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Abstract

The prospect of a new generation of electronic devices based on the fundamental
quantum property of angular momentum, known as spin, has lead to the rapidly
developing field of spintronics. It is envisioned that these advanced devices will
have significant advantages over traditional charge based electronics in properties
such as speed, power consumption and long coherence times.

By combining the properties of magnetics with that of semiconductors, the novel
class of materials known as dilute magnetic semiconductors (DMSs) are consid-
ered a promising system for exhibiting spintronic functionality. These materials
are created by using molecular beam epitaxy (MBE) to incorporate into tradi-
tional semiconductors a quantity of transition metal atoms sufficient that ferro-
magnetism is exhibited. The most widely studied DMS is (Ga,Mn)As which has
well characterised behaviour and can be processed using standard III-V fabrica-
tion techniques, thus providing an excellent basis for further study.

In this research the properties of (Ga,Mn)As based systems are studied as the
material dimensions are reduced to nanometre length scales. Three complemen-
tary approaches are used for this purpose. The first is to use ultra-high-resolution
electron-beam lithography to construct devices. By being able to selectively re-
move material, laterally patterned structures can have sizes as small as 10 nm.
The second approach is to exploit the atomic layer growth of MBE to allow the
construction of epilayers and heterostructures with well defined vertical compo-
sitions. Thirdly, a theoretical k · p kinetic-exchange model allows the simulation
of multilayer structures and an exploration of the parameter spaces available in
such materials.

Two systems are considered: lateral nanoconstricted magnetic tunnel junctions
and vertically defined magnetic superlattices. The nanoconstrictions are anal-
ysed using low temperature magnetotransport techniques and novel anisotropic
magnetoresistance (MR) effects are measured. Primarily, tunnelling anisotropic
magnetoresistance (TAMR) is observed, demonstrating that it is a generic prop-
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erty of ferromagnetic tunnel devices and is therefore of wide interest for other
spintronic systems. Secondarily, anisotropic switching behaviour is observed and
is interpreted as Coulomb blockade anisotropic magnetoresistance (CBAMR).
Additionally, the significance of the processing stages and material properties are
highlighted.

The magnetic superlattices are firstly considered on a theoretical basis in order
to determine structural parameters in which a new MR effect might be observed.
This effect derives from the interlayer exchange coupling (IEC) between the mag-
netic layers which can either be in parallel or opposed orientations. Based on
the calculations, samples are measured using low temperature magnetotransport
and magnetometry techniques in order to explore the possibility of some of the
dramatic properties predicted in magnetic superlattice structures.
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Chapter 1

Introduction

1.1 Preface

A new era of quantum electronics was initiated in 1988 with the discovery of giant
magnetoresistance (GMR) (Baibich et al., 1988; Vélu et al., 1988; Binasch et al.,
1989). For this, Albert Fert and Peter Grünberg were awarded the Nobel prize
for physics in 1997. The great significance of the GMR effect is that it showed
that the electrical resistance of a material could be altered by manipulating the
spins of its carriers. In contrast, in conventional electronics carrier transport
depends on charge state irrespective of spin; the spin possessed by carriers is
by-and-large evenly distributed between being in up or down states, that is to
say, the carriers are unpolarised. GMR found immediate application in magnetic
sensor technology, and in less than a decade from its discovery the technology was
being widely used in hard disk drive read heads. The field of research that has
grown up around the idea of spin based transport is known by the abbreviation
spintronics.

Spintronics promises to offer several key advantages over traditional charge based
devices. These include improved speed, reduced power consumption and in-
creased levels of device integration (Wolf et al., 2001), enhancements continually
sought by the electronics industry. However, the potential of spintronics ex-
tends much further than that. Spin can be manipulated by magnetic and electric
fields, and also optically. By exploiting spin-polarisation to combine diverse fields
such as semiconductor electronics, magnetoresistive effects and optoelectronics,
it may be possible to realise a new paradigm of multifunctional devices such as
non-volatile programmable logic (Prinz, 1998) and may even provide an avenue
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to the elusive quantum computer (Gupta et al., 2001).

Although the size of modern transistors is well below 100 nm (Peercy, 2000),
the physics involved remains essentially classical (Devoret and Schoelkopf, 2000).
However, at these tiny length scales quantum effects do play a role, but are un-
desired and entirely detrimental. Most notably, quantum tunnelling results in
leakage currents (Taur et al., 1997), which increase the power requirement and
heat generation of a device, and, if unchecked, can prevent a device from oper-
ating. As sizes become smaller these obstacles become greater, and ultimately
provide a limit to the extent of this technology. Since spin is a quantum effect,
spintronics, in contrast to traditional electronics, works because of, rather than
in spite of, quantum mechanics, and so provides a way to move beyond the estab-
lished models. There is therefore considerable synergy between nanoelectronics
and spintronics.

Because a ferromagnet represents an intrinsic imbalance in carrier spin states, it
seems a logical place in which to consider spintronic effects. Indeed, GMR was
discovered in ferromagnetic multilayer structures. However, almost all modern
electronics are based on semiconductor technology. Therefore, there is consider-
able interest in having a ferromagnetic material that is compatible with existing
semiconductor technology (Ohno, 1998). To this end, a new class of materials
known as dilute magnetic semiconductors (DMSs) were developed. These are cre-
ated by incorporating into a traditional semiconductor a quantity of transition
metal atoms. As a result, these materials can exhibit both ferromagnetic and
semiconductor properties and so provide a system with a rich phenomenological
playground in which to study spintronic effects.

1.2 Thesis

The proposition explored in this monograph is that, whilst harnessing conven-
tional semiconductor fabrication techniques, the size of DMS devices can be re-
duced to nanoscale lengths in order to observe spin based phenomena. The novel
effects that can be observed in these nanostructures may be of interest for fu-
ture spintronic functionalities. (Ga,Mn)As, being the mostly widely studied and
characterised DMS, is used as the basis for this research.

The term nanostructure has a fairly broad definition, but generally is considered
to refer to an arrangement smaller than microscopic but larger than atomic.
The definition of nanodevice that shall be used in this research is something

2



with a length-scale below 100 nm. In order to achieve this order of magnitude,
two routes for creating nanostructures will be utilised. Firstly, laterally defined
nanostructures can be created through high-resolution lithography. Secondly,
molecular beam epitaxy (MBE) growth allows the creation of heterostructures
with well-defined vertical compositions.

The structure of this monograph is thus: in Chapter 2 the techniques for fabrica-
tion, via high-resolution electron-beam lithography, of lateral nanostructures will
be described. Chapters 3 and 4 give an account of the measurements on nanocon-
striction based devices created using these lithographic techniques. Chapter 5 sets
out a theoretical study of a (Ga,Mn)As based superlattice. Based on the param-
eters suggested by these simulations, superlattices are examined in Chapter 6.
Finally, Chapter 7 provides a summary of the results that have been found and
gives a suggestion for a future experiments. Full lists of the abbreviations and
notation used throughout can be found in Appendices A and B, respectively.

The rest of this chapter will now be devoted to introducing in further detail the
concepts underpinning this work.

1.3 Background

1.3.1 (Ga,Mn)As

Although there are a number of different magnetic semiconductors, in the short
time since its invention (Ga,Mn)As has become the most popular and widely stud-
ied for a number of reasons. Firstly, it is based on the world’s second favourite
semiconductor, GaAs, and as such is readily compatible with existing semicon-
ductor technologies. Secondly, many DMSs, such as the majority of those based
on II-VI semiconductors, are only paramagnetic (Furdyna, 1988). (Ga,Mn)As,
on the other hand, is ferromagnetic, and hence exhibits hysteretic magnetisation
behaviour. This memory effect is of importance for the creation of persistent de-
vices. A third key feature of (Ga,Mn)As is that not only do the manganese atoms
provide a magnetic moment, each also acts as an acceptor, making it a p-type ma-
terial. The presence of carriers allows the material to be used for spin-polarised
currents. In contrast, many other ferromagnetic DMSs are strongly insulating
(Ohno et al., 1992; Pinto et al., 2005) and so do not possess free carriers. When
all these factors are taken together, (Ga,Mn)As appears to be an exceptionally
good candidate as a spintronic material.

3



Growth

In order to appreciate the technical challenges involved in creating good quality
(Ga,Mn)As it is useful to consider the technique by which it is grown, MBE. At
its most basic level MBE is a form of vacuum evaporation. Molecular beams are
produced through the evaporation of liquids or sublimation of solids, and these
are directed at a heated substrate (Foxon and Joyce, 1981). On reaching the
substrate the resultant flux is incorporated into the growing crystal. In order to
ensure the purity of growth, and that the molecular beams are able to arrive at
the substrate without collision, the growth must be performed under ultra high
vacuum conditions. As a result, MBE is a complex process requiring expensive
specialist equipment.

Another advantage of the high vacuum conditions used in MBE is that it allows an
analytical technique known as reflection high-energy election diffraction which can
precisely measure growth rates in-situ. The rate is interpreted from oscillations in
the measured diffracted intensity during the growth, which correspond precisely
to the monolayer deposition rate (Joyce et al., 1987). Additionally, this technique
allows evaluation of surface crystallography to check that the resultant crystal
is being created layer-by-layer, in what is known as a two-dimensional growth
mode (Joyce and Joyce, 2004). Shutters between the growth chamber and the
molecular beam sources allow for rapid changes in the composition of the resulting
flux. Growth rates are low in comparison to the time it takes to turn on or off
a specific molecular beam. When this is combined with precise knowledge of
the growth rates, it becomes possible to create ultra-thin epilayers or complex
heterostructures with well defined interfaces (Foxon, 1994).

Like other DMSs, (Ga,Mn)As is formed by doping a standard semiconductor
with magnetic elements. In (Ga,Mn)As the manganese substitute into gallium
sites in the GaAs crystal and provide a magnetic moment. Because manganese
has a low solubility in GaAs, incorporating a sufficiently high concentration for
ferromagnetism to be achieved proves challenging. In standard MBE growth, to
ensure that a good structural quality is obtained, the temperature the substrate is
heated to, known as the growth temperature, is normally high, typically ∼ 600◦C.
However, if a large flux of manganese is used in these conditions, instead of
being incorporated, segregation occurs where the manganese accumulate on the
surface and form complexes with elemental arsenic atoms (DeSimone et al., 1982).
This problem was overcome using the technique of low temperature MBE. It
was found, first in (In,Mn)As (Munekata et al., 1989) and then later used for
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(Ga,Mn)As (Ohno et al., 1996), that by utilising non-equilibrium crystal growth
techniques larger dopant concentrations could be successfully incorporated. At
lower temperatures, around 250◦C, there is insufficient thermal energy for surface
segregation to occur but still sufficient for a good quality single crystal alloy to
form (Ohno, 1998).

In addition to the substitutional incorporation of manganese, low temperature
MBE also causes the inclusion of other impurities. The two other common impu-
rities are interstitial manganese (Yu et al., 2002) and arsenic antisites (Grandidier
et al., 2000). The former is where the manganese atom sits between the other
atoms in the zinc-blende lattice structure and the latter is where an arsenic atom
occupies a gallium site. Both impurities act as double donors, removing the holes
provided by the substitutional manganese, and as such they are known as com-
pensating defects. The interstitial manganese also bond antiferromagnetically to
substitutional manganese, removing the magnetic moment. Both these defects
are detrimental to the ferromagnetic properties of the (Ga,Mn)As, and so are
undesired (Sadowski and Domagala, 2004).

The temperature below which the transition from paramagnetism to ferromag-
netism occurs is known as the Curie temperature, TC . Theoretical predictions
based on the Zener model suggest that the Curie temperature scales with the
quantity of manganese, so TC above 300 K is possible if manganese doping levels
as high as 10% can be achieved (Dietl et al., 2000). After its discovery by Ohno
et al. (1996), the highest reported Curie temperatures in (Ga,Mn)As rose from 60
K to 110 K (Ohno, 1998). However, despite the predictions of room temperature
ferromagnetism, no improvements in TC were made for several years.

As a result of this lack of progress, predictions started to be made that 110 K was
in fact a fundamental limit for (Ga,Mn)As. The self-compensating nature of the
defects would limit the possible hole concentrations, preventing further gains in
TC (Yu et al., 2003). The major breakthrough came from improvements in post-
growth annealing. By using annealing temperatures comparable to the growth
temperature it was possible to pass the 110 K barrier (Edmonds et al., 2002a;
Chiba et al., 2003a; Ku et al., 2003). These improvements have been attributed
to the removal the highly mobile interstitial manganese (Edmonds et al., 2004).

Currently, the highest reported values of TC in (Ga,Mn)As are around 173 K
(Wang et al., 2005a; Jungwirth et al., 2005), still well below the much sought
room temperature. As a result, measurements on this material must be done
at cryogenic temperatures, currently precluding any application outside of the
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laboratory. Naturally, considerable effort is being spent in the search for an
alternative DMS that does not share this limitation (Matsumoto et al., 2001;
Reed et al., 2001; Han et al., 2002; Saito et al., 2003; Sharma et al., 2003). In
addition to this, as MBE techniques and equipment are refined and improved it is
hoped that greater control over growth conditions will allow further incremental
advances in the Curie temperature of (Ga,Mn)As.

Properties

Regardless of the fact that room temperature ferromagnetism has not yet been
achieved, DMS materials such as (Ga,Mn)As, have shown considerable success.
Thanks to the rich interplay of physics inherent to DMSs a variety of novel phe-
nomena and device structures have been demonstrated. It is therefore instructive
to make a critical review of these main developments.

A key result in DMS technology is gateable ferromagnetism, where an electric
field is used to control the ferromagnetic properties. This was achieved by Ohno
et al. (2000) using an insulating-gate field-effect transistor with (In,Mn)As as
the magnetic channel. The magnetic properties were inferred from magnetisation
dependent Hall measurements of the channel. Using the gate action to either
deplete or accumulate holes in the channel it was possible to change the charac-
teristic of the Hall response to be either that of a paramagnet or of a ferromagnet.
When the temperature of the sample was close to its TC it was possible to turn
the ferromagnetism on or off by applying a gate voltage which could change the
TC by ±1 K.

A similar (In,Mn)As transistor device was used to provide further examples of
gateable ferromagnetism (Chiba et al., 2003b). In this experiment the electric
field was used to modify the coercive field at which magnetisation reversal oc-
curs. As a result of the dependence of the magnetic hysteresis on the gate bias the
electric field could be used to assist magnetisation reversal or even demagnetise
the ferromagnetic material. The combining of magnetic and electronic function-
ality demonstrated by this experiment is one of the goals of spintronics and may
be expected to have a great technological impact.

Another important spintronic functionality that has been demonstrated in DMSs
is that of spin injection. This is where the high spin polarisation inherent to these
magnetic materials is used to transfer spin polarised carriers into a non-magnetic
material (Ohno et al., 1999). In this example, a fully epitaxial heterostructure
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was used where spin polarised holes were injected from a (Ga,Mn)As layer to
an (In,Ga)As quantum well where they combine with unpolarised electrons from
an n-type substrate. A polarisation of 8% was measured in the resulting elec-
troluminescence. This is again of potential technological interest as it shows the
possibility that the spin states in non-magnetic semiconductors can be manipu-
lated without the application of a magnetic field.

(Ga,Mn)As offers an excellent material to study domain wall mechanics because
the domains can have a size of the order of 100 µm (Fukumura et al., 2001). Sev-
eral studies have been done in which lithographically defined lateral constrictions
(Honolka et al., 2005) or other pinning points (Holleitner et al., 2005) are used
to manipulate domain walls. These experiments are crucial to understanding
domain wall nucleation and propagation which would be necessary for the cre-
ation of complex logic circuits based on domain wall mechanics (Allwood et al.,
2005). Many properties of domain walls are still not fully understood and one
particularly outstanding issue is of the magnitude and size of the resistance as-
sociated with current passing through domain walls. Both positive (Chiba et al.,
2006) and negative (Tang et al., 2004) values of domain wall resistance have been
reported, leaving this an open area for future research.

An example of a simple device that utilises pinned domain walls is provided
by Rüster et al. (2003). This experiment consisted of a lithographically defined
narrow island connected to the leads via a pair of nanoconstrictions. While
the device operated in a diffusive regime the constrictions would pin domain
walls, resulting in a GMR signal. The properties when the device operates in a
tunnelling regime will be discussed in Chapters 3 and 4.

A further interesting property of domain walls is that of current induced domain
wall motion. This reversal is believed to occur as a result of the spin-transfer
torque exerted by a spin polarised current (Slonczewski, 1996). It was demon-
strated by Yamanouchi et al. (2004) in a lateral (Ga,Mn)As device containing
three regions which had been patterned to have different coercive fields, allow-
ing the easy formation of a domain wall. The central region was designed to
have the lowest coercivity so that the application of current pulses could cause
the orientation of the magnetisation to be switched. Interestingly, this exper-
iment showed that the current required to achieve this reversal in (Ga,Mn)As
was two orders of magnitude lower than that of metal systems. It has also
been demonstrated that current-induced magnetisation reversal can occur across
a (Ga,Mn)As/GaAs/(Ga,Mn)As vertical tunnel junction (Chiba et al., 2004).
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Another novel spintronic effect, which was first observed in (Ga,Mn)As based
tunnel devices, is tunnelling anisotropic magnetoresistance (TAMR). This ef-
fect arises from the intricate dependence of the tunnelling density of states on
the magnetisation, and can result in magnetoresistances (MRs) of several orders
of magnitude. This will be discussed in more detail in Chapter 3. Similarly,
the dependence of the single electron charging energy on the magnetisation has
resulted in another dramatic MR effect. This Coulomb blockade anisotropic
magnetoresistance (CBAMR) will be examined in Chapter 4.

There are many excellent review articles about the properties and applications
of DMSs and (Ga,Mn)As in particular. If further information is required on the
topic, the following publications are recommended: Sarma et al. (2003); Gould
et al. (2007).

1.3.2 Spin-orbit coupling

Because of its importance in understanding spintronic phenomena it is fruitful
to describe in some detail the effect known as spin-orbit coupling (SOC). Many
effects, including anisotropic magnetoresistance (AMR) (Campbell et al., 1970)
and magnetocrystalline anisotropy (Abolfath et al., 2001), originate from the
SOC, and so it will be frequently referred to in the following chapters. At the
simplest level, SOC is an interaction between the spin angular momentum, S, and
the orbital angular momentum, L, of a particle. It originates from a relativistic
effect of the Dirac equation. The basic derivation included here is based on that
of Griffiths (1995, p. 239-242) and Davies and Betts (1999, p. 118-121).

From the perspective of an electron orbiting a hydrogen atom, the proton will
have a circular motion around the electron. The magnetic field, B, generated by
the motion of the proton can be given by

B = 1
4πε0

e

mec2r3 L

= 1
emec2

1
r

dV (r)
dr

L, (1.1)

where r is the orbital radius of the electron and dV (r)/dr = e2/4πε0r2; V (r) is
the potential energy of the electron.

The magnetic dipole moment, µ, of the electron is proportional to the spin angular
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momentum, S, with a proportionality factor known as the gyromagnetic ratio.
For the electron this relationship is given as

µ = − e

me

S. (1.2)

The energy associated with the torque from a magnetic dipole, µ, in a magnetic
field, B, gives the Hamiltonian

H = −µ ·B. (1.3)

Substituting Equations 1.1 and 1.2 into Equation 1.3 gives

H = 1
2m2

ec
2
1
r

dV (r)
dr

S · L. (1.4)

This equation is known as the spin-orbit interaction and describes the SOC. Note
that there is an additional factor of 1/2 included in Equation 1.4. This factor is
called the Thomas precession, and must be included to account for the fact that
the analysis was done from the rest frame of the electron, which is accelerating
and hence not an inertial frame.

Because of this coupling between the spin and the orbit, when an external field
attempts to reorientate the spin of a carrier it also has the effect of attempting
to reorientate the orbit. However, in crystalline materials this reorientation is
strongly opposed by the coupling between the orbit and the crystal lattice. This
is the result of the quenching of the orbital magnetic moment, which keeps the
orientation of the orbits tightly bound to the lattice (Cullity, 1972, p. 214). In
most materials the SOC is weak in comparison to the lattice-orbit coupling and
as a result the energy required to overcome the spin-orbit interaction is low. This
energy is known as the magnetocrystalline anisotropy. (Ga,Mn)As, however,
has a strong SOC, and so by comparison has a significant magnetocrystalline
anisotropy. The SOC is responsible for a host of anisotropic properties such as
AMR, which is the transport phenomenon analogous to the magnetocrystalline
anisotropy (Jungwirth et al., 2006). By considering the SOCs in the valence band,
many of the anisotropic properties of (Ga,Mn)As can be explained and predicted
(Dietl et al., 2001b; Abolfath et al., 2001).

9



1.3.3 Zener kinetic-exchange model

Although there are many complementary models that can be used to describe the
origin of ferromagnetism in DMSs, the Zener kinetic-exchange model has been
particularly useful in explaining many experimental results. This mechanism was
proposed by Zener (1951) in order to provide a description of ferromagnetism in
transition metals. It has since been found to provide a poor description because
it did not account for the itinerant character of the d electrons nor for the Friedel
oscillations of the electron spin polarisation around the localised spins (Dietl
et al., 2000). However, the Zener kinetic-exchange has returned to prominence
because it provides a good model of carrier mediated ferromagnetism in DMSs
where the distance between the carriers is greater than that of the spins (Dietl
et al., 2001b).

The Zener model is a mean-field approach that describes ferromagnetism in
(Ga,Mn)As through indirect exchange between local d-shell moments of the man-
ganese atoms. This exchange is mediated by the hybridisation between these
moments and p-band itinerant carriers. The model can be used to encompass
both SOC and the interaction between angular momentum states and the delo-
calised atomic orbitals described by k · p theory, as well as carrier correlation,
confinement, weak disorder and antiferromagnetic interactions (Dietl, 2003). The
kinetic-exchange mechanism therefore provides a powerful and versatile approach
for describing DMSs.

Many experimentally observed properties of (Ga,Mn)As, and other DMSs, have
been successfully described or predicted using the Zener kinetic-exchange model.
Examples of this include Curie temperatures (Jungwirth et al., 2002b, 2005),
the magnetic anisotropies (König et al., 2001), domain structures (Dietl et al.,
2001a), anisotropic magnetoresistances (Jungwirth et al., 2003), the effects of
strain engineering (Jungwirth et al., 2002a) and other direct current (DC) trans-
port properties (López-Sancho and Brey, 2003; Hwang and Sarma, 2005).

For a comprehensive overview of the theory of ferromagnetic (III,Mn)V semicon-
ductors the review by Jungwirth et al. (2006) is highly recommended.
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Chapter 2

Lithography and Fabrication

2.1 Introduction

Since the invention of the integrated circuit almost 50 years ago, the ability to
miniaturize transistors to build complex logic circuits on a single crystal has
been considered magic, even (perhaps especially) by those working within the
electronics industry. The driving technology behind the ever-increasing levels of
integration required in the fabrication of modern electronics is that of the pro-
cess of lithography. This technique, whose name derives from the Greek words
for stone and writing, was developed in the 18th Century as an artistic method.
Today, micro- and the more modern nanolithographic procedures are vastly com-
plicated fusions of physics, chemistry and engineering, allowing transistors to be
created on sub-µm length scales. However, modern lithography is no less an art
today than it was 300 years ago, and if large scale integration is indeed magic,
then nanolithography must surely be the voodoo behind it.

This Chapter gives an overview of the lithographic techniques and processes nec-
essary for the creation of nanostructures. This will provide an insight into the
technological limitations and pitfalls in achieving ultra-high-resolution fabrica-
tion and, importantly, provide a context in which to consider the experimental
lateral nanostructures used in Chapters 3 and 4. Additionally, some of the recipes
and “tricks” used, seemingly passed on only by oral tradition, are included for
posterity, and it is hoped that this may be of assistance in future fabrication
work. This is in no way intended to be a comprehensive review of lithography,
but a record of the nanofabrication used for this research and an explanation of
the reasoning for specific choices. Fabrication is a rapidly changing field, and
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techniques are largely determined by the equipment available. Regardless, the
underlying principles are generic, making this of wide interest.

