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It is better to be roughly right, 
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General Introduction 

1. General Introduction 

1.1. Introduction 

The subject of this thesis is magnetoresistance of low-dimensional carrier systems. 
Magnetoresistance experiments are performed to obtain information about the electronic 
structure of low-dimensional systems. The reduced degree of freedom of the charge carriers 
introduces new interactions between the charge carriers and between the charge carriers and 
the surroundings. In all experiments disorder in the material played an important role. On the 
one hand, we were interested in decreasing the disorder by ordering the dopants. On the other 
hand, we have studied effects of disorder on the electronic system. Especially, the weak and 
strong localisation effects were investigated. 

'Low-dimensional' in these materials means lower than three dimensions (3D). The 
material systems investigated have electronic properties with dimensionalities between 3D 
and 2D, 2D, or between 2D and ID. Low-dimensional carrier systems have revealed new 
physical phenomena, like weak and strong localisation, quantum interference effects, the 
quantum Hall effect, quantum confinement of carriers and charge quantisation . In these 
systems the charge carriers are confined and can no longer move freely in all directions. Not 
only can this be achieved in artificially produced structures, but structures with a reduced 
dimensionality are also known in nature. 

Graphite and graphite-based materials2 are examples of natural materials with a 
reduced dimensionality. Their strongly layered structure makes the charge carriers quasi-two 
dimensional. Graphite is a semi-metal, which means that the number of electrons and holes 
are equal. Graphite intercalation compounds (GIC) are artificially produced materials, where 
in between the graphite layers atoms or molecules are incorporated and, therefore, the distance 
between the graphite layers increases. Moreover, the intercalant atoms or molecules act as 
dopants. The dimensionality of a GIC is lower compared to graphite, due to the reduced 
interaction between the graphite layers. In this thesis results are presented of a study of the 
magnetoresistance of PdAl2Cl8 graphite intercalation compounds. 

Another kind of artificial low-dimensional electron systems can be grown by 
sophisticated growth techniques, like Metal Organic Vapor Phase Epitaxy (MOVPE) or 
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Molecular Beam Epitaxy (MBE). High purity semiconductor crystals are grown layer by layer 

on a wafer substrate with a low background impurity concentration. Impurity atoms can 

deliberately be introduced as dopants during growth, in order to create a free charge carrier 

gas in the structure. Control of the dopants is possible with the modern growth techniques. In 

the ideal case, 5-doping is the confinement of doping atoms to a single atomic layer in the host 

material3. The carriers released from the dopants in the ô-layer are confined by the potential 

well induced by the ionised dopant atoms. The first observation of a 2D-electron system in a 

5-doped layer was made by Zrenner et al4. The most commonly used n-type dopant is silicon 

and as p-type dopant beryllium is used. A characteristic of 5-doped systems is the high carrier 

concentration, which makes them different from the other 2D semiconductor systems. In our 

tin S-doped GaAs very high electron densities could be achieved with many occupied electron 

subbands. 

Nowadays, a lot of effort is put into ordering of the dopant atoms in the doping plane, 
which reduces the disorder. The first advantage of such ordering (ideally a perfect 2D doping 
lattice) is the reduced scattering of electrons on the dopant atoms, leading to an enhanced 
mobility of the electrons. A second advantage is that dopant ordering will also reduce 
fluctuations in the local doping concentration. For device application ordering of dopants is 
important, especially in the case of small devices. Another motivation to achieve ordering of 
dopant atoms is to artificially design lower dimensional (lower than 2D) structures such as 
quantum wires and quantum dots. One way to obtain quasi-ID structures is growth on 
misoriented substrates. The use of a misoriented GaAs substrate, which consists of a system 
of steps and terraces, opens the possibility to order the dopant atoms also within the ô-layer. 
The idea is that the dopant atoms segregate towards the step edges during growth and form 
and array of quasi ID conducting wires. In this thesis we use this method to obtain ordered 
incorporation of a S-layer of tin atoms in GaAs. Tin is used as dopant, because tin has a high 
segregation velocity and can therefore move easily towards the step edges. 

Much effort is made to reduce disorder in low-dimensional systems. On the other, 
hand disorder may cause many interesting physical phenomena, like weak and strong 
localisation. Weak localisation originates from the quantum mechanical interference between 
elastically scattered carrier waves. Inelastic scattering processes destroy the phase coherence 
between the carrier waves and, therefore, weak localisation only takes place at low 
temperatures. The phase coherence is also destroyed by an applied magnetic field, which 
results in a negative magnetoresistance. This negative magnetoresistance was already studied 
systematically in 1956 in carbon based materials5. Much later weak localisation was also 
found in many low-dimensional semiconductor structures. We investigated the weak 
localisation effect in carbon foils, where the main interest was the effect of the structural 
parameters on the weak localisation. 

A theoretical description of the destruction of weak localisation by a magnetic field 
was given by Altshuler et al.6 in 1980. The description of weak localisation was based on the 
scaling theory of localisation7 put forward by Abrahams et al. These authors claimed that the 
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conductance of a disordered electronic system depends on its length scale in a universal 
manner. For 2D systems it was predicted that all electron states are localised at T=0K, while 
for T>0K the electron states are weakly localised. In general weak localisation is the precursor 
of the strong localisation of the carriers at T=0K. 

Strong localisation, in particular, the metal-insulator transition in disordered systems, 
has been a subject of interest for many years, going back to the classic papers by Mott and by 
Anderson9, which emphasise, respectively, the role of electron interaction and disorder in the 
phenomenon of carrier localisation. Based on the understanding of the weakly localised 
regime, the scaling theory has been extended to the strongly disordered regime. Nowadays 
much research is dedicated to the magnetic field induced metal-insulator transition in different 
low-dimensional semiconductor systems10. There are striking similarities between the metal-
insulator transition at high magnetic fields and the superconductor-insulator transition and 
the metal-insulator transition in two dimensions at zero field . This is indicative of the 
universality of the metal-insulator transition in these materials. 

A new example of the localisation-délocalisation transition, which is comparable with 
the metal-insulator transition, is the quantum Hall effect. The quantum Hall effect was first 
discovered in a Si-MOSFET by Von Klitzing13 in 1980 and had a major impact on solid state 
physics. The precise quantisation of the Hall resistance in the quantum Hall regime has led to 
a new definition of the resistance standard. The Hall resistance is quantised in integer 
fractions of h/e2, independent of any sample characteristics. There is a clear relationship 
between the metal-insulator transition and the quantum Hall effect, which both are 
localisation-délocalisation transitions. We have investigated the quantum Hall plateau-
insulator transition and compared it with the quantum Hall transitions, in samples where both 
effects were clearly observable. 

1.2. Outline of this thesis. 

In the remainder of this chapter the low-dimensional structures used in this study are 

discussed, namely the carbon-based materials and the low-dimensional semiconductor 

structures. 
In chapter 2 a general introduction to magnetotransport properties is given. It starts 

with an explanation of the classical magnetoresistance. Weak localisation is shortly explained 
as an introduction to chapter 4 where weak localisation effects in exfoliated graphite are 
reported. Next strong localisation phenomena are discussed, in connection with chapter 5, 
where the magnetic field induced metal-insulator transition is the subject. The last part of 
chapter 2 deals with the quantum mechanical description of the magnetoresistance. First 
quantum oscillations in the magnetoresistance, the Shubnikov-de Haas oscillations, are 
introduced. The Shubnikov-de Haas effect is an important material characterisation tool used 
throughout this thesis. Secondly, some basic properties of the quantum Hall effect are 
presented. 
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Chapter 3 deals with the bandstructure of PdAl2Cl8 graphite intercalation compounds 
(GIC). The chapter starts with an explanation of the phenomenon of intercalation. We make 
use of a 2D-bandstructure model especially suitable for acceptor type GIC. PdAl2Cl8 is a 
strong acceptor and we discuss three different structures (stagel, 2 and 3). For the 
magnetoresistance measurement of the PdAl2Cl8 GIC pulsed magnetic fields up to 38 T were 
used. The experimental results are compared with a bandstructure model. To complete the 
information about the Fermi surface of the PdAl2Cl8 GIC angle dependent magnetoresistance 
measurements are discussed. 

Magnetotransport in carbon foils fabricated from exfoliated graphite is discussed in 
chapter 4. This special type of graphite was used to investigate weak localisation for different 
structural parameters of the material. The different samples had different densities and were 
heat treated at different temperatures. For a characterisation of the samples, Hall effect and 
resistivity measurements were performed. The negative magnetoresistance, due to weak 
localisation, was fitted to theoretical descriptions. 

The subject of chapter 5 is scaling in the quantum Hall regime. The concept of scaling 
in the quantum Hall regime is given, which is an extension of the scaling principles in 2D at 
T=0K and B=0T (see section 2.3). Next, an overview of the scaling experiments in the 
quantum Hall regime is given. An important point in this overview is the type of samples 
necessary to observe genuine scaling. InGaAs/InP structures are currently the most suitable 
structures to study scaling of the plateau transition in the quantum Hall regime. We used such 
a structure in order to investigate the scaling properties of the quantum Hall plateau-to-
insulator transition. For these measurements magnetic fields up to 20T were necessary and 
temperatures down to lOOmK. 

The last chapter deals with magnetotransport in GaAs S-doped with tin. This chapter is 
divided in three parts. The first part is about structures grown on a singular substrate. 
Magnetoresistance experiments were carried out in pulsed magnetic fields up to 38T, 
perpendicular and parallel to the 2DEG. The results of both types of measurements are 
compared with bandstructure calculations. The results on structures grown on a vicinal 
substrate are discussed in the second part of the chapter. Vicinal substrates are misoriented 
substrates, which consist of steps and terraces. The aim of using vicinal substrates is to obtain 
ordering in the tin dopants. In this case magnetoresistance measurements for two current 
directions were performed. The two current directions are parallel and perpendicular to the 
step edges and the results for the two directions are compared. The last part of the chapter 
deals with the illumination effects on the conductivity. In both types of structures persistent 
photoconductivity at low temperatures is observed. An increase, as well as a decrease, in the 
conductivity after illumination is measured. The sign of the photoconductivity depends on the 
wavelength of the light and the electron density of the structure. 
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1.3. Low dimensional systems 

In this thesis magnetoresistance experiments on different material systems will be presented. 
The common factor in these materials is that they are not electronically 3 dimensional (3D) 
materials, but low-dimensional systems. The electronic properties of the material systems 
investigated have quasi-2D, 2D, or quasi-lD dimensionality. In this chapter a short 
description of the materials used will be given. A more extended description is given in the 
chapters, which describe the experiments using these materials. 

1.3.1. Graphite based materials 

1.3.1.1. Graphite intercalation compounds 

Graphite is a carbon-based material present in nature. It is quasi 2D, which means that the 
dimensionality is between 2D and 3D. Graphite consists of layers of carbon atoms, forming a 
honeycomb network with a nearest neighbour distance of 1.42À. The interplanar bonding 
between the graphite layers, due to the van der Waals force, is much weaker than the 
intraplanar covalent bonding in the layers. This results in an interplanar distance of 3.35 A. 

Graphite is a semi-metal, which means that the number of electrons is equal to the 
number of holes. Graphite intercalation compounds (GIC) are formed by intercalation of 
atoms or molecules. Intercalation in this respect is the incorporation of atoms or molecules 
into the graphite interlayer spaces. Intercalation can change the semimetallic behaviour into 
that of a 2D metal, an anisotropic 3D metal or even a superconductor, depending on the type 
of intercalant. A redistribution of electron density (charge transfer) occurs between carbon 
atoms in the graphite layers and the atoms or molecules in the intercalant layers. The equal 
number of electrons and holes present in the semimetal is modified. Graphite intercalation 
compounds (GIC) can be divided into donor-type or acceptor-type GIC, depending on the 
character of the charge redistribution. The electronic properties of these GIC can be controlled 
over a wide range by the intercalation process. In chapter 2 magnetotransport measurements 
on a PdAl2Cl8 GIC will be discussed. The structures with PdAl2Cl8 form an acceptor type GIC 
and electrons will be localised in the intercalant layer. Therefore, the free carriers in the 
graphite layer are holes. 
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1.3.1.2. Graphite foils 

In chapter 3 magnetotransport measurements in carbon foils fabricated from exfoliated 
graphite will be discussed. Highly oriented pyrolitic graphite annealed at a temperature 
T>3300K was used as starting material for the preparation of the exfoliated graphite foils. By 
intercalation with H2SO4, the interlayer distance increased from 3.35 to 7.98A. After 
hydrolisation and drying, the sample was annealed at 900°C (exfoliation process), which leads 
to a rapid blow-up of the interlayer spacing. As a result the intercalant evaporates and the 
volume of the sample increases with a factor 200-300. Foils with different densities were 
fabricated by rolling the exfoliated graphite. For a more complete description of the sample 
fabrication process see section 4.2.1. This exfoliation process was performed to increase the 
amount of disorder in the structure. The main purpose of these structures was to investigate 
the strength of the two-dimensional weak localisation, which is controlled by the amount of 
disorder. 

1.3.2. Low-dimensional semiconductor structures 

The first observation of a two dimensional electron gas (2DEG) in a semiconductor was made 
by Fowler et al.14 in 1966. For this 2DEG a high quality MOSFET (Metal Oxide 
Semiconductor Field Effect Transistor) was used. Esaki and Tsu1 first proposed low 
dimensional semiconductor structures engineered from different semiconductor materials in 
1970. The advent of advanced growth techniques made it possible to grow such artificial low 
dimensional semiconductor structures. Most important and nowadays commonly used 
techniques are Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical Vapor 
Deposition (MOCVD). With this techniques it is possible to grow layer by layer, with 
atomicly sharp interfaces between different materials. Quantum wells, heterostructures and 
superlattices were grown. The background impurity concentration in the materials grown with 
these techniques is lower than 1014 cm"3. Impurity atoms can be introduced deliberately during 
growth, enabling an accurate positioning of the doped regions in the semiconductor structure. 
In the 1980's high resolution lithography and dry etching techniques made it possible to 
obtain one dimensional quantum wire semiconductor structures and zero dimensional 
quantum dot structures. In section 1.3.2.1 we will discuss InGaAs heterojunction/quantum 
well structures. In section 1.3.2.2 the tin S-doped structures in GaAs will be discussed. 
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1.3.2.1. InGaAs heterostructure 

The InGaAs structures used for the measurements discussed in this thesis are grown by 

MOCVD16. On a InP substrate a 1500Â thick n-type doped InP layer and a 1 um undoped 

Ino.53Gao.47 As layer were grown. In figure 1.1 a schematic picture of the structure and the 

potential of the conduction band is shown. The difference in bandgap between InP and 

InGaAs give rises to a step in the potential at the interface. The transfer of electrons from 

ionised donors in the InP to the InGaAs layer causes a 2 dimensional electron gas at the 

interface. 

InGaAs layer 

doped-
InP layer 

InP substrate 

2DEG 

Figure 1.1: Schematic picture of the structure and the conduction band potential (right). 

The wave functions and energy levels of the 2DEG are described by the Schrödinger equation 
containing the electrostatic confinement potential. Using the effective mass approximation 
the confined electron states in the heterojunction are given by: 

2m dz 
- + Uc(z) (p,(z)=E,(Pi{z) (1.1) 

where h is Dirac's constant, m* is the effective mass, (pi is the wave function of the i 

confined electron state with Ej its subband energy. Uc is the confining potential induced by the 

electrons and the impurities and Uc can be calculated with the Poisson equation. The energy of 

an electron in the 2DEG for parabolic subbands is given by: 

E=E, + 
h\k;+ey) 

2m 
(1.2) 

where kx and ky are the wavevectors in the plane of the 2DEG. 

http://Ino.53Gao.47
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1.3.2.2. ô-doped materials 

Delta doping refers to a well-defined narrow doping profile in a semiconductor, which can be 
grown by MBE in a controlled manner3. In our case we study §-doped layers in GaAs where 
the dopant atoms are tin. In 8-doped structures both the ionised impurities and the electrons 
are confined in the same two-dimensional layer, in contrast with modulation doped 
heterostructures discussed in the former section. A two-dimensional electron gas is formed by 
the confining potential of the ionised impurities. The electrons can move freely in the 
directions along the doping layer but are confined in the directions perpendicular to the doping 
layer. In GaAs the character of the dopant depends on the position in the lattice. For instance 
tin, or the more commonly used dopant atom silicon, is a donor when positioned on a gallium 
site and is an acceptor when positioned on an arsenic site. At a high enough doping 
concentration an impurity band is formed because of the strong overlap between the 
neighbouring donor atoms (Mott transition). At these densities silicon, as well as tin, are 
located at gallium sites and are donors. At high doping densities i.e. around 1013 silicon atoms 
per cm"2, also arsenic sites will be occupied. This process of self-compensation limits the free 
electron density. With tin this problem occurs at much higher doping densities and as a 
consequence a higher free electron density can be achieved. 

We used S-doped structures prepared on two different GaAs substrates. The first set 
was grown on a singular semi-insulating GaAs(Cr) substrate. In the ideal case the dopant 
atoms are located in a monolayer, but in practice the dopant atoms segregate and diffuse 
during growth. Depending on the growth temperature the confinement of the doping atoms is 
at best around 15Â, which corresponds to approximately five layers. Tin has rarely been used 
for S-doping in GaAs because of its high segregation ability. Therefore the width of the 
doping layer is much wider than 15Â.In the structures that we have investigated it is in the 
order of 150Â. 

The investigation of tin 5-doping in GaAs on singular substrates is important for the 
research on tin S-doping on vicinal substrates. In our case the vicinal substrates are GaAs 
substrates misoriented by a small angle from the [001] direction. The vicinal surface of the 
GaAs substrate consists of a system of steps and terraces with a terrace width of 54-540A for a 
typical misorientation angle in the range of 3°-0.3°. By decorating the steps with a donor 
impurity, it should be possible to obtain ID channels, or at least a ID periodic modulation of 
the 2DEG. For this purpose tin is very suitable because of its high segregation velocity. 
Therefore, the tin atoms will predominately occupy sites at the step edges and form a latterly 
ordered doping distribution in the doping plane. 
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2. Magnetotransport properties 

In this chapter some of the main magnetotransport properties of low dimensional electron 
gasses in a perpendicular magnetic field will be introduced. The first section deals with 
classical magnetoresistance with the focus on 2 dimensional electron gasses (2DEG). In the 
next section the concept of weak localisation is explained. Weak localisation is observable for 
all dimensions, but it is most pronounced in 2 dimensions. A natural next step is the one from 
weak to strong localisation introduced in section 2.3. In section 2.4 the Shubnikov-de Haas 
effect is presented. These quantum oscillations in the resistance are observable for 3D as well 
as 2D electron gasses. The Shubnikov-deHaas effect is an important tool for characterisation 
of the electronic properties of materials. In the last section the integer quantum Hall effect is 
introduced. 

2.1. Classical magnetoresistance 

Electrons move in a magnetic field in cyclotron orbits due to the Lorentz force. The radius of 
this orbit shrinks with increasing magnetic field. If the cyclotron radius becomes of the same 
order as the de Broglie wavelength of the electron, quantum mechanics comes into play. 
Whether this quantum behaviour is observable or not, depends on whether the electron can 
complete its cyclotron orbit before it scatters. Two regimes are introduced in the 
magnetotransport properties. The product of the cyclotron frequency cüc and the quantum 
relaxation time xq or equivalently the product of quantum mobility p,q and magnetic field B, is 
used to discriminate between classical and quantum behaviour. In the classical regime 
cocTq=(xqB<l, while in the quantum regime cocxq=u.qB>l. In the classical regime, 
magnetotransport is described by a 2D or 3D conductivity tensor a, which describes the 
relation between the current density and the electric field: 

j=äE (2.1) 

In this section the 2D case will be discussed, where the conductivity tensor for isotropic 

conduction is given by: 
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a= 0xx Uxy (2.2) 
- (T„, <7rr 

Within the formalism of the Boltzmann transport equation in the relaxation time 
approximation (Drude model), the elements of this tensor are given by : 

nefi, nejufB 
and axv = 'T—T (2.3) " l + MÏB2 xy 1 + MÏB2 

for one occupied electron subband. In these equations n is the free carrier density, e the 
electron charge, |̂ t the transport mobility and B the magnetic field. The resistivity tensor p is 
defined as the inverse of the conductivity tensor and can be calculated from the conductivities 
by the following relations: 

p»=-r^-r and
 P^-T*-^ ^ 

In the case of a single occupied subband, the (magneto)resistivity, pxx, and the Hall resistance, 

pxy, are given by: 

Pxx(B = 0)=— and pxy(B) = — (2.5) 
eptn ne 

From the slope of the Hall resistance versus magnetic field the electron density can be 
determined, while from the zero field value of the resistivity the transport mobility can be 
determined. For a multi-subband system the situation is more complicated. For the 
appropriate equations for a two-subband system see section 4.4. 

2.2. Weak localisation 

Electronic transport can be described classically by the Boltzmann transport equation. The 
temperature dependence of the Drude resistivity p=m/ne2x is contained in the scattering time 
T, since the electron density n is constant in a degenerate electron gas. At low temperatures 
inelastic scattering processes are suppressed and the residual resistivity is entirely due to 
elastic scattering. The elastic scattering processes are mainly caused by stationary impurities 
or other crystalline defects and are temperature independent in the semiclassical theory. The 
experimentally observed resistivity increase at low temperatures is due to long-range 
correlations in the diffusive motion of an electron, which can only be described quantum 
mechanically. These long-range correlations arise because purely elastic scattering does not 
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destroy the phase of the electron wave function. Phase conservation leads to quantum 
interference corrections to the resistivity. The quantum interference effects essentially cause a 
weak localisation of the conduction electrons due to backscattering. Diffusive transport of 
carriers occurs when multiple elastic scattering events take place before an inelastic scatting 
event changes the phase of the electron wave function. A striking result is the coherent 
superposition of the scattered electron wave, which results in enhanced back scattering of the 
electron wave and remains as long as coherence is conserved . This effect has been 
interpreted as a precursor of localisation in strongly disordered systems and is therefore 
named weak localisation. The enhanced backscattering process can be quantified as follows. 
Consider an electron in state k, which is scattered after n elastic scattering processes into the 
vicinity of state -k. There is an equal probability for the electron to end up in state -k with the 
reversed scattering sequence. The important point is that the amplitude of the final state -k is 
the same for both scattering sequences. Since the final amplitudes A of both sequences are 
equal and phase coherent, the total intensity is 4|A|2. If the electron phases were not coherent 
then the total scattering intensity of the two complementary sequences would only be 2|A| . 
Thus there is a double probability for backscattering in the coherent case. For scattering 
processes other than back scattering, there is only an incoherent superposition of the electron 
wave functions. With increasing temperature the scattering process becomes more inelastic 
and therefore incoherent. The temperature correction to the conductivity due to coherent 
backscattering is given by : 

AaXÏ= — tapL-l (2.6) 
nh {TJ 

where x0 is the elastic scattering time and ij is the inelastic scattering time, the latter being 

temperature dependent. 
A magnetic field destroys the phase-coherence of the two complementary scatter 

sequences, and therefore strongly reduces the enhanced backscattering. The suppression of the 
weak localisation in a magnetic field results in a decrease of the resistance. For a description 
of the theory of the negative magnetoresistance the reader is referred to section 4.4.2 and 
references mentioned therein. 

2.3. Strong localisation 

Localisation of electronic states4 and in particular the metal-insulator transition has been for 
many decades an important topic of research. Localisation is closely related to disorder in the 
concept given by Anderson5, or due to electron-electron interactions as proposed by Mott . 

Impurity atoms in semiconductors can act as donors or acceptors. The electron-
electron interaction creates an energy gap when two electrons are located at the same site. If 
the impurity atoms are located close to each other, the overlap between the electron wave 
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function introduces an impurity band. As long as the interaction energy is greater than the 
impurity bandwidth, the material will be an insulator. However a transition from an insulator 
to a metal occurs when the bandwidth exceeds the correlation energy. This transition is 
usually referred to as the Mott transition and depends on the strength of the electron-electron 
interaction. 

The electron wave function in a random disorder potential may be altered if the 
disorder is sufficiently strong. The traditional view was that Bloch waves lose their phase 
coherence due to scattering by the disorder potential, while the wave functions remain 
extended throughout the sample. Anderson, however, pointed out that if the disorder is strong, 
the wave function might become localised. There is a transition as function of disorder or 
equivalently energy, where the electronic state changes from localised to extended. The 
critical energy where this change occurs is called the mobility edge and the connected metal-
insulator transition is the Anderson transition. 

Both the Anderson and the Mott transition present different concepts for the metal-
insulator transition. The main difference is that the Anderson transition is brought about by 
disorder and is developed in a single-electron picture, while the Mott transition takes place 
due to electron-electron interactions. In general both disorder and interactions govern the 
metal-insulator transition, and a better name is Mott-Anderson transition. 

An important issue is whether the zero-temperature conductivity vanishes abruptly or 
gradually when the Fermi level shifts from the extended to the localised states. Mott7 

introduced the concept of minimum metallic conductivity based on the idea that the electron 
mean free path £ cannot be less than the de Broglie wavelength. In 1979 a new scaling theory8 

of localisation was put forward, which claimed that it is not the conductivity, o, but the 
conductance, G, of a system which possesses a critical value. The unit of G is Q.' in all 
dimensions, whereas a takes into account the sample geometry. The dimensionless 
conductance is given by G=Cx(h/jie2) and has a critical value of order unity. In the scaling 
theory one tries to understand localisation by considering the behaviour of the conductance G 
as a function of the system size L. The main objective of the scaling theory is to describe how 
G(L) changes with L for all L>£ (£=free mean path), in various dimensions. If the system is 
large (L»£) a is related to G and C=aLd"2, where d is the dimensionality of the system. The 
main ansatz of the theory is that if one constructs a system of size 2L out of systems of size L, 
the conductance of the constructed system of 2L is uniquely determined by that of the initial 
system with size L. After carrying out the edge-doubling procedure many times, one 
determines the function G(L). The macroscopic conductivity of the system is determined by 
the limit L—»°°, i.e., the conductivity that is independent of system size L. 

The property that G after edge doubling is determined by its previous value can be 
expressed mathematically as: 

^-=ß(G) (2-7) 
d\nL 
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In G 

Figure 2.1: Dependence of ß on InG for dimensions d=l,2 and 3. Arrows 

indicate the direction in which InG varies with the system size L. 

where ß(G) is an unknown function independent of L. The scaling function can be obtained in 

the limits G » l and G « l . 

1) Large conductance G » l : 
The electron states are only weakly perturbed by disorder and Ohm's law is valid. This leads 
to the asymptotic form ß(G) = d-2. 

2) Small conductance G « l : 
The electron states are localised and the conductance decreases exponentially with L: 

G = G0 exp 
4 

(2.8) 

where t, is the localisation length. This is clearly a very non-Ohmic scale dependence and for 
G—>0 ß(G)=ln(G/G0), with G0=7te2/h. ß(G) is negative, indicating a decrease in the 
conductance when the length scale increases. 

The scaling function ß(G) is shown in figure 2.3 where the asymptotics are shown by 
dashed lines. From this graph some important physical conclusions can be drawn. 

A) One dimension (d=l): 

In this case ß(G)<0 for all G, therefore the edge-doubling procedure always results in 

diminishing G. If L-^°° both the conductance and the conductivity of a one dimensional 

system vanish and the system always becomes an insulator at T^OK. 
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B) Two dimensions (d=2): 

In this case when L^>°° the conductance G=0, like in ID systems. At large enough length 
scales only localised behaviour is possible. The prediction is that at T=0K there is no true 
extended state in 2D systems. In a two dimensional electron gas with 'metal' like properties 
(large conductance), and L not too large compared with the mean free path, one can treat the 
disorder perturbatively and obtain for the conductance: 

G = GD-^±) (2.9) 

where GD-kF£/n, is the Drude conductance, with kF the Fermi wave vector. Thus for a two 
dimensional electron gas localisation can be weak under certain conditions. This weak 
localisation results from the quantum interference between scattered electron waves and is 
described in the preceding section. 

C) Three dimensions (d=3): 

The curve for 3D in figure 2.3 intersects the horizontal axis at G=GC. If G>GC the edge 
doubling procedure will enhance the conductance and it will reach for L—>°° its asymptotic 
value given by Lrj=l, with metallic behaviour. On the other hand if G<GC the conductance 
will decrease with doubling of L and the system becomes an insulator. 

