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Chapter 1 

General Introduction 

Over the last 40 years the physical understanding of the fundamental processes occurring 

in semiconductors has made enormous progress. This progress has led to the development 

of a semiconductor technology which has made a huge impact on modern society. Techno

logical developments, providing the possibility of producing very pure semiconductors and 

very well defined layered structures displaying new physical phenomena, have led in turn 

to an increase in physical understanding. Whilst in the beginning interest was directed 

towards germanium and silicon (the first transistor was made from germanium in 1948 

[1]), the never ceasing demand for higher speeds of operation and an increasing need for 

opto-electronic devices has created a growing interest in III-V compound semiconductors. 

These compounds have some very favourable properties, particularly their direct band-

gap, which makes them suitable for manufacturing high-speed opto-electronic devices, 

and their low scattering rates and correspondingly high electron mobilities providing the 

possibility of producing very fast transistors. 

Growth techniques such as Molecular Beam Epitaxy (MBE) [2] and Metal Organic 

Chemical Vapour Deposition (MOCVD) [3] have been developed to a high degree of 

perfection. These techniques make it possible to grow very pure crystals and interfaces 

which are abrupt to within one atomic layer. Such a good interface quality is crucial for 

the properties of layered structures. 

A good example of such a layered structure is the heterojunction, which consists of two 

different semiconductors grown on top of each other. Due to the difference in band-gap 

carriers are transferred from the semiconductor with the larger band-gap to the smaller-

gap semiconductor [4]. The type of the carriers which are transferred depends in general on 

the doping of the larger-gap semiconductor. A reasonable matching of the lattice constants 

of both semiconductors is necessary to obtain a good interface [4]. A nearly perfect 

lattice match and other favourable properties are displayed by the combination of GaAs 

and (Ga,Al)As, of which GaAs has the smaller band-gap. In an η-type GaAs-(Ga,Al)As 

heterojunction electrons are transferred from the n-(Ga,Al)As to the GaAs; these electrons 

form a 2-Diniensional Electron Gas (2DEG), which is bound to the interface by the electric 

field resulting from the charge transfer. This 2DEG has a very high mobility as the 

scattering is strongly reduced by the spatial separation of the 2DEG from its host donors 

in the (Ga,Al)As [5]. Due to this very high mobility in combination with the reduced 

dimensionality the 2DEG shows intriguing new physical phenomena, the most prominent 

of which are the Quantum Hall Effect (QHE) [6] and the Fractional Quantum Hall Effect 
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(FQHE) [7]. An extensive review of the properties of 2DEG systems is given in Ref. [8]. 
An application of a high-mobility 2DEG is the High Electron Mobility Transistor (HEMT) 
[4]-

The motion of the electrons perpendicular to the plane of the 2DEG is quantised in so-
called electric subbands. The properties of these electrons are dependent on the subband 
quantum number and on the occupation numbers of the subbands. The energy separation 
between the lowest and the second subband is typically of the order of 10-40 meV. As 
k^T at room temperature is approximately 25 meV electrons are thermally excited to 
the second and higher subbands. Therefore the mobility at room temperature is limited 
by intersubband scattering in combination with scattering by phonons. High carrier 
densities are necessary to obtain a high room temperature conductivity of the 2DEG, as 
the conductivity is proportional to the product of the carrier density and the mobility, 
and the latter cannot be enhanced substantially. In high-carrier-density heterojunctions 
the Fermi energy is higher than the bottom of the second subband, so that the second 
subband is also populated at low temperatures, and intersubband scattering is expected 
to be important at all temperatures. 

A magnetic field is a very useful tool with which to investigate the above-mentioned 
effects. A magnetic field applied perpendicularly to the plane of the 2DEG quantises the 
in-plane motion of the electrons in cyclotron orbits. This quantisation results in a ladder 
of almost equidistant levels which are called Landau levels; in GaAs they have typical 
energy separations of ~ 1.7 meV/T. In high magnetic fields (~ 10-20 T) the Landau level 
separation has the same order of magnitude as the subband separations. The properties 
of electrons in such a completely quantised system are governed by the position of the 
Fermi energy relative to the Landau levels, this relative position can be controlled by 
changing the carrier density or the magnetic field. 

This thesis is mainly concerned with magneto-transport and far-infrared (FIR) trans
mission of 2DEG's in GaAs-(Ga,Al)As heterojunctions; the carrier density is so high that 
a second subband is populated In a magneto-transport experiment the density of states 
(DOS) at the Fermi level is probed; this provides information about scattering processes 
of electrons within an energy range of k^T from the Fermi energy. Far-infrared transmis
sion probes levels which are at most ~ huitín, below the Fermi level, at low temperatures 
fta>FiR !> kßT. Further it provides information about the band structure of GaAs as the 
latter determines the level separations. 

This thesis is organised as follows: in chapter 2 the most important properties of 
2DEG's in GaAs-(Ga,Al)As heterojunctions are summarised. Furthermore an introduc
tion to the basic concepts underlying this thesis is given. 

In the third chapter the results of magneto-transport measurements are presented and 
discussed. The Shubnikov-de Haas (SdH) oscillations and Quantum Hall plateaux are 
studied qualitatively; they are a sensitive probe of the formation of mobility edges and 
ranges of localised states in the total density of states. Thus information about spin-
splitting of Landau levels and the position of Landau levels originating from the second 
subband can be obtained. The fact that the density of states in a high magnetic field is 
highly singular leads to subband occupation numbers which are dependent on the field. 
Analysis of the SdH oscillations can give a measure of the importance of the carrier redis
tribution in a magnetic field sweep. From the amplitudes of the SdH oscillations values of 
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the single-particle relaxation time are extracted; it appears that they are modulated by 
the second subband Landau levels. This modulation gives an indication of the importance 
of the screening by the 2DEG of long-range potential fluctuations originating from ionised 
donors in the (Ga,Al)As layer. 

A magnetic field applied parallel to the plane of the 2DEG causes an increase of the 
subband separation and thus the second subband can be depopulated completely. This 
depopulation is indicated by a negative parallel-field magnetoresistance, which is a result 
of the decrease of intersubband scattering. The field width of this depopulation structure 
is a measure of the level broadening by scattering events. Additional information can 
be obtained by near-parallel-field magnetoresistance measurements. The perpendicular 
field component gives rise to SdH oscillations, from the amplitude of which the single-
particle relaxation time can be extracted, which shows the effect of screening by the second 
subband electrons. The gradual depopulation of the second subband by an increasing 
parallel field component can be traced by a set of SdH measurements at a large number 
of tilt angles and analysis of the modulation of the SdH minima by the second subband 
Landau levels. 

A phenomenological model, which describes the SdH oscillations of a 2DEG with 
more than one populated subband, has been published by Gobsch et al. [9]. This model 
derives the magnetoconductance from a density of states which consists of Gaussian peaks 
superimposed on a constant background of localised states. In chapter 4 this model is 
applied to the experimental data and the agreements and the discrepancies between the 
model calculations and experimental data are discussed. These discrepancies indicate the 
importiince of self-consistent effects, such as g-factor enhancement, oscillatory screening 
and oscillations in the subband separation as a function of field. 

The possibility exists that there are more conducting layers than the active layer of the 
2DEG in a GaAb-(Ga,Al)As heterojunction. The existence of such layers is indicated by 
the fact that the high-field magnetoresistance minima do not approach zero and the Hall 
plateaux are distorted and do not have the correct values. In chapter 5 the observation of 
parallel conduction, occurring in MBE-grown heterojunctions with a superlattice buffer, 
after strong illumination with red light, is discussed. The transport results are compared 
to a model of two parallel conducting layers, each with their own mobility and carrier 
density, as published by Kane et al. [10]. Carriers in a parallel conducting layer can be 
subject to cyclotron resonance; the observation of an additional resonance in the FIR 
absorption of the above-mentioned samples is discussed in terms of a number of layers 
from which it might originate. 

In chapter 6 cyclotron resonance measurements on the above-mentioned MBE-grown 
samples are described and discussed. From the field positions of the FIR transmission 
minima at given FIR energies effective masses are extracted. In principle these effective 
masses give information about the band structure of GaAs. We assume that the GaAs 
band structure is described by parameters extracted from cyclotron resonance measure
ments and model calculations reported in literature ([11] and references therein). On the 
basis of these band structure parameters and effective mass values extracted from our 
data it is possible to get information about subband confinement energies and envelope 
wavefunctions. 

Tilted-field cyclotron resonance measurements yield further information about the 
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subband envelope wavefunctions. Therefore resonance positions are compared with model 
calculations on the coupling of the cyclotron motion and the motion in the confinement 
potential due to the component of the magnetic field parallel to the plane of the 2DEG 
[12-14]. 

Because of an increasing demand for opto-electronic devices with a bigger band-gap, 
i.e. a shorter radiation wavelength, and magnetically tunable devices, interest has arisen 
in II-VI semiconductor compounds and magnetic semiconductors. In chapter 7 we present 
a magnetisation and magneto-transport study of the magnetic semiconductor compounds 
(Nd,Pb)Mn03, which is the preliminary part of a wider study of II-VI and magnetic 
semiconductors. Magnetic semiconductors often show magneto-transport behaviour which 
is closely related to the magnetic ordering of the lattice spins. 

We have performed magnetisation measurements on different (Nd,Pb)Mn03 com
pounds and magneto-transport measurements on NdosPbo.sMnOs. It will be shown that 
the magnetisation of the samples is enhanced by the spins of carriers; this enhancement 
tends to increase with the Pb-content of the compounds. In addition variations between 
different samples of the same compound are possible. Furthermore an increase of the 
Pb-content also tends to increase the temperatures of onset of ferromagnetic order and 
achievement of full ferromagnetic order. The interactions between the lattice spins and 
the carrier spins will be discussed in terms of the formation of (bound) magnetic polarons 
[15, 16]. The latter effect is the cause of a resistivity peak observed in NdosPbosMnOs, 
which decreases with increasing magnetic field and shifts to higher temperatures. At 
high temperatures the conductivity appears to be thermally activated due to hopping of 
magnetic polarons. The above-mentioned behaviour will be discussed and compared with 
neutron scattering data obtained from the same samples. 
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Chapter 2 

Introduction to 2DEG's in Heterojunctions 

During the last two decades semiconductor research interest has moved from bipolar 
and Metal Oxide Semiconductor (MOS) transistors to transistors built from layered het-
erostructures based on gallium arsenide. The main reasons for this transfer are the opto
electronic compatibility and high carrier mobilities acquired in these heterostructurcs. 
The heterojunction has a single interface (typically between GaAs and (Ga,Al)As) which 
can be very sharp because of the nearly perfect lattice match between both materials. 
At the interface, band bending occurs due to fundamentad band offsets and doping, and 
this results in a one-dimensional potential well. Using doping techniques one can cause 
electron transfer into the conduction band. These electrons are bound in the potential 
well, which has an almost triangular shape (see figure 2.1). For such a well shape one can 
calculate that it gives rise to quantised states г with energies E, for motion perpendicular 
to the layer, and these are called subbands. However the carriers have unconstrained mo
tion in the well plane [1], and thus are known as a 2-Dimetisional Electron Gas (2DEG). 
By using the modulation doping technique [2], the carriers are spatially separated from 
the donor-impurities, resulting in a very high mobility. Transistors made using these 
techniques are called High Electron Mobility Transistors (HEMT), because of this. 

One of the drawbacks of the very high mobility heterojunction 2DEG is the limited 
electron density (~ 5 χ IO11 c m - 2 ) , allowing maximum currents of approximately 180 to 

200 mA (at a gate-width of 1 mm and a gate-length of 1 μια). This limitation can in paxt 

be avoided by using superlattices where more parallel 2DEG's are used and higher current 

can be reached (also higher limiting working frequency), but there is also considerable 

interest in pushing heterojunctions to higher carrier densities. 

A high carrier density leads to the population of a second subband, and due in part to 

inter-subband scattering there is a degradation of mobility. It must be noted that inter-

subband scattering plays also a role in low-density heterojunctions at room temperature 

as A'BX 293 К я; 25 meV, which is of the same order of magnitude as the subband sepa
ration Ei0. However, the main scattering mechanism at room temperature is scattering 
by phonons. 

2.1 Free carriers in a magnetic field 

This section is concerned with the effect of magnetic fields on the electrons in GaAs-
(Ga,Al)As heterojunctions, and the basic properties of these structures which can be 
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Fig. 2.1: Conduction band structure (b) and geometry of the interface incorporated in 
a growth scheme (a). The one-dimensional potential well m the conduction 
band (CB) is shown m the blow-up (c). 

deduced from measurements involving magnetic fields. It is therefore convenient to use 
this introduction to discuss the magnetic quantisation which arises and to define some of 
the terms and concepts involved. 

The effective mass approximation allows one to represent an electron in a semiconduc
tor as a free electron with an effective mass m*, which takes account of the effect of the 
crystal potential [3]. If the effective mass is almost independent of energy, the bands are 
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said to be parabolic: deviations from constant m* are known as non-parabolicity [4, 5]. 
Assuming an isotropic and constant effective mass, the influence of a magnetic field on 
an electron is represented by the Hamiltonian 

tt=¿(p--4)2 (2.1) 

where A is the magnetic vector potential (see for example [6]). When the Landau gauge 
A = (0, Bx, 0) is chosen to represent a constant magnetic field of magnitude В in the 
2-direction, the Hamiltonian takes the form 

7 Ì = Ì ( p ' + ( i ' » _ e B l ) 2 + P ' ) · (2·2) 

It is obvious that py and p. still commute with the Hamiltonian, as \ρν,χ] = [p.,χ] = 0, 
and so they are constants of the motion, i.e.: 

Ή = ¿ ( p > + (hky - eBxf + fi2A·.?). (2.3) 

Changing coordinates to 

r l · 

(2.4) *' = = χ - x0 • 
hky 

= х-ёв 
leads to the Hamiltonian 

H-- 1 л 2 

- 2m.P*' 2т* 
+ 

2m· 
(2.5) 

Defining ω,. = Щ, one obtains the Hamiltonian for a simple harmonic oscillator, plus a 
constant energy due to the motion in the direction parallel to the magnetic field. The 
energies of the states, neglecting spin, are therefore given by 

ВД*ж)=(і+і)йи,с+0 (2.6) 

where L is an integer [7, 8]. Thus, the magnetic field has the effect of quantising the 
motion in the plane perpendicular to it, to give a series of energy eigenvalues, known as 
Landau levels. Superimposed on this set of levels is a free motion in the field direction 
(see figure 2.2). 

The Landau levels will dramatically change the density of states available for an elec
tron. From equation 2.4 x0 must lie inside the crystal and so 

0 < ^ < ш, (2.7) 
eB 

where wx is the length of the crystal in the χ direction. Thus 

eB 
Q<kv< —wx. (2.8) 

The density of states in one dimensional phase space is ¿ so that the number of allowed 
values of A-

y is equal to 
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EAfKj, 

Fig. 2.2: The energy levels of a 3-dimensional electron gas m a magnetic field directed 
along the ζ-axis. 

eB eB 
-rU>x= -rS' (2.9) 

where S is the area of the sample perpendicular to the magnetic field. The number of 
states per unit area, where the factor of 2 takes account of electron spin degeneracy, is 

D(E) = 2ψά(Ε). (2.10) 

Herein d(E) is the one dimensional density of states (DOS) due to motion in the z-
direction. The density of states in one dimension is inversely proportional to the square 
root of energy [9, 10]: 

d{E)<x ( L + i ) hujc (2.11) 

and the density of states will have the appearance shown in figure 2.3 [11]. In a real 
situation the sharp onsets will be smoothed by scattering. 

In heterojunctions. the electric field at the interface causes the conduction and valence 
bands to bend down to form a one dimensional potential well, close to the interface [1]. 
The potential well contains a degenerate two-dimensional electron gas, with the electrons 
bound in the direction perpendicular to the interface. The eigenstates for this direc
tion are a set of discrete levels known as electric subbands, with energies Ει,Ε-ι,... ,Et, 
whereas the motion in the plane of the interface will be essentially unmodified. Including 
a potential well in the c-direction the Hamiltonian 2.5 becomes 

4 = 2m' С PX' + (m *)4V2) 
2m* 

+ V(: (2.12) 
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Fig. 2.3: The density of states of a 3-dimensional electron gas m a magnetic field 

directed along the z-axis. 

The Hamiltonian is separable in two parts: the left hand side represents the Landau level 
quantisation and the right hand term confinement due to the potential well. The latter 
has energy eigenvalues £ j , Ει,..., El and so the electron energies are now given by 

E(L<i)= ( i + ^ ) ftu;c + Я,. (2.13) 

The energy eigenvalues are completely quantised and the density of states will be a series 
of ¿-functions. In practice the Landau levels will be broadened by scattering (figure 2.4) 
but nevertheless the structure in the density of states will be more pronounced than in a 
3D case. This often means that in a magnetic field, phenomena due to 2D electrons are 
much stronger than those due to the 3D electrons in the bulk material [1. 11]. 

2.2 The Shubnikov-de Haas Effect 

In a 2DEG confined in a heterojunction accumulation or inversion layer, it is useful to 
know the relative distribution of carriers between the subbands: to determine this, the 2D 
Shubnikov-de Haas Effect (SdH) is used. As the magnetic field applied perpendicular to 
the plane of the 2DEG is increased, the Landau levels associated with each subband sweep 
through the Fermi level, causing a change in the density of states at the Fermi level which 
manifests itself as a series of oscillations in the magnetoresistance. This is illustrated 
in figure 2.5 [12]. Consider first the case of one occupied subband. The conductivity is 
minimum when the Fermi level lies between Landau levels [13]: this is equivalent to an 
integral number of Landau levels being full, namely 

N = L (?) (2 14) 
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Fig. 2.4: The density of states relative to the subband energy leveL· E, of a 2-

dimensional electron gas m a magnetic field perpendicular to its plane. 

where N is the number of electrons per unit area in the subband, and L is the number of 

filled Landau levels, wherein equation 2.9 for the density of states per Landau level has 

been used. The conductivity minima are thus periodic in 1/B, with periodicity 

BF = N-
2e e 

(2.15) 

where B F is known as the fundamental field. When more than one subband is populated, 

the situation is more complicated. When the Landau levels are weakly resolved, the 

Fermi level is approximately constant, and each subband contributes a well-defined series 

of oscillations periodic in 1/B, with fundamental field Bf, given by 

B F , = І , — 
e 

(2.16) 

where Мг is the ith subband's population. This range is well illustrated by the low 
field region of figure 2.5, where the upper subband produces oscillations of a well-defined 
periodicity, upon which are superimposed small oscillations due to the lower subband, also 
of a well-defined periodicity. At higher field, where the Landau levels are better resolved, 
the Fermi level becomes pinned to particular Landau levels, and the oscillations in the 
magnetoresistance no longer consist of contributions from each subband. Instead minima 
occur at periodicities which are mixed harmonics of the various contributing fundamental 
fields, at Bp = Врг + Βγ}. In these cases, great care must be taken when interpreting 
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Fig. 2.5: The Shubmkov-de Haas effect m a two-dimensional electron gas with two 
populated subbands. In the upper part of the diagram, the Landau levels 
from each subband and the Fermi energy are shown. The density of states at 
the Fermi energy changes, and this is manifested m the magnetoresistance, 
shown m the lower part of the diagram (after Portal et al. [12]). 

the results. Once the fundamental field due to each subband is extracted from the data, 
equation 2.16 can be used to obtain the subband populations. There will also be a series 
of oscillations due to bulk electrons if they are present, but these will in general be much 
weaker, with a periodicity given by (at high Landau level filling factor) 

η = 
3π 2 

2e 

ih 
[ B F ] 5 = 5.657 χ ΙΟ1 5 [B F ] 5 спГ (2.17) 

where η is the bulk carrier concentration. Here the following has to be noted· in a 2D 
system Bf represents also the field above which all electrons are in the lowest Landau 
level (magnetic quantum limit). However, in a 3D system the onset of the quantum limit 

3 ä 

is at Bi = | ß ^ . The difference is due to the fact that the DOS of a 3D Landau level 

has a tail at the high-energy side with D(E) oc (E - (L 4- ¿)hu)A 2 . The condition for 
the observation of Shubnikov-de Haas oscillations is that hu)c » k^T. in sufficiently high 
fields the spin-splitting of the Landau levels will also become large compared to the level 
broadening and the oscillations will apparently double in frequency, as twice as many 
distinct levels are now passing through the Fermi level. This is represented by Landau 
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level energies of the form 

Eu.. = E,+ (L+ }hu;c + 8gßBB (2.18) 

where Ег designates the suhband energies. L is the Landau level quantum number, and 
s = ± | indicates the two spin-split components of each Landau level. 

2.3 Quantum Hall Effect (QHE) and Fractional Quantum Hall 
Effect (FQHE) 

In 1980 von Klitzing. Dorda and Pepper discovered the correspondence between the exact 
quantisation of the Hall resistance and the filling factor, in a 2DEG at the interface of Si 
and SiOa in a MOSFET [14]. Plateaux were found which are precisely given by 

Л Н = „ „ = A = ™™[П). (2.19) 

Over the same field range as the plateaux, the diagonal magnetoresistance pxx takes a 
zero value. These two phenomena can be explained by two sorts of electronic states, i.e. 
localised and extended states. Since 1980 a wide array of materials, including GaAs-
(Ga,Al)As heterostructures, have shown this effect. In high mobility samples at low 
temperatures not only integral filling factor plateaux are formed, but also ones at fractional 
filling factors like и = ì . | , | , § etc. [15]. 

2.3.1 Extended and Localised States 

The Quantum Hall Effect (QHE) and Fractional Quantum Hall Effect (FQHE) could not 
be present without the co-existence of localised and delocalised states in the DOS of a 
2DEG in a magnetic field [16]. Localisation under these conditions is thought to result 
from so-called "strong'' Anderson localisation, whereby potential fluctuations give rise to 
a finite spatial range of the electron wavefunction for certain energies, and from electron-
electron correlation effects [17, 18]. At other energies, separated from the localised states 
by mobility edges [19]. the electrons move in extended states. 

It is thought that each Landau level is made up of localised states away from the centre 
of the DOS peak, with at least one delocalised state at the centre [11, 16]. The position 
of the Fermi level in the Landau level is thus very important: the diagonal conductivity 
σχχ will be zero when the Fermi energy Ες is in a region of localised states and there 
is an insufficiently high Τ for electrons to be thermally excited to extended states. The 
influence of the strong Anderson localisation should be distinguished from the "weak" 
Anderson localisation [17]. Weak localisation is the name given to a correction to the 
Boltzmann conductivity, which is due to quantum interference: on each path forming a 
closed loop the clockwise and anticlockwise travelling partial waves interfere if the path 
is shorter than the phase-breaking length [20]. An integration over all possible paths 
has to be performed to calculate the change in conductivity. A weak magnetic field does 
not destroy the weak localisation, but essentially reduces the tendency to localisation [11]. 
This is due to the fact that a magnetic field changes the phase of electrons. The destruction 
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of weak localisation by the magnetic field [20] occurs in a very low field regime (typically 

» I O - 4 T) and results into a negative magnetoresistance. A field-induced phase change 

also affects electron-electron correlations, which aie due to Coulomb interactions. This 

leads to a negative magnetoresistance at fields in the order of a few tenths of a tesla [21]. 

We have observed the latter effect in some of our Shubnikov-de Haas data. In the FQHE 

at sufficiently small filling factor (v < | ) , ordering by electron correlation dominates the 

Anderson localisation [11] (see the discussion of Wigner crystallisation below). 

Ξ EXTENDED 
STATES 

Ш LOCALIZED 
STATES 

D(E) 

Fig. 2.6: Regions of localised and extended states m the Landau level DOS. 