Furthermore, it is becoming apparent that the fabrication techniques themselves
can affect the sensitive thin (Ga,Mn)As films that were researched, even to the
point of altering the observed anisotropies (Ciorga et al., 2007a). Indeed, in
Chapters 3 and 4 it will be noted that the resistivity of post-processed material
is greater than that as-grown. Therefore, it is important to focus on the exact
processing steps made and to have them recorded for future reference.

2.2 Principles

The purpose of lithography is to make an imprint into a surface by selectively
removing material in order to leave only a desired pattern. This is done by
creating a mask over the substrate material, and then using a process to remove
material which remains unmasked. The action by which the undesired material is
removed is known as etching and can be chemical or physical. The mask is called
the resist due to the necessity that it must be able to withstand the etching,
either wholly or at a reduced rate in comparison to the substrate material that is
being removed. When the material has a high resistance to the etch it is known
as a hard mask, whilst otherwise it is a soft mask.

Depending on the resist that is chosen the processing stages and expected out-
comes may be different. For example different resists require differing post ap-
plication baking or curing and after exposure some may require post exposure
baking to fix the resist. Additionally the developer, which selectively dissolves
resist depending on whether it has been exposed, must be chosen appropriately
so that the resist-developer system has sufficient sensitivity and resolution for the
desired result.

The key to successful lithography is accurately creating the desired pattern in the
resist. This is typically done by exposing the resist to a radiation source to which
it is sensitive, in a process called exposure. The most common form of expo-
sure is optical lithography, where the resist is irradiated with light of ultra-violet
or higher frequency. A newer technique, which offers several key advantages, is
electron-beam lithography, where the resist is exposed to a focused cathode ray.
This method is very popular for research purposes since it is possible to cre-
ate electron-beam systems from converted electron microscopes and much higher
resolutions can be achieved with this method in comparison with conventional
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optical lithography.

If electrical measurements of a device are to be made further lithographic steps
are required in which metal contacts for wired connections are made. The process
of depositing contacts is known as metallisation. Here, instead of using the resist
mask to define where etching is to take place, it is used to define where the metal
contacts are to be deposited by evaporation. Unwanted metal is removed by
performing a lift-off, which will be discussed later.

During a complete device fabrication there will typically be one or more fabri-
cation stages and one or more metallisation stages, and not necessarily in that
order. There are many variables to consider for successful production. Typically
these are method of exposure, choice of resist, choice of developer, etching method
and the metallisation. Each of these must be compatible and appropriate.

A typical nanofabrication process is illustrated in the chart in Figure 2.1.

All these steps are considered in detail below. For ease of flow, and to mirror
somewhat how this might actually be performed, the fabrication steps have been
split into two main phases: pre-exposure and post-exposure. The pre-exposure
phase considers the resists and resist deposition and the post-exposure phase
considers the etching and metallisation.

2.2.1 Pre-exposure processing

The first stage of device fabrication involves coating the chip with resist. The
term chip is used to describe a semiconductor wafer that has been scribed into
smaller pieces. Industrially, when semiconductor devices are mass produced, the
wafers are typically patterned whole and then scribed into chips. For the purposes
of this work, however, the wafers were scribed first into 5 mm × 5 mm pieces due
to the stage size requirement of the electron-beam machines.

Although resist deposition may at first seem a trivial step, it is vitally impor-
tant that it is done accurately for the subsequent lithography to be successful.
There are various factors to consider, particularly the choice of resist which will
determine how the fabrication is performed and what sort of features it might be
possible to create. This section will therefore focus on resists and resist deposi-
tion.
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Figure 2.1: Flow diagram illustrating the typical process steps involved in nanos-
tructure fabrication.
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Resists

The lithographic exposure does not act on the substrate itself but rather on a
reactive layer covering the substrate, the resist. Exposure will cause a change
in the solubility of the resist to its developing solution, so by selection of the
areas that are exposed, a desired pattern can be created. The type of reaction
caused by exposure depends on the resist, but resists are broadly classified into
two types, positive and negative.

A positive resist is one which is initially insoluble, but the exposed area becomes
more soluble and so can be removed by the developer; this typically is caused
by the radiation breaking bonds in the resist. A negative resist is one which is
initially soluble, but exposure causes it to become less so. Therefore, the developer
can dissolve the unexposed areas and leave only the exposed resist. In this type
of resist the incident radiation typically causes a polymerisation reaction.

The two resists mainly used for nanoconstriction fabrication were poly(methyl
methacrylate) (PMMA) and UVIII so these will be discussed in detail. Addition-
ally, two alternative resists that were tested will be mentioned as they highlight
some important points about the processing procedure.

PMMA The organic positive resist PMMA is widely used for e-beam lithogra-
phy. It comes dissolved in Anisole solvent, the concentration of which is indicated
by the A-rating, the percentage by weight of PMMA to Anisole solvent. For ex-
ample, A8 resist can be diluted to A4 by mixing it with an equal mass of solvent.
In addition to coming in different concentrations the PMMA also comes as dif-
ferent types, the two most commonly commercially available are 495 and 950;
these numbers refer to the molecular weight, 495k and 950k respectively. These
types offer slightly different properties, specifically the higher molecular weight is
less sensitive. This can be useful in the application of multilayer resist structures
but generally only the 950k is used for high-resolution lithography because of its
better resolution.

The thickness of the PMMA layer resulting from spin deposition is dependent on
both the concentration and molecular weight. Further details on this are given in
the next section. For PMMA a typical post application bake is 120◦C for at least
an hour. For exposure a typical dosage is 500 µCcm−2 when using a beam current
of 60 pA with a spot size of 150 nm. With a smaller spot for small features a
larger dose of about 600 or 700 µCcm−2 might be used, while with a large spot
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size a 300 µCcm−2 would be sufficient.

The usual developer for PMMA is a methyl isobutyl ketone (MIBK):isopropyl
alcohol (IPA) solution. However, in this work a IPA:H2O solution was used
instead. This co-solvent developer gave better sensitivity and contrast than the
MIBK:IPA solution, making it favourable for nanolithography (Khalid et al.,
2004). The development time of A4 PMMA was about 30 s in 7:3 IPA:H2O
cooled to 20◦C.

Although PMMA is usually a positive resist, under very high exposure doses
cross-linking between the polymer chains can cause it to act as a negative resist
(Zailer et al., 1996). The high dosage involved with this, combined with the
associated backscatter and proximity effects, mean that using PMMA in this
manner is of little use in high-resolution lithography.

UVIII Another positive resist is UVIII, which is the trade name of chemically
amplified resist designed for optical lithography. However, because it is also very
sensitive to e-beam it offers an excellent alternative to optical lithography when
creating low-resolution structures rapidly (Yasin et al., 2005).

Before the UVIII is applied, in order to improve the cohesion of the resist the
substrate is primed for 2 minutes in Hexamethyldisilazane (HMDS) vapour. Spin
deposition of UVIII at 5000 rpm for 30 seconds should give a thickness of 700 to
800 nm. After the resist is spun on it must be prebaked immediately before ex-
posure for 1 minute at 130◦C. A typical exposure dose for low-resolution features
is 23 µCcm−2. After exposure the resist must be fixed by heating on a hot-plate
at 145◦C for 1 minute. Development is with CD26 at 20◦C for 1 minute after
which it is rinsed with deionised water. This would have to be done carefully as
a long exposure to CD26 was found to attack (Ga,Mn)As.

hydrogen silsequioxane (HSQ) The inorganic negative resist HSQ poten-
tially offers sub-10nm resolutions (Baek et al., 2005). Like UVIII, HSQ is de-
veloped in CD26 and the sensitivity is similar to PMMA. HSQ also has the
interesting additional property that it has a very high etch selectivity and so can
be converted to a SiO2 hard mask (Kretz et al., 2005). However, for the purposes
of this research this was not a desirable property. After fabrication with HSQ a
residue was left that was extremely difficult to remove.
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Figure 2.2: An ultra-thin wire created using Calixarene resist.

Calixarene Another negative resist, Calixarene, which describes a family of
cyclic phenolic compounds named after their resemblance to a calyx-krater vase
(Sailer et al., 2002), can offer very high-resolutions for e-beam lithography. How-
ever, it has a very low sensitivity compared to PMMA, requiring a much higher
dose and a subsequent long exposure time (Ochiai et al., 1999). Several developers
are suitable for Calixarene including xylene (Fujita et al., 1996) and MIBK:IPA
(Buhlmann et al., 2005). An example of the kind of ultra-thin wire type structure
than can be created using Calixarene is shown in Figure 2.2. This wire represents
a single line scan of the electron-beam, the width being limited by the spot size.

Despite this very promising result offered by Calixarene, the high dose required
by this resist could cause problems. If write times become long then beam drift
can become a significant issue, so Calixarene offered a poorer solution when large
structures such as side gates were being considered. So, while negative resists
excel at making narrow wires, positive resists are better at narrow trenches, more
suitable for the structures being considered in this work. Additionally, PMMA
works well for writing large areas, offering a good versatility. For these reasons,
PMMA would be the resist principally used for the nanofabrication.

Resist deposition

Chip coating It is important that the resist is evenly distributed over the
chip’s surface so that fabrication will be consistent over the whole chip. In order
to achieve this, the resist is dripped onto the chip, which is then spun at high
speeds, uniformly spreading the resist over the surface. A speed of 5000 rpm for
30 s is a typical value for spreading resist onto 5 mm × 5 mm chips.

The thickness of the resist is an important consideration for the fabrication step.
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Molar weight Dilution Thickness / nm
950k A8 770

A4 190
A2 54
A1 19

495k A7 380
A6 260
A4 130
A2 48
A1 15

Table 2.1: Thicknesses of different PMMA solutions spun onto silicon chips at
5000 rpm for 30 s.

For metallisation the resist typically needs to be thicker in order to accommodate
the depth of metal. If the resist is not thick enough for a given metal deposition
then the lift-off, the process in which unwanted metal is removed, may not be
successful; the metal thickness should be no more than 2

3 of the resist thickness
(Smith, 1974). When etching occurs both the resist and the substrate will be
removed at rates determined by their vulnerability to the etching method. This
could be a particular consideration for deep etches or where the resist is vulnerable
to the etching method. However, making the resist too thick can limit the smallest
feature size obtainable, so for high-resolution lithography a thinner resist layer
is preferable. The thickness of resist can be tailored by adjusting the rotational
speed of the spinner, the length of time of spin and the amount of solvent in
the resist mixture. The thicknesses of various PMMA resists, measured using
an α-stepper, after being spun onto 5 mm × 5 mm silicon chips are shown in
Table 2.1.

Resist Curing After the resist is spun on it is cured in an oven. The purpose
of this pre-exposure bake is to evaporate the solvent and harden the resist. A
PMMA resist would typically be cured in an oven for 1 hour at a temperature of
125◦C.

2.2.2 Post-exposure processing

Once the resist has been patterned through exposure and subsequent development
the next step is to transfer the pattern onto the substrate. There are two primary
ways in which this can be done. The first is by using the resist as a mask and
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etching away the uncovered material. A common technique for high-resolution
lithography is the use an additional hard mask, an intermediate layer between
the resist and the substrate with a high resistance to etching. The pattern from
the resist is first replicated on the hard mask, and the hard mask is then used
to protect the substrate during a second etch. However, in this research due to
the added complications of removing a hard mask without damaging the ultra-
thin (Ga,Mn)As film, etching was performed directly using the resist as a soft
mask. PMMA is particularly vulnerable to plasma etching (Cui, 2005, p. 107)
but because the required etch depth was low in comparison to the resist thickness
no significant issues would arise from this.

The second pattern transfer technique is metallisation, whereby a metal layer
is deposited onto the chip. Where no resist is present the metal sticks to the
substrate, but where resist is present the metal is deposited on the resist. The
unwanted metal is then removed using a lift-off technique whereby the resist is
dissolved in solvent so the metal covering it is removed.

Before either technique is applied it would be usual to “descum” or clean away
excess resist in oxygen plasma. This would have the effect of uniformly thinning
the resist, and importantly removing any unwanted residual resist remaining after
development. This residual resist may not be visible under a microscope (Gritz
et al., 2003) but could hamper a uniform etch and is particularly a problem for
achieving a clean lift-off. The oxygen plasma would be applied for only brief
periods, 60 s or less, so that not too much of the resist is removed.

Etching

Two methods of etching were used, the so-called “wet” etch, which uses acids
and the “dry” etch, which uses ion bombardment. Each method has differing
advantages; wet etching is very isotropic and so can give a significant undercut
while dry etching is more directional.

Wet etching In this study the (Ga,Mn)As layer could be etched with H2SO4.
Dilute HCl would be used before the etch in order to remove any oxide layer.
The etching solution consisted of 1:8:1000 H2SO4:H2O2:H2O. For GaAs this etch
system offers a slow etch rate of 0.038 µm min−1 and a low relative anisotropy
for etching between different crystalline orientations (Williams, 1990, p. 105).

The etch rate was tested with two pieces of 25 nm (Ga0.94,Mn0.06)As, shown in
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Etch time / s Resistance / kΩ
0 8
20 14
40 100
60 ∞
0 9
50 ∞

Table 2.2: Etch rate test for (Ga,Mn)As in dilute H2SO4.

Table 2.2. Prior to etching, the samples were first immersed in 1:3 HCl(37%):H2O
for 20 s to remove the oxide layer. Etching was performed using a 1:8:1000
H2SO4(98%):H2O2(30%):H2O solution. The samples were held in tweezers and
manually stirred during the etching. Because removing and re-immersing the chip
will result in a different etch rate in comparison to a continual etch of the same
length of time, the first chip was etched in 20 s increments to get an impression
of the rate, while the second chip was subject to a continuous etch of 50 s. These
data show a good agreement with the published etch rate of GaAs. Subsequently,
during actual processing a weaker 1:10 HCl:H2O solution would be used for oxide
removal.

Dry etching There are several dry etching techniques, of which reactive ion
etch (RIE) was used in the processing for this research. RIE offers an extremely
anisotropic etch where the vertical etch rate far exceeds the lateral rate, resulting
in an excellent etch profile with very little undercut (Williams, 1990, p. 186).
The gas that was used for this purpose was silicon tetrachloride (SiCl4) which
has shown itself to be suitable for high-resolution GaAs fabrication (Stern and
Liao, 1983).

An etch test was again carried out on a piece of 25 nm (Ga0.94,Mn0.06)As. Testing
showed that after a 35 s etch using SiCl4 the resistance increased from 7 kΩ to
13 kΩ. This was followed by a wet etch of 20 s HCl and 20 s H2SO4, after which
the magnetic layer was fully etched. Based on the wet etch rate found previously
this showed that a 35 s etch would be sufficient to etch a 5 nm layer. An atomic
force microscope measurement of a 5 nm (Ga0.94,Mn0.06)As film that had been
dry etched for 35 s showed the etch depth to be 20 nm. Unfortunately, the RIE
machines used were seemingly strongly influenced by environmental factors and
did not always give very consistent results.
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Metallisation

Metallisation is performed for two main purposes. The first is to create alignment
marks. By using a metallic layer the contrast of the alignment marks could be
greatly improved, making alignment of subsequent lithographic steps significantly
easier. The second use of metallisation is to create bond pads, which are large
areas to which wiring can be bonded for electrical measurements. Gold is used
for both purposes.

Deposition The metallic layers are deposited using an evaporator under ultra-
high vacuum. Pieces of high purity metal are heated with a high current so that
atoms are emitted from them with a uniform ballistic distribution, resulting in
a uniform covering of all surfaces in line-of-site of the source. Deposition could
be prevented by placing a shutter between the source and the sample; initial
heating of the source would be done with the shutter closed until the rate and
pressure had stabilised in order to outgas and remove any surface impurities. The
deposition rate and thickness is measured via a piezoelectric crystal and the rate
is controlled through the applied current.

To improve adhesion between the gold and the substrate, a wetting layer of
chromium is evaporated on first. For alignment marks approximated 10 nm of
chromium followed by 30 nm of gold was deposited. The bond pads require
thicker metallisation so about 30 nm of chromium followed and 300 nm of gold
was used. The deposition rate would initially be kept below 0.3 nm s−1 to ensure
an even deposition. Other adhesion improving metals such as titanium are a
suitable alternative to chromium.

Lift-off Once the sample is covered with a uniform metallic layer the process
by which parts of the metal are selectively removed is the lift-off. In this step
the sample is immersed in solvent to remove all of the resist. The metallic layers
that are adhered to the substrate will remain, whilst the metal layers that were
previously on the resist will now become free-standing in the solvent. With some
gentle agitation this layer should separate away or lift-off from the sample. Using
a pipette was the preferred way to assist the lift-off for this material; ultrasonic
assistance could be very effective but it was found that because GaAs is very
brittle this should be used only as a last resort for a recalcitrant lift-off. Accurate
exposure and development leaving the resist with well defined smooth edges would
help the lift-off process immensely.
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40 nm
100 nm

(a) (b)

(c)

Figure 2.3: SEM micrograph of an attempt at creating a gated nanoconstriction.
The dark area has been etched and the lighter area is the unetched (Ga,Mn)As
epilayer. (a) is the source, (b) is the drain and (c) is the gate. The constriction
has a lateral width of 100 nm, and the gate is separated by a 40 nm channel.
Unfortunately, the etch of the channel was only partial, so the gate was not
electrically isolated.

Cleaning As a point of record, the solvents used to clean the samples were
Acetone followed by IPA. After cleaning a sample would be often be baked
at 120◦C for at least 5 minutes to dehydrate it, depending on what the next
processing stage would be. It is clear that during processing the material would
be subject to several exposures to heating.

2.3 Creating nanostructures

Having described the various steps that fabrication involves, the focus shall now
be on how specifically the nanoconstriction devices investigated in Chapter 3
were processed. The nanoconstrictions in Chapter 4 were created in an almost
identical manner, and represent only a refinement of this process. The exact
timings and doses would vary depending on the outcome of the prior stages,
and thus be adjusted heuristically in order to achieve the desired result. The
values given here are based on those actually used in the processing, which were
carefully recorded in contemporaneous notes. As mentioned, it was found that the
electron-beam and RIE equipment could be somewhat idiosyncratic, apparently
very sensitive to imperceptible changes in conditions.

Creating nanostructures offers two distinct challenges. The first is creating small
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structures, where material must be selectively preserved during etching so that
a specific design is left. The second is removing selected material to create nano
sized gaps. Both of these challenges are shown in the scanning electron microscope
(SEM) micrograph in Figure 2.3 which is of a gated nanoconstriction. In such
a structure the material to form the constriction must not be etched, while the
channel itself needs to be sufficiently etched. As can been seen from the Figure 2.3,
this can be difficult to achieve.

A five-stage lithographic process was used to manufacture the nanoconstriction
devices. The first stage involved creating the registration marks which are used for
determining alignment. This is of vital importance for a multi-staged fabrication
process as the alignment of all subsequent exposures would be done relative to
those marks. Without these being created accurately it would not be possible
to position all the other parts of the device correctly in relation to each other.
Also during this stage the optional inner metallic contacts were deposited. The
central part of a partly processed chip showing only the inner alignment marks
and a Hall bar structure can be seen in Figure 2.4. The second stage was the
creation of the bond pads. The third and fourth stages were where the Hall bar
and nanoconstrictions were defined. This was performed in two stages due to
the disparity in feature size requiring different exposure conditions. The fifth,
and final, lithographic step was the creation of isolation trenches between the
bond pads. With the exception of the first step, there was some flexibility as to
the order in which these stages were done. Due to the fact that metallisation
steps could be problematic it was preferable to have these done before creating
nanoconstrictions. A full fabricated sample with various features labelled is shown
in Figure 2.5.

Also note that the use of many stages is partly a consequence of the limitations of
the electron-beam apparatus available. A suite of three machines, each offering
different capabilities, with varying spot size, beam current and maximum field
size were used. A raster write method was used with a 16-bit DAC, hence in
order to ensure smooth features it was necessary to tailor the spot size and field
size to the feature size. Therefore, for small features a small working field with a
small spot size is needed, while for larger areas a large working field with a wider
spot size would be used. The dwell time was automatically calculated by the
software controlling the beam. The capabilities of the high-resolution electron-
beam system used can be read about in Chen et al. (1988).

Although it was possible to use optical methods for low-resolution stages one, two
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and four, using only electron-beam exposure had some principle benefits. The
first was that photoresist developer MF319 would act as a etchant for GaAs and
so also for (Ga,Mn)As. This is not an issue when creating the registration marks
since those areas were not functional parts of the device, but it could result in
very poor bond pads. An additional disadvantage of this aspect of optical resists
is that if the exposure did not go perfectly on the first attempt then the chip
would no longer be in a pristine condition for further attempts due to the action
of the developer. Through experience it was found that the alignment was better
when all stages of lithographic exposure were performed exclusively via e-beam.

First stage This stage involved low-resolution lithography and metallisation.
The registration marks and inner connects were defined with a low-resolution
electron-beam system. Three sets of alignment marks, inner, middle and outer
were created for the high-resolution, low-resolution and coarse alignment. Fig-
ure 2.5 shows both the inner and middle registration marks, giving a sense of the
scale between then. Although the registration marks could be formed by etching
only, thereby rolling the first and third stages together, using metal for the regis-
tration marks gave a greatly improved contrast making alignment much simpler.
PMMA positive resist was used. Low molecular weight (495k) PMMA was spin
coated onto the square 5 mm × 5 mm chips for 30s at 5000 rpm followed by high
molecular weight (950k) at the same speeds. This gave a resist layer of about
200 nm. The beam diameter, or “spot-size”, was approximately 160 nm and the
beam voltage was 40 kV. Current of 100 pA and a dose of 325 µCcm−2 was used
for all features except the inner registration marks which were exposed with 350
µCcm−2. If a lower current of 50 pA was used then a smaller spot-size of 120
nm could be achieved. Development was for 30 s in a 7:3 IPA:H2O solution at a
temperature of 20◦C. Prior to deposition, the sample was put in oxygen plasma
for 1 minute to remove any unwanted resist. Metallisation was performed via
evaporation. 15 nm chromium was deposited first as a wetting layer to improve
cohesion, followed by 40 nm of gold.

Second stage During this stage the bond pads were defined. These were large
features so UVIII resist was used as it requires a lower dose, thus allowed a
higher throughput. It was spun on at 5000 rpm for 30 s, giving a resist thickness
of about 800 nm. Prior to spinning, the chips were immersed in HMDS vapour
for 3 minutes to improve the adhesion of the resist. Exposure was with a beam
current of 1 nA and a dose of 23 µCcm−2. Development was performed using
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40 µm

(a)
(b) (c)

(d)

Figure 2.4: Optical microscope image of a device in the middle of the second
stage of processing. The Hall bar structure has been exposed and the PMMA
resist developed, but it is not yet etched. The darker coloured parts, such as (a),
are the remaining resist, and the lighter coloured parts, such as (b), have had the
resist removed. This wider leg, labelled as (c), of the bar was intended to be used
for a side-gate. The inner registration marks from the first fabrication stage are
labelled as (d). This device has no inner metallised connects.

CD26 at a temperature of 20◦C for 60 s. Oxygen plasma for 60 s was used to
remove residue resist immediately prior to evaporation. The metal layer was
deposited via evaporation and had a thickness of 27 nm of chromium and 280 nm
of gold. The deposition rate was 0.2 nm per minute for the first 10 nm, and then
0.6 nm per minute for the rest. For later chips PMMA A8 would be used instead
of UVIII due to the potential problems with CD26. In this case a 4 nA current
and a dose of 300 µCcm−2 would be applied. The very high current was in order
to minimise writing times. Development was for 30 s in a 7:3 IPA:H2O solution
at a temperature of 20◦C.