In the following only localisation in 2D systems will be discussed. The localisation 
theory proposed by Abrahams et al.8 could not explain the quantum Hall effect. (The quantum 
Hall effect is discussed in section 2.5) The quantisation of the Hall conductance was 
interpreted as an Anderson localisation process due to random disorder. On the other hand, 
delocalised states were needed to carry the Hall current. The scaling hypothesis predicts 
localised electron wave functions in 2D. The discrepancy was removed by the formulation of 
a two-parameter scaling theory, where besides oxx also axy was incorporated. For an 
explanation of the concepts of this two parameter scaling theory see chapter 5.2. For a more 
formal derivation of the field theoretical description of scaling see 'Field theory, scaling and 
the localisation problem' by Pruisken9 and reference therein. For a more extensive review on 
disordered electronic systems the reader is referred to the review article by Lee and 
Ramakrishnan10 or to the book of Shklovskii and Efros . 
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2.4. Shubnikov-deHaas effect 

In materials with degenerate carriers the resistivity under certain conditions oscillates with 

magnetic field, which is called the Shubnikov-deHaas effect. This phenomenon is caused by 

the changing occupation of the Landau levels in the vicinity of the Fermi level. Shubnikov-

deHaas oscillations are observable in 3D as well as in 2D, but we concentrate in this section 

on the description of the quantum transport of a 2D-electron gas. The presence of a magnetic 

field drastically changes the quantisation of the 2DEG. If a magnetic field B is applied 

perpendicular to the 2DEG, the Lorentz force causes a full quantisation of the energy 

spectrum of the electrons. In a perpendicular magnetic field the Schrödinger equation of the 

2DEG reads: 

2m 
- ( k + eA)2+f/,.(z) xF,(k,r)=£',.,i',.(k,r) (2.10) 

with a vector potential A=(0,Bx,0), and Uc the confining potential of the 2DEG. The 

Hamiltonian is independent in the y-direction for the chosen gauge and therefore there is only 

plane-wave character in the y-direction: ¥,• (k , r ) = çi(z)zn(
x)e'yf • The confinement in the 

z-direction is caused by the confining potential and is equivalent to equation 1.1. In the x-

direction where the magnetic field is responsible for the confinement, the Schrödinger 

equation is given by: 

n d i » 2 / N 2 

2m ax 
Xnix)=EnxM) (2.11) 

in which x0 is the cyclotron orbit centre, given by Äky/eB, and œc the cyclotron frequency, 

given by eB/m*. This equation describes a simple harmonic oscillator and its eigenvalues are 

equal to: En=(n+1/2)Ä(flc. This energy quantisation is called Landau quantisation. The total 

energy of the electron state is described by writing: 

--Ei+(n + ±)hû)c+sg juBB (2.12) 

where the last term describes the Zeeman term, which accounts for the spin splitting. The 

Landau quantisation changes the density of states (DOS) from a continuum into discrete, 

equally spaced, 5-functions. The degeneracy per Landau level is given by eB/h. Due to this 

field dependence also the Fermi energy depends on the magnetic field, in order to keep the 

total electron concentration constant. The number of filled Landau levels, the filling factor, is 

equal to v=nh/eB, with n the electron concentration. 
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In practise the Landau levels are broadened due to disorder. At low temperatures the 
most important scattering process for electrons is ionised impurity scattering. In alloys, also 
alloy scattering is an important scattering process. The states in the tails of the Landau levels 
are localised due to potential fluctuations. Therefore, in between the Landau levels a mobility 
gap is formed with localised states. This plays an important role in the origin of the quantum 
Hall effect, as discussed in the next section. 

The Landau level quantisation becomes important when the temperature is low enough 
(kBT«(h/2rc)coc) and the magnetic field is strong enough to cause a Landau splitting in the 
order of, or larger than, the width of the Landau levels (u.qB~l with (j,q the quantum mobility). 
In this regime Shubnikov-deHaas oscillations become observable. In figure 2.2 a 
measurement of pxx in AlGaAs/InGaAs heteroj unction is plot, where Shubnikov-deHaas 
oscillation are observable. 

The Landau levels shift through the Fermi level as function of magnetic field, 
resulting in a periodic oscillation in 1/B. From the degeneracy of a Landau level (eB/h), one 
can deduce the carrier density per spin state from the period P of the Shubnikov-deHaas 
oscillation: 

••(e/h)/P (2.13) 
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Figure 2.2: Magnetoresistance pxx (left axis) and the Hall resistance pxy (right 

axis) are plotted at T=28mK. pxy shows broad quantum Hall plateaus and the 

numbers at the plateaus correspond with the filling factor of the corresponding 

Landau level. 
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At low and intermediate magnetic fields, where the Landau levels are not completely 
separated (ÄCüc»kT and uB<l), an approximated DOS of equally spaced Lorentzian shaped 
Landau levels11 can be used. For isotropic short-range scatterers the resistance is related to the 
oscillatory behaviour of the DOS and is given by12: 

A ^ ( g ) . 

A) 

^, nskT I hmc 

s=x smh(7!skT I hcoc) 
exp 

-Tis 

MqB cos 
2ns 
PB • — TIS (2.14) 

The oscillatory cosine components are the Shubnikov-deHaas oscillations, where P is given 
by relation 2.13. Usually the higher harmonics are neglected, because the exponential 
envelope function decays rapidly as function of index s. The exponential term can be used to 
determine the quantum mobility. The Fermi distribution is incorporated in the first term and 
describes the temperature dependence of the Shubnikov-deHaas oscillations. This temperature 
dependence can be used to obtain the electron effective mass. 

2.5. Quantum Hall effect 

In 1980 v. Klitzing discovered the quantum Hall effect in Si MOSFET structures exposed to 
high magnetic fields. In the Hall conductivity plateau's appeared at integer values of e /h, 
independent of sample characteristics. The Hall resistance at the lowest integer plateau (v=l) 
is equal to 25813 Q, and can nowadays be measured14,15 with a relative accuracy of 10" . 
Because of this accuracy and because of the absence of any sample dependence, the quantum 
Hall plateau resistance is nowadays used as the resistance standard. 

Two years later also plateaus with fractional values of e2/h were reported16. It is 
claimed that the fractional quantum Hall plateaus are caused by quasi particles with a 
fractional charge17. Strong electron-electron interaction is a condition for the formation of 
these quasi particles and to achieve this the disorder in the sample should be very low. In this 
thesis only the integer quantum Hall effect will be discussed. 

The quantum Hall effect is observable at low temperatures (Äcoc»kT) when the 
Landau level separation becomes larger than the width of the levels (u,qB>l) and the states 
in-between Landau levels are localised due to potential fluctuations. In the tails of the Landau 
levels the states are localised and in the centre delocalised states, the so-called extended 
states, are present. The localisation is related to the potential fluctuations caused by the 
disorder. The quantisation of the Hall resistance is a consequence of the existence of a 
mobility gap between adjacent Landau levels. In figure 2.3 Landau levels are plotted with 
localised and extended states. When the Fermi level is located in the localised states pxx (oxx) 
is zero and pxy (axy) is quantised with the value: 
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P. xy , 2 ve 
(2.15) 

The extended states carry the Hall current, only when the Fermi level is located in the 
extended states of the Landau levels. In this case pxx (oxx) is nonzero and pxy (axy) is 
intermediate between two successive quantised Hall plateaus. This explains the appearance of 
Hall plateaus but not the insensibility of sample disorder. Due to disorder only the extended 
states are involved in the electrical conduction and therefore the degeneracy of the Landau 
level is given by fx(eB/h), where f represents the fraction of extended states. The current of 
each extended state increases due to the disorder, which just compensates for the decrease 
caused by the localised states and hence the plateau value remains quantised according to 
equation 2.1518''9. So the different amounts of disorder in different samples does not influence 
the quantised value due to this compensation effect. A classical resemblance is that of a 
narrowing in a pipe, where around the obstacle the fluid will flow faster to conserve a 
constant flow along the pipe. 

Another elegant description of the quantum Hall effect is the 'edge channel' picture20. 
Because of the physical edge of the sample a steep confining potential pushes the Landau 
levels up in energy. The filled Landau levels cross at the sample edge the Fermi level and 
form one dimensional conducting channels, called edge channels. The current carried by these 

DOS Landau level 
-* 

Extended 

Pxy 

Px> 

Figure 2.3: Schematic diagram of the density of states (DOS) versus 

magnetic field B for three Landau levels. In the lower diagram a schematic 

representation of the resistivity (p„) and Hall resistance (pxy) is given. 
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edge channels is fixed and the currents on the left-hand side and the right-hand side of the 
2DEG flow in opposite directions. Resistance is non-zero when the Fermi energy is aligned 
with the extended states of a Landau level and electrons can be scattered across the 2DEG 
towards the opposite edge. In this case the Hall resistance is no longer quantised. With the 
Fermi level in the mobility gap no backscattering occurs and pxx=0 and pxy is quantised. 
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3. Bandstructure of PdAl2Cl8 

graphite intercalation compounds 

3.1. The graphite intercalation compound: a carbon-based 
material 

Different carbon based materials are present in nature due to different types of chemical 
bonding. This gives rise to a variety of materials, like crystalline diamond, planar graphite and 
the recently discovered ball- and tube shaped fullerenes1'2. A striking difference between the 
variety of carbon based materials is the difference in electronic properties and the 
dimensionality of the material. Pure diamond is a 3D material and is an insulator. Nanotubes 
are ID semimetals or insulators and 'Bucky Balls' (C60) are OD insulators. Graphite is a quasi-
2D material with the electronic properties of a semimetal. Graphite has a hexagonal 
symmetry, due to the sp hybridisation of the carbon atoms, where each atom is bound to three 
nearest neighbours (the nearest neighbour distance is 1.42Â). The structure of graphite 
consists of a honeycomb network stacked with a periodical shift in the direction parallel to the 
edge of a hexagon in its plane. The sequence of stacking in graphite crystals is predominantly 
ABABA... When the graphite layers are stacked without a preferential order, the material is 
called turbostratic graphite. The interplanar bonding between the graphite layers, due to the 
van der Waals force, is much weaker than the intraplanar covalent bonding. This results in an 
interlayer distance of 3.35 A. 

The high anisotropy of the binding forces between the carbon atoms in graphite allows 
atoms and molecules to be inserted into interlayer spaces. Such incorporation of impurity 
atoms or molecules into the interlayer spaces is called intercalation1,3'4. Intercalation can 
change the semimetallic behaviour into that of a 2 dimensional metal, an anisotropic 3D metal 
or a superconductor, depending on the type of intercalant. A redistribution of electron density 
(charge transfer) occurs between the carbon atoms in the graphite layers and the atoms or 
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Stage 1 0 

0,0,0 

-o-o-o 
Intercalant Stage 2 

Figure 3.1: Schematic diagram illustrating the staging phenomenon in graphite 

intercalation compounds for stage 1 and 2. The intercalant layers are the dashed lines with 

the open circles and the graphite layers are the full lines with the closed circles. The 

ABABA... graphite layer stacking for stages >2 is maintained between the intercalant 

layers. 

molecules in the intercalant layers. As a result the equal number of electrons and holes present 
in the semimetal is modified. Graphite Intercalation Compounds (GIC) can be divided into 
donor-type or acceptor-type GIC, depending on the character of the charge redistribution. The 
electronic properties of these GIC can be controlled over a wide range of carrier densities and 
electrical conductivities by the intercalation process. 

In this chapter magnetotransport measurements on PdAl2Cl8 graphite intercalation 
compounds will be discussed. The most characteristic feature of the GIC is their peculiar 
lattice structure, in which the intercalant layer periodically alternates with a definite number of 
carbon layers. The stage of the intercalation is defined as the number of carbon layers between 
two intercalant layers. Stage 1 material has one carbon layer between the intercalant layers, 
where the stage 2 material has two carbon layers between the intercalant layers etc. The 
staging phenomenon in GIC is illustrated in figure 3.1. Our structures with PdAl2Cl8 are 
acceptor type GIC. Thus electrons will be transferred to the intercalant layer, where they 
localise. Therefore, the free carriers in the carbon layer are holes and the density is 
considerably higher than the initial density in pure graphite. In this chapter stage 1, stage 2 and 
stage 3 PdAl2Cl8 graphite acceptor compounds are discussed. The main purpose of our 
research is to investigate the effect of staging on the bandstructure of PdAl2Cl8 GIC. 

Graphite intercalation compounds have attracted much interest over the past decade 
because of their peculiar properties. In this chapter we concentrate on the electrical properties, 
characterised by the use of high magnetic fields. The characteristics depend on many factors, 
like the nature of the intercalant (acceptor or donor type), the stage number and the method of 
synthesis. The electronic properties depend strongly on the stage number, because staging 
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changes the bandstructure. Information about the band structure, like the size and shape of the 
Fermi surface, the effective mass and the carrier concentration, is provided by Shubnikov-
deHaas oscillations at low temperatures. In the case of the PdAl2Cl8 GIC we were able to 
investigate the bandstructure of stage 1-3 materials. The experimental results have been 
analysed within the band structure model of Blinowski et al.5. 

The comparison with band structure models for the PdAl2Cl8 is not hampered by a 
possible 2D ordering of the intercalant. When there is ordering and the lattice of the 
intercalant is commensurate with the hexagonal graphite lattice, zone folding complicates the 
interpretation of the experimental results. Zone folding is the crossing of various parts of the 
Fermi surface and the emergence of complicated combinative orbits of carriers in a magnetic 
field4'6. A complicated Fermi surface is formed by zone folding in the stage 1 and stage 2 
InCb GIC.7'8 A great deal of experimental work has been carried out on SbCl5 GIC (up to 
stage 5), because it is one of the most stable GIC in air. But also in these materials zone 
folding is responsible for a complex spectrum of oscillations ' . 

Without in-plane zone folding, a direct comparison with band structure calculations 
can still be difficult due to the possible interaction between carbon atoms in neighbouring 
layers separated by the intercalant layer. The interaction gives rise to a superlattice structure 
along the c-axis direction. Zone folding can also be applied to this superlattice structure, when 
a strong interaction is present. A weak interaction causes an undulation of the cylindrical 
Fermi surface only. A truly cylindrical Fermi surface results in zero electrical conductivity 
along the c-axis, because the carrier velocity is directed perpendicular to the Fermi surface. In 
the PdAl2Cl8 GIC high values of the resistivity in the c-direction pc are measured , exceeding 
5Qcm. Also the anisotropy pc/pa (pa is the in-plane resistivity) is particularly high, 
approximately l-2xl06 at 4.2K. This is comparable with the values obtained for AsF5 stage 1 
GIC12. From this high anisotropy one can conclude that the interaction between the carbon 
layers in neighbouring layers is small and the 2D character of the system dominates. 
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3.2. Synthesis of PdAl2Cl8 GIC and experimental methods 

The samples were provided by Dr. E. McRae at the 'Laboratoire de Chimie du Solide 
Minéral' of the University of Nancy. The samples were produced by the intercalation of 
highly oriented pyrolytic graphite. The reaction with PdAl2Cl8 vapour was carried out at 
300°C for a reaction time of 3 days. This lead to a stage-1 C22PdAl2Cl8.5 compound as 
confirmed by X-ray analysis. By lowering the temperature stage 2 and stage 3 materials were 
produced. All three stages were pure monophase materials. 

The thickness of the intercalant layer, dj=9.56±0.02 Â, was determined by X-ray 
diffraction. This enables one to calculate the c-axis repeat distance, Ic=di+(N-l)d0. Here 
d0=3.35 Â is the c-axis lattice parameter of graphite and N is the stage number. 

The samples had bar-like shapes with typical dimensions 5x1x0.5 mm3. Voltage and 
current leads were attached to the sample by silver paint under protective nitrogen 
atmosphere. The transversal magnetoresistance was measured with a standard four-point dc 
technique, with a current directed in the basal plane and the magnetic field applied along the 
c-axis. Measurements up to 38T were carried out at the High Field Facility of the University 
of Amsterdam. This long pulse magnet has a pulse duration of Is. The samples were 
immersed in liquid Helium and the measurements were performed at T=4.2K and 1.5K. 

3.3. Band structure model of acceptor-type graphite 

intercalation compounds 

Due to the high anisotropy of the electrical conductivity in acceptor type GIC a two-
dimensional band structure model has been proposed by Blinowski et al. . In this model a 
stage N compound is treated as a collection of independent and equivalent subsystems of N 
graphite layers bound by two intercalant layers. The electron transfer from the carbon atoms to 
the acceptors introduces free holes in the graphite layer. The negative charge is tightly bound 
to the acceptors. Charge flow across the intercalant layer is not taken into account. The 
Blinowski model makes use of a tight binding method, which takes into account the in-plane 
interactions between nearest neighbour carbon atoms. For stage 1 the band structure 
corresponds to the 2D bandstructure of graphite with linear dispersion relations near the 
degeneracy point (K-point in the Brillioun zone) of the n-bands. For a stage 2 compound, the 
graphite interlayer interaction partially removes the conduction and valence band degeneracy. 
In the case of stage 3 compounds electrostatic effects should be incorporated because the 
graphite layers of the subsystem are no longer equivalent . 
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3.3.1. First stage 

Within the model of independent graphite sub-systems , the band structure of the first stage 
14 GIC is directly related to the band structure of 2D graphite . The model neglects all 

interactions but the nearest neighbour in-plane overlap energy yo- In graphite Yo=3.2eV. In the 

vicinity of the Brillouin zone edge the dispersion relation becomes a linear function of the 

wave number k: 

Ecv(k) = ±^y0bk (3.1) 

where b is the nearest neighbour distance, equal to 1.42A. The subscripts c and v refer to the 
conduction and valence bands, respectively. The Fermi energy is given by: 

3 , f S V ' 2 

E^—Mn (3.2) 

where S is the extremal cross-section, which can be extracted from the measured frequency F 

of the Shubnikov-deHaas oscillation, S=(2ne/Ä)F. In this relation e is the electron charge and 

h is the Dirac constant. The carrier concentration is related to the Fermi wave number kf in the 

plane perpendicular to the c-axis: 

4J±, 45 v 
(2n)2Ic (2nflc 

(3.3) 

where the subscripts e and h refer to electrons and holes, respectively. The cyclotron effective 
mass is expressed in the Fermi energy as follows: 

» h2 dS 4h2E, 
m' = — ^- = -—i (3.4) 

In dE 9f-b2 

The positive excess charge (holes) in the graphite layer is due to charge transfer to the bound 

acceptors, which modifies the crystal potential. This modified crystal potential does not 

change equation 3.1, but modifies the value of yo. Fluctuations in the crystal potential caused 

by the charged acceptors should be strongly screened due to the high density of free holes. The 

band-structure of a stage 1 PdAl2Cl8 GIC is plotted in figure 3.2. 
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Figure 3.2: Band structure near the Brillouin zone edge (K-point) for stage 1, 2 and 3 acceptor 

PdAUClg GIC. C denotes a conduction band and v a valence band. Values for Ef and the 

interaction parameters Yo and Yi are determined from the SdH data. See also section 3.4 and 

Table I. 

3.3.2. Second stage 

The second stage compound can be considered, in the most simple approximation, as 

consisting of independent sets of double graphite layers, separated by intercalant layers. In 

order to determine the bandstructure only the nearest neighbour interaction in the graphite 

plane (yo) and the nearest neighbour interactions between two carbon atoms in adjacent 

graphite layers (yO are taken into account. The band structure consists of two valence and two 

conduction bands. This lifting of the degeneracy is due to the extra interaction between the 

graphite layers. The two dispersion relations for the valence bands are given by: 

= ^(±r,-Vr,2+9ro2^2) (3.5) 

The Fermi energy can be calculated from: 
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1 ±n-k + 9yfrJ,:-
n 

(3.6) 

where the plus (minus) sign is for the largest (smallest) extremal cross section. The effective 
masses are given by: 

in2 

9y2b2 

2j.2c Y 9rZb% 
n 

(3.7) 

The ratio of hole densities n2 and nj in the valence bands is given by: 

n2 _ 211 E,-* 

». */i E/ + r, 
(3.8) 

where kn and kß are the Fermi wavenumbers in both valence bands. The stage 2 bandstructure 
is drawn in figure 3.2. 

3.3.3. Third stage 

Electrostatic effects due to the presence of the excess charge in the graphite layers become 
important in stage 3 compounds. The inequivalence of the middle and the outer graphite 
layers results in a different excess charge accumulation in the different layers. This affects the 
electrostatic potential in the subsystem and therefore also the bandstructure of the GIC (see 
figure 3.2). In the Blinowski model it is assumed that the charge distribution in the outer 
graphite layers differs from the one in the middle layer13. The potential energy difference 8 
between outer and inner graphite layers is the extra band parameter in the model. For a third 
stage compound there are 3 conduction and valence bands. The dispersion relations for the 
valence and conduction bands in the vicinity of the K point are: 

= S±\ 

E? = ±jS2 + yf+\x\
2-jy: + {4S2+2y?j\. (3.9) 

Er = ± ̂ S2
 + r;+\x\2

+4r: + {4S2
+2yf)\x\ 

where |x| is given by equation 3.1 and the plus (minus) sign refers to the conduction (valence) 
band. The extremal cross sections of the Fermi surfaces are given by: 
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4n i 2 
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S2 = (E2 + S2 + MEJS2 + 2Yl(E) -S2))-^j (3.10) 
v 9y2b 

S^(E2
f+S2-^4E2

f8
2

 + 2y2{E)-ö2)) ' 
9y2b2 

3.4. Results 

The magnetoresistance of several PdA^Clg GIC was measured in pulsed magnetic fields up to 
38T at temperatures of 4.2K and 1.5K. Experiments were carried out on pure stage 1, stage 2 
and stage 3 materials. In all cases several samples were measured, which led to identical 
results. 

In figure 3.3 the magnetoresistance of a pure stage 1 sample is shown. Clear 
Shubnikov-deHaas (SdH) oscillations are observable above 10T. In the inset of figure 3.3 the 
Fourier transform of the magnetoresistance obtained after subtracting the background 
contribution is shown. A pronounced frequency at 1190T is found and the second harmonic at 
2380T is also observable. For a stage 1 material one frequency is expected within the 
Blinowski model (see section 3.3.1). From the period of the SdH oscillation the hole density 
nsdH was determined at nsdH=l-20xl027 m"3. It would be of interest to compare nsdH with the 
density calculated from the Hall coefficient, as this would allow one to determine whether the 
whole Fermi surface has been observed in the SdH experiment. However, we could not obtain 
reliable values for the Hall coefficient. This we attribute to the difficulty of making proper 
Hall voltage contacts on the sample. The contacts were made by gluing thin copper leads to 
the side of the sample by means of silver paint. Apparently the effective thickness of the 
conducting layer is not identical to the physical thickness of the sample, as we obtained a hole 
density nHaii a factor 10 smaller than nsdH- Also, values for nnaii did not reproduce. 
Nevertheless, we believe that one single SdH frequency characterises the Fermi surface of the 
stage 1 PdA^Clg GIC. Using the measured value for the extremal cross section S and the 
literature value Yo=3.2eV for pure graphite, we calculate with the help of equation 3.2 Ef=-
1.30eV. Also the effective mass was calculated, using equation 3.4: m*=0.21mo. It is 
interesting to compare the calculated value of m* with the measured one, determined from the 
temperature dependence of the amplitude of the SdH signal. Since we have taken data only at 
T=4.2K and 1.5K the accuracy is limited and m*=0.25±0.05mo. When we use the measured 
value of m* in order to calculate Yo we obtain Yo=2.94eV, which is about 9% smaller than the 
literature value for pure graphite. A reduction is expected since the increase in carriers in the 
graphite layer normally results in a stronger screening of the atomic potential. The Fermi 
energy changes to -l.OOeV, when 2.94eV for Yo is used in the calculation. In contrast to 
experiments on C9.3AICI3.4 and C8H2S04 stage 1 GIC15 we infer from this analysis that the 
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Figure 3.3: Magnetoresistance of stage 1 PdAl2Cl8 GIC at 4.2K. Inset: 

Fourier spectrum of the SdH oscillations. 

Blinowski model gives a reasonable description of the bandstructure of the stage 1 PdAlaCls 
GIC. In Table I the relevant measured and calculated bandstructure parameters deduced from 
the data in figure 3.3 are listed. The frequencies in the table are values averaged over different 
samples. Three different stage 1 and stage 2 samples and two stage 3 samples were 
investigated. The error in the frequency is the maximal difference from the average value. 

In figure 3.4 the experimental results are shown for a pure stage 2 sample. The SdH 
signal obtained for the stage 2 compound is clearly not monochromatic, as is demonstrated by 
the Fourier spectrum shown in the inset of figure 3.4. We observe six frequencies, labelled 1-
6. However, within the Blinowski model (see section 3.3.2) one expects only one or two 
frequencies for a stage 2 compound. Inspecting the data in Table I, we argue that frequencies 1 
and 3 are the fundamental frequencies. Frequencies 4 and 6 are the 2n and 3r harmonics of 
frequency 1, respectively. Frequency 5 is not a fundamental frequency because this frequency 
is higher than the stage 1 frequency (F=1190T). The carrier concentration reduces upon stage 
number and therefore the fundamental frequency of stage 1 should be the highest. This 
suggests that frequency 5 is a sum frequency of frequencies 1 and 3 (Fs=Fi+F3). When two 
subbands are occupied a complex SdH pattern is generated because of the presence of two 
Landau level ladders. This can cause a modulation of the highest frequency FH with the lower 
frequency FL. Sum (FH+FL) and difference (FH-FL) frequencies are formed due to elastic 



38 Chapter 3 

a 

E, 

CC 

16 

14 

12 

10 

S 8 
cc 

T—'—r 
2.0 

1.5 

"0 500 1000 1500 
Frequency(T) 

0 40 

Figure 3.4: Magnetoresistance of the PdAl2Cl8 GIC stage 2 compound at 4.2K. Inset: 

Fourier spectrum. 

intersubband scattering. This effect was clearly observed in GaAs/AlGaAs 
heterojunctions16'17. In our measurement on the stage 2 sample only the sum frequency is 
clearly observable. 

The proximity of frequencies 1 and 2 seems to indicate a splitting of one fundamental 
frequency. We can not rule out the possible that the splitting is an artefact of the Fourier 
transform. The difference between frequencies 1 and 2 turns out to depend on the field range 
used. This field range dependence is not observed for the other peaks. On the other hand two 
explanations for the splitting of the frequency come to mind. The first explanation is the 
existence of an undulation of the Fermi surface along the kc direction due to interlayer 
interactions over the intercalant layer. Experimentally the undulation of the Fermi surface is 
difficult to observe in magnetotransport measurements in perpendicular magnetic fields. The 
undulation of the Fermi surface will be discussed in more detail in the next section about 
angle dependent magnetoresistance. The second possibility is the existence of intercalant 
islands, which produce a perturbation affecting the graphite-graphite or graphite-intercalant 
interactions. The inhomogeneity of the intercalant layer affects the bandstructure of the GIC 
and results in a splitting of the frequencies. The splitting of the frequencies due to intercalant 
islands is observed in a stage 3 SbCl5 GIC10. In this material not only double peaks were 
observed but also a fourfold splitting. The splitting of the frequencies in a stage 3 SbCl5 GIC 
is time dependent, which is attributed to the melting of the different intercalant islands with 
time18. We did not observe any time dependence for the stage 2 PdAl2Cl8 GIC. 
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Stage Nr peak F(T) nsdH (m"3) Model-

Parameters 

m*/mo m*/mo 

cal. 

Ef(eV) 

cal. 

1 1190±2 1.20X1027 Yo=2.94eV 0.25 0.21 -1.00 

2 1 462±3 3.66X1026 Yo=2.60eV 0.12 -0.89 

2 495±20 Yi=0.38eV 

3 848±7 6.59X1026 0.22 

4 895±10 

5 1314±4 

6 1396±4 

3 1 69±2 Yo=1.3eV -0.62 

2 138±2 8.11X1025 Yi=0.38eV 0.20 0.08 

3 439±7 5=0.15eV 

4 506±6 3.14X1026 0.28 0.16 

5 574±3 3.41X1026 0.16 

6 1012±10 

Table I: Parameters of the energy spectrum of first, second and third stage PdAl2Cl8 

GIC. Nr peak is the labelled peak number in the Fourier spectrum of the insets of figure 

3.3, figure 3.4 and figure 3.5. F is the frequency in Tesla and nSdH is the hole density 

determined from the SdH oscillations. Model parameters are the interaction energies in 

the Blinowski model in electron Volts. m*/m0 is the measured effective mass and m*/mo 

cal. is the calculated effective mass, both normalised to the free electron mass. Ef is the 

calculated Fermi energy. 

Under the assumption that frequency 5 is a sum frequency, the fundamental frequencies 

are 1 and 3. This is consistent with the prediction of the Blinowski model. In Table I the 

parameters of the energy spectrum derived from the SdH data of the stage 2 sample are listed. 

For pure graphite Yi is equal to 0.38eV, which we assume is not influenced by the 

intercalation process. The calculated in-plane interaction parameter Yo amounts to 2.6eV, 

calculated with equation 3.6 with use of the fundamental frequencies. This value is smaller 

than the one determined for the stage 1 sample. In case of the stage 1 compound we attribute 

the reduced value of Yo to screening of the atomic potential. In a stage 2 compound we expect 

screening to be less effective and therefore Yo should be in between the values for pure 

graphite and the stage 1 compound. This is however not the case (Yo=2.6eV), which indicates 

the limited applicability of the Blinowski model. In any case, the extracted values for Yo 

should be regarded with care. 

In figure 3.5 the magnetoresistance of the pure stage 3 compound is plotted at T=1.5K. 