As mentioned above, when Ep is between Landau levels, the states at the Fermi 
energy are localised [11, 22]. The reason for the non-infinite character of the transverse 
magnetoresistance, although the transverse conductivity takes zero value, is found in the 
tensor relation that governs these physical quantities. These read [16] 

Ргу = 

°U + *i, 

*ί, + 'ί 

(2.20) 

(2.21) 

An explanation of the QHE is the following: it must be noted that a macroscopic {i.e. 

measurable) current is only carried by extended states, which are classically percolating 

regions, and that electrons in a high magnetic field move along equipotential lines if they 

are not subject to scattering. Only electrons with energies Εγ — квТ < E < EF + λ·ΒΤ are 

subject to scattering: at lower energies there are no empty states available and at higher 

energies there are no electrons. If Ep resides in a band of localised states, the "extended" 

electrons are not scattered and move along equipotential lines. It can be proven [23], that 

each filled Landau level contributes a current 

εδμ e26VH 
61 = Ί, =1Г'· 

(2.22) 
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where 61 is the current carried by an extended state, δμ is the chemical potential difference 

across the extended state and 6 ц is the Hall voltage across this state. A summation over 
all extended states between the Hall contacts gives: 

2 2 
/ = Σ 0 / = Τ Σ ^ Η = Τ Γ ^ . (2.23) 

eit. " eit " 

If Ef resides in a localised band an integer number г of Landau levels is occupied in the 
regions of extended states (percolating regions) so that we get: 

I ie2 

Due to the absence of scattering in the regions of extended states we get: 

(2.24) 

(2.25) 

and 

/>«, = — = -2-· (2-26) 

If Εγ resides in a band of extended states, these states are subject to scattering and a 

non-integer number of Landau levels is filled, so that σχν is between the values of the 

Hall plateaux and σχχ J= 0. The accuracy of the resistance values of the Hall plateaux is 

explained by Laughlin on the basis of a topological argument [24]. There are some alterna

tive explanations of the QHE, the most important of which are based on inhomogeneities 

[25] and dissipationless transport by edge states [26]. 

2.3.2 The Fractional Quantum Hall Effect 

Hall plateaux and corresponding Shubnikov-de Haas minima are not only observed at fields 

corresponding to integral filling factor, but also at fractional filling factors ν = p/q with q 

odd. These additional plateaux are known as the Fractional Quantum Hall Effect (FQHE). 

Prerequisites are a high sample mobility (μ > 50 m 2 V _ 1 s _ 1 ) and low temperatures (Γ < 

I K ) . These additional plateaux are due to electron-electron interactions: they can only 

be explained in terms of many-electron theories [16]. A generally accepted theory is due 

to Laughlin [27]. He interprets the FQHE as the signature of an incompressible quantum 

liquid at fractional filling factors ν = p/q with q odd. At finite temperatures thermal 

excitations of fractionally charged quasi-electrons and quasi-holes across an energy gap 

above the ground state are predicted. The energy gap is proportional to the only relevant 

energy scale, the inter-electron Coulomb energy ρ2/4π6ο€Γί, where / = Jh/eB is the radius 

of the lowest Landau orbit. 

The observations of the FQHE are currently understood in terms of a hierarchy of 

condensed quasi-particle ground states [28]. At each level of this hierarchy the ground 

state results from condensation of the quasi-particle gas from the preceding level. For 

example, if the field is decreased at J/ = | . this results into removal of flux quanta 

corresponding to the generation of — ^e quasi-electrons [27]. At и = | , the generated — ^e 
quasi-electrons condense into the ν = \ ground state. If the field decreases further, — | e 
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quasi-electrons are generated which eventually condense into a ν = | ground state. The 

hierarchy continues in this way. Similarly, a field increase results into the generation of 

+ | p quasi-holes, which condense at i/ = ^ and so on. The levels of the hierarchy are 

represented by: 

(2.27) 
TDQ ± 1 

where 7770 is an odd "integer" number and тг(і = 1,2,...) an even "integer" number. In 
experiments, effects of disorder are expected to terminate the hierarchy. This is consistent 
with the observation of an increasing number of fractional plateaux and corresponding 
Shubnikov-de Haas minima with increasing electron mobility. The above-mentioned the
ory starts from a fully spin-polarised ground state at ν < 1. However, thermal activation 

energy measurements at different tilt angles have confirmed the existence of unpolarised 

and partly polarised ground states [29]. 

In theory the hierarchy would be terminated by a critical quasi-particle density below 

which the dilute gas of quasi-particles is expected to form a Wigner crystal, thus preclud

ing a Laughliu ground state [30]. In high fields a Wigner solid is thought to exist below a 

critical filling factor і/с(Г = 0) = 0.192 ±0.004 [31], also at high densities. The value of i/c 

decreases with temperature. The phase diagram as a function of Γ, В and Ns is given in 
[31]. A gapless magneto-phonon branch has been detected [32], which supports Wigner 
solid formation. 

2.4 Scattering Mechanisms in 
GaAs-(Ga,Al)As heterojunctions 

In reference [33] several scattering mechanisms are investigated. Amongst alloy-disorder 
scattering, interface-roughness scattering and impurity scattering, the last one seems to 
dominate in the form of screened Coulomb interaction. However in the case of ultra high 
mobility GaAs-(Ga,Al)As heterojunctions screened long-range Coulomb scattering is so 
weak that interface roughness scattering is expected to become important [34]. This has 
not yet been confirmed experimentally in the case of a heterojunction. The scattering 
rate is in principle characterised by a relaxation time, which is the average time interval 
between two successive scattering events causing dephasing of the electron state. This 
quantity is used in one-particle models and thus it is called single-particle relaxation 
time (this "particle" is not necessarily an electron or a hole, but it can be a so-called 
quasiparticle). The single-particle relaxation time is given by [33]: 

- = idk'P{k,k'), (2.28) 
Ts J 

where P{k,k') is the probability for scattering from state к to state к'. This relaxation 
time Ts is related to 'the level broadening by Heisenberg's uncertainty principle (Г is the 
half width of the broadened Landau level): 

Г > "- • (2.29) 
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It has to be stressed that Ts ts not the same quantity as the transport scattering time 
Tt as the latter is given by 

- = idk'P(k,k'){l-costi). (2.30) 
η J 

The mobility is directly related to the transport scattering time: 

So it appears that the mobility is not directly related to the level broadening as in general 
Ts φ Tt. The ratio TS/TI — (1 — cos Θ) is determined by the dominant scattering mechanism 
[33, 34]. Tt is insensitive to small-angle scattering, while rs is sensitive to all scattering 
effects [35]. So we get: 

small-angle scattering: r t » rs ; 

isotropic scattering: r t = rs ; (1 - coso) = 1. 
It can be concluded, however, that the single-particle relaxation time determines the 
density of states [34]. The importance of the relation between the transport lifetime and 
single-particle relaxation time in GaAs-(Ga,Al)As heterostructures is clear, as for GaAs 
typical TI/TS ratios are ~ 10, while for conventional Si-MOSFET's these are ~ 1. 

2.5 Cyclotron Resonance 

As was discussed in section 2.1, a magnetic field introduces Landau levels in the bands of 
semiconductors. Magneto-optical experiments mostly involve transitions between these 
Landau levels. Several types of experiments are possible, for which we refer to reference 
[36]. The most common technique is transmission in the Faraday geometry: light prop
agates parallel to B: it can be considered as a sum of left and right circularly polarised 
components. The transitions considered are \L Î) —> l(L + 1) Î) and \L J.) —» \(L + 1) J.) 
(spin conserved), which are known as cyclotron resonance (CR); they occur at *J = *)c. 
Dependent on the field direction these transitions are induced by either left or right cir
cularly polarised light; the corresponding polarisation is called the CR active mode. CR 
transitions of conduction band electrons in GaAs occur at energies fia;c ~ 1.7 meV/T, 
so that a field range up to 20 Τ corresponds to energies up to 34 meV, which is in the 
far-infrared. In the case of a 2DEG, a set of Landau levels is associated with each subband 
and only intrasubband CR between adjacent Landau levels tends to be of experimental 
importance. 

Another transition which is of experimental importance in the Faraday geometry is the 
spin-flip transition \L T) —> \L I). The energy associated with a spin-flip transition is ηω = 

gßuB where g is the bare Lande p-factor of conduction band electrons in GaAs. Many-
body effects such as exchange enhancement of the spin-splitting do not affect the spin-flip 
energy according to Kohn's theorem [37]; this is due to the translational invariance of the 
Hamiltonian describing electron-electron interactions. The presence of scatterers violates 
this translational invariance, but nevertheless in most cases this effect can be neglected. 
The energy of a spin-flip transition in GaAs is typically ~ 0.025 meV/T. which is in the 
microwave regime and is almost two orders of magnitude below /іа»с. 
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CR transitions can only be observed if и>сг 3> 1, where r is the relevant carrier lifetime. 
This lifetime is equal to the single-particle relaxation time (see previous section) if inho-
mogeneous broadening can be neglected (inhomogeneous broadening is due to potential 
fluctuations on a length scale which is large compared to the cyclotron orbit radius; see 
below). 

A lot of information can be extracted from a CR experiment. The resonance position 
yields a value of the effective mass m', which is an important parameter describing the 
band structure; it further yields information about non-parabolicity, electron-phonon in
teractions (polaron effect), level anticrossings etc. The CR position does not depend on 
electron-electron interactions in a homogeneous system as proven by Kohn [37]. However. 
the presence of scatterers can severely distort the lineshape and thus change the position 
of the transmission minimum (see Ref. [1], p.544). The position of the CR can also be 
affected by electron-electron interactions via band non-parabolicity, which is the result of 
the (symmetry-breaking) lattice potential [38]. The resonance lineshape in principle gives 
information about the electron lifetime, which depends on impurity scattering, electron-
electron interactions, screening etc. A complete theory of CR in a 2DEG has not yet 
been fully developed, although considerable progress has been made in some aspects of 
this problem [39, 40]. An important aspect of the theory is the discovery of modified 
Kramers-Kronig relations between the CR position and the linewidth [41, 42]. According 
to these relations a rapid change of the effective mass as a function of filling factor implies 
a strong maximum in the linewidth. The main difficulty is the many-body character of 
the problem and the self-consistency of some of the effects. The level broadening found in 
a CR experiment is the homogeneous broadening as each CR transition only probes one 
cyclotron orbit. Fluctuations on a larger length scale are the same for both the initial and 
the final levels as those have nearly the same cyclotron orbit centre position. As a result 
these fluctuations do not contribute to the CR line broadening [1]. This means that the 
Landau level broadening extracted from thermodynamic quantities (e.g. SdH amplitudes, 
magnetisation, specific heat) can be much larger than the CR linewidth. 

In CR experiments a contribution from the real part of the refractive index may be 
present, although the measured absorption in general corresponds to the imaginary part 
[43]. To prevent samples acting as a Fabry-Pérot étalon, causing undesired interference 
effects, they are wedged. Interference can lead to strongly distorted lineshapes [44]. In 
our work the transmission minimum has been taken to represent the magnetic field at 
resonance. 

Another effect which has to be mentioned is plasma broadening of the CR, which is 
proportional to the 2D carrier density [42, 45]. This is considered as a purely dielectric 
effect. 

It has to be noted that different transitions can occur at the same value of u>c or at the 
same field: the initial level should be at least partly filled and the final level must have 
empty states available. In general only those transitions are resolved which are separated 
by more than the sum of the halfwidths. Furthermore, electron-electron interactions can 
lead to merging of two separate resonances into one combined resonance [38]. In general 
transitions corresponding to the same subband are not resolved; however, transitions 
corresponding to different subbands are resolved if the level broadening is not too large. 
This is due to the large effective mass difference between different subbands, which is a 
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result of non-parabolicity, and to the fact that interactions between electrons in different 
subbands are weaker. 

2.6 A 2DEG in a tilted field 

In the previous section we have only considered a 2DEG in a field which is applied 
perpendicular to the plane of the 2DEG. The effect of a field component parallel to the 
plane of the 2DEG is to mix the electric and the magnetic quantisation, i.e. to couple 
the in-plane motion and the perpendicular motion; this coupling generally leads to a 
complex behaviour. However, if the subband separations are large compared to fii¿>c, the 
perturbation approach of Stern and Howard [46] can be used; this method illustrates the 
effects of a tilted magnetic field qualitatively. 

Using the gauge A = (—Βυ;,Βζχ,0) the Hamiltonian becomes: 

n = ¿ [(Pi+eBvZ)2 + (Ρυ ~eBzX)2+p'l+ eV{z)- ( 2 · 3 2 ) 

As py commutes with Ή.ρν is a constant of motion. Making the transformation 

x' = χ — XQ = χ -£- (2.33) 
cB. 

calling ω,,ι = eBi/m*, the Hamiltonian becomes 

Ή = ¿ [(Ρ,- + eB,:)* + ( m * ) 4 V 2 ] + ^ + eV(z) (2.34) 

If the wavefunctions are multiplied by the phase factor екВу^г lh, where (с) is the expec
tation value of c, the Hamiltonian can be written as 

Н^ТІг + Пі + Нз + Ні (2.35) 

where 

Пі = ¿~ (**' + (m* ) 2^J '2) (2-36a) 
Пг = ¿ c B y ( ; - (=))p,, (2.36b) 

W' = ¿ e 2 B Í<- - -W) 2 (2-36c) 

H< = T^-,pl + eV(z) (2.36d) 
2m* 

The term H2 should be small: if it is treated as a perturbation the Hamiltonian is sep
arable. Hi is the Hamiltonian for the Landau levels and Hi is the Hamiltonian for the 
subband energies. If H3 is also treated as a perturbation, the energy levels are: 
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Eu = (L -f і ) й ^ + E. + g f (<='), - <-->?) . (2.37) 

Thus the Landau level separations depend only on the magnetic field component perpen
dicular to the plane of the 2DEG and it is expected that features such as SdH oscillations 
and CR will move to higher total fields (as ~ 1/cosÖ) when the sample surface normal 
is tilted with respect to the field. This is also a way to distinguish 2D features from bulk 
features as those will stay at the same field, for isotropic effective mass, if the sample is 
tilted. 

The third term in 2.37 represents a diamagnetic shift of the subbands. In parallel field, 
the only change of the energy of the 2DEG will be due to this term, and the subbands 
will be moved up through the Fermi level, giving rise to oscillations in the conductivity, 
similar to those observed in the SdH effect. This is known as the magneto-electric effect 
or the diamagnetic Shubnikov-de Haas effect. 

If hujc is not small compared to the subband separations the situation becomes more 
complex Nevertheless, the degeneracy of the Landau levels is preserved: it is proportional 
to B1 [47, 48]. 

In a parallel field the diamagnetic shift changes from a quadratic to a linear dependence 
on β| |, which can be considered as a result of squeezing of the subband wavefunction 
envelopes by the field. At very large B\\ the states change from electric subbands to 
magnetic surface states [5]. In a tilted field the term Hi is proportional to B\\; it can 
be treated as a small perturbation if Бц is small. If rfiwc ~ E„i degenerate perturbation 
theory has to be applied ( r = l corresponds to "full-field coupling" and r = 2 to "half-field 
coupling") and the (almost) degenerate levels show anticrossing behaviour. It can be 
shown that to first order the minimum level separation is proportional to Βά [47, 49]. It 
must be noted that in a symmetric potential V(z) (e.g. a quantum well) the subband 
wavefunctions have a well-defined parity and further {z)t—0 for all subbands. Thus to 
first order there are no half-field couplings and no coupling of /iWĉ  with £20· Half-field 
couplings only occur if the subbands involved have different values of (;)„ corresponding 
to a shift of the cyclotron orbit centre in momentum space by an amount eB^((z), — (:),>) 

[1, 48]. 

2.7 Self-consistency 

It appears to be a formidable task to calculate many properties of a 2DEG in a magnetic 
field exactly. This is clue to the fact that these properties aie governed by a set of coupled 
equations which have to be solved self-consistently with each other. In this section we 
describe briefly the most important quantities and the physical mechanisms by which they 
are coupled. 

The subband energies .E, and wavefunctions (,(;) are very important quantities de
scribing the confinement of the 2DEG to the interface between GaAs and (Ga,Al)As. The 
following Schiödinger equation has to be solved to find these quantities: 

- / ' . f U w + V(:iU=) = E¿,(z) (2.38) 
7TÏJ* r i - * 
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where 

V(z) = Va(z) + V„(z) + Vlm(z). (2.39) 

FH(c) is the Hartree potential. УХс(-) is the exchange-correlation term and ^ ( r ) is 
the image potential due to the difference between the dielectric constants of GaAs and 
(Ga,Al)As. Vii(z) has to satisfy the Poisson equation: 

e d - rT £ l = -e2E^IC.(~-)|2 (2.40) 

where iV, are the subband carrier densities, which depend on the subband energies £,. 
It can be seen that also the confinement potential V(z) is dependent on the subband 
energies so that ( , ( ; ) ,£ , and TV, have to be solved self-consistently. 

If a magnetic field is applied perpendicular to the plane of the 2DEG the density of 
states becomes highly singular and it develops into regions of extended states and regions 
of localised states, which are separated by mobility edges. The relation between Лг,, Et 

and the Fermi energy Ep becomes strongly field dependent. It is assumed generally that 
Σ , TV, — Ns is constant. If the Landau level in which EF resides crosses a Landau level 
corresponding to a different subband an exchange of carriers takes place between both 
involved subbands. As a result the term Σ,Λ^Κιί^)! 2 changes and we get an oscillatory 
behaviour of Ε,,ζ^ζ) and N, as a function of field. However, if only one subband is 
populated we have Σ,Λ^,Ιζ,Ι2 = ./Vs|£o|2 which is constant as a function of field. This is 
the reason why it is much simpler to calculate the subband structure of a 2DEG in a 
magnetic field if only one subband is populated. 

In a tilted field the situation becomes even more complicated due to subband-Landau-
level coupling leading to mixing of wavefunctions. This mixing leads also to a change in the 
Hartree potential so that it affects the subband energies. Therefore an exact calculation 
of subband-Landau-level coupling becomes much more complicated if Εγ resides in one of 
the levels involved in an anticrossing. In addition the diamagnetic shift of the subbands 
by a parallel field component is affected by a change of the Hartree potential as the latter 
determines the spread of the subband wavefunctions. 

Other quantities affecting the relation between Ер, Ег and N, are the spin-splitting 
and the level broadening. The spin-splitting is described by an effective Lande g-factor 
and is equal to g'ß^B where μβ is the Bohr magneton and g* accounts for all effects 
governing the spin-splitting, e.g. band structure effects and exchange enhancement. The 
level broadening and the spin-splitting are also related to each other and to E?, E, and N, 
in a self-consistent way. As it is not yet possible to investigate the effects of all the above-
mentioned quantities, usually one parameter is taken to be investigated. The subband 
energies and wavefunctions have been calculated self-consistently by Ando [50] and by 
Stern and Das Sarma [51]. However, no magnetic field has been taken into account. Only 
two simplified treatments of the influence of a perpendicular field have been published so 
far [52, 53]. Spin-splitting has been treated self-consistently with the spin level occupations 
by Ando and Uemura [1, 54] and Englert [55]. Landau level broadening and screening 
also show a mutual dependence as screening is proportional to the density of states at the 
Fermi energy, which depends on the broadening. These quantities have been considered 
by Lassnig and Gornik [39]. and by Ando and Murayama [40]. 
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Chapter 3 

Transport Properties of 
High-Carrier-Density GaAs-(Ga,Al)As 

Heterojunctions 

ABSTRACT 

The analysis of the Shubnikov-de Haas (SdH) oscillations and the Quantum Hall Ef
fect of a 2-Dimensional Electron Gas (2DEG) is a powerful tool for the investigation of 
scattering processes affecting the electronic properties of the 2DEG. In addition it yields 
information about the formation of ranges of localised states in the density of states in 
the high-field regime. We have performed magneto-transport measurements on different 
GaAs-(Ga,Al)As heterojunctions with two occupied subbands. A large g-factor enhance
ment of the second subband electrons is revealed by the presence of a series of integer Hall 
plateaux with odd indices. The amplitudes of both SdH periodicities as a function of field 
have been analysed and the subband single-particle relaxation times have been extracted. 
The lowest subband single-particle relaxation time appears to be modulated with the 
second subband periodicity, indicating the importance of screened long-range Coulomb 
scattering and non-linear intersubband scattering. Parallel-field and near-parallel-field 
magnetoresistance measurements reveal that the second subband electrons affect the low
est subband electrons in two different ways: the onset of intersubband scattering decreases 
the mobility, but the additional screening leads to a decrease of the level broadening. 
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Introduction 

Four-terminal magnetoresistance and Hall effect measurements are some of the most com
mon methods used to study the electronic properties of semiconductors and semiconductor 
heterostructures. In GaAs and GaAs-(Ga,Al)As heterostructures the high electron mo
bilities lead to well resolved Shubnikov-de Haas (SdH) oscillations in magnetic fields of a 
few teslas and at temperatures of a few kelvin [1]. These SdH oscillations together with 
the corresponding (Quantum) Hall effect yield a lot of information about the electronic 
properties of Two-Dimensional Electron Gases in heterostructures. The most important 
quantities are the 2D subband carrier densities, the subband mobilities and the single-
particle relaxation times. 

In the last few years interest has grown considerably in high-carrier-density 2DEG 
systems, in which more than one electric subband is populated [2-6]. These systems are 
not in fact strictly two-dimensional as the presence of more than one populated subband 
is a manifestation of the third dimension. The electronic behaviour of these systems is 
significantly more complicated than the behaviour of a system with only one occupied 
subband; at high fields especially the subbands can not be treated as separate 2DEG's. 
Mutual interactions appear to be important: intersubband scattering affects the scattering 
rates and all carriers experience a potential which is screened by the carriers in both 
subbands. In high magnetic fields the highly degenerate Landau levels give rise to a field-
dependent occupation of the subbands. As higher subbands extend further into the GaAs 
layer, the confinement potential of the heterojunction depends on the subband occupations 
so that the subband separation .Ею becomes also field dependent. Other quantities which 
show a self-consistently determined field-dependent behaviour are the spin-splitting and 
the level broadening. Up to now no self-consistent model of the magneto-transport of a 
2DEG with two populated subbands. which also takes into account level broadening, has 
been developed. However, a reasonable description of the magnetotransport is given by a 
simplified phenomenological model published by Gobsch et al. [7]. 

In recent publications some controversy has arisen about the relation between trans
port mobilities and level broadening [4, 5, 6]. In most cases it has been found that the 
second subband electrons have a lower mobility but a longer single-particle relaxation 
time than the lowest subband electrons. This behaviour is attributed to the dominance 
of long-range scattering by ionised impurities (donors) in the (Ga,Al)As layer of the het
erojunction, which is screened by the 2DEG. In a swept-field experiment the screening 
depends on the position of the Fermi level relative to the Landau levels, which leads to 
oscillations in the screening as a function of field, having the same periodicities as the 
SdH oscillations [8, 9, 10]. This effect has not been treated yet for a two-subband system. 

A parallel magnetic field component leads to an increase of the subband separation Ею 

due to the relative diamagnetic shift of the subbands [1. 11]. In a tilted field a combination 
of depopulation of the second subband by the parallel field and the formation of Landau 
levels due to the perpendicular field is obtained. This makes it possible to study the effect 
of second subband depopulation on the lowest subband single-particle relaxation time. 

In this chapter we present the results of an extensive magnetotransport study of four 
different high-carrier-density GaAs-(Ga.Al)As heterojunctions, both in perpendicular and 
in tilted magnetic fields. The chapter has been divided into a part treating perpendicular 
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field magnetotransport and a part about parallel-field and tilted-field results. The first 
subsection of the first part shows the subband carrier densities as a function of the 2DEG 
carrier density. In the next subsection the relevant physical aspects of the SdH oscillations 
and Hall plateaux are described and our experimental results are compared to literature 
in subsection 3.2.3. 

The tilted-field results are discussed in the second part, the first subsection of which 
presents the second subband depopulation fields as a function of 2DEG carrier density 
and compares them to the model of Reisinger and Koch [11]. After that the shape of 
the depopulation curves is discussed and compared to the level broadening as indicated 
by the analysis of perpendicular field SdH amplitudes. Finally the tilted-field results are 
discussed and compared to the other results. 

3.1 Experimental 

3.1.1 Samples 

We have performed an extensive magneto-transport study of four different high-carrier-
density GaAs-(Ga,Al)As heterojunctions. One of our samples has been grown by Metal-
Organic Chemical Vapour Deposition (MOCVD) at the Laboratoire d' Électronique et 
de Physique Appliquée, Limeil-Brevannes, France. It is a conventional modulation doped 
heterojunction [12]. The other three samples have been grown according to the same 
growth scheme by Molecular Beam Epitaxy (MBE) at the Cavendish Laboratory, Cam
bridge, United Kingdom. The (Ga,Al)As region is undoped, except for one monolayer 
containing 5xlO i em" 2 Si atoms on Ga sites; these act as the host donors of the 2DEG. 
However, these donors spread in the growth direction due to migration; the width of the 
real doping layer depends on the growth temperature and is typically of the order of 
several nanometres [13]. The only difference between the three samples is the position of 
this ¿-doping layer. The technique of ¿-doping has been made possible by developments 
in MBE-technology; this technique results into higher carrier densities and increasing mo
bilities of the 2DEG [14]. These samples also have a superlattice buffer, consisting of 21 
AlAs barrier layers, which are 2.5 nm wide and 20 GaAs wells of the same width. This 
superlattice buffer is intended to avoid undesired dopant migration from the substrate 
to the interface. All samples have been patterned into Hall bars. The carrier densities, 
mobilities and other relevant parameters are given in table 3.1. At the Cavendish Lab
oratory AuGeNi contacts have been made on the side-arms of the Hall bars and at the 
ends. The samples have been mounted into cans and bonded with Au wires. 