Third stage In this stage the Hall bar and inner isolation trenches are defined.
The chip was coated in high molecular weight (950k) PMMA resist via spin
deposition at 5000 rpm for 30 s. The exposure conditions were similar to the first
stage. After the exposure the chips were developed and etched. Development
was, as usual, 30 s in a 7:3 IPA:H2O at a temperature of 20◦C. Oxygen plasma
was applied for 30 s prior to a dry etch for 20 s in an SiCl4 plasma.

Fourth stage In this stage the high-resolution features such as the nanocon-
strictions or lateral gates were defined. As with the third stage, 950k PMMA
was used as the resist. With the high-resolution e-beam machine it was possible
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(a)
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Figure 2.5: Optical microscope image of a complete nanostructure device. The
labelled components are (a) bond pad, (b) outer isolation trench, (c) inner metal
connect, (d) middle registration mark, (e) inner isolation trench, (f) Hall bar,
(g) inner registration mark, and (h) a nanoconstriction. The middle registration
marks are obscured by a second layer of gold since they are exposed when they
are used for alignment of the second metallisation stage.

to achieve a spot diameter of 12 nm at an accelerating voltage of 70 kV. The
dosage was varied from 500 to 750 µCcm−2 depending on the feature size aimed
for; smaller feature sizes would have higher doses. After exposure the sample
was developed for 30 s in 7:3 IPA:H2O solution at a temperature of 20◦C. After
development the resist was cleaned with oxygen plasma for 6 s and the features
were etched using RIE with silicon tetrachloride (SiCl4) gas for 12 s.

Fifth stage The final stage was to create the trenches around the bond pads so
that they would be electrically isolated. Again, A4 PMMA resist was used, spun
on at 5000 rpm for 30 s. As these were very coarse features a large spot size, about
400 nm, and a high current, 2 nA, could be used. The dose was 450 µCcm−2. In
order to speed up this process the current could be increased to 4 nA at which
the smallest achievable spot size was about 500 nm. Such a low-resolution was
not a problem as the features were relatively very large and it did not matter if
the edges were rough. As before, this was developed in 7:3 IPA:H2O solution at
a temperature of 20◦C. The etching method was not important as the trenches
were not functional parts of the device; their creation could be performed with
either wet or dry methods.
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Chapter 3

Ultra-thin Films and
Nanoconstrictions

3.1 Introduction

In metallic based systems nanocontact devices have been used to demonstrate
MR effects of several orders of magnitude (García et al., 1999; Hua and Chopra,
2003), although the origin of this MR is controversial. As a candidate for fu-
ture spintronic functionality there is, unsurprisingly, considerable interest in the
properties of DMSs, such as (Ga,Mn)As, as the lateral dimensions are reduced
to nanoscale lengths. The epitaxial nature by which (Ga,Mn)As is grown readily
lends itself to the creation of vertical devices with discrete well defined layers with
sizes from several nanometres in the growth direction. Vertical tunnel junction
devices created in this manner have already been used to demonstrate large MR
effects (Tanaka and Higo, 2001; Chun et al., 2002).

In addition to vertical devices, by utilising high resolution electron-beam litho-
graphic techniques, as described in Chapter 2, it is possible to fabricate structures
with lateral dimensions of sub-100 nm lengths. The first successful application of
this in (Ga,Mn)As was reported by Rüster et al. (2003), in which lithographically
defined nanoconstrictions were fabricated each side of a thin, and comparatively
long, island. In this experiment the authors believed that the magnetisation
reversal of the island and the leads were controlled by their shape anisotropy;
the geometry of the island caused it to have a higher coercive field than the
leads. However, it now seems probable that the higher coercivity was due to
uniaxial strain relaxation (Wenisch et al., 2007). When the transport through
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the nanoconstrictions was in the Ohmic regime MR effects of up to 8% were re-
ported. This was interpreted as a GMR effect, whereby domain walls became
pinned at the nanoconstrictions, increasing the spin scattering of carriers and
thus the resistance.

When the size of the nanoconstrictions was reduced in size to sub-10 nm the de-
vice entered a non-Ohmic transport regime and a much larger MR was observed,
reaching sizes of∼ 2000%. This was interpreted as a tunnelling magnetoresistance
(TMR) effect in which the nanoconstrictions acted as tunnel barriers, magneti-
cally decoupling the island and the leads. Instead of being due to scattering at
domain walls, the large observed MR was due to variations of the magnetisa-
tion either side of the constriction, changing the tunnelling probability through
it (Rüster et al., 2003).

There has been further interest in (Ga,Mn)As tunnel junctions as result of the
discovery of a novel effect, the so-called TAMR. This was first discovered in
a normal-metal/insulator/ferromagnetic semiconductor (Au/AlOx/(Ga,Mn)As)
vertical tunnelling device (Gould et al., 2004). The new TAMR effect offered a
rich phenomenology in which both normal and inverted spin-valve-like features
could be exhibited with respect to the applied field orientation and temperature.
The effect was explained as arising from the anisotropies in the (Ga,Mn)As density
of states (DOS), caused by the strong SOC inherent in this material, as a function
of the magnetisation orientation. The tunnelling is dominated by a small range
of k states close to the Fermi energy which have a complex dependence on the
magnetisation (Gould et al., 2004). Therefore, as the magnetisation orientation
is changed the tunnelling probability, and hence the conductance, can change
dramatically.

The TAMR effect was further explored in a fully epitaxial (Ga,Mn)As/GaAs/
(Ga,Mn)As stack by Rüster et al. (2005). In addition to the inverted spin-valve
response and dependence on field and temperature, a further characteristic of the
TAMR was demonstrated: low-bias amplification. By exploiting this a MR of
over 150 000% was achieved at a temperature of 1.7 K.

In this Chapter lateral nanoconstriction devices fabricated from an ultra-thin
(Ga,Mn)As epilayer via high resolution electron-beam lithography will be used
to explore the MR effects that can exist in DMS nanostructures. This “double-
pronged” approach takes advantage of the capabilities of e-beam lithography
to create lateral nanostructures and also the ability of MBE to create vertical
nanostructures. The geometry that will be considered is one where the domain
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5 nm (Ga0.98,Mn0.02)As
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Figure 3.1: Schematic showing the epitaxial growth details of epilayer Mn-174.

wall and TMR effects are diminished. However, large and dramatic effects shall
be demonstrated. These will be discussed within the context of the TMR and
TAMR experiments.

A note about terminology: the term AMR is usually used to refer to an MR
effect, known in metals for well over a century (Thomson, 1857), that occurs in
the Ohmic transport regime. However, as shown by TAMR, there are anisotropic
MR effects that occur with different physical origins. Therefore, in the interests
of precision and clarity, the well known AMR effect will be referred to as normal
AMR (NAMR), while AMR will refer to any MR that is anisotropic.

This work is summarised in Giddings et al. (2005).

3.2 Experimental details

All the devices in this Chapter were fabricated from a single (Ga0.98,Mn0.02)As
epilayer, sample number Mn-174, which was grown along the [001] crystal axis by
low temperature MBE (Campion et al., 2003). The level of manganese doping was
estimated by flux gauge readings during growth. However, subsequent secondary
ion mass spectroscopy (SIMS) and flame spectroscopy measurements suggest that
the actual value was 10-20% higher. Although the (Ga,Mn)As epilayer was 5 nm
thick, there was a 3 nm GaAs capping layer grown on top. Figure 3.1 shows a
schematic of the sample composition.

The material was characterised using an as-grown piece of epilayer approximately
5 mm × 5 mm in size, processed into a van der Pauw geometry. From measuring
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Figure 3.2: Sheet resistance, Rsheet, against temperature, T , as bulk as-grown
(Ga,Mn)As sample Mn-174 is cooled down. Below 30 K the cooling process
became very rapid, resulting in few measurement points.

the sheet resistance, Rsheet, as a function of temperature, T , shown in Figure 3.2,
the Curie temperature, TC , was estimated to be 40 K. Although Rxy(H) mea-
surements were taken, Arrott plot (M2 against H/M) analysis did not give a
more precise estimate. The room temperature conductivity was 150 Ω−1 cm−1

, which is comparable to thicker layers with 2% Mn doping. However, unlike
thicker epilayers, the resistance tended to diverge at low temperatures, with con-
ductivity reduced to about 100 Ω−1 cm−1 at 4.2 K. For comparison, an epilayer
with only a 1 nm GaAs capping layer, but otherwise identical, became highly
insulating below 20 K. This highlights the technical challenges in producing con-
sistently well behaved ultra-thin films. The low manganese doping and ultra-thin
nature of the epilayer meant that there was a low quantity of magnetic mo-
ments which precluded characterisation by superconducting quantum interference
device (SQUID) magnetometry.

The devices were fabricated using a five stage e-beam lithography process fea-
turing complementary low and high resolution exposures. The inner alignment
marks, Hall bar, and constrictions were patterned in PMMA positive resist and
developed using a IPA:H2O co-solvent developer. Etching was performed using a
silicon tetrachloride (SiCl4) RIE dry etch. The bond pads were patterned using
UVIII positive resist. See Chapter 2 for further details about the fabrication
process.

The geometry of the device is shown in optical microscopy image Figure 3.3(a).
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Figure 3.3: (a) Optical microscope image of the inner area of a sample, showing
the parallel to current, x, and in-plane perpendicular to current, y, axes and their
corresponding crystalline direction. (b) SEM micrograph of the Hall bar showing
the principle dimensions. (c) and (d) show high-resolution SEM micrographs of
150 nm and 30 nm constrictions, respectively.
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Two devices were fabricated per field in order to improve fabrication efficiency
and nanoconstriction yield. The Hall bar was self-aligned to the [110] cleaved
axis, and had a width of about 3 µm as seen in Figure 3.3(b).

The Hall bars featured pairs of constrictions separated by 9 µm. These ranged
in width from 400 nm down to sub-20 nm. Figures 3.3(c) and (d) show SEM
micrographs of 150 nm and 30 nm constrictions, respectively. Although the high-
resolution lithographic step was successful in producing a sub-20 nm constriction,
unfortunately the device in which it featured was in other ways unsuccessfully
fabricated. This meant the smallest measurable pair of constrictions on any device
had an apparent width of 30 nm. Of the devices fabricated in parallel, one did not
undergo the high-resolution lithographic step, preserving its Hall bar structure.
This unconstricted sample was used to conduct reference NAMR measurements.
During the fabrication process the samples were exposed to growth/annealing
level temperatures.

Sample measurements were carried out in a Helium-4 cryostat with an integrated
superconducting magnet capable of fields up to 14 T. Although the sample probe
was capable of rotating the sample in and out-of-plane, the mechanism proved
to be unreliable. As a consequence, a full thermal cycle was required in order
to alter the orientation of the sample with respect to the field. Unless otherwise
stated, all measurements were conducted at a temperature of 4.2 K.

The principle measurement method was with standard low-frequency (17 Hz)
lock-in techniques, using EG&G 5210 lock-in amplifiers. The alternating current
(AC) measurement techniques were used in order to maximise the signal-to-noise
ratio. The applied 2-point signal, generated by an HP 3245A Universal Source,
was 0.05 V with either an 8.2 MΩ or an 100 MΩ resistor in series to give a
pseudo constant current. The four-point potential difference was measured across
the devices. Where necessary, pre-amplifiers were used to improve the signal-
to-noise. In addition, four point current-voltage (I-V ) curves and resistances
were measured for the unstructured Hall bar and the constrictions. These were
measured using an Agilent 4155B Semiconductor Parameter Analyzer, which was
also used for some DC transport measurements on the unstructured bar.

3.3 Results

The results shall be presented in two parts. The first will deal with the bulk
magnetotransport properties of the ultra-thin (Ga,Mn)As epilayer used by all
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Figure 3.4: Four-point I-V curve for the unpatterned 3.3 µm Hall bar at T =
4.2 K.

devices in this Chapter. This is of particular interest as these were the first
ever published measurements of a (Ga,Mn)As epilayer as thin as 5 nm. This
will provide an important basis for considering the data presented in the second
part. Due to the difficulty in reliably creating such thin films they are, to this
day, still poorly characterised. However, the expected properties of (Ga,Mn)As
are well understood from systematic measurements in thicker films (Esch et al.,
1997; Ohno, 1998; Sadowski et al., 2000).

The second part of the results will consider devices featuring the nanoconstric-
tions. The effect of constrictions as their lateral dimensions are reduced will be
studied. Particular attention will be paid to the startling MR effects seen in the
smallest sized nanoconstrictions.

3.3.1 Unstructured bar

The unstructured Hall bar was fabricated in parallel with the nanoconstriction
devices, on the same (Ga,Mn)As chip. The only difference was that the final high-
resolution lithographic step to form the nanoconstrictions was not performed on
that field. The stripe was aligned along the [110] axis and the dimensions are as
shown in Figures 3.3(a) and (b).

The I-V characteristics for the unstructured bar when T = 4.2 K are shown
in Figure 3.4. The sample exhibits Ohmic behaviour with a conductivity of
66 Ω−1 cm−1.
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The post-processing sheet resistivity is therefore higher than that of the as-grown
material. Changes in conductance and Curie temperature are an expected result
of heating, as interstitial manganese are out-diffused from the material (Edmonds
et al., 2004). However, in thicker films this annealing causes an increase in con-
ductivity. No explanation is given for this anomaly, although it is noted that,
given the fragility of the ultra-thin film, the fabrication steps may have had an
adverse effect on the quality of the layer. It is possible that the exposure to the
variety of solvents and conditions that processing entails could have inadvertently
etched or induced additional inhomogeneity in the surface of the epilayer. To put
it in perspective, the size of the unit cell of GaAs is 0.565 nm so even a small
change to the top layer could be significant to the 5 nm film.

Figure 3.5 shows the NAMR characteristics of the unstructured bar at T = 4.2 K
with the magnetic field applied along the three cardinal axes. As per Fig-
ure 3.3(b), the following notation shall be used to describe these axes: parallel
to the direction of current is x, perpendicular to the current but still in-plane
is y and perpendicular to the current and out-of-plane is z. When the field
was applied along the x-axis there were positively orientated hysteretic features,
while for H ‖ y and H ‖ z the hysteretic features were negative. Additionally,
for H ‖ z the hysteretic feature was comparatively very broad, starting around
µ0H = ±0.2 T. This hysteretic low field switching is associated with magnetisa-
tion reversal, and since the magnitude and sense change with orientation, it is
therefore a manifestation of the NAMR. The isotropic (independent of applied
field orientation) negative background part of the MR is attributed to the sup-
pression of the magnetic disorder at high fields (Baxter et al., 2002) or to weak
localisation effects (Matsukura et al., 2004).

Previous SQUID magnetometry measurements in thicker (Ga,Mn)As epilayers
shows that there exists competition between the [100]/[010] biaxial and [110] uni-
axial easy axes (Sawicki et al., 2005). Typically, below the Curie temperature
the epilayers are initially uniaxial but as temperature is reduced the epilayers
undergo a transition and the biaxial behaviour comes to dominate. However,
SQUID magnetometry of these ultra-thin films were not feasible due to their low
quantity of moments. If it is assumed that at 4.2 K, as in the thicker films, the cu-
bic anisotropy dominates in the ultra-thin epilayer, in the unstructured bar which
is orientated along the [110] direction magnetisation, reversal can proceed via the
stable intermediate [100] and [010] orientations (Tang et al., 2003). Therefore,
the positive hysteretic feature in Figure 3.5 for H ‖ x is interpreted as a rotation
from [110] into an orientation close to the [100] easy axis. Similarly, the negative
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Figure 3.5: Low-field AC MR measurements for the unstructured 3.3 µm bar pat-
terned from the 5 nm thick epilayer, with field applied along the three cardinal
directions. x ‖ [110] and T = 4.2 K. The black curves represent increasing field
and the red curves represent decreasing field. The inset shows DC MR measure-
ments for a greater field range. As discussed in the text, the AC measurements
have a good signal-to-noise ratio but are affected by spurious resistance offsets.
The offsets are absent in the DC measurements but the signal-to-noise ratio is
poorer, obscuring the low-field hysteretic behaviour.
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hysteretic feature for H ‖ y would be a rotation from [1̄10] to the [010] easy axis.
This is consistent with M ‖ x being a low resistance state and M ‖ y being a
high resistance state (Baxter et al., 2002; Jungwirth et al., 2003; Rushforth et al.,
2007b).

Despite M ‖ y being a high resistance state, a much larger MR was observed
for H ‖ z than for H ‖ y. Assuming that, at µ0H = 1 T, the magneti-
sation was saturated along the direction of applied field, then, from the data
in the inset of Figure 3.5, the in-plane NAMR, defined as AMRip = (R(M ‖
y) − R(M ‖ x))/R(M ‖ x), is found to be 5%. The out-of-plane NAMR,
AMRop = (R(M ‖ z) − R(M ‖ x))/R(M ‖ x), is 12%. In previously stud-
ied (Ga0.98,Mn0.02)As epilayers there was virtually no difference between the MR
for the two perpendicular-to-current orientations (Jungwirth et al., 2003).

The large observed out-of-plane MR is therefore attributed to the strong verti-
cal confinement in the ultra-thin 5 nm (Ga0.98,Mn0.02)As epilayer, breaking the
symmetry between states with magnetisation M ‖ y and M ‖ z. Another indi-
cation of confinement effects is the presence of hysteresis in the H ‖ z MR. In
thicker (Ga,Mn)As epilayers the growth direction is magnetically hard with zero
remanence due to compressive strain induced by the GaAs substrate and shape
anisotropy (König et al., 2003). The strain can have significant influence on the
characteristics of the NAMR, and particularly it has been previously observed
that there is a dependence of the AMRip and AMRop to the current direction as a
function of the level of strain (Matsukura et al., 2004). In experiments with lat-
erally defined wires, shape anisotropy has been found to have a significant effect
on the magnetic configuration of (Ga,Mn)As when the lateral widths of the wires
is as large as 0.8 µm (Hamaya et al., 2004). However, the effect of local strain
relaxation (Wenisch et al., 2007) was not taken into account in that interpretation
and may have in fact been the dominant contribution. In these 5 nm layers the
shape anisotropy can still be expected to play some role, though. These effects
compete in the epilayer with an increase in the relative population of the heavy-
hole states due to confinement, which tends to favour spin polarisation along the
growth direction (Lee et al., 2002).

An important remark concerning the low-field AC measurements shown in the
main panel of Figure 3.5 is that they were affected by spurious resistance offsets.
This lead to the apparent splitting of the MR at low fields, which was particularly
evident in the case for H ‖ x. The advantage of these measurements was their
good signal-to-noise ratio, allowing clear presentation of the hysteretic features.
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To overcome the issue of the spurious offsets, DC measurements are shown in the
inset of Figure 3.5. The offsets were absent in the DC measurements, allowing an
estimation of the NAMR, but the signal-to-noise ratio was significantly poorer,
which tends to obscure the hysteretic behaviour. The offsets are field-independent
and are a result of the AC lock-in technique combined with the thermal cycling of
the sample. As previously mentioned, in situ rotation of the sample was not viable
with the experimental apparatus, so a full thermal cycle had to be performed in
order to change the field orientation. However, the shape of the individual MR
curves was fully reproducible.

3.3.2 Nanoconstrictions

Having examined the properties of the bulk (Ga,Mn)As 5 nm epilayer the devices
containing the constrictions will be considered.

Figures 3.6 shows the MR characteristics with H ‖ x for (a) the unstructured
bar and constrictions of (b) 100 nm, (c) 50 nm and (d) 30 nm widths, at T =
4.2 K. The 100 nm constrictions showed behaviour typical of (Ga,Mn)As epilayers
(Baxter et al., 2002) and were otherwise very similar to the unstructured bar.
The resistance across the device with the 100 nm constrictions was approximately
double that of the unstructured bar. Given that the geometry of the unstructured
bar was of 5.3 “squares” then the increase in the current path would correspond
with the two constrictions increasing the number of squares of material by about
6.6. This seems consistent with the known geometry of the constrictions, as
shown by SEM micrographs in Figures 3.3.

The MR of the 50 nm constrictions (Figure 3.6(c)) deviates partly from the
normal bulk (Ga,Mn)As seen in the unstructured bar. The low-field hysteretic
features are as expected, but the isotropic background now contains an inflection
point near µ0H = 0.3 T after which the gradient of the non-hysteretic background
MR increases. The resistance of the device was approximately triple that of the
unstructured bar. Using the previous analysis, this would correspond to the two
50 nm constrictions increasing the apparent length of the devices by 10 squares.

In Figure 3.6(d) the 30 nm constrictions show a dramatic deviation from the
previously observed MR behaviour. The low-field hysteretic features have now
changed in sign to become negative going, and are much greater in size. Ad-
ditionally, the resistance of the device was an order of magnitude greater than
that of the unstructured bar. This is too great to be accounted for through the
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Figure 3.6: AC MR measurements at T = 4.2 K for (a) the unstructured 3.3 µm
bar, (b) 100 nm constrictions, (c) 50 nm constrictions and (d) 30 nm constrictions,
each patterned from 5 nm epilayer. The alignment of the field is H ‖ x ‖ [110] in
each case. The black curve represents increasing field and the red curve represents
decreasing field.
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Figure 3.7: I-V characteristics for (a) the 50 nm constrictions and (b) the 30 nm
constrictions at temperatures, T , of 10 K, 4.2 K and 1.5 K. B = 0 T.

constrictions simply increasing the current path.

The measured temperature dependent I-V curves are shown in Figures 3.7 for the
(a) 50 nm and (b) 30 nm constrictions. While the devices with constrictions of
a size greater than 100 nm show Ohmic behaviour, deviations from this become
more pronounced as the constriction size and temperature were reduced. The
50 nm constriction was very slightly non-linear at T = 4.2 K and considerably
more so at T = 1.5 K. At low temperature and bias, conduction through the
30 nm constrictions was by tunnelling. This strongly suggests that the anomalies
observed in the AMR in Figures 3.6(c) and (d) are the result of the onset and
formation of tunnel junctions across the constrictions. The occurrence of tun-
nelling in such a wide constriction suggests that disorder in the very thin, low
manganese density, (Ga,Mn)As material leads to a local depletion and so the tun-
nel barrier has an effective lateral width considerably smaller than the nominal
physical width.

In Figure 3.8 the measured AMR characteristics of the 30 nm constrictions are
shown for magnetic fields applied in the three orthogonal directions. The main
panel focuses on the low field switching behaviour while the inset shows the same
measurements over a larger field range. As with the NAMR measurements of
the unstructured bar (see Figure 3.5), these AC measurements are affected by
spurious field-independent resistance offsets. As a result, it is not possible to
determine accurately the size of the AMR effect in this non-linear regime, and
unfortunately, the device was rendered inoperable before DC measurements could
be taken. However, an order of magnitude increase of the anisotropic MR in the
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Figure 3.8: Low field AC MR measurement of the 30 nm constrictions fabricated
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rections. x ‖ [110] and T = 4.2 K. The black curves represent increasing field
and the red curves represent decreasing field. The H ‖ x curve is offset 1 MΩ
downwards for clarity. The inset shows the same measurements over a wider field
range.
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Figure 3.9: Temperature, T , dependence of the hysteretic low-field MR of the
30 nm constriction for four different applied 2-point voltages, V2pt, with magnetic
field orientated H ‖ x.

tunnelling regime is clearly visible from the H ‖ z and H ‖ y traces shown in the
inset of Figure 3.8.

It is important to note that the results of the measurements shown in Figure 3.8
were made using a fixed 2-point excitation which, in this device, would result
in a current in the range of 1 to 1.5 nA. Although this method was suitable for
measuring the nanoconstrictions operating in the Ohmic regime, because of the
large MR effects inherent in the tunnelling device, particularly in the H ‖ z ori-
entation, the current could deviate somewhat. As a result of the non-Ohmic I-V
characteristics of the tunnel junction, this may have lead to a relative suppression
of the magnitude of the measured MR.

