting
for (0, 2)-states is still larger than the observed energy scale associated with the
spin-orbit coupling (see Sec. 4.3.1), the states on the (0, 2) side are probably well
described as triplets T0,± (0, 2) and singlet S(0, 2).
Between cycle steps (II) and (III), there are several points where the two-electron
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levels would cross. In the presence of a mixing mechanism, hybridization of states
leads to avoided crossings at these points. Around zero detuning ε = 0, the tunnel
coupling t mixes the singlet states S(1, 1) and S(0, 2). In the case of finite magnetic field as shown in Fig. 6.14(b), hyperfine mixing leads to anticrossings between
T± (1, 1) and the singlet branches (see Sec. 4.4.1). Additional coupling of singlets
and triplets arises due to spin-orbit interaction.
The energy splitting ∆ of the anticrossing determines the process during a passage due to a gate pulse. If the corresponding timescale ∼ h/∆ is fast compared
to the rise time of the pulse, then the system follows the low energy state of the
avoided crossing.
The processes along the cycles can be understood as follows:
(I)-(II)
An electron is loaded to the initial (0, 1)-state. At finite field, this level is a Zeeman
doublet. For simplicity, the splitting is neglected in Fig. 6.14(b).
(II)
Time evolution between the different (1, 1)-states.
(II)-(III)
This is the spin-dependent readout step. At this transition, the scheme selects those
states that transfer into S(0, 2). Only these processes give rise to pumped current
during the next step of the cycle. Therefore the spin-blockaded pumping experiment
probes the overlap with S(0,2).
(III)
The ground state is well described by the singlet S(0, 2). A time evolution between
the excited states does not change the signal, because all transition from these states
do not contribute to pumped current during the next step. We did not observe a dependence on t(0,2), see Sec. 6.3. We conclude that there are no relaxation processes
in step (III) on the timescale of a few µs. For this reason we do not draw transition
arrows here.
(III)-(I)
Unloading the second electron to (0, 1). Only transitions from the lowest branch
S(0, 2) lead to a pumped current.
The above scheme provides a qualitative explanation for the magnetic field dependence of hN i in Fig. 6.12. At B = 0 T, all (1, 1) are close in energy in step (II),
as sketched in Fig. 6.14(a). During the waiting time t(1, 1), these states are mixed
by the different spin coupling mechanisms. As discussed in Sec. 6.2.1, the transition
from (1, 1) to (0, 2) is adiabatic compared to the tunnel coupling. Therefore the
system follows the particular ground state during the transition. Only electrons
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that end up in S(0, 2) yield a pumped current after step (III). Therefore the number
of pumped electrons per cycle hN i represents the ratio of states with and without
overlap with S(0, 2). Depending on the structure of the levels and the amount of
mixing, we expect a ratio between 0.25 (only one of the four (1, 1)-states can pass)
and 1 (all states overlap with S(0, 2)).
At finite magnetic field, the (1, 1)-triplets are split by the Zeeman energy, as
shown in Fig. 6.14(b). Therefore relaxation towards the ground state is possible
during the waiting time t(1, 1) in step (II). This is a process with a preferential
direction, in contrast to mixing between the quasi degenerate states at B = 0 T.
It is important to notice, that an increased population of this ground state can
enhance the pumped current in the remaining cycle shown in Fig. 6.14(b). Between
steps (II) and (III), the discussed ground state is hybridized with S(0, 2). The
energy gap of this anticrossing is determined by the contributing mixing energy. In
the present device, we estimate a hyperfine coupling energy of ∆HF ∼ 1 µeV and
a much larger spin-orbit coupling ∆SO ∼ 50 µeV (at a magnetic field of 1 T). The
values are extracted from measurements similar to the ones described in Sections 4.3
and 4.4. The correspoding timescales (h/∆HF ∼ 4 ns, h/∆HF < h/∆SO ) are in the
range of or faster than the pulse rise time. The transition at the avoided crossing
is therefore to some extend adiabatic and the current-generating state S(0, 2) is
populated. This explains an increased value of hN i at long waiting times t(1, 1) for
finite magnetic field. In Fig. 6.12, hN i reaches the maximum value of 1. Within the
described model this implies, that the transition from the (1, 1) ground state to step
(III) is completely adiabatic. This could be explained by a significant widening of
the discussed anticrossing due to the spin-orbit interaction.
The observed B-field dependence on the waiting time t(1, 1) is also consistent
with spin-orbit interaction. Energy conservation requires a dissipation to the environment for the relaxation during step (II). To enable relaxation mediated by
spin-orbit interaction, the responsible mechanism has to provide electric field fluctuations [59, 60]. For the energy scale of the Zeeman splitting (typically 10 µeV
in the field range considered here, with |g|∗ ≈ 9), the most probable dissipation
source is the phonon bath. Electric fields are generated by deformation of the crystal lattice which alters the bandgap in space (deformation potential phonons) or by
strain in polar semiconductors as InAs (piezo-electric phonons). In both cases, the
phonon density of states increases with energy leading to a monotonic increase of the
spin relaxation rate [2]. Different power-law characteristics are reported depending
on the involved phonon mechanisms for single spin Zeeman levels [72, 73] and for
two-electron states [74, 75] in GaAs quantum dots.
Hyperfine interaction has an opposite influence on the magnetic field dependence
of the decay of the (1, 1)-states. In this case, a finite magnetic field effectively reduces
the mixing between the states and restores the spin-blockade as discussed in Sec. 4.4.
This mechanism therefore leads to a drastic increase of dephasing- and relaxation
times with magnetic field [51, 70].
The magnetic field dependences for the pulse experiments (Fig. 6.12) and for DC
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measurements (Fig. 6.13) are qualitatively similar. We conclude that spin-blockade
is broken mainly due to mixing and relaxation between the involved (1, 1)-states.
The magnetic field dependence indicates a dominant role of spin-orbit interaction
for this decay.
The fact that coherent oscillations are observed in the time averaged current
requires preferential initialization to a subset of the possible (1, 1)-states. This
initialization preference changes from “blocking” to “non-blocking” states, if the
occupation number of the “starting” configuration is switched from (1, 2) to (0, 1).
An external magnetic field does not vary the oscillation period, which would be
expected for a magnetic field dependent splitting between singlet and triplets. With
the accessible gate voltage resolution and the stability of the sample, we could not
change the oscillation period by a variation of detuning. A systematic investigation
with different tunnel coupling energies was also not possible. So far, the nature of
the states that participate in the oscillations remains to be resolved.

