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Symbols and abbreviations

Abbreviations

Notation Description

1D
2DES
AC
AlGaAs
BET
CDW
CF
DC
DOS
FQHE
FQHS
GaAs
IQHE

IQHS

one-dimensional
two-dimensional electron system(s)
alternating current

aluminium gallium arsenide
Brunauer-Emmett-Teller

charge density wave

composite fermion

direct current

density of states

fractional quantum Hall effect
fractional quantum Hall state(s)
gallium arsenide

integer quantum Hall effect

integer quantum Hall state(s)



Symbols and abbreviations

MBE
NMR
QW
RF
RIQHS
SAW

SPSL

Symbols

Notation

Ho
KB
12307

uN

molecular beam epitaxy

nuclear magnetic resonance

quantum well

radio frequency

reentrant integer quantum Hall state(s)
surface acoustic waves

short-period superlattice

Description

SAW phase
gyromagnetic ratio
electric permittivity
wavelength

electron mobility
vacuum permeability
Bohr magneton
nuclear magnetic moment
nuclear magneton
filling factor

filling factor in the topmost occupied Landau level



Symbols and abbreviations

0 resistivity

) particle density

o conductivity

T relaxation and scattering time
10} electrostatic potential

P electron wavefunction

We cyclotron frequency

r Landau level broadening

A, energy gap at filling factor v
& =nh/e magnetic flux quantum

c stiffness tensor

e elementary charge

f frequency

gs effective electron g-factor
gN nuclear spin g-factor

h =27h Planck constant

1 subband index

j current density

k wavevector

lB magnetic length

m electron rest mass

m* electron effective mass



Symbols and abbreviations

m; nuclear magnetic quantum number
my proton rest mass

n Landau level index

Ne electron density

nr, Landau level degeneracy

D even integer number

D pressure

p piezoelectric constant

q odd integer number

t time

U displacement amplitude

w quantum well width

A vector potential

Agr hyperfine interaction constant
B magnetic flux density

B* effective magnetic field

D electrical displacement field
E electric field

E. cyclotron energy

Er Fermi energy

E, Zeeman energy

I electrical current



Symbols and abbreviations

Q

Na

P*

<l

nuclear spin angular momentum
nuclear spin quantum number
electromechanical coupling coefficient
Knight shift

length

Avogadro constant

electron spin polarization
electron spin polarization normalized by ny,
nuclear spin polarization
resistance

universal gas constant

cyclotron radius

Hall resistance

longitudinal resistance

electron spin angular momentum
surface area

temperature

nuclear spin relaxation time
stress tensor

voltage

volume

width






Chapter 1

Introduction

The motion of electrons in a three-dimensional solid state system is generally characterized
by numerous degrees of freedom spanning a large phase space. Despite the vast number of
microscopic states, the overall macroscopic behavior of such systems is often rather simple
and can in most cases be conveniently described by only a few quantities. It appears almost
paradoxical that reducing the electronic degrees of freedom, in contrast, yields some of the
most diverse and fascinating phenomena in physics. Constraining the number of allowed
states often entails otherwise more subtle interactions to play a dominant role. The quantum
Hall effect, studied in this thesis, serves as a splendid example of such behavior. It is stage
to a multitude of intriguing phenomena formed by the interplay of competing many-body
interactions. To facilitate the emergence of the quantum Hall effect and the diverse physics
within, constraints must be put on the electrons in different regards.

The first important prerequisite for the existence of the quantum Hall effect is the confinement
of electrons in one direction. A versatile platform to create such two-dimensional electron
systems (2DES) is provided by semiconductor heterostructures. Here, the electrons are kept
in place by an impenetrable barrier formed at the interface of semiconductors with different
band gaps. This system offers a good controllability of the confinement strength as well as
an excellent quality of the 2DES. In recent years, also material systems which naturally
form a two-dimensional electron system have become of major interest (e.g. graphene).

In addition to the confinement of electrons in the direction perpendicular to the 2DES,
the number of allowed states needs to be reduced further. This is done by restricting the
movement also in the plane of the 2DES, not spatially as before but by putting constraints
on the kinetic energy. For this purpose, a magnetic field is applied perpendicular to the
2DES. Quantum mechanics dictates that the kinetic energy of a 2DES condenses into a set
of discrete values if exposed to a strong magnetic field. As a result, the electronic energy
spectrum is composed of highly degenerate, discrete levels separated by the cyclotron energy
— the so-called Landau levels. The degeneracy of each Landau level depends on the magnetic
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field strength. Thus, the filling fraction of the Landau levels, characterized by the filling
factor v, constantly changes when increasing the magnetic field. This important property of
a 2DES lays the foundation of the famous (integer) quantum Hall effect. It manifests itself in
standard electron transport experiments as plateaus in the Hall resistance at integer values
of the filling factor combined with a vanishingly small longitudinal resistance, provided that
the temperature is low enough to suppress thermal excitations to higher Landau levels [1].

The integer quantum Hall effect (IQHE), whose mere existence can be understood on the
basis of non-interacting particles, forms the framework for a remarkable collection of strongly
interaction-driven phenomena. As all electrons within a Landau level have the same kinetic
energy and excitations to higher Landau levels are frozen out, the physics at partial filling
is dominated by the interplay between Coulomb, Zeeman and exchange interactions. This
situation is most evident in state-of-the-art GaAs/AlGaAs heterostructures — up to date the
superior platform to study many-body interactions in the quantum Hall regime. At high
magnetic fields, when the lowest Landau level is partially occupied, fractional quantum Hall
states (FQHS) emerge [2]. These quantum Hall states at fractional filling factors share the
appearance of the IQHE but are of a different origin. They are manifestations of a collective
state which arises from many-particle Coulomb interactions. At certain commensurate
ratios of the charge and magnetic flux density, the electrons can lower their Coulomb energy
by binding to magnetic flux quanta. This correlated state gives rise to a fascinating and
counterintuitive breed of quasiparticles, so-called anyons. They bear fractional charges and
exhibit an exchange statistic different from fermions and bosons. As a clear sign of correlated
physics, the existence of these quasiparticles cannot be understood by extrapolating the
behavior of single electrons.

When looking at higher Landau levels, beyond filling factor v = 4, the situation is drastically
different. No fractional quantum Hall states form here, instead density modulated phases
are prevalent at partial fillings. They arise by the spontaneous ordering of electrons in
spatial patterns with either one-dimensional stripe order (stripe phase) or a two-dimensional
crystalline order (bubble phase) [3]. Such phases constitute an evident signature of systems
with strong competition between attractive and repulsive interactions acting on different
length scales. Similar physics is at play at the formation of stripe and bubble phases in
magnetic and organic films [4]. In the quantum Hall regime, these phases emerge from the
competition between the repulsive direct Coulomb interaction and the attractive exchange
interaction [3, 5]. Their dominance over the fractional quantum Hall effect stems from subtle
differences in the relative strength of these interactions, primarily caused by changes in the
shape and extent of the wavefunction in higher Landau levels. The competition between
density modulated phases and fractional quantum Hall states manifests itself most clearly
in the second Landau level. Here, both phases are of almost equal strength, and minute
changes of the electron density or the magnetic field may induce transitions between them.

The diverse many-body phenomena featured in the quantum Hall regime are enriched even
further by the spin degree of freedom [6]. It leads to an additional splitting of the Landau
levels (Zeeman effect) with sometimes far-reaching consequences. The fractional quantum
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Hall states, for instance, are known to exist with different degrees of spin polarization
depending on the ratio of Coulomb and Zeeman energy. By tuning the relative strength of
both energies, transitions between the respective spin phases can be induced. These spin
transitions are accompanied by the occurrence of ferromagnetic domains [7-9]. Even in
the absence of the fractional quantum Hall effect, complex spin structures do exist such as
skyrmionic spin formations around filling factor » = 1 [10, 11] and a spatially ordered spin
density in the regime of the density modulated phases.

By the wealth of examples given above, the quantum Hall effect appears in metaphorical
terms as a veritable goldmine in the field of many-body physics. To many of the intriguing
phenomena we shall return in the course of this thesis. Special emphasis is thereby put on
the spin physics as well as the density modulated phases in the quantum Hall regime. The
topics covered in detail are outlined below.

e The second chapter treats the basic properties of two-dimensional electron systems
at low temperatures with and without an external magnetic field. At first, details on
the creation of a 2DES in a GaAs/AlGaAs quantum well structure are given. This
is followed by a section about the basic equations of motion in two dimensions. The
main part of the second chapter covers general aspects of the integer and fractional
quantum Hall effect. Special attention is paid to the density modulated phases in the
quantum Hall regime and the exceptional physics of the second Landau level.

e The third chapter is about electron-nuclear spin interactions in the quantum Hall
regime. The coupling of the electronic and nuclear spin system is an often unconsidered
aspect when dealing with the quantum Hall effect. In most cases, this is justified as
it only leads to minor adjustments of the energy scales involved. Here, we explicitly
utilize this coupling to systematically study the low-energetic spin excitations in the
quantum Hall regime by measuring the nuclear spin relaxation rate. Surprisingly, we
find that not only the nuclear spin relaxation is modified at certain filling factors but
also the nuclear spin polarization in thermal equilibrium. This observation is under
close scrutiny in the second part of this chapter.

® The fourth chapter addresses the long-lasting search for the spin polarization of
the wondrous v = 92 state. The origin of the FQHS at v = %2 has attracted a lot
of attention for many years since it cannot be explained by the standard picture
which accounts for most of the FQHS [12]. Over time, alternative theories have been
developed, some of which predict a novel kind of quasiparticles, so-called non-abelian
anyons, to be present at the v = % state [13, 14]. The prospect of finding such
quasiparticles has triggered substantial efforts to unravel the nature of this exceptional
FQHS. An important question in this regard is the spin polarization of the v = %>
state. We have tackled this issue by means of nuclear magnetic resonance spectroscopy.
This technique relies on the characteristic shift of the nuclear resonance frequency in
the presence of a spin polarized electron system (Knight shift). In order to affect the
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quality of the fragile v = 52 state as little as possible, we have employed a sensitive
detection scheme based on changes in the sample resistance under resonant nuclear
spin excitation.

e The fifth chapter deals with the microscopic structure of the stripe phases in the
quantum Hall regime. Thus far, the density modulated phases in the quantum Hall
regime were studied mostly in transport experiments providing only macroscopic access.
Their microscopic nature remains a largely unexplored facet. Here, we address this
topic by employing nuclear spins as local sensors to probe the density distribution
of the stripe phase. For this purpose, as in the previous chapter, the Knight shift
is utilized. A theoretical model is implemented to interpret the observed resonance
behavior. The modulation strength and stripe period can be extracted with the help
of this model.

e The sixth chapter remains in the field of density modulated phases but focuses on a
different aspect. Here, the bubble and stripe phases in the quantum Hall regime are
studied by means of surface acoustic waves. These sound waves sense the conductivity
of the 2DES dynamically with the benefit of a well-defined probing direction. This
property proves to be advantageous especially in the context of density modulated
phases since here the distribution of current flow is influenced decisively by the spatial
density inhomogeneities.

® The seventh chapter provides a summary of the present thesis.

e Appendix A specifies the details of the samples studied in the course of this thesis.
It includes information on the layer sequence and lithographical patterning.

e Appendix B describes the design of the low-temperature sample holder manufactured
specifically for the demanding needs of the experiments performed here. The density
modulated phases and most of all the fragile v = % state require ultra-low temperatures
to exist. Special measures were taken to optimize the cooling power and minimize the
heat load even in the presence of electrical leads and microwave excitation.

10



Chapter 2

The two-dimensional electron system

At the heart of this thesis are the properties of a high-quality two-dimensional electron
system (2DES) when subjected to an external magnetic field and low temperatures. In our
case, the 2DES is hosted inside a GaAs/AlGaAs heterostructure — a system well known
for its excellent quality. Details on the sample structure are provided in the first section
of this chapter. The remaining sections summarize the basic properties of a 2DES in a
perpendicular magnetic field and lay the foundation for the physics discussed in subsequent
chapters. Of particular importance is here the integer and fractional quantum Hall effect.
Special emphasis is put on the density modulated phases in the quantum Hall regime as well
as the peculiar physics of the second Landau level. We restrict ourselves to the situation in
GaAs/AlGaAs heterostructures. The following sections are based on introductory textbooks
[15, 16] as well as PhD theses [17-22].

2.1 Realizing a 2DES in a GaAs/AlGaAs heterostructure

The confinement of electrons into two dimensions can be realized in a variety of different
systems, such as semiconductor heterostructures, graphene and topological insulators. The
samples investigated in the course of this thesis employ a GaAs/AlGaAs heterostructure
to form a 2DES of exceptional quality. Up to date, it is the superior platform to study
quantum Hall physics, showing a large number of integer and fractional quantum Hall states
(section 2.3 and 2.4) as well as different density modulated phases (section 2.5). The samples
were fabricated by molecular beam epitaxy (MBE), a method which provides precise control
over the vertical layer growth and excellent crystalline purity. Fig. 2.1 shows the basic
sample structure. The key features are described below. Further details about the samples
used in the following chapters can be found in appendix A. The wafers for fabricating
these samples of superb quality were developed and supplied by Dr. Vladimir Umansky
(Weizmann Institute of Science, Israel).

11
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N\ sample
s surface «—— growth direction
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N Fig. 2.3 - S
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& \l uniformdoping "

Schematic of the conduction band profile along the growth direction in a typical
GaAs/AlGaAs quantum well structure (not drawn to scale). Modulation doping is used to populate
the QW with electrons. The backgate is realized by incorporating a highly doped layer below the
QW.

The quantum well

The 2DES is located inside a quantum well (QW)
structure, which is formed by a thin layer of GaAs
(typically 10 — 50 nm) sandwiched between AlGaAs
barriers (Fig. 2.2). Because GaAs has a lower con-
duction band energy than AlGaAs, the movement
of electrons is restricted to the GaAs layer provided
that their energy is lower than the potential barrier
of the QW. In order to fulfill this requirement, the
QW width w, the density of electrons n. as well as

AlGaAs GaAs AlGaAs

i

their temperature must be chosen accordingly. The [«~-30 nm—l
confinement in the vertical direction (z-axis) leads to
discrete values of the z-component k, of the wavevec- Probability density of the

tor. In the case of a QW with infinitely high barriers, (wo lowest wavefunctions in a 30nm-
these values are k., = im/w (i=1,2,3,..). Consequently, wide GaAs/AlGaAs quantum well.

the energy associated with the movement of electrons

in the growth direction is quantized to

B2k h2m2?

Co2m* 2mrw?’

E, (2.1)
where m* is the effective mass of the conduction band electrons. Therefore, decreasing
the QW width results in a larger spacing between the energetic subbands. In the more
realistic case of a QW with finite barriers, the wavefunction may extend partially into the
barriers, which increases the effective width of the QW. Fig. 2.2 shows the probability density

12



2.1 Realizing a 2DES in a GaAs/AlGaAs heterostructure

of the two wavefunctions being lowest in energy for the case of a 30 nm-wide QW. The
calculations were done by solving the Schrodinger and Poisson equations self-consistently
using the software nextnano++ [23]. The samples studied in this thesis are designed in such
a way that only the lowest subband is occupied. In this case, all electrons have the same
k., component, and the electron system can be considered as two-dimensional despite the
finite extent of the wavefunction along the z-direction (Fig. 2.2). For a 2DES with parabolic
energy dispersion and non-interacting electrons, the number of states per unit area and
energy can be calculated according to

m*
DOS = —. 2.2
2 (2.2)
Thus, the density of states (DOS) of a two-dimensional electron system with parabolic
dispersion depends merely on the effective electron mass and is in particular independent of
the electron energy.

The doping scheme

Intrinsic GaAs (as well as AlGaAs) turns insulating AlAs
at low temperatures. Therefore, dopants must be
integrated into the crystal structure to populate the
QW with electrons. To achieve a high-quality 2DES,
it is essential how the doping is implemented. The X
dopants should affect the movement of the electrons 1l —
in the QW as little as possible. The obvious approach, —
i.e. to dope directly the GaAs layer, is unfavorable
because it degrades the mobility of the electrons due
to scattering from ionized donors. Instead, we use the
concept of modulation doping, which separates the N2
doping layer from the QW by a distance of typically GaAs
50 — 100 nm [25]. Despite the spatial separation, elec-
trons from the donor atoms will accumulate in the

Conduction band energy at
R ) ’ I'- and X-point for a short-period su-
QW because of its (initially) lower-lying unoccupied perlattice doping scheme (based on [24]).
energy levels (Flg 21) Once the equilibrium state The 5-doping is placed in the center of
is reached, the QW is filled with electrons up to the the GaAs layers (dotted line).

Fermi energy Fp.!

To realize a high-mobility 2DES, a large electron density is desirable because it mitigates
the effect of disorder in the QW. The main sources of disorder in our heterostructures are
residual impurities in the QW and the smooth disorder potential created by the remote

1 More precisely, the electrochemical potential should be used instead of the Fermi energy at finite
temperatures. We neglect this subtlety throughout the thesis in view of the low experimental temperatures.

13
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ionized donors randomly distributed in the doping layer [24, 26]. The more electrons are
located in the QW the better is the screening of this disorder landscape. The electron
density in the QW can be adjusted by changing the distance of the doping layer from the
QW. This distance is referred to as the spacer thickness. However, decreasing the spacer
thickness increases the strength of the electrostatic disorder in the QW due to the remote
ionized donors and thus enhances the scattering rate of electrons in the QW. Alternatively,
higher n. can be realized by increasing the number of doping atoms. This handle is of course
limited to the point when the energy level of the donors coincides with the Fermi level. Once
this situation is reached, increasing the doping density will not raise the electron density
further. Nevertheless, such a strong doping is often intentionally applied as it ensures a
more homogeneous electron density across the wafer. In our samples, the doping strength is
even increased beyond this point. The idea behind such an overdoping is that the additional
electrons will remain in the doping layer and partly screen the disorder potential of the
ionized donors. This effect has been proven crucial to improve the sample quality and
in particular the strength of the fractional quantum Hall states [27]. On the other hand,
overdoping can create a conducting layer at the site of the dopants, which would give rise
to parallel conduction in transport measurements and may impede the stable operation of
topgates as they are commonly used in interferometer structures.

In our samples, this issue is partly solved by using the dedicated doping scheme depicted
in Fig. 2.3 and described in detail in references [24, 28, 29]. It is based on a short-period
superlattice (SPSL) of thin GaAs layers separated by AlAs layers. The Si-dopants are only
placed inside of the GaAs layers. Each of the neighboring AlAs layers forms a barrier at
the I' point, leading to a confinement of the electrons like in a narrow quantum well. The
same is true for the AlAs layers at the X point. The confinement raises the energy of the
electrons and improves the charge transfer into the 2DES. Furthermore, the superlattice is
designed such that the ground state energy in the AlAs layers at the X point is lower than
the one of the GaAs layer. Thus, the excess electrons present due to overdoping have the
character of X electrons in AlAs, which implies a higher effective mass compared to the
electrons in GaAs. The main idea behind this doping scheme is that the heavier electrons
in the AlAs layers do not contribute as strongly to parallel conduction as electrons in a
GaAs layer but are still mobile enough to partly screen the disorder potential generated
by the ionized donors. Doping directly the AlAs layer is intentionally avoided because it
leads to the creation of DX centers. These negatively charged donor states cause lattice
distortions of the crystal when trapping an additional electron and create states deep within
the band gap [15, 30]. As a consequence the charge transfer efficiency to the 2DES is reduced.
Nevertheless, DX center doping is commonly used in high mobility 2DES structures because
it gives rise to an effect known as persistent photoconductivity: Illuminating the sample
with infrared light at low temperatures can release the trapped charges and increase the
carrier concentration in the 2DES. After interrupting the illumination, the charge density
remains high because for re-trapping the electrons in the DX center an energy barrier has to
be overcome. Above the SPSL doping structure a second, uniform doping layer is placed to
compensate the influence of the surface states. Separating these two doping regions is not
essential but simplifies the search for optimal doping parameters.

14



2.1 Realizing a 2DES in a GaAs/AlGaAs heterostructure

The backgate

In many cases, the previously introduced doping
scheme is used symmetrically on either side of the
quantum well to double the charge density. In most
of our samples, however, modulation doping is only
applied at the top and left out at the bottom. In-
stead, a highly conductive layer is incorporated during
growth at a distance of about 800 nm from the QW.
This layer, if separately contacted, can be used to
electrostatically change the electron density in the
QW by applying different gate voltages. This fea-
ture is an important advantage. In fact, many of
the experiments described in the following chapters
would not have been possible without in-situ and fast
control over the electron density. When tuning the
backgate voltage, not only n. but also the shape of
the electron wavefunction is affected. Fig. 2.4 shows
the calculated shape of the wavefunction for three
different densities. In the present case, increasing the
electron density obviously broadens the shape of the
wavefunction. This behavior will become important
in subsequent chapters.

15
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<«—— growth direction

Probability density of the
ground state wavefunction in a 30 nm-
wide GaAs/AlGaAs quantum well. The
density in the QW can be tuned electro-
statically by means of a backgate. At
the same time, the shape of the wave-
function is affected when changing the
backgate voltage.
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2.2 Classical electron transport

The electron transport in two dimensions has many facets and depends on different pa-
rameters such as sample quality, temperature and magnetic field. This section deals with
the classical motion of electrons in two dimensions. We distinguish the situation with and
without external magnetic field. The quantum-mechanical description of electron transport
in two dimensions will be addressed in the next section. We limit the discussion to purely
electronic transport.

Transport without magnetic field

To approach the classical transport behavior we employ the Drude model [31, 32]. In this
model electrons are considered as point-like, massive particles. They get accelerated by an
electric field E. After a mean time 7, electrons are scattered for example by an impurity
or a phonon. The scattering rate is treated as homogeneous and isotropic. Interactions
between electrons are not taken into account. Furthermore, all electrons are assumed to
contribute equally to the conductivity. Based on these assumptions, the equation of motion
can be written as

m'— = ——— —¢ckE, (2.3)

where v denotes the velocity of the electron and e the positive elementary charge. This
leads in the stationary state dv/dt = 0 to a constant drift velocity

vp=-——E. (2.4)

The mobility p = er/m* is therefore proportional to the scattering time 7. The quality of a
2DES is often assessed by its mobility. In recent years, mobilities as high as 3 - 107cm?/Vs
have been realized [24]. This corresponds to a mean free path of more than 200 pm between
consecutive scattering events. Using equation 2.4, the current density j = —n.evp can be
expressed as

E. (2.5)

Thus, the conductivity at zero magnetic field op can be written as o9 = n.ep = ne€>r /m*.
It can be measured by applying a constant voltage and detecting the current flow through
the sample. However, for the experiments discussed in this thesis, we impose a constant

16



2.2 Classical electron transport

current and measure the resulting voltage drop. In this configuration, the resistivity ¢ of
the sample is measured. In the absence of a magnetic field, gg is simply the inverse of the
conductivity oo = 1/neep = m*/n.e?r. Both quantities, conductivity and resistivity, can be
used conveniently to determine the mobility of a 2DES provided that the electron density
ne is known. n. can be extracted from the classical Hall effect with the help of an external
magnetic field as described below.

Transport under the influence of a magnetic field

When applying a magnetic field B to the sample, the Lorentz force F' = —ev x B acts on the
electrons and deflects them from a straight movement. As a consequence, the current flow j
is no longer in line with the electric field direction E. Thus, conductivity and resistivity need
to be expressed as second-order tensors. In order to take the contribution of the magnetic
field into account, equation 2.3 needs to be modified as

Ldv m*v

mS — =
dt T

—e(E+vxB). (2.6)

If the magnetic field is perpendicular to the 2DES (B = Be,), the electric field generated
by the current is

m* B

E, _ Ozz  Oxy Ja _ | neemm e Jx _ oL  0H Ja (2.7)
Ey Qyz  Quy Ty _njfe e Jy —on 0L Jy

The equation above provides two important pieces of information:

® The longitudinal resistivity g7, which measures the resistivity along the direction of
current flow, is equal to the zero field resistivity gg. Further, it is independent of the
current direction (0zz = 04y =: 01) as expected for an isotropic system.

® An additional electric field builds up perpendicular to the current flow. This effect is
called the Hall effect [33]. The electric field is proportional to the current with the

proportionality constant
B

Ne€

oy = (2.8)

Thus, the Hall effect provides a convenient method to determine either the magnetic
field for a known charge density or the charge density when knowing the magnetic
field strength.

The conductivity tensor is the inverse of the resistivity tensor and can be deduced from

17
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equation 2.7:

1 0L —C@H 1 neZr oL —0Hg
K SN2 a2 ne:T = (29)
L H OH oL <n?:227> + (ne€> Nee nZET OH oL
The equation above implicitly defines the following relations:
oL
op = ——— (2.10)
07 + 0%
OH
OH = —5——5 (2.11)
0% + 0%

In order to relate the resistivity to the quantity measured in experiment, i.e. the resistance
R, the sample geometry and current flow must be well defined. Often a Hall bar structure
as shown in Fig. 2.5 is used. Here, W denotes the width of the Hall bar and L the distance
between two adjacent contacts. For this configuration, the longitudinal and Hall resistivity
can be calculated as 0., = Rgz % and oy = Ry provided that the current flow is
homogeneous. The samples used in this thesis mostly have the dimensions W = 0.4 mm and
L =1.25mm.