The other important point concerns the reproducibility of the data. Within a
thermal cycle all MR traces in the tunnelling device had very good reproducibility.
However, thermal cycling could have significantly altered the details of the MR,
although the same general trends remained, giving at least reasonable qualitative
agreement. In Chapter 4 the effects of the thermal cycling will be discussed in
more detail.

In Figure 3.9 the % MR of the low-field hysteretic feature is plotted as a function
of temperature for four different applied 2-point voltages, V2pt: 0.05 V, 0.10 V,
0.15 V and 0.20 V. These correspond to an excitation for µ0H = 0 T at T =
4.2 K of 2.3 mV, 4.4 mV, 6.3 mV and 8.0 mV respectively. % MR is defined as
(Rmax(H)−Rmin(H))/Rmin(H), for low values of H, i.e. µ0H < ±0.1 T, so that
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only the hysteretic part of the curve is considered. The magnitude of low field
hysteretic MR increases strongly as temperature and excitation voltage decrease.
Again, because of the measurement scheme, the size of the % MR is suppressed in
comparison to a constant potential measurement scheme. Despite this, the data
show that there is a strong dependence of the size of the MR effect on both the
temperature and excitation voltage across the device.

3.4 Discussion

The close correspondence between the NAMR of the unstructured bar in Fig-
ure 3.5 and the AMR of the 30 nm constrictions in Figure 3.8 is evident. Firstly,
the switching events in the in-plane MR traces occur at comparable magnetic
fields in the case of both devices. Secondly, in both devices the hysteretic effects
of the in-plane H ‖ x and H ‖ y have similar magnitudes but are of opposite
sign. Thirdly, the MR for when H ‖ z in both experiments is considerably larger
than for the in-plane field orientations, and both MR traces are similar in general
form and field scale.

However, there are also several key differences between the character of the
NAMR in the unstructured bar and that of the AMR in the non-linear regime
of the 30 nm constriction. Firstly, with the onset of tunnelling transport there
is a radical departure from the basic NAMR low-field hysteretic features. Par-
ticularly, the orientation of the hysteretic features for the in-plane orientations is
now reversed; for H ‖ x the orientation switched from positive to negative, while
for H ‖ y the orientation switched from negative to positive. This indicates that
the high and low resistance in-plane magnetisation states have switched places.
Secondly, the size of the hysteretic features increased dramatically when trans-
port entered the tunnelling regime. Thirdly, it is important to emphasise that
even at large fields, where the magnetisation should be saturated, the resistances
in the three orientations are still very different. This is a strong indication that
the transport mechanisms in the Ohmic and non-linear regimes have different
anisotropies.

Despite having a double constriction system, similar to the device of Rüster et al.
(2003), the negative low-field hysteretic effect in this tunnelling device is not
compatible with a TMR system. In a TMR device, if there is a parallel alignment
of the magnetisation on either side of the constriction then the device would be
in a low resistance state, while an antiparallel alignment would lead to a high
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resistance state. Although in some metal tunnel junctions a negative TMR can
be observed if the minority spin carriers carry more current than the majority spin
carriers (De Teresa et al., 1999; Sharma et al., 1999), this will not occur in a fully
(Ga,Mn)As system since the spin polarisation on both sides of the tunnel barrier
will be positive. Therefore, magnetisation reversal could only lead to a positive
hysteretic effect as alignment flips from a parallel alignment to an antiparallel
alignment and then back as the field is swept.

Furthermore, the TMR signal reported in Rüster et al. (2003) is a property of
the special geometry of that device. In that experiment the bar was orientated
along the [100] easy axis, and the TMR corresponded to the subsequent 180◦

magnetisation reversal in the leads and central island. Because of the geometry
of the narrow central island the contributions to the anisotropy from the shape
and local strain relaxation caused it to have a significantly larger coercive field
than the wider (Ga,Mn)As leads on either side of the constrictions. As a result,
the magnetisation switching of the island and leads was not simultaneous. In
the device studied in this Chapter the central region does not have a long thin
geometry, but is rather shaped similarly to the leads; there is no reason to expect
anything other than near-simultaneous switching events.

Additionally, the (Ga,Mn)As in Rüster et al. (2003) was much thicker (19 nm)
than in this experiment, so the additional complexities in the anisotropy land-
scape introduced by the confinement effects, as previously discussed, are ex-
cluded. Therefore, the AMR behaviour that dominates in this Chapter’s tun-
nelling nanoconstriction devices is distinct from the TMR effect. Hence, these
data are interpreted as being TAMR, which can give both normal and inverted
spin-valve-like behaviour depending on the applied field orientations (Gould et al.,
2004; Rüster et al., 2005).

The strong link between the NAMR of the epilayer and the TAMR of the nanocon-
strictions is demonstrated by the H ‖ z MR. The field dependence in both trans-
port regimes is analogous; the considerably larger out-of-plane anisotropies of the
epilayer results in the extremely large out-of-plane TAMR. This is similar to
the effect seen in Gould et al. (2004) where the strain in the growth direction is
attributed to the stronger MR when the magnetisation is out-of-plane.

Hysteretic MR responses in the unstructured bar for purely in-plane magnetisa-
tion are relatively easy to explain and can give useful information on magneti-
sation reversal processes (Tang et al., 2003). MR traces in the nanoconstriction
can have a more complex dependence on the orientation of the magnetisation
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Figure 3.10: Plot of the calculated tunnelling transmission probabilities against
the conserved in-plane momenta at the Fermi energy. The carrier densities are (a)
and (b) 0.01 nm−3; (c) and (d) 0.05 nm−3; and (e) and (f) 0.1 nm−3. The barrier
height is 1 eV and the width is 2 nm. Bright yellow is the highest probability for
a given density, red is medium and black is zero. The tunnelling current is along
the x direction and the magnetisation is along z direction for the first row and
along the x direction for the second row.

with respect to the crystallographic axes and current direction (Rüster et al.,
2005) depending on the tunnelling DOS. Detailed interpretation of the low-field
hysteretic MR response of the nanoconstrictions is not possible without detailed
information on the magnetisation reversal sequence near the constriction. Fur-
thermore, the dependence of the size of the MR on temperature is consistent
with the increasing dominance of tunnelling, and the low-bias amplification effect
reported in vertical TAMR devices (Rüster et al., 2005) is also observed. This
seems to indicate the dominance of the TAMR effect in the tunnelling regime of
this device.

In Figure 3.10 the results are shown of calculations by Jairo Sinova and Tomas
Jungwirth which attempt to model the TAMR effect in the experimental struc-
ture. In the Figure the Landauer transmission probabilities at the Fermi energy
is plotted as a function of conserved momenta in the (kz,ky) plane, illustrating
the effects of confinement on the TAMR. Further details of the modelling can be
found in Giddings et al. (2005).

The plots show the intricate dependence of the theoretical TAMR on the posi-
tion in the (kz,ky) plane and so is highly sensitive to the magnetisation. When
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integrated over all the states at the Fermi energy the TAMR ranges between
∼ 50% and ∼ 1% for the studied hole densities of 0.1 - 1 ×1020 cm−3 (Giddings
et al., 2005). However, these calculations depend on the assumption that the
strong vertical confinement will reduce the number of kz states, while the con-
striction will reduce the number of ky states. At such low assumed hole densities
the (Ga,Mn)As would be near the metal-insulator transition and that suggests a
highly disordered system. As a result of the spreading of k states the size of the
MR would be severely diminished. Furthermore, the mean free-path of carriers
is much smaller than the size of the nanoconstrictions, making it doubtful that
its geometry could play a significant role in restricting the momentum states.
The possibility thus remains that additional physics is at work which could more
satisfactorily explain the large MR. This is discussed further in the next chapter.

3.5 Conclusion

The existence of large anisotropic MR effects has been demonstrated in laterally
defined (Ga,Mn)As nanoconstriction tunnel junctions. The relationship between
the basic NAMR of the material and the anisotropic MR of the tunnel junction
has been shown. The effect has been shown clearly not to be a manifestation of
TMR, but is consistent with the TAMR effect. This seems to establish TAMR as
a generic property of tunnel devices in ferromagnetic materials with strong SOC.
Importantly, AMR is present in many metallic ferromagnets (Jaoul et al., 1977)
so this may have consequences outside ferromagnetic semiconductors.
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Chapter 4

Nanoconstrictions Revisited

4.1 Introduction

In conductors there can exist many forms of MR, whereby the electrical resistance
is modified via the application of a magnetic field. When the size of a MR is a
function of the angle between the magnetisation and direction of flow of carriers
or crystallographic axes it is known as either the non-crystalline or crystalline
AMR, respectively (McGuire and Potter, 1975; Rushforth et al., 2007b). The
origin of this effect is the SOC. As before, this well known AMR in the Ohmic
regime shall be referred to as the NAMR.

When a non-Ohmic tunnelling regime is considered instead, a much more dra-
matic effect known as TAMR can occur, as explored in Chapter 3. This is caused
by the dependence of the tunnelling density of states on the direction of the
magnetisation of the material; thus the tunnelling probabilities can be directly
manipulated with the application of a magnetic field, resulting in large MR ef-
fects. This was demonstrated initially in vertical structures based on the DMS
(Ga,Mn)As (Gould et al., 2004; Rüster et al., 2005). Shortly after, data consistent
with TAMR in lateral nanoconstriction devices were reported (Giddings et al.,
2005). As a consequence of this, it was predicted that TAMR could be a generic
property of tunnel devices with ferromagnetic contacts (Shick et al., 2006). This
prediction has proved to be correct; since then, the TAMR phenomenon has also
been reported in transition metal tunnel junction systems (Bolotin et al., 2006;
Gao et al., 2007; Shi et al., 2007; Park et al., 2008).

In further work on (Ga,Mn)As lateral tunnelling devices another novel magne-
toresistance effect was reported, the so-called CBAMR (Wunderlich et al., 2006).
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The origin of CBAMR is anisotropic shifts in the Fermi energy with respect to
magnetisation in an inhomogeneous system. This can be achieved by patterning
a nanoscale single electron transistor (SET) type structure from a ferromagnetic
material with strong SOC. This observation occurred in an accidentally inho-
mogeneous constriction with an associated gate that allowed tuning of the local
electrostatic conditions; as a result of the patterning the necessary inhomogene-
ity was created in the form of extremely low capacitance “islands” isolated from
the rest of the structure by a tunnel barrier. In systems with strong SOC, such
as (Ga,Mn)As, magnetisation rotation can cause large changes in the electronic
configuration. As a result of the non-uniform local carrier concentration in these
structures, changes in the magnetisation orientation causes differential changes in
the chemical potential of the nanoscale island and leads. The Gibbs free energy
associated with transmission of charge through the island can be written as a
function of these different chemical potentials and as such is dependent on the
magnetisation. Furthermore, the difference in the chemical potential between the
island and the leads is of a similar order to the single-electron charging energy
(Wunderlich et al., 2006), resulting in potentially dramatic changes in conductiv-
ity.

A possible third mechanism for large magnetoresistance effects in DMS tunnel
devices has since also been suggested, in the form of a magnetisation orientation
induced metal-insulator transition (Pappert et al., 2006). This can occur when
a high localisation of carriers, such as at low temperatures or in highly depleted
regions, causes transport to go from a diffusive to an Efros-Shklovskii hopping
regime. If the structure is therefore close to a metal-insulator transition, and
is highly anisotropic due to the strong SOC, then changing the magnetisation
orientation could trigger the transition.

Putting this in the context of the previous two magnetoresistance effects, it is
interesting to note that the ultra-thin (Ga,Mn)As films similar to those used by
Giddings et al. (2005); Wunderlich et al. (2006) and in Chapter 3 become very
resistive and exhibit hopping-like conductivity at very low temperatures (T <

4 K). Additionally, they have unusually strong magnetocrystalline anisotropies
(Rushforth et al., 2007a), making this effect of interest in regard to these kinds
of lateral structures.

Bearing in mind the diverse mechanisms for magnetoresistances that non-Ohmic
devices in ferromagnets with strong SOC can acquire, in this Chapter further
evidence of extremely large effects in laterally defined (Ga,Mn)As nanoconstric-
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Figure 4.1: Schematic showing the epitaxial growth details of epilayer Mn-213.

tion devices will be demonstrated and so cast further light on these issues. The
experimental devices contains many improvements over the results in Chapter 3.
Firstly, the devices tested contain only a single nanoconstriction, making the
device geometry easier to consider. The second improvement is that the mea-
surement apparatus allowed for the rotation of the applied magnetic field. This
is important for the understanding of anisotropic effects. Finally, thanks to the
previous experience, the measurement setup was better suited for the examination
of these lateral tunnelling devices. As a consequence, this allows for a reappraisal
of the previous nanoconstriction work in the light of more recent theories.

The results of this Chapter are summarised in Giddings et al. (2008b)).

4.2 Experimental details

The devices were fabricated from a 5 nm thick (Ga0.94,Mn0.06)As epilayer grown on
a (100) GaAs substrate by low temperature (210-230◦C) MBE, sample number
Mn-213. The manganese doping was originally estimated at 5% through flux
gauge readings made during growth. As a result of subsequent SIMS and flame
spectroscopy measurements made on samples grown with the same apparatus this
figure has been revised to 6%. As shown in the schematic of the epitaxial details,
Figure 4.1, the (Ga,Mn)As layer was grown on a 25 nm AlAs layer, separated by a
1 nm GaAs buffer layer. The purpose of this AlAs layer was to increase the vertical
confinement of the carriers in the magnetic layers. This was done primarily to
aid the development of gated structures. The magnetic layer was grown with a
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pre-deposition of gallium for 6 s, equivalent to 2 monolayers, followed by 20 s
of manganese, equivalent to 0.4 monolayers. The intention of the pre-deposition
was to improve the vertical consistency of the manganese concentration.

The as-grown sheet conductivity was 110 Ω−1 cm−1 at room temperature, al-
though at low temperatures (T ∼ 4 K) the sample became insulating. After
annealing at 170◦C for 8 hours the material’s room temperature conductivity
was 200 Ω−1 cm−1, and at 4.2 K was 60 Ω−1 cm−1, with a Curie temperature of
120 K. The change in conductivity was the result of the removal of interstitial
manganese (Edmonds et al., 2004).

Sample fabrication was carried out on as-grown material via high-resolution elec-
tron beam lithography using a PMMA positive resist (see Chapter 2). This was
developed using an IPA:H2O solution and etching was achieved with a silicon
tetrachloride (SiCl4) RIE dry etch. During the fabrication process the sample
was exposed to annealing level temperatures.

The devices consist of a Hall bar type structure with a single nanoconstriction,
as shown in Figure 4.2(a). The bar was aligned along one of the cubic easy axes,
which shall be denoted as the x axis. Differentiation between the [100] and [010]
axis was not preserved during processing, so it shall be assumed that the bar is
aligned along the [100] axis. The perpendicular in-plane axis is y and the perpen-
dicular out-of-plane axis is z (see Figure 4.2(c)). Note that, while this is the same
axis notation as used in Chapter 3, the crystalline orientation that the in-plane
axes correspond to has now changed; the current, and hence x axis is now paral-
lel to [100]. Scanning electron microscope measurements of the nanoconstriction,
shown in Figure 4.2(b), estimate it to have a physical width of about 30 nm.
However, carrier depletion and interface effects would make the effective width of
the channel smaller. Non-linear current-voltage (I-V ) characteristics developed
below ∼ 4 K are consistent with the development of tunnel barriers or hopping
conduction (see Figure 4.5 in section 4.3).

Sample measurement was carried out in a Helium-4 cryostat down to 1.5 K,
achieved by pumping on the Helium. An external magnetic field of up to 0.7
T could be rotated 180◦ in the x-y plane around the sample. Additionally, the
sample could be rotated in situ via a manual rotation system on the sample rod,
moving the z axis through 180◦ with respect to the field. This provided the
possibility for any 3D angle of the applied magnetic field to the sample. Using
a 4-point sensing measurement scheme, the potential across the constriction was
kept constant and the current was measured across a resistor in series with the
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Figure 4.2: SEM micrographs of the device, showing (a) the Hall bar geometry of
the device and the positioning of the nanoconstriction within it, and (b) a high-
resolution image of the nanoconstriction showing it to have a width of about
30 nm. The orientation of the Hall bar with respect to the crystalline axes is
shown in cartoon (c).
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device. The voltage was generated by a Keithley 2400 sourcemeter, and HP
3457A and HP 3458A multimeters measured the potential difference across the
constriction and serial 1 MΩ resistor, respectively.

4.3 Results

The MR measurements at T = 4.2 K for an unstructured bar and a nanoconstric-
tion of about 40 nm are shown in Figure 4.3(a) and (b). The I-V characteristics
in Figure 4.3(c) show the transport in these devices to be Ohmic, although some
non-linearity is exhibited by the nanoconstriction. Despite the unstructured bar
showing very linear Ohmic behaviour, the resistance was much higher than ex-
pected from the measured properties of the unprocessed material. Assuming the
epilayer is still 5 nm, conductivity at 4.2 K has reduced to around 14 Ω−1 cm−1,
with some inhomogeneity between different devices. This could indicate that the
processing steps have resulted in a thinning of the epilayer.

While larger nanoconstrictions show behaviour very similar to the unstructured
bar, the magnetotransport for the 40 nm constriction starts deviating from that.
In the unstructured bar the AMR, judged from the resistance at µ0H = 0.6 T,
between the in-plane H ‖ x and H ‖ y orientations is about 3%, while rotating
field out of plane to the H ‖ z yields an AMR in excess of 20%. In the nanocon-
striction the out-of-plane AMR is comparable to the unstructured bar, while the
in-plane AMR has increased to about 6%. Even more significant changes are
identified in the AMR when the field is applied along the 45◦ orientations. These
directions represent the [110]/[11̄0] magnetically hard axes. The H ‖ x + 45◦

orientation has become less resistive with the nanoconstriction to the extent that
it has become a lower resistance state than H ‖ y. Although the H ‖ y + 45◦

was the highest resistance in-plane state in both cases, the AMR between it and
H ‖ x has increased from 7% to 10%.

In addition to the modification of the AMR at high field, the low field switching
behaviour has also been altered by the 40 nm nanoconstriction. Firstly, hysteresis
spikes were introduced to the out-of-plane H ‖ z magnetotransport trace. These
spikes did not align with any of the hysteretic features or resistances of other
orientations and occur at a higher coercive field than the hysteretic features of the
in-plane orientations. The second new feature occurred with the field applied H ‖
y + 45◦. Although a negative hysteretic feature was observed in this orientation
in the unstructured bar, is has become exaggerated with the nanoconstriction.
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Figure 4.3: MR measurements of (a) the unstructured bar and (b) a 40 nm
nanoconstriction. Field was shown applied along the cardinal directions and also
the in-plane 45◦ angles. A 40 mV excitation was applied, x ‖ [100] and T = 4.2 K.
A 5 point running average has been applied to the data in (b) to remove high
frequency noise. The I-V characteristics of both devices are shown in (c).
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The resistance increases until it matches that of H ‖ z before rapidly switching
to be close to the H ‖ x + 45◦ and then following the hysteretic feature of the
H ‖ y orientation. Note the averaging used in Figure 4.3(b) obscures somewhat
this rapid switching. Note also the rapid switch occurs at a coercive field similar
to that at which the new H ‖ z hysteretic spikes occur. Although the AMR is
manifested in the low-field hysteretic switching, the additional structure is likely
to be demonstrative of an additional complexity introduced by the constriction
geometry into the magnetisation reversal process.

Two mechanisms are offered to explain the modifications seen in the AMR. The
first is that lithographically introduced strain relaxation of the compressively
strained (Ga,Mn)As layer (Wenisch et al., 2007) may contribute to the anisotropy.
Because of the low profile of these ultra-thin films the strain relaxation would not
be expected to be great in wide structures. However, as the constrictions be-
come smaller this profile advantage diminishes. Secondly, it is likely that shape
anisotropy due to the geometry of the nanoconstriction may play a role; as the
constriction is reduced in size laterally the aspect ratio of the channel formed be-
comes greater. Shape anisotropy has been shown to contribute to the magnetic
configuration of (Ga,Mn)As for wires as large at 800 nm (Hamaya et al., 2004),
although it is not clear how much of that effect was actually due to local strain
relaxation. However, not only may both effects be contributing to the already
complex anisotropy landscape in these very small structures, but as the struc-
ture sizes are reduced the significance of the contributions from both would be
expected to increase. It appears that this becomes the case when the nanocon-
striction width are around 50 nm or less, yet still wide enough that the transport
regime remains Ohmic.

Considering now the smaller nanoconstriction through which tunnelling transport
occurs, a much greater deviation from the bulk behaviour is observed. Figure 4.4
compares the measured resistance of the unpatterned section of the Hall bar, at
a constant 1 µA current, with that of the 30 nm constriction, with an excitation
of 40 mV, as a magnetic field of 0.2 T was rotated in the x-y plane of the epi-
layer. The field strength was greater than that for which hysteresis was observed:
putting the measurement outside the range of the large hysteretic effects could
give a clearer indication of the AMR. The constriction showed a much larger
MR than the unstructured bar, up to ∼ 300%. There was also much greater
richness in features in the measured MR of the constriction. At such small sizes
these would be strongly influenced by local fluctuations of electrostatic potential,
which could change between thermal cycles or even hysteric field sweeps. De-
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Figure 4.4: MR measurements as a 0.2 T field is rotated in the x-y plane. The
angle given is between the current and field, φ. x ‖ [100]. (a) unstructured bar
at 4.2 K with a constant 1 µA current. (b) the 30 nm constriction at 1.5 K with
an excitation of 40 mV.
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spite this, there are qualitative similarities between the two traces presented in
Figure 4.4(a) and (b); in both parts of the sample the highest and lowest conduc-
tances occurred along the same orientations, indicating a close link between the
anisotropic magnetic properties of the constriction and bulk material. Since the
magnetocrystalline components of the NAMR are dominant in these materials
(Giddings et al., 2005) this indicates that the observed AMR in the constriction
arises from an anisotropic response of the (Ga,Mn)As material as is the case in
TAMR, CBAMR and induced metal-insulator transitions. Note that the data
for an unstructured bar shown in Figure 4.3(a) and that shown in Figure 4.4(a)
are from different samples produced in parallel from the same substrate material.
The slight differences in resistance between them, around 10%, may partly have
been due to imperfections in fabrication leading to slight variations in geometries
of the bars but also it may be due to spacial inhomogeneity in resistance over
the surface of the wafer, something noted to occur in other devices fabricated in
parallel.

The most interesting characteristic of the device is shown in Figure 4.5, where
the magnetoresistance measurements of the constriction for two different ther-
mal cycles are shown in (a)/(c) and (b)/(d), along with their respective zero
field current-voltage (I-V ) characteristics, (e) and (f). The exponential form of
the I-V indicates tunnelling type conductivity. The differences in resistance at
µ0H = 0 T of the two cases can be partially accounted for as being due to local
fluctuations of electrostatic potential during cool down, resulting in different pre-
ferred conduction paths and also the thermal cycling having potentially caused
physical changes to the very sensitive nanoconstriction region (Shi et al., 2007).
In Figure 4.5(a)/(c) the measurement with field H ‖ z was the highest resistance
state, which was the usual behaviour for these ultra-thin films (Giddings et al.,
2005). In (b)/(d) this was reversed, and H ‖ z had become the low resistance
state. It is also worth pointing out that the hysteretic H ‖ z magnetoresistance
in (b)/(d) was over 1300%, which is comparable to the MR effects seen in vertical
TAMR devices (Rüster et al., 2005; Ciorga et al., 2007b). In addition, although
the H ‖ z magnetoresistance had changed dramatically, that for the other orien-
tations showed a much smaller deviation and H ‖ y remained a higher resistance
state than H ‖ x. This is in contrast to the effects seen in Chapter 3, where the
M ‖ x and M ‖ y switched high and low resistance state in the TAMR regime,
but M ‖ z remained the highest resistance state.

