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Abstract

This thesis presents research into the electron transport properties of hybrid semicon-
ductor / ferromagnetic structures. Periodic arrays of ferromagnetic stripes and arti-
ficial spin ice (ASI — arrays of geometrically frustrated nanomagnets) are patterned
atop GaAs-AlGaAs wafers containing a two-dimensional electron gas (2DEG), and
resistance measurements are performed under cryogenic temperatures and applied
magnetic fields.

The effects of piezoelectric strain on the transport properties of 2DEGs are inves-
tigated by comparing the resistances of magnetic and non-magnetic stripes patterned
atop a 2DEG. Piezoelectric strain manifests itself as electric commensurability oscil-
lations in the longitudinal resistance of a 2DEG. These oscillations are independent
of temperature and are caused by stress acting upon the edges of the stripes.

Transport measurements of combined 2DEG / ASI structures reveal the first
observations of commensurability oscillations (COs) caused by ASI in the longitudinal
resistance of a 2DEG. These oscillations are periodic on length-scales commensurate
with the length of the individual nanomagnets that form the ASI. The COs are
temperature dependent, but independent of the angle of applied magnetic field for
our particular samples. Models based upon a Fourier analysis of Maxwell’s equations
help explain our results.

This thesis also addresses the thermally-activated magnetization dynamics be-
haviour of ASI. We show exactly how the proportion of each vertex type changes as

an ASI is heated, and moves from an ordered state to a ground state. We compare

v



the results from two different alloys of PdFe and three different lattice spacings. The
way in which arrays of ASI change to a ground state is dependent upon the material
composition of the ASI, with little dependence upon the period of the ASI. A mate-
rial with a large magnetization requires a higher temperature to cause any magnetic
spins to flip, after which the ASI abruptly changes from an ordered state to a ground

state.
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Two-dimensional electron gas
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Chapter 1

Introduction

1.1 Motivation

This thesis combines two distinct areas of physics: two-dimensional electron gases
(2DEGsS), a branch of semiconductor physics; and artificial spin ice (ASI), a branch
of magnetism.

2DEGs, discovered in 1948 [I], are systems of free electrons that are strongly
confined to two dimensions. They have proven to be a rich source of fundamental
physical phenomena unobtainable in systems without confinement, such as the quan-
tum Hall effect [2] and the fractional quantum Hall effect [3H5]. Four scientists have
been awarded Nobel prizes following discoveries made using 2DEGs, and their use in
transistors makes them indispensable to many technological devices used today.

In contrast to 2DEGs, the study of ASI is an up-and-coming area of research,
having been invented barely ten years ago [6]. An ASI is an array of lithographically-
patterned, interacting nanomagnets, geometrically arranged in a way that causes
frustration — a phenomenon that occurs when it is impossible to minimise the energies
between all pairwise interactions simultaneously. Like water ice, from which ASI gets
its name, ASI violates the third rule of thermodynamics. This results in a non-zero
entropy at a temperature of absolute zero, and a degenerate ground state [7]. Spin

ice is of further interest to researchers with the discovery that magnetic monopole
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defects can arise in these materials [§]. These quasiparticles occur when there is an
imbalance of magnetic charge at a point where multiple nanomagnets meet, and this
has potential applications in magnetricity — a form of electricity that utilises the flow
of magnetic monopoles rather than electrons [9].

Research has previously been conducted on the transport properties of combined
2DEG / ferromagnetic stripe structures [10, [I1]. They uncovered new phenomena
relating to commensurability oscillations in the longitudinal resistance of the 2DEG,
caused by the periodic nature of the magnetic field emanating from the ferromagnetic
stripes. This work is also of interest owing to the potential use of these structures
in applications such as magnetic storage devices [12] and magnetic field sensors [13].
This thesis extends the field of hybrid 2DEG / ferromagnetic structures to include
combined 2DEG / ASI structures.

1.2 Thesis Outline

The broad aims of this thesis are twofold. First, we aim to determine how the trans-
port properties of 2DEGs are affected by magnetic fields caused by ASI. The second
objective is to enhance our understanding of the thermally-activated magnetization
dynamics of ASI arrays — to ascertain to what extent the lattice spacing and material
choice affect the magnetic configurations as ASI is heated.