In the inset the Fast Fourier spectrum of the SdH data is shown. Again, more peaks are 

observed than expected within the Blinowski model13. The model predicts maximal three 
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Figure 3.5: Magnetoresistance of stage 3 PdAl2Cl8 GIC at T=1.5K. Inset: 

Fourier transform of SdH oscillations. 

frequencies because the band structure consists of three subbands. Six frequencies are 
observable in the Fourier spectrum of the data (see inset figure 3.5). Three of these 
frequencies are the fundamental frequencies caused by the bandstructure. Given its amplitude, 
F4 must be one of the fundamental frequencies. In that case the other two frequencies should 
be F2 and F5, otherwise the Blinowski model is inconsistent. The frequencies labelled 1 and 3 
are the difference frequency of F5 and F4 and of F5 and F2 respectively. F6 is the second 
harmonic of F4. At the moment we do not have a consistent explanation for the small extra 
peak at 771T. In figure 3.2 the bandstructure according to the Blinowski model is shown for 
the stage 3 PdAl2Cl8 GIC. 

The frequencies F2, F4 and F5 can be used to obtain values for the energies y0 and 5 

within the Blinowski model (equation 3.10). The value of yt is taken from pure graphite. For 

the in-plane interaction energy y0 we obtain a value of 1.3eV. The potential energy difference 

between the outer and inner graphite layers is S=0.15eV. The values for the interaction 

energies are comparable to the ones obtained for a stage 3 SbCls GIC10. In Table I the relevant 

experimental and bandstructure parameter are listed for the stage 3 PdAl2Cl8 GIC. The model 

by Blinowski et al. gives a reasonable description of the bandstructure of the stage 3 PdAl2Cl8 

GIC. But the extracted values for the interaction energies should be regarded with care. We 

come back to this point in section 3.5. 
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3.5. Angle dependent magnetoresistance 

We have investigated the angular dependence of the magnetoresistance of stage 1, 2 and 3 

PdA^Clg GIC. By varying the angle 9 between the applied field and the crystallographic c-

axis the 3D shape of the Fermi surface can be studied. In the 2D case the Fermi surface is a 

cylinder and the extremal cross section depends on the angle according to Sf(0)=Sf(O)/cos6. 

The angular dependence of the fundamental frequency Fi of the stage 1 compound is shown in 

the inset of figure 3.6. The amplitude of the SdH oscillations decreases rapidly with increasing 

0, which limited the range of 6 values for which it was possible to carry out the measurements 

to approximately 20°. Up to 20° a l/cos6 dependence is present indicative for a 2D cylindrical 

Fermi surface. 

An undulation of the Fermi surface can cause a fundamental frequency to split into 

two closely spaced frequencies. This is caused by interlayer interactions (over the intercalant 

layer) resulting in a Fermi surface consisting of an undulating cylinder with two extremal 

cross sections. The two extremal cross-sections, for a magnetic field applied along the c-axis, 

are located at kc=0 (K-point) and kc=7t/Ic (H-point). Such an undulating cylindrical Fermi 
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Figure 3.6: Angular dependence of the observed frequency Fi (full 

squares) and F2 (full circles) of a stage 2 PdAl2Clg GIC at T=4.2K. The 

full line is the 2D-cosine dependence (2D cylindrical Fermi surface). 

Inset: Angular dependence of the observed frequency of a stage 1 

PdAl2Cl8 GIC at 4.2K. 
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Figure 3.7: Angle dependent magnetoresistance of stage 3 PdAl2Clg GIC at T=4.2K. 

surface was detected in the case of the binary intercalated first stage19 CUQ2ICI1.2 GIC and 

first stage20 CdCb GIC. It was also observed in the second stage AICI3.4 GIC15. The Fermi 

surface is no longer a perfect cylinder, instead it is an undulating cylinder, with a 'neck' and a 

'belly' extremal cross section. A weakly undulated Fermi surface can be obtained by taking 

the interlayer interaction across the intercalant into account. The energy dispersion is 

expressed as follows : 

Ek =8--YMka +kb)-2tcos(kcIc) (3.11) 

where t is the interlayer (along the c-direction) transfer integral and an isotropic in-plane 

dispersion is assumed. From this energy dispersion, the angular dependence of the cross 

section S of the weakly modulated Fermi surface is deduced21: 

S = 

lût.) + j—Jo(Ick f tan0) + O ( r ) 

cos6> 
(3.12) 

where kr is the Fermi wave vector, Ic is the repeat distance and Jo(x) is the zero order Bessel 

function. In figure 3.6 the angular dependence for the frequencies Fi and F2 of the stage 2 

sample is shown. The frequency Fi is observable up to 23°, while the frequency F2 is 
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observable up to 17° only. For these angles we did not observe significant deviation from the 

1/cosG dependence, expected for the 2D cylindrical Fermi surface. The solid lines in figure 3.6 

give the l/cos8 dependence. 

For the stage 3 sample rotation was possible up to 35°, with better accuracy. In figure 
3.7 the magnetoresistance is drawn for three different angles. A decrease in frequency and 
amplitude can be clearly observed. The angular dependence for the most pronounced 
oscillation (F4 in inset of figure 3.5) is plotted in figure 3.8 (full squares). The dashed curve in 
this graph is the cosine dependence for a cylindrical Fermi surface. At angles above 20° a 
deviation from this behaviour becomes apparent (the error bar is of the size of the full 
squares). 

The lower full line in figure 3.8 corresponds to the 'neck' part of the weakly corrugated 
Fermi surface, which is characterised by a smaller area and a stronger angular dependence 
than predicted for a perfect cylinder. The data are well represented by equation 3.12, with an 
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Figure 3.8: Angular dependence of the observed frequency of peak 4 of a stage3 

PdAl2Cl8 GIC at 4.2K. The full squares and full circles are the measured 

frequencies. The full line is the angular dependence of a corrugated Fermi surface. 

(Lower one is the 'belly' frequency and the upper one is the 'neck' frequency). The 

dotted line is the 2D-cosine dependence (cylindrical Fermi surface). 
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Figure 3.9: The relative change in the amplitude versus angle for stage 3 

PdAl2Cl8 GIC. The dashed curve is the fit according to equation 3.14. The fit 

parameter is the Dingle temperature (TD=76K). 

interlayer transfer energy, t, amounting to 5.6meV. From this fit it follows that the 9=0 
fundamental frequency equals 527T. In comparing the data to the Blinowski model, we used 
this fundamental frequency instead of the value obtained from the Fourier spectrum 
(F4=506T). This difference does not change significantly the calculated bandstructure 
parameters. The 'belly' frequency equals 553T and is observable in the Fourier spectrum as a 
small peak (not listed in Table I). Unfortunately above 20° the belly angular dependence 
(circles in figure 3.8) can no longer be measured. For the other peaks in the Fourier spectrum 
only one frequency is observed. From these angular dependent measurements we conclude 
that the stage 3 PdAl2Cl8 GIC is not strictly 2D. This we attribute to a weak interaction 
between the graphite subsystems. The same conclusion holds for the stage 2 sample. In this 
case it follows from the splitting of the frequencies in the Fourier spectrum. However, it could 
not be made quantitative by the angle dependent magnetoresistance. The Blinowski model is a 
true 2D model, because the interaction over the intercalant layers is not incorporated. This 
reduces the applicability of this model to the stage 2 and stage 3 sample. 

For the stage 1 sample a modulation of the Fermi surface has not been observed. Due to 
the smaller repeat distance Ic for the stage 1 compound the superlattice effect and therefore the 
modulation is smaller. A simple model that introduces coupling between graphite layers 
separated by an intercalant layer supports this conclusion22. An extra term is introduced in the 
dispersion relation similar to equation 3.11. From the anisotropy ratio of the c-axis and the in-
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plane conductivity one can obtain a value for the interaction coupling between the layers. This 
anisotropy ratio is given by: 

<7C 

2Yy 
(3.13) 

With the anisotropy ratio for a stage 1 PdAl2Cl8 GIC11 aja^ equal to lxlO"6 the interlayer 

transfer integral t equal to 0.32 meV. Because the interlayer transfer integral t in the stage 1 

compound is more than 10 times smaller compared with the stage 3 GIC, we could not detect 

the undulation. 

The SdH amplitude decreases rapidly as function of angle, which limited the range of 

angles for which it was possible to carry out the measurements. For the stage 2 sample and the 

stage 3 sample the maximum angle was 23° and 35° respectively. In literature1 this rapid 

decrease is often explained by the in plane component of the magnetic field (_L c-axis) which 

forces the holes into the intercalant layer. According to this explanation this enhances 

scattering and thereby reduces the amplitude of the SdH oscillations. This is not correct, 

because the behaviour of the amplitude of the SdH oscillation can be satisfactorily described 

with a model23 based on the general theory of quantum oscillations developed by Lifshitz and 

Kosevich24. The angular dependence of the SdH oscillation amplitude is completely 

determined by the electron dispersion law as well as by the broadening of the levels due to 

carrier collisions with impurities, without any additional scattering for 9/0. In the model the 

dispersion relation for graphite described by Slonczewski and Weiss14 is used. The broadening 

of the energy levels is related to the relaxation time x by the Dingle temperature 

TD=7tÄ/(4TkB), where kB is Boltzmann's constant. The normalised amplitude of the oscillation 

is given by: 

^ ^ = Vc^öexp 
PTP(0) 

(CŒ + TA 
1 

cos# 
(3.14) 

where a is given by: 

a-
In ckB\Ef -y1 

ehBr]2 (3.15) 

with c the speed of light and r|=(V3Yob)/2ft. In figure 3.9 the normalised amplitude of the 

frequency F4 of the stage 3 PdAl2Cl8 GIC is plotted as function of angle. The only fit 

parameter is the Dingle temperature which give TD=76±4 K. From the magnetoresistance the 

quantum mobility (equation 2.14) can be determined. This gives for the Dingle temperature 
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TD=66±7 K. The description of the angular amplitude dependence with equation 3.14 looks 

reasonable and implies that there is no additional scattering for 8^0. 

3.6. Conclusions 

In summary, we have investigated the energy spectrum of PdAl2Cl8 GIC stage 1, 2 and 3. 
Shubnikov-de Haas oscillations were used to characterise the Fermi surface and the data were 
compared to the band structure model proposed by Blinowski et al.5. A good agreement is 
obtained for the stage 1 material. This 2D model is a good description of the band structure if 
the interlayer interaction between the carbon atoms in neighbouring layers separated by the 
intercalant layer is small. The high anisotropy between c-axis and in-plane conductivity 
confirms that this interlayer interaction in stage 1 PdAl2Cl8 GIC is small. 

The energy spectrum for the stage 2 GIC was more complicated on first sight than 
predicted by the Blinowski model. However two frequencies in the Fourier spectrum can be 
related with fundamental frequencies in agreement with the Blinowski model. Two of the 
frequencies in the energy spectrum are related with higher harmonics of the lowest 
fundamental frequency. Close to this lowest frequency there is a second frequency peak, 
which might be due to interaction between carbon atoms in neighbouring layers separated by 
intercalant layers. This interaction modulates the Fermi surface and the 2D cylindrical Fermi 
surface undulates and has a 'neck' and 'belly' extremal cross section. However, this 
explanation is not confirmed by the angular dependence of the magnetoresistance. The 
remaining extra-observed frequency could be explained by a sum frequency of the two 
fundamental frequencies. 

For stage 3 a similar problem with the energy spectrum arose. The Blinowski model 
predicts three frequencies and we observed five. In this case the extra frequencies could be 
regarded as difference frequencies of the frequencies used in the model. The interaction 
energies obtained from the model are comparable with those obtained for other stage 3 
materials. The angular dependence of the most pronounced frequency clearly showed a 
deviation from the cosine dependence, indicative for a 'neck' frequency. The 'belly frequency 
is very weak and difficult to observe for angles above 20°. For the other frequencies no 
undulation was observed. 
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4. Magnetotransport in carbon foils 
fabricated from exfoliated 
graphite 

4.1. Introduction 

Because of their strongly layered structure, graphite and graphite-based materials, such as 
graphite intercalation compounds, offer interesting perspectives to investigate physical 
phenomena related to reduced dimensionality1'2'3,4. The quasi two-dimensional behaviour of 
the charge carriers is reflected in a large ratio of the electrical conductivity along the a and the 
c axis, (7a/(7c, which attains a value of ~104 in single-crystalline graphite2. Upon separating the 
graphite sheets by acceptor-type intercalants, the conductivity anisotropy can be enhanced 
significantly to values as large as ~106 in AsFs stage 1 intercalated graphite5'6. Indeed, 
graphite intercalation compounds can be used to study dimensionality crossover phenomena, 
such as the warping of the cylindrical Fermi surface as disclosed by Shubnikov-deHaas 
oscillations in the magnetotransport data7. Another arresting physical phenomenon that has 
been reported for graphite-based materials is two-dimensional weak electron localisation2'3'8. 

Weak localisation originates from the quantum mechanical interference between 
elastically scattered carrier waves. Inelastic scattering processes destroy the phase coherence 
between the carrier waves and therefore weak localisation predominantly takes place at low 
temperatures. An applied magnetic field also destroys the phase coherence between the carrier 
waves. The two main experimentally accessible features of weak electron localisation are a 
logarithmic temperature dependence of the electrical resistivity and a negative 
magnetoresistance in low magnetic fields. Weak electron localisation leads to quantum 
corrections to the classical Boltzmann expression for the electrical conductance. These 
quantum corrections are larger when the dimensionality of the system is lower and become 
more and more important when the amount of disorder increases. A most relevant study in 
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this respect was performed by Bayot et al.\ who investigated the magnetotransport properties 
of partially graphitic carbons. The observed negative magnetoresistance and the low-
temperature behaviour of the resistivity of a series of pyrocarbon samples8, subjected to 
different heat treatments, could be well accounted for by the theory of two-dimensional weak 
electron localisation. 

In this chapter, the results of a low-temperature study of the magnetotransport 
properties, i.e. the magnetoresistance and Hall effect, of carbon foils fabricated from 
exfoliated graphite will be presented. Pregraphitic materials, like exfoliated graphite, exhibit a 
random stacking of the graphene layers (turbostratic structure), in contrast to graphite crystals 

in which the stacking is regular (predominantly ABAB ) (see Ref.2). The amount of 
disorder in the stacking sequence is expected to play an important role in the weak localisation 
process. The experiments were carried out on samples subjected to different heat treatments 
and with different structural parameters. The magnetotransport data were analysed with help 
of the theory of anomalous magnetoconductance beyond the diffusion limit, as formulated by 
Wittmann and Schmid10. 

4.2. Experimental 

4.2.1. Sample preparation 

As starting material for the preparation of the exfoliated graphite foils we used highly oriented 
pyrolitic graphite (HOPG) annealed at a temperature T> 3300 K. The angle of misorientation 
with respect to the c axis was less than 1°. First, a stage 1 H2S04 graphite intercalation 
compound (GIC) was prepared by the liquid phase method with K2Cr207 as oxidiser11. The 
intercalation process of graphite with H2S04 was controlled in situ by X-ray diffraction and 
resistivity measurements. By intercalation, the inter-graphite layer spacing increased from 
3.35 A till 7.98 A. After hydrolisation and drying the sample was exfoliated at 900 °C. The 
exfoliation process leads to a rapid blow-up of the interlayer spacing. The intercalate 
evaporates and the volume of the sample increases a factor 200-300. Foils with different 
densities were fabricated by rolling the exfoliated graphite. By rolling, the layers collapse in a 
way that the stacking becomes disordered. The final thickness of the foils amounted to 
0.5 mm. Part of the foils were heat treated at temperatures (HTT=Heat Treatment 
Temperature) of 2100 °C, 2400 °C and 2800 °C. The different densities allow for a study of 
the effect of intergrain scattering. For a complete description of the sample fabrication process 
we refer to Ref. 12. The samples were prepared by Dr. S.G. Ionov at the Moscow State 
University. 
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Sample D (g/cm3) HTT(°C) do (A) Pt a 

N4 0.70 - 3.365 0.28 IT 

0.70 2100 3.364 0.26 -

0.70 2400 3.361 0.20 -

0.70 2800 3.361 0.20 -

N6 0.85 - 3.367 0.30 6.6° 

0.85 2100 3.365 0.28 -

0.85 2400 3.362 0.21 -

0.85 2800 3.360 0.19 7.0° 

Table I Structural parameters of exfoliated graphite foils N4 and 

N6 prepared with different densities D and annealed at different 

temperatures. HTT is the heat treatment temperature, d0 is the 

interlayer spacing, p, is the turbostratic probability parameter, defined 

in the text, and a is the mosaic spread. The parameters d0 and a have 

been determined by X-ray experiments. 

4.2.2. Measuring techniques 

For the magnetotransport experiments specimens with typical dimensions of 3x10x0.5 mm3 

were cut from the foils. The magnetotransport measurements were carried out using a 
conventional four point low-frequency ac-technique with a typical excitation current of 
300 U.A. The current was directed along the longest direction of the sample. Voltage and 
current leads were connected to the samples using silver paint. The samples were attached to 
the cold-plate of a He system, employing a charcoal adsorption pump to reach the base 
temperature (300 mK). As thermometer served a RuC>2 thick film chip resistor. Magnetic 
fields up to 8 T, provided by a superconducting solenoid, were directed perpendicular to the 
surface of the foils (predominantly S|[c). The magnetoresistance of the thermometer is small 
and could be neglected. 
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4.3. Results 

4.3.1. Structural parameters 

Two series of rolled samples were studied with densities of 0.70 and 0.85 g/cm3, labelled N4 
and N6, respectively. The structural parameters of the investigated exfoliated graphite foils are 
reported in Table I. The carbon foils consist of grains with sizes of the order of several 
hundred Angstrom. As the grains are not perfectly aligned with the c axis perpendicular to the 
surface of the foils, the foils show mosaicity. The mosaic spread (a) due to angular variation 
of the c axis with respect to the surface of the foils has been determined for samples N4 and 
N6 by X-ray diffraction. Values for «amount to 7° (see Table I). No significant variation of a 

upon rolling to the different densities has been observed. 

For each series of foils heat treatments were given at temperatures of 2100° C, 
2400° C and 2800 °C. Annealing decreases the amount of disorder in the stacking sequence8. 
The influence of stacking faults can be investigated as function of the heat treatment 
temperature. The interlayer spacing (d0), determined by X-ray diffraction, shows a weak 
dependence on the heat treatment temperature (see Table I). For single-crystalline graphite 
da- 3.354 Â, while for a fully turbostratic structure d0= 3.440 Â (Ref.8). The measured values 
are close to that of graphite, which shows that only a fraction of the layers are turbostratic. 
Apparently, preparation of the exfoliated graphite foils as described in the previous section, 
has only a small effect on the periodicity along the c axis. The probability of finding two 
neighbouring graphite layers of a partially turbostratic sample in a randomly stacked 
configuration is given by13 

p r =7ll.63rf0-39 (4.1) 

where d0 is given in Angstrom. The values for;?, are listed in Table I. Forpi=0, the sample is a 
perfect three-dimensional single crystal, while for p,=l the crystal is fully turbostratic. We did 
not observe a clear transition from turbostratic to graphitic in this range of HTT's, as was, for 
instance, reported for pyrolitic graphite in the range 2100-2400 °C (Ref.8). 

In section 4.4 we will analyse the magnetotransport data in terms of the theory of weak 
localisation in two dimensions. For this analysis it is important to know the amount of 
graphene layers in the foils in order to transform the 3D carrier density, derived by the Hall 
effect measurements, into a 2D carrier density. The amount of layers A is calculated by 

, M 
A = - (4.2) 

d 0 
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Figure 4.1: Hall resistance as function of the magnetic field for sample N6 (HTT= 0) at T= 4.2 K. 

Because the conduction at low temperatures is by electrons as well as holes, the Hall resistance is 

non-linear and changes sign. 

where d is the thickness of the sample and A = DI2.265. D is the density in g/cm3 and A is a 

factor, which describes the inhomogeneity of the sample. This inhomogeneity is caused by the 

free space between the layers, when the sample is not a closed stack. The numerical value of 

2.265 g/cm in the expression for A is the density of single-crystalline graphite2. 

4.3.2. Hall effect 

The Hall effect has been measured for samples N4 and N6 with no heat treatment (HTT= 0) 
and a HTT of 2800 °C. Data have been taken at 0.4 K and 4.2 K in fields up to 8 T. The Hall 
resistance (RHOIÙ

 w a s found to be independent of temperature in the range 0.4-4.2 K. An 
exemplary curve, measured for sample N6 (HTT= 0) at T- 4.2 K, is shown in figure 4.1. The 
Hall resistance shows strong deviations from the standard linear behaviour, and at low 
magnetic fields RHaii changes sign. Similar non-linear curves were obtained for sample N4 
(HTT= 0), but RHOII did not change sign (see figure 4.2). We infer that, at low temperatures, 
electrons as well as holes carry the current in our exfoliated graphite foils1 . 
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Figure 4.2: Hall resistance as function of the magnetic field for sample N4 (HTT= 0) at T= 4.2 K. 

4.3.3. Resistivity and magnetoresistance 

In figure 4.3, the temperature dependence of the normalised resistance between 4.2 K and 

290 K is shown for samples N4 and N6 with HTT= 0 and 2800 °C. For both sets of samples, 

the resistance increases with decreasing temperature. In figure 4.4, the low-temperature 

(T< 10 K) normalised resistance is presented. Only for T< 2 K, the resistance shows a 

logarithmic temperature dependence. In Table II, we have listed the resistivities p(4.2 K) and 

/9(300 K) for the various samples. 

The magnetoresistance up to 8 T at T= 4.2 K of sample N6, heat treated at 2800 °C, is 
shown in figure 4.5. At small fields (B< 1 T), the magnetoresistance varies quadratically with 
field and is attributed to the normal Lorentz term. At higher fields the magnetoresistance 
varies approximately linearly with field. In figures 4.6-4.9 the magnetoresistance data for 
5<0.5T of samples N6 and N4 with HTT= 0 and 2800 °C, are presented. At low 
temperatures and low magnetic fields the magnetoresistance is negative. Above a certain 
temperature, only the positive component to the magnetoresistance is present. The difference 
between the magnetoresistance of samples N4 and N6 is small, especially for the heat treated 
samples. 
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Sample HTT 

(°C) 
P4.2K 

(m Q cm) 

P290K 

(m Q. cm) 

N4 - 1.6 0.95 

2800 2.3 1.1 

N6 - 1.9 1.2 

2800 1.8 0.87 

Table II: Resistivity values at T=4.2K and T=290K for 

exfoliated graphite foils N4 and N6 with HTT=0 and 

HTT=2800°C. 
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Figure 4.3: Resistance, normalised at T=290K, versus lnrfor samples N4 and N6 

with HTT=0 and 2800°C as indicated. 



56 Chapter 4 

4.4. Analysis 

4.4.1. Hall effect 

The Hall resistance data, presented in figures 4.1-4.2, show strong deviations from the 
standard linear behaviour. This strongly suggests that the charge carriers in exfoliated graphite 
are electrons and holes. We fitted RuaiiiB) to the well-known formula derived for a two band 
system. Under the conditions that the electronic system has spherical constant energy surfaces 
and the elastic relaxation time is constant, one can show:15 

/?, 
(p - nm2) + m2mh B'(p-n) 

(p + nm)'+m mh'B (p — n)~ 
(4.3) 

Here m= fiJUh, jue and fi/, are the mobility of electrons and holes respectively, n and p are the 

concentrations of electrons and holes, respectively, and B is the magnetic field. Values for m, 

JUI, , n and p are derived from the Hall measurements by least square fits to equation 4.3. The 

derived fit parameters yield the total 3D carrier densities and mobilities, and are listed in 

Table m. 
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Figure 4.4: Resistance, normalised at T=290K, versus lnT for samples N4 and N6 with 

HTT=0 and 2800°C as indicated. For T<2K a logarithmic temperature variation is 

observed. 



Magnetotransport in carbon foils. 57 

Sample HTT n 

(cm'3) 

P 

(cm"3) 

ntotal 

(cm"2) 

À 

N4 - 2.8-1018 5.1-1018 1.6-1013 0.31 

2800°C 7.0-1017 1.8-1018 4.9-1012 0.30 

N6 - 6.8-1017 1.2-1018 - 0.37 

2800°C 2.3-1018 3.2-1018 1.3-1013 0.37 

Table III: Carrier densities of exfoliated graphite samples N4 and 

N6 as determined from fits of the Hall resistance to equation 4.3. 

HTT is the heat treatment temperature, n is the electron density, p 

is the hole density, nmai is the two dimensional density of electrons 

and holes, and Â is an inhomogeneity factor defined in the text. 

4.4.2. Resistivity and magnetoresistance 

4.4.2.1. Theory 

Under the same conditions as the Hall resistance, the Lorentz term in the transverse 
magnetoresistance is given by: 

-ACT _ Ap _ npm(l + m)2/x2
h 2 

crn Po («m + p) 
(4.4) 

Here öh and po are the conductivity and resistivity, respectively, at B= 0. This quadratic 

dependence is only valid for small values of the magnetic field (B< 1 T). For B> 1 T the 

dependence becomes quasi-linear (see figure 4.5). At low fields and low temperatures 

(7*< 4.2 K), in addition to the 52-term, a pronounced negative magnetoresistance component is 

observed. 

The logarithmic increase of the resistance with decreasing temperature (see figure 4.4) 

and the negative magnetoresistance (see figures 4.6-4.8) are attributed to quantum corrections 

to the conductivity for the two dimensional case1 . An analysis within such a framework 

yields the possibility to determine characteristic parameters of the electron wave function, like 

the wave function phase relaxation time T . 
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Figure 4.5: Magnetoresistance, normalised at 5=0, versus magnetic field for sample N6 (HTT=0) 
at temperatures between 0.4 and 12K as indicated. 

The phase relaxation time depends on the strength of the electron-electron and electron-
phonon interactions. The temperature dependence of the conductivity of two dimensional 
disordered systems in zero magnetic field due to quantum corrections is given within the 
theory of Al'tshuler et al.16 by: 

crtJO-o-trjoc—In 
TÛl 

(4.5) 

The logarithmic temperature variation of <rdue to weak localisation allows one to determine 

However, in addition to the weak localisation effect, a similar logarithmic contribution 
is expected if the mutual Coulomb interaction of the electrons is taken into account1617. The 
effect of the electron-electron interaction and the weak localisation can be distinguished by 
magnetotransport experiments in a perpendicular magnetic field. The weak localisation effect 
is strongly suppressed by a magnetic field, which results in a negative magnetoresistance, 
while the electron-electron effect is hardly influenced. Therefore, data of the resistance in 
constant magnetic field could in principle be used to determine the effects of weak 
localisation and electron-electron interactions. However, in our case the dominating 
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background resistance and its field dependence cannot be estimated accurately, which 
hampers an adequate analysis using equation 4.5. 

Another route to determine T(T) is by directly measuring the negative 
magnetoresistance. Detailed theories for weak electron localisation have been worked out by 
Al'tshuler et al}6, Hikami et a/.18 and Wittmann and Schmid10. In the theories of AFtshuler et 

al. and Hikami et al. it is assumed that the diffusion limit is valid. The diffusion limit is 
expressed by the following relations: 

(l'ß\ 
-«1 and b = «1 (4.6) 

Here To is the elastic relaxation time and rv is the wave function phase relaxation time, 

defined by inelastic scattering events. The effective mean free path loff is described by 

if =l/(l + y) = J2Ef Im* r0/(l + y), where Ef= h2n/47on . Here m*(= 0.06 me) is the 

effective mass2, n is the 2D carrier density and h = V(h/4neB) is the magnetic length. 

We first fitted the negative magnetoresistance (figures 4.6-4.9) to the theory of 

Al'tshuler et al.. However, we could not obtain satisfactory fit results in the relevant field 
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Figure 4.6: Magnetoresistance, normalised at B=0, versus magnetic field for sample N4 (HTT=0) 

at temperatures between 0.4 and 12K as indicated. The various symbols represent the data points. 

The solid lines represent the best fit to equation 4.8. 
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range, which suggested that the diffusion limit is not valid. Indeed, for instance, for sample 
N4 (HTT=0) we obtain b= 105, thus in our exfoliated graphite foils the limit b« 1 is only valid 
for very small magnetic fields. 

We then analysed the data within the model of Wittmann and Schmid10, which is also 
valid beyond the diffusion limit. According to Wittmann and Schmid, the quantum correction 
to the conductivity in a magnetic field is given by: 

Acr(5) : * » 
«ft (l + yy^0l + y-Yn(b) (4.7) 

where 

Anel2B 

~ (\ + y)2h 

and Vn are the Laguerre polynomials: 

V„(b) = ]e-^,4)L„(bÇ2/2)dÇ 
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Figure 4.7: Resistivity as function of magnetic field for sample N6 (HTT=2800°C) at 7"=4.2K. At 

small magnetic fields there is a quadratic dependence on field, which becomes linear at fields 

above IT. 
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B(T) 

Figure 4.8: Magnetoresistance, normalised at B=0, versus magnetic field for sample N6 

(HTT=2800°C) at temperatures between 0.4 and 4.2K as indicated. The various symbols represent 

the data points. The solid lines represent the best fit to equation 4.8 

with 

LAy) = i-tl-yY 
=oW! 