Further insight into the unusual behaviour of this device is shown in Figure 4.6(a).
This shows measurements with the field at 45° to the current, that is, along one
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Figure 4.5: MR measurements of the 30 nm, with the field applied along the
three cardinal directions x, y and z, but during two different thermal cycles, and
the corresponding I-V characteristic at µ0H = 0 T. To highlight the hysteretic
behaviour, in (a) and (b) the black curve represents increasing field and the red
curve represents decreasing field. To emphasise the anisotropic behaviour the
data is replotted in (c) and (d) with the three field orientations distinguished by
the different colouring. In the I-V figures, (e) and (f), the green circle marks
the excitation across the nanoconstriction used for that measurement. The I-V
curves have been averaged between up and down sweeps except in the case of the
inset in (e) so as to preserve the switching behaviour. T = 1.5 K and x ‖ [100].
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Figure 4.6: MR measurements across the 30 nm constriction fabricated from
5 nm epilayer, with the magnetic field in-plane at 45° to the direction of current,
showing switching events. The excitation across the device was 40 mV and the
temperature, T was 1.5 K. x ‖ [100]. (a) focuses on a single switching event
and (b) shows three sequential sweeps superimposed, highlighting the various
resistance states. Black points represent increasing field and red points decreasing
field.

of the in-plane 〈110〉 axes. Switching behaviour was observed during the mea-
surement, whereby the sample changed between high and low resistance states,
with the switching occurring on a time scale from several minutes. By overlaying
several consecutive field sweeps, as shown in Figure 4.6(b), it appears that the
switching was occurring between a high resistance state and several similar low
resistance states. This behaviour is very reminiscent of early work in SET struc-
tures, where background charge noise would strongly feature in measurements,
with telegraphic switching between two or more states (Zorin et al., 1996).

4.4 Discussion

In a traditional SET structure the resistance oscillates as a function of the gate
potential on the island, leading to the so-called Coulomb diamonds. In the struc-
ture studied in this Chapter there was no gate and the potential of the nanocon-
striction and any nano-islands will be at an arbitrary level, depending on local
electrostatic conditions which vary over different thermal cycles. It was demon-
strated that the charge trapping causes large changes in the resistance in the
form of multistable telegraphic switching, strongly suggesting that the movement
of localised charge around the tunnelling region was changing the local potential.
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This is similar to the effect of a gate in changing the local potential (Wunder-
lich et al., 2006), and demonstrates the great sensitivity the device has to such
changes.

A key feature of SET devices is the Coulomb staircase current-voltage character-
istic (Matsumoto et al., 1996; Smith and Ahmed, 1997), whereby discrete steps
in the conductivity occur as the applied voltage is increased. This effect is due to
the increasing bias overcoming the charging energy of the island, which increases
by one the quantised number of charges on the island. The points of inflection in
the I-V characteristic shown in Figure 4.5(f) are tantalisingly reminiscent of this.
Disorder and multiple islands could be used explain the blurring of the steps,
if this really were a Coulomb staircase; further investigation may be warranted.
However, as discussed in Chapter 3, the TAMR mechanism in the lateral geome-
try of these nanoconstrictions only predicts MR of up to about 50%. This is not
adequate to explain the larger MR effects seen in this device. Taking these fac-
tors together, a Coulomb blockade based transport mechanism seems to provide
a better explanation of the observed behaviour.

Therefore, the dominant contribution to the MR can be considered to arise from
the CBAMR mechanism (Wunderlich et al., 2006; Fernández-Rossier et al., 2007).
In an effect analogous to the application of an electric field to the Coulomb block-
ade nano-island, during different thermal cycles the electrostatic configuration of
the nanoconstriction can change dramatically resulting in large changes in the
AMR observed. There is a strong observed link between the form of the in-plane
NAMR of the bulk material and that of the constriction, and this can be ac-
counted for through the dominance of the magnetocrystalline component of the
AMR. When the field is rotated out-of-plane the shift in the chemical potential
is expected to be much larger due to the strong out-of-plane anisotropies inherent
in the ultra-thin films. This results in the extremely large MR effects observed
in the constriction with the field in an out-of-plane configuration. Also, it would
then be expected that the greatest sensitivity to charge fluctuation was for the
H ‖ z direction, as was observed.

As an aside, the TMR effects previously reported in other (Ga,Mn)As nanocon-
striction devices (Rüster et al., 2003; Schlapps et al., 2006) shall be considered yet
again. They are of particular interest as those devices contain nanoconstrictions
comparable in size to the one reported in this Chapter. Recall that, in those
devices there was a (Ga,Mn)As island, several orders of magnitude larger than
the CBAMR nano-islands, separated from (Ga,Mn)As leads by a pair of tunnel
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Figure 4.7: MR measurement of the 30 nm nanoconstriction with H ‖ z. x ‖
[100]. The four-point excitation is 40 mV and the temperature, T , is 1.5 K. The
black curve is for increasing field and the red curve is for decreasing field.

barriers, that is, a pair of nanoconstrictions. Large spin-valve effects were seen,
and the explanation for this was that the island and the leads would have different
coercive fields due to shape anisotropy, and so this could result in either parallel
or antiparallel alignment of magnetisation between the island and the leads as
the field was swept. Parallel alignments were associated with a low resistance
state, while an antiparallel alignment was associated with the high resistance
state (Rüster et al., 2003).

In Figure 4.7 the magnetoresistance trace is shown for a case with the single
nanoconstriction when the field is swept with H ‖ z. Without reference to the
other field orientations, the signal appears to be of a qualitatively similar na-
ture to the spin-valve effect that a TMR device would exhibit. However, in this
case the device only contains a single constriction. The leads either side were
otherwise identical and as such should have identical coercive fields. Therefore,
the magnetisation of the (Ga,Mn)As either side of the constriction should remain
parallel. This, precludes a TMR mechanism, and suggests that the magnetoresis-
tance effect was a property of the transport across or within the nanoscale area of
nanoconstriction itself. Note that the mean free path of (Ga,Mn)As is less than
1 nm at temperatures lower than 1 K (Edmonds et al., 2002b; Sørensen et al.,
2003) and the 5 nm film behaves as a 3D system. This highlights the difficulty
in analysing TMR transport data in (Ga,Mn)As devices containing nanoconstric-
tions, as there is otherwise nothing to distinguish true spin-valve behaviour from
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that seen in Figure 4.7.

4.5 Conclusion

Anisotropic switching behaviour has been demonstrated in (Ga,Mn)As ultra-thin
film nanoscale devices, similar to those of recent interest. This has resulted in
an observation of magnetoresistance effects of up to ∼ 1400%. The diverse MR
effects that can be exhibited in lateral DMS nanostructure devices have been
considered, and the results discussed in the context of those effects. By framing
the phenomenology in terms of CBAMR a likely explanation for the effects is
provided; this demonstrates how the bulk anisotropies of the material control
transport behaviour in the tunnelling regimes of nanostructured devices.

60



Chapter 5

Interlayer Exchange Coupling

5.1 Introduction

The exciting new prospect of spin based electronics, known as spintronics, was
initiated in 1988 with the discovery of GMR in metallic multilayer structures
(Baibich et al., 1988; Vélu et al., 1988; Binasch et al., 1989). These structures
consist of interposed ferromagnetic (FM) and non-FM layers. When the magneti-
sation of adjacent FM layers is aligned in antiparallel directions, enhanced spin
scattering of carriers causes an increased electrical resistance through the lay-
ers, while when they are parallel the resistance is lower. Although typical GMR
devices today consist of a trilayer structure with a pinned magnetic layer and
one in which the magnetisation is free to rotate, another method of implemen-
tation is with a superlattice structure where adjacent layers have an antiparallel
magnetisation unless an external field is applied to align them.

In multilayer structures containing ferromagnetic layers, in addition to the ferro-
magnetic order within the layers, there can also exist magnetic exchange between
the layers. The mechanism which causes the magnetic order between the layers
is known as interlayer exchange coupling (IEC), and has been shown in metallic
systems to be due to the spin polarisation of conduction carriers (Bruno, 1995).

Because the IEC energy considers the spin dependent changes in total energy,
it thus determines which magnetic alignment of adjacent layers is energetically
favourable. Although complicated helical arrangements can exist (Nunez et al.,
1995), typically the interlayer exchange coupling will either be FM, where there is
a parallel alignment of magnetisation, or antiferromagnetic (AFM) where there is
an antiparallel alignment. Therefore, in such a system, achieving AFM interlayer
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coupling is of high importance for technological applications.

In addition to existing in metal systems, IEC is a generic property of mag-
netic multilayers, and AFM IEC has even been demonstrated in non-metallic
FM semiconductor systems based on all-semiconductor EuS/PbS superlattices
(Kȩpa et al., 2001a). AFM IEC in DMS based superlattices was theoretically
predicted in 1999 using a k ·p kinetic-exchange model for carrier mediated ferro-
magnetism (Jungwirth et al., 1999). This approach considers delocalised charge
and adds extra modulation induced by spin-polarised effects. A large MR was
predicted due to the large difference in miniband dispersion for the cases of fer-
romagnetically and antiferromagnetically aligned layers. Recently, IEC has been
further explored using a tight-binding model (Sankowski and Kacman, 2005).
This complementary microscopic approach, although not self-consistent, takes
into account atomic orbitals for all the constituent atoms, leading to more accu-
rate descriptions of the band structure. Despite the different approaches used,
both methods provide qualitatively similar results for the IEC which shows oscil-
latory Ruderman-Kittel-Kasuya-Yosida (RKKY)-like behaviour.

Although IEC has been shown to exist in DMS systems based on (Ga,Mn)As/
(Al,Ga)As trilayers (Chiba et al., 2000), there have been no reports of AFM
interlayer coupling. Experimental work into (Ga,Mn)As based multilayer and
superlattice structures has only succeeded in demonstrating FM IEC (Kȩpa et al.,
2001b; Chung et al., 2004). In order to test the prediction of a phenomenon
analogous to GMR in metals in DMS materials, with a potentially much greater
MR ratio, it is essential that AFM interlayer coupling is obtained.

Having explored two MR effects novel to DMS nanostructures, a somewhat abrupt
departure will be taken from laterally defined structures in order to consider the-
oretically a fully epitaxial system. The aim of this study is to provide a compre-
hensive description of the multidimensional parameter space available in these
DMS superlattice systems, in order to identify optimal parameters for realising
an antiferromagnetically coupled system. Because the interlayer coupling is me-
diated by carriers, a k · p approach is more practical for exploring a wide range
of parameter values. The limitation of this approach is that a single parabolic
band approximation is used, sacrificing full quantitative accuracy for qualitative
descriptions of a wide range of systems. Subtleties of the band-structure and
spin-orbit effects are neglected. However, qualitative agreement with the data
published by Sankowski and Kacman (2005) at least partially justifies this ap-
proach.
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The organisation of this Chapter is as follows: first the details of the theoretical
modelling of a DMS based superlattice system and the numerics of the self-
consistent mean field calculations will be shown. Next, the results, which will
primarily consider (Ga,Mn)As based superlattice systems with either GaAs or
(Al,Ga)As non-magnetic spacer layers, will be presented. Finally, in the discus-
sion, suggestions for recipes for superlattice systems in which antiferromagnetic
interlayer coupling may occur will be given. These structures will be experimen-
tally investigated in Chapter 6.

Some of the work in this chapter is summarised in Giddings et al. (2007) and a
more detailed overview can be found in Giddings et al. (2008a).

5.2 Theoretical modelling

The calculations are based on the Zener kinetic-exchange model (Zener, 1951)
description of magnetic interactions in Mn-doped III-V semiconductor struc-
tures. Microscopically, the kinetic-exchange between the local manganese mo-
ments and itinerant hole spins originates from the p-d orbital hybridisation (Jung-
wirth et al., 2006). This model provides a good description of ferromagnetism in
bulk (Ga,Mn)As.

An intuitive picture of the IEC in (III,Mn)V/III-V multilayer structures can
be obtained by the perturbative mapping of the kinetic-exchange model onto
an effective interaction between local moments, following the RKKY approach
(Jungwirth et al., 1999). The RKKY theory can be expected to provide use-
ful predictions for structures close to a model pseudo-1D system consisting of
alternating thin ferromagnetic layers and non-magnetic spacer layers such that
there is small coupling and low carrier polarisation (Kittel, 1968). The RKKY
range function falls off asymptotically with sin(2kFd)/d2, where kF is the carrier
wave vector and d is the distance between the magnetic layers. Thus, the RKKY
theory shows that the coupling can have an oscillatory form.

The Zener kinetic-exchange model for homogeneous (Ga,Mn)As was generalized
by Jungwirth et al. (1999) in order to account for the RKKY-like oscillatory
effects in the inter-(Ga,Mn)As coupling in (Ga,Mn)As based ferromagnetic/non-
magnetic superlattices on a more quantitative level. In this model the band
structure was solved using the kinetic-exchange model and a parabolic band k ·p
effective mass approximation. In the Hamiltonian the magnetic moments were
accounted for through the p-d kinetic-exchange interaction between manganese
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spins and hole spins which was parametrized by a constant Jpd. The value of
Jpd can be experimentally determined, and modern estimates of this value place
it at 55 meVnm3 (Sinova et al., 2004). To account for the inhomogeneity, a
standard formalisation of the local-spin density approximation (LSDA) using the
Kohn-Sham equations for inhomogeneous systems was used in the band structure
calculations (Vosko et al., 1980). Hole mass was m∗ = 0.5me and the spin of local
manganese moments was S = 5

2 at T = 0 K. Thermodynamics were treated on a
mean field level.

In order to find the normalized wavefunction for a given energy, Bloch’s the-
orem was used to solve the one-dimensional time-independent spin-dependent
Schrödinger equation

( p2

2m∗ + Vσ(z))Ψk,n,σ(z) = Ek,n,σΨk,n,σ(z), (5.1)

which can be rewritten as

d2Ψk,n,σ

dz2 = 2m∗

h̄2 (Vσ(z)− Ek,n,σ)Ψk,n,σ(z), (5.2)

where k is the wavevector, n is the subband index, and σ is the spin index.

The Bloch function

Ψk,n,σ(z) = uk,n,σ(z)e(ikz), (5.3)

gives the solutions of the Schrödinger equation for a periodic potential.

For this system, the explicit form of the Hamiltonian for the spin-dependant
potential Vσ(z) is given by

Vσ(z) = VH + Vxc,σ + Vb −
σ

2 [g∗µBB + hpd(z)], (5.4)

where VH is the Hartree (electrostatic) potential, given by the Poisson equation,
Vxc,σ is the spin-dependent exchange-correlation potential given by the LSDA
equation, Vb is the band-offset, g∗ is the free-carrier g-factor and hpd is the mean-
field kinetic-exchange interaction (Jungwirth et al., 1999). The IEC energy, Ec,
is defined as the difference in energy between the FM and AFM states per super-
lattice period.

Suppose that the one-dimensional lattice has a period dn+m and consider now
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the solution only at N evenly distributed discrete points on the z-axis with a
separation h. The wavefunction at each point is denoted as Ψ(z). By Taylor’s
theorem, the second approximations for Ψ(z + h) and Ψ(z − h) are

Ψ(z + h) = Ψ(z) + hΨ′(z) + h2

2 Ψ′′(z); (5.5)

Ψ(z − h) = Ψ(z)− hΨ′(z) + h2

2 Ψ′′(z). (5.6)

Taking the sum of Equations 5.5 and 5.6 obtains

h2Ψ′′(z) = Ψ(z + h) + Ψ(z − h)− 2Ψ(z). (5.7)

However, from Equation 5.2 the wavefunction can be written as a function of the
second derivative, so

Ψ′′(z) = fΨ(z), (5.8)

where f = 2m∗
h̄2 (Vσ(z)− E). Substituting this into Equation 5.7 and rearranging

gives the wavefunction at a given point as a linear combination of the wavefunc-
tions at the two previous points:

Ψ(z + h) = (h2f + 2)Ψ(z)−Ψ(z − h). (5.9)

This linear transformation can be represented as a transfer matrix, Mn, 1 such
that

Mn

 Ψn

Ψn−1

 =
 mn,11 mn,12

mn,21 mn,22

 Ψn

Ψn−1

 =
 Ψn+1

Ψn

 , (5.10)

where Ψn is the wavefunction at the nth z-point. By inspection we see that
mn,11 = h2f + 2, mn,12 = −1, mn,21 = 1 and mn,22 = 0. It is worth noting here
that the determinant of each Mn, det(Mn) = 1. The product of the N transfer
matrices ∏Nn=1 Mn = MT represents the transformation from Ψ0 to ΨN . By Bloch
theorem’s periodic boundary condition, Equation 5.3, this transformation can be
written

1not to be confused with magnetisation vector M.
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MT

 Ψ1

Ψ0

 =
 mT

11 mT
12

mT
21 mT

22

 Ψ1

Ψ0

 =
 ΨN+1

ΨN


= eika

 Ψ1

Ψ0

 . (5.11)

Therefore,

0 = det(MT − eikaI2)

= (mT
11 − eika)(mT

22 − eika)−mT
12m

T
21

= mT
11m

T
22 −mT

12m
T
21 − eika(mT

11 +mT
22) + e2ika

= det(MT )− eikaTr(MT ) + e2ika. (5.12)

Since the determinant of Mn is 1, then the determinant of any product of Mn,
for any n, will also have a determinant of 1, hence det(MT ) = 1. Substituting
this into Equation 5.12 gives

1− eikaTr(MT ) + e2ika = 0 (5.13)

Tr(MT ) = eika + e−ika

= 2 cos(ka) (5.14)

For a given energy, wavevector k can thus be found by

k = 1
a

arccos(12Tr(M
T )), (5.15)

and the corresponding wavefunction can be found similarly.
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(a) m = 2, 2% Mn concentration
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(b) m = 8, 2% Mn concentration

-100
0

100
200
300

2
4

6
8
10 1019

1020
1021

dn / 1
2a0

N̄3D / cm−3

E
c
/

µJ
m
−

2

(c) m = 2, 8% Mn concentration
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(d) m = 8, 8% Mn concentration

Figure 5.1: The IEC energy, Ec, as a function of the average 3D carrier con-
centration, N̄3D, and the number of monolayers of non-magnetic layer, 2dn/1

2a0.
Positive values of Ec, coloured red, indicate FM interlayer coupling is energeti-
cally favourable and negative values, coloured blue, indicate AFM is favourable.
All the superlattices contain a uniform impurity concentration.
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5.3 Results

5.3.1 GaAs spacer

In the RKKY model of interlayer exchange the oscillations occur as a function of
kFd, where kF is the Fermi wave vector and d is the separation between the two-
dimensional magnetic planes (Yafet, 1987). In this model dn is used to denote
the width of the non-magnetic layers, corresponding to d from the RKKY model,
and dm is the width of the magnetic layers. The length of a GaAsÂăunit cell is
labelled a0 and has a value of 0.565 nm. The average Fermi wave vector k̄F shall
be defined as

k̄F = (3π2N̄3D) 1
3 , (5.16)

corresponding to the Fermi vector kF in the ideal RKKY model with a parabolic
band. The average 3D carrier concentration N̄3D is defined as

N̄3D = 1
dn+m

∫
unit cell

N3D(z) dz = N2D

dn+m
. (5.17)

First to be considered is a superlattice structure close to the RKKY limit of in-
finitely thin magnetic layers surrounded by free unpolarised carriers. This was
modelled using thin magnetic layers and a low magnetic moment concentration.
In Figure 5.1(a) the IEC energy, Ec, is plotted against the 3D carrier concen-
tration, N̄3D, and number of monolayers of GaAs in the non-magnetic spacer,
2dn/1

2a0. The magnetic (Ga,Mn)As layer is 2 monolayers thick and contains 2%
manganese local moment doping. There is a uniform acceptor density throughout
the structure which gives an average hole concentration of 4.43 × 1020 cm−3. In
this case there are oscillations as a function of both parameters, analogous to
the kFd oscillations in the ideal quasi one-dimensional RKKY model. For the
calculated IEC energy, Ec, positive values correspond to FM interlayer coupling
being energetically favourable, and negative values correspond to AFM interlayer
coupling being the favoured configuration.

The RKKY like behaviour observed in Figure 5.1(a) is consistent with the results
obtained in the tight-binding approach (Sankowski and Kacman, 2005) when the
exchange coupling energy, Ec, is plotted against the two-dimensional carrier con-
centration, N2D, for fixed layer thicknesses. However, it is worth noting that
when the exchange coupling is plotted as a function of the non-magnetic spacer
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Figure 5.2: The IEC energy, Ec, as a function of 2k̄Fdn+1 for a superlattice with
magnetic layers with a manganese doping of 2% and 2 monolayer thickness, and a
uniform impurity concentration. The red curve is an estimate of the ideal RKKY
range function.

thickness, dn, for a fixed N2D there are no apparent RKKY oscillations. Because
N3D, and therefore kF , is a function of dn these two parameters are not indepen-
dent when N2D is fixed. This results in the oscillatory behaviour appearing to be
suppressed.

There are, however, real physical reasons for deviation from RKKY behaviour.
The data from Figure 5.1(a) are replotted in Figure 5.2 as a function of 2k̄Fdn+1.
Also plotted is the function

y = α
sin(x)
x2 , (5.18)

where α is a scaling factor. This function is the asymptotic limit of the pseudo
one-dimensional RKKY range function (Yafet, 1987). The strength of the inter-
action is expected to scale with the density of states, and in the 1D case α ∼ k2

F

(Dietl et al., 1997). The different series of points on the graph correspond to
the series of different non-magnetic spacer thicknesses shown in Figure 5.1(a).
For a given 2k̄Fdn+1, the points with the largest magnitude are those with the
greatest kF ; this behaviour is consistent with the expected scaling of α with kF .
An important point to note is the fact that, in order to have improved alignment
of the curves, the oscillations were plotted with the effective value of the non-
magnetic space, dn, being increased in size by one monolayer, and so is denoted
dn+1. This is necessary due to the fact that the magnetic layer in this structure
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Figure 5.3: The self consistent charge distribution, N3D, and potentials, Vσ, for
a double unit cell of three different superlattice structures in an AFM state.
dm/

1
2a0 = 2, dn/1

2a0 = 5 and N̄3D = 1020 cm−3 in each case. Vσ = 0 eV cor-
responds to the Fermi level. (a) 2% manganese doping and a uniform impurity
concentration, (b) 8% manganese doping and a uniform impurity concentration
and (c) 2% manganese doping but no impurities in the non-magnetic layer.

is not infinitely thin, as per the ideal RKKY case, but has a defined width.

Exploring this deviation from RKKY behaviour further, Figure 5.1(b) shows the
IEC for a superlattice system with a thicker magnetic layer, m = 8. All other
parameters are as with (a). Examining the AFM peak, the reduction in average
carrier concentration of the minimum as the spacer thickness is increased occurs
more rapidly, evidenced by the large dN̄3D

ddn
of the minimum at low dn. While at

large dn this is very low, that is the curve has become much more straight. This
is consistent with the effects of large magnetic layers increasing the centre-to-
centre distance of the magnetic layers, causing the effect of an apparently larger
non-magnetic layer. However, in addition to this, increasing the magnetic layer
thickness has introduced additional points of inflection, for reasons that are not
immediately obvious.