6.4

Conclusion

In GaAs quantum dots, relaxation times ranging from µs to ms have been reported
for two-electron states confined in one dot, see e. g. [53, 74]. Dephasing times
for states of spatially separated spins are around 10 ns [51, 71]. In our pumping
experiments, the time dependence of the spin-blockade originates mostly from the
(1, 1)-states on the accessible timescale 5 ns-2 µs. We find no evidence for significantly increased spin relaxation in the (0, 2)-regime due to the strong spin-orbit
interaction in InAs compared to GaAs.
Pumping through spin-blockade reflects the selection rules for the spin-blockaded
transition (1, 1)-(0, 2). The pumping scheme allows to observe coherent evolution of
the involved (1, 1)-spin states and decay of the spin-blockade. The latter is consistent
with spin-orbit mediated relaxation and energy dissipation to the phonon bath.
Given these observations, the level scheme for the states in InAs double quantum
dots might be substantially modified from the convential singlet-triplet model.
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Figure 6.14: Scheme of the the double dot energy levels along the pumping cycle
through spin-blockade (singlet-triplet model). Full and dashed arrows indicate level
transitions, which do or do not yield a pumped current (inset). (a) At zero magnetic field, the (1, 1)-states are almost degenerate in step (II), which enables mixing
between them. In the transition (II)-(III), tunnel coupling induces an anticrossing
between S(1, 1) and S(0, 2). (b) For B > 0, the (1, 1)-states split and relaxation is
possible towards the ground state. Between (II) and (III), additional anticrossings
occur between the split states and S(0, 2).
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Appendices
A

High frequency setup

During the construction of the pulsed-gate setup (Sec. 6.1.1), several measurements
were performed to characterize the cooling and filtering effects of the individual
components (labeled (I) to (IV) in Fig. A.1).