3.1.2 Experimental set-up 

All measurements on the MBE-grown samples and part of the measurements on the 
MOCVD sample have been performed in a pumped He bath cryostat at Τ = 1.2K; the 
insert has a rotation gear allowing the sample to be rotated through an angle of 360° 
about one axis. The sample current has been supplied by a battery-fed current source; 
a current of approximately 1 μΑ has been used. As a tenfold stronger current did not 
make much difference in the signals, hot electron effects are not expected to affect the 
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Table 3.1: Relevant sample parameters; SL indicates the presence of a 20 χ (2.5 nm 

GaAs + 2.5 nm AlAs) superlathce buffer. The samples A 227, A 232 and A 

233 have been grown at the Cavendish Laboratory, Cambridge, UK; sample 

E 518-8 has been grown at the Laboratoire d' Electronique et de Physique 

Appliquée, Limeil-Brevannes, France. 

sample 

/Wm'V-V1) 
/W^v-'s-1) 
iVdark(10 l5m-2) 

JVIliht(1015m-2) 
channel length (μπι) 

channel width (μπι) 
Al content (%) 
spacer (nm) 

doped layer thickness (nm) 
doping concentration ( 1 0 1 6 m - 2 ) 

cap layer thickness (nm) 
cap layer doping (10 2 4 ni" 3 Si) 
buffer thickness (μπι) 

A227N1 

9.4 
8.5 
8.9 

16.6 
400 
50 

33 
5 

0.5 
5 
10 
1.7 

1.0 +SL 

A232 

39 
39 
6.4 

11.6 
4000 

1000 
33 
10 
0.5 
5 
10 
1.7 

1.0 +SL 

A233 

55 
56 
3.8 
6.6 

4000 
1000 
33 
20 
0.5 
5 

10 
1.7 

1.0 +SL 

E518-8 
8.1 

21.5 
4.9 
8.8 

1100 

150 
35 
10 
60 

3 χ 10 2 3 m- 3 

20 

1.0 
1.0 

transport behaviour. The voltage differences between side contacts have been measured 
with Keithley 177 DMM's supplied with analogue outputs, the signals of which have been 
fed to a chart recorder. The horizontal axis of this recorder has been driven by a shunt 
voltage which is proportional to the current through a 15T or a 20T Bitter magnet. The 
field factor of the magnets has been calibrated with an accuracy of « 1%. 

Part of the experiments on sample E518-8 has been performed at lower temperatures, 
either in a 3 He cooled insert allowing temperatures down to «0.4 К or in a dilution refrig
erator, which yields temperatures down to «0.18 К in a slowly sweeping field (сШ/dí « 
25 T /h) . These systems only allowed a fixed sample orientation. The latter measure
ments have been performed with phase-sensitive techniques; the sample current has been 
provided by a function generator (Philips PM 5134) in series with a 30 ΜΩ load resistor. 
Two phase lock-in amplifiers have been used (PAR 129A and SR 530) to check capacitive 
or inductive voltages. The sample current was in the range 25-100 nA rms. During all 
measurements the carrier density of the 2DEG could be varied by controlled light doses 
from a red LED (ftu> > Et); this variation is due to the persistent photoconductivity 
(PPC) effect [15]. 
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3.2 Perpendicular field results and discussion 

3.2.1 Evolution of the SdH oscillations and Hall plateaux with illumination 

We have performed magnet oresist ance and Hall measurements on all samples mentioned 
in the previous section. The carrier density was varied in small steps by controlled light 
doses from a red LED until saturation of the carrier density was achieved. We shall now 
describe the evolution of the transport properties with increasing carrier density. As the 
carrier density is increased by illumination of the sample with red light (ha> > E^) we 
have to take into account effects caused by the formation of electron-hole pairs. The most 
important effect is the decrease of the depletion charge [16]. 

Initially we see an increase of the fundamental field, indicating an increase of the carrier 
density. After a relatively small dose of light the modulation of the SdH oscillations by the 
second subband Landau levels starts to develop. In the low-field regime a change from 
a slight negative magnetoresistance to a positive magnetoresistance is observed. The 
negative magnetoresistance appears if only one subband is populated; it is due to the 
effect of a magnetic field on Coulomb interactions between the electrons in a disordered 
system [17]. The positive magnetoresistance appears if a second subband is populated 
and is due to the mobility difference between the carriers in both subbands [4]. 

We then enter a regime where shoulders develop on the SdH peaks, and increase very 
rapidly in strength with a slight increase of the second subband carrier density. This 
regime appears only in the samples A227 and A232; it is characterised by the fact that 
the Fermi level just touches the centre of the i,L = 1,0 Landau level. The shoulders 
indicate the field values where this happens. A very clear example of the evolution of 
the shoulders is given in figure 3.1. A problem in the study of the magnetotransport at 
still higher carrier densities is the onset of parallel conduction, which can be observed 
by the fact that the SdH minima do not approach zero resistance anymore. The parallel 
conduction increases with illumination. The subband carrier densities where it starts to 
be observable depend on the sample; they are the highest in sample A227 and the lowest 
in sample A233. In the latter sample the regime of shoulders cannot be reached due to a 
low second subband occupancy even after saturation of the persistent photoconductivity 
effect. The problem of parallel conduction is treated separately in chapter 5. 

3.2.2 Subband carrier densities as a function of sheet carrier density 

From the periodicities of the low-field Shubnikov-de Haas (SdH) oscillations the subband 
carrier densities have been extracted [2, 18]. This has been done by plotting the reciprocal 
field values of the SdH minima versus Landau level index and graphically fitting a straight 
line [4]. The second subband carrier density has been obtained by plotting the minima 
in the modulation of the lowest subband SdH minima in a similar way. The low-field 
SdH oscillations must be considered as the corresponding oscillations in the Fermi level 
£ F must be weak. If this is the case two decoupled sets of oscillations are obtained. At 
higher fields the periodicities are affected by mixed harmonics etc. A typical example of a 
low-field SdH trace and the resulting plots of the reciprocal field values of the SdH minima 
is shown in figure 3.2. The periodicity of the z-th subband oscillations is directly related 
to the zero-field Fermi energy relative to the г-tli subband energy [19]; it is determined 
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Ra(arb. units) 

Β (Τ) 

Fig. 3.1: Evolution of the shoulders on the SdH peaks, which are due to the L = 0 

Landau level of the ι = 1 subband, with earner density increased by bursts 

of a red LED. At the positions of the arrows the vertical scale is compressed 

by a factor of 2. Sample A 232; the respective carrier densities are (m units 

of 101 5m"2;.· a) N0 = 7.55, ΛΓι = 0.38: b) N0 = 7.44, W, = O.4I; c) N0 -

7.52, N1 = 0.51. 

by: 

>·(;-) m'(EF - E,) TthNY 

1 
(3.1) 

where ΒγΛ is the г-th subband fundamental field in the case of spin degenerate Landau 
levels. 

It appears that the Landau level index versus reciprocal field plot of the lowest subband 
shows a small modulation about the resulting straight line fit. As this modulation is due 
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Fig. 3.2: Typical low-field Shubnikov-de Haas curve of a 2DEG with two populated 
electric subbands. The fast oscillations originate from the lowest subband 
and the slow oscillations from the second subband. The inset shows the Lan
dau level index versus reciprocal field plots from which the subband earner 
densities are extracted. 

to the population of the second subband it has the periodicity of the slow second subband 
SdH oscillations. Therefore we have to include the lowest subband SdH minima in a range 
comprising at least a full period of the second subband SdH oscillations. In this way a 
strong reduction of the error in the fundamental field .£??,, = (1 /A t ( ¿ ) ) is accomplished 
The accuracy of the determination of BF is limited mainly by the error in the field factor 
of the Bitter magnet. 

In figure 3.3 the resulting subband carrier densities are shown as a function of 2DEG 
carrier density for each sample. These results are compared to densities calculated self-
consistently by Ando [20], at two different fixed densities of the depletion charge. We see 
the following general trend: the second subband is not noticeably occupied until a certain 
value of the 2DEG carrier density; at values higher than this "onset" density the second 
subband density starts increasing much more quickly than according to the theoretical 
curves. At a slightly higher density the slope of the Ni versus Ns plot decreases until it is 
about the same as the slopes of the theoretical curves. This behaviour can be explained by 
a light-induced decrease of the depletion charge, which is self-limiting. Before illumination 
the depletion charge has a density sufficient to prevent population of the second subband 
at the respective 2DEG carrier density. Bv illumination of the sample the depletion charge 
decreases due to the formation of electron-hole pairs in the GaAs, which are separated 

Transport Properties of High-Camer-Density GaAs-(Ga.Al)As Heterojunctions 31 



Fig. 3.3: Subband carrier densities versus total 2DEG carrier density. The solid and 

dotted lines are calculated subband earner densities at two different fixed val

ues of the depletion charge density; the upper solid line is the Ime Ν, = Ns. 

by the depletion field [16]. The holes move in the direction of the ionised acceptors in 

the GaAs and neutralise them partly; this leads to a reduction of the depletion charge. 

A decrease of the depletion charge in turn leads to a decrease of the subband separation 

£10; in this way the Fermi level exceeds the bottom of the second subband which starts to 

be populated. The steep part of the ΛΊ versus Λτ

5 curve is explained by the continuation 

of this process. As the depletion field decreases a situation will be achieved in which 

this field cannot separate the electron-hole pairs created by the radiation anymore. This 

means that the decrease of the depletion charge is self-limiting and finally this charge will 

remain constant [21]. This causes the bending of the experimental N1 versus Ns curve 

until it is approximately parallel to the theoretical curves. This highest density part of 

the curves indicates a rather low depletion charge [16]. 

Another effect of illumination is the ionisation of DX-centres; this effect has only 

influence on the scattering centres in the (Ga,Al)As, but not on the depletion charge. 

According to Mani and Anderson [22] the charge state of these defects is decreased by 

illumination so that the number of ionised scatterers decreases. However, according to 

other publications [23. 24, 25] the number of ionised scatterers increases or remains the 

same. Up to now a controversy exists about the exact processes which are responsible for 

the PPC effect. 

Finally it must be noted that we observed parallel conduction in all of the MBE-grown 

samples after certain doses of light. This parallel conduction induces a background to the 

SdH oscillations, which is proportional to B2. It does not influence the determination of 
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the subband carrier densities as these depend only on SdU-perwdicities and it is discussed 
thoroughly in chapter 5. 

3.2.3 General features of the Shubnikov-de Haas oscillations and the Quan
tum Hall effect 

In this section the most important general features of the experimental data are described 
and discussed on the basis of a typical set of experimental Shubnikov-dc Haas and Quan
tum Hall effect curves as a function of field. Such a typical set is shown in figure 3.4. As 
most features can be explained on the basis of the position of the Fermi level relative to 
the subband Landau levels we have shown also the corresponding Fermi level and the fans 
of Landau levels in this figure. The fans of Landau levels indicate the positions of the 
centres of the real spin-split Landau levels; in this plot no ^-factor enhancement [26, 27] 
is taken into account. The Fermi level is shown both in the case of ¿-function shaped 
Landau levels and in the case of broadened Landau levels with a Gaussian density of 
states, broadening parameters I \ α \ / ß and a constant background density of localised 
states. The latter case has been calculated with a model published by Gobsch et al. [7], 
which is discussed extensively in the next chapter. 

The low-field SdH oscillations have already been discussed in the previous section as 
far as the periodicities are concerned. The periodic behaviour as a function of reciprocal 
field is directly related to the fact that the Fermi energy is approximately constant at low 
fields (see figure 3.4 b), and that the surface of the г-th subband Fermi circle in fc-space is 
proportional to (E? — E,). The weak modulation of the lowest subband SdH periodicity 
with the second subband periodicity is related to the corresponding oscillations of the 
Fermi level due to the second subband Landau levels [2]. The field dependence of the 
SdH amphtvdes will be discussed later; it determines the subband Dingle temperatures 
(single-particle relaxation times [18]). 

High-field Shubnikov-de Haas oscillations 

At higher fields the Fermi energy starts oscillating as a function of field due to the highly 
singular density of states and the field proportionality of the Landau level degeneracy 
[1]. These oscillations show the same periodicities as the SdH oscillations. We assume 
the density of states (DOS) of the broadened Landau levels to be described by a set of 
Gaussian peaks superimposed on a constant background DOS [28, 29, 30]. Further we 
start from the generally accepted picture of extended states in the centres of the Landau 
levels and localised states in the tails and background [31, 32]. It is observed that the 
Fermi energy is pinned to a Landau level across a finite field range, even in the case of 
broadened levels; however, the pinning becomes weaker as the broadening increases. The 
field regions of this pinning coincide with the magnetoresistante peaks as the density of 
(extended) states at the Fermi energy is high. It must be stressed that at these high fields 
лстх ^> 1 so that ρχτ <S pXy and pxx oc σχχ. Between these regions of pinning the Fermi 
energy gradually falls back to the next lower Landau level. As the Fermi level is within 
a band of localised states within the latter field regions, the magnetores'istance strongly 
decreases and approaches zero (Quantum Hall condition). 
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Fig. 3.4: Typical experimental Shubmkov-de Haas and Quantum Hall effect traces. 

The most important features are described in the text. The experimen

tally determined subband carrier densrites are No = 1.0 χ 10 1 6 m _ 2 arid 

Ni = 8.8 χ 101 4m~2. The lower part shows the Landau levels and the cor

responding Fermi energy in two cases: α) δ -function shaped Landau levels 

(dashed curve); b) broadened Landau levels with a constant background den

sity of localised states (solid curve; see next chapter, table 4-1 for the relevant 

parameters). 

In certain field regions the Fermi energy is pinned to the lowest (spin-split) Landau 

level of the second subband. This pinning leads to a distortion of the lowest subband SdH 
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peaks, which manifests itself in the form of shoulders on these SdH peaks. Those can be 
seen in the experimental trace at field values of about 5.5, 7 and 10T; they are a direct 
result of the fact that the Fermi level crosses or touches the band of extended states of 
the ι, L = 1,0 Landau level. At still higher fields the Fermi energy does not reach this 
band of extended states anymore. The evolution of these features with increasing 2DEG 
carrier density ( = increasing Fermi energy) has been discussed in section 3.2.1. 

The width and posit ion of the Hall plateaux 

The Hall resistance is also influenced by the occupancy of the second subband. This 
can be seen in the form of distortions of the Hall plateaux in the field ranges where 
also the shoulders and humps on the SdH peaks appear. These can be explained by the 
fact that the Fermi level resides within the band of extended states of the (spin-split) 
i,L = 1,0 Landau level. Due to the same effect the i/=8 and i/=9 plateaux do not have 
the correct value of the Hall resistance. Notice that the corresponding SdH minima do not 
approach zero. The general trend is that the Hall plateaux are only well developed if the 
magnetoresistance comes very close to a zero value. It further appears that the indices of 
the well developed plateaux follow a systematic form. At low indices ν < 4 (=high fields) 
all plateaux are well developed. At lower fields we enter a region where only the ^ = 6 
plateau is well developed; the plateaux with indices between 7 and 10 are all disturbed 
by the second subband extended states. Then we see a reasonably well developed i/=l l 
plateau and a good 1^=13 plateau. At still higher values of the plateau index we see only 
a range of good even plateaux about i/=24. A beautiful example of the appearance of 
low-field Hall plateaux is shown in figure 3.5. Here we see the same type of alternating 
regions of good even or odd plateaux; in general they are better developed due to the 
lower temperature at which this trace has been measured. This behaviour is in strong 
contrast with the case of single subband occupation, in which good even plateaux and 
much weaker odd plateaux are observed; only at very high fields (= low î ) do the odd 
plateaux become well resolved. For an explanation of this systematic behaviour we have 
to introduce the spin-splitting of the Landau levels. 

Spin-splitting 

The fact that at high fields odd-numbered Hall plateaux are also observed is due to the 
formation of a band of localised states between the spin components of the respective Lan
dau levels. This means that the spin-splitting Í/'/JB-O is large compared to the broadening 
of the spin-split Landau levels. It must also be large compared to k^T. The magnetore
sistance peaks are more sensitive to this spin-splitting: already before an odd plateau 
begins to be resolved we see a splitting of the SdH peaks. At very high fields (> 10T) 
almost complete spin-splitting of the L—1 Landau level is observed: the SdH resistance 
approaches zero and a rather strong f = 3 plateau can be seen. The L=2 Landau level 
(i.e. between и = 6 and ν = 4) shows almost no spin-splitting: only a weak shoulder on 
the left side of the corresponding SdH peak is observed (the shoulder on the right side is 
due to the second subband). Higher Landau levels of the lowest subband are considered 
to be almost spin degenerate: the spin-splitting is smaller than the broadening. 
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Fig. 3.5: Shubmkov-de Haas and Quantum Hall effect measured on sample E518-8 at 

very low temperature (T и 0.18 К). Notice the much better development of 
the Hall plateaux and SdH ттгта compared with figure 3.4-

This field dependence of the spin-splitting indicates the importance of exchange en
hancement of the i/-factor [1, 26, 33], which causes oscillations in g* as a function of field 
(filling factor). These oscillations increase strongly with increasing field and the maxi
mum values can be very high (more than 10 times the bare p-factor [33]). As a result 
the spin-splitting increases much more strongly with field than it would do in the case 
of a large fixed ^-factor (see also [27]). This can be seen by comparing the spin-split ting 
in the SdH peaks corresponding with the lowest subband L=2 and L=l Landau levels 
respectively. The «/-factor enhancement can be described by the following relation [1, 27]: 

9'μΒΒ - gßBB + Eex £ ( JV t T - NLi) 
L 

(3-2) 

where the summation is over the Landau levels and ΛΓ Τ and Л̂  J. are the spin level 
occupations. The exchange parameter Eex is used as a fit parameter [27]. It depends 
on the level broadening Г, the energy separation of the spin levels and the 2DEG carrier 
density. Since £ „ and (NLi - NLl) depend themselves on g* the problem has to be solved 

self-consistently. The enhanced g-factor shows oscillations as a function of filling factor 

with maxima at odd filling factors; these maxima increase with decreasing filling factor 

([1] p. 552). 

On analysis of the second subband periodicity in the SdH oscillations we find a fun

damental field Bf' ν 1.8T, while the region of odd plateaux is situated around В = 3.6T, 
which is twice the fundamental field of the second subband. From this fact we conclude 
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that it is reasonable to expect one spm-spht component of the ι, L = 1.0 Landau level 

to be occupied at В « 3.6T. We also observe that the SdH minimum corresponding to 
the ^=13 plateau approaches zero very closely. As this indicates that no extended states 
are near the Fermi level we have to assume that the i,L = 1,0 Landau level is (almost) 
completely spin-split. The latter assumption is supported by the observation that the 
SdH oscillations due to the second subband can be seen down to much lower fields than 
the lowest subband oscillations. This can be explained by a much lower broadening of 
the second subband Landau levels, which will be discussed in more detail in the section 
about the field dependence of the SdH amplitudes. Further we expect a strong exchange 
enhancement of the g-factor of the second subband electrons, due to the relatively large 
difference in spin occupancies in the second subband, which is a result of the narrower 
Landau levels. Notice also that the second subband is in the quantum limit at fields 
> 1.8T. According to Ando and Uemura [26] the д-factor enhancement is the strongest 
if the Fermi level resides in the middle of the gap between the spin components of the 
lowest Landau level. A lower value of Г gives rise to a strong increase of g* according to 
the same calculations (screened Hartree-Fock approximation). In summary we see that 
the exchange enhancement is strong at a given field if the Fermi level is between the 
spin components of a Landau level (odd filling factors) and the level broadening is small. 
Among these situations the highest field (^=1) results into the largest value of g* by far. 
A temperature increase reduces g'. Further we have to make the extra assumption that 
the electrons in the second subband are not influenced by the lowest subband electrons as 
far as their p-factor enhancement is concerned. This can be an effect of the orthogonality 
of the subband wavefunctions, in combination with the absence of spin-flip intersubband 
transitions [6]. As a result of the mentioned effects a huge g-factor enhancement of the 
second subband lowest Landau level is observed; the resulting large separation of the spin 
levels leads to the formation of a range of localised states between the spin-split halves of 
the i,L = 1,0 Landau level. When EF is both in this range of localised states and in a 
localised range between two Landau levels of the lowest subband, an odd Hall plateau is 
observed. We expect that in the field range, where the spin-splitting of the lowest subband 
Landau levels is not resolved, at each odd Hall plateau the lowest subband filling factor 
is near an even integer and the second subband filling factor is approximately 1. 

The behaviour of the spin-splitting will be discussed further in the next chapter, where 
we compare our experimental results with model calculations. 

Single-particle relaxation time 

According to the relaxation time approximation [18, 34] the mobility of the carriers is 

related to a scattering time r t by 

The subscript t denotes that this scattering time is related to classical transport. 

However, many electronic properties also depend on the broadening of Landau levels, 
which determines the density of states. The DOS at the Fermi level in turn determines 
most thermodynamic quantities. The Gaussian broadening of the Landau levels is related 
to the single-particle relaxation time rs by 
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Γ = - , (3.4) 
TS 

where Г is the full width at half maximum. 
The relations between various scattering mechanisms and the lifetimes are given by 

[5, 35, 36]: 

- = /dfe'P(ft.Jfe')(l-cos0) (3.5) 
η J 

- = fdk'P(k,k') (3.6) 
TS J 

where P(k, к') is the total probability of scattering from state к into state к' due to all 
scattering mechanisms and θ is the scattering angle. These relations can also be expressed 
in a differential scattering cross section σ(θ) [35]: 

1 = Г а( ){1-соь )а = 2 Γ σ(θ){1 cos0)d0 (3.7) 
Τι Jo Jo 

- = 2 Γ σ(θ)άθ (3.8) 
Ts Jo. 

where θί is a critical scattering angle, which is given by [35]: 

β- = 2L ( 3 · 9 ) 

where L is the Landau level index; с is the smallest scattering angle which will cause de-
phasing of a cyclotron orbit. At low fields ( с <C 1) it follows that rs = Tt if the scattering 
is isotropic, which is the case for point scatterers. A crucial quantity is the scattering-time 
ratio rs/r t, which is determined by the shape of the differential scattering cross section. As 
each scattering mechanism has its own rs/n ratio, it is in principle possible to determine 
the dominant scattering mechanism [35, 37]. In Si MOSFET's it is found that rg » r t [38], 
indicating the importance of interface-roughness scattering. In GaAs-(Ga,Al)As hetero
junctions the interface is very smooth because of the nearly perfect lattice matching. As a 
result ionised impurity scattering dominates, which is predominantly small-angle scatter
ing, particularly in high-quality samples with low residual GaAs doping and thick spacers. 
As a result we obtain r s / r t < 0.1 if the scattering is dominated by the Si-donors in the 
(Ga,Al)As layer and screening is relativelv weak. This corresponds to weakly screened 
long-range Coulomb scattering for which r s / r t has been calculated [35]. Experimental re
sults on relatively low-mobility GaAs-(Ga,Al)As heterojunctions confirm this behaviour 
[36]; those samples have only one subband populated. Screening leads to an increase of 
Ts/r( as it particularly removes a large part of the small-angle scattering events [35]. 

The transport scattering times TtQ and r ti of the electrons in the lowest and the second 
subband respectively, can be determined from the low-field cíassíca/magnetoresistance [4] 
(see also chapter 5; the model discussed there is valid for each case of conduction by two 
types of carriers; here wre consider the subband carriers as different types of carriers with 
different mobilities). 
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The single-particle relaxation times rso and TSI can be extracted from the field depen

dence of the amplitudes of the SdH oscillations due to the Landau levels of the respective 

subbands. It often appears that the slow oscillations arising from the second subband are 

visible down to much lower fields so that rsi can be obtained from a lower field range 

than 7-So. If this is not the case one has to consider the oscillations in the average of the 

top and bottom envelopes of the SdH oscillations due to the lowest subband. 