4.4.2.2. Analysis 

For the analysis of the magnetotransport data of the exfoliated graphite foils, we make the 
assumption that the measured magnetoresistance can be expressed as the sum of two terms: 

R(0) 
exp 

2 A<T(S) 
= -p — + 

t cr(0) 
fAR(B)^ 

R(0) 
(4.8) 

Lorentz 

The contribution from the weak localisation, Ao(B), is given by equation 4.7 and 

(t±R(B)IR(0j)u>nntz is given by equation 4.4. Equation 4.8 is only valid when the magnetic field 

is directed perpendicular to the 2D structure (S||c), which is formed in exfoliated graphite by 

the graphene layers. The relatively small mosaicity of the grains (a= 7°) could be neglected. 
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Figure 4.9: Magnetoresistance, normalised at ß=0, versus magnetic field for sample N4 

(HTT=2800°C) at temperatures between 0.4 and 4.2K as indicated. The various symbols represent 

the data points. The solid lines represent the best fit to equation 4.8. 

The random stacking probability parameter p, plays an important role in the quantitative 
analysis of the weak localisation process. For pure homogeneous graphite structures a 
negative contribution to the magnetoresistance is absent, while in inhomogeneous graphite 
structures a negative Aa(5) occurs quite general.2 The most common inhomogeneity or 
structural defect in the graphite lattice is the breaking of the ABAB periodicity along the c 
axis, i.e. turbostratic layers are formed (e.g. ABCAB....). The probability that a layer is 
turbostratic is given by/?,2. The charge carriers are scattered elastically at these lattice defects. 
Following Bayot et a/.8 we presume that the stacking disorder is the main cause for the weak 
localisation. Since, only turbostratic layers are responsible for the negative magnetoresistance, 
Ao(B) is multiplied by p,2. Values forp, are listed in Table I. 
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Sample HTT 7(K) ß (m2/Vs) r0(s) %(.*) 

N4 - 0.4 0.087 2.95-10"'" 8.6-1013 

0.8 0.085 2 .8910 ' " 7.0-10"'3 

1.2 0.085 2.88-10"14 6.0-1013 

2.4 0.084 2.87-10"'4 4.5-10"'3 

4.2 0.084 2.85-10"'" 3.4-10"'3 

N4 2800°C 0.4 0.29 9.910"'" 1.7-10"'2 

0.8 0.29 9.8-10"'" 1.2-10"'2 

1.2 0.29 9.8-10"'" 1.1-10"'2 

2.4 0.28 9.7-10"'" 6.9-10"'3 

4.2 0.28 9.6-10"'" 4.2-10"'3 

N6 2800°C 0.4 0.21 7.1-10"'" 6.5-10"12 

1.2 0.20 6.9-10"'" 1.1-10"12 

2.4 0.20 6.9-10"'" 4.8-10"13 

4.2 0.20 6.8-10"'" 1.810 12 

Tabel IV: Relaxation times and mobilities of exfoliated foils N4 and N6 at 

temperatures T as indicated. The relaxation times are determined by fitting 

the magnetoresistance data to equation 4.8. HTT is the heat treatment 

temperature, ß is the mobility, T0 is the elastic relaxation time, and tf is the 

phase relaxation time. 

In order to fit the magnetoresistance data (figures 4.6-4.9) to equation 4.8, we made 

use of the following procedure. First, the 3D electron (ne) and hole («,,) densities, obtained by 

fitting the Hall data (figures 4.1-4.2), were transformed to an average 2D densities with help 

of equation 4.2. Next the values for the electron (ße) and hole (///,) mobilities, obtained by 

fitting the Hall data, were averaged and transformed into an effective elastic scattering 

relaxation time % Finally, the magnetoresistance data were fitted to equation 4.8. Since for all 

samples Ruaii was determined at T- 4.2 K, r0 was used as a known variable at this 

temperature. At lower temperatures r0 was used as a fit parameter. The temperature variation 

T0(T) is small, which is consistent with RHaii being temperature independent in this 

temperature range. Fitting was done using the least square method. An advantage of using the 

theory of weak localisation of Wittmann and Schmid in equation.4.8, is that, once reliable 
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Figure 4.10: Temperature dependence of the wave-function phase relaxation time x as determined 

for sample N4 (HTT=0) using equation 4.8 (data listed in Table IV). The data points are the result 

from the fits and the line is a fit according to equation 4.9. 

values for r0 are known, the only important fit parameter is t9. In figures 4.7-4.9, we compare 

the experimental magnetoresistance for samples N4 and N6 with AR(B)/R(0) conform 

equation 4.8 (solid lines), using the best fit parameters r0 and TV. The agreement is good. The 

resulting values for r0 and xv are listed in Table IV. 

In general, the temperature dependence of the phase relaxation time, x (7), is given by a 

power law with exponent q: 

X =cT 
<P 

(4.9) 

In the case of dominant electron-electron scattering in weakly disordered metals, it was found 

that q= d/2 (Ref. 16), where d is the dimensionality. For the 2D case, q= 1. In figure 4.10 we 

show the typical variation of xv with temperature as obtained for sample N4 (HTT=0). Clearly, 

xJJ) does not obey the predicted power law (equation 4.9). If we suppose that (r)" '= (T*)~ 

+(x,„)" , where rin is a temperature independent inelastic scattering time in the investigated 

temperature range, then r* obeys a power law with exponent q~l. 
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4.5. Discussion 

The afore-mentioned theories for weak localisation are all derived for one type of carrier. In 
the case of the exfoliated graphite foils, electrons as well as holes carry the current. The 
derived parameters should thus be considered as an effective weighed average over the two 
type of carriers. Rainer and Bergmann19 showed that the theory of weak localisation is 
universal in the sense that multi-band effects do not effect the weak localisation. In this 
respect, we may consider the magnetotransport properties of our graphite structures as arising 
from a multi-band system. 

After annealing at high-temperatures, the negative contribution to the 
magnetoresistance becomes weaker (compare figure 4.6 with figure 4.8 and figure 4.7 with 
figure 4.9). This effect is due to a decrease in disorder by annealing. As pt decreases 
significantly by annealing (see Table I), the weak localisation can be connected to the amount 
of turbostratic layers p, . The negative magnetoresistance contribution does not change 
significantly with the density (at least for the density range we investigated), which indicates 
that intergrain scattering processes do not play an essential role. The phase relaxation time is 
of the same order for samples N4 and N6. Also the method of preparation of the foils (rolling 
or pressing12) has a minor influence. 

Like Bayot et a/.8, we conclude that a random stacking of graphene layers (turbostratic 
structure) is the main cause for the occurrence of the weak localisation phenomenon. As p, is 
relatively small for our exfoliated graphite samples, the quantum correction to the 
conductivity is small when compared to the effects observed by Bayot et al. in partially 
graphitic carbon. Also, for T > 4.2 K the negative magnetoresistance has vanished, in 
contrast with the magnetoresistance data of Bayot et al.. Of course, one cannot exclude that 
besides the stacking disorder, other structural defects, like vacancies or impurity atoms, 
contribute to the disorder and hence to the weak localisation. It is however beyond the scope 
of this work to quantify all structural defects. 

4.6. Conclusions 

The magnetotransport properties of a series of exfoliated graphite foils have been studied at 
low temperatures (T > 0.4 K) and in magnetic fields up to 8 T. All foils show the main 
features of weak localisation: a logarithmic dependence of the resistance on temperature 
(T < 2.5 K) and a negative magnetoresistance in low magnetic fields (B < 0.5 T). The negative 
magnetoresistance can be explained by the theory of quantum corrections to the conductivity 
for the 2D case. The data were analysed within the model of Wittmann and Schmid for weak 
localisation beyond the diffusion limit. The analysis of the magnetoresistance yields the phase 
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relaxation time of the carrier wave. The weak localisation is attributed to disorder in the 
stacking sequence of the graphene layers. 

The effect of structural differences in the foils on the negative magnetoresistance was 
investigated by varying the density and the temperature at which the samples were heat 
treated. The negative magnetoresistance did not change significantly with the density, 
indicating that intergrain scattering processes play a minor role. X-ray analysis of the 
exfoliated graphite samples, revealed that the number of turbostratic layers is small, and, 
therefore, the quantum correction to the conductivity is small. The structural disorder induced 
by the turbostratic layers is the most likely cause of the weak localisation. This is established 
by annealing the exfoliated graphite foils at 7= 2800 °C. The negative magnetoresistance 
becomes significantly smaller, while the disorder in the stacking sequence decreases. 
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5. Scaling in the quantum Hall 
regime 

5.1. Introduction 

The unexpected observations of the quantum Hall effect (QHE) in 1980 and of the fractional 
quantum Hall effect2 in 1982 are among the most important discoveries in physics of the 
second half of this century. The precise quantisation of the electrical resistance in the quantum 
Hall effect has led to a new definition of the resistance standard. From a fundamental point of 
view, studies of quantum Hall phenomena are still a very active research area of physics. 

Immediately after the discovery of the integer quantum Hall effect by von Klitzing et 
al.1 the connection between the strong field localisation effect and the phenomenon of the 
quantum Hall effect was made3. The relationship between the metal-insulator transition and 
the quantum Hall effect is nowadays still a subject of considerable fundamental importance. 
The existence of localised states at Landau level tails and extended states at the centre is 
essential to explain the integer quantum Hall effect. Quantum Hall plateau transitions (PP 
transitions) are understood to arise from localisation-délocalisation transitions through narrow 
bands of extended states. The main part of this chapter describes the relationship between the 
metal-insulator transition and the quantum Hall effect. In particular we focus on the scaling 
behaviour of the QHE4. 

The quantum Hall plateau transition can be described by a quantum critical 
phenomenon, which has been verified experimentally during the last decade. Especially the 
work of Wei et al.5 on InGaAs/InP heterojunctions forms an impressive conformation of the 
scaling theory6. The scaling theory of the QHE is a result of a field theoretic approach to 
Anderson localisation with non-perturbative (topological) characteristics. The temperature 
dependence of the transition between localised and extended states in the integer quantum 
Hall regime can be described by a power law, with only a single critical exponent. According 
to the theory, PP transitions and the transition from a quantum Hall plateau to the insulator 
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(PI) are in the same universality class and thus should exhibit the same scaling behaviour. In 
this chapter we present our experimental investigations regarding the PI transition in an 
InGaAs/InP heterostructure and provide the reader with new insight in the scaling behaviour 
of this transition. 

In the next Section of this chapter the theoretical concept of scaling is given. In 
Section 5.3 a short overview of the relevant experimental and numerical results of scaling of 
the PP transitions is presented. In Section 5.4 results on the magnetic field induced metal-
insulator transition are reviewed. In Section 5.5 we present our new experimental results on 
the metal-insulator transition of an InGaAs/InP heterojunction and an analysis of the data in 
terms of the scaling theory. A short description of the InGaAs/InP sample has been given in 
section 1.3.2.1. In the last section a summary is presented. 

5.2. The concept of scaling in the quantum Hall regime 

It is nowadays clear that the integer quantum Hall steps are a unique laboratory example of a 
quantum phase transition (Anderson transition) in two dimensions. Quantum phase transitions 
differ from normal phase transitions in the fact that the transition takes place at zero Kelvin 
rather than finite temperatures. The renormalisation group theory is an outstanding theoretical 
framework for studying the quantum phase transition. It is a systematic approach that averages 
out unimportant fluctuations on small length scales and it extracts the physical information by 
retaining the fluctuations at large distances. Microscopically different systems can show the 
same asymptotic behaviour close to the critical transition. In this case the phenomena belong 
to the same universality class, i.e. the different systems have identical critical exponents. The 
important length scales in the quantum Hall regime are the localisation length and the sample 
size. In the quantum Hall regime the quantum phase transitions occur between adjacent QH 
plateaus and at T=0K. Close to T=OK the physics of the transport properties is still controlled 
by the critical point. This leads to a scaling of the conductances with varying magnetic field 
(B) and sample size. The transitions between quantum.Hall plateaus and the transition 
between the quantum Hall plateau and the insulating phase are all magnetic field induced 
metal-insulator transitions in the same universality class. They are described by a single 
universal critical exponent. This is a so-called two parameter scaling theory, where the two 
parameters are the longitudinal conductance GXX and the Hall conductance cxy. This two 
parameter scaling theory is an extension for strong magnetic fields of the one parameter 2D 
scaling theory of localisation described in Chapter 2.3. 

This so-called two-parameter scaling theory give rise to the idea of localised states at 
the Hall plateaus and delocalised states, or extended states, at the Hall steps. The resistance 
peak at the Hall steps is caused by a small energy interval of extended states in the density of 
states (DOS). The tails of the DOS are the localised states and they give rise to oxx=0 and 
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quantised oxy. In figure 5.1 the DOS is schematically drawn together with the effect of varying 

the magnetic field on the localisation length £, on the resistivity pxx and on the Hall resistivity 

pxy. At T=0K and infinite sample size, there is one extended energy at the critical field Bc. The 

localisation length £, diverges at Bc. The localisation length scales as a power law as function 

of magnetic field with the localisation length exponent v: 

Mfl-B, (5.1) 

From scaling considerations it follows that the resistance parameters depend on the ratio of 

two length scales only: 

Pirfij (5.2) 

Here L is the sample size and i; is the localisation length. At finite temperatures one can 

introduce an effective sample size, the inelastic scattering length t-m. When the sample size L 

is much bigger than i-m the resistances scale, according to equation 5.2, where L is replaced by 

lm, which now plays the role of 'effective' sample size. The inelastic scattering length 

depends on temperature in the following way: 

(5.3) 

where p is the inelastic scattering length exponent. This result shows that the resistivity scales 

with temperature. The width of the resistivity peak, AB, as well as the first derivative of the 

Hall resistance, scale with temperature. The following scaling equations can be derived for the 

transport coefficients: 

plj(B,T) = glj(T^(B-Bc)) = gi 

- i l / v \ 

in 
such that 

AB~T2v~TK (5.4) 

dB 
(5.5) 
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Figure 5.1: Schematic representation of the concept of scaling in the 

quantum Hall regime. The upper graph represents the density of states as 

function of magnetic field. In the middle graph the localisation length vs. 

magnetic field is plotted. The resistivity and Hall resistance are plotted in 

the lower graph. For an explanation of the symbols see the text. 

For the PI transition power law behaviour with the same critical exponent should be 
valid. The most right Landau level in the schematic graph of the DOS in figure 5.1 is the 
lowest Landau level. This lowest Landau level is responsible for the PI transition and has a 
similar energy interval of extended states in the centre and localised states in the tails as the 
other Landau levels. Also the temperature dependence (i.e. equation 5.4 and 5.5) is the same 
and therefore the scaling properties are the same for all levels. 

Notice that the behaviour of the resistivity and Hall resistance are quite different when 
compared to the other Landau levels, because the transition is between a quantum Hall and an 
insulating phase. This is schematically shown in figure 5.1. In this chapter the emphasis is on 
this last PI transition. 

The results of the renormalisation group theory can be illustrated with a flow diagram 

in the axx-axy conductance plane6. The renormalisation parameters GXX and CTxy are 

dimensionless conductances in units of e2/h. The renormalisation group flow diagram for the 

conductance parameters is shown in figure 5.2. The flow is characterised by two different 
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fixed points. One is a stable fixed point describing the effect of the localised states near the 

Fermi energy (Ef), in this case O"xx=0 and Gxy is quantised. The other is an unstable fixed point, 

describing the effect of the extended states near Ef. These states carry the Hall current, they 

cause Gxx to be non-zero and axy to interpolate between two adjacent quantum Hall plateaus. 

The semi-circle (full line) in figure 5.2 is the flow at T=0K and infinite sample sizes. The flow 

towards this semi-circle indicates the effect of an increasing length-scale L. 

At finite, but low, temperatures such that the broadening of the Fermi-Dirac 

distribution does not play a significant role, inelastic scattering processes have to be taken into 

account. Just as we mentioned earlier, this amounts to the replacement of L by an 'effective' 

sample size, i.e. £-m (equation 5.3). 

Close to the critical unstable fixed point, the flow is described by two scaling 

variables, a relevant flow 6 and an 'irrelevant' one o defined by : 

e = o„-n-\ (5.6) 

where o*xx is the critical conductivity. Following the basic principles of the renormalisation 

-Bf"] - 4 S 

3 «°,y[hj 

Figure 5.2: Translation of the transport coefficient pxx and pxy into the renormalisation flow 

diagram for the conductance parameters. This graph is taken from Ref. 6. The inset shows the 

flow for different plateau transitions. The arrows on the flow lines indicate the direction for 

increasing length scales L. The flow towards the fixed points at integer values for the Hall 

conductance represent the quantum Hall plateau's of figure 5.1 as a scaling phenomenon. The 

unstable fixed point ® indicates a true quantum phase transition. The dashed parabolic line 

indicates the semiclassical value for the conductance, which serves as a starting point for 

scaling. B* corresponds to the critical magnetic field. 
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group, the 'relevant' scaling variable is the important one that determines the localisation 

length exponent v. Let the starting point for scaling be denoted by 0o=GXy-n-'/2°c(B-Bc). Here 

we use the fact that the mean field (SCBA)4 parameter o xy depends linearly on (B-Bc) for 

small (B-Bc). Then, the leading scaling behaviour can be obtained as6: 

Gl]{B,T)=gll(J-*{B-Bi.)) = giJ 

/ k/ 
l / v \ 

\ U_ J 
(5.7) 

It is important to stress that this result, which is completely equivalent to the result of equation 

5.4, follows directly from the existence of the 'unstable' fixed point at axy=n+'/2. We shall see 

later on that the phrase 'irrelevant scaling variable' gets a different meaning as far as the 

experiment is concerned. Experimentally, we do observe the effect of the 'irrelevant' variable 

o"=axx-a*xx which, however, turns out to be the result of 'macroscopic' sample 

inhomogeneities. We will discuss this complication in detail in section5.6.4. 
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5.3. An overview of the experiments on scaling in the 

quantum Hall regime 

The critical behaviour of the longitudinal resistivity pxx and Hall resistivity pxy was shown in 

1988 by Wei et al.5. These authors reported that in the temperature range O.IK < T < 4.2K the 

maximum of dpxy/dB diverges like T"K and the half-width AB for pxx vanishes as TK, with 

K=0.42±0.04, for the Landau levels N=0i, 1Î and l i . Figure 5.3 summarises their main 

results on a log-log plot. The exponent K was found to be the same (universal) for 3 different 

PP transitions. 

One of the impressive results of this study is the large T range where scaling is 

observed. Scaling is observed below a certain critical temperature Tsc, which in this study is 

equal to 4.2K. Tsc is defined as the temperature where the critical conductivity G*xx versus 

temperature is maximal. The critical conductivity is defined as the maximum in the 

conductivity versus magnetic field. Above Tsc, G*XX increases with decreasing temperature, 

while below Tsc G*XX decreases with decreasing temperature. The value of Tsc is sample 

dependent. 

04 0.60.8 1.0 
T(K> 

Figure 5.3: Scaling behaviour observed for an InGaAs/InP heterostructure. The 

three upper lines show the T dependence of (dpxy/dB)mm for three Landau 

levels. The lower two lines show the T dependence of the width 1/AB. The open 

symbols are data taken in a dilution refrigerator, whereas the filled symbols are 

data taken in a 3He system. The slope of the straight lines gives (dpxy/dB)max~T" 

and AB~TK with K=0.42±0.04. This graph is taken from Ref. 5. 
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5 For this study Wei et al. used an InGaAs/InP heterostructure with a fairly low mobility 

u.=34000 cm2/Vs and a density n=3.3xl0" cm"2 at T=4.2 K. The use of low mobility samples 

prevents the appearance of the fractional quantum Hall effect. In low mobility samples 

electron-electron interactions are weak and therefore, only the integer quantum Hall effect is 

observed. The 2DEG is located in the InGaAs layer, which is an alloy. In this case the 

dominant mechanism for elastic scattering is provided by the short-ranged potential 

fluctuations 

Scaling in spin-degenerate Landau levels was also studied in an InGaAs/InP 

heterostructure.7 The electron density in this sample is 2.0x10" cm"2 and the mobility is 

16000 cm2/Vs at T=4.2 K. When the spin splitting is not resolved K is roughly half of that in 

the spin split situation. The width AB scales as T*'2, with K again equal to 0.42. By rotating the 

sample the spin splitting was increased and the spin-split values of K were recovered. It has 

been proposed that the spin splitting between the neighbouring spin levels in the spin 

degenerate situation is small but finite. There are actually two critical energies in the spin 

degenerate case, which are experimentally unresolved because the temperature is too high. 

Another explanation is the existence of a different universality class for spin degenerate 

levels. Then there is one fixed point in the degenerate case and two in the spin split case. The 

Zeeman energy controls the crossover of these two different regimes. 

The universal critical exponent K is a quotient of two critical exponents: K=p/2v. In this 

quotient p is the inelastic scattering length exponent and v is the localisation length exponent. 

The inelastic scattering length can be determined by current scaling measurements9 for the PP 

transitions. The maximum slope in pxy scales with the current I, when I is larger than a 

characteristic value. Combined with the temperature scaling this results in an effective 

temperature Te of the 2DEG, which scales with the current as Te~r5, independent of Landau 

level and spin degeneracy. From this result a value for p=2 has been deduced. Together with 

the value for K this gives for the localisation length exponent a value of v=2.3. However, the 

detailed mechanism for current scaling is not yet sufficiently understood and the results are 

inconclusive as of yet. 

A host of numerical work has been done on the subject of scaling of the PP transitions. 

Most of the numerical simulations indicate the existence of a critical point, where the 

localisation length diverges according to equation 5.1. Direct finite-size numerical 

simulation ' is a powerful tool to study the interplay between localised and extended states 

and has provided significant evidence in support of equation 5.1. The agreement between the 

numerical results obtained by different groups is striking and the localisation critical exponent 

is given by v=2.3. This result was obtained from numerical simulations of the lowest Landau 

level and a short ranged scattering potential. For the higher Landau level N=l an unique value 

of v has not been obtained, but the quality of the numerical results is much less for this higher 

Landau level than for the lowest one. Also simulations for a non-interacting 2DEG in a slowly 

varying potential landscape give v=2.3. The classical percolation problem, which has been 
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analytically solved", produces v=4/3. If quantum tunnelling is included in the percolation 

calculation12 the localisation length exponent changes to 7/3. One of the important problems 

left in the problem is the effect of the Coulomb interaction on the numerical value of v. There 

is a tendency in the literature that argues for the same value of v, independent whether 

Coulomb interactions are present or not. However, a microscopic approach to the problem 

seems to indicate a different universality class. This approach is still in development13. 

Koch et al.14 were able to measure directly the critical localisation length exponent v, by 

using samples in a Hall bar geometry with different sizes L. For different GaAs 

heterostructures with sample sizes ranging from 10 pirn up to 64|am, pxx and pxy were 

measured. In the temperature regime where the inelastic scattering length lm is greater than the 

physical sample size, the width of pxx and the slope of pxy depend on the sample size. From 

this sample size dependence, v can be directly determined using the following powerlaws, \~ 

(AB)"V and (dpxy/dB)v. The localisation length exponent derived from the experiments is v=2.3. 

This is equal to the value derived from the measurements on InGaAs/InP heterostructures and 

from the numerical results, as discussed above. The results should be taken with some care 

because only four different sample sizes were used. Also conductance fluctuations are present 

in the samples due to the lack of ensemble averaging, because the phase coherence length 

exceeds the sample size. These conductance fluctuations hamper the determination of an 

accurate width of the pxx peak. 

Temperature scaling in GaAs/AlGaAs heterostructures was also investigated by Koch et 

al.15. The measured exponents K ranged from 0.2 up to 0.9 and it appeared that K was Landau 

level dependent. A trend was signalled with K increasing as the mobility of the sample 

decreased. This led to the claim that, because v is a constant universal value, which was 

determined by size dependent measurements, the value for the inelastic scattering length is 

sample dependent and not universal. 

There is a distinct difference between the scaling results of the measurements in 

InGaAs/InP5'9 heterojunctions and in GaAs/AlGaAs15 heterojunctions. In the first material 

system universal scaling with the exponent K=0.42 is observed, while in the other material 

system no universal scaling was observed. One of the most important differences between 

both material systems is the dominant scattering process5,1 . In the InGaAs material it is 

predominantly alloy scattering and in GaAs the most important scattering process is scattering 

at ionised impurities. Alloy scattering is a short ranged potential scattering process in contrast 

to GaAs heterostructures where the potential fluctuations usually vary slowly over distances of 

the order of the magnetic length. This difference in scattering process is the main reason for 

the misleading results in GaAs. In GaAs only at very low temperatures (T<200mK) scaling 

with the universal exponent K=0.42 is observed16 and in most cases, it is beyond the 

limitations of the experiments. This important long standing aspect of the problem has been 

theoretically understood only very recently1 . To observe genuine scaling over a wide T range 
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a short ranged scattering potential is an essential condition and therefore, InGaAs is the only 
suitable material system to investigate scaling. 

5.4. Magnetic field induced metal-insulator transition: an 
overview 

Nowadays there is much interest in the metal-insulator transition and its critical behaviour. 

Therefore, most of the recent experimental investigations do not concentrate on PP transitions, 

but on the quantum Hall plateau to insulator transition in high magnetic fields. 

The first observation of a magnetic field induced metal-insulator transition was made 

by Jiang et al. 17 on a GaAs/AlGaAs heterostructure. In fact, this transition was from an 

insulator at B=OT to a quantum Hall conductor at fields above =2.5T. Moreover this sample 

shows at B=4.5T a transition from a quantum Hall plateau with filling factor v=2 to an 

insulating phase. Between the critical magnetic field values B=2.5T and B=4.5T a metal like 

temperature dependent behaviour, i.e. a decreasing resistance with decreasing temperature was 

found. On the insulator sides the reverse temperature dependence was observed. The metal-

insulator transition is an Anderson transition, caused by disorder. The temperature dependence 

of the resistance on the insulator side follows the law for variable range hopping 

R-expfTo/T)1' for non-interacting 2DEG as expected for an Anderson insulator. The 

magnetic field induced délocalisation indicates a floating down in energy of the extended 

states below the Fermi energy. This is consistent with the theory of the lévitation (or 

floatation) of the extended states as B—>0T18. This prediction is based on the idea that 

extended states can not disappear discontinuously. The transition, reported by Jiang et al. is 

also consistent with the 'global phase diagram' of the quantum Hall effect19. 

Wang et al. also report on the magnetic field induced insulator-metal-insulator 

transition in a GaAs/AlGaAs heterostructure. They observed, in principle, the same transition 

as was observed by Jiang et al.17. For the first time scaling of the PI transition was 

investigated. From a plot of dpxx/dB at the critical field, Bc, as function of 1/T Wang et al. 

obtained a critical exponent K=0.21. A resemblance with the scaling for PP transitions was 

claimed. Because the transition is from the v=2 plateau a comparison was made with the spin 

degenerate case in the quantum Hall regime. In this case the critical exponent derived from 

scaling is also 0.217. 

Wong et al. ' have investigated the scaling properties of a disorder tuned metal-

insulator transition. At a certain value of the magnetic field they changed the disorder by 

changing the gate voltage and then measured the temperature dependence of the resistance. 

Transitions from Landau levels with filling factor v=2 and v=l/3 towards the insulator were 

investigated in two different samples. The change in electron density by applying the gate 
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analytically solved11, produces v=4/3. If quantum tunnelling is included in the percolation 

calculation12 the localisation length exponent changes to 7/3. One of the important problems 

left in the problem is the effect of the Coulomb interaction on the numerical value of v. There 

is a tendency in the literature that argues for the same value of v, independent whether 

Coulomb interactions are present or not. However, a microscopic approach to the problem 

seems to indicate a different universality class. This approach is still in development13. 

Koch et al.14 were able to measure directly the critical localisation length exponent v, by 

using samples in a Hall bar geometry with different sizes L. For different GaAs 

heterostructures with sample sizes ranging from 10 um up to 64um, pxx and pxy were 

measured. In the temperature regime where the inelastic scattering length £m is greater than the 

physical sample size, the width of pxx and the slope of pxy depend on the sample size. From 

this sample size dependence, v can be directly determined using the following powerlaws, Ç~ 

(AB)"V and (dpxy/dB)v. The localisation length exponent derived from the experiments is v=2.3. 

This is equal to the value derived from the measurements on InGaAs/InP heterostructures and 

from the numerical results, as discussed above. The results should be taken with some care 

because only four different sample sizes were used. Also conductance fluctuations are present 

in the samples due to the lack of ensemble averaging, because the phase coherence length 

exceeds the sample size. These conductance fluctuations hamper the determination of an 

accurate width of the pxx peak. 

Temperature scaling in GaAs/AlGaAs heterostructures was also investigated by Koch et 

al.15. The measured exponents K ranged from 0.2 up to 0.9 and it appeared that K was Landau 

level dependent. A trend was signalled with K increasing as the mobility of the sample 

decreased. This led to the claim that, because v is a constant universal value, which was 

determined by size dependent measurements, the value for the inelastic scattering length is 

sample dependent and not universal. 