Figure 2.5 Schematic of a Hall bar structure used for most of the transport experiments in this
thesis. The current is imposed through the left contact covering the entire width of the Hall bar.
The longitudinal resistance is measured on neighboring contacts along the perimeter of the Hall bar,
the Hall resistance between contacts on opposite sides. The dimensions are typically W = 0.4 mm
and L = 1.25mm. In many cases a backgate is present, which is separately contacted. The magnetic
field (brown arrow) is directed perpendicular to the 2DES.
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2.3 The integer quantum Hall effect

The Drude model, as introduced in the previous section, predicts the Hall resistance to
increase linearly with the magnetic field while the longitudinal resistance is supposed to
remain constant. This prediction is contrasted by the measurement of R,, and Ry shown in
Fig. 2.6.! In this measurement, a perpendicular magnetic field was applied to a high-quality
sample at a temperature of roughly 20 mK. Already at a relatively low magnetic field of
100mT, the Hall resistance deviates from its linear dependence, and R, starts to oscillate.
These deviations from the predicted behavior get stronger when ramping up the magnetic
field. Eventually, R,, drops to zero in certain ranges of the magnetic field, interrupted
by peaks of a finite resistance. In these regions of R,, = 0, the Hall resistance exhibits a
plateau. The resistance values of these plateaus are precisely quantized to

Ry - . L (2.12)

with v being an integer number (v = 1,2,3,..). In view of these findings, this effect was
dubbed the integer quantum Hall effect (IQHE). For its discovery, Klaus von Klitzing was
awarded the Nobel Prize in 1985. The resistance values of the plateaus only depend on
natural constants and are in particular independent of sample properties like the charge den-
sity and the spatial dimensions. For these reasons, the IQHE is used as a resistance standard.

— longitudinal resistance
— Hall resistance 4
0.4r
g g
o 0.2} 12 &
0 0 i 1 1 1 J 1 0
0.0 0.5 1.0 1.5 2.0

B (T)

Longitudinal and Hall resistance for magnetic fields up to 27T. Characteristic of the
integer quantum Hall effect is a vanishingly small longitudinal resistance accompanied by a plateau
in Ry. The integer values of v in expression 2.12 are indicated in blue boxes.

1 Here, as in all other resistance measurements throughout this thesis, a low-frequency lock-in technique
was used to improve the signal-to-noise ratio.
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2.3.1 Quantum mechanical treatment in the single particle picture

The time-independent Schrodinger equation of non-interacting electrons in a magnetic field
can be written as

H-4(r) = : (B — eA(#)* + ep(7) | () = E - 3(r). (2.13)

| 2m*

The Hamilton operator H contains the momentum operator p, the electrostatic potential ¢
and the vector potential A, which depends on the location operator #. 1 are the eigenfunc-
tions of the Hamilton operator. To calculate the solutions of the Schrédinger equation in
a homogeneous magnetic field, two different gauges for the vector potential are frequently
used, both of which are outlined below. The corresponding calculations can be found in
textbooks [15, 34].

The Landau gauge

In the Landau gauge, the vector potential has only N m=1 m=2 m=3
one component A = (0, — Bz,0). This simplifies E 7/ of o
the algebra notably. In the case of free electrons, ¢ Shoe “‘:‘M ; 4 M

vanishes if no external electrical field is applied. For | |

electrons confined to a quantum well, the electrostatic k

potential varies only along the growth direction (z- 3ho \/N\/M\M
axis). In this case, the motion along the z-direction

can be separated from the main Schrédinger equation,

which leads to expression 2.1 in the first section. The %hwc y

normalized solution for the motion in the x —y—plane
is shown in equation 2.14 below. Here, H,, represents X

the Hermite p(?lynomial of ord?r n. Fig. 2.7 displays Electron wavefunctions in
the wavefunctions vy, for different parameters n  -. o gauge for different parameters
and m. The eigenfunctions in Landau gauge comprise o 1, and n (based on [17]). Both energy
plane waves along the y-direction with wavevector and wavefunction amplitude are plotted
k. For periodic boundary conditions, k,, must fulfill along the z-axis.

km = %—’;m with m being an integer number (m =

S
rd

1,2,3...) “and L, representing the sample size in the y-direction. The plane waves are
distributed equally along the z-axis and centered at positions x,, = l%k‘m.

2

1 _ 12 km _m X
(s m(x’y) = Hy, & 4 e 25 ezkmy (2'14)
7 2"%!\/77'ZB I
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2.3 The integer quantum Hall effect

The solutions of the Schrédinger equation contain the magnetic length ip = \/fi/(eB) =~
25.7/+/B[T]nm — a characteristic length scale brought about by the magnetic field. The
physical consequences of the eigenfunctions are discussed below. They must be independent
of the chosen gauge. Properties of the wavefunctions that do depend on the gauge, like the
orientation of the plane waves along the y-direction, have no physical meaning. In fact, one
can also choose a gauge which is characterized by the circular symmetry of its eigenfunctions
as described in the following.

The symmetric gauge

The symmetric gauge is rotationally invariant about the z-axis and is defined as A = %B XTr.
Consequently, the eigenfunctions in the symmetric gauge are best parameterized in polar
coordinates r and 6:

2

1 n,! r Im| —4;2 7’2 .
e (T,B) = r & LMl () imb 2.15
rontrd) = 1\ () © 0 () 21

" are the associated Laguerre polynomials.
The wavefunctions are shown graphically in Fig. 2.8. M m=0,12,...
The radial quantum number n,. (n, > 0) counts the ze-
ros in the radial term of the wavefunction and relates Sho, %
to n (in the Landau gauge) via n = n, + (|m| —m)/2.
The angular momentum quantum number m is re-

stricted to m > —n. For large values of m, the %hmc%

shape of the wavefunctions in the symmetric gauge

is roughly equal to rings of width /g and radius ; %

Tlm| = v/2|m|lp. As in the case of the Landau gauge, 1,

the wavefunctions are also shaped along the vector . . .
potential A. Because of the centrifugal potential, the 0 2 4 6 1llg
wavefunctions get pushed away from the origin when
increasing m. In general, the solutions in the symmet- symmetric gauge for different parameters
ric gauge are more complicated to handle than those ¢, and n (based on [17]). Both energy
in the Landau gauge. Therefore, preferably the Lan- and wavefunction amplitude are plotted
dau gauge is used, except for cases where rotational along the ordinate.

symmetry is present, e.g. in quantum dots.

m
where L|nr

Electron wavefunctions in

1 In some cases, which are not of relevance for this work, it is advantageous to use the von Neumann lattice
gauge. Here, the wavefunctions describe a cyclotron motion of electrons centered around points of a von
Neumann lattice [35].
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Gauge independent properties

The following consequences of the Schrodinger equation are independent of the gauge
choice:

¢ Formation of Landau levels — The eigenvalues of the wavefunctions yield the energy
spectrum of electrons in a magnetic field. They can be expressed as

B, = (n + ;) e (2.16)

using the classical cyclotron frequency w. = eB/m*. Thus, the energy spectrum has
discrete values parameterized by the index n (n = 0,1,2...). These energy levels are
called Landau levels. They are separated by the cyclotron energy E. = hw.. This
result stands in contrast to classical calculations which predict a constant density of
states (equation 2.2). The reduction of the electronic energy spectrum to discrete
values brought about by the magnetic field has far-reaching consequences. In fact, the
existence and robustness of the quantum Hall effect is deeply rooted in the formation
of Landau levels.

e Degeneracy of Landau levels — The fact that the energy values in equation 2.16
only depend on the quantum number n and not on & (in Landau gauge) shows that
the Landau levels are highly degenerate. The number of allowed states per unit area
in a Landau level ny, depends on the sample dimensions. In the Landau gauge, we
need to impose the requirement that the center coordinate z,, lies within the sample,

ie. Ty, = l%%—’;m < L. This immediately leads to the expression

eB_B

s=z (2.17)

nr =

Thus, a Landau level can accommodate as many electrons as magnetic flux quanta

& = h/e penetrate the sample. In a sense, each electron state occupies the area of

a single flux quantum. An important quantity in the context of the quantum Hall

effect is the filling factor v. It states how many Landau levels are filled with electrons.

Using equation 2.17, the filling factor can be calculated as
Ne neh

v=—= .
nr, eB

(2.18)

To be precise, this expression is only valid on length scales much larger than the extent
of the electron wavefunction. For small dimensions, the electron density n. in equation
2.18 has to be replaced by the density of the wavefunctions’ center coordinates. Of
course, both definitions are equivalent at macroscopic dimensions.
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2.3 The integer quantum Hall effect

The spin degree of freedom

Up to now, the implications of the electron spin have been swept under the rug. If an
electron spin is placed in a magnetic field, it contributes an additional energy F, alongside
the cyclotron energy E. due to the Zeeman effect. The Zeeman energy depends linearly on
the magnetic field:

E. = giusB, (2.19)

with pup = eh/2m being the Bohr magneton and g the effective g-factor. For electrons in
bulk GaAs, g} has a value of —0.44 [36, 37]. However, in a 2DES, exchange interaction
effects might greatly modify ¢ at low filling factors [38]. Equation 2.19 implicitly takes into
account that conduction band electrons in GaAs have total spin 1/2 (s-band, orbital spin 0).
The Zeeman effect splits each Landau level into a spin-up and spin-down branch separated
by E,. The additional degree of freedom brought by the electron spin doubles the density of
states in a Landau level (factor 2 in equation 2.17). Nevertheless, it is customary for the
definition of the filling factor (equation 2.18) to count the spin branches as separate levels:
v =1 = spin-up branch is filled (n =0, 1), ¥ = 2 = spin-down branch (n =0, ) is filled as
well.

Fig. 2.9 schematically shows the Landau level structure as a function of magnetic field.
As both energies (Zeeman and cyclotron) increase linearly with the magnetic field, the
energy spectrum has a fan-like structure. The relative weight of the respective energies is
understated in Fig. 2.9. For typical experimental conditions, the cyclotron energy is about 70
times larger than the Zeeman energy (for g¥ = —0.44 and m* = 0.067 m). This pronounced
difference is the reason why integer quantum Hall states (IQHS) are generally more stable at
even filling factors, i.e. they have a higher energy gap compared to odd filling factors (even
in the presence of exchange enhancement at lower filling factors). Fig. 2.9 also shows the
evolution of the Fermi energy when increasing the magnetic field for a fixed electron density.
Er follows the linear increase of the Landau levels up to the point where the degeneracy
in the lower levels is high enough to accommodate all electrons of the upper level. At this
point, the Fermi energy jumps to the lower level, which creates the sawtooth-like pattern
shown in Fig. 2.9. Since the Fermi energy jumps between levels of opposite spin orientation,
the total spin polarization exhibits an oscillatory behavior. At even filling factors, the
electron system is unpolarized and becomes increasingly polarized towards (smaller) odd
filling factors. Deviations from this general behavior arise from many-particle interactions
between the electrons. We will return to this important point in later chapters.

2.3.2 Microscopic picture

Many aspects of the QHE cannot be understood without looking at the electrostatic sit-
uation in the sample on a microscopic level. For instance, the disorder potential seen by
the electrons affects the width of the resistance plateaus in Fig. 2.6, and the electrostatic
potential at the edges has a strong influence on the current flow through the sample.
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Evolution of the discrete Landau level energies in a perpendicular magnetic field (based
on [17]). The Landau levels are separated by the cyclotron energy. In addition, each Landau level is
split by the Zeeman energy (splitting is exaggerated for clarity). Both energies depend linearly on
the magnetic field. When raising B, the Landau level degeneracy increases, and more electrons can
be accommodated in the lower-lying Landau levels. Once a level is emptied completely, the Fermi
energy (red line) drops abruptly.

The role of disorder

The Landau levels introduced above as a solution of the Schrédinger equation have a sharp,
0-like density of states. In reality, the disorder present in the sample due to background
impurities and remote ionized donors leads to an energetic broadening I" of the Landau
levels. The exact shape of the broadening is unclear and presumably depends on details of
the disorder potential. Some publications support a Gaussian shape [39-41], while others
reported a Lorentzian one [42, 43]. Uncertainty governs also the question how the Landau
level broadening evolves when changing the magnetic field. A square root dependence has
been observed in references [40, 41], whereas references [39, 42] found no change of I" with
magnetic field. Fig. 2.10a depicts the B-field dependence of the electron DOS in the case of
a Gaussian broadening. A clear separation of the Landau levels requires fiw,. > I

The disorder potential not only leads to a broadening of the Landau levels but also divides
the electron system into localized and extended states (Fig. 2.10b). Intuitively, electrons
are localized either in the valleys or hills of the disorder landscape. The motion of the
confined electrons can in a simplified picture be viewed as closed orbits of constant energy
inside of the hills and valleys as shown in Fig. 2.11. Quantum mechanics dictates that these
orbits enclose an integer number of flux quanta [16]. The localized states become populated
predominantly for high and low fillings of a Landau level. For intermediate filling factors,
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Figure 2.10 (a) Evolution of the electron DOS with increasing magnetic field. Landau levels develop,
separated by the cyclotron energy. The Zeeman energy splits each Landau level into two branches of
opposite spin orientation. (b) Due to disorder in the sample, each Landau level branch is divided
into extended states in its center and localized states in its periphery.

the electrons are free to move across the sample. This simplified picture does not grasp the
whole complexity of the problem. Ilani et al. found the number of localized states to be
independent of the magnetic field by probing the 2DES with a single-electron transistor [44].
This is surprising in view of the magnetic field dependent Landau level degeneracy. As the
magnetic field and with it the flux density increases, more and more localized states are
expected to form in the valleys and hills of the disorder landscape [44]. Thus, in the single
particle picture, the density of localized states would depend on the magnetic field. Based
on this discrepancy, the authors concluded that the localization physics in high-quality
(low disorder) samples is dominated by Coulomb interaction. Further, each of the electron
pockets has to be treated as a quantum dot (or anti-dot). Because of the Coulomb repulsion
inside of the quantum dot (Coulomb blockade), each electron pocket can accommodate only
a fixed number of electrons. As a consequence, the density of localized states is independent
of the magnetic field.

Given the separation of the DOS into localized and extended states, it is possible to under-
stand intuitively the vanishing longitudinal resistance in the IQHE over a wide magnetic
field range (Fig. 2.6). Whenever the Fermi energy falls into the region of localized states, the
conductivity o, drops to zero, and according to equation 2.10, g,, = 0 follows. If extended
states are present at the Fermi energy, R,, has a finite value. The large number of localized
states ensures R;, =~ 0 over an extended filling factor range in contrast to the situation in
Fig. 2.9, where zero longitudinal resistance would only be observable at the point when Ep
jumps from one Landau level to the other.

What we have not addressed so far is the question why the Hall resistance is quantized. To
answer this question, we have to take a closer look at the edges of the sample.
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Visualization of localized states in a single particle picture. Shown is the spatial
variation of the electrostatic potential in a disordered sample. Electrons get trapped in the valleys
and hills of the disorder landscape. Their orbits are indicated in blue.

The Landauer-Biittiker picture

When going away from the interior of the sample towards the edges, the Landau levels
have to bend upwards because the Fermi energy at the surface is pinned to a value within
the GaAs bandgap (Fig. 2.12a). Consequently, the Landau levels coincide with the Fermi
energy at the edges, and one-dimensional conductive channels are created here, even if the
interior part of the sample is insulating. For each completely filled Landau level branch, a
transport channel is created on either side of the sample (Fig. 2.12b). The electron transport
in channels on opposing sides occurs in opposite directions given by the potential gradient at
the edges. The spatial separation of counter-propagating current paths strongly suppresses
dissipative backscattering of the charge carriers. As a consequence, a constant potential is
maintained throughout each channel and the voltage drop between contacts on the same
side is vanishingly small. At the same time, each one-dimensional channel adds a value
of €2/h to the total conductance [45]. Based on this argument, it becomes obvious that
the Hall resistance is precisely quantized to Ry = h/(e?v) simply because the Hall voltage
is set by the potential difference between opposite sides of the sample. This approach of
decomposing the transport in the quantum Hall regime into isolated current channels goes
back to ideas by R. Landauer and M. Biittiker [45, 46].

The interacting electron picture

When taking a closer look, the Landauer-Biittiker picture of current flow has some obvious
shortcomings. So is the sudden, step-like drop of the electron density at the edges of the
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The Landauer-Biittiker edge channel picture. (a) Spatial evolution of the Landau level
energy across the sample. At the edges, the Landau levels are lifted by the confinement potential.
As a consequence, partially filled one-dimensional channels are created which run along the sample
edges. (b) Visualization of the edge channels in a Hall bar structure.

sample energetically unfavorable (Fig. 2.13a left). The Coulomb repulsion between electrons
would lead in a more realistic scenario to a smoothly varying density decrease towards
the edges. This is confirmed by the self-consistent calculations of the electrostatic and
chemical potential performed by Chklovskii et al. [47, 48]. Their findings are shown in
Fig. 2.13a (right). In contrast to the single-particle picture of Landauer and Biittiker,
the self-consistent calculations separate the sample into regions of opposing character —
compressible and incompressible stripes. In the compressible stripes, the topmost filled
Landau level is only partially occupied and its energy is fixed to the Fermi energy. In the
incompressible stripes, all occupied Landau levels are completely filled, and the electrons
cannot screen the lateral confinement potential. Hence, the absolute value of the chemical
potential decreases here towards the edge. All incompressible stripes have an integer value
of the filling factor. Scattering of the electrons inside of these stripes is therefore strongly
suppressed by the energy gap to the next, unoccupied level. As a result, the current can
flow dissipationless inside of the incompressible stripes, and any externally injected current
will preferentially distribute to flow in the incompressible stripes. Moreover, the current
will favor the innermost incompressible stripe on either side of the sample because it is the
most stable one and can sustain the highest currents [48-50]. If these incompressible stripes
become too narrow (on the order of lp), scattering into the central compressible regions
is possible and dissipation occurs. Hence, a quantized Hall plateau is only observable if it
exists at least one incompressible stripe in the sample which is wide enough to sustain a
dissipationless current.

The behavior described above has been confirmed experimentally by measuring the Hall

potential distribution across the sample with the aid of scanning probe techniques using
either a metal tip [51, 52] or a single-electron transistor [53, 54] as a sensor. The spatial
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variation of the Hall potential provides information about the current distribution because
the Hall potential drops locally where the current flows. One example of a measured Hall
potential distribution is depicted in Fig. 2.13b. It shows that the current distribution moves
to the interior part of the sample as the magnetic field approaches an integer value of the
filling factor. This observation is consistent with the theoretical movement of the innermost
incompressible stripe (black lines). Details on these experiments are given in reference [55].
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The interacting electron picture. (a) The Coulomb interaction favors a smooth density
distribution at the edges of the sample (right) in contrast to the Landauer-Biittiker picture (left).
This leads to the formation of compressible (hatched regions) and incompressible stripes (picture
modified from [47]). (b) Scanning probe measurement of the Hall potential distribution from the
edge towards the center of the sample (picture taken from [55]). Colored in red is the region of
external current flow. At integer filling factors, the current spreads towards the center of the sample
consistent with the theoretical position of the innermost incompressible stripe (black lines, see [55]
for details).

Yet, the question remains how the quantized Hall resistance comes about in this model. The
very fact that the current flows in the innermost incompressible stripe in the quantum Hall
effect is the reason why the Hall resistance is precisely quantized to Ry = h/(e?v). This
answer is straightforward when bringing to mind that the innermost incompressible stripe
always has an integer filling factor and its value is the largest integer filling factor in the
sample. If the current flow is limited to this filling factor region, the Hall voltage drop will
be as well. Combining equations 2.8 and 2.18 then directly leads to Ry = h/(e*v). The
onset of the quantized resistance plateau occurs therefore at the point when the innermost
incompressible stripe is wide enough to maintain its incompressible character. By increasing
the magnetic field, this stripe will move to the center of the sample, and eventually the
plateau will disappear once the central stripe gets disrupted by disorder and vanishes [50].
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2.4 The fractional quantum Hall effect

In the previous section, we have introduced that a magnetic field perpendicular to the 2DES
can cause a sequence of plateaus in the Hall resistance centered around integer values of the
filling factor. The sample studied in Fig. 2.6 nicely follows this behavior up to a magnetic
field of 3T. If we increase the magnetic field beyond this point, deviations from the simple
oscillatory behavior occur as shown in Fig. 2.14. In between the IQHS, additional quantum
Hall states occur at fractional values of the filling factor. Clearly visible, for example, are
the plateaus at v = %3, %5 and %5, accompanied by a vanishing longitudinal resistance. These
states belong to the fractional quantum Hall effect (FQHE). The FQHE was first observed
for v = %3 by Tsui et al. in 1982 [2], shortly after the discovery of the IQHE in 1980
[1]. In subsequent years, increasingly more fractional quantum Hall states (FQHS) were
found, owing to improvements in sample quality and low-temperature measurements. At
the present day, more than 80 different FQHS are known to exist [56]. The discovery and
explanation of the FQHE has been honored with the Nobel Prize to Robert Laughlin, Horst
Stormer and Daniel Tsui in 1998.
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Longitudinal and Hall resistance measured at base temperature (~ 20mK) over a
broad magnetic field range. Multiple fractional quantum Hall states are visible in between the IQHS.
Some filling factors are indicated in blue.

The existence of quantum Hall states at fractional filling factors came as a surprise because
it cannot be explained by the single particle theory introduced in the previous section. At
partial filling of Landau levels, the electron system is supposed to be compressible, and
no excitation gap for the formation of quantum Hall states should exist. The FQHE must
therefore originate from electron-electron interactions. In the partially filled Landau level,
electrons can rearrange and thereby reduce their Coulomb energy while maintaining a
constant kinetic energy. This is not possible for the IQHE because of the completely filled
Landau levels. For this reason, the Coulomb interaction does not enter the IQHE in the
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first place. Yet, when taking a closer look, the Coulomb interaction can also significantly
affect the IQHE as pointed out in the previous section. Describing these many-particle
interactions theoretically is in general an exceptionally challenging endeavor. Nevertheless,
several ingenious theoretical concepts have been put forward [16, 57-62]. The two most
important ones are introduced hereinafter.

2.4.1 Laughlin's wavefunction

In an attempt to describe the formation of quantum Hall states at fractional filling factors
v = Y4 in the lowest Landau level, Laughlin proposed a succinct trial wavefunction

Uy, = H(zz —zj)% exp (—4;2 Z \zi\2> , (2.20)
B

1<j

where z; denotes the position of the ith electron in complex numbers [57, 63]. The properties
of this wavefunction are described below:

e Based on the assumption that all electrons in the lowest Landau levels are spin
polarized (symmetric spin wavefunction), the orbital wavefunction in equation 2.20
must be anti-symmetric. This forces ¢ to be an odd integer. Assuming a spin polarized
electron system is in fact only justified for filling factors 4. At other FQHS the
electron system can be partially polarized or even unpolarized. We will come back to
this important issue at a later point.

e The electron system has a homogeneous density distribution [16].

e The second part of equation 2.20 consists of a product of Gaussian wavefunctions
reminiscent of the single particle solutions discussed in the previous section.

® The product term at the beginning contains the electron-electron interactions by
imposing a g-fold zero point whenever two electrons are at the same position. This
ensures that all electrons are well separated and thereby reduces the Coulomb energy.
In a more advanced interpretation, the zeros in the wavefunction can be understood
as vortices, i.e. as points of vanishing probability density in the center and a phase
change of 27 when circulating around the vortex. Intuitively, one can imagine each
electron to carry ¢ vortices with it. The correlation of electrons and vortices ensures
that no two electrons can occur in the same place. One vortex would be enough to
fulfill Pauli’s exclusion principle. However, the additional ¢ — 1 vortices further reduce
the electrostatic Coulomb energy considerably [64]. This is the basic idea behind
electron-electron correlations in a 2DES exposed to a magnetic field. Besides the ¢
vortices at each electron’s location, no further vortices are present in the 2DES. Hence,

30



2.4 The fractional quantum Hall effect

the number of vortices equals the number of magnetic flux quanta piercing through
the sample simply because of the respective filling factor 1/¢. In fact, one can think
of each vortex in the 2DES as embodiment of a single flux quantum [65]. This close
relation between flux quanta and vortices as well as their affinity to electrons forms
the basis of the composite fermion theory detailed below.

We have introduced above that a 2DES at v = Y4 can minimize its Coulomb energy by
attaching g vortices to each electron. When moving away from this commensurate electron-
vortex ratio, e.g. by increasing the magnetic field and adding another vortex, a substantial
amount of Coulomb energy has to be paid [59, 64]. This determines the energy gap of
the FQHE and therby identifies the Coulomb energy as the prevalent energy scale for
FQHE physics. At the same time, introducing additional vortices in the 2DES excites
quasiparticles that come along with very surprising properties. Because of the strong tie
between vortices and electrons in Laughlin’s theory, introducing one additional flux quantum
can be understood equivalently as adding a quasiparticle with a fractional charge e* = e/q
[57]. This startling property of Laughlin’s quasiparticles has far-reaching consequences as
these particles obey neither Fermi-Dirac nor Bose-Einstein statistics [59]. Instead, they
follow more general anyonic statistics, which will be addressed in section 2.6.