Analysis of the subband single-particle relaxation times and their relation to 

the transport mobilities 

In this subsection the analysis of the field dependence of the SdH amplitudes is presented. 

The oscillatory part of the magnetorcsistance is given by [1, 36]: 

- = 2 Σ • u, V I ^ P - c o s - f c — ^ - ™ ) · ( 3 · 1 0 ' 
Po j r iSinh(sA) \ч;сГ5/ V Па;с / 

where X = (2π2λ·ΒΓ)/(Λω0) and .sX/sinh(.sX) = O{sX) represents the thermal damping 

of the oscillations. In the low-field regime it is sufficient to retain only the first term of 

the series expansion, due to the factor exp(—кз/лст$). The oscillatory part of pxx has 
been evaluated at its minima; as Ep is an integer times fiu;c the cosine term has the value 
— 1 and ρ = —Δρ. The single-particle relaxation time is extracted from the slope of the 

Dingle plot. i.e. a plot of \η{Δρ/{2ρ0ϋ(Χ))) versus 1/B. 

A typical example of a set of Dingle plots from sample A 232 is shown in figuro 3.G; the 

upper part shows the plot corresponding to the lowest subband, the middle part shows 

the plot corresponding to the second subband and the lower part shows a Dingle plot of 

the same sample at a density at which no second subband occupation could be observed. 

The lower and the upper part of figure 3.6 show a remarkable difference: the plot taken 

in the case of second subband occupation shows oscillations with the second subband 

periodicity, while the plot taken at approximately zero second subband occupation shows 

approximately a straight line. Similar plots taken from all MBE-grown samples show 

stronger oscillations as the second subband population increases. 

In figure 3.7 an example of a rso versus 1/B plot is shown. For convenience we 

have plotted the single-particle relaxation time rso i" terms of a quantum "mobility" 

μη = erso/wj. This plot has been composed using equation 3.10. It clearly shows 

a modulation of rSo with the second subband fundamental frequency; the modulation 

amplitude decreases with inverse field (Landau level index). This behaviour is expected: 

at lower fields the Landau levels are less well resolved and the oscillatory screening thus 

becomes weaker. 

The origin of the oscillations in rs is expected to arise from different effects. As (he 

measurements have been performed at Τ = 1.2K, we expect an influence of acoustic 

phonon mediated intersubband scattering [39], giving rise to a multiplicative term in the 

magnetoresistance: 

Δ σ „ α Α , ι 8 ΐ ι ι I —-- I sin I --^ 1. (3.11) 

Transport Properties of High-Camer-Density GaAs-(Ga.Al)As Heterojunctions 39 



-1 

о 
¿ -2.5 

Ι -3 

-3.5 

-0.5 

-1.5 

-2.5 

- Ο ° ° ο ο ο ο , 
' « » Ο Ο ο , 

ο 
Ι Ο 

3 

в-Чг1) 

2 3 4 
Β"1 (Τ"1 ) 

β ο 

1.5 2 2.5 

в-Чг1) 
Fig. 3.6: Typical set of Dingle plots taken from sample A 232. The upper two plots 

are the lowest subband Dmgle plot and the second subband Dmgle plot re
spectively. extracted from the same SdH trace: the subband carrier densdies 
arc: No = 7.40 χ Ι Ο 1 5 ! ! ! " 2 : ΛΊ = 0.32 χ Ι Ο 1 5 ! ! ! - 2 . The lower plot has 

been extracted from a trace m luhich no second subband occupation can be 

observed: Ns = 0.36 χ lO^iii 2 . 

where AQi is related to the strength of the intersubband scattering, and iV0 and TV, are the 

sub band populations. It must be noted that intersubband scattering implies a relatively 

large momentum transfer as q > (AFO - Κΐι) so that it is screened less effectively. 
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Fig. 3.7: Single-particlc relaxation time of the lowest subband electrons plotted as 

μ 4 = CTSO/WQ versus inverse field, and corresponding Dingle plot. Note the 

modulation of rso with the second subband fundamental frequency: sample 

A 227; N0 = 9.12 χ IO1 Λ', 0.79 χ 101 5m 

However, analysis of the Dingle plots and the rso ( l / £ ) plots of sample E 518-8 did not 

result into observable oscillations of TSO with the second subband fundamental frequency, 

neither at Γ = 0.2 К nor at Τ = 1.8 К, which is in strong contrast with the figures 3.7 

and 3.6. This indicates that the finite temperature is not the only relevant parameter. 

A possible cause of the absence of the oscillations of rso is the large broadening of the 

Landau levels in sample E 518-8, as indicated by the low rs values. 

Another effect expected to be important in the case of dominant long-range scattering 

is self-consistent screening. This gives rise to filling factor dependent oscillations in the 

screening and thus in the single-particle relaxation time. These oscillations are expected 

to be a cause of the oscillatory Dingle plots. They are expected to become weaker if the 

level broadening increases. 

The middle part of figure 3.6 shows the Dingle plot of the second subband electrons. 

Here only a few points are shown as only a few second subband SdH extrema appear. The 

points with the highest Landau index are subject to large errors, which are due to the 

fact that the thermal damping exceeds the damping by level broadening. As the second 

subband carriers in sample A 232 are estimated to have a Dingle temperature Г 0 < 0.5K 
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the thermal broadening exceeds the level broadening approximately by a factor of three. 

Measurements at lower temperatures must be performed to get more accurate values of 

the second subband Dingle temperatures. 

Table 3.2: Single-particle relaxation times rs, and classical mobilities at different ear

ner densities. The symbols have the following meaning: {μ) is the average 

transport mobility; μ4, are quantum '"mobilities" which are equal to ет5і/т*. 

Sample 

iVo(101 5m-2) 
Ni (101 5m 2 ) 

(μ) KV-V1) 
/ v K v - V ) 
/V ( m ' V - V 1 ) 

TSO (ps) 

TSI (ps) 

ΓΑ 227 

9.12 

0.79 

14 

1.36 

6.8 

0.54 

2.7 

6.36 
-

39 

2.07 

-

0.83 

-

A 232 

7.40 

0.324 

32 

2.8 

9.7 

1.13 

3.9 

"7.55 

0.50 

35 

2.7 

9.4 

1.07 

3.8 

ПА23"3 
3.9 

-

55 
2.24 

-

0.90 

-

5.1 
-

56 
2.88 

-

1.15 

-

E 518-8 

8.2 
0.61 
21 

1.0 
2.9 

0.40 

1.16 

All results of the Dingle temperature analysis are summarised in table 3.2. The follow
ing general trends in the behaviour of rSo and τ$\ and related quantities appear: Firstly 

we find, in agreement with other publications [5, 6], that TSI is typically a few times 

bigger than rso- Secondly, we get a remarkable difference between the ratios TSO/TW and 

TSI/TU- The first trend is probably due to the fact that the second subband electrons 

are further separated from the interface so that they are screened very effectively by the 

lowest subband electrons and thus feel weaker potential fluctuations. The screening is also 

very effective because of the low maximum momentum transfer of the second subband 

electrons due to their small Fermi wavevectors. The τ$ι/τ$ο ratio could not be determined 

for sample A233 as it was not possible to extract Tsi due to the low second subband carrier 

density. 

As we have not performed highly accurate low-field transport measurements yet, we 

can only determine an average mobility (μ), which is expected to be approximately equal 

to the lowest subband mobility as ΛΊ < O.IJVQ in all cases mentioned in table 3.2. We 

assume the second subband mobility to be lower than the lowest subband mobility, as 

this has been reported in several publications for the case of an accumulation-layer-like 

sample [4, 6]. While τ00 is typically a factor of 10 to 20 smaller than rto, rsi is only about 

a factor of 1 to 3 smaller than 7 t l . 

From these ratios we conclude that the lowest subband electrons are subject to pre

dominantly screened long-range Coulomb scattering due to the Si-donors in the i-doping 

layer, but the second subband carriers are also subject to short-range scattering perhaps 

due to residual impurities in the GaAs. An additional factor is the fact that the Landau 

level index of the lowest subband is more than a factor of 10 higher, so that the critical 

angle of cyclotron orbit dephasing is very small, leading to a small rs. The second sub-

band electrons are spread to a greater extent in the GaAs. so that they are screened less 

effectively from residual impurities and further they have a lower Fermi velocity, which 
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supports large-angle scattering. As far as can be concluded from the data from sample 
A 232 the mobility tends to increase with carrier density, except near the onset of the 
occupation of the second subband, where it decreases. This behaviour agrees with the 
conclusions of Fletcher et al. [5]. 

According to table 3.2 no clear relation exists between TSO and the spacer width: 
sample E 518-8 has the smallest rSo but it has the same spacer width as sample A 232, 
which has a much longer Tso- If we consider the other three samples we see that Tso 
doubles if the spacer width is doubled from 5 to 10 nm, but a further doubling of the 
spacer to 20 nm has only a small effect on rso· It may be concluded that sample A 233 has 
either more effective scatterers in the ¿-doping layer or that other scattering mechanisms 
become important. The ratio TYO/TSO however is clearly dependent on the spacer width: 
this ratio is approximately equal to 10 for a 5 nm spacer, between 12 and 20 for a 10 nm 
spacer and between 20 and 25 for a 20 nm spacer. However, this dependence is weaker 
than the quadratic behaviour indicated by the diffusion picture of Uemura [40]. This 
difference is expected to be an effect of screening, which decreases the T t/rs ratio in the 
case of long-range Coulomb scattering [35]. 

No analysis of Dingle plots has been made at still higher carrier densities as the onset 
of parallel conduction severely affects the results: as EF oscillates as a function of field, 
the density of parallel conducting carriers is expected to show similar oscillations, which 
are expected to interfere with the SdH oscillations. 

3.3 Parallel field and tilted field results and discussion 

3.3.1 Second subband depopulation fields as a function of 2DEG carrier den
sity; comparison with the model of Reisinger and Koch 

In this section we discuss the results of the measurements performed at different tilt 
angles and at Γ « 1.2K. If the plane of the 2DEG is orientated parallel to the field 
a so-called depopulation structure is observed, which is also known as the diamagnctic 
Slmbnikov-de Haas effect [11, 41]. Such a structure is shown in figure 3.8. The negative 
magnetoresistance in the field region where the second subband depopulates is due to the 
decrease of intersubband scattering. Outside this region a positive magnetoresistance is 
observed, which is expected to be due to the field-induced change of the subband envelope 
wavefunctions; these are shifted towards the interface as a parallel field accomplishes an 
additional confinement. Due to this shift the electrons are subject to stronger scattering 
by the ionised donors in the ¿-doping layer in the (Ga,Al)As. 

From the magnetoresistance curve a depopulation field can be extracted. However, 
due to energy broadening of the edge of the second subband it is not clear at once, which 
field is exactly the depopulation field. In an ideal case the depopulation of a second 
subband would cause a discontinuous drop in the resistance (at Τ = OK) [42-44]; this 
discontinuity smears out in a real case. It is argued [42, 43] that the depopulation field is 
given by the inflection point in the case of small broadening and by the maximum in the 
resistance if there is substantial broadening. As our depopulation curves show a relatively 
small smearing of the discontinuity, we choose the inflection point as the depopulation 
field. 
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Fig. 3.8: Typical example of a parallel field magnetoresistance curve showing negative 
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Fig. 3.9: Depopulation fields determined from the inflection points of the experimental 
parallel field resistivity traces; the solid curve gives the model results of 
Reismger and Koch [11]. 

In this way we have determined the second subband depopulation fields as a function 
of 2ÜEG carrier densities. The carrier density was increased bv light pulses from a red 
LED; thereafter the subband carrier densities were determined from the SdH periodicities 
and finally the sample was rotated to the parallel field orientation and the depopulation 
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curve was measured. In figure 3.9 the resulting S|],dep is presented as a function of JVS; the 

results are compared to model results published by Reisinger and Koch [11]. It appears 

that at low densities (within the range that can be achieved in each sample) discrepancies 

arise: the experimental values are lower than the theoretical fit. At densities that can be 

achieved in different samples the agreement is better in a sample which has been subject 

to a larger light dose. We can conclude that a certain light dose is necessary to get a 

good agreement with Reisinger and Koch's model. This can be explained by the fact 

that the samples behave increasingly like an accumulation layer after illumination; the 

model of Reisinger and Koch applies to the case of accumulation layers. (An accumulation 

layer is formed if the GaAs and the (Ga,Al)As are both η-type, and an inversion layer 

is formed if the GaAs is p-type and the (Ga,Al)As is η-type. In the case of an inversion 

layer a depletion charge layer of negatively charged acceptors is formed in the GaAs, 

giving rise to a depletion field [45].) In the case of an inversion layer the confinement is 

stronger due to the depletion field; this field increases the subband separations leading 

to lower subband depopulation fields. Thus we expect that the model of Reisinger and 

Koch yields the upper bounds of the subband depopulation fields at a given 2DEG carrier 

density; this agrees with figure 3.9 as our samples are accumulation-layer-like after strong 

illumination. This behaviour of the depopulation field is directly related to the zero-field 

subband carrier densities. The Νχ versus Ns curves also have a common upper bound 

given by the upper theoretical curve in figure 3.3, which has been calculated for a very 

low depletion charge. A higher depletion charge leads to a lower N-i at a given Ns. 

3.3.2 The shape of the depopulation curves 

In this subsection we discuss some additional features of the depopulation curves. We 

have analysed the field widths of the depopulation structures and the relative decrease of 

the resistance. This has been done by linear extrapolation of the almost straight parts of 

the magnetoresistance outside the field range of depopulation (see also figure 3.8). The 

difference between the two extrapolations at the depopulation field (= inflection point) 

has been taken as the decrease of the resistance, which has been divided by the zero-

field resistance to obtain the relative decrease. The field width has been taken to be the 

field difference between the intersections of the tangent to the depopulation curve in its 

inflection point and the above-mentioned linear extrapolations; this is also indicated in 

figure 3.8. The results of this analysis are summarised in table 3.3. From this table the 

following general trends are found: The relative decrease of the resistance increases with 

increasing second subband occupancy at zero field (= increasing depopulation field). For 

each sample the field width of the depopulation structure decreases with increasing de

population field and finally it appears that a higher mobility leads to a smaller broadening 

of the depopulation structure. These trends can be explained by assuming a quadratic 

dependence of E1o(B|¡) on B^. which means that ΙδΕ^Β^ )/οβμ| increases with Вц and 
a smaller field interval gives rise to the same increase of EiolB^). A higher mobility is 
in most cases accompanied by a smaller level broadening (not necessarily!) so that the 
depopulation occurs within a smaller interval of E10(Z?||). Further we see that the intra-
subband scattering time г, іШіга goes down with increasing Ns. This behaviour is rather 
unexpected: In most samples an increase of the carrier density leads to an increase of 

Transport Properties of High-Carner-Dcnsity GaAs-fGa.AljAs Heterojunctions 45 



Table 3.3: Field width of the depopulation structures and relative decrease of the resis
tance due to second subband depopulation. 

Sample 

A 227 

A 232 

A 233 

E 518-8 

JVs 
(10 1 5 m- 2 ) 

9.87 
10.00 
11.00 
11.35 
11.57 
7.73 
7.60 
7.91 
8.04 
8.04 
8.25 
8.35 
11.10 
11.28 
4.91 
4.99 
5.26 
5.35 
5.55 
6.57 

1 8.7 

-E| ,dep 
(T) 
8.12 
8.46 
9.36 
9.57 
9.90 
5.33 
4.72 
5.0? 
6.18 
6.11 
6.28 
6.56 
8.89 
9.00 
3.12 
3.2 

3.39 
3.44 
3.73 
4.75 
6.8 

Архх/ргх(0) 

0.65 
0.37 
0.62 
0.63 
0.56 
0.34 
0.34 
0.37 
0.34 
0.41 
0.38 
0.42 
0.52 
0 56 
0.17 
0.12 
0.24 
0.19 
0.21 
0.29 
0.25 

ΔΒ|,αβΡ 

(Τ) 
2.48 
2.45 
2.14 
2.34 

2.405 
1.45 
1.65 
1.67 
1.30 
1.16 

1.215 
1.25 
1.12 
1.22 

1.19 
1.5 

0.80 
0 92 
0.64 
0.50 
1.4 

Δ ρ Χ Ι 

(Ω/ü) 
28.5 
28.5 
22.2 
22.0 
25.0 
8.5 
8.7 
9.2 
8.5 
9.2 
9.0 
8.0 
7.2 
8.0 
2.9 
2.5 
3.9 
4 1 
4.3 
4.75 
8.5 

Tï.mter 

(ps) 
8.9 
8.8 
10.2 
10.0 
8.6 

38.0 
37.8 
34.4 
36.6 
33.8 
33.7 
37.4 
31.3 
27.7 
175 
200 
122 
114 
105 
80 

33.8 

Tt.mtra 

(ps) 
10.5 

10.2 
9.8 
7.7 
18.5 
18.0 
19.6 
18.9 
21.6 
16.8 
19.3 
25.5 
22.7 

37.1 
27 0 
26.9 
30 6 
10 5 

Tdep 
(meV) 

3.1 
3.2 
2.8 

3.24 
3.46 
12 
1.3 
1.33 
1.49 
1.32 
1.43 
1.43 
1.63 
1.84 

0.61 
0.73 
0.52 
0.47 
1.72 

1 Dingle 

(meV) 
0.24 

0.17 

0.18 

•? 

0.57 



the mobility. As the behaviour is the strongest in sample A 227, which has the smallest 
spacer width, we expect that it is a result of the fact that the subband wavefunctions are 
pushed towards the interface when the density increases. This would lead to an increase 
of ionised impurity scattering. 

If we assume a quadratic relation between B\ and Eio(B^) [1]: 

El0{B^) = Ею + aB] (3.12) 

we can estimate the level broadening from the field width of the depopulation structure 
ДВц according to 

dE 
Г = - Х ^ Д В Ц = 2аВиерАВл. (3.13) 

As aBldep = 2{EF - Я О в ^ о we get 

r-£»l(*-ft)-£U*£ (3..4, 
t> ||, dep -Oll.dep "J 

If we take m" = 0.07me in both subbands, we get the relation 

Г = 1 3 . 6 8 ^ ^ . (3.15) 
ImeV S||> d e p 10 l s m-

It appears that these estimates of the level broadening are higher than the broadening 
that follows from the Dingle plots taken at the same carrier density; a few examples are 
given in table 3.3. This can be explained by the fact that the additional screening by the 
second subband electrons disappears. The level broadening at the depopulation field is 
expected to be comparable to the low-field level broadening at a carrier density, at which 
the second subband begins to be populated. This level broadening is much larger than 
the corresponding broadening at higher densities [5]. 

Finally we observe that the depopulation structure is asymmetric: the low-field side 
has a longer "tail" than the high-field side. This is expected to be due to the fact that 
(EF — Εχ) changes faster with Бц if the second subband is empty. This can be understood 
by writing Ey — Ει = Ef — Eo — Ew and taking into account that E? — EQ increases 
with ß | until B\ = Sn.dep due to the fact that electrons are transferred from the second 
into the lowest subband. This transfer of electrons also leads to a smaller increase of .Ею 
with .Вц due to the self-consistent change of the confinement potential; this effect stops 
at B\\ = ß||,dep as at larger B^ only one subband is occupied. 

From the depopulation structures values of Apxx have been obtained; Δρχχ is the 
difference in resistivity between the linear extrapolations indicated in figure 3.8. This 
difference in resistivity is attributed completely to intersubband scattering, which can be 
expressed in the following equations (the scattering processes are assumed to be indepen
dent, so that they obey Matthiessen's rule [34]): 

1 1 1 , 
- = + - - (3.16) 
Tt ^t,intra "̂t, inter 

and. as pxx at low temperatures is proportional to l/r t : 
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P u = A^.intra + ^Ріх (3.17) 

where pzz,¡ntra i s the resistivity at ß | just beyond the depopulation structure. It follows 
that 

Δ ρ « = т г ^ — • (3.18) 

The values of тч,1піег are presented in table 3.3. They show a strong increase with spacer 
width. This can be understood as follows: intersubband scattering represents an addi
tional scattering channel with momentum transfer q > (kfo — Α'π). The Fourier transform 
U(q) of the scattering potential U(r) strongly decreases with spacer width for large q so 
that ТііШіег increases. 

A positive magnetoresistance is observed at very high parallel fields, at which the sec
ond subband is completely depopulated. This agrees very well with a model published by 
Tang and Butcher [44], in which the magnetotransport of a 2DEG confined in a parabolic 
well has been evaluated for parallel fields. This model has been based on Boltzmann 
transport theory and the calculation of lifetimes in the case of short-range scattering. 
The positive magnetoresistance is attributed to an increase of the subband density of 
states and the effective mass in the in-plane direction perpendicular to the field [44, 46]. 
We think that the mentioned increases also lead to a positive magnetoresistance in the 
case of long-range scattering. 

3.3.3 Tiltcd-field results 

In this subsection we discuss the results of the SdH oscillations and the QHE obtained 
at different sample orientations between parallel field and perpendicular field. If a pure 
2DEG is rotated through an angle θ from the perpendicular field orientation, the only 

effect is that all features shift to higher field values Β ι = В coso [47]. In a real 2DEG 
however, the parallel field component gives rise to a diamagnetic subband shift analogous 
to the case of a purely parallel field [48]. Further the spin-splitting becomes stronger 
as it depends on the total field. At strong fields subband-Landau-level coupling be
comes important [48-51]. especially at field values where rfiujc = Ei0(r is the order of 
the subband-Landau-level coupling). It must be noted that in transport, experiments we 
are only concerned with Landau level degeneracies, which are proportional to BL [48]. 
Spin-splitting and subband-Landau-level coupling only affect energy separations and thus 
the shape of SdH peaks, but they do not have any influence on field positions of SdH 
minima. 

In figure 3.10 a number of SdH and QHE traces taken at different tilt angles is shown; 
other sample parameters are the same in all traces. In this set of traces we can observe 
the following effects: all SdH peaks and Hall plateaux shift to higher fields В = Bj_/ coso. 
The spin-splitting of the SdH peaks at a given Landau quantum number increases with 
tilt angle; it decreases at a given total field, because of a weaker (/-factor enhancement, 
which is due to the decrease of В _ [1, 26]. Further we see that the Landau quantum 
numbers of the SdH peaks that show shoulders increase with tilt angle. Finally the SdH 
curve evolves into a depopulation curve at very high angles (> 80°). We also observe 
that the region where shoulders occur shifts to lower Β ι with increasing tilt angle, but 
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Fig. 3.10: Evolution of the SdH traces, plotted as a function of total field, with tilt 

angle. Sample A 232 measured at Τ = 1 2 Κ: N0 = 7.52 χ 1015ιιΓ2,· 

./Vj = 5.1 χ IO 1 4 ! « - 2 . Note the evolution into a depopulation curve at 

high tilt angles, which is mort extensively shown in figure 3.11. 
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the total field remains approximately the same at θ > 30°. At very large θ the shoulders 

disappear, the SdH oscillations become weaker due to the low Βχ, and the behaviour 

develops into a depopulation structure without SdH oscillations at parallel field. The 

Hall plateaux show the same evolution in their behaviour: if pxx has a minimum which is 

approximately equal to zero a good plateau develops. The plateaux are distorted where 

the corresponding SdH peaks show shoulders. Additional Hall plateaux develop at all tilt 

angles at which the spin-splitting is well resolved. The observed effects can be explained 

bv the increasing spin-splitting of a given SdH peak with increasing tilt angle and by the 

diamagnetic subband shift. 

If at least one of the coupled levels in a subband-Landau-level anticrossing is populated, 

the subband separation Ew depends also on the level mixing as that determines the 

envelope wavefunction ( ( : ) of a coupled level. This envelope wavefunction affects the 

Hartree term in the confinement potential and thus the value of Ew. 

Rn(arb. units) 

0 5 10 15 20 
B(T) 

Fig. 3.11: Set of η ear-parallel-field magnctoresrstancc traces showing the effects of a 

perpendicular field component: the resistivity increases with perpendicular 

field in the classical regime governed by two types of carriers with differ

ent mobilities. At higher perpendicular components of the applied field 

SdH oscillations develop, from which the smgle-parhcle relaxation times 

can be extracted. The traces have been offset for clarity. Sample E 518-

8; Ns = 8.6 x 1015m 2 . 