It is also possible to deviate from RKKY-type behaviour through redistribution
of charge. There are two primary methods by which this is achieved. The first is
that charge is confined to the magnetic layers by the magnetic exchange potential.
Figure 5.1(c) shows the IEC where the manganese doping has been increased to
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8%. However, when the magnetic layer is thin, significant charge redistribution is
opposed by the Coulomb potential and the RKKY character is not significantly
affected. As the figure shows, the main effect is that the size of the IEC is in-
creased. Figure 5.3(b) shows the self-consistent potential, Vσ, of a unit cell of this
structure, in the case where 2dn/1

2a0 = 5 and N̄3D = 1020 cm−3 and the system
is in an AFM configuration. The Fermi energy is at Vσ = 0 eV. For comparison,
Figure 5.3(a) has the same parameters but with 2% manganese doping, that is,
for the structure in Figure 5.1(a). The greater magnetic moment concentration
results in a much larger spin splitting in the magnetic layers and a large po-
larisation of carriers. For 2% the charge distribution is almost uniform; there
is appreciable redistribution in the magnetic layers. Despite this, the coupling
retains an RKKY character.

When the magnetic layer is made wider the increased quantity of magnetic mo-
ments now causes additional changes in the oscillatory behaviour, beyond that
of simply increasing dm. Figure 5.1(d) plots the IEC for a system which now
has magnetic layers of 8 monolayers with a manganese doping of 8%. Because of
the increased depletion of carriers from the non-magnetic layers, the N3D values
at which AFM coupling is expected to occur are now greater for a given non-
magnetic layer thickness. Additionally, the damping of the magnitude of the IEC
energy with increasing dn has now significantly changed. While the first FM and
AFM maxima are rapidly diminished with increasing non-magnetic spacer, the
second FM peak is not greatly affected. The second AFM peak even increases in
magnitude with larger dn, and for large spacer it can even be greater than the
first.

Note that when the unit cell becomes large and there is a high carrier concen-
tration, the weak coupling and flat minibands make self-consistent convergence
difficult; these regions are visible as rough areas on the figures. No data is shown
where the calculations have diverged.

The second method of charge redistribution is via a Coulomb potential. Fig-
ure 5.4(a) shows the IEC profile for a system with a magnetic spacer of two
monolayers and a manganese concentration of 2%. However, now there is no
neutralising background charge in the non-magnetic layer, so self-consistent re-
distribution results in the formation of an effective barrier. Figure 5.3(c) shows
the potentials and charge distribution for a unit cell of this structure in an AFM
configuration, again with n = 5 and N̄3D = 1020 cm−3. The Coulomb barrier
formed is comparable in size to the spin splitting caused by the 2% manganese
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Figure 5.4: The IEC energy, Ec, as a function of the average 3D carrier con-
centration, N̄3D, and the number of monolayers of non-magnetic layer, 2dn/1

2a0.
There is no charge doping in the non-magnetic layer.

doping. This results in a similar charge redistribution as in the 8% doped case,
although without such strong carrier polarization. As with that case, there is not
a significant deviation from RKKY-type behaviour.

Increasing the magnetic spacer thickness now causes more significant changes
than seen with the doped spacers. Figure 5.4(b) shows the IEC profile for a
superlattice with m = 8 with a 2% manganese doping and no impurities in the
non-magnetic spacer. In addition to the extra inflection points there is now an
additional AFM region. The magnitude of the local minimum in this region does
not decrease much with non-magnetic spacer width, and occurs with an almost
linear dN̄3D

ddn
. This is now very unlike RKKY behaviour.

To investigate this further, superlattices with (Al,Ga)As non-magnetic spacers
will now be considered, so that greater charge redistribution should occur than
caused by the magnetic ordering potential of a high magnetic moment concen-
tration, or the Coulomb potential arising from an undoped spacer.

5.3.2 (Al,Ga)As spacer

In the previous section it was demonstrated that interlayer coupling in superlat-
tice structures would have an oscillatory behaviour as a function of parameters
N̄3D and dn, analogous to that of RKKY, when the magnetic layers were thin
and surrounded by charge. As the structure of the superlattice is changed the
IEC would start to deviate from the ideal RKKY behaviour. This is particularly
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Figure 5.5: The IEC energy, Ec, as a function of the average 3D carrier concen-
tration, N̄3D, and the number of monolayers of non-magnetic layer, 2dn/1

2a0. The
non-magnetic layers are (Al0.3,Ga0.7)As.

73



apparent with increased magnetic layer thickness. Changing the 3D charge dis-
tribution has a more limited effect; neither large magnetic moment concentration
nor a self-consistent Coulomb barrier would cause significant confinement of car-
riers. In order to investigate these effects further, a band offset will be introduced
to further confine carriers to the magnetic layers. This will be achieved by us-
ing (Al0.3,Ga0.7)As as the non-magnetic layer material, which has a valence band
offset of about 150 meV from GaAs (Batey and Wright, 1986; Vurgaftman et al.,
2001).

Figure 5.5(a) shows the IEC profile for a structure with a (Ga0.98,Mn0.02)As mag-
netic layer of 2 monolayers and an (Al0.3,Ga0.7)As non-magnetic layer. There is
no doping in the non-magnetic layers. The peak FM and AFM coupling strengths
are now stronger than in the case with doped GaAs spacers seen in the otherwise
identical structure in Figure 5.1(a). Considering the charge distribution, shown
in Figure 5.6(a), the barrier confines carriers to the magnetic layers, as expected.
However, the 2k̄Fdn oscillations are damped more rapidly than with the GaAs
spacer, resulting in the second FM and AFM peaks being very weak. This addi-
tional damping occurs particularly rapidly with increasing carrier density, N̄3D.
As a result, the first AFM peak barely reduces in magnitude as the non-magnetic
layer thickness is increased. This is in stark contrast to the GaAs barrier case,
where the largest AFM coupling that can occur when n = 10 is less than a quarter
of the size of that when n = 2.

Increasing the magnetic moment concentration leads to a more interesting alter-
ation than with the GaAs spacer, where the effect was principally to scale up the
magnitude of the IEC energy. Figure 5.5(c) shows the IEC for a (Ga,Mn)As/
(Al,Ga)As superlattice with an 8% manganese doping in the 2 monolayer mag-
netic layer. Now the first AFM peak appears to have two stages. The first is at
low spacer thicknesses, where the average hole density at which the maximum oc-
curs decreases with increasing spacer thickness. For large spacer thicknesses the
curve has straightened out, and there is almost no dependence on dn for the sign
of the coupling. This characteristic is similar to that exhibited in Figure 5.1(b)
and (d), where the magnetic layer is 8 monolayers thick. This was attributed to
loss of independence of the dn and N̄3D parameters, as the system became less
RKKY-like. Figure 5.6(b) shows the band structure and carrier distribution for
this system in an AFM state when n = 5 and N̄3D = 1020 cm−3. This shows that
the band offset and large magnetic ordering causes significant carrier redistribu-
tion. Particularly, this means that the carrier concentration in the spacer will
decrease as a function of spacer thickness, which accounts for the weak depen-
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Figure 5.6: The self-consistent charge distribution, N3D, and potentials, Vσ, for
a double unit cell of three different superlattice structures in an AFM state.
dn/

1
2a0 = 5 and N̄3D = 1020 cm−3 in each case. Vσ = 0 eV corresponds to the

Fermi level. (a) dm/1
2a0 = 2 and 2% manganese doping (b) dm/1

2a0 = 2 and 8%
manganese doping (c) dm/1

2a0 = 8 and 8% manganese doping.

dence of Ec on kFdn. Also, note that the size of the first AFM peak decreases
more rapidly at high spacer thicknesses where the N̄3D at which it occurs is not
decreasing. This is consistent with the previous observation of enhanced damping
with increasing carrier concentration.

With high magnetic layer thicknesses the RKKY-type oscillations have almost
completely disappeared. The beating patterns which were emerging in the m = 8
GaAs spacer cases have now come to dominate the IEC. Figure 5.5(b) and (d)
shows this for m = 8, with respectively 2% and 8% manganese doping. In these
cases the oscillations occur almost exclusively as a function of hole density, being
almost independent of the spacer thickness. Note, however, as can be seen in
Figure 5.6(c), the non-magnetic layer is highly depleted when the magnetic layer
is 8 monolayers thick with an 8% manganese doping. This makes computing IEC
for larger spacers unfeasible.
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5.4 Discussion and recipes

Having explored the parameter spaces, possible structures of a (Ga,Mn)As based
superlattice that would exhibit AFM interlayer coupling will now be explored.
Each parameter will be considered for feasibility, and, based on the above calcu-
lations, suggestions for values can be made.

The first to be considered is the manganese concentration in the (Ga,Mn)As
layers. From the viewpoint of simply creating a viable ferromagnet this is an
essential parameter; not only does each substitutional manganese provide a mag-
netic moment, it also acts as an acceptor and thus this factor controls the hole
concentration. Calculations (Jungwirth et al., 2005) estimate that the minimum
hole density for ferromagnetism is ∼ 1020 cm−3. Assuming that each manganese
provides one hole, this carrier concentration would correspond to a moment con-
centration of ∼ 0.5%. Experimentally, typical manganese concentrations are in
the range of 2-8%. In the calculation we considered carrier concentrations in the
range of 1019 to 1021 cm−3 (0.045% to 4.5%). While the higher magnetic moment
concentration can increase the size of the Ec peak, and thus a high moment con-
centration is favourable, the high carrier concentrations that would be associated
with this would cause the strength of the IEC to become extremely weak. This
constraint therefore imposes a practical range for manganese concentrations as
being between 2 and 4% (4.4× 1020 to 8.8× 1020 cm−3 respectively).

For the non-magnetic spacer thickness the general trend is that the strength of
the IEC becomes weaker as the non-magnetic layer becomes thicker. Although
this effect is somewhat diminished for the cases where there is strong carrier
confinement to the magnetic layers, it is a serious consideration and, ideally,
to see strong IEC effects, the non-magnetic layer should be as thin as possible.
Furthermore, particularly in cases where the 2kFd behaviour is dominant, as
carrier concentration increases the spacer thickness at which the AFM IEC is
strongest decreases inversely. As discussed above, low carrier concentrations are
not possible, so therefore it would seem beneficial to make the spacer layers as thin
as practical. Bearing in mind that the average distance between two manganese
atoms when the concentration is 3% is of the order of a couple of GaAs unit cells,
in order to make the non-magnetic spacer a discernible barrier then 4 monolayers
would seem to be a realistic lower bound.

The effect of the magnetic layer thickness on the IEC profile is more subtle, and
seems mainly to distort the RKKY behaviour but otherwise in the limits con-
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Figure 5.7: A comparison of the IEC energy, Ec, as a function of the average
3D carrier concentration, N̄3D, for two specific superlattices with either a GaAs
or an (Al0.3,Ga0.7)As non-magnetic layer. Neither has any doping in the non-
magnetic layer. The magnetic layers are 8 monolayers thick and have a manganese
concentration of 5×1020 cm−3 (2.26%) and the non-magnetic layer is 4 monolayers
thick.

sidered within this study does not have any negative effects on the interlayer
coupling. However again for interlayer coupling to exist it is necessary that each
magnetic layer is itself ferromagnetic. Usually (Ga,Mn)As is grown in bulk lay-
ers of many nanometres; the thinnest (Ga,Mn)As epilayers for which published
literature exists are 5 nm thick (Giddings et al., 2005). It would therefore seem
prudent, in order to ensure that the magnetic layers are effective ferromagnets, to
prefer to make them thicker. For the 5 nm film some amount of surface depletion
should be expected, so a 8 monolayer thick magnetic layer, equivalent to 2.26 nm,
is comparable. Of course, if thinner films are shown to be viable then there is no
reason not to consider them also.

Based on these constraints, Figure 5.7 shows the IEC profile for two candidate
superlattices as a function of carrier concentration, N3D. Both superlattices are
identical in structure except for the composition of the non-magnetic layer. The
magnetic layer thickness is 8 monolayers and has a magnetic impurity concentra-
tion of 5×1020 cm−3 (2.26%) and the non-magnetic layers are 4 monolayers thick.
As expected from the calculations, when the (Al,Ga)As barriers strongly confine
carriers to the magnetic layers the IEC energy can have potentially greater mag-
nitudes, although the oscillations have a much higher frequency. In these samples
the carrier concentration would be somewhere below the manganese concentration
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of 5× 1020 cm−3 (2.26%), however the exact amount would depend on subtleties
of the growth conditions. Although this suggests that for AFM IEC to occur the
desired carrier concentration should be several times lower, it must be accepted
that the calculations are of a more qualitative nature. Additionally, by tailoring
the band offset of the non-magnetic layer by altering the aluminium content, the
location of the peak can be adjusted somewhat. This at least shows that these
designs offer the possibility for AFM interlayer coupling.

Even if the IEC energy were to favour an AFM arrangement, if the AFM coupling
is weaker than the anisotropy fields it is possible that, after the application of a
field, the superlattice could become locked into a FM spin configuration. This
spin-locking behaviour has been observed in EuS/PbS superlattices (Kȩpa et al.,
2001a) and Fe/Nb multilayers (Rehm et al., 1997) studied via neutron scattering.

Comparing, then, the calculated IEC to the magnetocrystalline anisotropic en-
ergy of (Ga,Mn)As, we take a typical “worst case” value of the in-plane cubic
anisotropy constant to be of the order of 2000 J m−3 at 4.2 K (Wang et al.,
2005b). Using a value of the interlayer coupling energy Ec = 10 µJm−2 from
Figure 5.7 and using the bilayer period of 3.4 nm we find the energy density of
the IEC energy is 3000 J m−3. Although this is assuming an ideal value of Ec, this
compares favourably with the anisotropy energy. Furthermore, larger values for
the IEC have been found in the tight-binding approach (Sankowski and Kacman,
2005). Therefore, such a superlattice structure might reasonably be expected to
be a candidate to exhibit AFM interlayer coupling.

5.5 Conclusion

The composition and structure of (Ga,Mn)As based superlattices can have pro-
found effects on the expected IEC. By examining possible compositions within
the broad parameter space that these structures offer it is possible to identify dif-
ferent recipes for devices that might offer the possibility of demonstrating AFM
interlayer coupling. If this could be realised then it could herald a dramatic new
MR effect unique to DMS superlattice structures. Experimental efforts aimed
towards achieving this are discussed in Chapter 6.
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Chapter 6

Multilayers

6.1 Introduction

There is a rich field of study based around the physics of superlattice devices
composed of (Al,Ga)As and GaAs. Because the difference in lattice parameters
between AlAs and GaAs is less than 1% (Schulman and McGill, 1979) heterostruc-
ture interfaces between these materials contain a low density of defects (Adachi,
1985). Applications of this type of structure include modulation doped field effect
transistors, heterojunction bipolar transistors, resonant tunnelling transistors and
quantum well lasers (Adachi, 1993, p. viii). A particular advantage of this sys-
tem is that, because GaAs and (Al,Ga)As are lattice matched for all aluminium
concentrations, the band structure can be tailored by changing the aluminium
concentration without detrimental effects to the other physical properties.

One of the oft-touted benefits of DMSs, such as (Ga,Mn)As, over traditional
metal spintronic systems is the fact that it is readily compatible with existing
mature semiconductor technologies (Jain et al., 2001; Li et al., 2005). Given
the successes of both (Ga,Mn)As and GaAs/(Al,Ga)As heterostructure based
devices, the magnetic counterpart to these superlattices becomes an obvious av-
enue of exploration, exploiting the natural synergy of these two semiconductor
technologies.

A particularly promising application of magnetic/non-magnetic semiconductor
superlattices is a theoretically predicted MR analogous to GMR in metal super-
lattices (Jungwirth et al., 1999). This new MR arises from the formation of AFM
IEC between the adjacent magnetic layers. A much narrower miniband band-
width associated with this state, in comparison to a FM state, implies a large
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change in conductivity could be possible.

Even without AFM IEC, a (Ga,Mn)As heterostructure potentially offers a further
useful spintronic functionality. Because the carriers are bonded antiferromagnet-
ically to the moments, the holes with spin parallel to the average magnetisation
will be repelled into the non-magnetic layers and the holes with antiparallel spin
will be attracted. As a result the antiparallel to average magnetisation aligned
holes will have a much higher mobility (da Cunha Lima, 2003). This would
therefore make a (Ga,Mn)As based superlattice an excellent device for creating
a spin-polarised current.

Another exciting prediction for ferromagnetic semiconductor superlattices is the
enhancement of Curie temperature, TC , over that of bulk material (Vurgaftman
and Meyer, 2001). This prediction concerns a so-called “digital” approach, where
the ferromagnetic layers are extremely thin, less than 10 monolayers. The origin
of the enhancement is the creation of a potential well for the holes, confining
them to the magnetic layers and thus increasing the hole concentration in them.
A consequence of this prediction is that the use of a non-magnetic layer with a
greater valence band offset, such as (Al,Ga)As, would increase the confinement
and thus the TC . Curie temperatures of over 400 K have been predicted for
superlattices with AlAs barriers and (Ga,Mn)As layer thicknesses of 2 monolayers
(Vurgaftman and Meyer, 2001).

Several studies have been made into (Ga,Mn)As based superlattices. Initial at-
tempts to create such devices using AlAs non-magnetic layers reported that wide
(Ga,Mn)As layers greater than 7 nm (∼ 25 monolayers) were ferromagnetic at low
temperatures, while thinner layers less than 5 nm (∼ 18 monolayers) remained
paramagnetic even at temperatures as low as 2.0 K (Hayashi et al., 1997). Ad-
ditionally, evidence of quantum confinement and the formation two-dimensional
subbands were demonstrated through magnetic circular dichroism (MCD) mea-
surements.

Further experimental work in this field by Sadowski et al. (2002) showed that
(Ga,Mn)As/GaAs based superlattices with ultra-thin films as thin as 8 monolay-
ers could be ferromagnetic at low temperatures, for sufficiently thin GaAs spacer
layers; when the non-magnetic spacer was larger than 10 monolayers the ferro-
magnetic phase disappeared. Interestingly, with a 4 monolayer spacer the TC
was reported to be higher than for bulk (Ga,Mn)As with the same manganese
concentration, in qualitative agreement with the prediction of Vurgaftman and
Meyer (2001).
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As for IEC, various studies of ferromagnetic semiconductor superlattices have
shown the existence of interlayer coupling between the ferromagnetic layers. Ex-
perimental techniques include neutron scattering and polarised neutron reflection
(Szuszkiewicz et al., 1998; Kȩpa et al., 2001b), asymmetric trilayers (Chiba et al.,
2000), and the use of a p-type dopant in the non-magnetic layer (Chung et al.,
2004). However, there has been no reports of AFM coupling.

Further theoretical work into (Ga,Mn)As based superlattice systems (Giddings
et al., 2008a) further explored the dependence of IEC on the constituents of the
superlattice. Of specific interest was the fact that, as with traditional GaAs/
(Al,Ga)As superlattices where specific heterojunction properties could be engi-
neered through the aluminium concentration, the properties of the IEC in the
magnetic superlattices could be tailored in the same way. This Chapter repre-
sents a continuation of this work into the experimental domain. Described are the
initial attempts to study the properties of such superlattices with the intention
to show AFM IEC.

6.2 Samples

The design of the superlattice structure was conceived following the recipe pro-
posed in Giddings et al. (2008a) and Chapter 5. Based on the mean field cal-
culations, this suggested that the superlattice period sizes at which AFM IEC
could be observed would require both the magnetic and non-magnetic layers to
be extremely thin. The use of thin layers was supported by the work of Sadowski
et al. (2002) where (Ga,Mn)As superlattices with magnetic layers of 8 monolayers
and non-magnetic layers of 4 monolayers were shown to be viable ferromagnets.
These dimensions have extremely good agreement with those favoured by the
calculations.

Diffusion of manganese into the barrier is a serious consideration in (Ga,Mn)As/
GaAs superlattices (Mikkelsen et al., 2004). Where this happens strong ferromag-
netic coupling could be expected throughout the structure, something undesirable
for the demonstration of AFM coupling. To attempt to reduce the effect of this
to a minimum a low manganese concentration was chosen for the magnetic layers
since the proportion of interstitial manganese defects increases with total man-
ganese concentration (Yu et al., 2002). For total concentrations of 2% almost all
manganese are expected to be substitutional (Wang et al., 2004). Furthermore,
a higher growth temperature can be used for (Ga,Mn)As with a low manganese
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Figure 6.1: A comparison of the IEC energy, Ec, as a function of the average
3D carrier concentration, N̄3D, for four specific superlattices when changing the
aluminium composition of the (Al,Ga)As non-magnetic layer. The magnetic lay-
ers are 8 monolayers thick and have a manganese concentration of 5× 1020 cm−3

(2.26%) and the non-magnetic layer is 4 monolayers thick.

concentration, reducing the number of undesirable arsenic anti-site defects.

As shown in Figure 6.1, the profile of the IEC can be tailored by band-offset
engineering through changing the composition of the non-magnetic layer. These
simulated superlattices have 8 monolayer magnetic layers and 4 monolayer non-
magnetic layers. The manganese concentration is 2.26% and the aluminium con-
centration in the non-magnetic layers is varied between 0% and 40%. Around 45%
Al the bandgap between GaAs and (Al,Ga)As becomes indirect (Ekpunobi and
Animalu, 2002). In addition to offering a possibility to explore the IEC, superlat-
tices based on these short period designs could test the prediction of Vurgaftman
and Meyer (2001) that increasing the confinement of carriers would improve TC .

The superlattice samples were grown via low temperature MBE. They each
consisted of 50 magnetic (Ga,Mn)As layers separated by a non-magnetic layer, as
shown in schematic Figure 6.2. Before the first magnetic layer there was a 2 nm
low temperature GaAs layer and a non-magnetic layer, and the samples were
topped with a non-magnetic layer and a 10 nm low temperature GaAs cap. The
magnetic layers were grown to be 8 monolayers (2.26 nm) and the non-magnetic
layers 4 monolayers (1.13 nm).

The first superlattice sample, Mn-279, was grown with with a Veeco Gen-II MBE
system. The manganese concentration in the magnetic layers was estimated to
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Figure 6.2: Schematic showing the epitaxial growth details of the superlattice
layers.

be between 2.2 and 2.4% and the aluminium concentration in the non-magnetic
layers was 30%. Subsequent samples Mn-340 through Mn-343 were all grown with
the Gen-III system, offering greater control over growth conditions. Manganese
concentration in the magnetic layers was intended to be 2.25%. The aluminium
concentration in the non-magnetic layers was varied between 0 and 40%. The
Gen-II superlattice sample was grown without rotation, resulting in some sys-
tematic spatial inhomogeneity in properties over the surface of the wafer.

In addition to these superlattices, two samples were grown to represent an isolated
period and a double period. These consisted of a single magnetic layer (Mn-426)
and a double magnetic layer with a 4 monolayer GaAs non-magnetic spacer (Mn-
427). These ultra-thin layers were embedded in 500 nm of GaAs. The manganese
concentration and layer thickness were the same as those of the magnetic layers
of the superlattice.

83



6.3 X-ray

The superlattice samples were characterised via X-ray diffraction (XRD) tech-
niques.

The (004) XRD measurements characterising the structure of the initial superlat-
tice is shown in Figure 6.3. These data are from the central part of that sample.
Overlaid on the measured XRD spectra is a simulated fit which reproduces well
both the satellite peaks, seen in (a) and the fringes detailed in (b). The good
agreement between the measured and fit data indicates that the superlattice is of
excellent structural quality and periodicity, with well defined interfaces between
the magnetic and non-magnetic layers.

The fitting is based on three principle features in the XRD data. The satellite
peaks show the bilayer thickness. The offset from the first fringe and the tall spike
caused by the GaAs substrate indicates the strain, from which the manganese
concentration can be determined. The secondary or “thickness” fringes show the
total thickness. The fitting assumes no interdiffusion of atoms.