There is a distinct difference between the scaling results of the measurements in 

InGaAs/InP5'9 heterojunctions and in GaAs/AlGaAs15 heterojunctions. In the first material 

system universal scaling with the exponent K=0.42 is observed, while in the other material 

system no universal scaling was observed. One of the most important differences between 

both material systems is the dominant scattering process5,16. In the InGaAs material it is 

predominantly alloy scattering and in GaAs the most important scattering process is scattering 

at ionised impurities. Alloy scattering is a short ranged potential scattering process in contrast 

to GaAs heterostructures where the potential fluctuations usually vary slowly over distances of 

the order of the magnetic length. This difference in scattering process is the main reason for 

the misleading results in GaAs. In GaAs only at very low temperatures (T<200mK) scaling 

with the universal exponent K=0.42 is observed16 and in most cases, it is beyond the 

limitations of the experiments. This important long standing aspect of the problem has been 

theoretically understood only very recently13. To observe genuine scaling over a wide T range 
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a short ranged scattering potential is an essentia] condition and therefore, InGaAs is the only 
suitable material system to investigate scaling. 

5.4. Magnetic field induced metal-insulator transition: an 
overview 

Nowadays there is much interest in the metal-insulator transition and its critical behaviour. 

Therefore, most of the recent experimental investigations do not concentrate on PP transitions, 

but on the quantum Hall plateau to insulator transition in high magnetic fields. 

The first observation of a magnetic field induced metal-insulator transition was made 

by Jiang et al. ' on a GaAs/AlGaAs heterostructure. In fact, this transition was from an 

insulator at B=0T to a quantum Hall conductor at fields above =2.5T. Moreover this sample 

shows at B=4.5T a transition from a quantum Hall plateau with filling factor v=2 to an 

insulating phase. Between the critical magnetic field values B=2.5T and B=4.5T a metal like 

temperature dependent behaviour, i.e. a decreasing resistance with decreasing temperature was 

found. On the insulator sides the reverse temperature dependence was observed. The metal-

insulator transition is an Anderson transition, caused by disorder. The temperature dependence 

of the resistance on the insulator side follows the law for variable range hopping 

R~exp(To/T)" for non-interacting 2DEG as expected for an Anderson insulator. The 

magnetic field induced délocalisation indicates a floating down in energy of the extended 

states below the Fermi energy. This is consistent with the theory of the lévitation (or 

floatation) of the extended states as B—>0T18. This prediction is based on the idea that 

extended states can not disappear discontinuously. The transition, reported by Jiang et al. is 

also consistent with the 'global phase diagram' of the quantum Hall effect19. 

Wang et al.20 also report on the magnetic field induced insulator-metal-insulator 

transition in a GaAs/AlGaAs heterostructure. They observed, in principle, the same transition 

as was observed by Jiang et al.17. For the first time scaling of the PI transition was 

investigated. From a plot of dpxx/dB at the critical field, Bc, as function of 1/T Wang et al. 

obtained a critical exponent K=0.21. A resemblance with the scaling for PP transitions was 

claimed. Because the transition is from the v=2 plateau a comparison was made with the spin 

degenerate case in the quantum Hall regime. In this case the critical exponent derived from 

scaling is also 0.217. 

Wong et al. have investigated the scaling properties of a disorder tuned metal-

insulator transition. At a certain value of the magnetic field they changed the disorder by 

changing the gate voltage and then measured the temperature dependence of the resistance. 

Transitions from Landau levels with filling factor v-2 and v=l/3 towards the insulator were 

investigated in two different samples. The change in electron density by applying the gate 
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voltage is comparable to changing the magnetic field. For the scaling of pxx versus (n-nc)T
K, 

where n is the density and nc the critical density, a critical exponent K=0.43 was found. This K 

is the same for both filling factors. This result is claimed to confirm the theoretical prediction 

of universal scaling for the PP transitions and the PI transition6'19. The same critical behaviour 

is expected theoretically for the integer QHE and the fractional QHE, because of the 

microscopic law of corresponding states, which relates both effects to each other . It should 

be noted however, that there is a difference between the exponent K==0.43 derived by Wong et 

al.21 and the one K=0.21 derived by Wang et al.20. Both transitions are from the v=2 quantum 

Hall plateau to the insulator, but K=0.43 is comparable to the spin split exponent derived for 

the PP transitions, while K=0.21 is the exponent for the spin degenerate case. The authors do 

not give a clear explanation for the difference between the two exponents. 

In GaAs structures, delta doped with silicon, also an insulator to quantum Hall phase-

to-insulator transition was observed by Hughes et al. . These authors investigated the scaling 

behaviour of cxx and oxy as function of (B-BC)T"K. For oxy a critical exponent K=0.45 was 

found. The value for the exponent is again for a PI transition with v=2. For axx the same 

critical exponent was reported, however, because of the weak temperature dependence of axx 

at the transition, the scaling was not very good and therefore, the derived exponent is not very 

reliable. The v-2 plateau-to-insulator transition was also observed in a multiple 

GaAs/AlGaAs quantum well, with the doping in the well. A critical exponent K=0.3623 

resulted. 

Pan et al.24 measured the quantum Hall plateau to insulator transition in an InGaAs/InP 

heterostructure. These authors measured the first field induced transition for a PI transition 

with v=l. The sample showed metallic behaviour at B=0T in contrast to the samples in the 

former studies. The electron density amounted to 4T010 cm"2 and the mobility to 94000 

cm2/Vs at 4.2K. This low electron density results in a low critical magnetic field BC=2.6T. 

Scaling of the transition was only observed in a small temperature range between 300mK and 

730mK. The extracted value for the critical exponent is K=0.45±0.05. This value is consistent 

with the critical exponent for the PP transitions for the spin split case. The transition from the 

v=l plateau is a spin split transition in contrast with the spin degenerate v-2 transition. No 

mentioning in the article was made about the scaling of the PP transitions. Also the current 

scaling behaviour of this PI transition was investigated. The critical exponent derived from pxx 

versus |B-Bc|I"
b is b=0.23±0.05. In the quantum Hall regime a exponent equal to 0.21 was 

observed for current scaling9. 

Obviously, the experimental situation reported in literature regarding scaling 

behaviour of the PI transition is unclear. The experimental studies have led to different critical 

exponents. For the spin-degenerate v=2 PI transitions values of K=0.4 as well as K=0.2 were 

reported. The temperature range where scaling is observed is rather limited and certainly much 

smaller as in the case of the PP transitions. Another shortcoming of the before mentioned 
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studies is that no comparison of the PI and the PP transitions can be made for one and the 

same sample. 

Recently Shahar et al.25 claimed to have observed a new transport regime in the 

quantum Hall effect for the quantum Hall plateau to insulator transition. They proposed a 

phenomenological law pxx(v,T)=pxx*exp(-A(v)/Vo(T)), where A(v)=v-v*, v* is the critical 

filling factor and pxx*~e /h is the critical resistivity. This law was found to be valid over a 

wide temperature- and magnetic field range for several samples. Instead of the scaling result 

Vo<*T\ the parameter Vo was found to follow a linear temperature dependence Vo=otT+ß. 

Shahar et al. investigated GaAs/AlGaAs and InGaAs/InP heterostructures. 

For GaAs based structures genuine scaling was only observed at very low temperatures 

(T<200 mK) for the PP transitions. But for InGaAs heterojunctions there is an impressive 

conformation of scaling behaviour over a wide T-range (T<4.2 K). The claim of Shahar et 

al.25 contradicts the universality of the PP transitions and the PI transition. In the remainder of 

this chapter we will show that also the field induced metal-insulator transition as measured in 

an InGaAs/InP heterostructure shows proper scaling. 

5.5. Universality of a*KX and p*^ 

For the scaling behaviour in the quantum Hall regime not only predictions were made for the 

universality of the critical exponent, but also for the zero temperature peak value of the 

longitudinal conductivity oxx*. The prediction of an universal Gxx* with a value e2/2h at the 

unstable fixed point in the flow diagram follows from dimensional grounds. The 'global phase 

diagram' proposed by Kivelson et al.19 predicted for transitions between quantum Hall 

plateaus, an universal critical point (axx*,Gxy*)=('/2,n+1/2)e /h, independent of the microscopic 

details of the model. Theoretically, the behaviour of pxy in the insulator phase is unclear. The 

'global phase diagram' predicts a finite Hall resistance in the insulating phase. Other theories, 

based on the 'semicircle' relationship26 between rjxx and axy, predict a quantised Hall 

resistance far into the insulating phase. This implies that the Hall resistance remains quantised 

through the PI transition and the material is then termed a quantised Hall insulator27. An 

important assumption in case of the 'semicircle law' is that the sample should be 

homogeneous and isotropic on a large length scale. In contrast, Entin-Wohlman et al. 

concluded that pxy diverges in the limit T—>0K, based on a model of local hopping in an 

external magnetic field. Pryadko et al. investigated the importance of electron interaction 

effects for the quantum Hall insulator. In the quantum coherent regime, where the dephasing 

length I is larger than the elastic scattering length £Q, it was found that pxy scales with the 

resistivity pxx. In the insulating phase both quantities diverge at T—>0K. In the Ohmic regime 

(£ <£Q) pxy remains quantised and independent of pxx. 
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In contrast with theoretical predictions, there is no convincing experimental evidence 

for an universal value of Gxx*. Wei et al.30 observed a temperature dependent maximum value 

of Gxx, which is at low temperature significantly smaller than e2/2h. This was observed in the 

same sample, as later used in the temperature scaling studies . 

Also in a high-mobility sample the value of GXX* is not universal. Rokhinson et al. 

showed that the values of Gxx* were equal for transitions in a wide range of integer filling 

factors 3<v<16. This is consistent with the prediction of scaling theories in the quantum Hall 

regime. But the measured value of oxx* was not equal to the expected value e /2h. In this 

study they used the Corbino geometry in order to avoid edge channels, which are present in 

Hall-bar geometry. In the Hall-bar geometry the resistance Rxx is not proportional to the local 

resistivity pxx, because of non-local transport32,33. This non-local transport is only observed in 

high-mobility samples and is of no importance in the InGaAs/InP samples measured by Wei et 

al. and the ones discussed further in this chapter. A way to prevent problems with non-local 

transport is a scheme described in Ref. 33 to separate bulk and edge contributions. The 

authors of Ref. 33 analysed the resistivity for the Nth edge state (pxx
N) that varied through the 

transition from 0 to °°. The corresponding conductivity o"xx
N=pxx

N/[(pXxN)2+(PxyN)2] has a 

maximum value of e2/2h if pxy
N is set equal to h/e2. However, as pointed out by Komiyama et 

al.34, if pxy
N is not assumed constant but is determined experimentally, it is found to increase 

from h/e2 to °° as pxx
N varies from 0 to •». The peak value of axx is then significantly smaller 

than e2/2h. 

Experimental evidence to support the universal value of axx* is found in the activation 

plots by Clark et al.35, which have intercepts of Gxx at T=0K of e2/2h. It is argued by 

Coleridge36 that this indirect measurement can lead to apparently universal values, while at 

low temperature the direct measurement of Gxx* give different values. 

The universality of GXX* is also predicted for the field induced metal-insulator 

transition. In this respect the difference is that also pxx* is universal. Shahar et al. 7 studied the 

PI transition in a wide variety of samples. The results suggest that the resistivity at the 

transition is universal and close to the quantum unit of resistance e2/h (±20%). They also 

observed the same value for pxx* at the PI transition from the fractional plateau v=l/3. In a 

later publication they increased the amount of studied samples and came up with the same 

conclusion . The critical pxx* is related to Gxx* by a tensor relation, which gives a value of 

e2/2h for GXX*, if pxy is quantised through the metal-insulator transition. In a recent publication 

a claim is made for a quantised Hall insulator after compensating for contact misalignment39. 

But in this publication the critical pxx* is 1.65h/e2, far from the universal value. 

So far there is no convincing experimental evidence for the universality of GXX* and 

p*xx. Also the observation of a quantised Hall insulator is not convincing. Our measurements 

of the PI transition demonstrate that it is very difficult to prove experimentally this 

universality, due to inhomogeneities in the samples 
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5.6. Scaling of the quantum Hall plateau-to-insulator 
transition in InGaAs 

5.6.1. Probing the quantum Hall plateau-to-insulator transition 

One of the most important predictions of the renormalisation group theory is that the plateau-

to-insulator (PI) transition and the plateau-to-plateau (PP) transition show the same scaling 

behaviour . This means that the same exponent K should be observed as T approaches 

absolute zero and that the (electron-hole) symmetry in the Gxx, oxy conductance plane should 

be retained. The experiments on the PI transtion17'20'21,22'24 mentioned in section 5.4, did not 

make a comparison between the PP and PI transition as measured for the same sample. This 

was either not possible or just no appropriate data were reported in these references. 

In this section the results on magnetotransport measurements performed on an 
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Figure 5.4: Resistivity pxx and Hall resistance pxy (inset) versus magnetic field. Bc is the 

critical magnetic field defined in the text. The curves are labelled a,b, n and the 

corresponding temperatures are 0.13, 0.21, 0.26, 0.35, 0.47, 0.59, 0.83, 1.04, 1.4, 1.5, 1.9, 2.2, 

3.1 and4.2K. 
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InGaAs/InP heterostructure are reported. The sample structure has already been discussed in 

section 1.3.2.1. Our main objective is to study the critical behaviour of the PI transition and to 

compare the results to the PP transition measured on the same sample. We benefit from the 

fact that our sample has been studied before (see Ref. 7). In this sample the critical exponent K 

for the PP transition was found to be 0.42 and 0.20 for spin polarised and spin degenerate 

Landau levels, respectively. The transport mobility of the sample is 0^=16000 cm /Vs at 

T=4.2K. The electron density is 2.2xl0n cm2, which means that the PI transition occurs at 

B=16T. 

The experiments were carried out in a Bitter magnet (B<20T) using a plastic dilution 

refrigerator (0.1-2K) and a bath cryostat (1.5-4.2K). The magnetotransport properties were 

measured with a standard ac-technique with a frequency of 6Hz and an excitation current of 

5nA. The main experimental results are presented in figure 5.4 where the resistivity pxx and 

Hall resistance pxy are plotted versus magnetic field. The pxx data are plotted versus the 

magnetic field B minus the critical magnetic field Bc, which has a characteristic value of 

BC=16T. This critical magnetic field separates the insulating phase above Bc and the quantum 

Hall phase at lower B. Below Bc pxx increases with increasing temperature, while above Bc the 

opposite behaviour of an insulator is observed. The critical field Bc is not a constant value, but 

has a weak temperature dependence. The critical field varies from 16.3T for the lowest 

temperature (130mK) up to 16.9T for the highest temperature (4.2K). This indicates a small 

increase in electron density of 3.5% at high B, by raising T from 0.13K to 4.2K. 

The pxy data are shown in the inset of figure 5.4. At low temperatures pxy is clearly not 

quantised through the PI transition. The Hall resistance at low temperatures diverges in a way 

comparable to the resistivity pxx. Theory predicts that pxy is finite19 or even quantised ' 

through the transition. The divergence of the Hall resistance implies that our sample is not a 

Hall insulator according to the definition of Kivelson et al.19. The divergence of the Hall 

resistance is not due to misalignment of the voltage contacts as was observed in Ref. 39. This 

point will be discussed in more detail at the end of section 5.6.4. 

5.6.2. Scaling of the conductivities 

The conductivity 0"xx and the Hall conductivity Gxy were calculated in the standard 

fashion using the measured pxx and pxy. The results for Gxx at different T are plotted in figure 

5.5. The maximum of the o~xx(B) curves, the critical conductivity a*xx, defines the critical field 

Bc. A weak temperature dependence of Bc is observed. Bc ranges from 16.3T at the lowest 

temperature up to 16.9T at the highest T. At the lowest temperature, 130mK, the lowest value 

of c*xx and Bc are found. 
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Figure 5.5: The conductivity axx versus magnetic field for the PI transition. The 

curves labelled a,b, ,i correspond to temperatures 0.13, 0.21, 0.25, 0.35, 0.47, 

0.59, 0.83, 1.4, 3.3 and 4.2K. The top of a„(B), the critical conductivity a*xx, 

defines the critical magnetic field Bc. 

In the T interval 3.3K-4.2K the temperature dependence of G*xx is mainly caused by the 

temperature dependence of the Fermi-Dirac distribution. This is illustrated by an increase of 

G*xx with decreasing T in this range. At lower T <7*xx decreases with decreasing T and the 

scaling regime is entered. The Fermi-Dirac distribution can then be considered as a step 

function. For this PI transition the scaling regime is reached at T-1.5K. For the PP transitions 

of this sample the scaling regime extends over a larger range (T<3K).7 

From the axx and axy data the critical exponent can be extracted in a similar fashion as 

was previously done from the pxx and pxy data for the PP transitions5. For 0xx we obtain the 

power law dependence of the halfwidth, AB~T\ with an exponent K=0.46±0.05. For the 

temperature dependence of the Hall conductivity (-^/„^ ^ T~K with K=0.43±0.05 is found. 

In figure 5.7 the width AB versus temperature is plotted for the PI as well as for the PP (2—>1) 

transition. The latter data were derived from the T dependence of the width of pxx and gave a 

critical exponent of K=0.42±0.05, equal to the one derived for the PP transition by Wei et al.5. 

The low temperature data for the field derivative of the Hall conductivity versus temperature 
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oxy (e'/h) 

Figure 5.6: axx versus rjXJ, of the PI transition at some selected temperatures. The 

dashed lines are at temperatures 4.2K, 3.3K and 2.2K (classical regime). In this 

classical regime o"*xx increases with decreasing temperature. In the scaling regime 

(T<1.5K) a*xx decreases with further lowering of the temperature. 

is also plotted in figure 5.7. The exponents K=0.46±0.05, 0.43±0.05 and 0.42±0.05 are all the 

same, within the experimental error, indicating that the PP and the PI transition are transitions 

with the same scaling behaviour. This is a most important result, which proves that the PP and 

the PI transitions are in the same universality class. 

We attribute the small differences in the derived exponents to uncertainties caused by 

mixing the pxx and pxy data in the computation of the conductivities30. pxx and pxy are 

measured at different parts of the sample. Especially fluctuations in the electron density may 

induce errors in calculating oxx and oxy. For the PI transition this seems not to be the case. The 

reason for this can be found in the oxx-Gxy diagram, which is plotted for different temperatures 

in figure 5.6. The symmetry about the line axy=V2 is striking and reflects the high quality of the 

experimental data. The same symmetry was observed and discussed in the original work on 

the PP transitions30. The possibility to determine the critical exponents from the conductivities 

is due to the symmetry in the flow diagram. The symmetry in the Gxx, axy diagram is a direct 

consequence of the following relations: 
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Figure 5.7: Left axis: width of the axx peak, 1/AB, versus temperature for the PI transition (o) 

with a slope K=0.46 and for the PP 2->l transition (o) with K=0.42. Right axis: (do\y/dB)min 

versus temperature for the PP 2-> 1 transition (•) with K=0.43. 

oxt(Av) = o x t ( -Av) ;o (AV) = 1 - ö (-Av). (5.8) 

Here Av = 1/B-1/BC. We have explicitly verified the validity of equation 5.8. This result is 

important since it fundamentally reflects the electron-hole symmetry in the problem. Our data 

do not follow the statement of 'duality'19,40 which says that pxx(Av)=l/pxx(-Av) and pxy 

remains quantised through the PI transition. Instead we observe that the critical conductivity 

c*xx develops a maximum around 1.5K. This is related with the divergence of the Hall 

resistance for the PI transition. But also for the PP transition a similar temperature dependence 

of rj*xx was observed5. The critical conductivity has clearly not the 'universal' value of e2/2h 

as predicted by Kivelson et al.19. 

5.6.3. A different approach to the PI transition 

It is interesting to note that the critical behaviour can be obtained from the resistivity alone as 

well, i.e. without involving the calculation of the conductivities. This can be demonstrated by 

plotting the resistivity on a log scale as function of the difference Av. Such a procedure was 

recently followed by Shahar et al.25 for the PI transition measured on different GaAs and 
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InGaAs samples. In figure 5.8 we show pxx versus Av plotted in this way for our InGaAs/InP 

sample. The resistivity is described by the following equation: 

Pxx(.v,T)=pxxex 
•Av^l 

v0(T)) 
(5.9) 

The slope (Vo) of the straight lines around zero can be accurately determined at each 

temperature. In figure 5.9 l/vo is plotted versus temperature on a log-log scale. The data nicely 

follow a power law behaviour l/Vo~TK with K'=0.55±0.05. This value differs from the 

expected value K=0.42 by more than the experimental error. The data can not be described 

with a linear law Vo=ocT+ß as proposed by Shahar et al.25. This linear dependence on 

temperature does not describe the asymptotics of the quantum phase transition at zero Kelvin. 

Instead it is semiclassical in nature and typically observed at finite temperature for samples 

with predominantly slowly varying potential fluctuations . It is connected with the classical 

-0.005 0.000 0.005 

1/B-1/BC(1/T) 

0.010 

Figure 5.8: p„ data on a logarithmic scale versus inverse magnetic field. The labels 

and temperatures are the same as in figure 5.4. 
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regime, where the temperature dependence of the Fermi-Dirac distribution governs the 
physics. Below 1.5K, the PI transition in our sample does certainly not take place in this 
classical regime, as shown in figure 5.6. The linear temperature law is observed in samples, 
which will reach the scaling regime at very low temperatures and thus a regime which is 
experimentally very difficult to access. 

The 2—>1 PP transition can be transformed into a 1—>0 PI transition in order to show 

that the value K'=0.55 is not a specific property of the PI transition. The following 

transformation steps are performed: pxx,pxy ,,(Gxy-e /h) P xx.P : 
33 , 

This 

scheme was also used in Ref. 41 and is closely akin to that used by McEuen et al. to separate 

different edge-state contributions to the resistivity. The conductivity of the N=o4- Landau level 

only, responsible for the 2—>1 PP transition, is obtained by subtracting the contribution of the 

lowest full Landau level. This procedure is valid under the assumption that the only 

contribution of the lowest Landau level to the Hall conductivity is e2/h. In figure 5.10 this 

procedure is shown for two different temperatures. A remarkable resemblance between the 

measured PI transition and the transformed 2—>1 transition is observed. It is especially 

noteworthy that p'xy diverges in a similar way as pxy at the PI transition. The pxx data after 

transformation are described by the exponential expression (equation 5.9) leading to a value of 
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Figure 5.10: pxx and pxy vs. B for the 2-M transition at T=130mK and 1.04K.This 

2-M transition is transformed into the l->0 transition, which is labelled with p'xx 

and p'xy. There is a clear resemblance between this transformed PI transition and the 

directly measured PI transition plotted in figure 5.4. 

K'=0.5 1+0.05. Transformations like this generally lead to less quality data. Nevertheless the 

results in figure 5.9 indicate that different exponents can be extracted from the same 

experimental data. 

5.6.4. Origin of the different exponents 

In this section we address the origin of the difference in exponents derived for the InGaAs/InP 

sample. From the width of the conductivity and the first derivative of the Hall conductivity 

K=0.44 was derived. From the temperature dependence of the slope v0 a critical exponent 

K=0.55 was found. In this section we will show that inhomogeneity effects are responsible for 

the difference. 

The transport data of the PI transition can be accurately described by equation 5.9, 

where p* denotes the critical resistance. It can be written as p*=a*xx/((o~*xx) +Vi) where o*xx 

is the critical conductivity, as defined in figure 5.4. Both quantities are weakly dependent on 
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Figure 5.11 l/v0 versus temperature for the PI transition (full squares, K'=0.55) . Upper 

inset: (7^ + j versus temperature. The slope of the straight line equals 0.15. Lower inset: 

(daxy/dB)min versus temperature, the slope of the straight line equals 0.43. 

temperature and this temperature dependence is not simply irrelevant as thought previously. 

Irrelevant in this respect means, no influence on the scaling properties of the transition. The 

temperature dependence of a*xx turned out to be marginal and it accounts for the difference in 

the observed exponents. 

Following equation 5.8 pxx(Av) can be related to pxx(-Av), such that the ratio can be 

written as pxx(Av)/pxx(-Av)=exp(-2TKAv). As a good check upon the validity of this result the 

exponential on the right hand side is fitted to the experimental data inserted in the left hand 

side. The same numerical value K'=0.55 was obtained indicating once more that equation 5.8 

represents the fundamental symmetry of the problem. From the ratio pxx(Av)/pxx(-Av) the 

following renormalisation group equation for small 6=Gxy-'/2 can be obtained: 
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- -K0 ; K = K . (5.10) 
d\nT dlnT 

Equation 5.10 shows how a relatively weak temperature dependence in GXX* can lead to 

different exponents extracted from different quantities. In figure 5.11 1/vo versus temperature 

is replotted on a log-log scale. The solid line gives K'=0.55. In the upper inset the low 

temperature data for \n((Gxx*)2+V4) versus In T are shown and a slope of 0.1510.03 is 

obtained. According to equation 5.11 a value of K of 0.40 results, which should be compared 

to the value K=0.43 derived from the low temperature dependence of (daxy/dB)min. (see lower 

inset figure 5.11) 

One can conclude from the marginal dependence of GXX* on temperature that the 

electron gas has not yet fully developed criticality. This would mean that a much lower 

temperature is necessary before the critical fixed point is truly reached. However it is 

important to stress that the small changes in GXX* observed at low temperatures are most likely 

the result of macroscopic inhomogeneities in the sample. One way of showing this is by 

writing equation 5.9 as 

&v-Sve(T) 

Pxx=e v°m (5.11) 

The shift in the critical filling fraction (Svc) and the critical resistivity(p*) are related through 

p*(T)=exp(Svc/Vo). This shift is next to be compared to the difference (Svc) as it is obtained 

from the definitions Gxy='/2 and daxx/dB=0. These two definitions give a small difference in 

critical magnetic fields which can be transformed into values for 6vc. In figure 5.12 5BC/BC 

(equal to vc/5vc) with varying T for both cases are plotted. Both effects are comparable. 

Notice that the uncertainty 5vc/vc in the definition of vc clearly shows the effect of 

macroscopic inhomogeneities (in electron density) which causes vc to be slightly different in 

the different regions of the sample where pxx and pxy are being probed. The inset of figure 5.7 

therefore indicates that the weak or marginal temperature dependence of GXX* is, in fact, an 

inhomogeneity effect. This lack of universality in oxx* also shows up in the different data sets 

taken at different experimental runs. After heating up the system to room temperature and 

then cooling down again one usually finds that Bc has-shifted along with a shift in GXX*. The 

shift in Bc indicates a change in electron density, whereas the shift in oxx* indicates a change 

in inhomogeneity profile of the density. 

The effect of the temperature dependence in GXX* is strongly related with the Hall 
resistance. As shown in the inset of figure 5.4 the Hall resistance diverges at low 
temperatures. Hilke et al.39 showed for p-SiGe samples that the Hall resistance remains 
quantised far into the insulating phase. However, the as-measured experimental data show a 
not quantised Hall resistance, which is claimed to be due to misalignment of the Hall contacts. 
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Figure 5.12: 5BC/BC versus T. The squares are the data derived from 

p*, Eqs. 5.9 and 5.11, the circles are the data obtained from the 

different definitions of Bc (see text). 

By reversing the magnetic field and averaging out the resistance contribution a quantised Hall 

plateau was recovered at low temperatures. We do not think misalignment of contacts can 

cause the observed diverging Hall resistance for the PI transition in the InGaAs/InP 

heterostructure. The effect of misalignment can be described by p'xy=pxy+c*pxx, where the 

parameter c gives the coupling of the resistivity into the Hall resistance. In our case this would 

mean that the parameter c is strongly field and temperature dependent and at low temperatures 

almost one. The divergence of pxy is already present when pxx is still below h/e . 

This misalignment can not be reconciled with the symmetric flow diagram shown in 

figure 5.6. From the flow diagram we conclude that the divergence is a sample property, 

important for the PI transition. Also for the transformed 2—>1 transition the qualitative same 

behaviour for pxy is observed as for the 1—>0 transition as shown in figure 5.8. Misalignment 

can not play a role for the 2—>1 transition because pxx is sufficiently small for this transition. 

The diverging pxy is due to different critical fields Bc, related to inhomogeneities in the 

sample. The inhomogeneities, although small in our sample but always present, make it 

impossible to observe a quantised Hall insulator. Most theories26,27 that predict the quantised 

Hall insulator make the assumption of a homogenous sample, which is not valid for real 

samples. 

The marginal temperature dependence in cxx* is common to both the PP and PI 

transition in our sample. This was previously also observed in Ref. 5. The universality of aM* 

for both transitions is difficult to prove convincingly by experiment, due to inhomogeneities 

present in the samples. It is important to note that equation 5.10, upon modification, is 
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applicable to the PP transitions as well. For example, for the 2—>1 transition equation 5.11 is 

modified according to K1 -K = — . By inserting the Gxx* data we find in this case 

d\nT 

K'-K<0.01 which is well within the experimental error. The constant 9/4 instead of 1/4 in the 

equation results in different values K'-K between the 1—»0 transition and the 2—»1 transition. 