In figuie 3.11 some SdH traces are shown that have been taken at tilt angles between 

84 and 90 . If the sample is rotated away from the parallel field orientation an increase of 
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the positive magnetorcsistance at low fields can be observed; the depopulation structure 
becomes more pronounced and SdH oscillations are superimposed. The increasing positive 
magnetoresistance is expected to be due to the increasing perpendicular field component, 
which leads to a classical positive magnetoresistance in a 2DEG with two types of carriers 
with different mobilities [4]. If the second subband depopulates only one type of carriers 
remains and this effect disappears, which gives rise to the fact that the depopulation 
structures become more pronounced. At total fields at which the second subband is 
completely depopulated a small perpendicular field does not cause a resistivity increase. 
If the positive magnetoresistance due to a perpendicular field component is an effect of 
parallel conduction (i.e. carriers with a much lower mobility) it should be observed also 
beyond the depopulation field as the parallel conducting channel is not depopulated by a 
parallel field. However, also if there is no parallel conduction we observe a weak positive 
magnetoresistance beyond the depopulation field, also at an exactly parallel field. This 
has been explained in the previous subsection; it is expected to become important if 
fi^cii > ¿Ίο-

Table 3.4: Single-particle relaxation times expressed m terms of quantum mobilities 
μ4 = eTs/m', extracted from hlted-field traces taken at large fixed angles. 
The values have been extracted from two series of successive SdH ampli
tudes corresponding to parallel field ranges below and beyond the depopula
tion structure respectively. 

Sample 

Wo (10 1 5in- 2) 
Л^ (101 5m 2 ) 

θ η 
<jiq)(highB,|) K V ^ s 

{^XlowBiMn^V-V 
-1) 
' ) 

A 232 

7.40 
0.32 

83 
3.7 

oscillating 

7.55" 
0.50 
85 
2.3 
3.5 

A 233 

4.9 
«0.2 

82 
3.8 
8 

5.3 
«0.2 

84 

4.6 
6.3 

E 518-8 ] 

8.0 8.0 
0.6 0.6 
80 82 

1.0 1.0 
1.45 1.35 

The single-particle relaxation time is also affected by the parallel field and particularly 
by the second subband depopulation. If the sample is rotated from the parallel orientation. 
SdH oscillations due to the perpendicular field component become resolved. At θ « 82 
these SdH oscillations show a remarkable behaviour, which is shown in figure 3.12. The 
amplitude of the oscillations generally increases with field, but it decreases in the field 
range where the non-oscillating part of the magnetoresistance shows a negative slope. This 
behaviour is attributed to a decrease of the single-particle relaxation time rso, due to the 
fact that the additional screening by the second subband electrons disappears. In figure 
3.12 also the corresponding Dingle plot and ciuantum mobility //q = PTSO/I'IÔ as a function 
of inverse field are shown. The value of rso bas been derived from equation 3.10. where a;c 

has been put equal to eD^/m* and rs = TS(B). From this plot it can also be concluded 
that rso decreases when the second subband depopulates, while the negative slope of the 
resistivity indicates an increase of the transport scattering time 7to. In table 3.4 some 
values of rso are shown which have been extracted from the straight parts of the Dingle 
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Fig. 3.12: Shribnikov-dc Haas curve, and corresponding Dmgle plot and quantum mo
bility versus reciprocal field plot; the tilt angle ts 821. Note the sharp bends 
which arc due to the change of the smgle-particle relaxation time as a result 
of the change of additional screening by the second subband. Sample A 233; 
A\ = 4.93 χ 10 1 5 m- 2 . 

plots [36] (i.e. at low parallel fields and parallel fields beyond the depopulation field). It 

appears that this relative difference tends to increase with the single-particle relaxation 

time, which means that the screening by the second subband electrons tends to be more 

effective as the quantum lifetimes increase. This can be an effect of the spacer width: 

screening by the second subband electrons becomes more effective as the spacer width 

increases. Also the tilt angle has some influence as it determines the relative importance 

of Landau level formation in the second subband. which affects the screening properties 

of the corresponding carriers. As soon as the SdH oscillations start to be modulated by 

the second subband Landau levels, oscillations in rSo(ß) appear. These are not strictly 
periodic in Ι/В as the second subband carrier density decreases with field due to the large 
parallel component. If these oscillations in TS0(B) are weak, we expect rSo to be larger 
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at B\ < B\ і(іСр, due to the additional metallic screening by the second subband electrons. 
This can be compared to the results of Fletcher et al. [5], who measured T S O as a function 
of carrier density and found an increase of rso at the onset of metallic screening by second 
subband "extended" electrons. 

Second subband depopulation in tilted fields 

We have studied the magnetotransport of sample E 518-8 at a large number of tilt angles 
between 0° and 90°. This sample has been chosen as it shows the best Hall plateaux, 
indicating that it is the most homogeneous sample. At each tilt angle we have determined 
the lowest subband Landau level filling factor (J/Q) at which the filling factor of the second 
subband (i/i) has a value of 1, 2 and 4 respectively. This has been done by studying the 
minima in the modulation of the Scffl oscillations by the second subband Landau levels; 
the lowest of these Landau levels appeared to be spin-split (i^ = 1). Further the parallel 
field values have been determined and the results are plotted in figure 3.13, which shows 
JV! as a function of Вц. The different types of points show the separate subband carrier 
densities found at /^ — 1,2 and 4 respectively. We have assumed the total 2DEG carrier 
density to be constant. The values of No and Ni have been calculated with the ratio 

A graphical fit has been drawn through all points: this fit has been extrapolated to Ni = 0. 
The value of B\\ found by this extrapolation appears to be much closer to the inflection 
point of the corresponding parallel field depopulation plot than to the maximum of this 
plot. This indicates that the level broadening is already relatively small in this sample 
(see ref. [42]). As the broadening in the MBE-grown samples is smaller, we have extracted 
the depopulation fields in all cases from the inflection points. 

3.4 Summary and conclusions 

We have performed an extensive magnetotransport study of four different high-carrier-
density GaAs-(Ga,Al)As heterojunctions, both in perpendicular and in tilted fields. We 
expect a strong influence of g-factor enhancement, oscillatory screening and oscillations 
in the subband separation on the experimental results. Especially the i,L = 1,0 Landau 
level is found to display a huge spin-splitting, in agreement with the predictions of ref. 
[G]. This leads to the appearance of odd-index Hall plateaux (v = 11,13,15). 

From the field dependence of the amplitudes of both SdH periodicities we found single-
particle relaxation times which have a ratio rsi/rso « 3. This agrees with results found 
in the literature [5, 6]. A study of the field dependence of rs of the lowest subband 
revealed oscillations which are attributed to oscillatory screening by the Landau levels 
of the second subband as they show the corresponding periodicities. In sample E 518-8 
however, such oscillations are not found, indicating that the effect is closely related to 
the sample composition. Scattering by residual impurities in the GaAs is expected to be 
more important in this particular sample. We can not exclude the influence of acoustic 
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Table 3.5: Summary of characteristic values of transport scattering times and single-

particle relaxation times of the samples investigated; Tso.tnt.iow 's the single-

particle relaxation time in an almost parallel magnetic field beyond the de

population field and rso.tiit.high '* the corresponding time below this field. 

Sample 

JVo ( 1 0 l T m ^ ) " 
JVi (10 1 5 m- 2 ) 

По (ps) 
Пі (ps) 
Пи (ps) 
T-si (ps) 
n.inter (PS) 
n,mtra (PS) 
T-dep (PS) 
TSO.tilt.low (Ρ8) 

T'SO.tilt.high (P s) 

A 227 

9.12 

0.79 

«5.6 
? 

0.54 

2.7 

8.9 

10.5 

0.21 

A 232 

6.36 

«16 

0.83 

7.40 

0.324 

«13 
? 

1.13 

3.9 

38.0 

18.5 

0.55 

1.5 

7.55 

0.50 

«14 
? 

1.07 

3.8 

34.0 

21.6 

0.50 

0.9 

A 233 

3.9 

«22 

oscillating 1.4 

5.1 

¿23 

0.90 1.15 

«100 
«30 
1.1 
1.7 

2.8 

E 518-8 

8.17 
0.61 
«8.6 

0.40 
1.16 
34.0 
10.5 
0.38 
0.40 
0.55 

Ν, (IO14 m - 2 )-

ВЛТ) 

Fig. 3.13: Subband carrier density Ni as a function of parallel field determined by the 

ratio of the subband filling factors. The points have been obtained from 

different tilted-field traces; the total carrier density has been assumed to be 

constant. Sample E 518-8; Ns - 8.6 x 10 1 5 пГ 2 . 

phonon mediated intersubband scattering [39] as this is expected to be non-negligible at 
Τ = 1.2K. The results of sample E 518-8 however showed no oscillations in the Dingle 

plot even at Τ « 1.8K. 

The most, important values of transport scattering times and single-particle relaxation 

times are summarised in table 3.5. 
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Parallel-field depopulation fields are found to agree with the model of Reisinger and 

Koch [11] after some illumination. This indicates an accumulation-layer-like behaviour of 

the samples. The field width of the depopulation structures qualitatively agrees with the 

lifetime broadening Γ = fi/rs; a parabolic relation between B\\ and (EF — Ει) is assumed. 

The latter is confirmed by tilted-field measurements on sample E 518-8, showing a decrease 

of Ni which is approximately proportional to Bn. Measurements of the lowest subband 

SdH amplitudes at large tilt angles (Θ > 80°) showed that TSO decreases when the second 

subband depopulates; this confirms the importance of additional screening of long-range 

scatterers by second subband electrons. Screening thus appears to particularly affect long-

range scattering; short-range scattering decreases when the second subband depopulates, 

as indicated by the negative magnetoresistance in the corresponding field range. 

Occupation of the second subband thus leads to the onset of intersubband scattering, 

which decreases the mobility, but it also leads to additional screening, which enhances 

the single-particle relaxation time m spite of the onset of intersubband scattering. 
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Chapter 4 

Application of a Phenomenological Model 
to the Shubnikov-de Haas Oscillations in 

GaAs-(Ga,Al)As Heterojunctions with Two 
Occupied Subbands 

ABSTRACT 

A phenomenological model of the Shubnikov-de Haas oscillations of 2-Dimensional 
Electron Gases (2DEG's) with two or more populated subbands is applied to our experi
mental data from high-carrier-density GaAs-(Ga.Al)As heterojunctions. The agreements 
and discrepancies between the model calculations and experimental data are discussed 
and the importance of self-consistent effects, such as g-factor enhancement, oscillatory 
screening and non-linear intersubband scattering is indicated qualitatively. 
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Introduction 

In order to study the transport in GaAs-(Ga,Al)As heterojunctions, very sophisticated 

self-consistent calculations must be employed to obtain even an approximate comparison 

with experimental results [1-8]. The reason for the complexity of the self-consistent calcu

lations is the transfer of carriers between 2DEG and dopants in the system, which means 

that the potential well shape oscillates with filling factor. In this chapter we shall use 

a rather simple quasi-self-consistent model which is much less cumbersome than earlier 

calculations and yet which can quantitatively account for most of the features of QHE and 

Shubnikov-de Haas effect in heterojunctions with two populated subbands. These calcu

lations will be compared with experimental results of the series of high-carrier-density 

GaAs-(Ga.Al)As heterojunctions in the previous chapter. 

In an article by Gobsch et al. [4], a model for the calculation of the Fermi energy 

Ερ(Β) and the diagonal magnetoresistance ρΖχ(Β) was presented, which was used to 

derive the Quantum Hall Effect (QHE) and Shubnikov-de Haas (SdH) oscillations in 

modulation-doped Ino ssGao ^yAs-InP heterojunctions. In these structures electrons are 

transferred from InP to I^Gai-j-As and an accumulation layer containing a 2DEG is 

formed. Already at the relatively small density Ns = 5 χ IO1 5 m - 2 two different periods 

were found in the experimental Shubnikov-de Haas oscillations, giving evidence of two 

occupied electric subbands in the 2DEG. The model explains the general features of the 

(Ga,In)As-InP heterojunction data. Basic assumptions are a Gaussian broadening of 

the Landau levels and the presence of a background of localised states [9-11]. We have 

been able to apply the model and further to perform accurate calculations on the samples 

used in our experiments. Reasonable agreement between the experimental and theoretical 

curves is found. 

4.1 Description of the model of Gobsch 

The calculation is based on the following assumptions. A 2DEG is formed on the GaAs 

side of the heterojunction. We assume the bulk conduction band to be parabolic (i.e. 

m* is independent of energy). This is a reasonable assumption in transport data as we 

are chiefly concerned with degeneracies: the effective mass only affects level separations, 

but the degeneracy is completely determined by the magnetic field f?, which is applied 

perpendicular to the interface. As a result the Landau level energy depends linearly on 

B. The scattering mechanisms are included phenomenologically in the broadening of the 

Landau levels. The Landau levels are designated by Eti, (x = 0,1 is the electric subband 

index, L = 0,1,2, . . . is the Landau quantum number, and s = ±\ is the spin quantum 

number). For 5 = 0 the Landau levels converge at the subband energies Ег. Thus, the 
Landau levels are 

Ел. = E, + (i + 2-) fiu;c + 39*μΒΒ, (4.1) 

where the cyclotron frequency ^ is given by 

- c = - , · ( 4 - 2 ) 
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In this model we take the subband occupations as found in the experimental SdH fre
quencies at low field, avoiding a truly self-consistent calculation. With the experimentally 
determined first and second subband occupation numbers, Ng and Νχ, the energy sepa
ration can be estimated from the semi-empirical relation 

E1-E0 = Elo = ^7{N0-Nl). (4.3) 
m' 

Rewriting this, where .Ею is expressed in meV. m* = 0.070 π?8 ("^e is the free electron 
mass) and iVg, Ni in 101 5 m 2 , gives 

£10 = 3 . 4 2 ( ^ 0 - ^ ) (4.4) 

For convenience we set E0 = 0, so that Εχ = E10. Equation 4.4 is of course an approxi
mation. In fact the relation is more correctly written 

El0 = 0.2394 f ^ - ^ V (4.5) 

where we have scaled the formula with the subband effective masses 7riQ and 77?J, but this 
relation can only be used if these are known. Ею is given in meV; т^, wj, are in units 
of the free electron mass тт?,, and iVo, ΛΊ in 101 5 m~2. If ¿-function shaped Landau levels 
are assumed, the well known sawtooth Fermi level is created, with vertical jumps from 
one level to the next for integral filling factors 

- ^ . (4-6) 
eB 

A calculation with Ns = N0 + Νχ and ¿-function shaped Landau levels, leads to two 
series of Shubnikov-de Haas oscillations with periods .JA,(1/B) — е/І г/і on the ~ scale, 
but these do not actually have the correct form [4, 12]. We can thus conclude that a 
modification is needed to explain the appearance of two oscillation periodicities in the 
Shubnikov-de Haas trace. 

First Landau-level broadening due to scattering is included. As short-range potential 
scattering calculations and higher-order perturbation theory show a rapid decay of the 
density of states (DOS) in the band tails of the Landau levels [1], the DOS in the midgap 
between two Landau levels should decrease drastically with increasing magnetic field. 
However, some recent experiments show, on the contrary, that a constant background 
density of localised states might be present between the Landau levels [9-11]. Thus, the 
model we use incorporates both a constant background and Gaussian-shaped Landau 
levels. Designating the electron mobility (this is the quantum mobility ers/m*. which is 
a measure of the level broadening and is approximately equal to ~ 0.1 χ the classical 
mobility) in the ¡th subband as μ,, the broadening (or full width half height) parameter 
Γ, for a Gaussian Landau peak centered at £,£, is given by 

(4.7) 
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where r, is the relaxation time of the electrons in the г-th subband. As the model only takes 
into account short-range scattering (which is isotropic!) it does not make a distinction 
between rs and r t. In the case of predominantly long-range scattering this distinction 
must be made; however, up to now axx has not been calculated for the case of long-range 
scattering. We suppose that a good estimate of Г, is given by equation 4.7 with r, — rs,. 

According to the generally accepted picture we consider the total number of states to 
be subdivided into extended and localised states. This is incorporated into the model by 
assuming that all extended states are in the Gaussian peaks and all background states 
are localised. The fraction of localised states for first and second subband are ^o and J i 
respectively. The total percentage of localised states is given by 

i = ( х с Л ^ + ^ ( 4 8 ) 

For the background density of states Do a 2DEG DOS is assumed leading to 

A, - ΐ - (4.9) 
ТТЛ 

If we express Ό§ in 101 5 m - 2 (meV) - 1 and use m* — 0.070 m^ we get: 

Do = 0.2924. (4.10) 

The total expression for the density of states is 

ЩЕ) - Τ?»1 -'•'7è7ï->(- ( w)}+*0°· ^11» 
where DQ begins a few г below the lowest Landau level. It can be expressed in a math-
ematical form by introducing the Heaviside step-function θ{χ) as 

£) 0 (£) = ^ ( £ ; - £ о о , + ЗГ1 в ) . (4.12) 
ТТЛ v ' 

Then for Τ — 0 the Fermi energy is determined implicitly by 

JVS= / D(E)dE~ D{E)dE. (4.13) 

Now, that the Fermi level is known, it is easy to calculate the transverse magnetocon-

ductivity by an approximation valid for Г = 0 and high magnetic fields (ω0τ » 1). In 

this equation the intersubband scattering is neglected and the total conductivity is ob

tained from the parallel contribution of all electric subbands and their Landau levels to 

the current (expressed by the sum over г, L and s). The transverse magnetoconductivity 
is, 

Moreover, it has to be mentioned that in 4.14, only the extended states contribute to the 
magnetoresistance pxx. For the calculation of pxx the two-dimensional tensor relation 

62 Chapter 4 



_ <?χχ 
Ρχζ ~ ο , ·} 

σ1χ + σ ί ι, 
(4.15) 

is used. The Hall conductivity is estimated using the classical result, 

This appears to be a good approximation as far as the calculation of pXI from σζχ is 

concerned [13]. 

4.1.1 Limitations of the model 

As the model of Gobsch is a rather simplified phenomenological approach of the behaviour 

of a 2DEG in high magnetic fields, it does not take into account a number of self-consistent 

relations between important quantities governing the transport behaviour. 

In a real heterojunction the shape of the confining potential is related to the subband 

carrier densities and the Fermi level position in a self-consistent way. Oscillations of the 

Fermi level as a function of magnetic field give rise to a transfer of carriers between the 

2DEG and its host donors in the (Ga,Al)As. This carrier transfer changes the Hartree 

term in the confining potential. As a result the subband separation Ещ oscillates as a 
function of field; we expect this oscillatory effect to enhance the shoulders on the SdH 
peaks which are due to the г, L = 1,0 Landau level (see section 3.2.3). 

Another self-consistent effect is the exchange enhancement of the (?-factor which has 
been described in the previous chapter. This can also lead to an enhancement of the 
shoulders on the SdH peaks as it brings down the lowest spin-split half of the i,L = 1,0 
Landau level. 

Finally the model does not take into account self-consistent screening, which is par
ticularly important if long-range ionised impurity scattering is the dominant scattering 
mechanism. As screening is only possible if empty states are available for the electrons 
to move to, it is proportional to the density of extended states at the Fermi level, if 
this DOS varies slowly across the energy range from E? — k^T to E? + k^T. The latter 
condition is fulfilled in our case as Г is typically of the order of 1 meV, while at Г = 
1.2 К we get к-^Т « 0.1 meV. However, the DOS of the Landau levels is determined by 
the level broadening, which depends on the screening. This self-consistent relation leads 
to a positive feedback mechanism: an increase of the screening enhances the density of 
extended states which in turn enhances the screening [14]. As a result we obtain strong 
oscillations in the level broadening Г as a function of field. It has to be taken into ac
count that screening by the second subband carriers also decreases the broadening of the 
lowest subband Landau levels and vice versa. Another very important parameter which 
is subject to self-consistent screening is the scattering time ratio TS/TV as screening par
ticularly decreases the small-angle part of the differential scattering cross section, it leads 
to an increase of the ratio rs/r t (see also [15]. where screened and unscreened Coulomb 
scattering are compared). 

In summary it can be seen that self-consistency leads to filling factor dependent oscil
lations in all relevant quantities. All these oscillations have two different periodicities in 
the reciprocal magnetic field which are characterised by the subband fundamental fields 
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Bp.i — Nth/'2e. The corresponding frequencies double if the spin-splitting of the respec
tive subband becomes resolved. The ^-factor however shows only the periodicity of the 
respective subband, due to the fact that the ^-factor only depends on the spin occupancies 
of the respective subband (see [16], where this effect is attributed to a lack of spin-flip 
intersubband scattering). 

4.2 Analysis and discussion 

4.2.1 Comparison of model results with experimental data 

Table 4.1: Relevant model parameters corresponding to the trace shown m figure 4·1· 

parameter 

ль 
Ni 

Ns 

Ew 

IL· 
No io 

Χι 

Го 
Г! 

9' 
m' 

assigned value 

10.0 xlO 1 5 m " 2 

0.88 xlO 1 5 m " 2 

10.88 xlO 1 5 m " 2 

31.19 meV 
8.80 (%) 

0.20 
0.50 

0.80 mcV 

0.24 meV 
-0.44 

0.07 ?ne 

In this subsection we compare some typical experimental SdH curves to corresponding 
curves calculated with the model described in the previous subsection. The upper part of 
figure 4.1 shows a set of SdH and QHE curves taken from sample A 227 and the lower part 
displays the corresponding model SdH curve. The values of the relevant model parameters 
are given in table 4.1. It can be seen that some of the features of the experimental SdH 
curve are reproduced well by the model, whereas others are not. The periodicities of the 
SdH oscillations, the appearance of shoulders due to the i, L = 1,0 Landau level and the 
finite field ranges where pzx « 0 are well reproduced. No good agreement is achieved in 
the spin-splitting of the SdH peaks and the modulation of the upper side of the envelope of 
the lowest subband SdH oscillations with the second subband periodicity. These features 
are discussed in the following paragraphs. 

In figure 4.2 a comparison between an experimental SdH curve taken from sample A 
232 and the corresponding model curve is shown. The relevant model parameters are 
given in table 4.2. Here we see the same kinds of discrepancies between experimental and 
model results as in figure 4.1. However, the oscillations in the maximum SdH envelope are 
weaker than the corresponding oscillations in the trace from sample A 227. The second 
subband SdH oscillations are resolved down to only slightly lower fields than the lowest 
subband SdH oscillations, which indicates that in this sample Γο/ΓΊ is smaller than in 
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Rn (arb. units) 

a) 

в (Τ) 

β.Ο О 100 12.0 14 0 

MAGNETIC FIELD fTESLA) 

Fig. 4.1: Comparison of experimental results (a) and model calculations (b), the for

mer have been taken from sample A 227. The corresponding model param

eters are given m table ^.1. 
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Fig. 4.2: Comparison of experimental results (a) and model calculations (b); the for
mer have been taken from sample A 232. The corresponding model param
eters arc given m table 4-2-

66 Chapter 4 



Table 4.2: Relevant model parameters corresponding to the trace shown m figure 4·2· 

parameter 

No 

N1 
Ns 
Ею 

Ni 
No 

•го 
Χι 

Го 

г, 
9' 
in-

assigned value 
7.4 xlO 1 5 m " 2 

0.324 xlO 1 5 m 2 

7.724 xlO 1 5 m " 2 

24.20 meV 
4.38 (%) 

0.20 
0.50 

0.80 meV 
0.24 meV 

-0.44 
0.07 m e 

sample A 227. This will be discussed further in the next subsection. Further the spin-
splitting of the lowest subband Landau levels is resolved down to lower fields, indicating 
smaller broadening of the spin-split levels. 