DC input

(III)

AC input
300 K

RF feedthrough filter

(IV)

4.2 K
1.8 K

(II)

800 mK

20 mK
DC

Figure A.1: Scheme of the temper-
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for DC signals are resistive twisted
pairs. Coaxial cables carry high frequency signals from the cryostat top
to the mixing chamber. For details
see Sec. 6.1.1. Thermal anchors are
colored blue. The effect of the components at positions (I)–(IV) are investigated in this appendix.

Cold bias-tee – stage (I)
The carriers in the inner conductor of the coaxial cables are not easily cooled by
the thermal anchors. Ideally, a bias-tee decouples the inner conductor electronically
from the sample. The AC signal is capacitively added to the DC line at the mixing
chamber. In the following, measurements with a setup containing only coaxial lines
and a bias-tee are presented (component (I) in Fig. A.1).
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Figure A.2: (a) Nanowire with diameter around 110 nm, gate width 80 nm, spacing
between fingers 110 nm. Ohmic contacts S and D. The substrate is intrinsic GaAs,
which is insulating at low temperature. Coaxial cables connected via bias-tees to
G1 and G2. (b) Coulomb diamonds for the quantum dot formed between G1 and
G2, when GC is used as a punger gate. Lever arm αC = 0.3. The AC inputs on
top of the cryostat are grounded. (c) Coulomb peaks at zero and small finite bias.
From the width, an effective temperature 800 mK can be estimated.

An SEM image of the device is shown in Fig. A.2(a). The outputs of the bias-tees
are connected to the side-gates G1 and G2, the center gate is connected to a standard
DC cable. This gate is not well defined. Most likely it toppled over during the liftoff process. A single quantum dot can nevertheless be formed by applying negative
DC voltages to the side gates via the bias tees. The corresponding AC inputs on
top of the cryostat are grounded. During the measurement, the base temperature
of the mixing chamber was Tbase = 50 mK, which is close to the standard values
for other measurements with this cryostat. Heating of the mixing chamber due to
direct thermal conduction is therefore small.
Coulomb diamonds can be measured using GC as a plunger gate, as shown in
Fig. A.2(b). The corresponding Coulomb peaks are plotted in Fig. A.2(c). They have
asymmetric shape and the tails are widened. For small bias, the width allows to
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estimate an effective temperature of 800 mK, i. e. more than an order of magnitude
larger than the base temperature. Even at zero bias (red curve), a finite current is
observed, which changes sign at the Coulomb resonance. This indicates rectification
of an excitation, which is asymmetrically coupled to the barriers of the dot [117, 124].
The sign of the excited current changes, when the dot level is above or below the
Fermi energy of the leads. For a similar argument in a double dot see [115].

Cold bias-tee and cold attenuator – stage (II)
Additional cooling and filtering can be achieved by inserting attenuators in the
coaxial line (component (II) in Fig. A.1). This is most efficient at one of the low
temperature stages. As an intuitive picture, electrons are cooled by scattering inside
the thermally anchored attenuator. The 1K-pot is a suitable location, because it
can be adjusted separately from the dilution unit and has a comparably large excess
cooling power.
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Figure A.3: (a) Three-terminal ring defined by AFM lithography. For the measurements shown in this figure, it is operated as a quantum dot between contacts (1)
and (2). Terminal (3) is pinched-off and used as a gate, to which the output of the
bias-tee is connected. (b) Coulomb peaks at positive bias (dotted line). Solid lines
are fits to the central peaks with the theory of temperature broadened resonances
(see text). The inputs of the coaxial cables on top of the cryostat are grounded. All
plunger gates P G are varied simultaneously. (c) Same for negative bias.