Yet, the question remains whether Laughlin’s wavefunction is indeed correctly describing
FQHE physics and, if so, to what extent. The existence of fractionally charged excitations
has been confirmed experimentally by tunneling [66] and shot noise measurements [67-69] as
well as more recently in experiments using single electron transistors [70]. The verification
of these counterintuitive entities provides strong support for Laughlin’s theory. Apart
from that, it is a beautiful example of fractionalization in solid state physics, according
to which the properties of quasiparticles cannot be understood as a linear combination of
its elementary constituents. This general phenomenon has been encountered in different
manifestations in recent years, for example as magnetic monopoles in spin ice materials
[71-73] or as deconfinement of an electron into holon, spinon and orbiton [74-76]. Further
support for Laughlin’s theory comes from exact diagonalization studies [77] and Monte Carlo
simulations [78]. Here, it was shown that Laughlin’s wavefunction yields the correct ground
state for short range interactions.

Laughlin’s concept has been successfully generalized to FQHS at filling factors different
from /4. Quantum Hall states at filling factors v = 1 — 1/q follow directly from particle-hole
symmetry [64, 79]. Wavefunctions for other fractional filling factors were constructed by
Halperin and Haldane using a hierarchical approach based on Laughlin’s quasiparticles [58,
59, 64]. However, these wavefunctions are more complex and partly lead to discrepancies
between experiment and theory, such as the relative strength of FQHS [16]. An alternative
and at the same time very elegant approach to construct higher order FQHS is the composite
fermion model.

31



Chapter 2 — The two-dimensional electron system

2.4.2 The composite fermion theory

In 1989 Jainendra Jain enriched the understanding of the FQHE by proposing a new concept
[80]. Again, it is based on the coupling of electrons and vortices, but this time an electron
dressed with an even number of magnetic flux quanta is considered as a new entity — the
composite fermion (CF). With this transformation in mind, the FQHE can be elegantly
rephrased as the IQHE of composite fermions. In the following, we illustrate this statement
on an intuitive level using Fig. 2.15. For a deeper understanding, we refer to reference
[16]. Fig. 2.15 shows the longitudinal resistance for the FQHS around v = %2 in the lower
panel and plotted above are the IQHS appearing at smaller magnetic fields. Filling factor
v = 2 corresponds to the situation where twice as many magnetic flux quanta penetrate the
sample as electrons are present. By attaching two flux quanta to each electron, the resulting
composite particles essentially move around in zero effective magnetic field because all flux
quanta were already taken into account during the construction of the composite fermions.
Hence, a compressible Fermi sea of composite fermions is formed. When increasing the
magnetic field and going away from v = /2, the effective magnetic field B* = B — B(v = /2)
increases likewise. As a consequence, quantum Hall states start to develop for integer values
of the effective filling factor v* = n.h/(eB*). Fiq. 2.15 highlights the essence and beauty of
the CF model: The IQHE of composite fermions in their effective magnetic field coincides
with the FQHE of electrons in the total magnetic field. In this sense, the FQHE at v = /3
(¥5,%7,...) can be understood as IQHE of composite fermions with v* =1 (2,3,...). Thus,
the CF theory transforms the strongly interacting 2DES into a system of weakly interacting
composite fermions, whose energy spectrum develops discrete Landau levels if B* is strong
enough. These CF Landau levels are sometimes referred to as A levels. Drawing further on
the analogy to the IQHE, the excitation gap of composite fermions can be interpreted as
cyclotron energy E. = heB*/mf, with mf, being the effective CF mass. m,, must be
proportional to v/B since the energy gap arises solely from Coulomb interactions.

In general, the CF theory accounts for FQHS at filling factors

I/*

V= —— . (2.21)
p-v*+t1

In this expression, p is an even integer and denotes the number of flux quanta attached to
each electron. Equation 2.21 covers only filling factors in the lowest Landau level branch.
However, it can be extended to the second Landau level by ignoring the completely filled
lower-lying levels. This accounts for the FQHE at v = 75 and v = %, for instance. In
addition, particle-hole symmetry within each Landau level might be observable, leading to
states such as v = %5 and v = 4.

The composite fermion theory has been proven very helpful in explaining various experimen-
tal results [81-83]. The validity of the CF concept is further supported by the determination
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2.4 The fractional quantum Hall effect

of the CF Fermi wavevector [84, 85] and the demonstration of the quasiclassical motion of
composite fermions in their effective magnetic field B* [86-88]. Cyclotron resonances of
composite fermions have been measured directly by microwave absorption [89]. Interestingly,
also the FQHE of composite fermions has been observed, which highlights the existence of
residual interactions between composite fermions [90].
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12 14 16
Visualization of the CF picture (plotted according to [91]). Shown is the longitudinal
resistance up to ¥ = 1 (upper panel) and between v = Y2 and v = /5 (lower panel). The positions of

the FQHS with respect to v = Y2 coincide with the IQHS in the total magnetic field. The upper
panel was measured at roughly 400 mK to highlight the positions of the IQHS.
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2.5 Density modulated phases in the quantum Hall regime

When looking at Fig. 2.14 in the previous section, it becomes apparent that the FQHS
appear only at high magnetic fields, in the first and second Landau level (n = 0,1). At lower
magnetic fields, i.e. when higher Landau levels are occupied, density modulated phases are
energetically favored at partial filling [92]. Their existence is not directly visible in Fig. 2.14
and will be demonstrated experimentally later on. For these density modulated phases, the
homogeneous electron system in the topmost Landau level breaks up into alternating regions
of high and low electron density. Two types of density modulated phases are believed to
exist [3]: the bubble phase having a twofold periodicity and the stripe phase, which consists
in the simplest case of parallel stripes with a strictly one-dimensional (1D) periodicity (Fig.
2.16). In both cases, the system alternates between regions where the topmost Landau
level branch is completely filled and locations where it is totally empty. The reason for the
formation of density modulated phases is rooted in the competition between the repulsive
direct Coulomb interaction on the one hand and the attractive exchange interaction on
the other hand [3, 5]. Whenever the 2DES deviates from a homogeneous distribution, this
comes at the cost of direct Coulomb energy. Despite the abrupt change of the filling factor
in Fig. 2.16, the impact on the Coulomb interaction is weakened by the spatial extent of
the electron wavefunction in the plane of the 2DES since it smoothens the electron density
distribution. At dimensions on the order of the wavefunction width, it is important to bear
in mind that the filling factor is given by the density of the wavefunctions’ center coordinates
and not by the electron density (see section 2.3.1). If the modulation period is similar to the
width of the wavefunction (~ [p), the density modulation and therefore also the increase
in Coulomb energy will be small in comparison to the step-like change of the filling factor.
The gain in exchange energy, however, is rather determined by the modulation of the filling
factor [93]. In total, the 2DES can minimize its energy by modulating the electron density
at certain filling factors of the topmost occupied Landau level branch [92-94]. The average
filling factor determines the phase symmetry, i.e. whether the bubble phase or stripe phase is
favored energetically. In general, the energy gain of density modulated phases is rather small.
Hence, to observe such phases, low temperatures (~ 100 mK) as well as high mobilities
(~ 10" ¢cm?/Vs) are required.

2.5.1 The bubble phase

The bubble phase is already present in Fig. 2.14, although not yet visible. Its presence
becomes evident as one slightly raises the temperature to about 35 mK. The result is shown
in Fig. 2.17 (measured on a different sample). At higher temperatures, the physics appears
to be much richer than expected from the low temperature data. As shown by the blue
curve, the IQHS breaks down rather quickly when increasing (and lowering) the magnetic
field. However, the IQHE reappears at even higher (lower) magnetic fields. R, drops to
zero and Ry returns to the plateau value of the nearby IQHS. These states are therefore also
called reentrant integer quantum Hall states (RIQHS). In the case of n > 2, these RIQHS
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2.5 Density modulated phases in the quantum Hall regime

Spatial modulation of the filling factor in the topmost Landau level for the bubble
and stripe phase. (a) In the case of the bubble phase, the homogeneous electron system contracts
to clusters which arrange in a triangular lattice. (b) The stripe phase may in the simplest case be
understood as a periodic arrangement of parallel stripes with a strictly one-dimensional periodicity.

occur at elevated temperatures around partial filling factors # = Y4 and o = %4, where ¥
denotes the filling factor of the highest occupied Landau level branch [95-97]. If the electron
temperature is low enough, a seamless transition to the IQHE is observable in Fig. 2.17.
This behavior can be understood as a manifestation of the bubble phase: Since the lattice
of electron clusters is pinned by disorder, it cannot participate in transport. Therefore,
the system behaves in a standard electron transport experiment as if all Landau levels are
filled, and the IQHE occurs. The same arguments hold for the RIQHS at o = 4. The
only difference is that here clusters of holes are embedded in an electron system of the next
higher integer filling factor.

Extensive theoretical studies of the bubble phase and density modulated phases in general
have been carried out. They predict that the electron bubbles arrange in a triangular lattice
with a period of roughly 3- R., where R, = \/2mn.h/(eB) is the cyclotron radius [92, 93].
The number of electrons varies according to the partial filling 7 with the restriction that the
maximum number of electrons per bubble is limited to n in the nth Landau level (for n > 1)
[92, 98]!. The optimal number of electrons per bubble can be well approximated by 3on [3,
98]. Thus, when increasing 7 starting from 7 = 0, at first only a single electron occupies a
bubble site. This is the famous Wigner crystal [99]. It can be considered a special case of
the bubble phase. For higher &, the system undergoes a succession of phases separated by
first order transitions with an increasing number of electrons per bubble [98].

From an experimental point of view, little is know about the microscopic structure of
the bubble phases. The interpretation as bubbles pinned by disorder is corroborated by

1 Coté et al. consider a maximum number of n+1 electrons per bubble. However, as the n+1-bubble
appears around ¥ = Y4, it is unstable against the formation of a stripe phase [5].
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Longitudinal and Hall resistance at base temperature (~ 20 mK, in red) and slightly
above (~ 35mkK, in blue). At elevated temperatures a reappearance of the IQHE is visible (marked

in green).

the observation of a strongly non-linear I — V' characteristic, which points to the sudden
depinning of the bubble crystal [97]. Apart from that, resonances in the microwave absorp-
tion have been interpreted as pinning modes of the bubble crystal in the disorder potential
[100, 101]. The same technique has been used to show the coexistence of the Wigner crystal
and the multi-electron bubble phase over a broad filling factor range, which indicates a first

order transition between the respective phases [102].
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2.5.2 The stripe phase

To unveil the existence of the stripe phase, the longitudinal resistance along two orthogonal
crystal directions must be compared. This is done in Fig. 2.18. The measurement was
performed on a square-shaped structure in order to have a symmetric setup. Fig. 2.18
demonstrates that the longitudinal resistance depends strongly on the crystal direction
probed in experiment. This observation is most evident at half filling of each Landau level
branch (7 = /2). The strong transport anisotropy indicates the existence of an anisotropic,
stripe-like density modulated phase. If the current flows along the stripes ("easy" axis), the
resulting voltage drop will be smaller than in the orthogonal direction ("hard" axis). This
effect is amplified by the so-called current channeling: If the current is sent perpendicular to
the stripes, it gets spread out stronger towards the sample edges causing a higher voltage
drop as compared to the orthogonal current direction [103, 104].

The physical mechanism leading to a preferred stripe orientation along specific crystal
axes remains an open question up to date. Cooper et al. excluded substrate morphology,
steps induced by miscuts as well as an anisotropic effective mass as possible explanations
[105]. Instead piezoelectric effects have been proposed [106]. Intriguing is the fact that the
stripe orientation depends on the electron density. Below a density of 2.9 - 10! cm ™2 the
easy axis is directed along the [110] direction, whereas for higher densities the [110] direction
is preferred [107]. In addition, the stripes can be oriented by applying a magnetic field
component in the plane of the 2DES [107-109]. How the stripes rearrange in response to
the in-plane magnetic field seems to depend on the exact details of the sample [107].

Different theoretical models have been proposed for the microscopic structure of stripe
phases [3]. The charge density wave picture has been mentioned before (Fig. 2.16). In
this model, the local filling factor is assumed to be modulated in parallel stripes with a
strictly one-dimensional periodicity. Fradkin and Kivelson studied the effects of quantum
and thermal fluctuations on the stripe formation and predicted, in analogy to liquid crystal
behavior, the existence of a different class of stripe phases — the electron liquid crystal
phases [110]. They are categorized according to their symmetry as smectic, nematic and
stripe crystal phase. These phases will be discussed in detail in chapter 5. Which of the
three electron liquid crystal phases is lowest in energy depends on the strength of the shape
fluctuations and the average filling factor [110]. As a consequence, different types of stripe
phases might be present in the anisotropic region in Fig. 2.18, and transitions between the
respective phases may occur as a function of the magnetic field.

Similar to the bubble phase, experimental results providing a detailed microscopic un-
derstanding of the stripe phase are scarce. The temperature dependence of the longitudinal
resistance points towards the existence of a nematic phase [111, 112]. Recently, the collective
modes of the stripe phase at v = % were probed in a sophisticated experiment involving
surface acoustic waves, microwaves and photoluminescence [113]. In the same experiment,
the stripe period was determined to 3.6 - R.. Apart from that, pinning mode resonances
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have been observed as reported earlier for the bubble phase [114, 115]. Interestingly, in the
case of the stripe phase, a resonance only occurs if the electric field of the microwave signal

is oriented along the hard axis.

Rxx (kQ)

|
20 22 24 26 2.8
magnetic field (T)

Longitudinal resistance along two orthogonal current directions. A strong transport
anisotropy is visible at half fillings (marked in green).
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2.6 The second Landau level

In previous sections, it has been shown that the physics in partially filled Landau levels is
governed by two classes of competing, interaction-driven phases. At high magnetic fields,
when the first Landau level is partially occupied, FQHS are prevalent. In contrast, starting
from the third Landau level towards higher filling factors, density modulated phases, i.e.
the bubble and stripe phases, take over. Their existence is heralded either by a reentrant
behavior or a strong transport anisotropy. Their dominance over the FQHS in higher Landau
levels is rooted in the different exchange and direct Coulomb interaction, which originates
from the altered shape and extent of the wavefunction. The competition between density
modulated phases and the FQHE is most prominent in the second Landau level. Here,
density modulated phases as well as FQHS coexist, and minute changes of the magnetic
field or electron density can lead to transitions between them. This is shown in Fig. 2.19.
It displays the longitudinal and Hall resistance between filling factors v = 2 and v = 4,
measured on a high-quality sample. A large number of FQHS as well as reentrant states
are visible, which emphasizes the superior quality of the sample. The large number of
competing phases in the second Landau level is a beautiful example of the enormous richness
and complexity of the quantum Hall physics. When taking a closer look at Fig. 2.19, it
becomes obvious that the second Landau level is exceptional in many respects. Not only the
coexistence of density modulated phases and FQHS is conspicuous but also the appearance of
four reentrant states in each Landau level branch leaps to the eye. Moreover, the observation
of fractional quantum Hall states at half fillings v = %2 and v = 72 is striking. Both points
are addressed in more detail hereinafter.

y / N /A - /0
[Q[ IQHE @ FQHE ‘-:-: Bubbles () Paired CF
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n_j\ |
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g
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magnetic field (T)

Longitudinal and Hall resistance in the second Landau level for a high-quality sample.
Various FQHS and reentrant states are visible. Intriguing is also the observation of a FQHS at half
fillings of a spin-split Landau level (v = %2 and 7).
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2.6.1 Reentrant states in the 2nd Landau level

As mentioned earlier, the second Landau level differs from higher levels in the number
of reentrant states. Fig. 2.19 shows four reentrant states per spin branch, interposed by
different FQHS. They appear at partial filling 7 = 0.29,0.43,0.57, and 0.70, in agreement
with previous publications [116-118]. That raises the question whether the reentrant states
in the second Landau level are of equal nature as the bubble phases in higher levels. Initially,
theories did not consider the second Landau level for bubble phase formation at all [93,
94]. This deficiency was remedied more recently [5, 119]. The bubble phase consisting of
one-electron and two-electron bubbles was shown to be lowest in energy for certain filling
factors in the second Landau level. Indeed, besides the IQHE transport behavior, other
similarities to the bubble phases in higher Landau levels are present, such as sharp and
hysteretic features in the I-V characteristics [116] as well as pinning modes in microwave
absorption [120]. In addition, it has been demonstrated that the onset temperatures of the
RIQHS in the second Landau level scale with the Coulomb energy, which highlights the
importance of electron-electron interactions for the origin of these states [118]. However,
also discrepancies to the bubble phases in higher Landau levels are evident. The onset
temperatures normalized by the Coulomb energy strongly differ between the second and
third Landau level [121]. This observation is in conflict with existing theories and emphasizes
that the bubble phases in the second Landau level are of more complex nature. Further
work is needed to clarify the microscopic structure of the reentrant states in the second
Landau level and beyond.

It is important to mention that also the close relative of the bubble phase, the stripe phase,
can be observed in the second Landau level. In Fig. 2.19 its position at half filling is taken
in by the v = % and 72 FQHS. However, tilting the sample with respect to the external
magnetic field causes the stripe phase to energetically prevail over the FQHE [108, 109, 122].
The microscopic nature of this stripe phase will be under close scrutiny in chapter 5.

2.6.2 The v = 52 and 7/ states

The observation of FQHS at half fillings comes as a surprise in view of the CF theory
introduced in section 2.4.2. There, the partial filling factor 7 = 1/2 was described as a
compressible Fermi sea of composite fermions. It was concluded that the CF theory only
accounts for FQHS at odd denominator filling factors. Since its discovery in 1987 [123], the
5, state and its particle-hole conjugate the 7/ state attracted a lot of attention'. This is
partly due to the fact that these even-denominator FQHS do not comply with the standard
CF picture but also because of interesting theoretical proposals which came up to explain the
occurrence of the %2 state. In particular, the theory of G. Moore and N. Read (together with
Greiter et al. [14]) raised a lot of excitement because it ascribes the origin of the %2 state to

1 In the following, we will focus mainly on the %2 state because of its higher energy gap and therefore
greater experimental relevance. Since the 72 state is considered the particle-hole conjugate of the %2
state, all statements should apply equally to the 7/2 state.
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the pairing of two CFs, in analogy to p-wave pairing in a superconductor [13]. By the nature
of the p-wave pairing, the resulting state would be spin polarized, and the quasiparticles
would have charge e/4. Even more intriguing is the prediction that excitations of the
Moore-Read state are non-abelian anyons. Their exceptional properties are described below.
A recent review on the %2 state and its potentially non-abelian nature is given in reference [12].

Non-abelian anyons
and their relevance for topological quantum computation

Quasiparticles in the FQHE do not only carry frac- 3D

tional charges as mentioned in section 2.4 but also Q = 09O
exhibit another fascinating property — they are anyons.

Anyons can be considered as a generalization of

bosons and fermions, which are defined according to 2D

their exchange statistics. The interchange of anyons

results in a general phase factor ¢? and is not limited O * /‘9 :

to -1 and 1 as in the case of fermions and bosons,

respectively [124]. This generalized exchange statistics Particle exchange in two

can only occur in a two-dimensional system. To illus- and three dimensions (based on [17]).
trate this statement, we consider the twofold exchange

of particles. This process is equivalent to describing a closed loop of one particle around the
other. In three dimensions, when moving a particle around another, this trace can always
be deformed continuously down to a point (Fig. 2.20). Therefore, a closed loop of particles
is topologically equivalent to no movement at all and has a phase factor of 1. In this case,
the only possible solutions for a single interchange are the factors -1 and 1, corresponding to
the exchange of fermions and bosons, respectively. In two dimensions, however, a closed
loop can no longer be contracted to a point without cutting through the other particle, and
the system does not necessarily come back to the same state [125]. Hence, also the phase
acquired during particle exchange can have any value and is not bound to 0 and «. In fact,
for the FQHE at v = /3, a counterclockwise exchange of quasiparticles leads to a phase
change /3 [126].

Non-abelian anyons are special in the sense that the

particle exchange is not commutative. Suppose we | /\/ § X _ I\
have three particles and want to mutually change their \/‘ ‘ 1‘ * | \/‘
position (Fig. 2.21). The non-abelian nature brings o 6 y o e
the system into a different state if first particles on

position 1 and 2 interchange and then on positions 2 For non-abelian particles

and 3 in comparison to the particle exchange in the the exchange of particles is non-
opposite order. Put differently, the operators for par- commutative (based on [17]).

ticle exchange do not commute. A necessary requirement for non-abelian states of matter is
the existence of a highly degenerate ground state which is protected by an energy gap. When

41



Chapter 2 — The two-dimensional electron system

particles encircle one another or, in other words, particles are made to "braid", the system
transforms from one ground state to another [127]. The transformation is determined solely
by the topology of the braiding and is in particular independent of the precise trace taken by
the particle. This robustness to local perturbations and the non-abelian braiding statistics
provides the basis for topological quantum computation [125-128]. In this particular type
of quantum computer, the quantum operations are performed by braiding of non-abelian
particles. A topological quantum computer is superior in the sense that it is rather immune
to local perturbations of the environment [125]. Standard schemes of quantum computa-
tion suffer from the fact that the quantum bit couples to the environment, which causes
decoherence and loss of quantum information. In a topological quantum computer local
perturbations would affect the path of the particle, but as long as it maintains a loop around
the other particle, i.e. as long as the topology is preserved, the quantum information is
preserved as well. Instead, the lifetime of quantum information is mainly determined by
the temperature relative to the energy gap which protects the degenerate ground state [125,
126].

Besides the FQHE, other phases of matter are predicted to host non-abelian particles, such as
cold atoms [129], p-wave superconductors [125] and hybrid systems made of superconductors
in combination with topological insulators [130] or semiconductors [131, 132]. Among these,
the most prominently studied candidate for fault-tolerant quantum computation is probably
the %2 state. In the following, we briefly summarize what is known about the potentially
non-abelian nature of the % state.

Is the 52 state indeed home to non-abelian anyons?

This question would be answered most convincingly by braiding of v = %2 quasiparticles
and thereby testing their exchange statistics. Several proposals for interference experiments
at the % state have been made [133-137], and first steps towards their realization were
undertaken [138, 139]. Interestingly, first characteristic signatures of non-abelian anyons at
v = 5> were reported in an interferometer structure [140, 141]. The results are, however,
difficult to interpret and discussed rather controversially. Further experiments will be
necessary to prove the non-abelian nature of the %2 quasiparticles. Unfortunately, efforts in
this direction are hampered by the high fragility of the 52 state. The fabrication of gates on
top of the sample, required to control the interferometer structure, can easily destroy the 2
state. A different way to probe the potentially non-abelian properties might be thermopower
[142] or entropy measurements [143]. In detail, it has been predicted that the thermopower
at v = %2 is temperature independent if non-abelian anyons are present and changes linearly
when going away from the exact filling factor. Recently, first experiments in this direction
have been performed [144]. The results were tentatively claimed to be consistent with the
predicted behavior. Even though being still in its infancy, this technique might well prove
fruitful in the exploration of the % state.

In view of the hurdles which need to be taken to directly test the non-abelian properties,
research in the past has focused stronger on the other predictions of the Moore-Read theory.
In particular, the verification of the e/4 fractional charge and the full spin polarization
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would provide strong support for the wavefunction proposed by Moore and Read (sometimes
called Pfaffian wavefunction).

The question of the charge of the 52 quasiparticles has been addressed in a number of
experiments by different means: tunneling through a quantum point contact [139], noise
measurements [145], Aharanov-Bohm interference [140] and experiments using a single
electron transistor [146]. The obtained results are consistently in agreement with a fractional
charge of e/4. However, establishing the charge e/4 does not allow to discriminate between
the Pfaffian state and other proposed wavefunctions such as the anti-Pfaffian and the
so-called 331 state. The anti-Pfaffian state is similar to the Pfaffian and is also expected to
give rise to non-abelian excitations but in addition is particle-hole symmetric, a property
lacked by the Pfaffian state [147, 148]. The 331 state was originally proposed by Halperin as
a description of a two-component FQHS [64]. It is unpolarized and obeys abelian statistics
[149].