Chapter [2] provides a brief overview of the key theoretical concepts and back-
ground material required to understand the results discussed in later chapters. It
commences with a description of 2DEGs and their formation before moving on to
derive equations related to the transport properties we will later discuss. There then
follows a description of ASI and a review of the developments made in its ten-year
history. Finally, we discuss the research that has already been undertaken in the field
of combined 2DEG / ferromagnetic structures to provide a context into which this
work can be placed.

Chapter [3| discusses the main experimental techniques used in this thesis.
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Chapter [4| discusses the preliminary transport measurements undertaken on com-
bined 2DEG / ferromagnetic structures. Here we show the differences that can be
made on the transport properties by measurements with or without illumination,
and we also provide an in-depth analysis on the role that piezoelectric strain can
potentially have on our results.

Chapter [5| focuses on the transport measurements obtained on combined 2DEG /
ASI structures. We show and discuss the first observed commensurability oscillations
caused by ASI.

Chapter [0 discusses the thermal measurements undertaken on ASI on SiOy wafers.
We show, for the first time, how the proportion of each vertex type changes as the
ASI is heated as it progresses from an ordered to a ground state array. We also
compare the results obtained using different materials and lattice spacings.

Finally, chapter [7] summarises this thesis and offers suggestions for further work.



Chapter 2

Background Theory

2.1 Two-Dimensional Electron Gases (2DEGs)

2.1.1 2DEG Formation in a GaAs/AlGaAs heterostructure

A two-dimensional electron gas (2DEG) is a thin sheet of electrons whose motion is
strongly confined to a two-dimensional plane and forbidden in the third dimension
perpendicular to the sheet [I4]. They are commonly found in semiconductor het-
erostructures, graphene [I5] and MOSFETSs (metal oxide semiconductor field effect
transistors) [16].

2DEGs were first introduced in 1948 by Shockley and Pearson during the pro-
duction of the silicon MOSFET [I]. When a voltage is applied to a metal electrode
fabricated atop a silicon oxide insulating layer it results in band bending at the bound-
ary between the SiO2 and the p-type doped Si substrate, creating an inversion layer
of charge carriers which forms the 2DEG. This discovery paved the way for the mod-
ern day transistor but this material system was not ideal for the study of quantum
mechanical effects owing to the strong Coulomb scattering by charged impurities at
the SiO2-Si interface [I7HI9]. Advances in Molecular Beam Epitaxy (MBE) growth
techniques, allowing the fine-tuning of the growth process of crystalline semiconduc-

tors down to an atomic scale, has enabled the production of consistently high quality,
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high mobility 2DEGs at the interfaces of type III-V semiconductor heterostructures.

The first observation of a 2DEG at the interface of a GaAs-AlGaAs heterostruc-
ture semiconductor was made in 1979 [20]. In a GaAs-Al,Ga;_,As heterostructure,
where z is typically 0.3 [2I], Al atoms in AlGaAs replace some of the Ga atoms in
the crystal. GaAs-AlGaAs has remained a popular choice of material for the study of
2DEGs owing to GaAs and AlGaAs having very different band gap energies (~1.4eV
for GaAs but ~2eV for AlGaAs) which allows a 2DEG to form at the interface be-
tween the two layers, whilst at the same time GaAs and AlGaAs also have a very
similar crystal structure but with an almost identical lattice spacing that minimizes
electron scattering and enables high electron mobilities of the order 106 cm?V—1s~!
to be reached [I4]. Figure shows how technological advances have allowed the
electron mobility obtainable in a 2DEG to increase significantly over time, with an
improvement of three orders of magnitude between 1978 and 2007.

Figure shows how a 2DEG is formed in a semiconductor heterostructure.
When two materials with different Fermi energies are combined, as is the case for
GaAs and AlGaAs, n-type dopant electrons move from the conduction band of the
material with the higher potential energy into the conduction band of the other
material in order to equalize the Fermi energies. For GaAs and AlGaAs, electrons
move from AlGaAs to GaAs. This electron migration results in each material becom-
ing charged: AlGaAs becomes positively charged whereas GaAs becomes negatively
charged. The charge imbalance induces an internal electric field which opposes any
further movement of charge carriers and equalizes the Fermi energies of the two ma-
terials. The conduction and valence bands of both materials bend to compensate for
the motion of the electrons, and the conduction band dips below the Fermi energy
to form a quantum well. It is in this quantum well, located at the interface of GaAs
and AlGaAs, that the pool of electrons known as a 2DEG accumulates. The elec-
trons remain trapped in the quantum well owing to Coulomb attraction preventing
the electrons moving into the GaAs and band edge discontinuity preventing electrons

moving into the AlGaAs [23].
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Figure 2.1: The progress made in electron mobility in 2DEG since 1978, along with

the key technological advances that enabled each improvement [22]
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GaAs

a) b) c)