The value of o2
xy at the transition defines this constant. The 2—>1 PP transition occurs at 

Gxy=3/2, while the PI transition occurs at 0"xy=l/2. This result explains why a single exponent 

K=K'=0.42±0.04 was previously extracted for the 2—»1 transition as well as from the higher 

Landau levels over a wide range in temperature. 

5.7. Crossover from classical to quantum transport 

The temperature dependence of the integer quantum Hall transition can be interpreted by 

identifying two regimes, the classical and quantum transport regime. In the classical regime 

the temperature dependence of the transitions are characterised by the linear temperature 

dependence reported by Shahar et al.25. The quantum transport regime is described 

consistently with the scaling theory. In this section the crossover between the two regimes is 

investigated. The different crossover temperatures in different samples are discussed. The 

nature of the potential fluctuations plays an important role in this discussion. 

The PI transition and the transformed 2 ^ 1 transition in the InGaAs/InP sample, 

discussed in section 5.6, show a clear power law temperature dependence and not the linear 

temperature dependence reported by Shahar et al25. Two types of samples, InGaAs/InP and 

GaAs/AlGaAs, were investigated by Shahar et al25 and no scaling was observed in the 

measured temperature range. The low electron density (BC~2.6T) in the InGaAs/InP 

heterostructure measured by these authors is responsible for the different results compared to 

ours obtained on the InGaAs/InP heterostructure (BC~16T). The long-ranged potential 

scattering mechanism is responsible for the absence of scaling in the GaAs/AlGaAs 

heterostructures. 

However, short-ranged potential scattering alone is not a sufficient condition for 

genuine scaling over a wide temperature range. For an InGaAs/AlGaAs heterostructure we 

measured the 2—>l PP transition in the range T=70mK-2.4K. For this sample the electron 

density is 2.7x10" cm"2 and the transport mobility, u.t, is 34000 cm2/Vs. The PP transition was 

transformed to a PI transition in a similar way as described above. In figure 5.13 the slope Vo, 

of the log(pxx) versus Av curves, is shown versus T on a linear-linear scale and on a log-log 

scale. For T>0.4K the results can be described by a linear temperature dependence of v0. At 

low temperature (T<0.4K) a clear deviation from this linear dependence is found. The log-log 

plot shows that below 400mK the temperature dependence is given by a power law. The 
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Figure 5.13: The slope v0(T) determined from a plot of pxx as function 

of Av for an InGaAs/AlGaAs sample on a linear-linear scale (a) and on a 

log-log scale (b). 

parameters a and ß describing the linear law v0=aT+ß are 0.033K"1 and 0.096, respectively, 

while the ratio ß/a=2.9K. The ratio ß/cc defines a temperature that was reported to be 

characteristic of the material system. Values for ß/a reported in Ref. 25 are 0.5K and 50-

lOOmK for InGaAs/InP and GaAs/AlGaAs heterostructures, respectively. The critical 

exponent derived from a power law fit amounts to K=0.46 for T<400mK. This critical 

exponent is equal to the value obtained for our InGaAs/InP sample. The relevant parameters 

of the samples discussed in this section are listed in Table I. 

The nature of the potential fluctuations is the same for the investigated InGaAs/InP and 

InGaAs/AlGaAs heterostructures. The ratio of the transport mobility and the quantum 

mobility uVM-q gives an indication for the range of the potential fluctuations42'43. The quantum 

mobility depends on the quantum lifetime xq that characterises the Landau level width. The 

quantum lifetime is defined as the mean time between two successive scattering events and 

every scattering event is equally important. The transport mobility is determined by the 

momentum transfer in the direction of the electric field and therefore depends on the 

scattering angle. This transport mobility contains a small contribution of small angle 
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scattering, as these scattering events have a very limited effect on the electron drift velocity. 

The ratio \ij\i.q depends on the m o m e n t u m weighing ( l - cos8 ) due to the angle dependence of 

the transport mobili ty. The ratio is ~1 if the dominant scattering process is short ranged. This 

should be the case for alloy scattering, which is a short-ranged potential scattering process. If 

long-ranged potential scattering processes like ionised impuri ty scattering are important the 

ratio is much higher4 2 , typically between 20 and a few hundred. 

For our InGaAs/InP heterostructure the ratio (J.tr/u.q equals 2.7, while for the 

InGaAs/AlGaAs heterostructure p. t r/iiq=3.4. This indicates that the range of the potential 

fluctuations is almost the same. The sample used by Wei et al . for the first scaling 

exper iments had a ratio \x.J\xq~l. This sample shows scaling with the highest characteristic 

temperature T s c . Recently, scaling experiments were performed on a p-SiGe sample with 

|!tr/(V=l44- This sample shows possibly an onset of scaling at 150mK. Therefore only the 

assumption of a short-ranged potential is not sufficient to explain the appearance of scaling in 

an experimental ly accessible temperature range. It is not the width of the Landau level, which 

is important , but the bandwidth of the extended states in the Landau level. 

The Landau level width V can be related to the quan tum mobil i ty in the Born 

approximation for 5-scatterers: 

r = 
he \2B 

(5.12) 

Material 

m 2 /Vs 

^ q 

m 2 /Vs 

iVHq T25% 

K 

TCTXX 

K 

a 

K-1 

ß ß/a 
K 

InGaAs/InP a 1.6 0.6 2.7 1.5 1.5 

InGaAs /AlGaAs a 3.4 1.0 3.4 0.4 # 0.033 0.096 2.9 

p-SiGe b 1.3 1.5 0.9 0.065 # 0.08 

InGaAs/InP c 3.6 0.5 7.3 4.2 4.2 

GaAs /AlGaAs d 1.8 0.24 0.014 0.06 

InGaAs/InP d 3.0 0.088 0.054 0.60 

a: this work 

b: Ref. 44 

c: Ref. 5 

d: Ref. 25 

#: no maximum in rj*„ observable 

Table I: The transport mobility u„ the quantum mobility \xq, the ratio |J.t/uq, the 

temperature where -25% of the Landau level states are extended (see text), the 

temperature where 0XX has a maximum, the parameters in the linear law 

v0(T)=aT+ß and the ratio ß/a, for different materials. 



96 Chapter 5 

The width at half maximum of the conductivity peak, W0, gives an indication for the width of 

the extended states energy band in the Landau level. The width of the extended states energy 

band (W0) can now be compared with the Landau level width (T). In the InGaAs/InP 

heterostructure r/W0~4 at T=1.5K, which implies that 25% of all states is extended at this 

temperature. The scaling regime starts at T-1.5K, as concluded from figure 5.6. The 

identification of the maximum value of a*xx as the starting point of scaling was noted in the 

first results published on localisation and scaling30. For the InGaAs/AlGaAs sample this 25% 

is reached at T=400mK, which relates nicely to the temperature where the power law 

temperature dependence of v0 starts (see figure 5.13). For this InGaAs/AlGaAs sample no 

maximum value of G*xx can be identified, because G*xx is constant below 800mK. For the p-

SiGe sample in Ref. 44 only at T=65mK this value of 25% is reached. For these 

measurements o*xx increases up to the lowest temperatures (T=65mK). 

At these low temperatures the width of the Fermi function (-8f/3E) is about 10% of the 

width of band of extended states. The important condition is not the width of the Landau level 

but the width of the extended states, which should be narrow enough around the Landau band 

centre to obtain scaling. For the samples discussed this seems to be around 25% of the Landau 

level width. Of course the extended states bandwidth should be large compared to the width of 

the Fermi function (around 10% in the investigated samples). 

The samples mentioned in the above paragraph could be compared because in all these 

samples short-ranged potential scattering is important. However, if long-ranged potential 

fluctuations become important an effective bandwidth is introduced, where also the inelastic 

scattering time plays a role . Inelastic scattering processes, like electron-electron interactions, 

affect in the long-ranged potential case the extended states energy width W0. In principle one 

can assume an effective bandwidth Weff, where the inelastic scattering time xin is 

included :Wlff =W0 +r~'. Due to the broadening of the bandwidth lower temperatures are 

needed to observe scaling. 

5.8. Conclusions 

In summary we can say that the PP and PI transitions show the same scaling behaviour, with 

the same critical exponent. This is in complete agreement with the predictions of the 

renormalisation theory6. We have shown that the critical conductance Gxx* as well as the 

exponent of the PI transition are weakly affected by the (weak) macroscopic inhomogeneities 

in the sample. Our data retain fundamental aspects such as the electron-hole symmetry in the 

Gxx-Gxy diagram. It is important that this symmetry is not confused with the statement of 

duality19, which is in fact not verified by our experiments. 
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The difference in exponents determined with the two different analyses can be 

explained by the temperature dependence in the critical conductivity GXX*. By combining the 

results for the PP and PI transitions we conclude that K=0.42 stands for the universal critical 

exponent of the quantum phase transition. The numerical value K'=0.55 on the other hand is 

the result of macroscopic inhomogeneities. Following equation 5.10 it represents an effective 

exponent. 
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6. Magnetotransport in GaAs 

S-doped with tin 

6.1. Introduction 

High peak concentrations and narrow distribution thicknesses can be achieved with 5-doping 

in semiconductors. The ideal situation is when the doping atoms are confined to a single 

atomic layer in the host material. Due to diffusion and segregation phenomena the dopants 

tend to move away from the doping plane, producing a broader profile. Schubert et al.' 

reported the first truly ô-doped semiconductor structure with a narrow doping profile. The 5-

doped structures are usually grown by molecular-beam epitaxy (MBE) and the most 

commonly used doping atom is silicon2. The first observation of a 2 dimensional electron gas 

(2DEG) in a 5-doped layer was reported by Zrenner et al.3. 

Semiconductors in which the dopants are confined in a single plane of the host 

material have attracted much attention due to their technological applications and interesting 

physical properties. The structural and electronic properties of Si ô-doped GaAs have been 

investigated in great detail. Characterisation techniques like SIMS and CV profiling show that 

the measured thickness of the doping layer is limited by the resolution of the technique. 

However it can be concluded that dopants can be confined to within -15 Â, which 

corresponds to roughly three atomic layers, for samples grown under optimised conditions4. 

Typical for the 5-doped system is the high carrier concentration, which makes it different from 

other two-dimensional systems. This high carrier concentration makes it possible to study 

multi-subband effects. Nowadays, the high doping concentrations in §-doped systems become 

technologically important due to decreasing dimensions of semiconductor structures. 

The carriers released from the dopants in the S-layer are confined by the potential well 

induced by the ionised dopant atoms. In this chapter the first experimental study of Sn 5-

doped GaAs structures is presented. Tin has rarely been used for doping in GaAs because of 

its high segregation ability 5. The high segregation velocity of tin is a disadvantage for 

obtaining narrow 5-doping profiles. On the other hand, when doped in GaAs Sn is less 

amphotere compared to silicon. Therefore, it is possible to obtain very high electron densities 
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with many occupied electron subbands. The maximum electron density obtained equals 
8.4x10 cm" , determined by Hall measurements. At this high electron concentration even 
electron subbands at the L point are populated. In the first part of this chapter we present the 
results of a study of GaAs 8-doped with tin grown on singular substrates. 

A next step in structuring dopants is laterally ordering in the doping plane. Ordering of 
the dopants is an important step in the further control of the growth and the characteristics of 
semiconductors. In fully ordered doping layers, ionised impurity scattering and potential 
fluctuations will be absent. New physical effects can be expected in laterally ordered doping 
layers, like reduction of dimensionality from 2D towards ID. There are two main routes to 
obtain lateral ordering in the dopant layer. Coulomb interaction between ionised doping atoms 
during diffusion at the growth surface and attachment of the dopants at the step edges on a 
vicinal surface. A vicinal substrate arises from a misorientation of the substrate at a small 
angle, which results in step edges and terraces on the surface. The high segregation ability of 
tin compared to silicon turns into an advantage for growth on misoriented substrates. This 
may lead to ordering at the step edges. The growth on vicinal substrates is an appealing 
method to modulate the 2DEG with a periodic one dimensional potential, or even to produce 
an array of quasi-lD conducting wires. Control of the segregation of tin to the step edges is 
the key parameter. In the second part of this chapter the results of a study on Sn 5-doped GaAs 
grown on vicinal substrates are presented. We will show that it is possible to induce a 
significant anisotropy in the electronic properties when Sn is deposited on vicinal GaAs 
structures. The study of singular GaAs structures 8-doped with Sn served as a basis for the 
growth of structures on vicinal substrates. 

The last part of this chapter deals with the persistent photoconductivity effect in both 
the structures grown on singular and vicinal substrates. Many semiconductors exhibit 
persistent photoconductivity after illumination at low temperatures. Persistent means, in this 
respect, long lifetimes due to strongly reduced carrier recombination at low temperatures. In 
many m-V semiconductors the persistent photoconductivity is due to deep donor levels, the 
so-called DX centres. Also in our structures these DX centres play an important role. An 
increase in conductivity, as well as a decrease in conductivity was observed. The sign of the 
photoconductivity effect depends on the wavelength of the light and on the electron density of 
the structures. 
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6.2. GaAs 5-doped with tin on singular substrates 

6.2.1. Samples on singular substrate: experimental 

The GaAs(S-Sn) structures were grown by MBE at the Institute of Radioengineering and 

Electronics of the Russian Academy of Sciences in Moscow. On a semi-insulating GaAs (Cr) 

[001] substrate a buffer layer of i-GaAs (240nm) was grown. At a temperature of = 450 °C a 

tin layer was deposited in the presence of an arsenic flux. The structures were covered by a 

layer of i-GaAs (width 40nm) and a contact layer n-GaAs (width 20nm) with a doping 

concentration of silicon 1.5xl018 cm"3. The design density of tin in the S-layer smoothly 

varied from nD=3.0xl012 cm"2 in sample Nl up to nD=2.7xl014 cm"2 in sample N7. From each 

wafer a number of Hall bars and samples with van der Pauw geometry were prepared. 

The longitudinal resistivity pxx(T) of the structures was measured in the temperature 

range 0.4-300 K. Temperatures above 4.2 K were obtained using a bath cryostat, while 

temperatures below 4.2 K were obtained with a 3He cryostat. The Hall resistance pxy(B) for a 

field perpendicular to the 2DEG was measured in the temperature range 0.4-12 K in stationary 

magnetic fields up to 10 T. The magnetotransport data were measured using a low-frequency 

ac-technique. In addition, magnetoresistance and Hall effect experiments were carried out in 

pulsed magnetic fields up to 38 T at T= 4.2 K. The samples were immersed in liquid helium to 

ensure stable temperatures. Shubnikov-de Haas data were taken with the pulse magnet in the 

free decay mode, after energising the magnet to the maximum field value. The total pulse 

duration amounts to 1 s. The high-field magnetotransport data were measured using a dc-

technique with a typical excitation current 1=1-10 U.A. The high-field magnetoresistance was 

measured for a field perpendicular and parallel to the 2DEG. 

6.2.2. Selfconsistent calculation of the subband energies 

The energy band diagrams, wave functions and electron concentration in each subband can be 

calculated self-consistently by solving the Poisson and Schrödinger equations6. The 

bandstructure calculations were performed by Dr. R.A. Lunin from the Moscow State 

University. The electron wave functions (pi(z), and energies E;, can be calculated in the 

effective mass approximation with a ID Schrödinger equation: 
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Figure 6.1: Band diagram of sample N2. The energy is 

presented with respect to the Fermi energy. Electron wave 

functions (solid lines) for the different electron subbands 

(dashed lines) are also shown. The shaded rectangle in the 

bottom of the graph denotes the width of the doping sheet. 

h1 d2 

2m' dz' 
+U(Z) ç, (z)=Elçi (z) (6.1) 

where m* is the effective mass and the potential energy U(z) is given by: 

U(z)=Uc(z)+Uxc(z) (6.2) 

The electrostatic potential Uc(z) is determined by the Poisson equation: 

d\uc(z^ 
À 

(6.3) 
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Figure 6.2: Dispersion diagram for sample N2 at zero 

magnetic field and B=18T. The energy is calculated with 

respect to the Fermi energy. 

where Eo is the permittivity of free space and er is the relative dielectric constant. For GaAs 

er=13.1. The charge distribution p(z) is determined by summing over the negatively charged 

donors, no(z), the positively charged background acceptors, nA(z), and the electron density of 

the 2DEG, n(z): 

p(z)=e[nD {z)-nA (z)-n(z)] (6.4) 

The second term in equation 6.2 describes the exchange and correlation effects7. No analytical 
solution of the problem exists and therefore a self-consistent calculation is carried out by 
solving the Schrödinger and Poisson equations using an iteration algorithm, consisting of the 
following steps: 
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Ci 

Figure 6.3: Calculated total density of states for sample N2. At 

the sharp discontinuity in the DOS one electron subband is 

depopulated (right axis). The magnetoresistance measured at 

T=4.2K in parallel field for sample N2 is also shown (left axis) 

1) An initial potential is selected, the Schrödinger equation is solved and the energy levels and 
wave functions are obtained. In this calculation also conduction-band non-parabolicity 
corrections were included . 

2) The 2 dimensional electron subband densities nj(z) are calculated. For T=0 K the subband 

density ni is given by ni=m*/7rÄ2(EFermi-Ei). 

3) The Poisson equation is solved and an improved potential is obtained. The width of the 
dopant layer is chosen so that the electron density of the lowest subband equals the measured 
density derived from the SdH oscillations. 
4) The new potential is used to solve the Schrödinger equation again. This process is repeated 
until the difference between the old potential and new potential is smaller than a chosen value. 

As an example we present in figure 6.1 the calculated potential with the energy levels 
and the electron wave functions of sample N2 (see Table I for sample parameters). The shaded 
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rectangle in the bottom of the graph indicates the width of the dopant layer. In this calculation 

the width of the dopant layer was equal to 160 A. 

Magnetoresistance experiments in a parallel magnetic field are a useful tool to 

determine the number of occupied electron subbands in ô-doped layers. ' ' In case the 

magnetic field is applied parallel to the 2DEG, for instance in the y direction, the Schrödinger 

equation is given by: 

h2k] {hkx+ezBf h2 d2 ,u{z) 

2m* 2m* 2m* dz 
(p=E<p (6.5) 

where the potential U(z) is given by the sum of the electrostatic potential, calculated with the 

Poisson equation 6.3, and the exchange-correlation potential (equation 6.5). The self-

consistent solution can be written in the following form: 

E=El(hx) + £Tk) (6.6) 
2m 

where i defines the electron subband number and m*=0.07m0 (m0 is the electron mass). The 
electron subband energy Ej(kx) is shown in figure 6.2 at B=0T and B=18T for sample N2. 

The electron energy levels are shifted towards the Fermi level with increasing magnetic 
field. In B=18T the electron subbands i=3 and i=4 are completely depopulated. The total 
density of states (DOS) at the Fermi level increases with increasing magnetic field. The DOS 
increases with increasing magnetic field, because the slopes of the energy subbands at the 
Fermi level become less steep. A sharp singularity in the DOS is observed after an electron 
subband crossed the Fermi level (see figure 6.3). This sharp drop in the total DOS indicates 
the depopulation field of the depopulated electron subband. In figure 6.3 the calculated DOS, 
normalised at the zero field value, at the Fermi level for sample N2 is shown. Also the 
measured magnetoresistance in parallel magnetic field for sample N2 is included. When 
comparing the DOS and the oscillatory magnetoresistance a correspondence between the 
sharp discontinuity in the DOS and minima in the first derivative versus field of the 
magnetoresistance dp I dB can be observed. This will be discussed in more detail in the 
section about the experiments in parallel magnetic field. 

6.2.3. Experiments in perpendicular magnetic field 

For all samples we find that the Hall resistance pxy(B) is a linear function of the magnetic field 

and does not vary with temperature in the range 0.4-12 K. The electron densities of samples 

N1-N7 determined from the Hall constant, nH, range from 1.74xl012 cm"2 up to 8.4xl013 cm"2 
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Figure 6.4: a) Magnetoresistance oscillations pXx(B)-p„(0) of sample 

Nl at T=4.2K. The zero field value is p„(4.2K)=2.35kQ. b) Fast 

Fourier transform of the data in a). The numbers label the subbands (see 

Table II). 

(see Table I). The electron density 8.4xl013 cm'2, measured for sample N7, is one of the 

highest values obtained by 5-doping. The mobility of the structures as determined from the 

zero field resistivity value varies from 540 up to 1940 cm2/Vs (see Table I). At low 

temperatures (T< 4.2 K) a negative magnetoresistance was observed for all samples in low-

magnetic fields (B< 0.2 T), which is attributed to the suppression of weak-localisation effects 

by the field. In the remaining part of section 6.2 we predominantly focus on the samples Nl, 

N2 and N7, which have quite different electron densities of 1.74xl012, 14.5xl012 and 8.4xl013 

cm" , respectively. These samples may be considered as exemplary for our study of the Sn 5-

doped structures. 

As an example the magnetoresistance Apxx=pxx(B)-pxx(0) for samples Nl, N2 and N7 

is shown in the bottom frames of figures 6.4, 6.5 and 6.6, respectively. The values of 

pxx(4.2K) are 8.0, 1.35 and 0.17 kQ, for Nl, N2 and N7, respectively, which shows that pxx 

decreases with increasing carrier concentration, as expected. In all cases we observe 

pronounced Shubnikov-de Haas oscillations with several frequency components Fj, as most 

clearly follows from the Fourier transforms (figures 6.4b-6.6b). We have verified the two-
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Figure 6.5: a) Magnetoresistance oscillations pxx(B)-pxx(0) of sample N2 at 

T=4.2K. The zero field value is pxx(4.2K)=897Q. b) Fast Fourier transform of 

the data in a). The numbers label the subbands (see Table II). 

dimensional nature of these frequency components, by varying the angle 9 between the 

magnetic field and the normal to the ô-layer. The expected behaviour F(0)=F(0)/cos9 was 

observed. 

sample 

# (1012cm-2) 

nH 

(1012crn2) 
L nsdH 

(1012cm~2) (cm2/Vs) 

Nl 2.97 1.74 2.75 1530 

N2 8.90 3.59 8.73 1940 

N3 9.90 3.23 1.04 540 

N4 26.7 2.63 2.03 1080 

N5 29.7 10.4 6.15 1200 

N6 89.1 8.4 8.09 1150 

N7 267 84 44.8 1170 

Table I: The design doping density nD, the Hall concentration nH, the sum of the 

Shubnikov-deHaas concentrations SnSdH over all subbands and the Hall mobility (J.H 

at T=4.2K for samples Nlup to N7. 
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Inspecting the Fourier transforms of pxx(B) as shown in figures 6.4b-6.6b, we conclude 
that two and four frequency components, indicated by the peak labels (0-3), are present for 
samples Nl and N2, respectively. For sample N7 at least three, but possibly five frequency 
components are observed (figure 6.6b). Although, in general, some of the frequency 
components could be caused by higher harmonics and/or sum and difference frequencies, this 
is not the case here. For all samples the different frequencies can be associated with individual 
subbands, which is strongly supported by the band structure calculations. 

The Shubnikov-de Haas frequency is related to the electron density by nSdH=2eFj/h, 
where e is the electron charge and h is Planck's constant. The factor 2 results from the spin 
degeneracy, which is not lifted. The values for nSdH of the individual subbands of samples Nl, 
N2 and N7 are listed in Table n, where the label of the subband corresponds to the peak 
number in the Fourier transform. The sum of the values for nSdH of the different subbands 
(EnsdH) is listed in Table I for samples N1-N7. In these multiple subband systems the 
comparison of nH and nSdH is not straight forward, notably because nH depends on the densities 
and mobilities of the different subbands. For sample Nl, which has three occupied subbands, 
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Figure 6.6: a) Magnetoresistance oscillations pxx(B)-pxx(0) of sample N7 

at T=4.2K. pxx(0)=64Q at T=4.2K. b) Fast Fourier transform of the data 

in a). The numbers label the subbands (see Table II). 
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riH< nsdH, while for samples N2-N7 riH> risdH- The latter behaviour has also been reported for 

heavily Si 5-doped structures1 

As follows from the data in Table I ZnsdH is not a monotonous function of the design 

doping density. We emphasise that this is not due to inhomogeneities of the wafers, as 

samples cut from different parts of the wafer yield identical results (within 1%). The value of 

EnsdH is within a few percent equal to the doping density for samples Nl and N2, while for 

samples N3-N7 EnsdH is about a factor 5-10 lower than the design doping density. The 

difference between no and EnsdH becomes significant near no=lxl013 cm"2. We attribute this 

distinct difference to the formation of 3D tin islands at a doping density larger than -lxlO13 

cm"2. It is known that Sn may form 3D islands, depending on doping density and growth 

temperature13. The ability of Sn to accumulate into 3D islands has a strong influence on the 

mobilities of the electron subbands. This additional scattering mechanism hampers the 

observation of the electron subbands and therefore ZnsdH is smaller than the doping density. 

One of our most important findings is that the electron density does not saturate at large 

design doping densities, as is observed in the case of Si 5-doped structures14. This indicates 

> 
E 

LU 
LU 

200 

100 

-100 

-200 

-300 

-400 
-400 400 

Figure 6.7: The calculated band structure for sample N7. The thick solid lines denote 

the potential wells for the T and the L points as indicated. The dashed lines indicate 

the energies Ei of the electron subbands at the F point. The dotted lines indicate the 

energies E; of the electron subbands at the L point. The shaded rectangle at the 

bottom of the figure indicates the thickness of the doping layer. 
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sample i subband TlSdH nCai m S d H 
M,"" B„ • cal 

# number (1012cm2) (1012cnV2) (cm2/Vs) (cm2/Vs) (T) (T) 
NI 0 1.76 1.75 670 790 - -

1 0.99 0.99 725 900 18.6 22.5 
2 - 0.30 - 1120 4 8.0 

N2 0 3.80 3.75 420 650 - -
1 2.40 2.68 - 710 - 45.3 
2 1.56 1.56 1000 1000 25.8 24.5 
3 0.85 0.67 2040 1620 12.6 12.5 
4 - 0.06 - 1170 4.4 3 

N7 0 11.2 11.06 - 217 - -
1 - 10.80 - 217 - -
2 - 10.38 - 218 - -
3 10.0 9.75 690 220 - -
4 9.09 8.87 830 225 - 43.9 
5 8.17 7.84 890 236 32.0 34.1 
6 6.3 6.68 - 258 26.6 28.7 
7 - 5.36 - 295 22.3 23.3 
8 - 3.91 - 359 17.0 17.8 
9 - 2.49 - 461 10.7 12.5 
10 - 1.32 - 509 5.2 8.0 

Table II: Experimental and calculated parameters for GaAs(ô-Sn) 

structures Nl, N2 and N7 at T=4.2K. nsdH is the electron subband 

concentration, p.,,sdH is the quantum mobility obtained from the 

Shubnikov-de Haas effect, ncal is the self-consistently calculated electron 

concentration, uq
ca' is the calculated quantum mobility, B, is the 

experimentally determined depopulation field and B,,ca' the calculated 

depopulation field. 

that the compensation mechanism, when group IV Sn atoms are incorporated on As sites, is 
not significant. 

In order to evaluate the electron quantum mobility u.q
SdH of each subband, the 

corresponding SdH oscillation was separated and a Dingle plot was made15. The resulting 

values obtained at T= 4.2 K are listed in Table H. A considerable variation in u.q
sdH over the 

different subbands is observed, which is best illustrated by the data for sample N2, where 

Hq
sdH ranges from 420 to 2040 cm2/Vs. The relatively low quantum mobilities of the different 

subbands are reflected in part in the width of the Fourier peaks. For the lower subbands, the 

values of Hq
SdH are similar to the values reported for Si 8-doped GaAs16. 

The electron quantum mobilities, which are limited by scattering on the ionised Sn 

impurities6'718, were calculated with the inclusion of multiple subband scattering. The 

screening of the Coulomb scattering potential was taken into account within the random-phase 



Magnetotransport in GaAs... 113 

approximation17. The calculated mobility increases with increasing subband number i and the 
results are listed in Table H For samples Nl and N2 the agreement between Hq

calc and u,q
sdH is 

quite good. 

Next we present the band diagrams, wave functions and for each subband the electron 
concentration, that has been calculated by solving self-consistently the Schrödinger and 
Poisson equations (see section 6.2.2). The resulting band diagrams for samples N2 and N7 are 
shown in figures 6.1 and 6.7, respectively. The thickness of the 5-layer is used as an adjustable 
parameter in the calculations and amounts to 160 A and 340 A for samples N2 and N7, 
respectively. This value is rather large compared to typical values for Si 5-layers19'20 (20-
100 Â), because of the ability of Sn to segregate5. Another mechanism, which might result in 
a relatively large width, is the repulsive interaction between the ionised impurities21. This 
enhances the segregation, especially in heavily doped structures like N7. The calculated 
electron densities for each subband, ncaic, are listed in Table II. For samples Nl and N2 the 
agreement with the experimental values of nsdH is very good. The results for sample N7 will 
be discussed later in this section. 