For further characterization of the setup, we use the device shown in Fig. A.3(a).
It is a three-terminal ring fabricated by AFM lithography on a GaAs/AlGaAs heterostructure with a two-dimensional electron gas (2DEG) 34 nm below the surface.
The device is well characterized in several measurements (e. g. [125, 126]) and yields
very reproducible results. It can be operated as an open ring or a quantum dot.
Each of the three terminals (1), (2) and (3) can be used as a contact or be pinchedoff with a neighboring side-gate SG. In this case, the terminal can be used as a gate
with leverarm of ∼ 10%. The plunger-gates P G are employed to tune the potential
in the structure.
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High bandwidth gate
First, we investigate a quantum dot defined between contacts (1) and (2). The
coaxial cable is connected via the bias-tee to terminal (3), which is pinched-off by
negative voltage to the proximate SG. The inputs to the coaxial cables on top of the
cryostat are grounded. It is possible to resolve Coulomb blockade. Two exemplary
Coulomb peaks are shown in Fig. A.3(b) by the dotted line for small positive bias.
They are asymmetric in gate voltage. The central peaks can be fitted with the
predicted shape for a temperature broadened Coulomb resonance [36] (green and red
lines), with an electronic temperature of around 220 mK. The asymmetric shoulders
are much wider than this energy scale. Strikingly, they are shifted to the opposite
side of the resonance, when the bias voltage is reversed, Fig. A.3(c). This is again
an indication of current due to asymmetrically coupled excitation by noise from the
coaxial cable [124].
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Figure A.4: (a) Three-terminal ring operated as a quantum dot between contacts
(1) and (3). Terminal (2) is pinched-off. The output of the bias-tee is connected to
(3). A bias voltage is applied via the DC line of the bias-tee. (b) Absolute value
of dot-current as a function of the two side-gate voltages, which define the tunnel
barriers (SG1, SG3). Bias voltage V13 = 100 µV. The AC inputs on top of the
cryostat are grounded. (c) Current as function of plunger gate voltage VP G for zero
and finite bias. The side gates are fixed at the position of the green dot in (b).

High bandwidth source
The sensitivity to excitations and noise is much higher, if the bias-tee output is
connected to the source contact of the quantum dot. In this case, electrons are
directly provided from the potentially noisy and warm reservoir. To realize this
situation, terminal (2) is pinched-off with its neighboring side-gate. The contact (3)
is opened and a bias voltage is applied via the DC-cable connected to the bias-tee
(i. e. the inductive branch). The AC input on top of the cryostat is grounded. The
current path in this situation is sketched in Fig. A.4(a).

100

Figure A.4(b) shows the absolute value of current between (1) and (3) as a
function of the side-gate voltages. The diagonal resonances indicate the formation
of a quantum dot. Current is suppressed, if the barriers become too opaque. Traces
of the current as a function of the plunger-gate voltages are shown in Fig. A.4(c),
when the side-gates are fixed at the position of the green dot in (b). Even at zero
bias voltage, the current exhibits pronounced oscillations with periodic sign changes.
The amplitude is almost independent of bias voltage for VSD < 100 µV. The width
of one half oscillation (i. e. one “peak”) is almost 100 GHz, which corresponds to a
thermal broadening of almost 1 K.
These features are consistent with rectification of high-frequency noise by photon
assisted tunneling. Photons can excite carriers to virtual states and induce a pumped
current. In a dot with asymmetric coupling, this excitation happens preferentially
from or to one of the leads. The sign of the pumped current therefore depends
on wether the level in the dot is above or below the Fermi energy of the leads.
As detailed in [124], the width of these oscillations corresponds to the excitation
frequency. The current level in this model is almost independent on the bias voltage,
as long as it is significantly smaller than the excitation energy, which is supported
by our observations.
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Figure A.5: (a) Same measurement as in Fig. A.4 (i. e. high-bandwidth source), but
with an additional RF filter inserted to the DC lines at postition (III) in Fig. A.1.
(b) Coulomb diamonds obtained in this situation.