Because the initial superlattice sample was not rotated it showed systematic
variations over the surface of the quarter wafer in both layer thicknesses and
manganese concentration in the magnetic layer. From the simulated fit, the
bilayer thickness varied from 3.2 to 3.6 nm, which compares favourably with
the intended 12 monolayers (3.4 nm) thickness. For the individual layers, the
magnetic layers varied between 2.0 and 2.4 nm and the non-magnetic layers varied
between 1.1 and 1.5 nm. The manganese concentration ranged from 2.5 to 3.0%.
This value is slightly higher than the expected concentration of 2.2 to 2.4%.

The aluminium concentration was determined from the aluminium flux on the
MBE cell, which was calibrated via XRD on a separately grown (Al,Ga)As epi-
layer. Based on that calibration the aluminium concentration in the non-magnetic
layers was assumed for the fitting to be 35%.

The XRD data for the second series of superlattice samples, which were grown in
the Gen-III MBE system are plotted, along with the calculated fits, in Figures 6.4.
The fits are made assuming an ideal case for the structural parameters, so that
the magnetic layers are 2.26 nm thick, the non-magnetic layers are 1.13 nm thick
and the aluminium concentration is as intended. From the fits the manganese
concentration can be estimated, and these results are shown in Table 6.1. As
with the initial Gen-II grown sample, the manganese concentration appears to be
slightly higher than the intended value.
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Figure 6.3: XRD (004) data for the initial superlattice sample. The red curve is
the fit. (a) shows the whole range and (b) shows a close up of the central region.
ω is the X-ray incident angle and ω′ is the X-ray scattering angle.
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Figure 6.4: XRD (004) data for the second series of superlattice samples. The
red curve is the fit. The main panel shows the measured data with a half fit; the
inset shows the measured data over the full range. ω is the X-ray incident angle
and ω′ is the X-ray scattering angle.

% Al non-magnetic layer % Mn concentration
0 2.7
20 3.0

30 (a) 2.5 - 3.0
30 (b) 3.0
40 2.8

Table 6.1: Estimated manganese concentrations obtained from simulated XRD
fits.
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However, it is important to understand that the fitting is performed by equating
the lattice expansion measured by the XRD to the proportion of manganese in
the gallium substitutional sites. This is done by assuming that lattice constant
obeys Vegard’s law and varies linearly with manganese concentration (Zhao et al.,
2005a), ranging from that of GaAs with no manganese to that of a hypothetical
cubic MnAs, the lattice constant of which is taken as 0.589 nm (Kuryliszyn-
Kudelska et al., 2004). There are three points to note, then, concerning the
accuracy of these fits. Firstly, the estimated manganese concentration is strongly
influenced by the assumed lattice constant for cubic MnAs. Secondly, the fitting
assumes that all the manganese were substitutional. Interstitial manganese, as
well as arsenic anti-site defects, cause a greater lattice strain than substitutional
manganese (Mašek et al., 2003; Zhao et al., 2005b). Therefore the fit is expected
to give a higher estimate of the substitutional manganese concentration, with
some amount of interstitials causing an overestimate. The final point is that it
is assumed that the substitutional manganese are only in the nominal magnetic
layers. Simulating the sample with a GaAs spacer layer assuming it is a bulk
epilayer with a low uniform manganese concentration gives an equally good fit to
the measured XRD data. The inhomogeneous nature of these samples therefore
means that caution is required when using such XRD analysis.

6.4 SQUID

6.4.1 Experimental method

Magnetic properties of the superlattices were characterised by magnetisation mea-
surements using a SQUID magnetometer. The superlattice samples were prepared
into square 5 mm × 5 mm chips, keeping a careful note of the orientation of the
substrate’s [110] axis. The chips were mounted onto the sample holder, a length
of Silver wire, using diluted GE varnish. Measurements were taken with the field
along the principle in-plane axes, depending on how the sample was mounted.
The same chip is used in all orientations.

The samples were cooled down to 2 K with a field strength of µ0H = 0.1 T and
then remanence was measured while the samples were warmed to 150 K. The
samples were then cooled back down to 2 K with a field of µ0H = 1 T. At 2 K
M(H) hysteresis loops would be made. All the measurements were made using
the reciprocating sample option (RSO) mode.
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% Al non-magnetic layer TC / K
0 32
20 26

30 (a) 23
30 (b) 25
40 20

Table 6.2: Curie temperature, TC , of the superlattice samples obtained from
remnant magnetisation measurements.

6.4.2 Results

The measured projections of the remnant magnetisation for the superlattice sam-
ples after cooling with a µ0H = 0.1 T field are shown in Figure 6.5. The Curie
temperature, TC , extracted from the figures is shown in Table 6.2. The increased
concentration of aluminium in the non-magnetic layer has the effect of suppressing
TC .

As a brief aside on the presentation of the SQUID magnetization data, in the
interests of consistency SI units are used, rather than the centimetre-gram-second
scheme commonly employed in this application. Conversion is simple: 1 Am−1 =
10−3 emu cm−3. Due to the non-uniform vertical composition of the material, the
volume for these purposes is not so well defined, so it is taken to be that of the
magnetic layers only, assuming ideal growth conditions. For the 5 × 5 mm chip
the volume of magnetic material in the 50 period superlattice is 2.83× 10−12 m3.

In all the cases immediately below Curie temperature, TC , the samples had a
uniaxial magnetisation favouring the [11̄0] axis, while at low temperatures they
made a transition to a cubic anisotropy. The transition between uniaxial and
cubic occurred at 50%-60% of TC , but there was no apparent correlation between
the aluminium concentration and the temperature at which that happened.

Plotted alongside the measured remnant magnetisation in Figure 6.5 is the cal-
culated spontaneous magnetisation MS, where

M2
S = M2

[110] +M2
[11̄0]. (6.1)

The excellent agreement between MS and the measured [100] remnant magneti-
sation, M[100] for the 0% aluminium and second 30% aluminium non-magnetic
layer superlattice samples suggests that in those two cases the samples are acting
as single domains. For the other three samples there is an offset between MS and
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Figure 6.5: Temperature dependent remnant magnetisation along the principle
crystalline axes for the superlattice samples.
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M[100], which is probably the result of slight misalignments in the mounting. The
single domain model is still likely applicable in these cases, but alternatively the
offset could be due to MS not being in-plane.

Using the experimentally determined moment contribution per manganese of 4.5
µB (Edmonds et al., 2005) the effective manganese concentration can be deter-
mined from the magnetometry. For the sample with 0% aluminium in the non-
magnetic layer, MS at 2 K is 18 kAm−1, which gives an effective concentration
of 4.3 × 1020 cm−3, equivalent to 1.9% doping. This value will be slightly lower
than the actual manganese concentration due to the fact that interstitial man-
ganese bond antiferromagnetically to substitutional manganese (Edmonds et al.,
2005), thus removing both moments. For comparison, the expected concentration
from the growth is 2.25%, and the concentration estimated by XRD, taken from
Table 6.1 is 2.7%. The expectation that the concentration calculated from the
magnetometry data would be an underestimate while the XRD fits would provide
an overestimate is consistent with the data and the concentration expected from
the growth conditions is between these two bounds. It is therefore likely that the
actual manganese concentration was close to that expected from the growth.

It is not readily feasible to estimate the proportion of interstitial manganese from
this data because of the large uncertainties in the parameter values used to make
the estimates. It is also likely that the concentration is not uniform but instead
proportions could vary between different layer types and also there could be a
gradient through the entire structure. However, the general trend between the
superlattices is that as the proportion of aluminium in the non-magnetic layer
increases the total moment decreases. This suggests that the addition of the
aluminium is causing a greater proportion of manganese to become interstitial.

M(H) loops, with the field applied along three different inplane axes, for the
second 30% aluminium superlattice sample are shown in Figure 6.6. The back-
ground diamagnetic/paramagnetic response has been deducted. This is assumed
to be proportional to the field, taking the constant to be the measured moment
at 150 K when a field of 1 T was applied. A strong paramagnetic contribution
in (Ga,Mn)As is associated with insulating samples (Oiwa et al., 1997). How-
ever, very high fields must be applied in order to determine the paramagnetic
component.

Following the analysis method used in Wang et al. (2005b), the anisotropy con-
stants can be determined from the field at which the magnetisation is fully rotated
in the direction in which the field is applied. This will occur when the M(H)
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Figure 6.6: M(H) loops for the second 30% aluminium superlattice sample with
field applied along the three cardinal inplane axes. The background diamag-
netic/paramagnetic response has been subtracted in the main panel; the inset
shows the raw data. T = 2 K.

loops intersect outside the hysteretic region. The loops in Figure 6.6 do not inter-
sect, making that method of analysis impossible. It does suggest, however, that
even with a 1 T field the magnetisation is not fully rotated, indicating extremely
strong anisotropies.

6.5 Transport

6.5.1 Experimental method

In order to measure magnetotransport properties, the initial superlattice sample
Mn-279 was prepared, via optical lithography, into three Hall bars, based on the
Philips mask, with the channels orientated along different crystalline axes. The
channel orientations were [110], [100] and [11̄0], so each was 45◦ apart. As shown
in Figure 6.7, the channel width was 50 µm and the centre-to-centre distance
between the adjacent voltage probes was 310 µm, giving an aspect ratio of 6.2.
Special care was taken not to heat the material during processing.

The samples were measured in a cryostat at T = 4.2 K using a MultiMag external
magnet capable of rotating a field of up to 1 T in-plane. Standard four-point
DC measurement techniques were used with a constant current of 1 µA. Both
the longitudinal (diagonal), Rxx, and Hall (off-diagonal), Rxy, resistances were
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Figure 6.7: Optical image of the Hall bar aligned along the [11̄0] crystal axis. The
width of the channel, dw, and centre-to-centre distance adjacent voltage probes,
dl, are shown.

measured concurrently. Additionally, the [11̄0] Hall bar was measured with a
1 µA constant current on a probe capable of rotating the sample so the field
could be applied out-of-plane using an external magnet system capable of fields
up to 0.6 T.

6.5.2 Results

In Figure 6.8 the longitudinal resistance, Rxx(T ), is shown for each of the three
devices as they are cooled down in the cryostat. The material started becoming
insulating at low temperatures. With thick films, such as 25 nm, the 4.2 K re-
sistance is not significantly greater than at room temperature (Potashnik et al.,
2001; Edmonds et al., 2002b). This divergent behaviour is typical of ultra-thin
5 nm (Ga,Mn)As films (Giddings et al., 2005). Although the overall vertical
extent of the superlattice structure was over 150 nm, this behaviour could be un-
derstood by considering the superlattice as an array of parallel ultra-thin 2.26 nm
films.

The differences in Rxx(T ) between the I ‖ [110] and I ‖ [11̄0] orientations shown
in Figure 6.8 can be accounted for by the fact that the 4-point resistance of
the I ‖ [11̄0] device at room temperature was slightly higher (less than 5%).
This is likely due to slight variations in the fabricated structure; the variation in
resistance between different combinations of voltage probes on a single sample is
comparable. However, Rxx(T ) for the I ‖ [100] sample is significantly different,
featuring a peak around T = 10 K, unlike for the other two orientations where the
resistance continuously increases as the temperature is reduced. Such peaks are a
typical feature in bulk (Ga,Mn)As epilayers, and approximately correspond to the
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Figure 6.8: Longitudinal resistance, Rxx, as a function of temperature, T , as the
three Hall bars are cooled down with an applied constant current of 1 µA. µ0H
= 0 T.

Curie temperature, TC (Edmonds et al., 2002b). However, SQUID magnetometry
measurements of this superlattice sample show TC to be around 25 K, with some
deviation over the surface of the wafer. Numerically differentiating the curves in
Figure 6.8 does not reveal any inflection around the TC as would be expected as
the curves are monotonically decreasing. The resistance is diverging so rapidly
that this overwhelms any other response.

The presence of this peak is, then, very hard to interpret, although it is possible
that rapid cooling as Helium temperature is approached could cause an offset
between the actual sample temperature and that of the temperature sensor, re-
sulting in an apparently lower reading. However, the lack of significant change
in resistance once the base temperature was reached suggests that this is not a
significant factor. It should also be noted that no field was applied during cool-
down, so the magnetisation state of the ferromagnetic layers is not well defined.
Therefore this peak could be indicative of an unusual magnetisation arrangement
within or between the layers.

By way of juxtaposition, the (Ga,Mn)As/InGaAs superlattice studied by Hernan-
dez et al. (2001) showed a second peak in Rxx(T ) below TC . Three suggestions
were given for this second phase: antiferromagnetic alignment of adjacent mag-
netic layers, diffused manganese making the spacer layers magnetic but with a
different transition or an unspecified effect related to carrier confinement in the
non-magnetic layers. Given that there is no magnetometry data to support the
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Figure 6.9: Current-voltage (I-V ) characteristics for the I ‖ [11̄0] and I ‖[100]
Hall bar samples fabricated from from the initial 30% aluminium superlattice.
The inset shows initial measurements over a smaller range. T = 4.2 K, µ0H =
0 T.

first explanation it is highly unlikely that AFM IEC is the cause. If this second
phase were the result of exchange between the interstitial manganese diffused
into the space layer this could have interesting ramifications for creation of an
n-type DMS. This is a very striking feature and further measurement is required
to verify it.

The I-V characteristics at T = 4.2 K are shown for the I ‖ [11̄0] and I ‖ [100]
Hall bar samples in Figure 6.9. A linear fit of the I ‖ [11̄0] gives the “per square”
resistance as 220 kΩ. Because of the presence of vertical barriers the electrical
thickness of the superlattice is not well defined, so stating the conductivity is
problematic. At one extreme, if the transport is assumed to be going through only
a single layer, which has a thickness of 2.26 nm, then the conductivity at 4.2 K is
20 Ω−1 cm−1. If, instead, transport is assumed to occur through all 50 layers and
they can be considered as a single layer of 113 nm then, at the other extreme,
the conductivity would be 0.40 Ω−1 cm−1. In either case, the conductivity is very
low in comparison with typical 2% (Ga,Mn)As epilayers, suggesting that fewer
rather than more of the layers are involved in the transport.

The second anomaly of this material is shown by the inset of Figure 6.9. These I-
V curves were taken prior to those shown in the main panel, and are over a smaller
range. The striking difference is that over this range the I ‖[100] showed strong
non-linear behaviour and had significantly higher resistance. After the increased
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Figure 6.10: MR measurements of Hall bars fabricated from the initial 30% alu-
minium superlattice sample, with the field swept along the z axis perpendicular
to plane, the y axis perpendicular to current in plane, and x parallel to current.
x ‖ I ‖ [11̄0]. T = 4.2 K. In the main panel black represents increasing field
and red is decreasing field. In the inset the sweeps for different orientations are
differentiated by colour.

excitation used in the larger ranged I-V sweep shown in the main panel the
characteristics had changed to show good Ohmic behaviour. A higher resistance
state could be (partially) returned to by leaving the sample for a period of time,
overnight for example, with no current running through it. This behaviour is
explained as being the result of the higher excitation overcoming the vertical
barriers, changing the vertical charge distribution and activating more layers
through which transport could occur.

It is reasonable to ask why this was not shown in the I-V for the I ‖ [11̄0] sample
in the inset. That, at least, is easy to explain. The room temperature resistance of
the superlattice is very low, about 900 Ω per square, so a higher current was used
initially for the first measurement. During the cool down of that sample Rxx(T )
was measured with a constant 10 µA current but because the sample became so
resistive at low temperatures this exceed the compliance of the current source.
Ergo, the high excitation activation had already occurred. The fact that the
conductivity of the samples can be changed through the applied voltage was of
course problematic to measurement. In the in-plane field sweeps, shown later,
this was taken into account so that the applied current never exceeded 1 µA. The
effect was clear: the resistance was about 50% higher.

The magnetoresistance for the x ‖ I ‖ [11̄0] sample with the field applied in three
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orthogonal orientations is shown in Figure 6.10. Unlike in the ultra-thin films with
I ‖ [110] measured in Giddings et al. (2005), there was almost no AMR between
the parallel to current, I ‖ x, and in-plane perpendicular to current, I ‖ y, field
orientations. The size of the out-of-plane AMR is very large in comparison with
typical bulk epilayer films, a property shared with the ultra-thin epilayers. For
this sample it was over 15%.

In order to get a clearer understanding of the AMR, the resistivities of each
sample were measured as the magnetic field was rotated in-plane. The data for a
1 T field rotated anticlockwise are shown in Figure 6.11. φ is the angle between
current I and field H. Measurements were also taken with a clockwise field sweep;
only at fields weaker than 0.2 T is there any hysteresis in the in-plane field sweeps.
The figures are plotted in terms of the fractional change in resistivity, ∆ρxx

ρ̄xx
and

∆ρxy
ρ̄xx

for longitudinal and lateral directions respectively. ∆ρxx = ρxx − ρ̄xx and
∆ρxy = ρxy − ρ̄xy, where ρ̄, the average resistivity, is defined as

ρ̄ =

n∑
i=0

ρ(ψi)

n
, (6.2)

for measurement points ψi evenly distributed around a circle. The average resis-
tances R̄ are defined similarly. From the definition of resistivity, ρ = E

J
, where

current density J = I
dddw

and E is the electric field. Longitudinally Ex = V xx
dl

,
and so the usual resistivity relationship follows ρxx = Rxx

dddw
dl

. Note, however,
that, while length, dl, and width, dw, are well defined from the Hall bar geometry
shown in Figure 6.7, as previously discussed, the depth, dd, is not well defined.
The presence of the (Al,Ga)As barriers in the (001) plane means that the current
density in the z-axis cannot be assumed to be uniform; depending on the size
of the barriers the current may have significant vertical confinement. By inspec-
tion, ∆ρxx

ρ̄xx
= Rxx

R̄xx
− 1. Transversely, Ey = V xy

dw
, and so ρxy = Rxydd. Therefore,

∆ρxy
ρ̄xx

= Rxy−R̄xy
R̄xx

dl
dw
. The aspect ratio of the channel is dl

dw
. For ease of notation,

Pxx = ∆ρxx
ρ̄xx

and Pxy = ∆ρxy
ρ̄xx

.

The Pxx data shown when µ0H = 1 T in Figure 6.11(a) have several features that
can be identified. The most striking are the spikes in the resistivity, which occur
when the field is applied along the 〈110〉 axes. The greater spike is associated with
the [11̄0] direction, and the lesser with the [110] direction. In addition to these
spikes there is an underlying cos 2φ behaviour. The lack of anisotropy between
the H ‖ x and H ‖ y shown in Figure 6.10 can be understood as being due to the
I ‖ [11̄0] orientation of that sample; the lesser spike is reinforced by the cos 2φ
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Figure 6.11: In plane AMR as a function of φ, the angle between H and I, for
the (a) longitudinal and (b) transverse resistivities. The 1 T field is rotated anti-
clockwise. The samples are Hall bars fabricated from the initial 30% aluminium
superlattice sample. Note polarity of the transverse measurements is assumed.
Fractional change in resistivity, P , is defined in the text.
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and the greater one diminished, leading to an AMR of only 0.5% between these
two directions. When instead I ‖ [110] the opposite case occurs and so the AMR
between the H ‖ x and H ‖ y is about 3%.

The Pxy data in Figure 6.11 (b) shows a heavily distorted sin 2φ character. When
the channel is aligned along the uniaxial directions the sine function has a convex
distortion while in the cubic direction the distortion is concave, resulting in some-
thing resembling a triangle wave. This is an observed property of the transverse
AMR at low fields Tang et al. (2003), sometimes also known as the planar or
pseudo Hall effect. However, the fact that there is still significant distortion from
a sinusoidal function even when the applied field is as large as 1 T suggests that
the anisotropy fields in this material are very large.

One possible interpretation of the spikes in Pxx is that they are due to the mag-
netisation, M, coming out-of-plane. This could occur if [001] were an easier axis
than the [110] or [11̄0] and the applied field of 1 T was not sufficient to saturate
the magnetisation along these directions. As shown in Figure 6.10, an out-of-
plane magnetisation is a high resistance state, so when the magnetisation moves
out-of-plane an increase in resistance is observed. If this is the case then the fact
that the resistance increased the most when the field was applied in the [11̄0]
orientation identifies that axis as being the most magnetically hard. An out-of-
plane easy axis can be associated with a low carrier concentration (Sawicki et al.,
2004) such as in an (Al,Ga,Mn)As alloy (Takamura et al., 2002), through strain
engineering a tensile strain (Liu et al., 2003) and also in ultra-thin films (Rush-
forth et al., 2007a). AlAs and GaAs have lattice constants that differ by less than
1% (Schulman and McGill, 1979), so the (Al,Ga)As non-magnetic spacer will not
result in a significant strain, but the other factors may all play a role.

However, the data shown in Figure 6.5 suggest an in-plane single domain model
works well. In that case, the magnetisation would not be expected to come out
of plane. An alternative explanation could be that as the magnetisation does
not rotate coherently through the [110]/[11̄0] orientations but instead breaks into
multiple domains. If this is the case, the domains could be forming inside each
individual magnetic layer but also it is also possible that the discrete magnetic
layers themselves remain single domain but are switching independently of each
other. In either case, an increase in the longitudinal resistance would be expected.
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Figure 6.12: Schematic showing the angle definitions of angles θ, ψ and φ, as-
suming that the magnetisation tracks the applied field.

6.5.3 Analysis

Using the analysis method employed by Rushforth et al. (2007b), the longitudinal
AMR can be written as

Pxx = ∆ρxx
ρ̄xx

= CI cos 2φ+ CU cos 2ψ + CC cos 4ψ + CI,C cos(4ψ − 2φ), (6.3)

and the transverse AMR as

Pxy = ∆ρxy
ρ̄xx

= CI sin 2φ− CI,C sin(4ψ − 2φ). (6.4)

As illustrated in Figure 6.12, φ is the in-plane angle between the magnetisation,
M, and the current, I, and ψ is the in-plane angle between M and the [110]
crystal axis. This analysis assumes that the magnetisation tracks the applied
field so that H ‖ M. The terms CI , CU , CC and CI,U represent the AMR
contributions from the non-crystalline, uniaxial crystalline, cubic crystalline and
crossed non-crystalline/crystalline components.

As shown in Figure 6.12, φ = ψ− θ, where θ is the angle between I and the [110]
crystal axis. From the fact that for the [110] orientated Hall bar, θ = 0, for [100]
θ = −π

4 and for [11̄0] θ = −π
2 it can be written that

φI‖[110] = ψ, (6.5)

φI‖[100] = ψ + π

4 , (6.6)
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φI‖[11̄0] = ψ + π

2 . (6.7)

By substituting Equation 6.5 into Equations 6.3 and 6.4 the longitudinal and
transverse AMR for the [110] orientated bar can be rewritten as

Pxx(I ‖ [110]) = (CI + CU + CI,C) cos 2ψ + CC cos 4ψ, (6.8)

and

Pxy(I ‖ [110]) = (CI − CI,C) sin 2ψ. (6.9)

Similarly, by substituting in Equations 6.6 and 6.7 the following relationships are
obtained

Pxx(I ‖ [100]) = −(CI + CI,C) sin 2ψ + CU cos 2ψ + CC cos 4ψ, (6.10)

Pxy(I ‖ [100]) = (CI + CI,C) cos 2ψ, (6.11)

Pxx(I ‖ [11̄0]) = (CU − CI − CI,C) cos 2ψ + CC cos 4ψ, (6.12)

Pxy(I ‖ [11̄0]) = (CI,C − CI) sin 2ψ. (6.13)

It is therefore now possible to take combinations of the AMR data in order to
extract the components. Specifically, taking the difference between Equation 6.8
and Equation 6.12 gives

Pxx(I ‖ [110])− Pxx(I ‖ [11̄0]) = 2(CI + CI,C) cos 2ψ. (6.14)

Doing the same for Equation 6.9 and Equation 6.13 with the transverse compo-
nents gives

Pxy(I ‖ [110])− Pxy(I ‖ [11̄0]) = 2(CI − CI,C) sin 2ψ, (6.15)

and so CI and CI,C can be determined. To find CU and CC , take the sum of
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Equation 6.8 and Equation 6.12 to give

Pxx(I ‖ [110]) + Pxx(I ‖ [11̄0]) = 2CU cos 2ψ + 2CC cos 4ψ. (6.16)

The result of the combinations from Equations 6.14, 6.15 and 6.16 are shown
in Figure 6.13 (a) and (b). Although the curves in (a) are distorted from true
sinusoidal behaviour, it does at least show the expected periodicity, and so it is
possible to try and extract the coefficients CI and CI,C . By fitting Equations 6.14
and 6.15 the extracted components are CI = −0.0134 and CI,C = 0.0101, al-
though these values are unlikely to be quantitatively accurate.