6.2.4. Experiments in parallel magnetic field 

Magnetoresistance experiments in magnetic fields parallel to the 5-layer allow one to 

determine accurately the number of occupied subbands and form therefore a useful tool for the 

investigation of 2D multi subband systems9'10'11. Normally the higher subbands, which have a 

low occupancy and mobility, can hardly be detected by the Shubnikov-deHaas technique, 

because at high perpendicular magnetic fields the energy of the Fermi level is already close or 

below the lowest Landau level of these subbands. In the parallel magnetic field configuration 

also these subbands are detectable. This method has been used for a variety of multi-subband 

2 dimensional electron gasses ' ' ' ' . 

When comparing the DOS and the oscillatory magnetoresi stance a clear 

correspondence between the sharp discontinuities in the DOS and the minima in the first 

derivative versus magnetic field of the magnetoresi stance dp I dB is observed (see figure 6.3). 

Like in Ref. 9,10 and 24 we take the minimum values of dp I dB as the experimental 

depopulation fields (By). This is based on the analogy between minima in dp I dB and maxima 

in dpldn, where n is the electron density. In this case the maxima in dpldn mark the onset 

of the occupation of a new subband with increasing n, which is related to the DOS. The 

calculated values are in reasonable agreement with the experimental values, as determined 

from dp I dB (see Table II). The differences between the measured and calculated 

depopulation fields are attributed to mobility changes, which are not taken into account25'26. 

These mobility changes are reflected in the smearing of the onset in the DOS of each subband. 

The broadening of the DOS singularity hampers the exact assignment of the magnetic field, 
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Figure 6.8: Magnetoresistance in parallel magnetic field for sample N7 at 

T=4.2K. The insert shows the first derivative dp/dB. 

where depopulation starts. The broadening of the depopulation in the magnetic field, AB, is 

defined as the difference between the field positions of the maximum and minimum in the 

magnetoresistance around the depopulation of a subband. In this way one can relate the 

broadening to the mobility of the depopulated subband. The energy broadening27 is given by 

r=4AB(EFermj-E1)/B||, where By is the depopulation field. This can be related via the 

Heisenberg uncertainty relation to a scattering time. For instance for sample N2, for the 

depopulated subband i=2, the scattering time T=l.lxl0"14s with a corresponding mobility 

|U.=275 cm /Vs. This mobility is almost four times smaller than the one derived from a Dingle 

plot. The reduced screening of the higher subbands in a parallel magnetic field measurement 

results in a lower mobility. 

The measurements with the magnetic field parallel to the 8-layer were performed for 

two different field directions, with B||I and B1I. The position of the minimum in dp I dB does 

not depend on the direction between the in-plane magnetic field and the current. For thin Si 8-

layers of approximately 20À a shift of several tesla was observed for the n=l subband 

depopulation field when the sample was rotated from B1I to B||I10. This anisotropy finds its 

origin in the anisotropic band structure in the plane of the 2DEG arising from the in-plane 

magnetic field. The effective mass for B1I becomes field dependent in contrast to the 

effective mass for B||I. The Lorentz force, acting on the carriers when the current is 

perpendicular to the magnetic field, gives rise to this field dependent effective mass. Tang and 
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Butcher ' calculated the effect on the transport coefficients. This mass dispersion has been 

experimentally observed via grating coupler-induced plasmon resonances in GaAs 

heterojunctions28. For thick Si 5-layers no current direction dependence was observed. Our 

measurements on Sn 5-layers are in agreement with the latter observation. 

The highest electron density was obtained for sample N7 (nH=8.4xl013 cm"2). In the 

Fourier spectrum of sample N7 (figure 6.6b) the largest peak is observed at 207 T with a 

shoulder at 232 T. This peak corresponds to subbands 0-3 with electron densities 9.75-

ll.lxlO12 cm"2, according to the bandstructure calculation. These high electron subband 

densities are indicative for the multiple occupied subbands in this heavily doped sample. This 

is confirmed by the parallel magnetic field measurements, shown in figure 6.8. In a field of 38 

T six electron subbands are depopulated as illustrated by the inset. In the SdH effect and its 

Fourier transform (figure 6.6b) we do not observe the higher electron subbands (labelled 7-10 

in Table H). This is because at high perpendicular magnetic fields the energy of the Fermi 

level is already close or below the lowest Landau level of these subbands. At low magnetic 

fields no subbands are observable due to the poor mobility. 

From the high electron concentration of sample N7, we infer that the L conduction 

band is occupied (according to Ref. 14 this occurs at a concentration of ionised impurities 

greater than nD=1.6xl013 cm"2). Assuming that the highest frequency in the Fourier spectrum 

(figure 6.6b) corresponds to the electron subband i=3 in the T point with concentration 

1.0x10 cm" , then, according to our calculations, three subbands should be populated at the 

L point. The identification of the highest frequency with the i=3 subband gives the best 

agreement between the bandstructure calculations and experimental data. The measurements 

in perpendicular magnetic field do not show all the electron subbands. This complicates the 

calculation of the bandstructure. However combining the data obtained in B\\ and Bx improves 

the reliability of the bandstructure calculation. 

For subbands at the L-point we have used the effective mass for quantisation in the z 

direction m2 = 0.11me and for the density of states m* = 0.38me (degeneracy gv=4)14. The 

subband energy level structure in the L-point is calculated in a potential that is displaced by 

290 meV from the T-point potential along the real-space co-ordinate. Good agreement with 

the experimental results is obtained when the width of the S-Iayer of the ionised impurities is 

-340A. The band diagram of sample N7 is shown in figure 6.7. The unusual curvature of both 

the L- and T-potentials is connected with a complex total electron distribution consisting of 

occupied subband states at the T- and L-points. This is the first observation of the population 

of the L-point in 8-doped GaAs at low temperatures. 
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6.3. GaAs 8-doped with tin on vicinal substrates 

6.3.1. Introduction 

Advanced epitaxial growth techniques have made it possible to fabricate artificial structures 
with reduced dimensionality29. An appealing method to produce quasi ID conducting wires is 
the organised growth on misoriented substrates. For this purpose GaAs substrates misoriented 
by a small angle from the (001) direction may be used. The vicinal surface of the GaAs 
substrate consists of a system of steps and terraces, with a terrace width of 54-540A for a 
typical misorientation angle in the range 3°-0.3°. The first demonstration of the feasibility of a 
lateral potential modulation was obtained with a GaAs-AlAs superlattice30. The effective 
lateral potential modulation was however much weaker than expected, due to Ga/Al 
segregation and intrinsic step array disorder of the vicinal surface31. Also GaAs/AlGaAs 
heterostructures were grown on vicinal substrates. In these structures the conductance of the 
2DEG along the steps is far larger than across the steps and the ratio can exceed 100 at low 
temperatures32. The steps were not mono-atomic in these structures due to clustering of 
several terraces, which is called step bunching. Another type of multi-atomic step array can be 
formed by growth on GaAs [331] substrates. The step arrays are straight over a length of 
approximately 10 um and are coherently aligned. Although the average distance of the multi-
atomic steps is not related to any geometrical parameter, as is the misorientation angle for 
vicinal planes, they exhibit a quasi-periodic arrangement with well-defined lateral periodicity. 
In GaAs/AlGaAs heterostructures grown on GaAs [331] substrates Schonherr et al.33 found a 
big anisotropy in the conductivity parallel and perpendicular to the step edges. 

Another route to obtain ID channels, or at least a ID periodic modulation of the 
2DEG, is by decorating the steps with an active donor impurity e.g. Si or Sn. A narrow doping 
profile in the growth direction can be obtained by 5-doping2. The lateral confinement is due to 
the preferential attachment of the donor atoms at the step edges. In the literature some results 
have been reported on Si 8-doping on vicinal GaAs substrates34,35. Although a preferential 
attachment of the Si atoms to the step edges was observed by RHEED34, no significant 
difference between the resistance measured for a current along and perpendicular to the step 
edges was found. The high segregation ability of Sn is of advantage in these vicinal structures 
and we expect that the Sn atoms accumulate more easily at the step edges. 

Besides the reduced dimensionality in the form of an array of quasi-lD conducting 
wires, lateral ordering of dopant atoms will lead to an improved carrier mobility. In the 
limiting case of a fully ordered dopant distribution scattering on the ionised impurities is 
completely absent. Ordering of dopants at the step edges gives the possibility to investigate 
correlations between the distribution of dopants and carrier mobility in the 5-layers. 
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in the past years substantial experimental evidence for the ID modulation in Sn 8-
doped GaAs on vicinal substrates has been reported. RHEED experiments show an ordered 
incorporation of Sn atoms along the step edges. This is similar to the RHEED experiments on 
Si doped vicinal materials. However in Sn S-doped GaAs an anisotropy in the 
magnetotransport was observed35. The differences in the photoluminescence spectra for the 
singular and vicinal samples also indicate the appearance of a ID modulation . Another 
indication is found in the linear current-voltage characteristics in fields up to 3000 V/cm, 
which are much higher than those for 2DEG without modulation (with similar parameters). 
The quasi-ID electrons effectively cool the 2D electrons, explaining the high saturation fields 
in these materials37. The results discussed in this section are magnetotransport measurements 
on a vicinal GaAs structure doped with Sn. A systematic study of the anisotropy in the 
magnetoresistance of samples with different electron densities with a misorientation angle of 
3° is presented. 

6.3.2. Samples on vicinal substrate. 

The vicinal GaAs samples ô-doped with Sn were grown by MBE on a GaAs(Cr) substrate 

misoriented by 3° from the [001] direction towards the [110] direction. The steps running 

along the [110] direction, i.e. misorientation in the [110] direction, are As-terminated steps. 

The structure is schematically shown in figure 6.9. 
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Figure 6.9: Schematic picture of the GaAs (S-Sn) structure. 

The distance between the step edges is 54À for a misorientation angle of 3°. On the substrate 
a buffer layer of 1 |0,m is grown in the step-flow mode. At a temperature of 450°C a tin layer 
was deposit in the presence of an arsenic flux. After the tin was deposited, a layer of GaAs 
was grown at a lower epitaxy temperature (T-400K), which ensures formation of a large 
number of growth islands on the terraces between the step edges. This should maintain a non
uniform distribution of Sn. From the wafers Hall bars were prepared with the current channel 
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in the [110] direction, i.e. for a current flowing along the step edges (|| configuration), and 

with the channel in the perpendicular direction (J. configuration). The Hall effect and 

magnetoresistance were measured at a temperature of 4.2K in a pulsed magnetic field up to 

38T. 

6.3.3. Experiments in perpendicular magnetic field. 

In this section the magnetotransport properties of 3° vicinal GaAs structures 8-doped with Sn 

will be discussed. The only difference between the structures discussed is the design density 

of Sn atoms. For all structures the magnetoresistance and Hall effect were measured in the || 

and ± configuration. 
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Figure 6.10: a) Magnetoresistance of sample VI at T=4.2K, 

for a current along (full lines) and perpendicular (dashed -

dotted line) to the step edges, 

b) Fast Fourier transform of the data in a) 
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The first sample discussed in this section is sample V3. The magnetoresistance shows 
pronounced Shubnikov-de Haas (SdH) oscillations and is shown in figure 6.10. The Fourier 
transform of the data indicates the presence of two subbands. The carrier densities determined 
from the SdH period (nsdri) and the Hall data (nn) are listed in Table HI, together with the 
quantum mobility (u.q) and Hall mobility (iiH). There is a clear anisotropy in the resistance, R± 

is about 50% larger than R|| at T=4.2K, which provides evidence that we have indeed 
succeeded in preferentially depositing Sn at the step edges. Such anisotropy is not observed in 
the Sn doped structures on singular substrates discussed in section 6.2. Therefore it is not a 
characteristic of Sn but arises from the step edges. This strong anisotropy was not observed in 
the Si doped structures on a vicinal substrate. We believe that the difference in behaviour of 
Sn and Si on vicinal structures is due to the higher segregation velocity of Sn. 

In the Hall density, of sample V3 a significant difference between nHaii,|| and nHai!,x is 

observed. Also a difference is observed in nsdH,|| and nsdH,± for both subbands. This difference 
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Figure 6.11: a) Magnetoresistance of sample V3 at T=4.2K, 

for a current along (dashed lines) and perpendicular (full 

lines) to the step edges, 

b) Fast Fourier transform of the data in a). 
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Sample Subband nsdH M-q nH HH 

Index (1012cnï2) (cm2/Vs) (1012 cm'2) (cm2/Vs) 

VI || 0 8.23 660 38.3 810 

1 4.73 1080 

2 2.13 1490 

3 0.92 5400 

V i l 0 8.45 430 35.5 840 

1 4.62 590 

2 1.92 645 

3 0.64 -

V2 || 0 9.42 350 25.8 640 

1 7.35 450 

2 5.75 -

3 3.35 -

4 1.12 --

V 2 1 0 9.10 240 25.6 630 

1 7.40 350 

2 -

3 2.13 530 

4 -

V3 || 0 6.26 225 7.97 587 

1 2.19 --

V 3 1 0 5.75 186 5.87 527 

1 1.15 --

Table III: Carrier densities determined from the Shubnikov-deHaas period 

(nSdH) and the Hall data (nH), and the quantum (uq) and Hall mobility (uH) at 

T=4.2K for vicinal (3°) GaAs structures 8-doped with Sn, for a current along 

(||) and perpendicular (1) to the step edges. 

increases for the higher-index subband, with a lower electron density. The differences in 
resistivity and electron density are not caused by a macroscopic inhomogeneity of the wafer. 
Different samples taken from different parts of the same wafer show similar densities and a 
similar current direction dependent behaviour. The derived electron densities and mobilities of 
different samples of the same wafer V3, show a maximum spread of 5%, due to 
inhomogeneity, which is much smaller than the anisotropy. 

The segregation of Sn to the step edges causes an inhomogeneous distribution of Sn 
donor atoms. This anisotropy in the distribution of Sn atoms could lead to a preferential 
scattering in the direction perpendicular to the step edges. Therefore a higher resistance is 
observed when the current is perpendicular to the step edges. The anisotropy in nHaii and u.Haii 
could in principle also be explained by this preferential scattering, but is more difficult to 
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address since several subbands are present. At this stage the anisotropy in ns<jH can not be 
explained. Normally the frequency is given by the area occupied by electrons in k-space at the 
Fermi energy. How a directional dependence can change this frequency is not clear. 

The magnetoresistance data and the Fourier transform for sample VI are shown in 
figure 6.11a) and b) respectively. The Fourier transform shows the presence of four electron 
subbands. The electron density deduced from the Hall data is about a factor 5 higher than for 
sample V3 (see Table DI). An anisotropy in the resistance (R±/Ry ~ 1.1 at T=4.2K) and in the 
electron density is found, like for sample V3. The results are very similar to the ones for 
sample V3, but the anisotropy is less pronounced. This smaller anisotropy could be caused by 
the more homogeneous distribution of Sn donor atoms in sample VI. The effect of repulsion 
between dopant atoms is bigger in the heavier doped sample VI. 

In figure 6.12 a) and b) the magnetoresistance and Fourier transform is shown for 
sample V2. The Hall density of this sample is lower than for sample VI (see Table HI). But 
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Figure 6.12: a) Magnetoresistance of sample V2 at 

T=4.2K, for a current along (full lines) and perpendicular 

(dashed-dotted line) to the step edges, 

b) Fast Fourier transform of the data in a). 
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the density of the lowest observed electron subband is higher than for sample VI. Also for this 
sample V2 the remarkable differences in the fast Fourier transform between both current 
directions are observed. 

This characterisation of the 3° vicinal GaAs structures 8-doped with tin show that we 
are able to produce a significant anisotropy in the electronic structure || and ± to the step 
edges. This yields support for a ID modulation of the 2DEG. However, hard proof in the form 
of e.g. Weiss oscillations, which are found in the case of a weakly modulated 2DEG, is 
lacking^ . The condition to observe Weiss oscillation in our structures is only met in very high 
magnetic fields (B>50T), because of the short modulation period (54Â). On the other hand, no 
anisotropy in the resistance was reported for the structures that exhibit Weiss oscillations. 
From this we expect that our vicinal GaAs samples are beyond the weak modulation regime. 
In that case one might expect to observe superlattice effects39, but again the short modulation 
period makes it difficult to observe such effects. 

6.3.4. Experiments in parallel magnetic field. 

Also in the vicinal GaAs S-doped samples, measurements in parallel magnetic field can be 

used to investigate the depopulation of electron subbands. In figure 6.13 the 

magnetoresistance of sample V2 is shown in a parallel magnetic field. 

In the upper graph the first derivative versus field of the magnetoresi stance is shown. In 

the graph of dp I dB three minima are observable, which indicates the depopulation of three 

subbands. dp l dB has a maximum at B-32T, which means that at least one subband more can 

be depopulated in higher parallel field. Together with the fact that the lowest subband remains 

populated, one can conclude that sample V2 has at least 5 occupied subbands. 

This is consistent with the number of subband observed in the Fourier spectrum, with 

the current parallel to the step edges. For the other current direction not all subband are 

resolved in the Fourier spectrum (see Table HI). A small shift to higher magnetic fields is 

observed in the derivative dp I dB with the current direction along the step edges. This is 

consistent with the observation of a higher electron density nsdH,|| compared with nsdH.x- A 

higher electron density implies that a higher magnetic field is required for depopulation of the 

electron subband. 



Magnetotransport in GaAs... 123 

l—'—i—'—i—'—i—'—i—'—i—'—r 

j i i i i i i i i i i i i_ 

5 10 15 20 25 30 35 40 

B, parallel (T) 

380 

G 360 x 

340 

- i i i i | i | i | i | i— 

I H s t e p grjges 

11 step edges 

a) 

10 15 20 25 30 35 40 

B parallel (T) 

Figure 6.13: a) Magnetoresistance of sample V2 in a parallel 

magnetic field, b) The first derivative of the magnetoresistance 

of V2. In both cases, I||stepedges and I±stepedges, is LLB. 

A shift is observed in the position of the last maximum in resistance for sample VI 

(current parallel to the step edges). The other maxima in resistance are located at the same 

field position (see figure 6.14). A similar shift has been reported for GaAs structures 5-doped 

with silicon on a singular substrate1 . It is only observed in the depopulation of the n=l 

subband. This suggests that in sample VI the observed depopulation is the n=l subband 

depopulation. From this we conclude that sample VI has four occupied electron subbands. 

This is consistent with the four observed frequencies in the Fourier spectrum derived from the 

Shubnikov-deHaas oscillations. In Si 5-layers this shift is only observed in thin layers (width 

20A) and not in thicker delta layers. This is in contradiction with our belief that the Sn §-layer 

is thick. In the structures grown on a singular substrate, calculations gave a width of typically 

160A for the 8-layer. Unfortunately, for the structures on a vicinal substrate it is very difficult 

to perform the same calculations as done for the singular substrates. To carry out the 

calculations described in chapter 6.2.3 for the vicinal sample one needs to incorporate a 

potential describing the step edges. So far this has not been possible and therefore the band 

structure and depopulation fields can not be calculated for the vicinal structures. The 
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Figure 6.14: Magnetoresistance of sample VI (I // step edges) in a 

parallel magnetic field with current parallel to the field (dotted line) 

and current perpendicular to the field (full line). 

anisotropy, as shown in figures 6.13 and 6.14, was not observed in our 8-layers grown on a 

singular substrate (see chapter 6.2.4). The reason for this difference remains unclear and 

further study is necessary to investigate this shift. 

6.4. Illumination effects in GaAs (8-Sn). 

6.4.1. Introduction 

Many semiconductor structures exhibit persistent photoconductivity after illumination at low 
temperatures. Persistent means, in this respect, long lifetimes due to a strongly reduced 
recombination rate of carriers. Above the threshold temperature equilibrium is restored. 
Positive persistent photoconductivity (PPPC) is characterised by an increase of the electron 
density and a larger mobility. Negative persistent photoconductivity (NPPC) is characterised 
by a density and mobility which both decrease or an electron density increase together with a 
mobility decrease, both effects resulting in a lower conductivity. 
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In many Hl-V semiconductors PPPC is observed, which is caused by deep donor 
levels. These so-called DX centres represent the most intensively studied class of defects in 
semiconductors, because of their considerable technological importance as well as their 
interesting physical properties40. An important example of a DX centre is the deep donor level 
of silicon in AlxGa!_xAs. In AlxGai.xAs the DX centre is the lowest energy state of the Si 
donor atom when x>0.22. The DX centre can be optically ionised, which results at low 
temperatures in a persistent photoconductivity. It is believed that this is due to the large 
capture energy barrier. This metastable character of the DX centre is attributed to a lattice 
relaxation41 involved in electron capture and emission processes. The earliest models relate 
the DX centre to a small lattice relaxation42'43, with one trapped electron. Another proposal 
suggests that the donor captures two electrons, which results in a large lattice relaxation44. In 
delta doped GaAs structures a (hydrostatic) pressure is needed to populate the DX centre. The 
pressure is smaller in samples with a higher doping concentration due to the higher Fermi 
energy45. In the sample with the highest doping concentration Maude et al.45 observed a 
population of the DX centres already at zero pressure. 

PPPC is sometimes also related to spatial charge separation after the creation of 
electron-hole pairs. The recombination process then shows a nonexponential time dependence 
due to this spatial charge separation46. The persistency of this photoconductivity effect might 
be questionable, because the recombination times can be much smaller than the recombination 
times associated with the DX centre. On the other hand, photoconductivity due to ionisation 
of the DX centre can show the same time dependence as electron-impurity tunnelling47. 
Wavelength dependent excitation experiments can discriminate between both origins of 
PPPC. 

The opposite effect, negative persistent photoconductivity (NPPC), characterised by a 
decrease in carrier density and mobility, is observed in different semiconductor structures. In a 
GaAs heterojunction with on top a GaAs-AlAs superlattice Prasad et al.48 observed NPPC 
after the sample was illuminated with an InGaAs LED. A model assuming the existence of 
acceptor-like traps in the superlattice and donor-like traps in the GaAs buffer layer was 
proposed to explain the NPPC. In Si 8-doped GaAs de Oliveira et al.49 showed that a 
competition between negative and positive photoconductivity takes place. It was shown that 
this is due to the presence of two distinct conduction channels in the sample, one with n-type 
characteristics and the other with p-type characteristics. In n-type selectively doped 
AlGaAs/GaAs heteroj unctions the NPPC behaviour was shown to have an increase in density 
together with a strong decrease in mobility . 
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6.4.2. The DX centre. 

Besides the shallow effective mass state associated with the T band, most donors in AlGaAs 
and GaAs have deep donor states, also called DX states40. Column IV or VI dopants generally 
give shallow effective mass-like donor levels for hydrostatic pressures below 20 kbar in 
GaAs, or for Al concentrations less than 22%. Above these thresholds the donor level 
becomes deeper with increasing pressure or Al content. The pressures where DX levels 
become occupied in GaAs depend strongly on the total electron density. In heavily doped 
GaAs even at zero pressure the DX centre can be occupied . 

The DX centre has the characteristic property that the optical ionisation energy is many 
times larger than its thermal ionisation energy. At low temperatures this results in a persistent 
photoconductivity, which means that electrons are not re-trapped by the DX centres after 
illumination. The DX centre is characterised by three energies, which are indicated in the 
configuration diagram shown in figure 6.15. The configuration co-ordinate represents a 
change in the atomic configuration around the impurity atom due to lattice relaxation. The 
capture energy Ec of the DX centre is the energy needed to relax via the shallow donor state 
into the DX centre. The emission energy Ee is the energy needed to ionise the DX centre. In 
GaAs Ec>Ee and the DX centres are normally empty. Only in heavily doped GaAs structures, 
with a high Fermi energy and therefore Ec<Ee, DX centres become populated. Below a freeze 
out temperature (kT<Ee) the number of donors in the DX state remains fixed. The optical 

c 

+ 

W 

Qo QDX 

Configuration coordinate 

Figure 6.15: Configuration-coordinate diagram for DX centres 

in GaAs. At Q0 the electron is in the conduction band and at 

QDx the electron is captured at the DX centre. For explanation 

of the symbols see text. 
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«SÄ 
(d) 

AS 

Figure 6.16: Schematic views of the normal shallow donor site (a) and the broken-bond 

configurations giving rise to the deep donor levels (b,c and d) in GaAs. b) The DX" state for a Si 

substitutional donor (for Si one can also read Sn in all three cases), c) The D' state involves a 

symmetric breathing-mode distortion around the dopant, d) The DX' 

state typical for Sn dopant in GaAs. This centre arises from a large atomic relaxation on an As 

sublattice. (figure adapted from Ref. 44 and 55.) 

energy Eopt is the energy needed to promote an electron from the DX centre to the conduction 

band below this freeze out temperature The diagram in figure 6.15 shows the different 

energies for the DX centre in GaAs. 

The microscopic structure of the DX centre in 5-doped GaAs can be characterised by 

two different models describing the lattice relaxation. In the first model the DX centre is 

related to a small lattice relaxation in which the centre traps one electron4 : 

d+ +t •DX' (6.7) 

where d+ is the ionised substitutional donor atom and DX is the neutral defect centre. In the 

second model there is a large lattice relaxation and the centre traps two electrons. Chadi and 

Chang based their model44 on pseudo-potential calculations where the negatively charged DX 

centre is due to the following reaction: 

d* +2e^DX' (6.8) 

This model is also called the negative U model, because the Hubbard correlation energy is 

negative. Nowadays, there is considerable experimental evidence to support the negative 

U model with two captured electrons on the DX centre in AlGaAs51' . Baj et al. ' 4 show for 

GaAs that DX centres from Ge donors are populated with two electrons based on co-doping 

experiments with the shallow donor Te and the application of high pressures. Most of these 

experiments where done on bulk doped materials and not on 2DEG's. 

The calculated atomic structure for the DX centre is characterised by a large lattice 

relaxation leading to a donor-host bond breaking, shown in figure 6.16b. Another type of DX-
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like defect, with similar properties as the DX" centre, can be recognised55. This defect centre is 
due to an outward, tetrahedrally symmetric, breathing-mode displacement of the four nearest 
neighbours of the impurity. The energies for both DX-centres for Sn donors are very close. It 
therefore impossible to discriminate between both states by temperature dependent Hall and 
resistivity measurements. In Sn doped AlGaAs and GaAs it turned out that there is one more 
DX-like defect centre55. The DX' state results from a large bond-breaking displacement on an 
As nearest neighbour of Sn, instead of that it results from the displacement of the donor. 

6.4.3. Persistent photoconductivity results 

In this section we report on the photoconductivity as influenced by the illumination 

with light of wavelengths between À=650nm and X=1200nm. Four different samples were 

investigated, namely two heavily doped samples (labelled VI and V2) and two lightly doped 

samples (labelled V3 and Nl). The boundary between heavily and lightly doped samples is 

formed by a total electron density of approximately 2xl013 cm"2. Magnetotransport results on 

the vicinal samples V1,V2 and V3 were already reported in section 6.3. We did not observe 

any differences in the photoconductivity effects for the different current directions (LLsteps 

and I||steps), therefore, we here discuss only the results for I||steps. The sample Nl, grown on a 

singular substrate, is one of the samples discussed in section 6.2. The energy of the light with 

a wavelength between 650nm and 850nm is sufficient to excite electrons from the valence 
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Figure 6.17: Time dependence of the resistivity for illumination by light 

with À=791nm (solid lines) and À=l 120nm (dashed lines) for the heavily 

doped sample VI (left axis) and for the light doped sample V3 (right axis). 

The illumination intensity is ~10|iW/cm2. 
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band into the conduction band. The results show that two effects are present in our S-doped 

structures. Under illumination by light with an energy greater than the bandgap of GaAs PPPC 

is found. For light with a lower energy NPPC is observed in the heavily doped samples, while 

PPPC is observed in the lightly doped samples. For all our samples the total density increases 

after illumination. This means that the difference between PPPC and NPPC in our structures 

is solely a mobility effect. 

In figure 6.17 the time dependence of the resistivity for illumination by light with 

X=791nm and A,=1120nm for two different samples is shown. For the light doped sample V3, 

for both wavelengths, the PPPC effect is observed. For the heavily doped sample VI the 

NPPC effect is observed for À=1120nm. For illumination by light with X=791nm the 

photoconductivity effect changes sign from positive to negative. For short illumination times 

PPPC is observed, which changes into NPPC for longer illumination times. This indicates that 

in heavily doped samples both effects are present. For illumination by light with À<850nm the 

NPPC effect dominates for long illumination times. In the remainder of this chapter we 

concentrate, for the heavily doped samples, on the PPPC effect for illumination by light with 

X<850nm. This means that illumination continues up to the minimum in the resistivity. 
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Figure 6.18: Temperature dependence of the resistivity for 

sample VI and V2 in dark (full line) and after illumination 

at T=4.2K by light with À=791nm (dotted line) and 

X=l 120nm (dashed line). 
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The temperature dependence of the resistivity, p(T), for the heavily doped samples VI 

and V2 is shown in figure 6.18a) and b). In figure 6.19a) and b) p(T) of the samples V3 and 

Nl is plotted. In both figures p(T) in dark is given by the solid lines. After slowly cooling 

down to 4.2K in the dark, the samples were illuminated by light with a wavelength of 791nm. 

The samples were illuminated till a constant resistivity was reached. A decrease in resistivity 

was observed for all samples. Next the temperature variation was measured from 4.2K up to 

room temperature at a heating rate of 3K/min (see dotted lines in figure 6.18a,b and 6.19a,b). 