Information about the spin polarization of the 52 state would shed further light on its true
nature. In view of the verified e/4 fractional charge, a polarized state would indirectly pro-
vide strong support for the non-abelian character of the %2 quasiparticles. First experiments
on the spin polarization examined the behavior of the %2 state when tilting the sample with
respect to the magnetic field [150]. This selectively enhances the Zeeman energy relative
to the Coulomb energy since the latter only depends on the perpendicular magnetic field
component. The disappearance of the 52 state under tilt was therefore taken as an indication
for an unpolarized state. In later years, the vanishing %2 state was attributed rather to the
emergence of an anisotropic stripe phase [108, 109, 122, 151, 152]. Pan et al. approached the
spin polarization of the % state in a different way [153]. They determined the energy gap at
v = 52 over a wide density range and compared its evolution with the behavior of the FQHS
at v = 8%, a state known to be unpolarized at low electron densities. From the observation
that the %5 state undergoes a spin transition whereas the %2 state remains mostly unaffected,
the authors concluded a spin polarized state at v = %2. In contrast, a more recent study
of the v = %2 energy gap at various perpendicular and in-plane magnetic fields came to
the conclusion that the experimental data is more consistent with a spin unpolarized state
than a spin polarized one [154]. Besides transport and tilted field experiments, also other
techniques have been used to assess the spin polarization at v = %2. Rhone et al. probed
the %2 state by inelastic light scattering and derived a not fully spin polarized state from the
absence of a long-wavelength spin wave mode [155]. However, shortly after, such a spin mode
was found by Wurstbauer et al. [156]. Apart from that, Stern et al. claimed the observation
of an unpolarized % state using photoluminescence spectroscopy [157]. The difficulty behind
optical experiments is that the excitation of electron-hole pairs might disturb the electron
system and may not allow the proper assignment of the filling factor. A different access to
the spin polarization provides nuclear magnetic resonance (NMR) spectroscopy. It detects a
characteristic shift of the nuclear resonance frequency in the presence of a spin polarized
electron system. This technique has been employed in two similar studies, both of which
found a fully spin polarized state [158, 159].
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After all, contradictory conclusions from different experiments keep the issue of the spin
polarization at v = %2 open [12]. Since the discrepancies between the different experiments
might arise from the fragility of the 52 state, it is required to repeat the determination of
the spin polarization on samples of higher quality with a well developed %2 state. This task
will be addressed in chapter 4.
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Chapter 3

Electron-nuclear spin interaction in the
quantum Hall regime

The spin degree of freedom only played a minor role in the introduction to the integer
and fractional quantum Hall effect given in the previous chapter. It is not essential for
understanding the formation of quantum Hall states. However, when taking a deeper look
into quantum Hall physics, the importance of spin related phenomena becomes evident.
Today, many interesting spin phenomena are known to exist, such as spin transitions
of FQHS [8, 160, 161], ferromagnetic spin ordering [7, 8, 162, 163] and skyrmionic spin
excitations [10, 11]. The spin degree of freedom enriches the quantum Hall physics in many
regards. Its complexity is increased by the coupling of electron spins to the nuclear spin
system, established via the hyperfine interaction. Even though this effect is rather weak,
it significantly alters the electronic spin properties. The coupling between electronic and
nuclear spins as well as its utilization to investigate electronic spin excitations is the main
focus of this chapter. In the last part of this chapter, we expand on a different but closely
related topic, namely the filling factor dependence of the nuclear spin polarization.

3.1 Introduction to spin physics in the quantum Hall regime

Before embarking on the experimental sections, first a brief overview on the electronic and
nuclear spin system as well as the hyperfine coupling between these two systems will be
given. Detailed information can be found in references [6, 16].

3.1.1 The electron spin system in the quantum Hall effect

The electron spin behavior is dominated by the Zeeman splitting of the Landau levels. All
electrons of a 2DES are distributed in consecutive energy levels of opposite spin orientation
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(Fig. 2.9). Therefore, the spin polarization oscillates when increasing the magnetic field.
The overall spin polarization P is generally defined as

p_t— (3.1)
oy

where ny (n;) denotes the majority (minority) spin density. It has a (local) maximum
for odd integer filling factors and a minimum (P = 0%) for even integer values of v. In
between these two limiting cases, P changes linearly. The spin polarization at odd integer
values of v increases for smaller filling factors and equals P = 100% for v = 1. However,
complete spin polarization can only be achieved in the limit of large Zeeman energy. More pre-
cisely, the Zeeman splitting must be larger than the disorder broadening of the Landau levels.

For filling factors v < 1, where the FQHE is 4 Unpolarized Polarized
E

dominant, one may expect the electron system
to be always spin polarized, given the argumen-
tation above. In this case, the spin degree of
freedom would be frozen out. However, since
the Zeeman energy in GaAs is rather weak and
has a value comparable to the energy scale of
the FQHE, i.e. the effective cyclotron energy of
composite fermions, the FQHS are not necessar-
ily fully polarized. This was first pointed out by
Halperin in 1983, shortly after the discovery of .
the FQHE [64]. Since then, various unpolarized & y fEV(il.utIOI; of CF Iﬂa%d?g I;avels ?ﬁ
and partially polarized FQHS have been found. (ngse (f iiilgzﬁ 101 Gl Magnetic 1ol streng
The question to what extent a FQHS is polarized '

depends sensitively on the interplay of Zeeman and Coulomb energy. Hence, it is not
surprising that transitions between phases of different spin polarization can be induced. A
prominent example is the spin transition from unpolarized to fully polarized occurring at
filling factor v = %5 [8, 160, 161, 165]. Other spin transitions are known to exist, for instance
at v = %5 [160], v = %5 [166] and since recently also in the second Landau level at v = %3
[167]. The occurrence of spin transitions in the FQHE can be understood intuitively in the
composite fermion picture introduced in section 2.4.2. In general, spin transitions occur
when CF Landau levels of opposite spin orientation cross. In the FQHE, such crossings
can be induced simply by tuning the magnetic field while keeping the filling factor constant
because the Zeeman and Coulomb energy have a different functional dependence on B. The
separation of CF Landau levels given by the effective cyclotron energy EY depends on the
Coulomb energy and is therefore proportional to 1/d = y/n., where d is the average particle
distance. For a fixed filling factor, this implies E} Vv/B. In contrast, the Zeeman energy,
which splits a single CF Landau level into branches of opposite spin orientation, increases
linearly with the magnetic field. We illustrate this for the case of the spin transition at

o)
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3.1 Introduction to spin physics in the quantum Hall regime

filling factor v = %3 (Fig. 3.1). This transition will play a central role for the remainder of
this chapter. In the CF picture, v = %/ corresponds to the case of two completely filled CF
Landau levels (v* = 2). In the limit of small Zeeman energy, i.e. for low magnetic fields and
consequently small density, the two lowest energy levels have their electron spins aligned
in opposite directions. Hence, the electron system is unpolarized. When increasing the
magnetic field, the Zeeman splitting grows more rapidly than the cyclotron energy, and at
some point a crossing of CF Landau levels occurs. Here, the electron system undergoes a
spin transition to an unpolarized state. At this crossing point, the energy gap vanishes due
to the presence of unoccupied states at the Fermi energy. Consequently, the longitudinal
resistance increases, and the quantization of the Hall resistance is lost. Such signatures of a
spin transition have been observed in transport experiments [8, 160]. A direct proof of the
evolution to a polarized state has been achieved by means of nuclear magnetic resonance [9]
and photoluminescence spectroscopy [161].

Spin transitions in the FQHE can be induced by different means. Besides the method dis-
cussed so far, i.e. changing the electron density, an often used technique is a tilted field study
[160, 165, 166]. Tilting the sample with respect to the external magnetic field while keeping
the perpendicular field component constant selectively enhances the Zeeman energy. The
Coulomb energy only depends on the perpendicular field component and remains therefore
unchanged. An alternative method to change the Zeeman energy, though experimentally
more difficult, is to apply pressure to the sample [168]. Apart from that, the g-factor can
also be influenced by the strength of the quantum confinement [169].

The coincidence of energy levels with different spin orientations in the quantum Hall regime
gives rise to complex microscopic spin formations, which bear strong similarities with
a ferromagnetic state. This quantum Hall ferromagnetism manifests itself in transport
experiments by the appearance of hysteretic behavior as well as Barkhausen jumps in the
sample resistance [7, 8]. Also a coexistence of unpolarized and polarized spin domains
has been found by nuclear magnetic resonance spectroscopy [9]. Further insights into the
microscopic nature of the spin transitions have been gained by using a single electron
transistor on the surface of the sample to sense the compressibility of the 2DES underneath
[164]. With this technique domain sizes in excess of 500 nm were observed. More recently,
real-space imaging of the spin transition at ¥ = % has been achieved by scanning optical
microscopy using trions (charged excitons) as local probes for the electron spin polarization
[163]. It has provided an intriguing visualization of the spin transition and revealed domain
sizes around 33 pm.

Quantum Hall ferromagnetism is not unique to the FQHE but also appears in the IQHE
[170]. The most prominent example is the IQHE at v = 1. Here, a fully aligned spin system
is favored by the electron-electron interaction even in the case of vanishing Zeeman energy
[10, 171]. It can be considered a Heisenberg-like isotropic ferromagnet [171]. Interestingly,
the v = 1 quantum Hall state is also home to complex spin textures known as skyrmions [10,
172]. These will be important in a later part of this chapter (section 3.3) and are discussed
there in more detail. Also in the IQHE Ising-type spin transitions with broken symmetry can
be realized as in the case of the FQHE by inducing a crossing of Landau levels with opposite
spin orientation [173]. However, in the case of the IQHE, this is hampered by the fact that
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Chapter 3 — Electron-nuclear spin interaction in the quantum Hall regime

both the Zeeman and the cyclotron energy exhibit a linear B-dependence. Nevertheless,
spin transitions have been achieved by using large tilt angles [173] or by resorting to wide
quantum wells with an occupied second subband [162].

Special attention needs to be paid to the spin E
physics at filling factor v = V2. According to the

CF theory, the electron system at v = 2 can be Er
understood as a Fermi sea of weakly-interacting '
composite fermions in zero effective magnetic
field. Yet, it is important to bear in mind that :
the effective magnetic field only applies to the il
orbital degree of the composite fermions. The
spin degree of freedom is subject to the total
magnetic field. In the case of non-interacting
particles, composite fermions have a parabolic

. . h2E2 . .
energy dispersion £ = ;mgi with mg . being

the effective mass of composite fermions and ko
their wavevector. Hence, the density of states for DOS

each spin orientation is constant as shown in Fig.

3.2. The overall spin polarization depends on Relative occupation of the spin-
the relative occupation of the two spin branches. up and -down energy levels for a CF Fermi
For E, > EF, the electron system is unpolarized. sea in a magnetic field (based on [174]).
Below this point, it becomes partially polarized.

The spin polarization at v = %2 can therefore be continuously tuned by changing the density
ne and thereby the magnetic field at v = 2. This has been confirmed experimentally
by polarization-sensitive photoluminescence spectroscopy [161]. The transition to a fully
polarized electron system occurred around 9 T. The considerations above are similarly
applicable to the CF Fermi sea of the particle-hole-conjugate filling factor at v = %2 and of
higher order CFs, e.g. at v = %4, where four flux quanta are attached to each electron.

A
v

3.1.2 The nuclear spin system in a GaAs/AlGaAs heterostructure

When a single nuclear spin is placed in a magnetic field, it experiences in analogy to its
electronic counterpart the Zeeman interaction

E,=—u, - B, (3.2)
where pt;; is the nuclear magnetic moment, defined as

[y = %J. (3.3)

2m

In this equation, gy denotes the nuclear g-factor, uy the nuclear magneton uy = ehp with
the proton rest mass m,, and J is the nuclear spin angular momentum. Quantum mechanics
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3.1 Introduction to spin physics in the quantum Hall regime

dictates that the projection of J along the magnetic field direction has discrete values him s,
where the magnetic quantum number m ; is restricted to values J,7 — 1,...,.— J +1,— J.
Here, 7 is the nuclear spin quantum number. Altogether, equation 3.2 is transformed into

E,=—gnunBmy. (3.4)

An often used quantity in this context is the gyromagnetic ratio . It relates the frequency
f of the Zeeman splitting directly to the magnetic field as f = ;- B.

The magnetic moment and gyromagnetic ratio of the nuclear isotopes inherent to GaAs are
shown in table 3.1 along with other properties which will become important later on. Since
the electron wavefunction is located almost entirely inside of the GaAs quantum well, the
influence of the Al nuclei in the barrier can be neglected in most cases.

Isotope 69Ga 1Ga "5As
Abundance (%) 60.1 39.9 100
Spin quantum number J 3/2 3/2 3/2
Magnetic moment pps () 2.0166 2.5623 1.4395

Reduced gyromagnetic ratio 5= (MHz/T) 10.248 13.021 7.3150
Hyperfine constant Agp (1eV) 38 49 46
Overhauser field at full polarization By (T) -1.37  -1.17  -2.76

Properties of the stable nuclear isotopes in GaAs (data taken from [6, 175]).

All stable nuclei in GaAs have spin J = 3/2. Hence, when applying a magnetic field,
the nuclear spin system splits equally into four energy levels due to the Zeeman energy in
expression 3.4 (Fig. 3.3a). Each of these levels corresponds to a different spin orientation.
Consequently, the relative occupation of the energy levels determines the nuclear spin
polarization. If the nuclei are equally distributed among these levels, the nuclear spin system
is unpolarized. This corresponds to the situation at high temperatures. When lowering
the temperature, the number of nuclei in the lowest energy level increases and with it the
nuclear spin polarization. Based on the Boltzmann statistics, the nuclear spin polarization
Pn can be calculated according to

29 +1 20 +1 1 1
Py =Bg(n) = 57 coth (7) 57 ) — — coth (772J> . (3.5)

Here, the Brillouin function B and the substitution n = gyunJ B/kpT was used, with kp
representing the Boltzmann constant and 7' the temperature of the nuclear spin system [6].
Fig. 3.3b shows exemplarily the temperature dependence of Py for the isotopes 9Ga, "' Ga
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Chapter 3 — Electron-nuclear spin interaction in the quantum Hall regime

and ®As at a magnetic field of 5T. It emphasizes that the nuclear spin polarization rapidly
diminishes with increasing temperature. If in thermal equilibrium a high spin polarization is
desirable, low temperatures as well as high magnetic fields are required. Many experiments
in this thesis are performed at the base temperature of a dilution refrigerator around 20 mK,
which corresponds to roughly 12% nuclear spin polarization at 5T.

100 - - - ;
E m=-32 "Ga
X 69
AE,=g\uyB g — 75Ga
m=-12 8 — TAs
©
Y 50t :
=12 3
mJ 8-
c
o
m=32 ©
B#0 O 70 20 30 40 50

temperature (mK)

(a) Zeeman splitting of nuclei with spin J = 3/2. (b) Nuclear spin polarization of the
nuclides °Ga, "'Ga and ™ As for different temperatures at a magnetic field of 5T. Calculations are
based on equation 3.5.

3.1.3 Hyperfine coupling of electronic and nuclear spins

Treating the nuclear spins as an isolated system of paramagnets as done in the previous
section does not grasp the full complexity of the nuclear spin system. In a more realistic
scenario, nuclear spins interact with their environment, for example via the dipole-dipole
interaction. Another important mechanism of nuclear spin interaction is the hyperfine
coupling to the electron spin system of the 2DES. For a GaAs based 2DES, the hyperfine
interaction is dominated by the Fermi contact interaction between the s-type conduction
band electrons and the nuclei [6]. This interaction can be described by the Hamiltonian

Hyp=Aprpd - S, (3.6)
with the hyperfine interaction constant

2o

Aprp = 3

(genn) (gnpn) [W(0)* (3.7)
which depends on the probability [(0)|? of finding an electron at a nucleus’ site [9].

In the case of s-electrons, the overlap of the electron wavefunction with the nucleus is large
and |(0)]? has a high value. The hyperfine constants for GaAs are stated in table 3.1,

50



3.2 Nuclear spin relaxation rate in the quantum Hall regime

The product J - S in equation 3.6 can be rewritten as
1
JS=(JTST+J78%) + 1.5, (3.8)

where ST (S7) denotes the raising (lowering) spin operator and S, the spin z-component.
The first term is called the "flip-flop" term. It describes a nuclear spin flip mediated by an
electron spin rotation in the opposite direction, i.e. a spin transfer from an electron to the
nuclear spin system and vice versa. This dynamic term is key to different ways of dynamic
nuclear spin polarization, for example by electron spin resonance [176] and optical pumping
[177, 178]. Tt also provides an efficient channel for nuclear spin relaxation if the energies of
an electronic and nuclear spin flip match [179, 180].

The second, static term in equation 3.8 states that a polarized nuclear spin system alters
the electronic Zeeman energy. This contribution to E, is often quantified by an additional
magnetic field By acting solely on the electronic spin degree of freedom, i.e. the filling factor
remains unchanged. The change of the electronic Zeeman energy caused by this so-called
Overhauser field can be observed in electron spin resonance experiments [176, 181]. Since
the hyperfine interaction selectively alters the Zeeman energy, it also affects the occurrence
of spin transitions in the FQHE. Calculated values of By in the case of full spin polarization
are listed in table 3.1. The negative sign of By indicates that the Overhauser field is oriented
opposite to the external magnetic field. Thus, increasing the nuclear spin polarization leads
to a reduction of the electronic Zeeman energy. Analogously to the Overhauser field, also a
spin polarized electron system causes a change of the nuclear Zeeman energy. This effect is
detectable in nuclear magnetic resonance experiments as a shift of the resonance frequency —
also known as the Knight shift [182]. Measurements of the Knight shift have been proven a
powerful method to probe the electron spin polarization [183, 184] and their spatial variation
[9]. This technique will become important in chapters 4 and 5.

3.2 Nuclear spin relaxation rate in the quantum Hall regime

The flip-flop mechanism for nuclear spin relaxation introduced in the previous section
requires that the energy gain of a nuclear spin flip is compensated by the electron system,
for example by an increase of its kinetic energy. In a metal, this energy conservation is
easily accomplished since a continuum of states is available for either spin direction. In
the quantum Hall regime the situation is different. Here, the DOS is bundled in Landau
levels, and states of opposite spin orientation are separated by the electronic Zeeman energy.
This splitting is about three orders of magnitude larger than the nuclear spin splitting.
Hence, in the quantum Hall regime, the energy conservation is in general not easily fulfilled,
and nuclear spin relaxation via this channel is rather slow. However, at certain filling
factors, low-energy excitations in the 2DES do exist which provide an efficient way of nuclear
spin relaxation. This section aims at identifying these low-energetic spin excitations by
measuring the nuclear spin relaxation rate at different filling factors. Of particular interest
is here the nuclear spin relaxation at the enigmatic v = % FQHS. Theory predicts the
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Chapter 3 — Electron-nuclear spin interaction in the quantum Hall regime

existence of skyrmionic spin excitations in its close vicinity [185]. If present, signatures of
these excitations would be observable in the nuclear spin relaxation rate. Before looking at
the experimental results, first the technique employed for measuring the relaxation rate is
introduced. It is based on the spin transition at v = %5.

3.2.1 Nuclear magnetometry based on the v = %3 spin transition

In order to measure the nuclear spin relaxation rate, two tasks need to be accomplished.
First, the nuclear spin polarization must be brought out of thermal equilibrium. In a second
step, the time dependent relaxation of the nuclear spin polarization back to its equilibrium
value needs to be measured. Thus, two tools are necessary — one for manipulating and one
for measuring the nuclear spin polarization. Both of these tasks can be achieved by using
the spin transition at v = %3 as described below.

Nuclear spin manipulation

The spin transition at v = %3 is well suited to manipulate the nuclear spin polarization
(section 3.1.1). The crossing of Landau levels with opposite spin orientation allows electronic
spin flips at little energetic cost, thus, matching the nuclear Zeeman splitting more aptly.
This opens up an efficient channel for conveying spin angular momentum between both
systems. Based on this situation, nuclear spin manipulation can be realized simply by
driving a strong current through the sample. Imposing a strong current has two main effects.
On the one hand, it inevitably causes a heating of the electron system. This heat will be
transferred to the nuclear spin system, which leads to a lower spin polarization according to
Boltzmann statistics (Fig. 3.3b). On the other hand, the coexistence of unpolarized and
polarized domains at the spin transition was found to facilitate a dynamic nuclear spin
polarization when imposing an external current [8, 179, 180, 186, 187]. The underlying
process can be understood in the following way [6]. If electrons are driven across the domain
walls separating regions of opposite spin orientation, a spin reversal is required. This spin
flip may take place in a flip-flop process involving a simultaneous nuclear spin flip in the
opposite direction. Thus, current flow may locally enhance the nuclear spin polarization
in a dynamic fashion. The altered spin polarization acts back on the electronic domain
morphology because it locally changes the electron Zeeman energy via the hyperfine inter-
action. This implies spatial fluctuations of the electron Zeeman energy across the sample,
which presumably leads to smaller domain sizes and therefore higher electron scattering
[187]. Indeed, the longitudinal resistance at the spin transitions was found to be enhanced
considerably under the influence of a strong current flow [186, 187]. The formation of such a
resistance peak took place on large timescales. This observation supports the involvement of
nuclear spins. More direct evidence for the current induced nuclear spin polarization is given
by the occurrence of strong nuclear magnetic resonances in the region of the spin transition
[8]. Nevertheless, a detailed microscopic picture of the underlying physics is missing up to
date.
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3.2 Nuclear spin relaxation rate in the quantum Hall regime

Which of these two counteracting consequences of current flow is strongest presumably
depends on the exact experimental details, e.g. current strength and sample disorder. We
will come back to this point in the next section. In either case, measurements of the nuclear
spin relaxation rate are possible as long as the system is driven out of thermal equilibrium
in the first place.

Detection of nuclear spin polarization

Changes of the nuclear spin polarization can be probed simply by measuring a displacement
of the spin transition at v = %3. As mentioned earlier, the coincidence condition is set by
the ratio between Coulomb and Zeeman energy. The latter depends on the nuclear spin
polarization due to the hyperfine interaction. Yet, the question remains how to detect the
occurrence of the spin transition. This can be easily done by standard transport measure-
ments as shown in Fig. 3.4. Here, the longitudinal resistance around v = %35 is plotted
for different densities and consequently also different magnetic fields. The spin transition
is clearly visible by a peak of finite resistance separating regions of vanishing R,,. The
resistance peak indicates the closing of the energy gap when the Landau level spin branches
swap. Below this point the electron system is unpolarized, whereas at higher magnetic fields
it is completely spin polarized.
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Magnetic field dependence of the longitudinal resistance around filling factor v = %.
The crossing of CF Landau levels manifests itself as a peak of finite resistance traversing the region

of R, = 0. At lower magnetic fields the electron system is unpolarized; at larger fields it is polarized.
The black circle marks the filling factor used for the experiments of Fig. 3.6.
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Putting it all together

The ability to manipulate and measure the nuclear spin polarization provides us with the
basic tools to determine the nuclear spin relaxation rate. The entire measurement sequence
is shown in Fig. 3.5. It exploits the varying degree of electron-nuclear spin interaction for
different filling factors. Rapid changes of the filling factor were achieved by tuning the
electron density electrostatically with the help of a backgate. The magnetic field was kept
constant. The measurement sequence consists basically of four steps. In the first step, the
nuclear spin system is initialized in order to have a common starting point for subsequent
cycles. This is done by completely thermalizing the nuclear spin system to the environment.
For this purpose, the electron system is set to a filling factor viy;; which ideally provides
a fast nuclear spin relaxation. We have chosen vy,it to be in the vicinity of v = 1 out of
reasons which will become apparent in the next section. During the second step, the nuclei
get dynamically polarized by driving a strong current (200 nA) at v = %5. In the third step,
the electron density is tuned to the filling factor of interest vpone, Where the nuclear spin
relaxation rate is probed. Here, the nuclear spin system is allowed to interact with the
electron system for a certain time ty,it. After this time, the 2DES is returned to v = %5 for
detecting the change of nuclear spin polarization in the fourth step. This is done simply
by measuring the longitudinal resistance at the flank of the spin transition resistance peak.
These four steps are repeated multiple times while for each cycle a different value of ¢yt is
chosen in order to obtain the whole relaxation curve.
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'Repeat sequence;
H 1
Initialization Polarization Relaxation Readout ifor different twait

Wait at vinit until |Dynamic pola- |Nuclei interact |Measure Rxx at

nuclei have rization of nuclei |with electron v=2/3 to deter-
reached thermal |at v=2/3 by system at vprobe |Mine change of
equilibrium strong current  |for time tyait spin polarization

Measurement sequence used to determine the nuclear spin relaxation rate (see text for
details).
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3.2 Nuclear spin relaxation rate in the quantum Hall regime

An example of nuclear spin relaxation is depicted in Fig. 3.6a. Fitting an exponential
function R = Rg + AR - e~ allows extracting the relaxation time 7. It is important to
emphasize that 7 is only equal to the nuclear spin relaxation time 77 if the resistance change
AR, depends linearly on the electron Zeeman energy. For small changes of FE,, this is
approximately fulfilled [174]. In fact, the exponential behavior of R,, in Fig. 3.6a supports
an interpretation of 7 as nuclear spin relaxation time. Apart from that, even if R,, responds
to changes in E, in a non-linear way, 7 remains a good measure to compare relaxation rates
at different filling factors and to identify filling factors of fast nuclear spin relaxation.

The exact point selected for dynamic polarization and read-out of the nuclear spin polar-
ization is indicated in Fig. 3.4. It was chosen for its large responsiveness to an external
current. Fig. 3.6b shows the effect of a strong current (200nA) on the longitudinal resistance,
recorded over an hour. At first, R,, increases strongly and starts to saturate after 20
minutes. A short excursion to a different filling factor causes a drop in R, due to the
partial relaxation of the nuclear spins. This highlights the basic principle underlying the
measurement scheme in Fig. 3.5.

T O longitudinal resistance
5.451 — exponential fit (t=75s) 1

Rxx (kQ)
Rxx (KQ)

- -- dynamic polarization
— with relaxation

25}
0 100 200 300 0 10 20 30 40 50 60
twait (S) time (min)

(a) Measurement of the nuclear spin relaxation rate via the longitudinal resistance.
The spin transition at v = %3 was used for the manipulation and detection of the nuclear spin
polarization. A nuclear spin relaxation time of 75s is extracted from the exponential fit. (b) Time
dependence of the longitudinal resistance at ¥ = %3 under the influence of a strong current (200nA).
An intermediate relaxation of the nuclear spin polarization causes a drop of R,,.