The SdH periodicities are reproduced as the Landau level degeneracy eB/h is an 
implicit parameter of the model (see equation 4.11), which enters via the normalisation of 
the Gaussian peaks in the DOS. The appearance of shoulders similar to the corresponding 
features in the experimental curve indicates that it is reasonable to consider the total 
conductivity as a result of the parallel contributions of all electric subbands. However. 
in the experimental curve these features appear in a higher field range than in the model 
curve. This discrepancy is expected to be a result of the fact that a big g-factor brings the 
lowest half of the spin-split lowest second subband Landau level down and self-consistency, 
i.e. oscillatory screening and oscillations in Ei0(B). The finite field ranges of zero diagonal 
conductivity (and resistivity) are clearly a result of ranges of localised states in the energy 
spectrum. If the background DOS in the model is put equal to zero these finite field ranges 
disappear so that pxx Ä 0 at only one field value corresponding to an even value of the 
filling factor. The Fermi level shows a finite slope at even filling factors if the background 
DOS is finite (see figure 3.4), but in the case of zero background DOS the Fermi level 
falls (almost) vertically at even v. From these aspects of the SdH oscillations it can be 
concluded that a Gaussian DOS superimposed on a constant background of localised states 
provides a reasonable phenomenological description of the real DOS in a heterojunction 
in a magnetic field. It has to be stressed that the magnetoresistance is a thermodynamic 
quantity which only depends on the DOS at the Fermi level; this DOS is averaged over 
the part of the sample between the voltage contacts. In recent publications [17, 18] this 
apparent background DOS is ascribed to spatial inhomogeneity effects interpreted by a 
statistical model. The Quantum Hall Effect can also be explained by a model starting from 
inhomogeneities in the carrier density [19]. These interpretations are supported in part 
by photoluminescence experiments [10], which indicate an almost negligible background 
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DOS between Landau levels. 

The lack of self-consistency in the model is expressed in part by the strong discrepancies 
between the model results and the experimental data in the spin-splitting of the SdH 
peaks, especially at high fields. The very pronounced SdH minima at odd filling factors 
are a result of the exchange enhancement of the g-factor, which has been described in 
chapter 3. As this exchange enhancement also depends on the level broadening, it is 
influenced by self-consistent screening. This means that the spin-splitting is a result of 
a complicated interplay of both effects. We expect that self-consistent screening has a 
negative feedback on the (/-factor enhancement: at an odd integer value of the filling factor 
a strong (j-factor enhancement leads to a new mobility gap between the spin components 
of a Landau level; this in turn decreases the screening so that the level width increases. 
This increase of the level broadening decreases the g-factor enhancement as it tends to 
decrease the difference between the spin occupancies. However, the dominant effect is still 
the exchange enhancement, as evidenced by the comparison of the experimental data and 
the corresponding model calculations; this concerns especially the i,L = 1,0 Landau 
level. 

The g-factor enhancement also affects the subband occupancies. It changes the posi
tions of the Landau level spin components and thus energy differences between Landau 
level spin components originating from different subbands. Furthermore the level broad
ening affects the subband occupancies: in field ranges where Landau levels fioni different 
subbands are close in energy the tails of these levels overlap. This overlap depends on 
the level width and it influences the subband occupancies if the Fermi level resides in the 
region of overlap. As the subband separation Е-ю depends on the subband occupancies, it 
is also affected by the above-mentioned effects. These effects are particularly important in 
the high-field regime, where the spin-splitting is well resolved and the DOS is highly sin
gular. Oscillations in £ io(ß) are expected to be strong in high-quality (small Г) samples 
with low depletion charge density. This latter aspect means that the subband separations 
are mainly determined by the 2DEG rather than by the depletion field. Up to now we 
know only of two publications [3, 8] which treat self-consistent effects on E10(B). Both 
start from i-fimction shaped Landau levels and calculate subband energies in a ¿-doping 
layer and a doped quantum well respectively. In fact they give an upper limit of the 
self-consistent oscillations in EIQ(B) as level broadening rounds off the kinks in E10(B). 

A different effect which we attribute partly to self-consistent screening is the modu
lation of the maximum of the envelope of the SdH oscillations. In the model results this 
maximum envelope is a straight line. This is directly related to the fact that the maximum 
contribution of a Landau level spin component to σΧχ is proportional to (L -t J ), where L 

is the Landau level index. 

The high-temperature magnetoresistance of GaAs-(Ga,Al)As heterojunctions is re
lated to the maximum of the envelope of the SdH oscillations. In Ref. [20] the beha-iour 

of the proportionality constant α = [pxz{B) - PiX(Q)]/Pxy(B) is investigated. It appears 
that at low temperatures α « 0.07 for GaAs-(Ga,Al)As heterojunctions and α « 0.17 for 
Si MOSFET's. At higher temperatures α appears to be proportional to < (μ0/μ{Τ)). In 
[20] a relation between α and in* is suggested. However, an alternative explanation of the 
difference in a between GaAs-(Ga,Al)As heterojunctions and Si MOSFET's could be the 
different TS/TJ ratio. The increase of α with increasing temperature can be explained by 
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an increasing Ts/r t ratio as a result of additional scattering by acoustic phonons, which 
becomes increasingly large-angle scattering at higher temperatures. In the derivation of 
equation 4.14 an underlying assumption is hidden: only short-range scattering is taken 
into account which meavs that rt = r j . Further it must be noted that the validity of the 
model is restricted to high fields (U;CT > 1). 

In the self-consistent Born approximation one gets in sufficiently high fields [1] 

/ 
d £ 

dE 
1 - Cui 

where r ¿ for short-range scattering is given by equation 4.7 and ( Γ " ) 2 

follows that at zero temperature ( — § ^ = δ(Ε — Eç)). 

e2 1 
"•«.peak = -ТГ(£ + о) ' 

However, in the case of long-range scattering the following holds [1]: 

( I T I 2 = < ( / W ( r ) ) 2 ) , 

(4.17) 

r 2 ( L + | ) . It 

(4.18) 

(4.19) 

which is just the fluctuation of the local potential energy gradient. This vanishes in the 
limit of long-range scattering as it is proportional to (l/d)2(d is the scattering range). From 
this behaviour of стіа.,реаі( it follows that it is a measure of the relative importance of long-
range scattering. As oscillatory screening particularly affects long-range scattering we get 
an oscillatory contribution of long-range scattering and an almost fixed rate of short-range 
scattering. This results into corresponding oscillations of σΜ ιρ ί Βΐί· The maxima indicate 
the field values where the relative importance of short-range scattering has its maxima; 
these occur at maximum screening by the second subband Landau levels, i.e. if the Fermi 
energy is in the centre of a second subband Landau level. The fact that also the minimum 
envelope of the SdH oscillations has here a maximum follows from the contribution of the 
second subband extended states to σχχ. 

The effect of the difference between long-range and short-range scattering (i.e. the 
relaxation time ratio τ^/τγ) on σ Ι Ι,ρ 6 3ι [ can be understood in terms of a simple diffusion 
picture [21]. In high magnetic fields conduction takes place due to jumps of the cyclotron 
orbit centre coordinates caused by scattering. The distance of the jumps is of the order 
of the cyclotron orbit radius I. This results into a diffusion coefficient D' of order 

( 2 L + 1 ) / 2 

D oc . (4.20) 

Further we have for the DOS near the centre of a Landau level 

From the Einstein relation we get: 

(4.21) 

σ„.ρ«Λ ex €2D*D(EF) oc - ( I + (4.22) 
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which is equal to equation 4.18 within a numerical factor. In the case of long-range 
scattering (d S> /) the cyclotron orbit centre moves along the equipotential lines of the 
scattering potential with a velocity ν = (Χ,Ϋ). where 

which yields the diffusion coefficient 

D* « (V2)T OC ^ { ( W ) 2 ) ~ . (4.24) 

The level broadening Γ is of the so-called inhomogeneous type ([1] and references therein) 
and is determined by the flmtuation of the potential energy ((V - (V))'2). As the latter 
quantity is of the order </2(( W ) 2 ) we get (( У) 2 )/Г 2 α 1/rf2. Thus the Einstein relation 
yields: 

e 2 / 2 ( ( W ) 2 > e2/2

 / < o c 4 

σ,,,ρ,α« ¿ρ Κ » ^ · ( 4 · 2 5 ) 

This appears to be proportional to the ratio r s /T t since 

^ = « 1 - cos $)) = (2 sin2(0/2)) oc £ oc ζ. (4.26) 

In our case, where small-angle scattering is expected to dominate we assume the 
scattering rate and the DOS of the Landau levels to be related to rs also in the high-
field regime. The effect of a scattering event on σχχ is expected to be proportional to 
(1 — coso). This means that the model results of σχχ have to be multiplied by ((1 — 
coso)) — TS/TV This would also explain the low resistivity values of the measured SdH 
peaks, which are only a small fraction of the model values. As the effective potential 
experienced by a carrier is determined by the total amount of screening, screening by 
the second subband carriers affects the lifetimes of both the lowest subband and the 
second subband carriers. This means that all lifetimes r s o , r s l , r iü and Tti are affected 
by oscillatory screening with the second subband periodicity. As screening particularly 
affects long-range potentials, it almost only influences small-angle scattering events, so 
that the effect on Tto and Гц is much smaller than the corresponding effect on rso and т^. 
An increase of screening thus leads to an increase of the т5/г{ ratios of both subbands. 
Oscillatory screening thus produces oscillations in the т$/ц ratio, which are modulated 
with the second subband periodicity: the maxima coincide with the SdH maxima. The 
maximum of the envelope of the SdH oscillations reflects the maximum of the envelope 
of the Ts/Tt oscillations (this oscillating maximum SdH envelope is a result of the large 
rs of the second subband; the second subband periodicity continues down to lower fields 
than the lowest subband periodicity). This is indicated by the rs oscillations presented 
in figure 3.7; these oscillations qualitatively agree with the oscillations in the maximum 
of the SdH envelope. 

Finally it must be noted also that non-linear intersubband scattering leads to an 
oscillatory maximum SdH envelope. This tvpe of scattering can be mediated by acoustic 
phonons, which can transfer momentum [22] (a finite temperature (T > 1 K) is required 
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to excite phonons with q > (Αγ.ο — А'рд) [22]) or by the presence of short-range potential 
fluctuations, the Fourier transform U(q) of which is not negligible at q ~ Α'ρ,ο· If this kind 
of fluctuations is present, non-linear terms in σχχ(Β) should also be observable at very low 
temperatures. A possible cause of short-range potential fluctuations in the MBE-grown 
samples is migration of Si-donors from the i-doping layer to the 2DEG. This can also be 
a cause of the slightly lower TW/TSO ratios in these samples compared to sample E 518-8 
(see chapter 3). 

This intersubband scattering has very recently been described heuristically by Gobsch 
[23]. An additive form for the subband resistivities in the model is put: 

=£?*•··*=ac¿ (4.27) 

with 

PM.I = 
>,. + σ*ν,> 

σχν.ι = 
•cN, 

(4.28) 

The intersubband scattering is represented heuristically by the addition of inverse subband 
mobilities. Some lesults of this model are given in figure 4.3, where it has been applied 
to a set of data from sample A 232; the relevant parameters are given in table 4.3. The 
agreement appears to be reasonable: the oscillations in the SdH envelope are reproduced 
rather well. 

Table 4.3: Relevant model parameters corresponding to the trace shown m figure 4-3. 

parameter 

No 

Nx 
Ns 

Ею 
Ni 
No 
xo 
Xl 

Го 
Γι 

9' 
Í77* 

assigned value 
7.4 xlO15 m"2 

0.324 xlO15 m"2 

7.724 xlO15 m 2 

23.5 meV 
4.38 (%) 

0.20 
0.50 

0.80 meV 
0.24 meV 

2.0 
0.072 mt 

4.3 Conclusions 

The model presented in this chapter gives a reasonable phenomenological description of 
the SdH oscillations measured on GaAb-(Ga,Al)As heterojunctions with two occupied 
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Fig. 4.3: Comparison between experimental results from sample A 232 and calcula

tions with an alternative model of Gobsch [23]. 

subbands. Its main importance is the fact that it provides a possibility to get more 

insight into the effects of variations of important physical parameters as level width, 

subband occupancies and spin-splitting. 

The agreement between model calculations and experimental results is less in the high-

field regime due to the fact that self-consistent phenomena like g-factor enhancement, 

oscillatory screening and oscillations in the subband separation are not included into 

the model. Further the difference between the transport scattering time and the single-

particle relaxation time and intersubband scattering are not included. The modulation 

of the maximum of the SdH envelope by the second subband Landau levels is expected 

to be an effect of TSI/TU and rso/^to ratios oscillating in a similar way. These oscillations 

are an effect of self-consistent screening and non-linear intersubband scattering. 

We expect that incorporating the above-mentioned phenomena into the model will 

improve its agreement with experimental results. This can be done by putting in trial 

functions of g'{B)Sl{B) and Ε\ς,{Β), in which the Landau level filling factor is a cru

cial implicit parameter. Intersubband scattering can be included bv adding a conductivity 

term, which is multiplicative in the subband conductivities. A higher order Self-Consistent 

Born Approximation has to be developed to take into account long-range (ionised impu

rity) scattering and the effect of the rs/r t ratio on the high-field magneto-transport. 
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Chapter 5 

Parallel Conduction in GaAs-(Ga,Al)As 
Heterojunctions 

ABSTRACT 

GaAs-(Ga,Al)As heterojunctions often show parallel conduction after illumination 
with red light (Лі̂  > Eg). A study of the parallel conduction occurring in planar doped 
GaAs-(Ga,Al)As heterojunctions with a superlattice buffer is presented. These samples 
are probably subject to parallel conduction by two different types of carriers. Transport 
measurements indicate the presence of a huge density of low-mobility carriers, while in 
addition the presence of some high-mobility carriers is indicated by the appearance of 
an additional dip in the far-infrared (FIR) transmission. The latter type of carriers is 
thought to form a secondary low-density 2-Diniensional Electron Gas (2DEG) confined 
behind the superlattice buffer. 
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Introduction 

One of the most attractive properties of modulation-doped GaAs-(Ga,Al)As heterojunc
tions is the very high electron mobility achieved in these structures. This high mobility 
can be used to provide transistors with very high switching speeds. However, the perfor
mance of such a transistor, which is called a High Electron Mobility Transistor (HEMT), 
is considerably reduced if there are more conducting paths than through the attive layer 
of the 2-Dimensional Electron Gas (2DEG) [1]. The presence of such paths is called 
parallel conduction. The most probable cause of parallel conduction in GaAs-(Ga,Al)As 
heterojunctions is the presence of conduction band (CB) electrons in the (Ga,Al)As layer 
[1. 2, 3]. This presence of CB electrons in the (Ga,Al)As depends on the doping pa
rameters (doping concentration, spacer width, thickness of the (Ga,Al)As layer) and Al 
content of this layer [1]. The spatial dependence of the (Ga,Al)As CB potential has to be 
calculated by solving the corresponding one-dimensional Poisson equation. Parallel con
duction occurs if there is a region in the (Ga,Al)As where the CB edge is lower than the 
Fermi energy Εγ (see figure 5.1). The most important parameter determining the pres-

I planar ι 
ι dopng ¡ 

Fig. 5.1: Spatial dependence of the (Ga.Al)As CB potential in a 6-doped heterojunc-
twn: a) without parallel conduction and b) with parallel conduction. 

enee of parallel conduction is the density of ionised donors n-oiz), which is proportional 
to the second spatial derivative dV^-g/dz2 of the CB edge potential (z is the direction 
perpendicular to the 2DEG). 

One of the effects of illumination of a GaAs-(Ga.Al)As heterojunction with red light 
at low temperatures is an increase of the carrier density Лг

5 of the 2DEG. This effect, 
which is called the Persistent Photo Conductivity (PPC) effect [4], is used to change Ns 
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systematically. However, the PPC effect has more influences on the properties of the 

heterojunction: it also leads to ionisation of deep donor states (DX centres [5]), thus 

increasing the effective value of πο( ; ) , which changes св(-) in the (Ga,Al)As. This 
change can lead to the onset of parallel conduction as the curvature of the CB potential 
increases, but the boundary conditions do not change. 

We have observed such an onset of parallel conduction in MBE-grown samples after 
a certain amount of illumination with red light. These samples are described in chapter 
3. They are different from conventional GaAs-(Ga,Al)As heterojunctions: the (Ga,Al)As 
layer is undoped except a sheet of 5 χ 1 0 1 6 m - 2 Si donors at a distance d from the interface; 

d is 5, 10 and 20 nm respectively in the three different samples. Further the samples have 

a 20 χ (2.5 nm GaAs + 2.5 nm AlAs) superlattice buffer to prevent dopant migration 

from the substrate [6]. We assume that it is this growth scheme which is responsible for 

the onset of parallel conduction. 

This chapter is divided into two sections. The first section deals with the transport 

data from the three samples after strong illumination. The results are discussed in terms 

of conduction by two different types of carriers: the electrons in the 2DEG and the parallel 

conducting electrons. The second section treats the observation of an additional peak in 

the far-infrared (FIR) absorption of two of our samples; this peak appears after strong 

illumination. The properties of the additional absorption peak are discussed thoroughly, 

with an accent on the dependence of the peak field position on the FIR energy and the 

angle between the field and the normal to the 2DEG. An explanation in terms of parallel 

conduction by bulk-like electrons in a GaAs layer is given and an alternative explanation 

is discussed, in which the peak is attributed to impurity effects. 

5.1 Transport results and discussion 

In figure 5.2 a typical set of experimental traces from sample A233 with a large amount 

of parallel conduction is shown (see chapter 3, table 3.1 for sample parameters and figure 

5.10 for the growth scheme). The behaviour is characterised by the fact that the mini

mum of the SdH envelope shows a quadratic magnetoresistance at relatively low fields, 

is approximately linear at intermediate fields and tends to saturate at fields well above 

20 T. The Hall plateaux are also strongly distorted: if the parallel conduction is weak 

this distortion is visible as a dip at the high-field side of the Hall plateaux (without par

allel conduction the Hall resistance increases monotonically as a function of field). In the 

case of strong parallel conduction (figure 5.2) the distortions have evolved into a kind 

of SdH-like oscillations, which have an opposite sign to the real SdH oscillations. These 

phenomena can be explained by a mixing of pxx and ρχν as a result of the short-circuiting 

of the voltages across the 2DEG by the parallel conducting layer [7]. 

In order to explain the observed results we have to consider a (simplified) model of 

two parallel channels: one channel is characterised by a sheet carrier density ΛΊ and 

a high mobility μι, and the other has a sheet carrier density ЛГ2 and a lower mobility 
fi2 < μι- The former represents the 2DEG and the latter the parallel conducting layer. 

The resistivity tensor of this system is calculated by inverting the conductivity tensor, 

which is the sum of the conductivity tensors of both channels. The resulting expressions 

of the resistivity are given by Kane [3]. The low-field limit (μιВ <. 1 and /»зВ < 1) of 
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Fig. 5.2: Typical SdH and QHE traces m the case of strong parallel conduction taken 

from sample A 233 after saturation of the earner density. 

the tensor components is given by 

1 

RH 

Ν16μι + ΛΓ

2εμ2 

(ВД + М ) 
€(Ν1μι + Ν2μ2)

2' 

(5.1) 

(5.2) 

As it can be seen the high-mobility carriers dominate these expressions. In the high-field 

limit (μ\Β > 1 and μ 2 Β > 1) the expression of pxx is dominated by the low-mobility 

carriers: 

(Ν1/μ1) + (Νί/μ1) 

The Hall coefficient is simply given by 

1 
RH = 

eWi+Ni) 

(5.3) 

(5.4) 

The values of Νχ, ΛΓ2,μι and μ2 can be evaluated from these limiting cases; iV, also follows 

from SdH-analysis. 

If an intermediate range exists so that μιΒ » 1 and /¿гВ < 1, we can approximate 
the expressions of the resistivity and Hall coefficient Дц = Piy/B by a quadratic field 
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dependence of the resistivity and Hall carrier concentration Лгн = І/еЯн [3]. This be

haviour agrees with the experimental traces. The oscillations in p I y having the opposite 

sign to the SdH oscillations can be explained by the tensor character of the resistivity: 

due to the parallel conduction | σ „ | » \σχν\. As pxy = σχν/{σΙχ + aly) strong oscillations 

in σχχ give rise to oscillations with the opposite sign in the Hall resistance as σχν is a 

smooth function of B. 

5.1.1 Analysis of t h e paral le l c o n d u c t i o n 

l o g t f w m ) 1 

3.5 

3.0 

2.5 

2.0 

-1.0 0.0 1.0 
log (B/)T) 

log (ne/lCm-2) 

-2.1 

-2 A 

-2.7 

-1.0 0.0 1.0 
log (B/1T) 

Fig. 5.3: Logarithmic plots of the envelopes of the SdH oscillations and the carrier 

density extracted from the Hall effect curve versus field. 

The parallel conduction has been evaluated using equations 5.1 - 5.4. A typical set of 

logiPxi) versus log(B) and log(B/pxy) versus log(5) plots is shown in figure 5.3. These 

plots are similar to the corresponding plots in Ref. [3]. However, we have used two 

different curves: one curve based on the minimum of the SdH envelope and one curve 

based on the maximum of the SdH envelope. In the case of parallel conduction the Hall 

resistance also shows SdH-like oscillations; these are particularly strong in the curve taken 

from sample A 233; both envelopes are shown in the corresponding Hall plot (the lower 
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Table 5.1: Densities and mobilities of the 2DEG and the parallel conducting carriers 
after saturation of the persistent photoconductivity effect. Only a rough 
estimate of the density and the mobility of the parallel conducting earners 
can be given as the resistivity has not saturated at 20 T. 

Sample Ns (¿i2DEG) Лусона {^¡Icond} 

(1015m-2) ( m ' V - V 1 ) (1015m-2) ( m ^ - ' s ' 
A 227 N1 16.3 8.5 «50 «0.066 
A 232 
A 233 

11.1 38.5 «50 «0.056 
6.57 55.5 «50 «0.065 

part of figure 5.3). These envelopes have the same values in the low-field limit, show a 
relatively large difference in the intermediate range and approach each other again in the 
high-field limit. However, for our curves the high-field limit has not been reached even at 
a field of 20 T. This is due to the low mobility of the parallel conducting carriers. In table 
5.1 approximate values of Ns, (Л2ПЕС)'-^Т|СОПСІ and í¿||cond are shown for all three MBE-
grown samples after saturation of the persistent photoconductivity effect. The values of 
Ns have been extracted from the SdH periodicities; they are accurate to « 1%. All other 
values are only estimates as the curves shown in figure 5.3 have to be extrapolated to 
higher fields; also the sample aspect ratios could only be estimated to be « 2. 

From this analysis of the transport data we conclude that saturation of the persistent 
photoconductivity effect gives rise to a huge number of parallel conducting carriers with 
a low mobility. The most probable origin of the majority of these carriers is the ¿-doping 
layer with Nsl = 5 χ 10 i em~ 2; the carriers are expected to reside in the neighbourhood of 
this layer so that they are scattered very strongly by the ionised Si-donors; this leads to 
the low mobility that has been observed. 

5.2 Cyclotron resonance of parallel conducting carriers 

In this section special attention is paid to the appearance of an additional resonance in the 
FIR absorption of two of our samples. Three resonances are observed, two of which are 
subband CR's. Different possible explanations of the character of the third, lowest field 
resonance are discussed in terms of the layers from which this resonance might originate. 
An alternative explanation is the influence of impurity effects, which are supposed to lead 
to an impurity-shifted second subband CR. 

In figure 5.4 the FIR transmission of sample A 232 after saturation of the carrier 
density is shown at five different laser energies. At an energy .ΕρΙΗ = 4.94 meV we 
observe only two resonances originating from the subband carriers. At the 12.02 meV 
laser line however, a third resonance is seen at an even lower field value. This resonance 
grows in magnitude with increasing FIR energy; superposed on this general trend we see 
some fluctuations perhaps due to filling factor effects. The growth of the third resonance 
seems to coincide with a decrease of the second subband resonance. At still higher FIR 
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Fig. 5.4: FIR transmission of sample A 232 after saturation of the persistent photo

conductivity effect at five different laser energies. Note the appearance of 

an additional resonance at £ F I R = 12.02 meV. 

energies (the trace taken at the 20.12 meV line) we see that the second subband CR has 

disappeared. The third resonance survives, but it decreases in amplitude and increases in 

linewidth. At the highest FIR energy we see only the main CR. 

A series of swept field FIR transmission measurements as a function of carrier den

sity has been performed in order to investigate the evolution of the different resonances 

des'ribed in this section with increasing carrier density, which was changed by controlled 

pulses of a red LED. After each light pulse the magnetoresistance was measured and 

FIR transmission curves were taken at the 12.85 meV and 16.02 meV laser lines. Fig

ure 5.5 shows a number of transmission traces taken at the 12.85 meV line; the relevant 

Shubnikov-de Haas spectra are also shown so that both can directly be compared. The 

lower pair shows a single CR and no dear second periodicity can be observed in the mag

netoresistance. The next traces show the appearance of a second CR dip accompanied 

by a second periodicity in the Shubnikov-de Haas spectrum. This indicates clearly that 

the second CR dip originates from the second subband carriers (see chapter 6). After a 

certain dose of light the onset of parallel conduction can be observed. The third, very 

sharp resonance however emerges only after a few extra LED bursts, when the parallel 

conduction has a considerable strength. From this behaviour the conclusion can be drawn 

that at least some relation exists between the third resonance and the parallel conduction. 