Figure 2.2: The formation of a 2DEG in a GaAs-AlGaAs semiconductor heterostruc-
ture [24]. Part a) shows the band diagram that would occur if the AlGaAs was undoped.
In part b), the AlGaAs is n-type doped with Si atoms and the Fermi energies of the two
materials are unequal. In part ¢), electrons have travelled from the AlGaAs conduction
band to that of the GaAs to equalize the Fermi energies, resulting in the conduction and
valence bands bending. A 2DEG forms within the quantum well in the region below the

Fermi energy at the interface of the two materials.

The structure of a typical GaAs-AlGaAs wafer is shown in figure[2.3] Using MBE,
a high quality GaAs layer is grown upon a GaAs substrate. An AlGaAs spacer layer
is then deposited atop this GaAs layer and it is at this interface that the quantum well
containing the 2DEG is formed. Doped AlGaAs is the next layer to be grown, with Si
donor atoms integrated into the AlGaAs layer using a modulation doping method first
introduced in 1978 [25]. It is from these Si atoms that the free electrons accumulating
in the 2DEG originate, while the spacer layer reduces the ionized impurity scattering
caused by the remaining free electrons in the doped layer [26]. Finally, a thin GaAs
capping layer is grown. The purpose of this layer is twofold: to prevent the AlGaAs
from being exposed to air and oxidising, and to allow further deposition of material

upon the 2DEG wafer without affecting the doped AlGaAs layer.
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GaAs cap

2DEG

GaAs substrate

Figure 2.3: Schematic of a 2DEG grown in a GaAs-AlGaAs wafer using molecular
beam epitaxy (MBE).

2.1.2 Landau Levels

The energy of an electron located in the conduction band of a semiconductor, when

no electric field is present, is
h2k?

E(k) 2m*’

(2.1)

where k is Fermi wavevector, (hk) is the crystal momentum, and m* is the effective
mass of the electron. In GaAs, the effective mass of the electron has a value of
0.067m., where m, is the mass of an electron. This results in a continuous spectrum
of energy for the electrons in a semiconductor so, in the absence of a magnetic field
and at zero temperature, the density of states is also continuous and all states up to
the Fermi energy are filled [14].

However, when a 2DEG is subjected to an applied perpendicular magnetic field
B, the electrons are made to move in circular orbits by the Lorentz force. This
prevents the free movement of electrons and causes the energy spectrum to become

discrete with energy levels at values of [14]
E,=(n—-1/2)hw,, (2.2)

where n is an integer representing the band number. The cyclotron frequency, w, is

given by
eB

m*’

(2.3)

We =
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Figure 2.4: The formation of Landau levels in an increasing magnetic field [27]. In
the absence of a magnetic field, electrons in a 2DEG occupy all states up to the Fermi
energy but, when a magnetic field is applied perpendicular to a 2DEG, the states split
into discrete layers called Landau levels. The distance between Landau levels is directly

proportional to the magnetic field strength.

These discrete energy levels are called Landau levels. Energy states outside the
Landau levels are localised so no conduction occurs, and hence a current can only
flow in the extended states within Landau levels [27]. For a perfect system with
no scattering, each Landau level is a J-function with a single energy. However, a
2DEG will contain impurities and defects which will scatter electrons and lead to the
Landau levels broadening into non-d-like functions.

Figure demonstrates the formation of Landau levels and the effects of an
increasing magnetic field. It can be seen from equations and that the energy
of a Landau level is directly proportional to the magnetic field. Therefore, doubling
the applied magnetic field also doubles the energy gap between Landau levels so they

spread apart.
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2.1.3 The Quantum Hall Effect

When an external magnetic field is applied perpendicular to an electric current flowing
through a conducting material, it induces a voltage transverse to the current. This
is called the Hall voltage and the effect, discovered in 1879, is the Hall effect [2§].