3.2.2 Results and discussion

Using the previously introduced technique, we measured the nuclear spin relaxation rate at
all filling factors within the tuning range of the backgate. The measurements were performed
at a constant magnetic field of 4.3 T and at a temperature of roughly 20mK. Two sets
of experiments were carried out. In the first, a low-frequency current (~ 10Hz) of 200 nA
was constantly driven through the sample during each step of the measurement sequence.
The main effect of the strong current on the measurement is a substantial heat input and
consequently a higher electron temperature. In a second set of experiments, the current was
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turned off during nuclear spin relaxation at vprohe and only applied for dynamic polarization
as well as read-out of the nuclear spin polarization.

The filling factor dependence of the nuclear spin l'\ ‘t\\ ’f‘\ 4'

relaxation rate obtained in the first case is shown 1\‘1\\;\\\\\ 3 ? ‘\f

in Fig. 3.8a together with the longitudinal resis- “ /‘_‘;_’/ - v\\‘i\\g ‘i\ /\r

tance for these conditions. The salient observa- v 5 = \/\t
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tion is two regions of fast nuclear spin relaxation Y ) / 7
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spin system (vin;t in Fig. 3.5). Similar relaxation ‘ ‘ Y y /7 r r

behavior has been observed before [179, 180, 189]. 1 1 t r

It was attributed to the formation of skyrmions

in the V1C1n1ty ofthev =1 IQHS, more precisely, Schematic representation of a

to the presence of the so-called Goldstone mode. skyrmion spin texture (based on [188]).
Skyrmions are gapped collective spin excitations

with charge +e [10]. They possess a complex spin texture which can be illustrated as a
vortex of spins (Fig. 3.7). In the center of the vortex, the electron spin is directed against
the external magnetic field. When going towards the perimeter, the spin slowly rotates by
180° and ends up with its orientation along the magnetic field. This spin order results from
the competition between Zeeman and exchange energy. The latter prefers to distribute a
single spin flip among many electrons instead of reversing a single electron spin. In fact,
the optimal skyrmion configuration requires only half the energy of a single electron spin
flip [10, 170]. The size and effective spin of the skyrmions depends on the ratio of Zeeman
and Coulomb energy. At T = 0, the skyrmions are predicted to order in a crystal structure
[190]. This skyrmion crystal exhibits gapless Goldstone modes, which open up an efficient
channel for spin transfer to the nuclei. The fast nuclear spin relaxation in Fig. 3.8a is a
consequence of these Goldstone modes [191]. A strong coupling between the electronic
and nuclear spin system around v = 1 was also inferred from heat capacity measurements
[192]. The existence of skyrmions was further corroborated by the observation of a strongly
decreasing electron spin polarization when going away from exact v = 1 [183, 193]. Apart
from the v = 1 quantum Hall state, skyrmions are also expected to occur at other (odd)
integer and fractional quantum Hall states with similar energetic situations, for instance
at v =13 and v = /5 [10]. However, experimental evidence for these assumptions is scarce.
Recently, the existence of skyrmions has been predicted theoretically for the v = 52 state as
well [185].

When turning off the external current during nuclear spin relaxation, the electron temper-
ature is substantially reduced. Under these conditions, additional features appear in the
filling factor dependence of 1/7T} as shown in Fig. 3.8b. These are addressed hereinafter
starting at low filling factors:

e The first peak appears around v = %3. The fast nuclear spin relaxation at this filling
factor can be understood as a consequence of the spin transition occurring here. The
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3.2 Nuclear spin relaxation rate in the quantum Hall regime

coincidence of CF Landau levels used to dynamically polarize the nuclei also facilitates
a rapid spin relaxation.

The double peak structure around v = 1, which was previously attributed to skyrmion
formation, is also present at base temperature, though much lower in intensity. The
observation of a decreasing spin relaxation at lower temperatures is consistent with
theoretical predictions of a Korringa-like temperature dependence 1/7T7 o< T' [191]. A
similar behavior was observed by Tracy et al. [194]. In contrast, Gervais et al. found
in the same temperature range an increased relaxation when cooling the system [195].
For small deviations from v = 1, Fig. 3.8b displays a linear dependence 1/T7 o |1 — v/|.
This behavior nicely confirms the theoretical predictions [191].

The next region of fast spin relaxation occurs at the v = %3 quantum Hall state.
In the limit of small Zeeman energy, v = %3 is the particle-hole conjugate state to
v = %5. Hence, the v = %35 state also undergoes a spin transition in roughly the
same magnetic field range. As in the case of the v = %3 state, this would account for
the high relaxation rate. This interpretation is supported by a slow spin relaxation
occuring at v = %3. As the conjugate state to v = /3, this FQHS does not exhibit a
spin transition (one filled CF Landau level). Interestingly, also the FQHS at v = %5
has a slightly increased relaxation rate. It is the particle-hole conjugate state of v = %5
and consequently has two filled CF Landau levels as well. However, the 85 state is
exposed to a different Coulomb energy compared to v = %3 and therefore is further
apart from the spin transition. Hence, it is not surprising that the enhancement of the
relaxation rate is reduced here.

Rather surprising is the observation of a fast nuclear spin relaxation around v = 2. To
our knowledge, this is the first report of such a behavior. No other measurements of
the relaxation rate at such low temperatures are known to exist in this filling factor
range. So far, no clear explanation has been found for the observed behavior. In the
single particle picture the excitation gap at v = 2 is set by the cyclotron energy and
has a large value. Hence, excitations between different Landau levels fail to explain the
fast nuclear spin relaxation. The exchange energy, being a dominant factor at v =1,
is much smaller around v = 2, which renders the formation of skyrmions unlikely.
Possibly edge effects are responsible for the fast relaxation. However, in this case,
the relaxation curve would show signatures of two distinct relaxation times, for the
bulk and edge effects, respectively. We also verified that the observed behavior is not
an artifact of the detection method by using filling factor v = 2 as an alternative
detection scheme [174]. Our findings suggest that the physics at v = 2 is in fact richer
than expected. The microscopic origin of these results remains to be resolved.

An important motivation for these experiments was the question whether signatures
of the wondrous v = % state would show up in the nuclear spin relaxation rate. As
mentioned earlier, theory predicts the formation of skyrmions for this FQHS [185].
Evidently, no indication of an enhanced relaxation rate is observable in Fig. 3.8b. Also
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a more detailed measurement around v = %2 unveiled no further insights. Possibly,
the quality of the v = % state is not sufficient for the formation of skyrmions. On the
other hand, this result may indicate that the theoretical understanding of the v = %%

state is not accurate enough.

Fig. 3.8 demonstrates that measurements of the nuclear spin relaxation rate can be utilized
to probe low-energetic spin excitations in the integer and fractional quantum Hall regime.
Our results highlight the rich spin physics present in the quantum Hall regime. Another
interesting facet of spin physics is the filling factor dependence of the nuclear spin polarization

studied in the next section.
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(a) Filling factor dependence of the nuclear spin relaxation rate. A strong current
of 200nA was constantly driven through the sample. The inset shows the measurement sequence
according to Fig. 3.5. (b) Measurement of the nuclear spin relaxation rate when the current is turned

off during relaxation.
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3.3 Filling factor dependence of the nuclear spin polarization

3.3 Filling factor dependence of the nuclear spin polarization

When taking a closer look at the measurement data acquired for Fig. 3.8, it becomes apparent
that not only the relaxation rate depends on the filling factor but also the resistance change
(AR in Fig. 3.6). In other words, when waiting for a long time at vpyobe, the resistance value
Ry measured upon return to v = %3 depends on the exact value of vhe as shown in Fig.
3.9. This implies that the nuclear spin polarization Py in thermal equilibrium changes for
different filling factors if our interpretation of R, (v = %3) as a measure of the nuclear spin
polarization is correct. First indications of such a behavior have been observed previously
[196].
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Longitudinal resistance at v = %3 measured after the nuclei have equilibrated at vprobe.
The resistances at v = %3 are normalized to the values obtained after dynamic nuclear polarization.

In order to further investigate this hypothesis, we measured directly the shift of the spin
transition according to the scheme in Fig. 3.10a. In the first step, the electron system
rests at filling factor vprope for 10 minutes to ensure thermal equilibrium. During this time,
the current is switched off. In a second step, the equilibrium nuclear spin polarization
is measured by quickly jumping to v ~ %5 and sweeping across the spin transition peak
while keeping the magnetic field constant at 5T. This process is repeated afterwards for
different values of vprope. The result is shown in Fig. 3.10b as a color plot. The extracted
peak position is depicted in Fig. 3.10c together with the longitudinal resistance at this
magnetic field. From the comparison with Fig. 3.9, it can be stated that it is indeed a
displacement of the spin transition causing the resistance changes in Fig. 3.9. This supports
with hindsight the interpretation R,, o Pxn used in the previous section to determine the
nuclear spin relaxation rate. From the direction of the peak shift, the polarity of the change
in Py can be assigned. A shift to lower filling factors corresponds to an increase of the
nuclear spin polarization. Hence, the nuclear spin polarization is highest around v = 1.22.
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(a) Measurement sequence used to probe the filling factor dependence of the nuclear
spin polarization. In the first step, the electron system rests for 10 minutes at vprobe. Then, the
nuclear spin polarization is detected by measuring R, while sweeping across the spin transition
peak at v = %3. The magnetic field is kept constant. (b) Shift of the spin transition peak in color
coding acquired at 5T. (c) Filling factor of the transition peak in (b), plotted together with the
longitudinal resistance.
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3.3 Filling factor dependence of the nuclear spin polarization

At this point, a low resistance was measured in Fig. 3.9. With this correlation in mind, we
can clarify the effect of the current driven through the sample for dynamic polarization in
the previous section. The steady increase of R,, shown in Fig. 3.6b identifies Py to be
overall reduced by the current flow.

Not only the position of the spin transition peak shifts for different filling factors but also its
height varies. Since the magnitude of the resistance peak is inherently connected to the size
and structure of the domain pattern at the v = %/3 spin transition, this observation points to
an additional source of disorder imposed at certain filling factors v, one. Remarkably, this is
also the case for the exact filling vprope = 1.

Fig. 3.11 reveals the temperature dependence of the nuclear spin polarization. The overall
shift to larger filling factors results from the population of higher nuclear energy levels and
the concomitant depolarization of the nuclei when increasing the temperature. At the same
time, the filling factor dependence of Py is weakened at higher temperatures. At 43 mK, Py
becomes independent of the filling factor. Interestingly, not all features disappear uniformly.
At first, the increased nuclear spin polarization at v = 1.22 vanishes, while other features
remain unaffected by the temperature change. Fig. 3.11 allows quantifying the variation of
Py occurring at base temperature. APy is roughly equivalent to the change in nuclear spin
polarization caused by a cooling of the electron system from 43 mK to base temperature
(~ 20mK). With the help of equation 3.5, this temperature difference can be converted to
APN = 5% for ™ As nuclei.
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Filling factor dependent nuclear spin polarization measured at different temperatures.

The observation of a filling factor dependent nuclear spin polarization is surprising since
Pn, in the first place, depends only on the nuclear Zeeman splitting and the temperature.
It would stand to reason to suspect the hyperfine interaction as the origin of the variations
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Chapter 3 — Electron-nuclear spin interaction in the quantum Hall regime

in Pyn. As mentioned earlier, a spin polarized electron system reduces the Zeeman splitting
of the nuclei (Knight shift). However, this effect is about three orders of magnitude smaller
compared to our findings. A plausible alternative explanation would be a variable electron
temperature caused by unintended current flows. The sample couples to the environment
outside of the cryostat via the leads and can thereby easily pick up microwave radiation from
the environment. This would lead to a persistent, small current flow through the sample
even when switching off the intentionally imposed external current. As a consequence, the
2DES would be heated slightly, while the exact temperature gain depends on the sample
impedance and changes for different filling factors. This scenario would explain why the
electron temperature and in thermal equilibrium also the nuclear spin polarization varies.

To verify or rule out this hypothesis, we repeated the experiment with a modified sample
sketched in Fig. 3.12. It has metallic gates on top of the surface designed such that the
2DES underneath can be depleted locally, thereby isolating the interior part of the sample
from the contacts. With this capability at hand, a potential influence of the leads on the
equilibrium value of Py can be investigated. We repeated the measurements of Fig. 3.10c
with the topgates being energized when approaching thermal equilibrium and turned off for
the detection of the spin transition peak. Fig. 3.13a compares the nuclear spin polarization
obtained with and without pinched off contacts. Also plotted is the longitudinal resistance
of this sample. The presence of the topgates modifies the 2DES underneath slightly, even
if no voltage is applied. As a result, the FQHS around v = 32 appear not fully developed.
The interior part of the sample remains unaffected. It leaps to the eye that the filling factor
dependence of Py is very similar to Fig. 3.10c albeit measured on a different sample. Small
changes presumably arise from the higher magnetic field of 5.55 T used for Fig. 3.13a. Of
main interest is the observation that both curves exhibit the same variations in Py, even in
the case of pinched off contacts. Thus, coupling effects via the leads can be ruled out to
account for the filling factor dependence of Py. Interestingly, an overall shift to lower filling
factors is observable if the topgates are energized. Apparently, the 2DES is heated slightly
by an external current if not hindered by a topgate. For this sample, we also studied the
time dependence of the nuclear spin polarization by varying the waiting time at vprope. The
outcome is plotted in Fig. 3.13b. It emphasizes that most features in Py develop rather
slowly on similar time scales as imposed by the electron-nuclear spin interaction.

Since our findings mostly discard external influences to be responsible for the variations in
P, the observed behavior is likely to have an intrinsic origin. An intriguing candidate is
the ferromagnetic ordering of nuclear spins. Already more than 70 years ago, the nuclear
Curie temperature of a three-dimensional metal was calculated to fall into the microkelvin
range [197]. However, recently it was shown that a 2DES with strong electron-electron
interactions can exhibit nuclear Curie temperatures on the order of millikelvin [198, 199].
The coupling between the nuclear spins in the 2DES is mainly established via the Rudermann-
Kittel-Kasuya-Yosida (RKKY) interaction, i.e. it is mediated indirectly by the electron
system. The direct dipolar interaction between nuclei is much weaker [199]. The RKKY
interaction requires a compressible electron system to evolve. Hence, only in this case a
potential magnetic ordering of the nuclear spins would occur. Consequently, the nuclear
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3.3 Filling factor dependence of the nuclear spin polarization

Figure 3.12 Schematic of a sample with topgates used to deplete the 2DES underneath and separate
the interior of the sample from the contacts. Below the metallic topgates an insulating layer was
fabricated to eliminate leakage currents (shown in blue).

spin polarization would be higher in regions of finite longitudinal resistance. This prediction
fits with the main observations in Fig. 3.13. However, further experiments are necessary
and underway to unambiguously identify the origin of the filling factor dependent spin
polarization. In any case, our findings provide the possibility to manipulate the nuclear
spin polarization without using strong currents or other external means which raise the
temperature.
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Figure 3.13 (a) Filling factor dependence of the nuclear spin polarization with and without pinched
off contacts. The measurements were done at base temperature (~ 20 mK) and a magnetic field of
5.55T. (b) Variation of the interaction time at vprone. During this time the nuclei approach thermal
equilibrium.
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Chapter 4

Spin polarization of the %> state

In the previous chapter, we have exploited the hyperfine coupling of the nuclear and
electron spin system to investigate electronic spin excitations. In this chapter, we rely on a
different aspect of the hyperfine interaction, namely the ability to probe the electron spin
polarization by a nuclear magnetic resonance (NMR). Using this technique, we measure the
spin polarization of the v = 5% FQHS. As discussed in section 2.6.2, it is a crucial quantity
to unravel the enigmatic nature of the v = % state.

4.1 Resistively detected NMR

For performing NMR experiments, a coil was

wound around the sample as depicted in Fig. 4.1.

It allows applying an oscillating magnetic field
with frequency f in the plane of the 2DES. If
the corresponding photon energy hf is tuned
such that it matches the Zeeman splitting of the
nuclei, transitions between nuclear energy levels

can be triggered by photon absorption (Fig. 4.2a).

For short interaction times, this can be used to

coherently control the nuclear spin polarization.

If the radio frequency (RF) radiation is applied
over a longer time scale, in particular longer
than the dephasing time, the coherence is lost,

Figure 4.1 Setup for NMR experiments.

and the mean nuclear spin polarization Py vanishes. This is referred to as continuous
wave mode. The decrease of nuclear spin polarization under resonant excitation affects
the energetic situation of the electron system. As mentioned earlier (section 3.1), a spin
polarized nuclear spin system changes the electronic Zeeman energy via the hyperfine
interaction. This contribution to the electronic Zeeman energy is often expressed in terms
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(a) Resonant RF radiation excites nuclear spins to higher energy levels and thereby
reduces the nuclear spin polarization. Shown is the case for nuclei with spin J = 3/2. (b) The
fictitious Overhauser field By arises from a finite nuclear spin polarization and causes a reduction
of the electron Zeeman energy. (c) Resistively detected NMR spectrum of "®As nuclei. The radio
frequency was swept from high to low values while recording the longitudinal resistance. (d) Nuclear
resonance frequency measured at different magnetic fields. The linear fit yields the gyromagnetic
ratio of 7 As nuclei.

of a fictitious magnetic field, the Overhauser field By, acting on the electron system as
E, = giup(B + By). The Overhauser field is oriented opposite to the external magnetic
field. Thus, a polarized nuclear spin system reduces the Zeeman splitting (Fig. 4.2b). As a
result, the hyperfine coupling provides the basis to detect the nuclear resonance condition
conveniently by a change in the longitudinal resistance of the sample if the filling factor is
chosen properly — a method named resistively detected NMR. In general, a strong response
in R, is expected for filling factors at the flank of quantum Hall states whose energy gap
depends predominantly on the Zeeman energy, e.g. at the flank of v = 1. Fig. 4.2¢ gives
an example of a nuclear magnetic resonance detected via the longitudinal resistance of the
sample. Here, a measurement of R, is shown as the radio frequency was swept across the
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4.1 Resistively detected NMR

nuclear resonance. At high frequencies, when the radio frequency is off-resonant to the
nuclear Zeeman splitting, Py has a finite value corresponding to the relative occupation of
the nuclear energy levels. If the RF energy is tuned to resonance, nuclei get excited to higher
energy levels, and as a consequence the average spin polarization is reduced. At the present
filling factor, this causes a drastic change in R,; to lower values. Once the RF radiation is
off-resonant again, Py recovers thermal equilibrium at a time scale set by T7. At the same
time, Ry returns to its equilibrium value. The resonance spectrum in Fig. 4.2c was taken
for 7As nuclei. Throughout this thesis, we exclusively studied resonances of "> As isotopes as
they yielded the strongest signal owing to their high abundance. In order to unambiguously
identify the feature in R,, as a nuclear magnetic resonance, we have analyzed the magnetic
field dependence of the resonance frequency as shown in Fig. 4.2d. The resonance shifts
linearly when sweeping the magnetic field with a slope of /27 = 7.29 MHz/T. This value
is in good agreement with the reduced gyromagnetic ratio of 7>As nuclei (see table 3.1).

Fig. 4.2c nicely demonstrates that a nuclear magnetic resonance can be detected via the
longitudinal resistance. Yet, the question remains how this can be utilized to measure the
spin polarization of the electron system. The key ingredient to this answer is again the
hyperfine interaction. In the same way as a polarized nuclear spin system changes the
Zeeman energy of the electrons, also a spin polarized electron system alters the Zeeman
splitting of the nuclei. Thus, a non-zero value of the electron spin polarization manifests
itself as a linear shift of the NMR frequency, introduced in section 3.1.3 as the Knight shift
K [182]. The Knight shift depends on both the spin polarization and the electron density —
in general the electron spin density. Over the last years, this technique has been established
as a reliable method to probe the electron spin polarization [9, 158, 159, 200]. The downside
of this method in its current form is that it is only applicable at filling factors where R,
depends on the Zeeman energy. In many cases this requirement is not fulfilled, especially
not for quantum Hall states where R,, ~ 0. We resolve this issue by taking advantage of
the backgate present in our sample.

The extended measurement procedure is shown
in Fig. 4.3. It divides the measurement process
into two parts, thereby separating the nuclear off-resonant
depolarization from its detection. In the first vt
step, a radio frequency close to the nuclear res- Voprobe
onance frequency is applied at vpobe. It is the

electron spin polarization of this filling factor 2 2 2
which determines the Knight shift. In the second Vdetect T T |
step, the RF induced change of Py is detected t—

by measuring R,, at a different filling factor
Vdetect- 1hese two steps are repeated multiple
times while for each cycle the applied frequency

RF resonant{ f1

Measurement sequence used to
acquire NMR spectra at different filling fac-

) ) tors Vprobe. The technique relies on abrupt
is lowered slightly to scan across the whole res- changes of the filling factor to separate the

onance. With this method, resonances can be RF-induced nuclear spin manipulation from
acquired in principle at every filling factor vprone  the detection (see text for details).
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Chapter 4 — Spin polarization of the 5/ state

within the tuning range of the backgate. The magnetic field is kept constant throughout the
entire sequence. An important prerequisite of this measurement technique is the preservation
of the nuclear spin polarization during read out. This is ensured firstly by a swift control
over the filling factor on time scales much faster than the nuclear spin relaxation time.
Secondly, the RF radiation is set off-resonant during read-out to avoid further manipulation
of the nuclei. The same effect can be achieved by turning off the RF power during this step.
However, this would lead to a temperature change with sometimes unforeseeable side effects.
The described measurement technique to determine the electron spin polarization requires
the nuclear spin system to be at least partially polarized. This can be achieved either
by dynamic nuclear polarization [181] or, as in our case, by sufficiently low temperatures
(see Fig. 3.3b). The need for ultra-low temperatures is inherently counteracted by the
unavoidable heating due to the applied RF radiation. On the one hand, higher RF powers
improve the NMR signal. On the other hand, the concomitant temperature change reduces
Pn. The heating effects are in particular problematic when probing fragile quantum Hall
states such as the v = % state. Here, low RF powers are necessary to impair the quality
of the FQHS as little as possible, rendering signal acquisition a challenge. In view of the
conflicting priorities of low temperatures and good signal-to-noise ratio, we maximize the
NMR signal by averaging over multiple measurement cycles.

4.2 Results and discussion

Before measuring the spin polarization at v = %%, first the Knight shift needs to be calibrated.
This is done by recording NMR spectra at quantum Hall states with known spin polarization.
For this purpose, resonance spectra were recorded at filling factors v = 2,1 and %5 (Fig.
4.4a, b and c¢). In the case of ¥ = 2, both spin branches of the first Landau level are
completely filled. Hence, the electron system at the first reference point is unpolarized.
For v = 1 in contrast, only the lower spin branch of the first Landau level is occupied,
and the electron system is considered to be maximally polarized. As a third reference
point v = %3 is chosen. It is the particle-hole conjugate state of %5 with respect to v = 2
and is therefore spin polarized. For the following considerations it is important to bear in
mind that all measurements in Fig. 4.4 were obtained at a constant magnetic field of 4.3T.
Thus, the shifts to lower frequencies appearing at ¥ = 1 and v = %3 stem solely from the
non-zero electron spin polarization and represent the Knight shift. The frequency difference
fv=2 — fu=1 = 22kHz delineates the maximum possible Knight shift K ., for the present
(fixed) magnetic field. Its exact value is magnetic field dependent since the Landau level
degeneracy and therefore also the maximum spin density at full polarization changes for
different B-fields. For a known electron spin polarization and at a constant magnetic field,
the corresponding Knight shift can in principle be calculated according to

KS(P*) = (fl/:2 - fl/:l) : P* - Ks,max . P*7 (41)
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4.2 Results and discussion

where P* denotes the spin polarization normalized by the Landau level degeneracy nrp,

_mony

P (4.2)

nr

In turn, relation 4.1 allows us to directly determine the electron spin polarization by mea-
suring the Knight shift. However, applying this calibration to the Knight shift K; = 8.4kHz
at v = %3 yields a spin polarization of P* = 39%. This value is slightly higher than the
maximum polarization achievable at v = %3 when maintaining the Landau level structure,
i.e. P* =1/3. We will come back to this discrepancy at a later point. First we touch upon
a different topic. It addresses the salient distinctions of the NMR lineshapes in Fig. 4.4.
The resonance at v = 1, for instance, exhibits a strong asymmetry, whereas at v = 2 the
resonance is rather symmetric. This behavior can be understood as a consequence of the
finite width of the electron wavefunction in the direction perpendicular to the quantum well
as described below [159, 184].
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Resistively detected NMR spectra of > As nuclei measured according to Fig. 4.3 at filling
factors v =2 (a), v =1 (b), v = %5 (¢) and v = %2 (d). The magnetic field was kept constant at 4.3 T.
The insets show the nominal Landau level occupation. The solid lines represent theoretical fits.