For measurements of the FIR transmission through sample A 232 at Ns — 11.25 χ 

10 1 5 m - 2 and at the higher temperature of Τ = 20 К, it appears that the third resonance 
shows a weak tendency to decay with time. 

From the position of the additional resonance as a function of laser energy the effective 
mass has been extracted (see chapter 6 for the relevant equations). This effective mass, 
deduced for the third resonance, is shown in figure 5.6, together with the effective masses 
of the subband carriers. The former seems to decrease strongly with decreasing FIR 

energy. Notably, the difference between the third resonance mass and the second subband 
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Fig. 5.5: Evolution of the subband CR's and the third resonance with the increase of 

the 2DEG carrier density by bursts of red light. Also the corresponding SdH 

curves are shown; a comparison seems to indicate a relation between the 

onset of parallel conduction and the appearance of the additional resonance. 

The SdH curves have been offset for clarity; £ F m ~ 12.85 meV. 

effective mass tends to increase strongly with decreasing resonance energy, especially below 

10 meV. In this way, the mass extracted from the positions of the third resonance has a 

behaviour which is very similar to the cyclotron mass of electrons in low-carrior-density 

heterojunctions [8, 9] and bulk GaAs [10.11]. As the field is reduced towards filling factor 

ν = 2, the cyclotron mass in these heterojunctions decreases strongly: on passing through 

ν = 2 the mass changes to a higher value almost discontinuously [9]. This anomaly is 

thought to be the result of potential fluctuations in the 2DEG [9, 12]. 

The determination of the relative field positions of the three resonances is much more 

accurate than the determination of absolute field positions; figure 5.7 shows the difference 

between the field positions of the second subband CR and the third resonance as a function 

of laser energy. We see some weak fluctuations in this difference, which are probably due 

to filling factor effects in the position of the second subband CR. From the resonance 

positions as a function of laser energy we can derive resonance energies at fixed field 

values by interpolation. Thus we can translate the field differences at fixed laser energies 

to energy differences at fixed field values. As a result we get an energy difference Δ ι ; == 

0.25 meV between the second subband CR and the third resonance, the latter having the 

highest energy. 

From the Shubnikov-do Haas spectra the carrier densities have been extracted and 

the effective masses and CR linewidths have been obtained from the transmission curves. 
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Fig. 5.6: Effective masses extracted from the positions of the additional resonance as 

a function of laser energy, compared with the measured subband effective 

masses, cyclotron masses of low-density heterojunctwns [8J and bulk GaAs 

cyclotron masses [10. 11]; Ns = 1.16 x 10 1 β πΓ 2 . 

15 
EFIR (meV) 

20 

Fig. 5.7: Relative field positions of the second subband CR and the third resonance 

measured on sample A2'32 after saturation of the earner density. 

Figure 5.8 shows the subband effective masses, the effective masses extracted from the 

third resonance and the lowest subband CR linewidth as a function of the total 2DEG 

carrier density. We see that both subband effective masses tend to increase with carrier 

density, but beyond a density of » 8.4 χ 10 1 5 пГ 2 the second subband mass shows a slight 

decrease; at this density also the third resonance begins to appear. 
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The behaviour of the position of the additional resonance as a function of tilt angle is 
shown together with the positions of the subband CR's in figure 5.9. In these polar plots 
2D behaviour is indicated by straight lines B L = constant and 3D behaviour by circles 
В — y'B\ + B? = constant. The behaviour of the subband CR's is discussed in chapter 
6. The position of the third resonance shows a 2D behaviour at Е¥т = 7.60 meV. At 
higher laser energies it displays a 3D behaviour at small tilt angles, but beyond a certain 
angle the behaviour changes into 2D. The angle at which the cross-over occurs increases 
with increasing laser energy. Not far beyond this angle the third resonance disappears, 
except at the Ерщ — 10.43 meV line. At the highest energy (.EFIR = 17.58 meV) the 
behaviour is 3D. The kind of behaviour described above has also been observed by Huant 
et al. [13] in low-clectron-density GaAs-(Ga,Al)As heterojunctions; it has been attributed 
to subband-Landau level couplings. 

Summary of the experimental observations 

In the magneto-transport experiments we have observed parallel conduction by a huge 
density (ЛГрС ~ 5 χ 101 6 m 2 ) of low-mobility (μ ~ 0.06m 2V" 1s _ 1) carriers. 

An additional resonance in the FIR transmission appeared with the following proper

ties: 

The additional dip appears at .EFIR ~ 5 meV and it survives up to Ерщ 
where it merges with the lowest subband CR. 

30 meV, 
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Fig. 5.9: Polar diagrams of the positions of the subband CR's and the additional 

resonance as a function of tilt angle at fixed laser energies: 7.60 meV, 

ІО.4З meV, 12.02 meV, 12.85 meV and 17.58 meV respectively: sample 

A 232; Ns = 1.16 χ 10 l l , m- 2 . 

• It appears only after the onset of parallel conduction in the corresponding SdH 

curves (and after the onset of the second subband CR). 

• The effective mass of the third resonance as a function of laser energy is very similar 

to the cyclotron mass of electrons in low-density heterojunctions and bulk GaAs. 

• The difference in field positions between the second subband CR and the third 

resonance is almost constant. 

• At low laser energies the mass extracted from the positions of the third resonance 

decreases strongly, indicating a behaviour similar to the anomaly in the results 

obser\'ed by Nicholas et al. [9] on low-density heterojunctions. 
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Fig. 5.10: Growth scheme of the samples A227. A232 and A233. 

• The linewidth of the additional resonance is « 0.06 T; no filling factor dependence 
is observed. At high laser energies the linewidth increases slightly, probably due to 
polaron effects [8]. 

• In tilted-field measurements the third resonance shows a transition from 2D be
haviour at low FIR-energies to 3D behaviour at high FIR-energies. At intermediate 
FIR-energies the resonance shows 3D behaviour at small tilt angles and 2D be
haviour at bigger angles; it disappears just after the change into 2D behaviour. 

• The third resonance shows a weak tendency to decay in time at a temperature of « 
20 K. 

5.2.1 Discussion of the nature of the third resonance 

In this subsection we discuss a number of possible origins of the third resonance. The 
growth scheme of the samples must be considered to determine which layers in the samples 
can give rise to the third resonance. In figure 5.10 the growth scheme of the samples A227, 
A232 and A233 is shown. In these structures all materials are imdoped except the ¿-doping 
layer in the Сао.етАІоззАв and the doping of the GaAs cap layer. The ¿-doping layer is 
comparable to the doped (Ga,Al)As in conventional hcterostructures: this layer contains 
the host donors of the 2DEG. As a result we get a high-density sheet of ionised donors 
at a distance of 10 nm from the interface (in the case of sample A232). In the following 
paragraphs a number of possible origins of the third resonance is considered. 

Carriers in the (Ga,Al)As layer which are bound to the ¿-doping layer 

The possibility that the third resonance is due to the carriers in the (Ga,Al)As layer, which 
are expected to be responsible for the parallel conduction observed in magneto-transport, 
is very improbable as these carriers have a much higher effective mass (m* и O.OSSmc 
[14]). The effective mass in a (Ga.Al)As ¿-doping layer is expected to be even higher 
due to conduction band non-parabolicity. Further a linewidth of a few teslas has been 
observed by Koenraad et al. [7] in the FIR transmission of a Si ¿-doping layer in GaAs. 

SUPER LATTICE 
•X20 BUFFER 
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They attribute the enormous broadening to the low mobility of the carriers as a result of 
ionised impurity scattering [15] and to the large density (dielectric broadening [9]. The 
linewidths observed by Koenraad strongly contrast with our observations of linewidths of 
the third resonance of ~ 0.06 T. 

Bulk GaAs carriers in the substrate 

Our samples have been grown on a semi-insulating undoped GaAs substrate. As the 
substrate is semi-insulating almost no free carriers are expected to exist and the Fermi 
level is expected to be pinned to deep levels related to residual dopants [16]. So bulk 
GaAs electrons in the substrate are very unlikely to be the cause of the third resonance. 

Bulk GaAs carriers in an accumulation layer 

An accumulation-layer-like behaviour of our samples occurs after illumination with red 
light (hu > Es) [17]. At high carrier densities it might be possible to get some 3D 
electrons in the GaAs layer, between the superlattice buffer and the (Ga,Al)As. leading 
to parallel conduction. These electrons have an energy which is slightly higher than the 
second subband edge energy. In the case of an accumulation layer (i.e. electrons in n-type 
GaAs) the position of the Fermi level is determined by the shallow donor levels below the 
GaAs conduction band edge. It is the position of the bottom of the confining potential 
well that is determined by the 2D carrier density: the number of 2D subbands is also 
determined in this way. In a magnetic field the bottom of the confining well oscillates as a 
function of 2D carrier density. At a filling factor of 4 the Fermi level falls with respect to 
the bottom of the well, which in fact means that the latter increases in energy. This shifts 
the second subband edge towards the 3D continuum, so that it can become impossible to 
distinguish both. The decrease of the second subband mass as a function of laser energy 
just before the respective resonance vanishes might be an indication of such an effect. As 
the third resonance only appears after strong illumination of the sample it might be due 
to this accumulation-layer-like behaviour. However, the CR position of bulk electrons in 
n-GaAs should be completely independent of tilt angle, for all laser energies. This is in 
contradiction to the observed tilted-field behaviour so that bulk GaAs electrons are not 
a probable cause of the additional resonance. Further the fact that the third resonance 
tends to decay in time at a temperature of 20 К indicates a kind of met astabili ty, which 
disagrees with a bulk CR. 

Impurity effects on the second subband electrons: formation of a band of 
localised states below the г, L = 1,0 Landau level 

Some of the general trends in the effective masses and linewidths of the third resonance, 
in combination with the masses and linewidths of the subband CR's, show that the former 
may be due to some form of impurity-shifted CR. In recent publications different influences 
of impurities on the FIR response of 2DEG systems have been reported. All cause a 
frequency upshift of the CR; they can be divided into two types depending on the type of 
potential fluctuations that give rise to them. The first type is the isolated hydrogen-like 
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impurity [18] characterised by an attractive Coulomb potential V(r) oc 1/r. This type of 
impurity causes a linear upshift of the resonance frequency according to [9. 12]: 

fia;obs = fiav + Еъ (5.5) 

where Еъ is a binding energy of the order of the effective Rydberg energy Ry' of the 
hydrogenlike impurity. The resonance is called a Is - 2p + transition analogous to the 
same kind of transition in a hydrogen atom in a magnetic field. 

The second type is a repulsive scattering centre; the tails of the repulsive potentials 
of these impurities give rise to potential "puddles" which can be described by a harmonic 
oscillator potential V(r) = Vi)(r/rnla)I)

2 [9, 19]. where r m a x is the radial extension of the 
harmonic potential. The effect of this kind of impurity on the FIR response is characterised 
by a quadratic frequency upshift 

u 4 s = u ; c 2 + * s

2 (5.6) 

where ws is a parameter describing the frequency upshift [9, 12]. It appears experimentally 
that a>5 depends linearly on the density of repulsive scatterers [12. 20]; u>s is related to the 
potential by [21]: 

Vo/r^x = ( l / 2 ) m 4 2 · (5-7) 

Because of these two relations it is tempting to assume that r m a x is given by half the mean 

distance between nearest neighbour acceptors. But as the distribution of these scatterers 
is random and the shifted resonances are very sharp, it is only possible to describe the 
shifted resonances as an effect of a collective property of the acceptor distribution [12]. 

Two aspects of the behaviour of our experimental results deserve special attention. 
Firstly we see both the shifted and the unshifted resonances in the intermediate laser 
energy range. Secondly the results are in far better agreement with a linear frequency 
upshift than with a quadratic one. These two aspects support the idea that hydrogenlike 
impurities might be responsible for the appearance of the third resonance. 

Further it has been stated by Fletcher et al. [22] that a mobility edge exists at the 
bottom of the second subband, below which a tail of localised states exists. In a magnetic 
field a range of localised states might exist at the low-energy sides of the Landau levels, 
especially the second subband Landau levels. The energy spread of such a tail might have 
the correct order of magnitude to lead to a resonance of the localised states, which is 
« 0.25 meV higher in energy than the second subband CR at the same field. However. 
as the localised states are lower in energy than the i,L = 1,0 Landau level, they should 
be populated already at a smaller light dose than the dose at which second subband 
occupation starts to be observed. Thus the onset of the third resonance would be expected 
to occur at a lower light dose than the dose at which the second subband CR becomes 
observable. As we have observed the second subband CR before the third resonance in all 
experiments in which the light dose (and thus Ar

s) has been increased stepwise, impurity 
effects are eliminated as a possible origin of the third resonance. 
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A (metastable) secondary 2DEG which is shallowly bound in a layer behind 

the superlattice buffer 

The only remaining possible origin of the additional resonance is the existence of a 

(metastable) shallowly bound 2DEG in a layer behind the superlattice buffer. Such a 

secondary 2DEG might be formed as a result of the illumination of the sample with red 

light (huJ > .Eg). The picture of the relevant physical mechanism might be the following: 

before illumination of the sample the conduction band is assumed to have the structure 

shown in figure 5.11 a. Most important is the fact that the depletion width is smaller than 

the thickness of the GaAs buffer layer, so that the band is flat at the position of the GaAs-

AlAs superlattice buffer. The electron-hole pairs generated by the first bursts of the red 

LED recombine in the regions where the conduction and valence bands are flat (among 

others the superlattice buffer), but are separated and thus prevented from recombining 

in the region where the conduction band has a strong slope, i.e. close to and within the 

depletion region. The electrons move to the 2DEG, thus causing an increase of the carrier 

density; the holes partly neutralise the ionised acceptors, which leads to a decrease of 

the depletion charge density: the depletion region moves towards the superlattice buffer. 

These processes cause a decrease of the potential slope in the GaAs buffer and an increase 

of the depletion width, as the product of both is related to the GaAs bandgap [23]. After 

a certain illumination time the depletion region reaches the superlattice buffer, which 

has a total thickness of 0.1 μιτι. The final situation is shown in figure 5.11 b, where the 

superlattice buffer is well within the depletion region. Within the superlattice so-called 

minibands [24, 25] are formed, due to the superlattice periodicity, which have widths and 

spacings of the order of 100 meV; the bottom of the lowest miniband is about 100 meV 

higher than the GaAs conduction band bottom [24]. At the edges of the superlattice there 

are transition regions between the minibands and the GaAs conduction band continuum. 

The 100 meV separation of the bottom of the lowest miniband from the CB edge repre

sents a considerable potential barrier for the CB electrons: combined with the potential 

slope in the depletion layer this forms a secondary potential minimum at the substrate 

side of the superlattice. Together these effects produce ал accumulation of electrons at 
the substrate side and possibly a (weaker) accumulation of holes at the GaAs buffer side 
of the superlattice. The accumulated electrons are thought to be partly responsible for 
the parallel conduction observed after strong illumination of the sample with red light. 
We suppose that the third resonance is a result of this electron accumulation; because 
of the very weak confinement of these electrons they display a quasi three-dimensional 
character. This character is also in agreement with the behaviour of the resonance in 
tilted magnetic fields. 

The process explained above implies that a large light dose is necessary to observe the 
third resonance. As a large light dose also leads to parallel conduction in the (Ga,Al)As 
layer (see section 5.1), the fact that the third resonance appears after the onset of parallel 
conduction is a coincidence. 

The fact that the third resonance is not observed at very low and very high laser 
energies is expected to be a result of merging with the lowest subband CR. 

The effective mass of the third resonance is very similar, both in absolute value and 
in behaviour, to the cyclotron mass of 2D carriers in low-density GaAs-(Ga,Al)As hetero-
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Fig. 5.11: Spatial dependence of the conduction band potential m the growth direction: 

a) before illumination; b) after saturation of the 2DEG carrier density by 

bursts of red light, when the depletion width has become so large that it 

reaches beyond the superlattice buffer. 

junctions [8, 9]. Further a qualitative similarity exists between the linewidths of the third 

resonance and the values reported in [8, 9]. Thus we conclude that the third resonance 

behaves as a CR of a low-density 2DEG with a rather high mobility. The fact that at 

low FIR energies the effective mass of the third resonance tends to fall slightly below the 

curve determined by conduction band non-parabolicity will be due to an anomaly like the 

filling-factor-related anomaly in the cyclotron mass of carriers in low-density heterojunc

tions [9]. The strong increase of the mass at high FIR energies is expected to be due to the 

resonant polaron effect: this effect is particularly strong in low-density heterojunctions 

[8]. 
The angle dependence of the position of the third resonance can be explained by 

subband-Landau level couplings. We assume that the secondary 2DEG behind the super-

lattice buffer has such a low density that it is in the quantum limit at В ss 4 Τ, so that at 

all laser energies used in the angle dependent measurements the L = 0 Landau level is the 

initial level of the CR. As we have observed 2D behaviour at £ F I R = 7.60 meV and 3D 

behaviour at EFIR = 10.43 meV at small angles we assume that the subband separation 

•Eio (belonging to the secondary 2DEG) is between 7.60 meV and 10.43 meV. The strange 
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behaviour of the resonance position at EFlR = 10.43 meV at large angles (a change to 
2D behaviour at θ « 20° and a tendency to 3D behaviour at θ ~ 40°, after which the 
resonance disappears) might be due to couplings to higher subbands. According to Huant 
[13] gaps are formed in the energy spectrum of a tilted 2DEG; this has been confirmed 
by the disappearance of CR's at large tilt angles (at fixed energies). These gaps are 
explained by a model of two coupled oscillators, one representing the cyclotron motion 
and the other representing the confinement potential [24, 26]. If we assume that Ei0 < 

10.43 meV < E20, we can explain the behaviour of the resonance at £ F I R = 10.43 meV as 
follows: at small tilt angles the coupling of fìuic and E10 predominates; as hu!c > Ею the 
behaviour is 3D-like. At larger tilt angles the coupling of h*!c and E20 starts to dominate 
so that the behaviour becomes 2D-like (}~iu>c < £20)· At 0 > 40г the value of fiaic (= 10.43 
meV) is in the gap corresponding to EJQCOSÖ. We assume that £20 is only a few meV 
bigger than Е-щ, due to the low depletion charge; such a behaviour has been calculated 
by Ando [27] for Ar

depi = 101 3 m " 2 . At the highest laser energy ( £ Р т = 17.58 meV) the 
behaviour is 3D-like as several subbands are expected to be below this value. 

Finally the fact that the thiid resonance shows a tendency to decay slowly at Τ Ä 
20 К indicates a kind of metastability of the secondary 2DEG bound to the superlattice. 
This metastability might be due to electrons tunnelling out through the minibands of 
the superlattice buffer (via X-conduction band states in the (Ga,Al)As barriers [28]). the 
process being thermally activated (k^T « 2 meV at Г = 20 К). 

In conclusion we can state that all experimental observations of the third resonance are 
in agreement with the formation of a secondary 2DEG which is shallowly bound behind 
the superlattice buffer; a strong illumination is required to populate this 2DEG. 

5.3 Summary and conclusions 

After a certain dose of illumination with red light (fiû  > Es) we have observed parallel 
conduction in the MBE-grown samples with planar Si doping in the (Ga,Al)As. This 
parallel conduction appeared to be due to a large density ( Ä 5 χ 1 0 1 6 m - 2 ) of carriers 
with a low mobility ( « 0.06m 2V_ 1s" 1) after saturation of the carrier density. The most 
probable origin of this parallel conduction is the é-doping layer in the (Ga,Al)As. 

In the FIR transmission of two of our samples an additional resonance has been ob
served after strong illumination with red light. The effective mass extracted from the 
positions of this resonance shows an energy dependence which agrees with the energy 
dependence of the cyclotron mass of the electrons in a low-density heterojunction, within 
experimental accuracy. The linewidth of the resonance is « 0.06 T, which indicates that 
the responsible carriers have a long relaxation time and a low density. This completely 
disagrees with the conclusions from the transport data, as far as the parallel conduction 
is concerned. We thus assume that there are at least two parallel conducting layers: the 
(Ga,Al)As layer and a layer of electrons near the superlattice buffer. The electrons in the 
latter layer are expected to be weakly bound in a shallow potential well formed by the 
superlattice and the CB potential slope in the depletion region. This is supported by the 
tilted-fiekl behaviour, indicating a transition from 2D to 3D behaviour when the FIR en
ergy increases from 7.6 meV to 17.6 meV. The fact that this third resonance only appears 
after the onset of parallel londuction also strongly supports the idea of a resonance of 
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electrons in a layer behind the superlattice buffer. In the case of an impurity-shifted sec
ond subband CR, which would be an alternative explanation of the resonance, it would be 
expected to appear before the second subband CR appears, as the possible bound states 
are lower in energy than the i.L = 1,0 Landau level. 

Suggestions for further work 

The nature of the third resonance can be investigated further by a study of the evolution 
of the CR dips as a function of carrier density at a few fixed laser energies. The carrier 
density should be increased in two different ways: either by a red LED {huj > Ee) or 
by illumination with sub-bandgap radiation; the latter does not lead to the formation of 
electron-hole pairs and thus the depletion charge is not affected. The crucial question is the 
possible appearance of the third dip after strong sub-bandgap illumination: is a secondary 
2DEG formed under sub-bandgap radiation? Also Shubnikov-de Haas measurements must 
be performed to investigate a possible onset of parallel conduction under sub-bandgap 
radiation. 

Finally a careful coinparison should be made between the transmission curves of two 
samples grown according to the same growth scheme except for the superlattice buffer: 
one sample should have such a buffer and the other should be grown with only undoped 
GaAs as a buffer. 
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Chapter 6 

Cyclotron Resonance of 
High-Carrier-Density GaAs-(Ga,Al)As 

Heterojunctions 

ABSTRACT 

We have investigated the far-infrared transmission of three different GaAs-(Ga,Al)As 
heterojunctions with two populated subbands; these heterojunctions have a Si ¿-doping 
layer in the (Ga,Al)As and a superlattice buffer in the GaAs at 1 μια from the interface. 
Prom the transmission as a function of field we have obtained cyclotron masses and 
linewidths. Combination of band structure parameters obtained from published data 
and theoretical models, and our measured cyclotron mass values gives insight into the 
behaviour of the kinetic part of the subband confinement energies as a function of field. 
It appears that the second subband has a lower kinetic confinement energy than the lowest 
subband; this is just opposite to the corresponding kinetic energies in a triangular well. 
In addition the second subband kinetic confinement energy is affected by the total filling 
factor, indicating a strong bending of the GaAs conduction band within the length scale of 
the subband envelope wavefunctions, which is characteristic of accumulation layers. The 
second subband CR linewidth shows oscillations as a function of field, which reflect an 
oscillatory character of the second subband carrier density and the intersubband scattering 
in high fields. The far-infrared transmission of one of the above-mentioned samples has 
been studied in tilted fields. Values of the dipole matrix element ^ю have been obtained 
from tilted-field cyclotron resonance by use of second order perturbation theory. These 
values appear to be strongly field-dependent; this indicates the influence of higher order 
subband-Landau-level couplings. Finally our data are compared to a coupled oscillator 
model; the latter appears to exaggerate the coupling strength of the first order resonant 
subband-Landau-level coupling. 
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Introduction 

For many years cyclotron resonance (CR) measurements have been a valuable tool in 

the investigation of fundamental electronic properties of both bulk semiconductors and 

space-charge layers at semiconductor surfaces or interfaces. The information obtained 

is often complementary to the results from magneto-transport measurements [1]. From 

magneto-transport measurements information can be obtained about the density of states 

(DOS) at the Fermi energy EF and about carrier densities. CR yields information about 

level separations and broadening. If more than one type of carriers is present multiple 

resonances can be obtained. 

One example of a system containing different types of carriers is a 2-Dimensional 

Electron Gas (2DEG) with two populated electric subbands. CR measurements on a 

quantum well with two populated subbands have been performed by Ensslin et al. [2]; 

they have observed two separate resonances because of a mass difference between the 

lowest subband carriers and the second subband carriers. This mass difference has been 

attributed to the GaAs conduction band non-parabolicity. 