The quantum Hall effect (QHE) is the quantum mechanical version of this clas-
sical Hall effect. In the presence of low temperatures and high magnetic fields, the
Hall resistance in a 2DEG is precisely quantized with values of h/Ne?, regardless
of the material properties of the conductor such as the sheet density or mobility of
electrons [2], where N is an integer representing the number of filled Landau levels.
This discovery allowed the fine structure constant to be calculated to previously un-
precedented levels of accuracy, as well as providing a definition of the ohm only in
terms of Planck’s constant and the charge of an electron [29].

The QHE results from Landau levels formed in the presence of a perpendicular
magnetic field; when the Fermi energy is between Landau levels the Hall resistance
remains unchanged due to the lack of conduction in this area. In plots of Hall voltage
(or resistance) against field, the QHE manifests itself as a series of plateaus embedded
in an otherwise sloped line with a constant positive gradient, as shown in figure |2.5
This graph can be used to determine properties of the semiconductor such as the
sheet density. The Hall voltage, Vi, across a conductor of thickness d, in terms of

the current I, magnetic field B, carrier density n, and electron charge e is

_IB

Vi = (2.4)

ned’

For a two-dimensional system, the sheet density, ng, is the product of the carrier

density and thickness
IB
Vo = . (2.5)

nse

which leads to the sheet density of a 2DEG in terms of the Hall voltage and applied

field
IB
g= 2.6
" VH€ ( )
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Figure 2.5: The Quantum Hall effect and Shubnikov-de Haas oscillations shown here
[21] are obtained through resistance measurements of a 2DEG at cryogenic temperatures
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taking the resistance of two terminals across the current, whereas the longitudinal re-
sistance is obtained from resistance measurements using Ohmic contacts parallel to the

direction of the current.
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2.1.4 Electron Transport Properties

The mobility of electrons in a 2DEG can be calculated using Shubnikov-de Haas
(SdH) oscillations. SdH oscillations form in the longitudinal resistance, Ry, of a
2DEG when it is under the influence of an applied perpendicular magnetic field. The
electrical conductivity, o, which is also the inverse of p, the resistivity, of a 2DEG is
the product of the sheet density, charge e, and mobility u:
1
oL =nsep = —, (2.7)
PL

where we use the standard definition of resistivity

R4

- (2.8)

p

Since we are dealing with a two-dimensional system, the resistivity is the resis-
tance per square, so with the width of the structure, W, and the distance between
contacts of L:

RW
pL = LL - (2.9)

For a two-dimensional system both the resistance and the resistivity have identical
units, ohms [21].
Upon combining and rearranging equations and we form an expression

for the mobility
L

nseRL W'

From the mobility and the sheet density, the electron mean free path, [, can be

= (2.10)

calculated. The mean free path is defined as the average distance an electron travels

before being scattered by an obstacle such as an impurity or defect in the material
| = VET, (211)

where v is the Fermi velocity, a function of the Fermi energy, and 7 is the scattering

time. The Fermi energy, Er, can be expressed as

1
Ep = §m*v%, (2.12)
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while the Fermi energy can also be written in terms of the Fermi wave vector, kp

R

E
F 2 )

(2.13)

where kr is dependent upon the sheet density

krp =+/2mns. (2.14)

If we combine and rearrange equations [2.12| and we obtain this expression

invgp
hk
vp = —, (2.15)
m

To determine the scattering time, we have to consider the force the electrons
experience as a result of the applied field, along with the law of conservation of

momentum. The electrons experience a force, F', due to an electric field, £ of
F=—¢f. (2.16)

Through equating the electron’s momentum due to the applied field with the mo-

mentum due to its mass and velocity we obtain

—eET =m"yy (2.17)

eET
S U= ——

PRl

(2.18)

where vy is the drift velocity. By using the relationship between pu,vs and £ and

equation [2.18] we can then produce a formula for the scattering time:

Vd
0=|— 2.1

(2.20)

Finally, we obtain an expression for the electron mean free path by substituting
equations [2.15] and [2.20] into 2.1}

_ hpkp hpy/27mng

€ €

l

(2.21)
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2.2 Spin Ice

2.2.1 Frustrated Systems
Geometrical Frustration

A frustrated system occurs when the topology of a structure prohibits the simulta-
neous satisfaction of all pair-wise interactions. In the general case, an interaction is
considered satisfied when it results in its lowest possible energy state. For a system
consisting of several interacting magnets, satisfaction arises when magnets converging
at a point are arranged exclusively with opposite poles facing one other.