It is more difficult to interpret the combination shown in Figure 6.13 (b) as it is
strongly dominated by the spikes. However, taking the maximum values of the
spikes, the figure shows that the tall spike has caused an increase in resistivity of
3.6% and the short spike an increase of 2.2%. If the sharp increases in resistance
are caused by M coming out-of-plane then, assuming that the resistivity increases
proportionally to the component of magnetisation out-of-plane, up to a maximum
of 17% when the magnetisation is perpendicular to the plane, this suggests that
the magnetisation is coming out-of-plane by 12◦ when H ‖ [11̄0] and 7◦ when
H ‖ [110]. However, [111] is a cubic hard axis, so the magnetisation would not
be expected to move though this orientation. It is therefore unlikely that the
magnetisation coming out of plane is responsible for these features.

6.6 Conclusion

The superlattice samples, to the extent that can be measured by XRD, appear
to show excellent structural properties. Particularly promising is the close agree-
ment between the otherwise identical samples grown on the old and new MBE
systems, indicating a good reproducibility in growth. However, the material offers
many challenges to analysis, particularly in attempts to extract the anisotropy
constants. This is due to the extremely strong anisotropies inherent in the ma-
terial preventing it from reaching saturation with fields below 1 T.

From general trends in the magnetometry the superlattices appeared to behave
much like typical bulk epilayers with a poor Curie temperature and a transition
from uniaxial to cubic anisotropy at low temperatures. Despite the prediction
otherwise, it is clear that the Curie temperature was not improved through the
increased confinement of carriers in the magnetic layer due to the incorporation of

101



−0.08 −0.04 0 0.04 0.08
−0.08

−0.04

0

0.04

0.08

P
−
P
m
in

ψ = 0
[110]

Pxx(I ‖ [110])− Pxx(I ‖ [11̄0])
Pxy(I ‖ [110])− Pxy(I ‖ [11̄0])

(a)

−0.08 −0.04 0 0.04 0.08
−0.08

−0.04

0

0.04

0.08

P
−
P
m
in

ψ = 0
[110]

Pxx(I ‖ [110]) + Pxx(I ‖ [11̄0])

(b)

Figure 6.13: Combinations of the fractional changes in resistivities, Pxx and Pxy
for different orientated Hall bars as a function of ψ, the angle between the mag-
netisation, M, and [110] axis.
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aluminium in the non-magnetic layers. However, this deterioration may be caused
by an increased occurrence of interstitial manganese. Taking magnetotransport
data was particularly problematic due to insulating nature of the material at
low temperatures. From the data gathered the indication is that the transport
anisotropies are similar to that of a bulk epilayer.

One thing that is not clear is whether there is strong coupling between the layers,
or whether they are acting independently, albeit with almost identical properties.
If there were some diffusion of manganese into the supposed “non-magnetic”
layers then this could result in a strong coupling between all the layers. However,
due to the band offset, carriers are confined to the magnetic layers resulting in
the high resistance.

It would be of interest to repeat these measurement with greater applied fields.
A further avenue of exploration is the isolated embedded ultra-thin film which
offers an interesting comparison and could indicate whether or not the magnetic
layers can be intrinsically ferromagnetic or whether exchange between the layers
is necessary.
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Chapter 7

Conclusion

7.1 Summary

In this work DMS (Ga,Mn)As has been used as a basis for attempting to demon-
strate novel MR effects which could be of interest in spintronic applications. Two
device geometries were considered, lateral and vertical, highlighting the versatility
of the magnetic semiconductor material.

Creating nanodevices offers significant challenges. In Chapter 2 the methodology
for fabricating (Ga,Mn)As nanostructures was outlined, along with a discussion
of the pertinent issues and considerations. Through the use of e-beam lithography
it was possible to create nanoconstrictions with lateral sizes in the order of tens of
nanometers. The choice of resist type offered very different approaches to making
such structures, and thus the desired device geometry would determine the most
appropriate methodology. Due to its excellent resolution and sensitivity, positive
resist PMMA was found to be suitable for defining both small channels as well
as larger areas. A detailed recipe was given for the nanoconstriction fabrication.

The properties of unstructured ultra-thin 5 nm (Ga,Mn)As were examined in
the first part of Chapter 3. Unlike good quality thicker layers, the thin films
were found to be insulating at low temperatures. They also showed significant
anisotropies in the MR between the two perpendicular-to-current field orienta-
tions. Specifically, when the field was applied out of the plane of the epilayer the
MR was particularly large in comparison to that found in bulk epilayers. These
differences were attributed to strong vertical confinement breaking the symmetry
between the perpendicular-to-current orientations.

Using a series of devices featuring Hall bars with pairs of nanoconstrictions of
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differing widths it was found that as the lateral sizes became less than 100 nm
transport characteristics started to alter. This change was associated with the
formation of a tunnel junction across the nanoconstriction. In the 30 nm device
the size of the hysteretic features became many times greater in size and also
the orientation of the features reversed in sign. Depending on the orientation of
the field both spin-valve and inverted spin-valve like characteristics could be ob-
served. This precluded the possibility that the mechanism behind this effect was
TMR, which can only show positive hysteretic features in (Ga,Mn)As. Therefore,
the observed magnetoresistances were interpreted as TAMR. This had previously
only been observed in vertical (Ga,Mn)As based devices and originated from the
anisotropies in the tunnelling DOS. Because of the geometry of the nanocon-
striction and the vertical confinement of the thin film, the number of ky and kz
states from which tunnelling could occur was restricted. Therefore, changes in
the magnetic field could significantly change the local DOS either side of the
nanoconstriction and so dramatically change the tunnelling probabilities. As a
consequence of this, TAMR was shown to be a generic property of ferromag-
netic tunnel structures, and it was predicted that TAMR could be observed in
ferromagnetic metal systems.

The nanoconstriction devices were revisited in Chapter 4 using a cleaner device
structure and better measurement apparatus. By now being able to rotate the
field with the sample in situ the close relationship between the AMR of the epi-
layer and the nanoconstriction was shown. It was also demonstrated that TMR-
like spin-valve behaviour was possible with only a single tunnel barrier. However,
because the magnetisation either side of the constriction should always be parallel
then some other mechanism must be responsible. This highlighted the difficulty
in analysing measurements of these tunnelling devices as there are many MR
effects that could be competing. To further emphasise this point, when the mag-
netic field was aligned along one of the uniaxial directions a switching behaviour
was observed, something reminiscent of early SET structures. Between these two
states or between different thermal cycles the anisotropies could be very different,
leading to extremely large observed MRs. This behaviour was interpreted as a
manifestation of CBAMR. Because of inhomogeneities in the structure resulting
from the fabrication, the chemical potential would change differently at different
parts of the structure depending on the applied field. Due to the formation of
islands in which charge can be trapped, something inferred from the telegraphic
noise, the differential changes in the chemical potentials would result in differing
transmission probabilities through the islands. This particularly highlights how
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fabrication methods and device design can significantly affect observed phenom-
ena.

In Chapter 5 a self-consistent simulation based on the Zener k·p kinetic-exchange
model was used to examine IEC between magnetic layers in a (Ga,Mn)As/GaAs
based superlattice. The sign of the IEC energy, Ec, would oscillate as a function
of the non-magnetic spacer layer thickness and the carrier density, something
predicted by RKKY theory. When Ec was positive the adjacent magnetic layers
would have a parallel alignment, while a negative Ec would indicate an AFM ar-
rangement. In the latter case the miniband bandwidth was much narrower than
in the former, hence the resistance could be much greater. The multidimensional
parameter space offered by these systems was explored in order to find arrange-
ments optimal for the exhibition of AFM interlayer coupling. It was found that
in systems with thin magnetic layers and a large concentration of unpolarised
carriers in the non-magnetic layers the oscillatory behaviour was similar to that
of RKKY. However, if the non-magnetic layers were depleted, either through
self-consistent charge redistribution caused by magnetic order or because of the
introduction of a band offset between the magnetic and non-magnetic layers, the
oscillatory pattern became far more complex, and additionally became less de-
pendent on non-magnetic layer thickness. This therefore suggested structural
parameters that might be suitable for realising a new MR effect in these super-
lattice systems.

Due to the close lattice match between (Al,Ga)As and GaAs for all aluminium
concentrations, superlattice structures can be made with different electric prop-
erties by altering the band offsets without compromising the structural proper-
ties. This very useful property was used in Chapter 6 where (Ga,Mn)As based
superlattices with different aluminium concentrations, based on the calculated
parameters of Chapter 5, were measured using low temperature transport and
magnetometry techniques. In addition to AFM interlayer coupling, other prop-
erties of short period magnetic superlattices, such as high Curie temperatures,
had been predicted to arise as a consequence of the enhanced confinement of
carriers to the magnetic layers. While XRD showed the superlattices to have
excellent structural properties, it appeared that increasing the aluminium con-
centration had a detrimental effect on the magnetic properties, probably due to
an increased partial concentration of interstitial manganese. The superlattice
also showed somewhat unusual anisotropic magnetotransport properties. How-
ever, analysis of these proved difficult due to the anisotropy field being larger
than the available measurement fields. These strong anisotropies may be another
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consequence of the strong vertical confinement.

In the next section, all these ideas about fabrication, lateral tunnelling devices
and vertical heterostructures will be brought together with the proposal of future
experimental devices.

7.2 Future work

There is clearly a vast scope for future DMS devices and the rich physical play-
ground that such systems offer will no doubt lead to the discovery of further
novel effects, exhibited as an MR or otherwise. As improvements are made in the
control of growth and fabrication of the material, it is strongly hoped that the
further study of (Ga,Mn)As nanostructures will improve the understanding of the
origin of these effects, both in DMSs and also for wider spintronic functionalities.

The ability to accurately define and create the lateral nanoconstrictions is the
key to achieving further progress in that type of device. Indeed, if such work was
to be taken forward, emphasis would have to be placed on improving fabrica-
tion techniques to ensure that processing is not inadvertently introducing defects
that cause a significant contribution to anisotropies and MR effects. Naturally,
any future devices would ideally have gates in order to allow fine tuning of the
electrostatic conditions around the constriction. This could be potentially be
achieved by using a back gate created from from a conductive layer defined via
MBE. This approach would have the advantage that the gate can be very close
to the device without placing significant additional burden on the already prob-
lematic lithographic processes. An example of a future basis for a device is spin
blockade, which is an effect that promises large MRs (Zhuravlev et al., 2003) and
this lateral geometry would be well suited for exploring this prospect.

Unless growth techniques can improve the quality of the ultra-thin epilayers,
these would not be recommended for use in future work due to their inherent
problems. Using better characterised and well-behaved thicker layers would help
differentiate the interplay between intrinsic effects of the thin films such as spa-
cial inhomogeneity, strong atypical anisotropies, divergent resistance characteris-
tics and non-linear hopping transport and the extrinsic effects produced by the
nanoconstriction.

Turning now to the superlattice based devices, the obvious point for future work is
that as yet AFM IEC has still not been observed. Additionally, it would be highly
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desirable to re-examine the material used in this work with the ability to apply
higher fields. There is the indication from the transport measurements that these
heterostructures possess some unusual properties. These need to be confirmed,
and the origins explored. However, the difficulty in creating (Ga,Mn)As based
structures, in comparison to normal non-magnetic semiconductor heterostruc-
tures, means there is some uncertainty about the material’s structural character-
istics, which makes interpretation problematic. Perhaps future attempts on this
kind of structure should start with larger period structures where interface effects
are less likely to dominate. It is notable that there has been in the past several
attempts by other groups to create (Ga,Mn)As based superlattices and they have
seen similar results.

The purpose of the rest of this section is to give a detailed outline of a proposal
for a novel class of (Ga,Mn)As device based on n-type material. These ideas have
been developed in collaboration with Oleg Makarovsky.

In typical semiconductor technology, such as the complementary metal oxide
semiconductor (CMOS) transistor, both n- and p-channels are used by devices in
complementary roles (Campbell, 2001). Dilute magnetic semiconductors, such as
(Ga,Mn)As, offer the potential to move beyond conventional CMOS designs by
offering a rich variety of physical phenomena other than the field effect employed
in CMOS transistors. However, (Ga,Mn)As is a p-type material; the itinerant car-
riers that mediate the magnetic exchange are holes, thus necessitating that any
devices based on this material have only a p-channel. Although a true spintronic
device would utilise spin-valve effects to control switching based on spin-state
rather than charge state, the lack of an n-type complementary material prevents
the utilisation of techniques employed in traditional semiconductor devices such
as the field effect or bipolar transistor and light emitting or laser diodes. There-
fore, the development of an n-type material to complement the p-type (Ga,Mn)As
could open many interesting avenues of exploration. It is therefore of little sur-
prise that the possibility of making an n-type DMSs exhibiting similar properties
to (Ga,Mn)As has been being considered recently (Mašek et al., 2007a).

The usual picture of ferromagnetism in (Ga,Mn)As has exchange mediated by p-d
orbital hybridisation of valence band states. As a result, it is generally believed
that conduction band s-states cannot mediate the ferromagnetism. However, cal-
culations by Mašek et al. (2007b) show that hybridisation of d-states is sufficient
for ferromagnetic coupling by either holes or electrons. In the case of the con-
duction band, it is possible only when there is sufficiently strong doping. Based
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Figure 7.1: The ratio of impurity concentration, C, to surface concentration, CS,
as a function of depth, z after annealing for 1, 4 and 9 hours. The temperature
is 180◦C. The data in both figures are identical but plotted on different scales to
show the expected concentrations (a) close to the interface and (b) deep into the
substrate.

on this evidence it appears that an n-type DMS is feasible.

The site in which a manganese dopant is placed in the GaAs lattice has profound
effects on its properties. In a gallium substitutional position the manganese acts
as an acceptor, while interstitial manganese is a double donor (Wang et al., 2004).
Typically, because of the negative effects they have on the magnetic properties,
the interstitials are unwanted in (Ga,Mn)As. Fortunately, because of their high
mobility they may be removed through low temperature annealing. The removal
occurs as a two step process. Firstly, the interstitial manganese diffuse to the
surface and secondly they are electrically passivated by oxidation (Edmonds et al.,
2004).

Utilising this process in reverse, the intention is to create GaAs with a high
concentration of interstitial manganese. This is to be achieved by diffusing the
interstitials from a layer containing a high concentration into an adjacent GaAs
layer or substrate.

A one-dimensional diffusion profile for the interstitial manganese can be calcu-
lated using the error function complement (Jakiela et al., 2006; Sze, 1981, p.
67)

C(z, t) = CS erfc( z

2
√
Dt

), (7.1)

where C is the impurity concentration at depth z and time t. CS is the surface
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concentration and D is the diffusion coefficient. The value of D used for the
interstitial manganese in GaAs at 180◦C is 5 × 10−21 m2 s−1, estimated from
measured annealing experiments (Edmonds et al., 2004). Although this model
does not include the electrostatic barrier that will arise between the oppositely
charged interstitial and substitutional manganese, the calculated diffusion profile
shown in Figures 7.1(a) and (b) suggests that there is likely to be a very high
concentration of interstitials to a depth of several nanometres formed during the
annealing process.

In the model in Equation 7.1 the surface concentration CS is assumed to be con-
stant, and thus an infinite source. In actuality, when the (Ga,Mn)As is annealed
in air the interstitials are passivated and as a result the concentration will be
reduced until effectively they are all removed. Therefore, in order to prevent,
or at least retard this process the manganese that come to the surface must be
prevented from being oxidised. Two methods are proposed to achieve this. The
first is to anneal in an ultra-high vacuum, which has been shown to be ineffi-
cient in comparison to air or a nitrogen atmosphere, suggesting that under the
right conditions the passivation could be a rate-limiting process (Adell et al.,
2005). Although this can be performed in a vacuum oven, annealing in situ in
the MBE machine post-growth would be ideal, although of course practicalities
may not allow this option. However, it is worth noting that during a long growth
some amount of annealing will have already taken place deeper in the epilayer.
Therefore, depending on the details of the growth, there will already be some con-
centration of interstitials in the GaAs substrate in the as-grown material. The
second method is simply to put an unreactive metal layer, such as gold, on the
top of the material prior to annealing. This would not only remove the surface
for oxygen (or else) to reach and passivate the interstitials, but the metal layer
could be utilised as part of a device structure, for example, for bond pads or an
etch mask.

Appropriate choice of material to form the p-type layer can assist greatly in the
formation of the n-type layer. Specifically, it is desirable that there is a high
concentration of interstitial manganese in the host layer. This can be achieved
simply by having a high doping concentration for the (Ga,Mn)As layer which will
increase both the number of substitutional and interstitial manganese. However,
ab-initio calculations have shown that in (Al,Ga)As the manganese doping has a
greater partial concentration of interstitials for increasing aluminium concentra-
tion (Mašek et al., 2007c). Therefore, a highly doped (Al,Ga)As host layer would
seem ideal for initial experimentation.
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As will have been noted from Figure 7.1, the depth that the interstitial reservoir
is expected to extend is only a few nanometres, and as such in order to remove the
host layer and utilise the n-type layer the etch will have to be extremely accurate.
This introduces a second benefit of using (Al,Ga,Mn)As as the host layer, namely
that for high aluminium concentrations it can be selectively etched easily (Hjort,
1996). Assuming that the presence of manganese does not significantly affect the
etching process, for concentrations of aluminium greater than 50% an HF:H2O
etchant offers high etch rates and a selectivity greater than 107 (Yablonovitch
et al., 1987), which, for all intents and purposes, can be considered total selectiv-
ity. As an alternative, HCl also offers an excellent selectivity between (Al,Ga)As
and GaAs for high aluminium concentration (Guan et al., 2006).

There are some potential hurdles with attempting to create an n-type GaAs layer
in this manner. For the selective etches it is not known what the impact would
be of a high manganese concentration in the sacrificial layer. The efficacy of the
selective etches is highly dependent on both the ratio of aluminium to gallium
and also the etch solution (Kim et al., 1998). Introducing manganese into the
alloy could adversely effect the etch mechanism. If a non-selective etch is being
used then achieving precisely the desired etch depth may prove a technical chal-
lenge. Insufficient etching would leave an unwanted p-type layer whilst too much
etching would remove the material with the highest concentration of interstitial
manganese. Another key problem is ensuring that the surface formed after etch-
ing is even and free of damage, something that will be dependent on the details
of the etch. It is important that the top layer, which would be the most n-type,
is of good quality.

Having outlined a methodology to introduce interstitial manganese into a GaAs
layer, it is now interesting to consider the experiments that can be performed.
An obvious thing that could be tried is to simply remove the p-type layer, and
examine what remains. If the layer has sufficient carriers to be conductive the
carrier type can be determined via AC-rectification. Ideally, it may even exhibit
ferromagnetic properties similar to (Ga,Mn)As. However, a large concentration of
interstitials would be required for the material to be conductive enough to enable
effective contacts to be made to it and it is likely an even higher concentration
would be required for ferromagnetism.

A more interesting idea is to etch away only part of the p-type layer so that a
channel is formed, as illustrated in Figure 7.2. This scheme takes advantage a
gold layer placed to limit manganese passivation, using it as both an etch mask
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Figure 7.2: Schematic for the creation of p-n-p junction using the hypothetical
manganese doped n-type GaAs.

and for contacts. If there are interstitials in the substrate then a p-n-p junction
will exist; if not, or in an unannealed material, the junction will be p-i-p. The
existence of the n-type GaAs could then be inferred from differences in the I-V
characteristics of the two structures. While this is highly speculative, it is clear
that such a structure could offer the basis for a variety of devices such as field-
effect/bipolar spin-transistors or spin-LEDs, making it of significant interest and
an exciting future project.
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Appendix A

List of acronyms

AC alternating current

AFM antiferromagnetic

AMR anisotropic magnetoresistance

CBAMR Coulomb blockade anisotropic magnetoresistance

CMOS complementary metal oxide semiconductor

DC direct current

DMS dilute magnetic semiconductor

DOF depth of focus

DOS density of states

FM ferromagnetic

GMR giant magnetoresistance

HMDS Hexamethyldisilazane

HSQ hydrogen silsequioxane

IEC interlayer exchange coupling

IPA isopropyl alcohol

LSDA local-spin density approximation

MBE molecular beam epitaxy
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MCD magnetic circular dichroism

MIBK methyl isobutyl ketone

MR magnetoresistance

NA numerical aperture

NAMR normal AMR

PMMA poly(methyl methacrylate)

QD quantum dot

RKKY Ruderman-Kittel-Kasuya-Yosida

RIE reactive ion etch

RSO reciprocating sample option

SEM scanning electron microscope

SET single electron transistor

SIMS secondary ion mass spectroscopy

SO spin-orbit

SOC spin-orbit coupling

SQUID superconducting quantum interference device

TAMR tunnelling anisotropic magnetoresistance

TMR tunnelling magnetoresistance

XRD X-ray diffraction
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Appendix B

List of symbols

Notation

k Wavevector
k Wavenumber
k̄ Average wavenumber

Symbols

% AMRip Percentage in-plane NAMR
% AMRop Percentage out-of-plane NAMR
% MR Percentage MR
a0 GaAs unit cell length
B Magnetic field
C Impurity concentration
c Speed of light in free space
CC Cubic crystalline term
CI Non-crystalline term
CS Surface concentration
CU Uniaxial crystalline term
CI,U Crossed non-crystalline/crystalline term
D Diffusion coefficient
d Separation of adjacent magnetic layers
dd Electrical depth of stripe
dl Electrical length of stripe
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dm Width of magnetic layer
dn Width of non-magnetic layer
dw Electrical width of stripe
dn+m Superlattice period
E Electric field
E Energy
e Elementary charge
Ec IEC energy
g∗ Free-carrier g-factor
h̄ The Planck constant
H Hamiltonian
H Magnetic field strength
hpd Mean-field kinetic-exchange interaction
I Current
J Current density
Jpd p-d coupling constant
kF Fermi wavenumber
L Angular momentum
M Magnetisation
m∗ Hole mass
me Electron mass
MS Spontaneous remnant magnetisation
N2D 2 dimensional carrier concentration
N3D 3 dimensional carrier concentration
p Momentum
R Resistance
r Orbital radius

Rmax Maximum resistance
Rmin Minimum resistance
Rsheet Sheet resistance
S Spin
T Temperature
t Time
TC Curie temperature
V Potential
Vb Band-offset
VG Hartree potential
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V2pt Two-point voltage
Vxc Exchange-correlation potential
x Axis parallel to current
y Axis in-plane perpendicular to current
z Axis perpendicular to plane
α Arbitrary scaling factor
ε0 Electric constant
µ Magnetic moment
µ0 Magnetic constant
ρ Resistivity
P Fractional change in resistivity
Ψ Wavefunction

Angles

θ In-plane angle between [110] and I
φ In-plane angle between I and M
ψ In-plane angle between [110] and M
ω X-ray incident angle
ω′ X-ray scattering angle

Subscripts

[100] Component parallel to [100] orientation
[110] Component parallel to [110] orientation
[11̄0] Component parallel to [11̄0] orientation
n Subband index
x Component parallel to x
xx Longitudinal (diagonal) measurement
xy Hall (off-diagonal) measurement
y Component parallel to y
z Component parallel to z
σ Spin index
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