4.2.1 Discussion of the NMR lineshape

The electron wavefunction of the 2DES is extended spatially in the direction perpendicular
to the quantum well as pointed out in section 2.1. Owing to the spatial spread of the
wavefunction, the electron density varies along the z-axis and so does the local Knight
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4.2 Results and discussion

shift. In other words, the Knight shift of a single nucleus depends on its local environment
and thus varies for different positions in the quantum well. The overall NMR lineshape
measured in experiment is therefore composed of single resonances with different Knight
shifts. Its exact shape Z(f) can be calculated by spatial integration of the local resonance
lines whilst taking the local electron densities into account through their respective Knight
shifts:

I(f) = / Gaussian(f — (fo — EP* |(2)]?)) [Yaetect (2)> dz (4.3)

where fy denotes the unshifted resonance frequency and v (z) the electron wavefunction in
the z-direction. It was assumed that a single nucleus has a Gaussian lineshape. Since our
measurement technique relies on different filling factors for detection and RF excitation,
the distinct electron distribution present at vgetect Needs to be taken into account as well.
This is done by weighting the single Gaussian functions with |'¢detect(z)|2a while assuming
that regions of higher electron density contribute stronger to the resistive detection. The
calibration constant £ defines how much the nuclear resonance frequency is shifted by a
given electron spin polarization. It is magnetic field dependent and equals K 4z in the
limit of a vanishing wavefunction width.

For realistic experimental conditions, the defini- : T T
tion of the Knight shift given in equation 4.1 is
problematic since already the altered shape of the
wavefunction at different filling factors by itself
can shift the overall resonance frequency, even
in the case of equal spin density. This behavior
is due to the fact that the filling factor is tuned
electrostatically. The shape of the quantum well
and consequently also the wavefunction changes . . .
for different backgate voltages. This effect is il- 31.42 31.44 31.46
lustrated in Fig. 4.5. It shows the wavefunctions f(MHz)
at two different filling factors and the resulting Simulated NMR response at
resonances, assuming equal spin polarization and v =1 (red) and v = %2 (blue) when assuming
electron density. Interestingly, a symmetric den- €qual spin polarization and electron density.
sity distribution in the quantum well causes an 1 he inset shows the shape of the wavefunction
asymmetric resonance and vice versa. (probability density) for each of the two filling
. factors.
Based on equation 4.3, we calculated the reso-
nance spectra for the experimental data in Fig. 4.4. The shape of the wavefunction at the
respective filling factors was determined by solving the Schrédinger and Poisson equations
iteratively using the software neztnano++ [23]. The resonance at v = 2 is simply fit by a
Gaussian lineshape: In the case of an unpolarized electron system the Knight shift is zero,

NMR response
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and the resonance remains symmetric irrespective of the density distribution. Filling factor
v = %3 was used as a second reference point. The electron spin polarization was fixed to
P* =1/3 and & was varied to yield best fit. The shoulder appearing on the high frequency
side is not reproduced by the fit. Possibly, some of the structure parameters such as the
quantum well width differ from their nominal value. With the ¢ determined for v = %53,
we now turn to the resonance at v = 1. Here, the electron spin polarization as the only
parameter was varied to fit the resonance. The result is P*(v = 1) = 0.73 £ 0.17%, which is
considerably smaller than the expected full polarization (P* = 1). This discrepancy, already
deduced earlier from the ratio of the Knight shifts, cannot be explained by the changing
shape of the wavefunction. Nevertheless, we deem the calibration at v = %3 reliable. A spin
polarization P*(v = 1) < 1 is not surprising in view of the skyrmions present in this region
(see section 3.2.2) and has been observed before [159, 193]. In turn, using P*(v =1) =1 as
a calibration would imply P*(v = %3) > 1/3, i.e. the spin polarization of the %5 state would
be higher than its maximum value.

4.2.2 Spin polarization at v = %2

After having calibrated the Knight shift, we proceed with determining the spin polarization
at v = %. With the help of the measurement sequence described in the previous section,
it was possible to acquire resonance spectra also at v = %2 as depicted in Fig. 4.4d. The
resonance lineshape at v = %2 is symmetric in contrast to the resonance at v = 1. This
difference stems from the altered shape of the wavefunction. Fitting the nuclear resonance
with the model presented above discloses the electron spin polarization. The simulated
NMR response in Fig. 4.4d reflects the case of a completely spin polarized electron system
in the half filled spin branch of the second Landau level, i.e. P* = 0.5. However, to be able
to attribute this spin polarization to the v = % FHQS, it is crucial to consider the RF
induced heating of the 2DES. In Fig. 4.6a the longitudinal resistance between v = 2 and
v = 2.6 is plotted, measured under the influence of four different RF powers as well as at
base temperature. Of course, the heating caused by a higher RF power degrades the quality
of the %2 state. To determine the exact value of the RF induced temperature change, we
first record R, in the same filling factor range at different temperatures (Fig. 4.6b). From
the temperature dependence of the resistance value at v = %2, the energy gap As, of the %2
state can be extracted. This is done best with the aid of an Arrhenius plot, as shown in Fig.
4.6¢, while assuming R(T") exp(—ﬁ;}). A linear fit in the temperature-activated regime
yields an energy gap As, = 168 mK. Knowing the temperature dependence of R, the
resistance values in Fig. 4.6a can be converted to the corresponding electron temperature.
The result is depicted in Fig. 4.6d.

The resonance at v = %2 shown in Fig. 4.4d was measured at a RF power of —20dBm.
Thanks to the excellent sensitivity of the resistive detection method, it was possible to reduce
the RF power further and acquire resonance spectra down to —50dBm. The extracted
values of P*(v = %2) are summarized in Fig. 4.7. The error bars comprise the uncertainty
in determining the resonance frequencies. At all accessible temperatures, P*(v = %2) is
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Estimation of RF induced heating. (a) Longitudinal resistance measured at 4.3 T for
different RF powers and at base temperature. (b) R, in the same filling factor range for different
temperatures. (c¢) Arrhenius plot of the resistance values at v = %2 with linear fit. (d) Conversion of
RF power to electron temperature.

consistent with a completely spin polarized electron system.

At high temperatures, when the %2 state has not yet developed, a fully polarized electron
system fits with the expectations of the non-interacting electron picture. All electrons
within a Landau level spin branch have the same spin orientation provided that the Zeeman
splitting is strong enough. However, if the CF picture of the first Landau level (section
2.4.2) is extended to the second Landau level, it predicts a Fermi sea of composite fermions
at half filling. In this case, the spin polarization is determined by the ratio of the Zeeman
and CF Fermi energy as described in section 3.1.1. Hence, a spin polarized electron system
requires

B ﬁZk%F B h22mnor

Er > gt B, (4.4)

- * - *
2mep 2mep
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Chapter 4 — Spin polarization of the 5/ state

where nop is the density of composite fermions, i.e. ncp = n./5 in the case of v = %-.
For the present experimental conditions, this implies mg > 1.14m,, which is close to the
experimental value of the CF mass mg, = 1.13m, determined by Kukushkin et al. at
v =%, [161]'. While the validity of the CF picture in higher Landau levels is questionable,
indications of a CF Fermi sea at v = %2 have been found by surface acoustic wave experiments
201].

At lower temperatures, when R,,(v = %2) approaches zero, Fig. 4.7 unveils the sought
for spin polarization of the 52 state. The discovery of a fully polarized state confirms the
prediction of the Moore-Read theory. Together with the observed e/4 fractional charge [139,
145, 146] these results strongly favor the (anti-)Pfaffian wavefunction as proper description
of the %2 state [151, 202, 203]. Likewise, this would imply a non-abelian nature of the %>
quasiparticles [13, 14, 127]. Our results exclude the unpolarized 331 state [64], which was
considered the most likely abelian contender explaining the existence of the %2 state. For a
discussion of the main candidate wavefunctions and a review on the experiments performed
so far, we refer to section 2.6.2.

10p-F-----0O------0O------ -

P/ Ra

0.5

00— 40 T30 20

RF power (dBm)

Electron spin polarization at v = %2 measured by resistively detected NMR with different
RF power values. The values are normalized by the maximum spin polarization possible within a
spin-split Landau level P}, .. = 0.5.

In the course of acquiring these results, two similar pieces of work were published by other
groups [158, 159]. The authors also inferred a spin polarized %2 state in consistence with our
findings. What distinguishes the present work is the quality of the %2 state. Considerable
efforts have been undertaken in the present study to optimize the cooling of the electrons
while keeping the external heat input at bay (details can be found in appendix B). Fig.

1 It was assumed that the CF mass scales with the magnetic field according to mr = Cv/Bm. (constant
C) [161].
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4.6a reveals a well developed 2 state with R;; becoming vanishingly small in contrast to
the experimental conditions in references [158, 159]. This is an important point since the
electron system at v = %2 is spin polarized also in the absence of a quantized state. It is
therefore difficult to judge at which temperature P(v = 52) starts to represent the spin
polarization of the FQHS.

In Fig. 4.7 a tendency to lower values of P is observable when decreasing the temperature.
With the present accuracy, it is not possible to state whether this is a genuine trend or not.
In principle, our results would also support a high partial spin polarization. For this depth
of analysis, additional experiments will be necessary to either increase the measurement
accuracy or improve the quality of the v = %2 state further.
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Chapter 5

Probing the microscopic structure of the
stripe phase at v = %>

In the previous chapter, we probed the electron spin polarization by means of resistively
detected NMR. It was shown that the resonance lineshape not only depends on the spin
polarization but also on the spatial electron distribution in the quantum well. In a broader
sense, this technique can be used to probe the distribution of the electron density in all three
dimensions. Due to this local sensitivity, NMR is ideally suited to study the spatial ordering
of electrons which is believed to occur in the density modulated phases introduced in section
2.5. This constitutes the central topic of the present chapter. More precisely, it deals
with the study of the stripe phase emerging at filling factor 52 when rotating the sample
with respect to the magnetic field. The first section gives an overview of the experimental
indications found so far for such a stripe phase. In the second part, we employ the NMR
technique to study the spatial density distribution occurring in this phase. The results are
discussed in the last section, underpinned by a theoretical model of the stripe formation.
From this, the stripe period as well as the modulation strength are deduced.

5.1 Tilt induced phase transition at v = %

The appearance of density modulated phases in the quantum Hall regime was introduced
in section 2.5. For such phases the homogeneous electron system in the topmost Landau
level is assumed to break up into regions of alternating electron density. Their existence is
inferred from characteristic features in the transport behavior. In the case of the bubble
phase, a reappearance of the IQHE indicates a pinning of the excess electrons in the partially
occupied Landau level. In more detail, the electrons are believed to cluster in bubbles with
integer filling factor which arrange in a triangular lattice. This distinguishes the bubble
phase from the stripe phase. In case of the stripe phase, electrons are supposed to order
in stripe-like patterns of alternating filling factor. The appearance of a strong transport
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anisotropy at half Landau level fillings is construed as an indication for such a stripe phase.
These density modulated phases compete at partial fillings with FQHS for stability. In the
first Landau level FQHS are ubiquitous, whereas in higher Landau levels density modulated
phases prevail over the FQHE. This competition stems from subtle changes in the direct
Coulomb and exchange interaction owing to the altered shape and extent of the electron
wavefunction in the respective Landau levels. As already addressed in section 2.6, this effect
looms largest in the second Landau level, where FQHS are interwoven with reentrant integer
quantum Hall states (see Fig. 2.19). Transitions between FQHS and density modulated
phases are induced by minute changes of the electron density or the magnetic field. The close
proximity of FQHS and density modulated phases further manifests itself in Fig. 5.1. It shows
the longitudinal resistance along two perpendicular current directions under the influence of
a magnetic field in the plane of the 2DES. The measurement was performed at about 20 mK
in a dilution refrigerator. To allow for a proper comparison between both current directions,
the sample was patterned in a square geometry (400 pm wide). The in-plane field component
was created by tilting the sample with respect to the external magnetic field. The filling
factor is set by the perpendicular field component B = cos(¢)Biot, where By denotes the
total magnetic field and ¢ the angle spanned by Biot and B, . Fig. 5.1 reveals two salient
observations. Firstly, upon tilting of the sample the %2 state gradually disappears, while the
states at v = 73 and v = 83 get strengthened by the in-plane magnetic field. Secondly, the
weakening of the %2 state is accompanied by an emergent strong transport anisotropy. Its
'hard" axis is oriented along the in-plane magnetic field component B);. These observations
are consistent with previous publications [108, 109, 122, 150].

The disappearance of the %2 state had first been taken as evidence for an unpolarized electron
system since an in-plane magnetic field selectively enhances the Zeeman energy [150]. In
view of the strong transport anisotropy, this assessment was later revised in favor of a stripe
phase formation. These anisotropic phases may according to Hartree-Fock calculations be
understood as a unidirectional charge density wave (CDW) [93, 94, 204]. In this case, the
local filling factor in the topmost Landau level alternates between two consecutive integer
values in stripes with a strictly one-dimensional periodicity. This behavior is sketched in
Fig. 5.2a. Alternative models take fluctuations along stripes into account and approach
the stripe phase in close analogy to the behavior of liquid crystals [3, 110]. Fradkin and
Kivelson proposed distinct electron liquid crystal phases which are categorized according to
their symmetry and strength of shape fluctuations [110]: the smectic, nematic and stripe
crystal phase. Details on these phases can be found in references [3, 110]. Based on this
literature, we introduce the following electron liquid phases.

e Hartree-Fock calculations indicate that the CDW is generically unstable at zero
temperature to the formation of modulations along the stripes [205]. In the case of the
stripe crystal phase, these modulations order in an anti-phase manner (Fig. 5.2b).
The resultant phase is equivalent to an anisotropic Wigner crystal.

® The smectic phase has modulations along the stripes similar to the stripe crystal,
albeit with no long range anti-phase order due to dynamic phase slips (Fig. 5.2c). In the
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Figure 5.1 Influence of an in-plane magnetic field B) on the longitudinal resistance, measured at
T ~ 20mK. The sample was tilted by angle ¢ with respect to the external magnetic field, while
¢ = 0° corresponds to B = 0. The transport was probed along two perpendicular current directions:
Inc || B (blue) and Inc L By (red). The direction of current flow is indicated by red arrows.

thermodynamic limit, the smectic phase is equivalent to a CDW with no modulations.
An important prerequisite for smectic order is the continuity of the stripes. The
amplitude of the shape fluctuations is small compared to the stripe period such that
neighboring stripes do not overlap. This requirement distinguishes the smectic phase
from the nematic phase.

e In the case of the nematic phase, the fluctuations along the stripes are so strong
that stripes may break apart and dislocations can occur (Fig. 5.2d). On the other
hand, the fluctuations must not be too strong so that the orientational order of the
stripes persists. Otherwise the anisotropic character of the nematic phase would be
lost.

Beyond the mere transport behavior, experiments on the local nature of the anisotropic
phases in the quantum Hall regime are scarce. The temperature dependence of the transport
anisotropy at v = % has been analyzed and was found to be consistent with the predictions
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Figure 5.2 Filling factor variation in the topmost Landau level for different stripe phase models. (a)
The charge density wave picture assumes alternating stripes with a strictly 1D periodicity. (b) For
the stripe crystal phase, modulations on neighboring stripes are ordered anti-phase. (¢) The smectic
phase has random shape fluctuations with moderate amplitude. (d) In the case of the nematic phase,
the shape fluctuations are strong enough that stripes break apart and dislocations form.

of a nematic phase [111, 112]. Apart from that, resonances in the microwave absorption
have been observed and interpreted as pinning modes of the stripe crystal [114, 115]. Yet,
with these techniques microscopic details remain elusive. A first step in this direction has
been made by Kukushkin et al. [113]. They probed the collective modes and periodicity
of the stripe phase at v = % by means of surface acoustic waves and photoluminescence
spectroscopy. Scanning probe techniques would serve as an ideal method to study the local
nature of the anisotropic phase. However, their implementation is impeded by the required
low temperatures and the depth of the 2DES in a GaAs/AlGaAs heterostructure [206]. The
latter is problematic since the distance between probing tip and 2DES sets a lower bound to
the spatial resolution achievable with scanning probe techniques. The density modulations
in stripe phases are predicted to occur on the order of a few magnetic lengths — a length
scale substantially smaller than the depth of a 2DES in a typical heterostructure.
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5.2 NMR spectroscopy of the stripe phase

In this chapter, we adapt the resistively detected NMR technique introduced previously to
study the microscopic nature of the anisotropic phase emerging at v = %2 when tilting the
sample with respect to the external magnetic field. In a sense, we use nuclear spins as local
detectors to probe the spatial density distribution of this anisotropic phase.

5.2 NMR spectroscopy of the stripe phase

Using the sequence in Fig. 4.3, multiple nuclear resonances were measured in the filling
factor range displaying large transport anisotropy at a fixed magnetic field Biot = 6.9T and
constant tilt angle of 60°. The detailed transport behavior for these conditions is shown
in Fig. 5.3a. The measurement of R,, was performed under the influence of RF radiation
in order to include the off-resonant heating effect. As a consequence of the increased
temperature, the 7/3 and %3 FQHS have vanished in contrast to the measurement in Fig. 5.1,
which was performed at base temperature. Despite the elevated temperature, the transport
anisotropy remains on a high level. The colored bars indicate the exact filling factors at
which a nuclear resonance was measured. For the detection of the NMR response, the flank
of the plateau at v = 3 was chosen (Vgetect = 2.86). The RF power was kept at a constant
value of —17dBm, leading to an electron temperature of roughly 70 mK. The resultant
NMR spectra are presented in Fig. 5.3b. They are inverted, normalized and offset for clarity.
First, we focus on the spectra recorded at v = 2 and 3. Here, two main observations leap to
the eye. Firstly, the resonance at v = 3 is shifted to lower frequencies with respect to v = 2
as a result of the Knight shift. At v = 3 the electron system is maximally polarized, albeit
potentially lower than P* = 100 % due the presence of disorder. In contrast, at v = 2 the
2DES is supposed to be unpolarized. The second observation concerns the NMR, lineshape.
The resonance at v = 3 is obviously broader than the one at v = 2. This observation can be
attributed to the finite width of the electron wavefunction as discussed in section 4.2.1. The
spatial integration over the varying local Knight shift along the z-axis inherently leads to a
broadening of the resonance. This effect is conspicuously absent at v = 2: In the case of an
unpolarized electron system, the Knight shift is zero irrespective of the density distribution.
At intermediate filling factors, between these two limiting cases, a second resonance peak is
observable in the NMR spectra. The appearance of this twofold resonance coincides with
the filling factor range exhibiting a strong transport anisotropy. When increasing the filling
factor, both resonances shift to higher frequencies and evolve back to a single resonance
line at ¥ = 3. The continuous shift to lower frequencies reflects the rising degree of spin
polarization when populating the spin-up branch of the second Landau level more and
more.

It is tempting to attribute the splitting of the resonance line to a modulation of the electron
spin density in the plane of the 2DES. In fact, other mechanisms known to cause additional
features in the NMR response can be excluded as described below. The first candidate
to think of is the electric quadrupole interaction. Samples with an intrinsic electric field
gradient, caused for example by internal or external stress, exhibit multiple, evenly spaced
resonances due to the electric quadrupole interaction [8, 200]. However, this effect always
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(a) Transport behavior along two perpendicular current directions for constant tilt
angle ¢ = 60° and magnetic field B,y = 6.9 T. RF-induced heating caused an increased electron
temperature of about 70mK. (b) NMR spectra of 7®As nuclei measured at different filling factors as
indicated by colored bars in (a). The resistively detected change of the nuclear spin polarization AR
was normalized, inverted and offset for clarity. (c) Simulated NMR response based on the model in
Fig. 5.4. For the calculations a stripe period of A = 2.6 - [p was assumed.

leads to at least three resonances in the NMR response. Moreover, any effect arising from the
host crystal should be independent of the filling factor and would therefore be observable at
v =2 and 3 as well. Thus, the quadrupole interaction fails to explain the resonance splitting
of Fig. 5.3b. An alternative explanation would be a modulation of the electron density
in the direction perpendicular to the quantum well, caused for example by the in-plane
magnetic field component. This could lead to similar NMR features if the electron density
is modulated accordingly. However, the resultant resonance splitting would grow linearly
when increasing the filling factor due to the rising spin polarization and would be largest at
v = 3. In contrast, Fig. 5.3b shows a rather constant splitting at intermediate filling factors
and a single resonance for v = 3. Having ruled out the two alternative scenarios above, the
most likely explanation for the observed resonance behavior is a modulation of the electron
spin density in the plane of the 2DES. If the spin-split Landau levels are well separated,
the spatial modulation of the spin polarization is inherently connected to a corresponding
variation of the charge density. To further corroborate that the resonance splitting is indeed
associated with the anisotropic phase, we have verified that the additional feature in the
NMR response vanishes at high temperatures where the transport anisotropy is substantially
reduced (~ 800mK). In addition, the twofold resonance is absent in the case of a purely
perpendicular magnetic field as shown in the previous chapter (Fig. 4.4).
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5.3 Modeling of the NMR response

In an attempt to model the resonance behavior in Fig. 5.3b, we assume that the local
filling factor is modulated in parallel stripes of vj,c = 2 and v, = 3 (Fig. 5.4a left). The
relative stripe width determines the average filling factor v. The local filling factor is set
by the density of the center coordinates of the electron wavefunction and can change in
a step-like manner. The electron density, in contrast, is set by the probability density of
the wavefunction and evolves rather smoothly due to the spatial extent of the wavefunction
(Fig. 5.4a right). The exact density distribution p(z,y) in the plane of the 2DES depends on
the shape of the wavefunction and the stripe period A. For stripes running along the y-axis,
the density distribution is independent of the y-coordinate p(z,y) = p(x). In a first step,
the density distribution p(x) is calculated by convolving the local filling factor v, with the
electron wavefunction v :

poa(@) = K+ [ ol = 2) - (1oe@) ~2) . (5.1)

Here, K is a normalization constant. The calculation is done in the Landau gauge, which
inherently supports stripe symmetry (section 2.3). In the second step, we determine the
NMR response according to

Z(f) = /Gaussian(f — (fo = pur(2) - Ksmaz)) dx, (5.2)

where we again use a Gaussian lineshape for the resonance of a single nucleus (see equation
4.3). Moreover, it is assumed that the spin polarization grows linearly as the spin-up branch
of the second Landau level is increasingly occupied and that the detection sensitivity is
uniform across the sample. The value of the maximal Knight shift K, ., is extracted
from Fig. 5.3b. The NMR response calculated for a fixed filling factor v = %2 as a function
of the stripe period is depicted in Fig. 5.4b. At v = 52, the regions with 1, = 2 and
Ve = 3 are of equal width. The stripe period is plotted in units of the magnetic length (5,
which roughly sets the length scale of the wavefunction. The underlying electron density
is shown in 5.4c for prominent values of A. We first address the two limiting cases A > Ip
and A\ = [p. If the stripe period is large compared to the magnetic length, the electron
density follows the step-like variation imposed by the filling factor v1,.. The electron system,
therefore, alternates between unpolarized stripes and stripes with maximum polarization.
Consequently, two resonances appear in the spectrum — an unshifted resonance and one
with Knight shift K naz. In the case A = [p, the variation of v, is completely smeared
out by the spatial extent of the wavefunction. Hence, the spectrum exhibits only a single
resonance, shifted by K paq/2 since the Landau level branch at v = %2 is only half occupied.
At intermediate values of A the behavior becomes more complex. At A = 4.4 -lg, the NMR
response merges back to a single resonance. The almost uniform density distribution at this
point is a result of the characteristic node appearing in the electron wavefunction of the
second Landau level.
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Modeling of the NMR response. (a) The filling factor in the topmost Landau level
is assumed to alternate between 7 = 1 and 0 in parallel stripes (left). The spatial extent of the
wavefunction leads to a smooth variation of the electron density (right). (b) NMR response at v = %
for different stripe periods in units of the magnetic length (5. (c) Spatial density distribution in the
second Landau level within a single stripe period for selected points in (b).

When comparing the simulated NMR response with the experimental findings in Fig. 5.3b,
best agreement is found for A = (2.6 £ 0.6) - [, which corresponds to A = (1.5 £0.4) - R...
For this value, both theory and experiment yield a twofold resonance which is shifted with
respect to an unpolarized 2DES. For perpendicular magnetic fields, theory predicts a slightly
higher value Atheory = 2.8+ R, [5]. No other experimentally determined values for the present
conditions are known to exist. For the stripe phase at v = % in perpendicular magnetic
fields, a stripe period 3.6 - R. was found [113].

84



5.3 Modeling of the NMR response

Remarkable is also the strong modulation of the electron density of about 60 % (20 % of
total density n.) which is necessary to reproduce the resonance splitting found in experiment.
Interestingly, the density modulation is ordered anti-phase with respect to the variation
of the filling factor. The strong density modulation is particularly surprising considering
that theoretical studies estimate a variation of only 20 % within a spin-split Landau level at
zero tilt [93, 94]. To the best of our knowledge, none of the theoretical publications have
addressed the effect of an in-plane magnetic field on the modulation strength. Qualitatively,
it comes as no surprise that the in-plane field component imparts a stronger one-dimensional
character to the stripes.

Based on the extracted value A = 2.6-1p, we model the filling factor dependence of the nuclear
resonance behavior. The result is shown in 5.3c. Keeping in mind that our model is relatively
straightforward and does not consider fluctuations of the stripe pattern, the simulated NMR
response compares remarkably well with the experimental data in Fig. 5.3b. In either case,
the NMR spectrum starts off with a single resonance which undergoes a splitting into two
distinct features. Both resonances shift simultaneously to lower frequencies when increasing
v and eventually merge back to a symmetric resonance line at v = 3. Apparent discrepancies
mainly arise from the fact that our model is purely two-dimensional. Calculating the density
distribution in the z-direction as done in the previous chapter is in the present case rather
cumbersome due to the influence of the in-plane magnetic field component on the shape of the
electron wavefunction. This task needs to be addressed in future work. A three-dimensional
model would capture the broadening of the resonances occurring at higher filling factors.
Presumably also the asymmetric height of the resonances in Fig. 5.3b, with the resonance
at lower frequencies being constantly smaller, is a consequence of the electron distribution
in the z-direction. As pointed out in section 4.2.1, the spatial spread of the wavefunction
in the direction perpendicular to the quantum well often causes an asymmetric lineshape
slanted towards higher frequencies.