When considering a scenario in which there are never more than two magnets
meeting at a point, it is trivial to arrange them in a manner which facilitates north-
south pole interactions and avoids frustration. However, when three magnets coincide
at a vertex there are, excluding rotational symmetries, four possible combinations
(three north poles meeting; three south poles; two north poles and one south pole or
one north pole and two south poles) and three simultaneous pair-wise interactions
to satisfy. Since forming an arrangement in which two like-poles do not interact is
unavoidable, the three-magnet structure is inherently frustrated.

If we extend this system to form an array of interlinked three-magnet vertices it
results in a long range disorder with a residual ground state entropy that remains
even at the temperature limit of absolute zero. Therefore, we create a system with a

macroscopically degenerate ground state, breaking the third rule of thermodynamics.

Frustration in Water Ice

Water ice is the classic example of frustration occuring in nature. After experiments
conducted on water ice from 1933 discovered a non-zero entropy indicative of frus-
tration [7), [30], Pauling devised an explanation [31] in terms of the hydrogen bond
positions within the tetrahedral structure of water ice and their relation to the ‘ice
rules’ first proposed by Bernal and Fowler [32].

Water ice has a structure consisting of interlinked tetrahedra, each containing
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four hydrogen ions (protons) bonded to a central oxygen ion, shown in figure
The frustration arises through the interactions between the four positively charged
protons. For each individual proton it is energetically favourable for it to be po-
sitioned close to the negatively charged oxygen ion. However, due to the strong
repulsive forces that would be encountered through all the protons being positioned
in this manner, it is favourable for the system as a whole to have a proton config-
uration comprising two short range covalent bonds and two long distance hydrogen
bonds. This compromise of a two-in/two-out formation is known as the ‘ice rules’,

and produces the lowest possible energy state for this structure.

Figure 2.6: The structure of water with the large white circles representing oxygen ions
and small black circles representing the protons [33]. The arrows directed towards/away
from the centrally located oxygen ion represent the covalent/hydrogen bonds, respec-
tively, between that oxygen ion and its nearest hydrogen ions, hence demonstrating the

two-in/two-out formation governed by the ice rules.

2.2.2 Spin Ice

In 1997, the pyrochlore HooTisO7 was found to be the first material with ferromag-
netic interactions to exhibit geometrical frustration [34]. This discovery prompted a
range of experiments studying the properties of the family of rare earth oxide materi-
als belonging to the type RoT207 with R being a rare earth metal such as dysprosium

[35] or holmium [36], and T a transition metal such as titanium [37] or tin [38].
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Water ice Spinice

Figure 2.7: A comparison of the structures of water ice and spin ice [40]. Both materials

require a two-in/two-out formation to obtain the ground state.

With a structure analogous to water ice, from which it takes its name, pyrochlore
spin ice consists of rare earth metal ions positioned at the vertices of interlinked
tetrahedra connected at their corners, surrounding an oxygen ion located in the
centre of each tetrahedron. The frustration in pyrochlore spin ice arises due to the
competing magnetic interactions between the spins of the rare earth metals. These
spins are confined along the (111) axes between each vertex and the centre of the
tetrahedron since the strongly anisotropic crystallographic environment results in
the maximum magnitude of the magnetic moment vector aligning parallel to this
axis [39]. Each spin, which is Ising-like in nature, can point either towards or away
from the centre of the tetrahedron and the ground state configuration requires the
two-in/two-out ‘ice rules’ formation of two spins pointing towards the centre and two
spins pointing outwards. The geometric similarities between water ice and pyrochlore

spin ice are demonstrated in figure

2.2.3 Magnetic Monopoles

Researchers have been looking for the elusive magnetic monopole ever since their
existence was predicted by Dirac in 1931 [41]. Despite the ubiquity of particles with

a single electric charge, there have been no observations of magnetic particles with
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a single net charge to date, in spite of the extensive searches that have taken place
[42]. Rather than searching for a monopole as an elementary particle, more success
has been had in finding and creating magnetic monopoles as emergent particles, i.e.
particles that manifest themselves in strongly interacting frustrated systems. It was
first shown in 2008 that emergent magnetic monopoles could be formed in pyrochlore
spin ice at vertices violating the ice-rules with a three-in / one-out or vice versa
configuration [§].

Emergent monopoles have now been observed in pyrochlore spin ice using mag-
netic neutron scattering [43] and muons [9], and directly observed in ASI using x-ray
photoemission electron microscopy [44] and MFM [45]. These magnetic monopole de-
fects 