A general trend observed after illumination by light with an energy greater than the bandgap is 

that the relative resistivity decrease is smaller when the total doping density is higher. 

Different photoconductivity effects are observed for samples VI and V2, when 

compared to samples V3 and Nl , after illumination by light with a wavelength X=1120nm at 

T=4.2K (dashed lines in figure 6.18a,b and 6.19a,b). For sample NI PPPC is observed, very 

similar to the PPPC after short wavelength (791nm) illumination. For V3 also PPPC is 

observed, although the effect is smaller than after illumination by light with X<850nm. The 

opposite effect (NPPC) is observed for samples VI and V2 at T=4.2K. For sample VI the 
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Figure 6.19: Temperature dependence of the resistivity for 

sample V3 and Nl in dark (full line), after illumination at 

T=4.2K by light with X=791nm (dotted line) and X=l 120nm 

(dashed line). 
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Figure 6.20: Fourier spectrum (a) of the Shubnikov-deHaas 

oscillations (b) for sample VI in dark (full lines), after 

illumination by light with wavelength À=791nm (dashed 

lines) and after illumination with À>850nm (dotted lines). 

resistivity decreases at increasing the temperature and at T=40K p(T) drops below the 

resistivity in dark. For T>120K no longer a difference between p(T) after illumination by light 

with À<850nm and À=1120nm is found. For samples V2 the resistance drops below the value 

in dark at T=120K. For all samples no difference is observed in the resistivity measured in 

dark and after illumination for T>180K. 
The influence of the illumination on the electronic properties was investigated by 

measuring the Shubnikov-de Haas (SdH) and the Hall effect. In figure 6.20 the SdH 
oscillations and their Fourier transforms are plotted for sample VI. The solid line gives the 
data measured in dark, while the dashed and dotted lines give the data after illumination by 
light with À=791nm and À>850nm, respectively. For sample V3 similar data are shown in 
figure 6.21. For all samples the change in the peak positions in the Fourier transform is very 
small in the case of illumination which results in PPPC. In case of NPPC a clear increase in 
the values of the frequencies of the SdH oscillations is observed which indicates an increase in 
the electron density. The Hall effect data show that the resistivity changes mainly depend on 
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Figure 6.21: Fourier spectrum (a) of the Shubnikov-deHaas 

oscillations (b) for sample V3 in dark (full lines), after 

illuminations by light with wavelength X=791nm (dashed 

lines) and after illumination with À>850nm (dotted lines). 

the Hall mobility Uu- For illumination by light with short wavelengths (À<850nm) U-H 

increases, while for long wavelengths u.H decreases. The Hall density itself did not yield any 

significant changes for the heavily doped samples VI and V2. For sample V3 an increase is 

observed after both types of illumination. The relevant parameters for all four samples are 

listed in table IV. 

6.4.4. Explanation of persistent photoconductivity. 

The discussion and interpretation of our results is divided into two parts. We discuss first the 
PPPC and afterwards we concentrate on the NPPC. Both effects result from quite different 
processes. The PPPC effect is explained by the excitation of electrons from the valence band 
and the ionisation of donor states. The NPPC is due to the ionisation of the deep Sn donor 
state, the DX centre, and competes with the PPPC effect. 
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sample P nH HH X nsdH 

# (ö) (1012crn2) (cm2/Vs) (101 2cm2) 

in dark 202 31.5 981 26.2 

VI À = 791nm 198 31.6 1000 26.3 

X > 850 nm 240 30.4 857 27.9 

in dark 384 25.8 631 25.9 

V2 X = 791nm 367 24.9 683 26.0 

X > 850 nm 422 26.0 571 29.6 

in dark 1330 8.03 586 8.28 

V3 X = 791nm 1173 8.62 618 8.39 

X > 850 nm 1235 8.81 574 8.38 

in dark 4211 1.74 1530 3.2 

Nl À = 791nm 2423 -- -- -

X > 850 nm 2445 -- - --

Table IV: Samples VI, V2 and V3 are grown on vicinal substrates and sample Nl is grown 

on a singular substrate. In the table are listed the resistivity p, the Hall density nH, the Hall 

mobility uH and the total sum of the electron density in all occupied observable electron 

subbands £nsdH. determined from the SdH effect. All data are at T=4.2K. 

The different results of p(T) in dark shown in figures 6.18 and 6.19 can be explained 

by the relative importance of the scattering mechanisms present in the samples. If scattering 

by ionised impurities is dominant, a negative temperature coefficient is obtained. Phonon 

scattering results in the opposite effect, i.e. the resistivity decreases at lowering the 

temperature. At low temperatures also quantum corrections to the conductivity may result in a 

negative temperature coefficient. At T=4.2K, a negative magnetoresistance is observed, due to 

weak localisation present in the sample. 

In 8-doped materials creation of electrons and holes, after illumination by light with a 

wavelength greater than the bandgap, results in electrons moving to the 8-layer and holes 

moving to the substrate or being captured by acceptors. This capture process reduces the 

amount of ionised acceptors and results in a mobility increase. This process, together with the 

separation of electrons and holes, will flatten the energy bands in the buffer layer and in the 

substrate. This effects the width of the potential well for the electrons, and especially, the 

electron wavefunctions in the higher electron subbands become broader. Therefore scattering 

on the ionised impurities in the 5-layer decreases and the mobility increases . Both effects 

result in the observed PPPC. 

The excitation of electrons from the valence band can not take place when the sample 

is illuminated by light with an energy smaller than the bandgap (A>850nm). The PPPC effect 

for illumination with À>850nm is attributed to the ionisation of donor states in the material. 

The donor atom, most likely responsible for the free electrons, is the Cr impurity present in 
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the substrate. The dominant chromium state in GaAs lies 0.89eV above the top of the valence 
band . This means that with all wavelengths used in our experiments, electrons can be 
excited from this donor state. This ionisation also changes the bandstructure and the mobility 
of the higher electron subbands increases. This effect is similar to the effect due to separation 
of electrons and holes. 

The difference between long-wave length and short-wave length illumination is much 
smaller in sample Nl than in sample V3. This we attribute to the differences in buffer layer 
width, which equals 240nm and 450nm for samples Nl and V3, respectively. The excitation 
process of electrons by illumination with À<850nm is less effective in Nl, because of the 
smaller buffer layer. In Nl the light can also more easily reach the substrate and excite the Cr 
donor. The difference of the PPPC effects for both types of illumination (see figure 6.19a,b) is 
small for V3 and even negligible for Nl. From this we conclude that the excitation of the Cr 
donor state is the most important photoconductivity process in samples V3 and Nl. 

The long relaxation times related with PPPC, observed in all samples, can be 
explained by the spatial separation of the electrons and holes. The electrons move towards the 
delta layer away from the ionised donor sites in the substrate. Due to this charge separation an 
electric field builds up in the buffer layer, which affects the bandstructure. This effect is 
maximum for a complete ionisation of the donors. In this case the potential difference AV is 
equal to the energy difference between the Cr level in the substrate and the conduction band 
energy, AV=0.73eV. The effect of the electric field is analogous to charging a parallel plate 
capacitor. The additional carrier concentration An due to complete ionisation of the donor 
levels can be estimated with the following equation, which is similar to the one for a parallel 
plate capacitor57: 

A , i = - ^ A V (6.9) 
ed 

where £o is the permittivity of free space, er the relative permittivity of GaAs and e is the 

electron charge. Here d is the buffer layer width between the delta layer and the substrate 

(d=0.45u,m for sample V3). The increased density calculated for sample V3 with this simple 

relation is equal to An=1.4xlfj" cm' , which is small compared to the total electron density. 

The measured increase in density for sample V3 after illumination is lxlO11 cm", as follows 

from the Shubnikov-deHaas oscillations. Thus the measured increase is comparable to the 

calculated increase in electron density. 
The relaxation of the PPPC effect can be described by a logarithmic time dependence58 

as follows: 

(6.10) i| 1 + -
j 
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Figure 6.22: Relaxation of the photoconductivity for sample V3 at 

T=77K after illumination by light with X=791nm (circles) and 

A=1120nm (triangles) and for T=4.2K with À=791nm (squares). The 

data for T=4.2K and X=1120nm shows almost no time dependence 

and is not shown in this graph. The lines indicate fits to the data 

according to equation 6.10. The dark value for the conductivity 

equals 7.5xl0"4 Q"'. 

In figure 6.22 the relaxation of the PPPC effect is shown for sample V3 for the temperatures 

T=77K and 4.2K. The relaxation is shown for illumination by light with short and long 

wavelengths. The time constant parameter x is 19s at T=77K and x=23s at T=4.2K for short 

wavelength illumination. For illumination by light with long wavelengths x=68s at T=77K and 

some minutes at T=4.2K. This logarithmic relaxation process confirms that the PPPC is due to 

charge separation. 

The NPPC effect observed in the heavily doped samples VI and V2 is attributed to the 

presence of the Sn-DX centres. It is known that in heavily 5-doped GaAs DX centres are 

populated45. A real increase in electron subband density, determined by the Shubnikov-deHaas 

effect, can be observed after long-wavelength illumination. This increase is due to ionisation 

of the DX centres. The ionisation of the DX centres is confirmed by the persistency of the 

NPPC effect. The increasing resistivity after illumination is caused by the combination of an 

increase in density with a decrease in mobility. This decrease in mobility can be explained in 

two different ways, depending on the electronic state of the DX centre. The models make use 

of the d+/DX mode42,43 (d++e—>DX°) in which the impurities are either positively charged or 

neutral, or the d+/DX" model44 (d++2e—>DX~), in which the impurities are either positively or 

negatively charged. There is nowadays experimental evidence for the d+/DX", the negative U 
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model, especially for bulk AlGaAs samples. For ô-doped samples it is not completely clear 
which model describes the microscopic processes of DX centres and our results can not 
discriminate between both models. 

The first possible explanation of the NPPC is the ionisation of the DX° centres by 
illumination. This ionisation increases the electron density by 6% in VI and by 13% in V2. 
The ionisation also increases the ionised impurity scattering and therefore reduces the 
mobility. The quantum mobility as well as the Hall mobility is lowered. The increase in 
resistivity (NPPC) is caused by the greater decrease in mobility compared with the increase in 
the density. 

The second option is the ionisation of a DX centre, which is a negatively charged 
localised state, occupied with two electrons. In this case correlation effects explain the 
decrease in mobility after illumination. Coulomb interaction between positively charged 
shallow donors and negatively charged DX centres leads to a correlation in the distribution of 
charged impurities and reduces electron scattering. Due to ionisation of the DX centres by 
illumination the correlation is reduced and therefore the mobility decreases. The distribution 
of DX centres during the slow cool-down is in thermodynamic equilibrium and in its 
correlated state. The photo ionisation of the DX centres by illumination at low temperatures is 
essentially a random process and destroys the correlation. This effect is observed in heavily 
doped n-type GaAs . Also numerical studies on the electron mobility show the importance of 
spatial correlation in the distribution of charged impurities60. 

From the temperature dependence of p(T) of samples VI and V2 (see figure 6.18) two 
threshold temperatures, at which the NPPC was quenched, can be observed. In sample VI 
clearly at T=40K the NPPC effect seems almost to have disappeared. Up to 120K a small 
difference between the data after both types of illumination is present. This difference is more 
pronounced for sample V2. The threshold temperature of 40K is close to the value of 60K 
found in the Sn doped AlGaAs samples54. The second threshold temperature can be related 
with a second type of Sn DX centre. In AlGaAs doped with Sn Huang et al.61 found two deep 
donor levels, which are related to two different DX centres. The threshold temperatures found 
were respectively 120K and 170K. This would imply that there are three different DX levels 
in Sn doped AlGaAs. Via self-consistent pseudopotential calculations, Chadi55 showed that Sn 
donors in GaAs en AlGaAs alloys have three different DX like states. Our results show that 
there are at least two deep donor-levels in Sn 5-doped GaAs structures. 

The resistivity data after illumination with À>850nm are equal to the data after 

illumination with X<850nm at T>120K. This implies that also with illumination with 

X>850nm the PPPC effect is present. The NPPC effect dominates the PPPC effect in heavily 

doped samples. If the PPPC effect were not present in these heavily doped samples, the 

temperature dependence of the NPPC effect would not cross the resistivity measurement in 

dark. Above T=180K all temperature dependencies are the same for all samples. We conclude 

that above this temperature the charge separation responsible for the PPPC effect is no longer 

effective. 
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6.5. Conclusions 

We have studied the magnetotransport properties of GaAs S-doped structures grown on 

singular and vicinal substrates with various Sn doping densities. The study of the singular 

structures served as basis for the growth of comparable structures on vicinal substrates. One of 

the characteristics of Sn as dopant is the possibility to obtain very high electron densities. The 

maximum electron density determined by the Hall effect is 8.4xl013 cm"2 and strongly 

exceeds the maximum value for Si ö-doped structures. Bandstructure calculations were 

performed for the singular structures in order to model the data. The experimental electron 

subband densities and quantum mobilities are in good agreement with the calculated ones. 

The calculations show that in the sample with the highest electron density the L conduction 

band is populated. This is the first observation of the population of the L-point in S-doped 

GaAs at low temperatures. The determination of the multiple subband structure was 

complemented by magnetoresistance measurements for a magnetic field parallel to the 8-layer. 

The measured values of the magnetic field, at which depopulation of subbands occurs, are in 

good agreement with calculated values of the depopulation fields. 

Another characteristic of Sn is the high segregation and diffusion velocity, which 

results in thick layers. In the structures on singular substrates the thickness of the 6-layer was 

typically 160 A, but for the heaviest doped structure it amounts to 340 À. The high 

segregation velocity turns into an advancement for the structures grown on vicinal substrates. 

Because of the high segregation velocity we expect that Sn accumulate easily at the step 

edges. Indeed a clear anisotropy in the electronic parameters is observed for a current || and _i_ 

to the step edges, especially R/Rn amounts to 1.5 (at 4.2 K) for a sample with an electron 

density nHaii=8xl012 cm"2. Also a significant anisotropy in nHaii, HHaii and nSdH is observed. The 

difference in nHaii and ja.Haii can be explained by preferential scattering in one direction, caused 

by preferential bonding of the Sn atoms on the step edges. At the moment there is no 

explanation for the difference in nsdH- The anisotropy in the electronic properties confirms the 

accumulation of Sn atoms at the step edges. 

We have studied the photoconductivity effects in 8(Sn)-GaAs structures. There was no 

significant difference for the current in the |] and _L direction. The important parameter for the 

persistent photoconductivity was the wavelength of the light and the total electron density in 

the sample. In the heavily doped samples (n>2xl013 cm"2) two different illumination effects 

depending on the wavelength are observed. For illumination by light with wavelengths smaller 

than 850nm positive persistent photoconductivity is observed. Either not detectable or a very 

small increase in electron density together with an increase in mobility was the result of the 

illumination. For illumination by light with wavelengths greater than 850nm negative 

persistent photoconductivity is observed. In this case an increase in electron density was 

accompanied by a large decrease in mobility. The ionisation of the filled DX centres in these 
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heavily doped structures caused this effect. For the lightly doped samples only the positive 
persistent photoconductivity effect for all wavelengths is observed. This effect was explained 
by the excitation of electrons from Cr impurity states in the substrate for long wavelength 
illumination and a combination of this together with the creation of electron-hole pairs after 
short wavelength illumination. 
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Summary 

The subject of this thesis is magnetoresistance of low-dimensional carrier systems. 

Magnetoresistance experiments at low temperatures are very suitable to obtain information 

about the electronic structure of low-dimensional systems. 'Low-dimensional' in the materials 

investigated means lower than three dimensions (3D). In these systems the charge carriers are 

confined and the materials have dimensionalities between 3D and 2D, 2D or between 2D and 

ID. Four different materials were investigated, notably semiconductor and graphite based 

systems. After a general introduction, in chapter 2 an overview is given of magnetotransport 

properties of low dimensional electron gases in a perpendicular magnetic field. 

In chapter 3 we present the energy spectrum of PdAl2Clg graphite intercalation 

compounds (GIC) stage 1, 2 and 3. Shubnikov-de Haas oscillations, measured up to 38T, 

were used to characterise the Fermi surface and the data were compared to a 2D band 

structure model. This 2D model is a good description of the band structure, when the 

interlayer interaction between the carbon atoms in neighbouring layers separated by the 

intercalant layer is small. The stage 1 compound has a 2D bandstructure, which is confirmed 

by the high anisotropy between the c-axis and the in-plane conductivity. The energy spectrum 

for the stage 2 GIC is also in agreement with the 2D band structure model. However, the 

Fourier spectrum shows more frequency components than expected. Some of these could be 

attributed to sum and difference frequencies of two fundamental frequencies and by higher 

harmonics of a fundamental frequency. For the stage 3 compound a clear undulation of the 

Fermi surface, due to interlayer interaction, is observed by the angular variation of the 

Shubnikov-de Haas frequencies. Because of the interlayer interaction in the stage 3 

compound, the applicability of the 2D model is limited. 

In the next chapter another graphite-based material is investigated, namely carbon 

foils fabricated from exfoliated graphite. All samples show the main features of weak 

localisation: a logarithmic dependence of the resistance on temperature (T<2.5K) and a 

negative magnetoresistance in low magnetic fields (B<0.5T). The negative magnetoresistance 

can be explained by the theory of quantum corrections to the conductivity for the 2D case. 

The data were analysed within a model for weak localisation beyond the diffusion limit, 

where the phase relaxation time of the carrier wave is the only fit parameter. The weak 

localisation in the carbon foils is attributed to disorder in the stacking sequence of the 

graphene layers. The effect of structural differences in the foils on the negative 

magnetoresistance was investigated by varying the density and the temperature at which the 

samples were heat treated. The negative magnetoresistance did not change significantly with 

the density, indicating that intergrain scattering processes play a minor role. Annealing 

decreases the negative magnetoresistance significantly due to lower disorder in the stacking 

sequence. 

The subject of chapter 5 is scaling in the quantum Hall regime. The scaling theory 

predicts a power-law behaviour for the temperature dependence of the transport coefficients, 

which is a universal feature of délocalisation in the integral quantum Hall effect. Experiments 
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on low-mobility InGaAs/InP heterostructures form a remarkable demonstration of a quantum 

phase transition indicating that the plateau-plateau (PP) transitions become infinitely sharp as 

the temperature approaches absolute zero. Due to the short-range random-alloy potential 

scattering, the low-mobility InGaAs/InP structure has proven to be exceptionally important 

for studying scaling phenomena. We investigated for the first time on an InGaAs/InP 

heterostructure the scaling of the transition from the v=l quantum Hall plateau to the 

insulating phase (PI). This critical behaviour was compared with PP transitions investigated 

on the same InGaAs/InP heterostructure. We find that the PI transition shows the same 

scaling behaviour as the plateau transitions, with the same critical exponent. This is in 

complete agreement with the prediction of the scaling theory. The exponent of the plateau-to-

insulator transition can be affected by the (weak) macroscopic inhomogeneities of the sample. 

This weak inhomogeneity results in a temperature dependence of the critical conductivity 

<7*xx- The temperature dependence of o*xx can be used to correct for inhomogeneity effects 

and the critical exponent can be determined. By combining the results for the PP transitions 

and PI transition we conclude that the critical exponent K = 0 . 4 2 stands for the universal critical 

exponent of the quantum phase transition. 

In the last chapter magnetotransport in GaAs 5-doped with tin is discussed. For the 

first time tin is used as dopant in a 5-layer, which has some pros and cons in comparison with 

the more commonly used dopants silicon and beryllium. An advantage of tin is the possibility 

to achieve very high electron densities. In our structures the maximum electron density 

obtained equals 8.4xl013 cm"2, as determined by Hall measurements. A disadvantage of tin is 

the high segregation and diffusion velocity, which results in wide 8-doping profiles. However, 

this turns into an advantage for the growth on vicinal substrates. Vicinal substrates are formed 

by misorientation of the substrate at a small angle, which results in step edges and terraces on 

the surface. The high segregation velocity of tin may lead to ordering of the dopant atoms at 

the step edges. Besides the reduced dimensionality in the form of an array of quasi-ID 

conducting wires, lateral ordering of dopant atoms will lead to an improved carrier mobility. 

Indeed a clear anisotropy in the electronic properties is observed for a current || and _L to the 

step edges, especially Rx/Rj| amounts to 1.5 (at T=4.2K) for a sample with an electron density 

n=8xl012 cm"2. The last part of this chapter deals with the persistent photoconductivity effect 

in both the structures grown on singular and vicinal substrates. In the heavily doped samples 

(n>2xl013 cm"2) two different illumination effects depending on the wavelength are observed. 

For illumination by light with wavelengths smaller than 850nm positive persistent 

photoconductivity is observed, which means that the resistance is decreased after 

illumination. For illumination by light with wavelengths greater than 850nm negative 

persistent photoconductivity is observed. For the lightly doped samples only the positive 

effect for all wavelengths is observed. The difference in photoconductivity between heavily 

and lightly doped samples is due to the occupation of deep donor states, the so-called DX 

centres in the heavily doped samples. The ionisation of the filled DX centres gives rise to the 

negative persistent photoconductivity effect. 
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Samenvatting 

Het onderwerp van dit proefschrift is magnetoweerstand van laag-dimensionale ladingsdrager 

systemen. Magnetotransport metingen zijn zeer geschikt om de elektronenstructuur van laag-

dimensionale systemen bij lage temperaturen te onderzoeken. 'Laag-dimensionaal' in de 

onderzochte materialen betekent minder dan drie dimensies (3D). De ladingsdragers in deze 

systemen zijn niet vrij om te bewegen in alle richtingen en daarom spreekt men voor deze 

materialen van dimensies tussen 3D en 2D, 2D of tussen 2D en ID. Vier verschillende 

materialen zijn onderzocht, bestaande uit halfgeleiders en op grafiet gebaseerde materialen. 

Na een korte algemene inleiding volgt in hoofdstuk 2 een overzicht van de magnetotransport 

eigenschappen van laag-dimensionale elektrongassen. 

In hoofdstuk 3 is de bandstructuur van PdA^Clg grafiet intercalatie verbindingen stage 

1, 2 en 3 onderzocht. Met behulp van Shubnikov-de Haas oscillaties, gemeten in 

magneetvelden tot 38T, is het Fermi oppervlak bepaald. De resultaten zijn vergeleken met een 

2D bandstructuur model. Het 2D model is een goede beschrijving van de bandstructuur, in het 

geval dat de interlaag interactie tussen de kool stof atomen in opeenvolgende grafietlagen, 

gescheiden door een intercalatielaag, klein is. Het stage 1 materiaal heeft een 2D 

bandstructuur, in overeenstemming met de extreem hoge anisotropic van de geleiding langs 

de c-as en in de grafietlaag. De bandstructuur van het stage 2 materiaal is ook in 

overeenstemming met het 2D bandmodel, hoewel het Fourier spectrum meer dan het 

verwachte aantal frequenties laat zien. Deze extra frequenties worden toegeschreven aan som-

en verschilfrequenties van twee fundamentele frequenties en hogere harmonischen van een 

fundamentele frequentie. Het stage 3 materiaal bezit een duidelijke modulatie van het Fermi 

oppervlak, veroorzaakt door interlaag interactie. Deze modulatie is bepaald met behulp van de 

hoekafhankelijkheid in de Shubnikov-de Haas frequenties. Door deze interlaag interactie is de 

toepasbaarheid van het 2D model voor het stage 3 materiaal beperkt. 

In het volgende hoofdstuk is een ander op grafiet gebaseerd materiaal onderzocht, 

namelijk structuren gemaakt van exfoliated grafiet. Alle preparaten bezitten de kenmerken 

van zwakke lokalisatie: een logaritmische afhankelijkheid van de weerstand met temperatuur 

(T<2.5K) en een negatieve magnetoweerstand in zwakke magneetvelden (B<0.5T). De 

negatieve magnetoweerstand wordt verklaard door quantum correcties op de geleiding voor 

2D. De meetgegevens zijn geanalyseerd met een model voor zwakke lokalisatie, waarbij de 

fase relaxatietijd van de ladingsdrager golffunctie de enige fitparameter is. De zwakke 

lokalisatie in dit materiaal wordt veroorzaakt door wanorde in de stapeling van de 

grafietlagen. Het effect van structurele veranderingen in het materiaal op de negatieve 

magnetoweerstand is onderzocht als functie van dichtheid en warmtebehandeling. De 

negatieve magnetoweerstand wordt niet beïnvloed door de dichtheid, waardoor geconcludeerd 

kan worden dat verstrooiingsprocessen tussen grafietkorrels geen belangrijke rol spelen. 

Verhoging van de temperatuur tijdens de warmtebehandeling van de materialen vermindert de 
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negatieve magnetoweerstand significant. Dit wordt veroorzaakt door de verminderde wanorde 
in de stapeling van de grafietlagen. 

Het onderwerp van hoofdstuk 5 is schaling in het quantum Hall regime. De 
schalingstheorie voorspelt een machtswet voor de temperatuurafhankelijkheid van de 
transportcoëfficiënten, veroorzaakt door het universele gedrag van delokalisatie van de 
ladingsdragers in het integer quantum Hall effect. Experimenten aan een lage mobiliteit 
InGaAs/InP heterostructuur bevestigen op een indrukwekkende wijze de quantum 
faseovergang. Deze quantum faseovergang betekent dat de plateau-plateau (PP) overgang 
oneindig scherp wordt als de temperatuur het absolute nulpunt nadert. Vanwege korte dracht 
potentiaal verstrooiingen zijn InGaAs/InP heterostructuren van wezenlijk belang voor het 
onderzoek naar kritische exponenten met behulp van schalingsexperimenten. Voor de eerste 
keer is het kritische gedrag van de overgang van het v=l quantum Hall plateau naar de 
isolator fase (PI) in een InGaAs/InP heterostructuur onderzocht. Dit kritisch gedrag is 
vergeleken met de schaling van de PP overgangen, onderzocht in dezelfde heterostructuur. 
We hebben aangetoond dat de PI overgang het zelfde schalingsgedrag bezit als de PP 
overgangen, met een gelijke kritische exponent. Dit is in overeenstemming met de 
voorspellingen van de schalingstheorie. De kritische exponent van de PI overgang kan 
beïnvloed worden door macroscopische inhomogeniteit van het preparaat. Hoewel de 
inhomogeniteiten zwak zijn resulteren ze in een temperatuurafhankelijkheid van de kritische 
geleiding G*xx. Deze temperatuur afhankelijkheid is gebruikt om te corrigeren voor de 
inhomogeniteit en de universele kritische exponent is bepaald. Door het combineren van de 
resultaten voor de PP en PI overgangen, concluderen we dat de kritische exponent K=0.42 de 
universele kritische exponent voor de quantum faseovergang is. 

In het laatste hoofdstuk wordt magnetotransport aan GaAs structuren delta gedoteerd 
met tin besproken. Voor de eerste keer is tin gebruikt als donor in een ô-laag, wat voor- en 
nadelen heeft vergeleken met meer gebruikelijke doteringsatomen zoals silicium en 
beryllium. Een voordeel van tin is de mogelijkheid om hoge elektrondichtheden te verkrijgen. 
In onze structuren was de hoogste elektrondichtheid gelijk aan 8.4xl013 cm"2, bepaald door 
Hall metingen. Een nadeel van tin is de grote segregatie en diffusiesnelheid, wat resulteert in 
brede 8-lagen. Maar dit is juist een voordeel voor de groei op vicinal substraten. Vicinal 
substraten ontstaan door een kleine misoriëntatie bij het klieven van het substraat, wat 
resulteert in stapranden en terrassen op het oppervlak van het substraat. De hoge segregatie 
snelheid van tin kan leiden tot ordening van de tin atomen aan de stapranden. Naast de 
afgenomen dimensionaliteit in de vorm van rijen quasi ID tin atomen, heeft de laterale 
ordening een positief effect op de ladingsdrager mobiliteit. Een duidelijke anisotropie in de 
elektronische eigenschappen is waargenomen voor de stroom || en _L op de stapranden, 
oplopend tot Rj/R||~1.5 (T=4.2K) voor een structuur met een elektrondichtheid 
n=8xl012 cm"2. Het laatste gedeelte van dit hoofdstuk behandeld het persistente 
fotogeleidingseffect in S-gedoteerd GaAs. In de zwaar gedoteerde structuren (n>2xl013 cm"2) 
worden twee verschillende belichtingseffecten waargenomen, afhankelijk van de golflengte 
van het licht. Voor belichting met licht met een golflengte kleiner dan 850nm is positieve 
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persistente fotogeleiding aanwezig, wat een afname in weerstand na belichting inhoudt. Voor 
belichting met licht met een golflengte groter dan 850nm is negatieve fotogeleiding 
waargenomen. Voor de licht gedoteerde structuren is alleen het positieve effect waargenomen. 
Het verschil in fotogeleiding tussen de zwaar en licht gedoteerde structuren is de bezetting 
van een diepe donortoestand, het zogenaamde DX niveau in de zwaar gedoteerde structuren. 
De ionisatie van deze gevulde DX niveaus veroorzaakt het negatieve fotogeleidingseffect. 
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