From the clear splitting of the resonance line in Fig. 5.3b, one may further conjecture that
the stripe pattern is rather well ordered. Strong fluctuations of the stripes would change
the stripe period locally, resulting in a different NMR response according to Fig. 5.4b. This
would smooth out and obscure the twofold resonance on average. Hence, the appearance of
two distinct resonances points towards the formation of a largely ordered phase, such as a
unidirectional CDW or stripe crystal, presumably induced by the in-plane field component.
It has been shown theoretically that an in-plane magnetic field enhances the anisotropy
energy of the stripe phase [207]. The increased stability of the stripe phase under tilt also
manifests itself in the need for higher temperatures to destroy the transport anisotropy
[112].

It is noteworthy that a twofold nuclear resonance, similar to the one discussed here, has

recently been discovered in the high-T;. superconductor YBasCuzOy. It was interpreted as
evidence for a magnetic field induced charge-stripe order [208].
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Outlook

Future work will aim at repeating the above experiments for the stripe phases in higher
Landau levels. This would allow comparing the different stripe phases among each other.
Experimentally it is challenging to acquire resonance spectra in higher Landau levels as these
filling factors appear at lower magnetic fields. The reduced field has two negative implications
for performing NMR experiments. Firstly, it decreases the nuclear spin polarization and
therefore the signal strength. Secondly, the Knight shift is reduced as well, owing to the
lower Landau level degeneracy. This impairs the chance to detect single features in the
NMR response. In these regards, the stripe phase at v = %2 provides the best conditions for
NMR spectroscopy. Here, the Landau level degeneracy, set be the perpendicular magnetic
field component, is comparably large and the total magnetic field, relevant for the nuclear
spin polarization, is much higher due to the tilted field configuration. Apart from that,
the electron wavefunction becomes increasingly complicated in higher Landau levels (see
Fig. 2.7). Consequently, the spatial density distribution of the stripe phase and the NMR
response would presumably be more complex as well.

Another project currently under investigation employs NMR spectroscopy to probe the
density distribution of the different bubble phases. This is particularly challenging since
the reentrant states in the second Landau level are extremely fragile. Tilting the sample to
increase the total magnetic field for sensitivity reasons is in this case not an option as these
bubble phases immediately disappear under the influence of an in-plane field component.
A close relative of the bubble phase, the Wigner crystal, has recently been investigated
successfully using the NMR technique employed above [209].
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Chapter 6

Surface acoustic wave study of density
modulated phases

The existence of density modulated phases was first inferred from signatures in electron
transport experiments [96, 97]. The bubble phase was identified by a reappearance of the
integer quantum Hall effect, whereas the stripe phase manifested itself by the anisotropic
transport behavior (section 2.5). Since then, research on density modulated phases has
focused primarily on their response to an external current flow. Here, we pursue a different
approach and investigate these phases by means of surface acoustic waves. This technique
provides an intriguing alternative access to the electron dynamics and conductivity in a
two-dimensional electron system.

6.1 Surface acoustic waves on a GaAs/AlGaAs heterostructure

This section summarizes the basic properties of surface acoustic waves and their propagation
in the presence of a 2DES. The information provided here is based on references [210, 211].

Surface acoustic waves (SAWs) are modes of elastic energy bound to propagate along the
surface of an elastic medium [210]. They combine elements of longitudinal and transversal
waves. Hence, the displacement of a single particle is elliptic. Their amplitude decays
exponentially towards the interior of the sample at a length scale set by the SAW wavelength.
In piezoelectric materials, such as GaAs/AlGaAs, the mechanical strain associated with
the particle displacement creates an electric field which propagates along the density wave.
The presence of this field significantly alters the SAW propagation in the material. The
piezoelectric tensor p couples the mechanical and electrical quantities according to

. auk 8¢
7;,] = Cijkl 8Xl + pkzj 8Xk
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with indices 4,7,k,l = 1,2,3 [211]. The first term in the stress equation 6.1 represents Hooke’s
law with the particle displacement u, stiffness tensor ¢ and mechanical stress 7. The spatial
coordinates are denoted as x;. The first term of the electric equation 6.2 is the well-known
relation between electric field E and displacement field D = ¢FE, where ¢ is the electric
permittivity tensor and ¢ the scalar electric potential.

To simplify the equations above, we first consider a one-dimensional longitudinal bulk wave
running along the z-direction. Combining

oT 0%u
S et 6.3
oz~ "or (6.3)
with equations 6.1 and 6.2 leads to the basic equation of motion
0%u p2\ 0%u pOD
pmz*(”Qw}m (64)

where p is the density of the material [210]. Based on this equation, we discuss the two
limiting scenarios of an insulating and perfectly conducting piezoelectric material.

® In the case of an ideal conductor (o = 00), any electric field generated by the SAW is
immediately screened by the electrons provided that the electronic relaxation time, i.e.
the time required by the electrons to react to an external electric field, is shorter than
1/f (SAW frequency f). As a consequence the last terms in equation 6.4 cancel each
other and it remains
0%u 0u
— =c=—. 6.5
Porr ~ “oa (6:5)
This is the equation of a wave propagating with velocity vg = \/c¢/p. Hence, the
material behaves as if it would be non-piezoelectric.

e In the case of a piezoelectric insulator (¢ = 0), no charges can build up to screen the
electric field, and according to Poisson’s equation 0D /0z = 0 follows. Consequently,
equation 6.4 describes waves propagating with velocity v = \/5/7 in a material with
an effective stiffness & = ¢(1 + p?/ce). In this case, the piezoelectricity leads to a
stiffening of the crystal. The term p?/ce is also known as the electromechanical
coupling coefficient K2.

In summary, the extent to which the electric fields generated by a surface acoustic wave in a
piezoelectric material are screened depends decisively on the conductivity ¢ as well as the
SAW frequency w. In this context, it is instructive to introduce the conductivity relaxation
frequency w, = 0/(e1 + €2) [210]. This frequency is derived from the time ¢ = 27 /w, which
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the electron system needs to react to an electric field and restore equilibrium. Here, &1
and &9 denote the dielectric constants of the sample and the space above, respectively. If
w < wy, the electrons are able to follow the electric field created by the SAW and build
up a space charge which screens the electric field. If in contrast w > w;, the electrons
cannot redistribute fast enough, and the SAW propagates like on a piezoelectric insulator.
In this case, a piezoelectric stiffening of the crystal occurs. For the general case of a SAW
propagating on top of a piezoelectric material with a homogeneous bulk conductivity o, the
velocity change Av /vy and attenuation coefficient I" can be expressed as

Av K 1
Vo - 2 1+(%)2

(6.6)

wK% wfw
=Y Bt Wr/W ,
vo 2 14 (%)%’ (6.7)

where Keg is the effective coupling coefficient which takes into account the boundary
conditions on the surface of the material [210, 212].

The equations above do not yet reflect the physical situation in GaAs/AlGaAs heterostruc-
tures since here the bulk is insulating (at low temperatures) and the electrons are confined
to a thin conductive layer. This case has been approached theoretically by considering a
metallic layer with sheet conductivity og on the surface of a piezoelectric insulator. It was
found that under these circumstances the relaxation frequency w, depends on the SAW
wavevector k as [210, 213]

O'Dk
= . 6.8
r €1+ €2 (6:8)
Consequently, equations 6.6 and 6.7 can be expressed in terms of conductivities

Av K2 1
2 _ Deft S— (6.9)
V0 2 1+ (£)2

K2
= pXer_0o/om (6.10)

2 1+ (20)2°
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where oy, = v9(e1 + £2) was used. The velocity change Av/vy and SAW attenuation I'/k
for a GaAs (100) surface are plotted in Fig. 6.1a and b, respectively. It was assumed that
om =3.3-1077(£2/0)~! and K%; = 6.4 - 10~* [210]. For conductivities above oy, the SAW
velocity is identical to vg. In the opposite case, the relative velocity change equals Kgﬂ/ 2.
The SAW attenuation results from ohmic losses in the material and becomes strongest for
0 = o It drops again for lower conductivities because here current and electric field are
out of phase [212].
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If we now consider the surface acoustic waves in an external magnetic field, the sheet con-
ductivity og in the equations above has to be replaced by the longitudinal conductivity o,
provided that the electric field generated by the SAW is oriented along the x-direction [210].
Surface acoustic waves are well suited to study the conductivity oscillations in the quantum
Hall regime if the depth of the 2DES is considerably smaller than the SAW wavelength.
Fig. 6.1 tells us that the SAW propagation is primarily sensitive to very low conductivities.
Hence, the velocity change is strongest in the region of incompressible quantum Hall states.
In fact, the model described above was found to successfully reproduce the SAW propagation
in the quantum Hall regime [214].

The study of quantum Hall physics using surface acoustic waves offers intriguing insights
also beyond the basic transport behavior. Presumably the most prominent example is the
evidence for composite fermions (section 2.4.2) found by Willett et al. when detecting a
Fermi surface at half filled Landau levels [81, 85, 215]. In detail, an enhanced conductivity
was observed at v = Y2 if the SAW wavelength is tuned below the mean free path of
composite fermions. When setting the magnetic field slightly away from v = Y2, geometrical
resonances corresponding to the cyclotron motion of the composite fermions in their reduced
effective magnetic field were found.

SAW studies are advantageous in many respects. Not only that surface acoustic waves probe
the conductivity of a 2DES at dimensions set by the SAW wavelength, they conveniently do
so without the need for electrical contacts to the sample. In addition, the probing direction
of the acoustic waves is well defined in contrast to macroscopic transport measurements. Es-
pecially in the case of the density modulated phases, the direction of current flow is strongly
influenced by the spatially varying density distribution. In the stripe phase, for instance,
the current spreads towards the edges of the sample when being sent perpendicular to the
stripe orientation [103, 104]. Surface acoustic waves allow probing the inner parts of the
sample even in this case. We will benefit from this property of SAWs in the following sections.
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Calculated velocity change (a) and damping factor (b) of a surface acoustic wave
propagating along the GaAs (100) surface. oy, = 3.3-1077(£2/0)~" and K?; = 6.4 - 10~* was used.
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6.2 Experimental setup and measurement technique

To study the propagation of surface acoustic waves in the quantum Hall regime, we fabricated
the sample structure depicted in Fig. 6.2. As in the previous chapter, the 2DES is confined
to a square-shaped mesa structure in order to obtain an equal probing length along the [110]
and [110] crystal directions. On either side of the sample, a so-called interdigital transducer
is placed. It is made of aluminum with a thickness of 100 nm. Each transducer consists of
two electrodes with an interlaced comb-like structure. These interdigital transducers are
used to excite surface acoustic waves in the GaAs/AlGaAs heterostructure. For this purpose,
a high-frequency voltage is applied between both electrodes of the transducer. As a result,
an electric field spans the gap between the finger structure and penetrates the substrate
below. Here, the piezoelectricity causes an alternating density variation in response to the
applied microwave field. These density oscillations excite surface acoustic waves, which
propagate along the surface of the substrate. The wavelength of the SAW is set by the
period of the comb-shaped electrodes. After traversing the mesa structure, the SAW arrives
at the opposite transducer and gets partially converted back into an electrical signal. When
the surface wave is moving across the mesa, the 2DES below is exposed to the alternating
electric field and therefore tries to screen it by redistributing the electrons. Depending on
the conductivity of the 2DES, the screening will be more or less effective. If the electrons
successfully weaken the electric field, the SAW is slowed down as discussed in the previous
section (Fig. 6.1a). This velocity change is detectable as a phase shift of the SAW when
arriving at the transducer on the opposite side of the structure. Given the phase difference
Aaq, the velocity change Av/vg can be calculated according to

Av A\ Aa
— =z (6.11)
vo L 360°

where X is the SAW wavelength and L the length of the mesa. The case of a 2DES with
perfect screening properties, i.e. when no piezoelectric stiffening of the crystal occurs, is
used as reference point vy for the velocity change Av, mainly for historical reasons.

A technical subtlety which had to be dealt with is the constraint that only two coaxial
cables are fitted to the microwave sample holder, owing to the endeavor to minimize the
heat load. Yet, to be able to probe the 2DES independently along the two major axes with
only one pair of transmission lines, the signals emanating from the respective directions
need to be distinguished. Here, this was implemented by choosing a different travel time of
the surface acoustic wave for each axis. For this purpose, one set of transducers was placed
further apart from the mesa. The two axes can then be addressed individually by gating the
transmission time. For the present design, the traveling times are between 600 ns and 1.4 pis.
A network analyzer was utilized to apply the microwave signal as well as to detect the
response of the second, opposite transducer. Both the phase and transmitted power were
measured simultaneously. The signal of the incoming surface acoustic wave is in general
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rather small, and multiple averaging cycles are necessary to improve the signal quality. It
turned out to be crucial to further enhance the signal-to-noise ratio by an external amplifier
(amplification factor 10%).

Figure 6.2 Schematic of the sample used for the SAW experiments (not drawn to scale). The 2DES
is confined to a square-shaped mesa (width 1.1 mm). On either side of the mesa, an interdigital
transducer was fabricated out of aluminum. In the [110] direction, the pair of transducers is placed
further apart to distinguish the SAW propagation along both crystal directions by their traveling
time. The SAW phase shift and power transmission was measured using a standard network analyzer
(represented by blue “N”).

6.3 SAW propagation in the quantum Hall regime

The key findings of this chapter are presented in Fig. 6.3. It shows in panel a the longitudinal
and Hall resistance along the two orthogonal directions [110] and [110] at different magnetic
fields from B = 0 to filling factor v = 2. Between v = 4 and v = 8, different stripe phases as
well as bubble phases are discernable by their characteristic transport behavior — a reentrance
of the IQHE for the bubble phase and anisotropic transport in the case of the stripe phase
(section 2.5). Panel b depicts the phase shift and velocity change of surface acoustic waves
propagating along both crystal directions with frequency 340 MHz. The power transmitted
by the SAW is shown in panel c. The data below 150 mT is omitted because the aluminum
of the transducers turns superconductive at low magnetic fields. This transition also affects
the SAW propagation. The main observations of this figure are summarized below.
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SAW propagation in the quantum Hall regime. (a) Longitudinal and Hall resistance
as a function of the magnetic field. The current was sent along the perpendicular directions [110]
(black) and [110] (blue). Green stripes on top of the depicted mesa indicate the stripe orientation as
deduced from the transport behavior. (b) Phase difference and velocity change for SAW propagation
along both crystal directions. a(B=0) was chosen as zero point. (¢) SAW transmission in the same
magnetic field range. In the [110] direction the SAW transmission is lower due to the higher spatial
separation of the transducers. The transmission is increased by an external amplifier (factor 10%).
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® An increase of the SAW velocity is visible in the magnetic field ranges of the IQHE.
This behavior is consistent with the theoretical predictions of the model presented
above. The incompressible electron system of the quantum Hall states poorly screens
the electric field created by the SAW. Hence, a piezoelectric stiffening of the crystal
occurs and increases the propagation velocity.

e In some magnetic field ranges, a negative phase shift is observable. This reduction of
the SAW phase corresponds to a slowing down of the SAW velocity or alternatively to
a softening of the crystal. Its occurrence is limited to the density modulated phases.
The discovery of a crystal softening is surprising considering that for any conductivity
a positive (or zero) velocity change is predicted to occur (Fig. 6.1a) In fact, to the best
of our knowledge, this is the first observation of such a behavior. However, it all hinges
on the question whether the zero point reference has been assigned properly. We have
chosen the phase at B = 0 as reference point since for a high mobility 2DES the
conductivity here is well beyond the value of oy,. This assignment is further supported
by the fact that a approaches zero multiple times at higher magnetic fields but never
drops below.

e Another intriguing discovery is made for the stripe phases in the quantum Hall
regime. The anisotropy observed so far in standard electron transport experiments is
also evident in the SAW propagation. For acoustic waves traveling along the stripe
orientation as derived from R,,, the SAW velocity is reduced. In the perpendicular
case, the acoustic waves gain speed, leading to a positive phase shift.

e Also the bubble phases are clearly discernable in the SAW propagation. Both the
longitudinal resistance and SAW velocity are isotropic in this case. Along both crystal
directions the phase change is negative.

e Considering the SAW power transmission, the model in Fig. 6.1b at first predicts an
attenuation of the acoustic waves at lower conductivities. Such a behavior is reproduced
by the experiment in Fig. 6.3c for the quantum Hall states up to a magnetic field
of 1 T. Beyond that point, the magnetic field dependence of the SAW power inverts.
It stands to reason that this behavior results from the crossover o < op,. When
comparing the transmission intensity among the density modulated phases, the power
absorption of the stripe phase is conspicuously different from the bubble phase. In the
latter case the absorption is weak, whereas for the stripe phase a strong damping is
observed. Interestingly, the attenuation in the stripe phase is equal along both crystal
directions. The overall SAW transmission is reduced along the [110] direction owing
to the increased spatial separation between the transducers on this axis.

Before embarking on the discussion of the observed SAW transmission, we briefly look at
the temperature dependence in Fig. 6.4. Here, the measurement of Fig. 6.3 was repeated for
higher temperatures: 67, 78 and 89 mK. With increasing temperature, the corresponding
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features in R,, and a disappear concomitantly starting with the less robust phases at
low magnetic fields. This plot emphasizes the inherent connection between the density
modulated phases on the one hand and on the other hand the occurrence of a negative
phase shift as well as in the case of the stripe phase the observation of an anisotropic SAW
propagation.
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6.3.1 Discussion of the negative phase shift

In the following, we present a plausible interpretation of the negative phase change occurring
in the presence of the density modulated phases. It has been developed in collaboration with
Prof. Bernd Rosenow (Universitiat Leipzig). We restrict ourselves to a discussion based on
intuitive arguments. Detailed calculations will be available as part of a joint publication.

The interpretation is based on the occurrence of a pinning mode resonance in the stripe and
bubble phases. In the realistic scenario of a disordered sample, the lattices of bubbles and
stripes are pinned by the random electrostatic potential of the disorder landscape. When
driven by an oscillating electric field, the electron system responds in a collective manner, a
so-called pinning mode, if the external frequency matches the resonance frequency set by the
pinning potential. The existence of such a pinning mode has been inferred from resonances
in the microwave conductivity around 200 MHz [102] for the bubble phase and 100 MHz
[114] for the stripe phase. If the excitation frequency is higher than the pinning mode
resonance frequency, a m phase shift between the electric field and the charge modulation
occurs as for any classical driven oscillator. The anti-phase motion of the oscillating charge
leads to a negative dielectric constant whose magnitude is sufficiently strong to outweigh the
positive contribution of the bulk [216]. As a consequence, the reduction of the SAW velocity
becomes stronger than for the sole screening of the electric field. In the stripe phase, the
pinning strength depends on the crystal direction. Along the stripe orientation, the pinning
is small or completely absent in strong contrast to the perpendicular case. Hence, the
anisotropic SAW propagation in the stripe phase arises partly from the anisotropic nature
of the pinning mode resonance. However, from the above sequence of arguments, one would
infer that a negative velocity change only occurs if the acoustic wave travels along the easy
direction, contrary to the observations in Fig. 6.3b. The missing piece of information is the
contribution of the magnetic field. It couples the equations of motion for the two orthogonal
directions and ultimately causes an inversion of the anisotropy [216]. In summary, the model
presented above predicts a negative velocity change for SAW propagation along the stripe
orientation in agreement with our experimental findings.

The observation of an identical SAW phase shift in both crystal directions of the bubble
phases suggests that the pinning mode is isotropic here. In an advanced interpretation,
this points to the symmetric Wigner crystal as the basis for the bubble phase. A different,
anisotropic candidate would be a stripe crystal (Fig. 5.2) which is pinned by disorder. So
far, it has not been possible to address the degree of anisotropy in the bubble phase by
macroscopic transport experiments due to its insulating nature. Concerning the SAW power
transmission, the energy dissipation is expected to be highest at the pinning mode resonance.
At larger frequencies, in the regime of a negative phase shift, the dissipation is supposed to
be small since here the current and electric field are out of phase as for any driven harmonic
oscillator. This prediction fits the experimental findings in the case of the bubble phase.
For the stripe phase a low power transmission (high absorption) is found in experiment.
The power transmission is better explained by the compressibility of the respective phases.
The bubble phase is equally incompressible as the nearby IQHS. Hence, both states exhibit
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minimal power absorption due to their low bulk conductivities. In the case of the stripe
phase the situation is reversed. The electron system is compressible and has a moderate
bulk conductivity. Consequently, the power absorption is enhanced, similar to other close-by
filling factors with a compressible 2DES. Remarkably, at filling factor v = %, where the
stripe phase is strongest, the SAW propagation is weakened substantially compared to the
overall damping behavior at half filling.

To verify the model presented above, it will be important to repeat the experiment of Fig.
6.3 at SAW frequencies well below the pinning mode resonance. This requires the fabrication
of new samples with a modified transducer design. Experiments in this direction are in
progress.

At last, we briefly speculate about an alternative explanation for the negative phase shift
occurring in the density modulated phases. Microscopically, density modulated phases are
characterized by the clustering of electrons in local domains. During their creation, an
attractive force acts among the electrons on small length scales. It seems natural to associate
with this attractive interaction a (dynamic) negative compressibility. A clear signature of
negative compressibility is an over-screening of an external oscillating electric field [217,
218]. When looking at the propagation of a surface acoustic wave, we inherently probe how
well the 2DES is able to screen the alternating electric fields created by the SAW. In this
respect, the velocity change of the SAW reflects the compressibility of the 2DES. If we now
consider a potential negative compressibility of the 2DES, this will cause an over-screening
of the electric field. As a result, the SAW propagation would be slowed down even further
than in the case of perfect screening, leading to a negative phase and velocity shift.

6.3.2 Reentrant states in the 2nd Landau level

In section 2.6, we have pointed out the existence of reentrant states in the second Landau level
akin to the bubble phases in higher Landau levels. It seems obvious to extend the present
study to the reentrant states in the second Landau level. In Fig. 6.3, however, no signatures
of these states are observable in R,, and Rgy. This is first of all a temperature issue. The
sample holder used for the SAW experiments is not optimized for lowest temperatures. Still,
to be able to perform SAW measurements also on the fragile reentrant states in the second
Landau level, we have fitted suitable coaxial cables with a reduced thermal conductivity
to the low-temperature sample holder used in previous chapters. Despite the additional
cables, it was possible to improve the sample temperature. The result is shown in Fig. 6.5.
The measurements were done on a different sample with slightly higher quality. In panel a,
the longitudinal and Hall resistance is plotted. The transport behavior along the crystal
directions [110] and [110] was measured at separate cool-downs. In both directions, the
reentrant states in the second Landau level are clearly visible. Remarkably, the easy axis
of the stripe phases is rotated compared to the measurements in Fig. 6.3. This rotation
of the stripe pattern is a consequence of the slightly lower electron density in the present
sample (2.8 - 10" em~2). As reported by Zhu et al., the stripe phase interchanges its easy
and hard axis at a density of about 2.9 - 10! em™2 [107]. The reason for this behavior
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is unknown so far. Panel b presents the phase shift of the surface acoustic waves. As in
Fig. 6.3, a negative phase shift is observable for the bubble and stripe phases. Again, the
observation of a negative phase shift in case of the stripe phases is limited to the easy axis.
Most interesting about this measurement is the observation of a crystal softening also in
the presence of the reentrant states in the second Landau level, independent of the crystal
direction. This highlights the close connection between the reentrant states in the second
Landau level and the bubble phases in higher Landau levels. Panel ¢ shows the SAW power
transmission. As for the bubble phases in higher Landau levels, the SAW transmission is
enhanced also for the reentrant states in the second Landau level.
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Figure 6.5 SAW transmission under improved temperature conditions and sample quality. (a)
Longitudinal and Hall resistance for different magnetic fields up to B = 7T measured along the
crystal directions [110] (black) and [110] (blue). The measurements were performed after separate
cool-downs. For the stripe phases, the easy axis is rotated compared to Fig. 6.3 due to the lower
electron density. (b) SAW phase shift in the same magnetic field range. Strong signatures of the
reentrant states in the second Landau level are observed. (c) Power transmission of the surface
acoustic waves. The transmission intensity is enhanced by an external amplifier (factor 10%).
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6.3.3 Effects of a DC current

It has been shown by Goéres et al. that a strong DC current can significantly influence
the stripe and bubble phases [219]. Fig. 6.6 shows the differential longitudinal resistance
measured with a small AC current of 10nA when a DC current of variable strength was
sent along both crystal directions, [110] and [110]. The DC current was increased in steps of
10nA up to a maximum current of 300nA. In the case of the stripe phase, the DC current
seemingly destroys the stripe phase if sent perpendicular to the stripes. If the DC current
is directed along the easy axis, the stripe phase gets stabilized. For the bubble phase, in
contrast, the DC current apparently induces an anisotropic transport behavior with the
hard axis being oriented always along the DC current. A microscopic interpretation of this
behavior is difficult to derive because the measured resistance values depend strongly on the
current path, which naturally follows a complicated pattern imposed by the spatial density
inhomogeneities. In this respect, probing the conductivity by means of surface acoustic
waves is superior to a standard resistive measurement. Surface acoustic waves propagate
along a well defined direction and are sensitive only to length scales much larger than the
spatial inhomogeneities of the density modulated phases.