Cold bias-tee, attenuator and filter in DC line – stage (III)
In the above experiments, high-frequency noise should not couple into the coaxial
lines, since they were grounded with RF-tight caps. The questions remains, where
the described excitation energy of ∼ 1 K or 100 GHz originates from.
The DC lines are mainly filtered by the continuous RC-filter realized along the
cold tail on the way from the mixing chamber to the sample (see Sec. 6.1.1). However,
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the DC input to the bias-tee is connected to DC wires at the mixing chamber, i. e.
before the efficient filtering stage at the cold tail. As demonstrated in the following
measurement, this is a short-coming and should be avoided in future setups.
The experiment of Fig. A.4(b) is repeated in Fig. A.5(a), but this time an additional RF feedthrough filter (described in Sec. 6.1.1) is inserted in the DC lines on
top of the cryostat at position (III) in Fig. A.1. The current as a function of side-gate
voltages is an order of magnitude smaller and does not change sign anymore (full
current, not absolute value plotted). Coulomb diamonds showing excited states can
be obtained. From the Coulomb peaks, an effective temperature of 150 mK can be
estimated. However, two peculiarities are observed in these measurements. First,
the peaks still exhibit wide tails and the stated temperature is obtained from the
central peak. Second, if the Coulomb diamonds are plotted with a logarithmic scale
as in Fig. A.5(b), fine lines can be recognized inside the diamonds. These features
are perfectly equidistant with a spacing of ≈ 90 µeV. Their width corresponds to
around 5 mK only. Strikingly the lines have different slopes in different Coulomb
diamonds, but are always more or less parallel to the gate axis. The origin of this
phenomenon remains unclear, but the different slopes for different electronic configuration suggest an origin in the device rather than in the measurement circuit or
electronics.
The comparison of Fig. A.4 and Fig. A.5 demonstrates, that a main source of
high-frequency noise are the unfiltered DC inputs of the bias-tees. According to the
supplier specifications, the DC line is only RF-tight up to frequencies of 80 GHz.
This is in line with our observation that high-frequency filtering for DC inputs
drastically improves the quality of the setup.
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0
15

50 Ohm terminal
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V12=0 µV

VPG (mV)

Figure A.6: Coulomb peak for a
setup with the components labeled
(I)–(III) in Fig. A.1. The device
is operated in the configuration of
Fig. A.3(a). The current is plotted for zero and finite bias voltage,
V12 = 10 µV. For the red curve, the
AC input on top of the cryostat is
grounded with an RF-tight cap. A
50 Ω termination is used for the blue
trace.
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Termination of cables – stage (IV)
The time dependent experiments presented in this thesis are performed with the
output of the bias-tees connected to a gate and not to source or drain. When
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the components (I)–(III) are installed, the setup is satisfactory for this kind of
measurements.
In Fig. A.6, an exemplary Coulomb peak is shown. The device is again operated
as a dot between terminals (1) and (3) and the high-bandwidth line connected to
contact (3) as a gate, see Fig. A.3(a). With zero bias applied (black curve), almost
not excited current is observed and the trace is essentially flat. Applying a small
bias voltage yields a sharp peak. The peak shape is however sensitive to the way
the AC input is terminated on top of the cryostat (position (IV) in Fig. A.1). If the
input is grounded with an RF-tight cap that shorts the inner conductor to the shield
of the coaxial cable, the peak exhibits small shoulders left and right (red curve in
Fig. A.6). Choosing a termination with 50 Ω load impedance (commercial standard
component) cures this problem (blue curve). The resulting peak can be fitted with
high accuracy by the formula for a temperature broadened quantum dot resonance
[36], yielding an electronic temperature of 130 mK.
This observation can be explained by standing waves forming inside the coaxial cable, if the ends are not terminated with matched impedance. In practice,
impedance-matched pulse generators or other electronics is connected to the AC
input. The wide tails are not observed in these cases.
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B