The corresponding measurements of the SAW propagation are depicted in Fig. 6.7. Shown
is the SAW phase shift along both perpendicular crystal axes, recorded simultaneously to
the transport measurements in Fig. 6.6. Comparing the respective measurements reveals
that the SAW propagation remains conspicuously unaffected by the current flow. This
result clarifies that the current flow only locally drives the 2DES out of equilibrium. It is
predominantly this local re-ordering of the stripe pattern which is reflected in the resistive
transport measurements. If the current is driven orthogonal to the stripe orientation, the
stripe order breaks up locally, and a new channel for the current flow is created. The
current distribution remains rather well confined along this channel. Away from this region,
the stripe pattern remains unaffected. For the isotropic bubble phases the situation is
less clear. Possibly, the strong DC current induces a local stripe order oriented along the
Hall field. Such a stripe formation would direct the current flow towards the sample edges
and therefore would account for the increased differential resistance observed in Fig. 6.6a
and d. Alternatively, the DC current might cause a local depinning or break down of the
bubble crystal, which would result in R,; > 0. In either case, the re-ordering of the density
distribution must be limited to a small fraction of the sample. Otherwise, signatures of such
a substantial structural change would be observable in the SAW measurements.

101



Chapter 6 — Surface acoustic wave study of density modulated phases

AC current along [110]

AC current along [110]

El ' ' bIN ' DC (nA)
02 B V=6 V=5 V= 1T 300i o
(@)
A 0 o)
— ‘A [
G / S
4 0]
= =
o 0.1} ©
= S
© «
=)
0.0}
0.2}
w)
(@)
Q
—_~ -C1
] o)
3 =1
¥ 011 o
hd o
= 3
© —
é‘.
0.0 , , , : . .
2.2 2.6 3.0 2.2 2.6 3.0
B(T) B(T)

Figure 6.6 Effect of a DC current on the differential longitudinal resistance in the density modulated
phases. The filling factor range between v = 4 and 6 is plotted. A small AC current of 10nA was
used to measure diff R, along [110] and [110] while the DC current was increased from 0 to 300 nA
in steps of 10nA.
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Figure 6.7 Influence of a DC current on the propagation of surface acoustic waves. Shown is
the SAW phase shift along the crystallographic directions [110] and [110]. The DC current was

varied from 0 to 300 nA in steps of 10nA. The measurements were performed simultaneously to the
experiments in Fig. 6.6.
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Chapter 7

Summary

More than 30 years after its discovery, the quantum Hall effect keeps surprising us by the
stunning richness and complexity of the underlying physical phenomena. Some of the finest
pieces of many body physics are featured in the quantum Hall effect. Its intriguing physics
often reappears in other branches of solid state science. The observation of fractionally
charged quasiparticles, for instance, is a beautiful manifestation of fractionalization — a
many body phenomenon characterized by the appearance of quasiparticles which cannot
be understood as a linear combination of its constituent particles. Similar physics is at
play when a single electron decomposes in its fictitious constituents, the spinon, holon and
orbiton [74-76], or alternatively in the case of magnetic monopoles in spin ice materials
[71-73]. Another beautiful example of quantum Hall physics is the spontaneous symmetry
breaking occurring in the density modulated phases at partially filled Landau levels [3]. It
resembles the stripe-shaped charge order known from high-T,. superconductors. Akin to
superconductors is also the p-wave pairing of composite fermions, which is believed to take
place in the creation of the v = 5% state. Going by this scenario, the v = 52 state would give
rise to a fundamental new type of quasiparticles — so-called non-abelian anyons [125, 127].
Their existence would open up a plethora of new experiments. Among these are proposals to
utilize the unique braiding statistics of the non-abelian anyons for fault-tolerant topological
quantum computation [126, 127]. At this point, the quantum Hall effect connects to the
field of quantum information processing. On other frontiers, the quantum Hall effect is a
platform to rich spin physics such as ferromagnetic phase transitions and skyrmionic spin
textures [6].

In the light of the magnificent physics transpiring in the quantum Hall regime, we have put

the focus on electronic and nuclear spin phenomena as well as the spatial ordering of charges
in bubble and stripe phases.
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Electron-nuclear spin interaction in the quantum Hall regime

The first experimental chapter deals with the coupling of electronic and nuclear spins in the
quantum Hall regime. In GaAs/AlGaAs heterostructures, this coupling is mediated by the
contact hyperfine interaction. Its strength can be assessed under the present experimental
conditions by measuring the nuclear spin relaxation rate. At ultra-low temperatures, nuclear
spin flips are conveyed preferentially by the coupling to the electron spin system. An
important prerequisite to open up this relaxation channel is the presence of low-energetic
electron spin excitation in order to bridge the strong imbalance between the electronic and
nuclear Zeeman energy. We can access the nuclear relaxation rate by utilizing an electron
spin transition at filling factor ¥ = %/3 to manipulate the nuclear spin polarization as well as
to detect its changes. With this technique at hand, we have investigated systematically the
nuclear spin relaxation rate over a large filling factor range. A fast nuclear spin relaxation
was found in the vicinity of v = 1, which is attributed to the presence of skyrmionic spin
excitations. At filling factor v = %%, such signatures were conspicuously absent contrary
to recent theoretical predictions [185]. Instead, an enhanced nuclear spin relaxation was
present at other fractional quantum Hall states. In these cases, a fast spin relaxation was
understood as a consequence of composite fermion Landau level crossings. Apart from that,
an unexpected and hitherto unobserved enhancement of the relaxation rate was evident at
filling factor v = 2. Moreover, it was found that the equilibrium value of the nuclear spin
polarization, i.e. once the nuclei have relaxed completely to thermal equilibrium, depends
sensitively on the exact filling factor.

In the second part of this chapter, we have studied this filling factor dependence of the nuclear
spin polarization systematically and found a remarkably strong increase of the nuclear spin
polarization at filling factors exhibiting a compressible electron system. We were able to
largely exclude external influences as the origin of this finding by isolating the interior parts
of the sample from the electrical contacts during relaxation. The observation of a strongly
filling factor dependent nuclear spin polarization challenges our established understanding of
the nuclear spin system in the quantum Hall regime. It would, however, be consistent with
a magnetic ordering of the nuclear spins mediated by the Rudermann-Kittel-Kasuya-Yosida
(RKKY) interaction. Theoretical calculations predict that the RKKY interaction in a
two-dimensional electron system (2DES) can lift the ferromagnetic Curie temperature to the
millikelvin range [198, 199]. In the light of future experiments our findings might constitute
the first evidence of a nuclear magnetic ordering under such conditions.

Spin polarization of the 52 state

The spin polarization of the v = 52 state has received considerable attention over the last
years. It is a crucial quantity to unravel the true nature of the enigmatic v = %2 state.
We have approached this question by measuring the characteristic shift of the nuclear
Zeeman energy experienced by nuclear spins in the presence of a spin polarized electron
system (Knight shift). This shift was investigated by means of nuclear magnetic resonance
(NMR) spectroscopy using a resistive detection method. Special attention was thereby
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attributed to optimize the quality of the v = %2 state as much as possible by increasing the
cooling efficiency and reducing the external heat input. In summary, the measured spin
polarization at v = %2 is consistent with a completely spin polarized electron system at
all accessible temperatures. This result excludes unpolarized candidate wavefunctions to
explain the existence of the v = %2 state, such as the so-called 331 state. Combined with
previous measurements of the e/4 quasiparticle charge, our findings support the Pfaffian
and anti-Pfaffian description of the v = %2 state, both of which predict quasiparticles with
non-abelian anyonic exchange statistics.

Probing the microscopic structure of the stripe phase at v = %2

The physics of the quantum Hall regime at partial fillings is dominated by the competition
between fractional quantum Hall states on the one hand and density modulated phases on
the other hand. This observation becomes most evident in the second Landau level, where
density modulated phases and fractional quantum Hall states are tightly packed and minute
modifications of the magnetic field or density induce transitions between the respective
phases. The close vicinity of density modulated phases and quantum Hall states is further
reflected by the fact that the v = 52 state gives way to a stripe phase when tilting the
sample slightly with respect to the external magnetic field.

Our understanding of density modulated phases originates mostly from their characteristic
response to external currents — a reentrance of the integer quantum Hall effect in the case
of the bubble phase and strong transport anisotropy in the presence of the stripe phase.
Inferred from this transport behavior and substantiated by theoretical calculations, the
density modulated phases are formed by a spatially varying charge density with either a
two-dimensional crystalline order (bubble phase) or a one-dimensional stripe order (stripe
phase). In this thesis, we have probed for the first time the spatial density distribution of
such a stripe phase, more precisely the stripe phase which emerges at v = %2 when applying
an additional magnetic field in the plane of the 2DES. This was achieved by using nuclear
spins as local detectors for the electron spin density in the vicinity of each nucleus. Using
this technique, we found a remarkably strong modulation of the electron density of about
20%. Further, it was possible to model the observed nuclear spin response and extract from
this the stripe period of the domain pattern.

Surface acoustic wave study of density modulated phases

The existence of density modulated phases in the quantum Hall regime was first experi-
mentally deduced from resistive transport measurements. Since then, experiments of this
kind continued to be the method of choice to investigate the stripe and bubble phases in
more detail. In the last chapter of this thesis, we have taken a novel approach to probe
the conductivity of the density modulated phases. It utilizes the propagation of acoustic
waves along the surface of a sample to study the screening properties of the 2DES below.
On piezoelectric substrates, the periodic crystal movement causes an alternating electric
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field. Depending on how effective this electric field is screened by the 2DES, the surface
acoustic wave (SAW) velocity is affected more or less. We have investigated the SAW
transmission in the stripe and bubble phases along both principal axes of the sample. The
characteristic transport anisotropy of the stripe phases was found to manifest itself also in
the SAW propagation. Surprisingly, if the SAW is traveling along the easy axis of the stripe
phase, a reduction of the SAW sound velocity was observed, corresponding to a softening of
the crystal stiffness. Also for the bubble phases a negative velocity shift is evident but, in
contrast to the stripe phase, along both crystal directions. Such a softening of the crystal
has not been reported before. It may be understood by a phase shift between the SAW
induced electric field and the creation of a space charge in response to it. This phase shift
might be brought about by driving the system at SAW frequencies higher than the pinning
mode resonance of the density modulated phase. As a result, the dielectric constant would
become negative, causing a reduction of the SAW velocity. Alternatively, this observation
may originate from a negative compressibility of the 2DES occurring in the case of the
density modulated phases.

The clear response of the bubble and stripe phases further allowed clarifying the impact of a
strong unidirectional current flow on the stripe phase order. While in resistively detected
transport measurements the stripe order appears to be strongly influenced when driving
a large current perpendicular to the equilibrium stripe orientation [219], such an effect is
conspicuously absent in the SAW measurement. This observation identifies the influence of
an external current on the stripe orientation to be purely local. It further highlights the
importance of SAW experiments as a complementary method to probe the conductivity.
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Sample parameters

A.1 Wafer structure

The samples studied throughout this thesis were developed almost exclusively by Dr. Vladimir
Umansky at the Weizmann Institute in Israel. The sample for the measurements presented
in Fig. 2.6 and 2.14 was provided by Christian Reichl from the group of Prof. Werner
Wegscheider at the ETH Ziirich.

All measurements in chapters 3, 4 and 5 were performed on samples of the same wafer. It
consists of a GaAs/AlGaAs heterostructure with single-sided doping above the quantum
well and an in-situ grown backgate underneath. Its structural details are listed below.

Quantity Value

quantum well thickness 30nm

depth of the 2DES 140 nm
spacer thickness 66 nm
backgate depth 1064 nm

density at Vpg=0V 1.8-10Mcm™2
maximum density 2.9-10"cm =2

maximum mobility 1.8-107cm?/Vs
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Additional details on the conduction band profile and the doping scheme are provided in
section 2.1. The measurements in chapter 6 as well as in sections 2.5 and 2.6 were performed
on samples without backgate. Instead, these structures have a double-sided doping placed
symmetrically on either side of the quantum well. In many cases, such structures provide
better quality than equivalent structures with backgate. Yet, for most experiments in this
thesis it is required to tune the electron density in a fast and reversible manner.

A.2 Device fabrication

For performing transport experiments, the 2DES was patterned either in the shape of a Hall
bar or in a square van der Pauw geometry. The main steps of the fabrication process are
outlined below:

e In the first step, the mesa structure is defined by standard photolithography. For
the wet etching, a solution of sulfuric acid and hydrogen peroxide in water is used
(H2S04:Hy02:H20=1:8:400). The etch depth is typically around 120 nm. It is chosen
such that the upper doping layer is removed in the region outside of the mesa in order
to deplete the quantum well below.

e For samples with backgate, a separate etch step is required. Here, a typical etch depth
is 900 nm. The etching should stop slightly above the backgate layer.

e Before fabricating the contacts to the 2DES, the sample is cleaned in an Oy plasma in
order to remove residuals from the etch mask.

e In the next step, the contact material is deposited. It consists of 7nm Ni, 90 nm Ge,
180nm Au and 37nm Ni.

o After lift-off, the contacts are annealed in forming gas at a temperature of roughly
440 C°.

e In the final processing step, the material for the bonding pads is deposited. Here,
about 20 nm chromium and 100 nm gold are used.

e For integrating the sample in the measurement setup, the sample is glued onto a 24-pin

chip carrier. The electrical contact between chip carrier and sample is established by
wire bonding.
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Low-temperature sample holder

The physical phenomena investigated throughout this thesis mostly require ultra-low temper-
atures to be observable. In particular, the v = %2 state and the reentrant states in the second
Landau level are very fragile. In the course of this PhD work, elaborate measures were
taken to optimize the temperature of the sample. The cooling of the sample to temperatures
below 20 mK was done using a top-loading *He/*He dilution refrigerator. In this cryostat,
the sample is immersed in the liquid *He/4He mixture. Placing the sample directly in the
tail of the mixing chamber ensures a good thermalization of the sample. To minimize the
base temperature of the cryostat, it is required to decouple the mixing chamber of the
dilution refrigerator as much as possible from the outside world. This reduces the heat
input from the warmer environment. However, for performing transport and microwave
experiments at low temperatures, electrical leads and coaxial cables must be fitted to the
sample holder connecting the chip carrier to the measurement equipment outside of the
cryostat. In view of these conflicting priorities, it is of highest importance to carefully design
the measurement leads and minimize the heat input via these channels. The measures taken
in this regard either aim at a reduction of the heat transfer or an improved cooling efficiency
of the sample.

B.1 Reduction of heat load

It seems obvious to choose a material with low thermal conductivity for the 24 measurement
wires leading to the sample. However, for most materials this implies also a low electrical
conductivity (Wiedemann-Franz law). A class of materials which does not follow this rule
is superconductors. They exhibit nearly perfect electron transport combined with a low
thermal conductivity. Hence, superconductors serve as an ideal material for the measurement
leads. Yet, they can only be used in parts of the sample holder where the temperature
is below the transition temperature of the superconductor and where the magnetic field
is smaller than the critical field. In our sample holder, the measurement wires are made
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of a niobium-titanium alloy from the 1K pot to the tail of the mixing chamber. For the
coaxial cable, niobium is used as the inner and outer conductor. At parts of the sample
holder which do not allow superconductive wires, leads made of stainless steel offer a good
compromise between thermal and electrical conduction.

Heat anchoring

Besides the material choice, it is important to
ensure a proper heat anchoring of the wires be-
fore entering the mixing chamber. In our system,
this is done best at the 1K pot. It has a large
cooling power and space for additional parts. A
thorough pre-cooling is particularly important
for the coaxial cables as here the inner conductor
is cooled very inefficiently due to the insulat-
ing cladding. For this purpose, a printed circuit
board with a coplanar waveguide structure is Printed circuit board used to
used to bare the inner conductor (Fig. B.1). The thermalize the inner conductor of the coaxial
board is made of a ceramic with comparably high cable.

thermal conductivity.

Microwave filtering

In addition to the heat anchoring, it is crucial to install high frequency filters in order
to minimize external microwave radiation and thermal noise on the measurement lines.
Such filters are particularly useful for the 24 measurement wires. Standard transport
measurements are performed under quasi-DC conditions at a modulation frequency below
50 Hz. Hence, no high frequency transmission is required here. Of course, low-pass filters
would be counter-productive for the coaxial cables.

An often used high-frequency filter for cryogenic purposes is Thermocoax cable. This coaxial
cable has a nickel-chromium inner conductor and a stainless steel outer conductor. Originally
designed as flexible heating wires, Thermocoax cables turned out to be efficient microwave
filters [220, 221]. The high-frequency damping results from losses due to the skin effect.
Unfortunately, Thermocoax wires are difficult to handle since they do not easily wet with
solder and use MgO as an insulator between inner and outer conductor. MgO is hygroscopic
and therefore causes an electrical leakage if not sealed properly. We use Thermocoax wires
between the room temperature top of the sample holder and the 1K pot. In addition, a 3m
long wire is coiled in the mixing chamber part of the sample holder.

Another high-frequency filter we have worked on is a long copper wire immersed in a matrix
of silver epoxy. This type of filter was brought to our attention by Prof. Dominik Zumbiihl
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(Universitéat Basel) [222]. In a first step, an insulated copper wire with thickness 0.1 mm is
wound around a thin silver rod (Fig. B.2a). After completing a full layer, the coil is covered
with silver epoxy to completely embed the copper wire in a silver matrix. This entire process
is repeated multiple times (Fig. B.2b). In total, the copper wire has a length of roughly
14m. After completing the filter element, connectors are fitted to either side of the coil
with the transmission line being connected to the copper wire. Filters of this kind achieve a
remarkable damping behavior. As shown in Fig. B.2¢, already below 100 MHz the signal
drops to the noise floor.
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Figure B.2 High-frequency filter made of copper wire in a silver epoxy matrix. (a) In the first
step, the copper wire is wound around a silver rod. (b) Between consecutive windings silver epoxy
is applied such that the copper wire is always immersed in a silver matrix. (c) Signal transmission
through the silver epoxy filter. The background transmission without filter is plotted for comparison.

B.2 Improving the cooling efficiency

The reduction of heat input to the mixing cham-
ber is an important prerequisite for cooling sam-
ples to ultra-low temperatures. Yet, it does not
guarantee low sample temperatures. In fact, very
often the electron temperature in the sample is
significantly higher than the mixing chamber
temperature. This is a consequence of the low
cooling efficiency of the sample in the millikelvin
range. At higher temperatures, the heat trans-
fer is established primarily by phonons. In the
millikelvin range, this type of heat transfer is
largely suppressed [222, 223]. Instead, at low

Figure B.3 Heat exchanger fabricated from
silver nanoparticles.
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temperatures the sample gets mostly cooled by the conduction electrons in the leads. This
raises the question how the leads can be cooled efficiently by the liquid 3He/*He mixture.
For this purpose we have fabricated heat exchangers, one for each of the 24 measurement
wires. The thermal boundary resistance (Kapitza resistance) between the liquid helium and
the heat exchanger is inversely proportional to the contact area S [223]: Ry oc T3S~
Hence, a large surface area is required to increase the thermal conductivity. Our heat
exchangers are made of silver nanoparticles pressed into a cylindrical shape (Fig. B.3). No
heating was necessary to increase the stability by partially melting the silver particles. On
either side of the cylinder, a pin is incorporated to connect to the measurement lines. The
loose agglomeration of the silver particles brings a large surface area with it [223-225]. It
provides a wide contact area between the liquid helium and the conductive silver. This large
interaction surface facilitates an efficient cooling of the electrons.

We have set up an apparatus to measure the surface area of these heat exchangers and have
compared different nanoparticle powders. Before presenting the results, we first introduce
the measurement principle.

The BET method to determine the surface area

The technique used to measure the surface area of the heat exchangers is based on a theory
by Brunauer, Emmett and Teller (BET) [226]. It investigates the adsorption of gas molecules
on the surface of a nanoporous material. The detailed measurement procedure is described
below. All quantities are denoted by a bar to distinguish them from previously used symbols.
The measurement setup is sketched in Fig. B.4a.

e At first, the heat exchanger is placed at the bottom of a cylindrical vessel, and a
vacuum of about 5 - 107 mbar is pumped while the specimen is heated slightly to
about 60 °C. During this step, most adsorbates on the surface of the heat exchanger
get removed.

e Having reached a decent vacuum, the lower part of the sample vessel is placed in a
bath of liquid nitrogen to cool the heat exchanger.

e In the next step, a small amount of nitrogen gas is released from a separate, fixed
volume V1 into the sample vessel. It is important to measure the pressure p; inside of

V1 before opening the valve to the sample vessel.

e After opening the valve, the pressure is allowed to settle until an equilibrium is reached.
The equilibrium pressure p is measured.

® The two previous steps are repeated multiple times while in each cycle nitrogen gas at
a slightly higher pressure is inserted into V.
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From the gas expansion, the amount of gas adsorbed in each cycle can be calculated. For
this purpose, the effective volume V, 7r of the sample cylinder must be known. It is the
volume obtained from gas expansion if no heat exchanger is present in the cylinder. It is an
effective volume because it considers the entire apparatus to be at equal temperature. The
cooler temperatures at the bottom of the sample vessel reduce the pressure inside, which
mimics a higher volume. Once V.yy is known, the adsorbed amount of gas An (in mol)
follows directly from the ideal gas equation:

Vi-(pr—D) — Vesr (p—D2)

An = —
RT

, (B.1)

where Py is the pressure in the sample vessel before opening the valve, R the universal gas
constant and 7' the temperature of the apparatus (room temperature). For each cycle, the
adsorbed gas is calculated according to equation B.1. Attention must be paid to keep the
liquid nitrogen level outside of the sample cylinder always at the same height. Otherwise,
its effective volume would change over time.
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Figure B.4 BET method to determine the surface area of nanoporous materials. (a) Schematic of
the measurement apparatus. The sample is placed at the bottom of a cylindrical vessel and is cooled
from outside with liquid nitrogen. Nitrogen gas is inserted into the sample vessel from a separate
dosing volume V';. These gas molecules are partly adsorbed on the surface of the sample. (b) The
BET theory predicts a linear relation between expression B.2 and the relative pressure p/pg. From
the slope and intersect the surface area can be calculated.

The sum of adsorbed gas at equilibrium pressure p is labeled n. According to the BET
theory the expression
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p
i) 2

follows a linear dependence when plotted as a function of p/py, where py denotes the
standard atmospheric pressure [226]. An example of such a plot is shown in Fig. B.4b.
The measured gas adsorption nicely follows the prediction of the BET theory. Fitting a
straight line yields the slope and intercept. According to the BET theory, the amount of
Ng gas (in mol) necessary to form a monolayer of adsorbates on the surface is given by
n1=1/(slope+intercept). In general, a linear relationship between expression B.2 and the
relative pressure p/py is only fulfilled for a limited range of about p/ppy=0.05 to 0.35 [226].
The exact limits may vary for different nanoporous materials. Having determined 71, the
total surface area S of the heat exchanger can be calculated simply by S = 11 N4 Sy, where
Ny is the Avogadro constant and Sy represents the area occupied by a single No molecule.

Finding the optimal packing density

We have compared the surface area of heat exchangers made from three different silver
nanoparticle powders. The microscopic structure of these powders is shown in Fig. B.5.
Powder A is specified for an average particle size of 150 nm by the manufacturer (Inframat®
Advanced Materials LLC, USA). Powder B is finer and has an average particle size of 90 nm
(M K Impex Corp., Canada). Powder C consists of the smallest particles and is listed with
an average particle size of about 60 nm (Inframat® Advanced Materials LLC, USA). Not only
the particle size is visibly smaller for this powder but also the variation in size appears to
be reduced. These three powders were pressed into heat exchangers with a cylindrical shape
(Fig. B.3). The cylinders have a diameter of 8 mm and a height of 21 mm. The dimensions
are optimized for the spatial constraints in the sample holder. Shortly before pressing the
heat exchangers, the powder was treated with forming gas for one hour at a temperature of
60°C in order to clean the particle surface [224, 225].

powder A powder B

3

O

powder C

Figure B.5 Microscopic image of powder A, B and C with an average particle size of 150, 90 and
60 nm, respectively.
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For the given heat exchanger dimensions, we have studied systematically how the surface
area changes for different packing densities. It was possible to vary the density from 30 %
to 80 % relative to the density of massive silver. For smaller densities, the powder is only
loosely connected and does not stay in shape. For higher densities, the molding press gets
damaged. The measured surface areas are depicted in Fig. B.6. Powder C, the powder
with the smallest nanoparticles, yields the largest surface area. Despite the small particle
size, a widely ramified network of nano-scale pores remains after pressing which increases
the overall surface. At a density of 60 %, the surface becomes maximal and has a value of
roughly 20m?. For higher densities, the pores are reduced in size and number, leading to a
smaller surface area.
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Surface area of heat exchangers made of different powders A, B and C with varying
packing densities.
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