Fast pulses to in-plane gated structures in a
2DEG

Structures defined by AFM lithography are not ideal for pulsed gate experiments.
First, a global back-gate is capacitively coupled to the 2DEG in many heterostructures (also in the one used for the described three-terminal ring). Second, the
in-plane gates are themselves provided by the 2DEG. Both is expected to degrade
pulses applied to the structure, either by capacitive short-cut or by flushing around
carriers.
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Figure B.7: Effect of square pulses on the Coulomb peak shown in Fig. A.6. The
device is operated as in Fig. A.3. The signal is applied to gate (3) and the peak is
measured sweeping the plunger gate P G. (a) Square wave excitation with frequency
5 MHz and different output amplitudes of the waveform generator. (b) For different
excitation frequencies.
In Fig. B.7, the effect of square pulses applied to an in-plane gate on a Coulomb
peak is investigated. The regime is the same as in Fig. A.6. Apart from the components (I)–(III) described in Appendix A, an additional -10 dB attenuator is inserted
at the AC input on top of the cryostat. For square wave pulses with frequencies of
5 MHz, the device behaves similar to the nanowire double dot optimized for pulsed
gates (chapter 6). The peak splits linearly with the amplitude of the applied square
pulse as shown in Fig. B.7(a). This indicates, that the effective pulse shape at the
dot is close to a well-defined square. For details see Sec. 6.1.2. The behavior changes
for frequencies higher than 15 MHz. As shown in Fig. B.7(b), the resonances are then
significantly broadened and exhibit sign changes. A possible explanation is rectification of the gate signal, which is coupled into the source and drain reservoirs inside
the 2DEG. The measurements indicate, that pulsed gate experiments are possible
with in-plane gated structures in 2DEGs for pulse lengths down to ∼ 100 ns.
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C

Robustness of time dependent features

Some times scales in chapter 6 (oscillation period in Fig. 6.11, position of the minimum in Fig. 6.12) cannot be changed by variation of the device properties. In this
appendix, measurements with alternative choices for the time steps are presented.
Since the relevant features are robust against these variations, frequency dependent
resonances in the circuit can most likely be excluded as the origin.
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Figure C.8: (a) Oscillations of the pumped current as discussed in Sec. 6.3.1 for
different configurations of time steps (inset: times in nanoseconds). The cycle is
(1, 2)-(1, 1)-(0, 2). (b) Number of pumped electrons per cycle hN i for different total
periods T and magnetic fields B, as indicated in the inset. The minimum at t(1, 1) ≈
160 ns remains unchanged. An offset current has been subtracted for each curve.
Figure C.8(a) analyzes the oscillations discussed in Sec. 6.3.1. The current is
plotted without conversion into number of pumped electrons per cycle. No features
are observed, if t(1, 2) is varied, while t(1, 1) and t(0, 2) are long (green trace). For
variation of t(1, 1), oscillations are present for different total periods. An example
with different time steps than in Sec. 6.3.1 is plotted with a dashed line. Oscillations
are also observed, if only t(1, 1) is varied. In this case, the overall current level
decreases with t(1, 1), because the pumping period becomes longer (dotted line).
A minimum is observed in the long time dependence of the pumping current on
t(1, 1), as described in Sec. 6.3.2. This feature is also unchanged, if the configuration
of the time steps is varied. A comparison for different total periods is shown in
Fig. C.8(b). The position of the minimum does not shift, when the total time is
increased.
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D

The Nanowire Team

The Nanowire Team (TNT) is an example for a scientific task force working on the
forefront of understanding of Nature (and Science), distinguished by extraordinary
drive, exhilarating team spirit, creative communication skills and reliable friendship.
A successful formation of TNT requires high-quality scientific and social conditions.
To the best of our knowledge, Professor Klaus Ensslin and his group enabled the
establishment of TNT with so far unprecedented splendor.

1m

Figure D.9: In-situ assembly and detection of TNT (courtesy of L. Lammar). True
color plot of the photonic wavelength as a function of spatial coordinates, detected
with a CCD chip camera. Team members are (from left to right): Dr. Renaud
Leturcq, Andreas Pfund, Dr. Ivan Shorubalko. The measurement was performed
under excellent winter sport conditions at a base temperature of around -5 ◦ C in a
standard Swiss skiing resort (Flumserberg, SG).

Skiing excursions have proven to be effective stimuli for the formation, rephasing
and revitalization of TNT. Evidence is provided in Fig. D.9, which shows a rare insitu image of the “teaming” process. Indications of team spirit are clearly visible,
such as smiles suggesting good mood and increased body contact. Small deviations
from team uniformity (e. g. the different winter sport equipment of the left team
member in Fig. D.9) are occasionally observed.
Apart from the scientific contribution, TNT had substantial impact on social life
and leisure time activities of the members, which is beyond the scope of this thesis.
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