We thus expect that in a GaAs-(Ga.Al)As heterojunction with two populated sub-

bands two different cyclotron resonances will be resolved. A study of their effective 

masses and linewidths yields information on both the GaAs conduction band structure 

and scattering processes. The effective mass behaviour at high laser energies provides 

information about resonant polaron effects [3-5]; these are expected to be much stronger 

for the second subband electrons because of their low density [5]. It is also possible to get 

an indication of the number of carriers in each subband as a function of field by comparing 

their relative oscillator strengths. 

In recent publications a remarkable difference between the behaviour of the transport 

scattering time Tt and the single-particle relaxation time τ$ has been reported [0-9]. As 

rs is related to both the Dingle temperature and the Landau level broadening, it is in 

principle possible to compare rs derived from the analysis of the field dependence of the 

amplitudes of the Shubnikov-de Haas oscillations to TQR derived from cyclotron resonance 

linewidths. At high 2D carrier densities this comparison turns out to be very inaccurate 

due to an extra term in the CR linewidth that is approximately proportional to the carrier 

density [10, 11]; this extra term is often by far the larger. 

By tilting the plane of the 2DEG from the plane perpendicular to the field the motion 

of the electrons perpendicular to the interface is coupled to the the in-plane motion [1]. 

CR measurements on a tilted sample provide information about the subband structure 

and the shape of the confinement potential. Two different methods can be used: the 

first is Resonant Subband-Landau level Coupling (RSLC) [12, 13], where small tilt angles 

are used and the FIR energy has to coincide with the depolarisation-shifted intersubband 

energy Ею [14]. The other method is a study of deviations of the resonance field behaviour 
as a function of tilt angle from the so-called cos θ law. By comparison with second order 

perturbation theory the dipole matrix elements ζυ and intersubband energies E^ can be 

determined [15]; these provide information about the confinement potential. 

Section 1 of this chapter describes the experimental set-up and discusses some impor

tant aspects of the interpretation of results from fixed energy, swept field experiments. In 

the second section the results of the perpendicular field CR measurements are presented; 
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the behaviour of the effective masses and linewidths is discussed and compared to GaAs 
band non-parabolicity and dielectric response models respectively. The last section de
scribes the tilted-field CR residts. The behaviour of the resonances as a function of tilt 
angle at a fixed FIR energy is discussed, with special attention to the angle dependence 
and disappearance of the second subband CR at larger tilt angles. The behaviour of 
the lowest subband CR is compared to second order perturbation theory except for the 
regions near subband-Landau-level anticrossings; in those regions a comparison is made 
with a coupled harmonic oscillator model [16, 17]. Finally some estimates are made of 
the intersubband energy Ею and the dipolo matrix element zw; the former is compared 
with the value of Ею obtained from Shubnikov-de Haas analysis. 

6.1 Experimental set-up 

6.1.1 Samples 

The measurements were performed on three different MBE-grown GaAs-Gao.erAlo 33As 
heterojunctions with carrier densities between 4 and 9 x l 0 1 5 m " 2 in the dark and between 
6.5 and 17 x l 0 1 5 m - 2 after saturation of the carrier density by a red LED. The samples 
have been grown by the Cavendish Laboratory. Cambridge. United Kingdom. Extensive 
transport studies on the same samples (see chapter 3) have revealed that all samples have 
a second subband populated after illumination. Sample properties are summarised in 
table 6.1. 

Table 6.1: Sample properhes. See chapter 3 for more details. 

Sample 1 A'd a r k / i d a r k Ñs&t μ^ spacer I 

(101 5гіГ2) ( т 2 у - У ) (10 1 5 m- 2 ) ( n r W 1 ) (nm) ' 

A 227 8.9 9.4" " 16.8 8.5 5"θ 

A 232 6.4 39.0 11.6 39.0 10.0 

A 233 3.8 55.0 (U) _56.0 20.0 _ 

The sample substrates have been wedged to avoid interference effects in the FIR 

transmission. Pure tin contacts of less than 1 mm diameter have been alloyed in a reducing 

atmosphere at C70 К for 20 minutes [18]. 

6.1.2 The FIR source 

In our experiments an optically pumped far infrared (OPFIR) laser system has been used 
[19, 20]. This laser is pumped by infrared radiation from a CO2 laser with wavelengths 
around λ = ΙΟμιη and an output power around Ρ = 25 W. The CO2 laser radiation is 

coupled into a waveguide cavity, in which a molecular gas is present. The gas molecules 

have different vibrational and rotational modes; the spacings of the vibrational levels are 

in the energy range of the CO2 laser radiation: these levels are split into rotational levels 

with spacings in the FIR range. The pump radiation excites the gas molecules to a higher 
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vibrational state, resulting into a population inversion between a set of two rotational 

levels. Spontaneous emission between the rotational states results into FIR laser action. 

A schematic overview of the FIR laser system is shown in figure 6.1. 

The main advantage of the FIR laser is its high output power in the mW range, 

providing a signal to noise ratio that is orders of magnitude better than can be obtained 

with e.g. a Fourier transform spectrometer. On the other hand, it has the drawback of 

a discrete output spectrum, making it impossible to measure continuous transmission or 

reflection spectra. Spectroscopy has to be performed by changing an external physical 

parameter so that a distinct feature of the spectrum of the 2DEG coincides with a FIR 

laser line. In the energy range up to about 32 meV our laser can generate more than 30 

lines which are strong enough to use in a field sweep experiment with a sweep length of 

a few teslas and a sweep time of about 5 minutes. 

The FIR laser has two different outcoupling methods. For wavelengths longer than 

60 μια a gold coated flat mirror with a central hole is used; vacuum sealing of the FIR 

cavity is provided by a л-cut quartz crystal, which becomes absorbing for wavelengths 
shorter than 60 μπι [18]. For these shorter wavelengths the outcoupling mirror is replaced 

by a simple gold coated flat mirror; the FIR radiation is coupled out of the cavity through 

the incoupling mirror and separated from the pump radiation by а ВаГг reststrahlen 
reflector [19, 20]. A TPX window filters out the residual CO2 laser radiation. As it is 
possible to use the second outcoupling method also at longer wavelengths we have only 
made use of this method. This has made it possible to produce both long and short 
wavelengths without changing the laser configuration in between. 

6.1.3 Detect ion of FIR radiation 

Carbon bolometers were used as detecting elements. These are in principle resistors 
with a strong negative temperature coefficient; the radiation is detected by a decrease of 
the bolometer resistance as a result of bolometer heating by radiation absorption. Two 
detecting elements were used: a reference bolometer detecting the incoming radiation 
and a transmission bolometer detecting the radiation transmitted through the sample. 
Care has to be taken to prevent FIR radiation reaching the transmission bolometer by 
multiple reflections from the walls of the insert. This was done either by positioning the 
bolometer outside the inner tube of the insert or by shielding it with aluminium foil as 
shown in figure 6.2. To improve the signal to noise ratio the incoming radiation was 
chopped, making possible the detection of the bolometer signals by lock-in techniques. 
The transmission signal was divided by the reference signal to eliminate fluctuation of the 
incoming radiation intensity. The incoming radiation was concentrated on to the sample 
by a cone mounted just above it. 

6.1.4 Interpretation of experimental results 

The type of spectroscopy performed in this work uses a source emitting radiation of 
discrete energies, i.e. the OPFIR laser. The normalised transmission is measured as a 
function of magnetic field; this procedure is repeated for a set of about 20 different laser 
lines. Resonant transitions are seen as dips in the transmission signal (cf. figure 6.3). 
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Fig. 6.2: Experimental set-up of the CR transmission measurements. On the left the 
insert for the perpendicular-field measurements is shown, and on the right 
the insert which allows the sample to be rotated. 

The energy spectrum of a high-carrier-density heterojunction (see section 2.2) is in
vestigated by measuring the resonance energies of different CR transitions Etti(B) —» 
Ehi+i(B). We define a cvclotron mass (at perpendicular fields) m*(ß) as: 

heBcK 
тп:іВ) = 

^FIR 
(6.1) 

where ECR(B) is the resonance energy Ε,,ι+^Β) — EltL(B) and the subscript ι denotes 
the subband index. 

If we tilt the sample with respect to the field, В must be replaced by ß cosö , where 
θ is the tilt angle. In the general case of a tilted field it is possible to define an effective 
mass m*(B) according to [21]: 

hcBcn cos θ 
т;(В, ) = 

^FIR 
(6.2) 

The latter equation should yield a value of m', which is independent of θ in the case of 
a perfectly two-dimensional system; in a real 2DEG the value of this effective mass gives 
additional information about dimensionality effects, particularly transitions from 2D to 
3D behaviour, and subband-Landau-level coupling. 

In a non-parabolic semiconductor m* is dependent on the kinetic energy of the elec
trons; this means that m' depends on the Landau and subband indices of the levels par
ticipating in the CR. The following equation accounts for the GaAs band non-parabolicity 
[3, 4, 5, 22]: 
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l + | j * ( ( L + l)»u;c + <T,) s)) (6.3) 

where П7сад5 = 0.066rne is the GaAs band edge mass after correction for the non-resonant 
polaron contribution [5], кг is the GaAs band non-parabolicity constant with a value of 
1.4 ± 0.1. (T,). is the kinetic energy due to the i-th subband confinement and Es = 1.52 
eV is the bandgap of GaAs. At low FIR energies equation 6.3 can be written as: 

1 - - -Ï— (l - 1-84 · 10- 3 (ЕР,. + СГ.)г)) (6.4) 
' " C R ' "GaAs V / 

where ЁР,г is the Fermi energy relative to the bottom of the i-th subband. Equation 6.4 is 
approximately valid also at high fields because electron-electron (Coulomb) interactions 
[23) lead to the occurrence of one combined interacting CR and almost no filling factor 
dependent oscillations of m* are observed in high-carrier-density 2DEG's. 

In the quantum limit however we have only the L = 0 —» L = 1 transition; this means 
that we get the following effective mass: 

- 4 - = - ? - = - . — (l + 2 ^ ( ^ c + {T,)z)) . (6.5) 
m C R m0_x m G a A s \ E^ ) 

From these considerations we get an effective cyclotron mass which is a constant as a 
function of field below the magnetic quantum limit. At higher field values the effective 
mass increases approximately linearly with field. 

A possible occurrence of oscillations in m*(B) as a result of band non-parabolicity 
(equation 6.3) is only one of the effects of the Landau level filling factor; it is this filling 
factor that is a crucial parameter as it determines the density of states at the Fermi level; 
most electronic properties of a 2DEG depend on the latter quantity. As a result of this 
dependence we see that many quantities are periodic in the inverse magnetic field, e.g. 
transport properties, specific heat and magnetisation. Another important quantity is the 
joint density of states (JDOS) of the CR at a given FIR energy (for a definition see Ref. 
[31]). The JDOS shows also an oscillatory behaviour as a function of filling factor; the 
exact relation depends also on the behaviour of the effective masses of the transitions 
participating in the CR and on the Landau level width. As a result of this type of 
oscillation the CR transmission as a function of field can also show oscillatory behaviour; 
this has been predicted by Ando [1, 24]. This behaviour is favoured by the combination 
of a large level broadening and a filling factor in the intermediate range (approximately 
between 10 and 40), so that several oscillations occur within the CR linewidth [1, 24, 25]. 
We have observed these oscillations in the transmission of sample A 227 (see next section). 
They are only one particular example of the influence of different parameters on the CR 
lineshape. 

From the CR lineshape information about electron scattering times, screening, electron-
electron interactions etc. can be obtained. An important parameter is the Full Width at 
Half Minimum (FWHM), denoted by Г. In the usual sense Г is a CR broadening param
eter, being a measure for the level broadening of the initial and final Landau levels Ε,,χ, 

and EuL+i at a fixed field value. But in a field sweep experiment one gets a resonance 

field broadening parameter Гд(о). which is in first order related to Г at a fixed value of 
θ by: 
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where Г is written as Г^ to refer explicitly to the resonance energy broadening at a fixed 
magnetic field. 

At large fixed tilt angles the behaviour of the FIR transmission can be very compli
cated because of a combination of different effects occurring simultaneously. As both the 
perpendicular and the parallel field component change in a field sweep at a fixed tilt angle, 
we get a combination of several filling factor related effects and influences of the changing 
relative subband diamagnetic shift and subband-Landau-level coupling. The same hap
pens in a tilt angle sweep at fixed field amplitude. This means that the interpretation 
of spectroscopic results with a fixed energy, and swept field amplitude or tilt angle, is a 
task of considerable difficulty. Ideally these results should be combined with experiments 
with fixed field and tilt angle, and swept energy, as these exclude all the above-mentioned 
influences. 

6.2 Experimental results and discussion: Perpendicular field 
Cyclotron Resonance 

6.2.1 Sample A 227 

We have performed several series of swept field, fixed energy FIR transmission experiments 
on the samples described in section 3.2. Each scries of measurements consisted of taking 
transmission curves as a function of field for about 20 different laser energies. Each 
complete series of measurements has been performed at fixed sample conditions: the 
number of carriers has not been changed within each complete series. The carrier density 
has been checked both before and after the transmission experiments by m situ Shubnikov-
de Haas measurements. The Shubnikov-de Haas analysis showed the number of carriers 
in each subband to remain constant within an experimental error of about 1%. 

A typical trace is shown in figure G.3. Typical results show the following important 
features: a very large broadening of the CR dip, and either an asymmetric lineshape or the 
occurrence of a second CR dip, which is much smaller both in width and in depth. This 
second dip always appears at the low-field side of the main CR dip. The large broadening 
can be attributed in part to the high carrier densities of our samples: the apparent CR 
linewidth consists of a sum of two terms, as follows from the dielectric response of the 
complete sample; this has been calculated with a Drude model [26]. The apparent CR 
linewidth is given by [10, 11] 

TË = 2 (^- + Mi) , (6.7) 

where ген is the CR relaxation time and 

Ne2 

Ω - — ., (6.8) 
eoC)T?*(l + nGaAs) 
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Fig. 6.3: Typical trace of the FIR transmission through a hetero structure with two 

occupied subbands, m this case sample A 227. 

where riGaAs is the refractive index of GaAs. 

The second dip is due to the second subband electrons: as these have a lower effective 
mass due to GaAs band non-parabolicity. CR occurs at a lower field value for the same 
FIR energy. This second CR dip is much smaller because the second subband carrier 
density is only a small fraction of the lowest subband density. At low FIR energies the 
second dip is not resolved and we see one asymmetric CR dip. 

Figure 6.4 shows the effective masses and CR linewidths measured on sample A 227 
at the saturated carrier density iVs = 1.68 χ 10 1 Gm" 2. The lowest subband cyclotron mass 
shows to be approximately constant as a function of FIR energy: because of the high 
earner density filling factor effects are rather weak and fluctuations in the lineposition are 
smeared out by the large broadening. 

The lowest subband cyclotron mass, averaged over all FIR energies we have used, has 
a value of 0.07615 ?ne; this large value is due to the high Fermi energy. The effective 
mass values extracted from the second subband CR line positions appear to be much 
lower than the lowest subband effective masses: their averaged value is 0.07035 7ne. They 
increase slightly with FIR energy, roughly in accordance with the effect of GaAs band 
non-parabolicity on the L = 0 —» L = 1 cyclotron transition. 

For the second subband effective mass however, an extra complication arises. From the 
Shubnikov-de Haas analysis we know the second subband to be in the quantum limit at 
fields above about 4T; as the second subband CR is only resolved at higher fields, we see 
only the L — 0 —* 1 transition and гп^д, would be expected to increase monotonically with 
field. However, we see an oscillation in fflcRi around a total filling factor of 6 (this occurs 
at EFIR » 19 meV) At this filling factor the second subband would be empty in the case 
of ¿-shaped Landau levels with a small spin-splitting and E\Q = 42 meV (see section 4.1). 
This value has been obtained from subband carrier densities extracted from Shubnikov-
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Fig. 6.4: Effective masses and CR hnewidths measured on sample A 227 after satu

ration of the carrier density by a red LED. 

de Haas analysis and integration of the subband DOS from the subband edges to the 

Fermi energy; conduction band non-parabolicity has been taken into account. But the 

experimental results show a second resonance in this region, indicating a slight occupation 

of the second subband. This can be explained by a decrease of .Ею if the second subband 

occupation decreases; this change of Ею is an effect of the self-consistent change of the 

Hartree term in the confinement potential. This self-consistent behaviour leads to an 

intersubband energy Ею oscillating as a function of filling factor. The kinetic part of the 

second subband confinement energy also shows these oscillations; this explains the second 

subband cyclotron mass oscillations. The second subband kinetic confinement energy 

oscillations can be estimated as a function of laser energy. The method of extracting 

these oscillations from the experimental mass values is treated in section 6.2.3. 

At FIR energies bigger than approximately 2Ü meV the second subband mass tends 
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Table 6.2: Averaged subband effective masses as a function of sheet earner density for 
sample A 227. 

iVs(1015m-2) 
9.2 

10.6 
11.6 
16.7 

m'0{me) 

0.07315 
0.0738 

0.07415 
0.07615 

mî(m c) 
unresolved 
unresolved 

0.0691 
0.07035 

Eio(meV) 
27 

29.5 
31 
42 

JVo(1015m-2) 

8.74 
9.87 
10.6 
14.8 

M(10 l s m- 2 ) 
0.46 
0.73 
0.98 
1.93 

to increase more strongly with field than is given by the band non-parabolicity correction 
(6.3). This strong increase is probably due to resonant polaron effects. As the second 
subbancl carrier density is very low, the carriers are expected to be subject to strong 
polaron effects [5]: the i,L = 1,0 Landau level has many possible final states available for 
this virtual transition. Further experiments will be performed in the energy range between 
30 and 40 meV to investigate the second subband mass behaviour; however, it can prove 
to be difficult to get a second subband resonance resolved because of second subband 
depopulation and strong broadening of the main resonance. Moreover, this energy region 
is in the GaAs reststrahlen band, so that the CR has to be measured in reflectivity [5]. 

In table 6.2 the subband effective masses, averaged across the FIR energies at which 
a CR is resolved, are given as a function of sheet carrier density. Both subband effective 
masses increase with carrier density. These increases are a result of the increase of £?,, + 
(T,); with carrier density. Also the relative subband energies Ei0 are given; these are 
derived from the subband carrier densities and the averaged mass values. We see that the 
effective mass of the lowest subband electrons tends to increase more strongly with Ns 

than the second subband effective mass, as far as can be concluded from the last two rows 
of table 6.2. This indicates that the potential energy part of the subband confinement 
energy increases more strongly as a function of Na for the second subband than for the 
lowest subband. 

The CR linewidth of the main resonance is approximately constant at energies ex
ceeding 15 meV, with weak maxima around the integer filling factors 4 and 6. At lower 
FIR energies large fluctuations in the linewidth appear; they are not clearly related to the 
filling factor. In this energy range the main resonance is not completely separated from 
the second subband CR, so the latter can influence the determination of Гв of the main 
dip. For a more exact determination the measured lineshapes have to be compared to 
model calculations. The linewidth has an averaged value of 0.87 ± 0.02 T. From equation 
6.7 it appears that both terms are comparable in size: the term due to the carrier density 
equals 0.39 Τ and hence the lifetime broadening has a value of 0.48 T, indicating a CR 
mobility of 4.2 in 2 V-'s l . 

According to figure 6.4 the second subband CR linewidth shows a maximum at ÌJFIR « 
23 meV. At the corresponding field value the lowest subband CR has an energy £FIR = 
(?n*/mS)x 23 = 21.7 meV, which is approximately equal to j-Eio- This means that the 
L = 0 Landau level of the second subband and the L = 2 Landau level of the lowest 
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subband are degenerate. As ν « 5 at this field value, the Fermi level resides within the 

energy range of the degenerate Landau levels. Because of this we expect an increase of 

intersubband scattering, which leads to the observed linewidth maximum. Because of 

the large energy intervals between the laser lines which are available, it is not possible 

to determine whether the above-mentioned Landau levels are degenerate within a finite 

field range, as follows from a self-consistent calculation of the subband Landau levels 

[27]. A different contribution to the linewidth maximum could be a maximum in the 

second subband occupancy as a function of field, leading to a maximum in the dielectric 

broadening (see equation 6.7). 

A lower bound of the second subband CR linewidth is approximately equal to 0.20 T; 

only the FIR energies at which a second subband CR was resolved are taken into account. 

The second subband carrier density iVi is about 1.9 x l 0 1 5 m " 2 , which is 13% of the lowest 

subband carrier density N0. As the contribution from the second subband carrier density 

is about 0.05 Τ we get a lifetime contribution of about 0.15 Τ indicating a higher bound 

of the CR mobility of 13 m 2 V _ 1 s _ 1 for the second subband. 

The CR mobilities are summarised in table 6.3 together with the average transport 

mobility and the subband quantum mobilities derived from analysis of the SdH amplitudes 

(see chapter 3). We see that the CR mobilities exceed the quantum mobilities. The 

Table 6.3: Subband CR mobilities compared with subband quantum mobilities and the 

average transport mobility (see chapter 3) for sample A 227 (section 6.2.1) 

and sample A 232 (section 6.2.2). 

Sample 

iV0 (10 1 5 m- 2 ) 

Ny (10 1 5 m- 2 ) 

^CRO (m2V V 1 ) 

MCRI K V - V 1 ) 

μ,οΚν-ν1) 
л,, K W 1 ) 
(μ) ( m ' V - V 1 ) 

spacer (nm) 

A 227 

14.4 

1.92 

4.2 

13 

1.36 

6.8 

8.5 

5 

A 232 

10.6 

1.02 

50 

40 

2.8 

9.5 

39 

10 

average transport mobility is just in between the values of the subband CR mobilities. 

As cyclotron resonance is a local transition, the linewidth is determined by potential 

fluctuations on a length scale comparable to the cyclotron radius or on a smaller length 

scale [1]. Longer range fluctuations affect the initial and final levels in a similar way 

and thus have almost no effect on the CR linewidth. Analysis of the SdH amplitudes 

probes the thermodynamic density of states, which is also sensitive to these longer range 

fluctuations, and thus gives a larger level broadening. 

In high fields the highly singular density of states leads to a strongly enhanced screen

ing which oscillates as a function of filling factor [28. 29]. This effect is expected to give a 

further decrease of the CR linewidth at non-integer filling factors. The relevant scatter-
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ing processes are also different in high fields as the wavevectors involved are determined 

by the field and not by the Fermi wavevector [30]. The above-mentioned effects on the 

linewidth are not so strong in our samples as in the samples investigated by Hopkins et 

al. [30]. because the spacer width in our samples is much smaller. 

The difference between the subband CR mobilities is also expected to be a result of 

screening. The second subband electrons are screened very well by the lowest subband 

electrons: the latter are predominantly between the former and the ionised donors in 

the (Ga,Al)Ab layer. Further the second subband has a higher CR mobility due to the 

fact that the spatial separation between the ionised donors and the subband envelope 

wavefunction is larger for the second subband. These two effects are expected to decrease 

with increasing spacer width because the average distance between the subband envelope 

wavefunctions remains approximately the same. As a result the subband CR mobilities 

are approximately the same in sample A 232, which has a wider spacer (see also subsection 

6.2.2). A comparable trend is seen in the ratio of the subband quantum mobilities μ4ι/μφ 

(chapter 3), which is ~5 for sample A 227 and ~ 3 for sample A 232. 

In section 6.1.4. quantum oscillations in the FIR transmission as a function of field 

have been described. In figure 6.5a a very clear example of this effect is given. Here we see 

the following, at the low-field side of the main CR dip the minima in the magnetoresistance 

coincide with the maxima in the FIR transmission, but at the high-field side the minima in 

the magnetoresistance coincide with the FIR transmission minima. At the low-field side 

of the CR the laser energy exceeds the cyclotron energy; this means that we get maxima 

in the joint density of states around odd filling factors. As a result we see maxima in the 

absorption, i.e. minima in the transmission signal at odd filling factors and transmission 

maxima at even filling factors. At the high-field side we get minima in the JDOS at 

odd filling factors (see also figure 6.5b). The oscillations are resolved in the filling factor 

range between 28 and 50 (spin-degeneracy included, but spin-components unresolved in 

the Shubnikov-de Haas oscillations); the FIR energy equals 2.64 meV. Also at higher FIR 

energies, up to the 6.66 meV line, we see a few weak oscillations; they occur especially at 

the high-field side of the CR. This is a result of the better resolution of the Landau levels; 

at still higher FIR energies the field spacing between the integer filling factors becomes 

too wide relative to the CR linewidth. At the low-field side of the CR it is difficult to 

distinguish between a quantum oscillation and a badly resolved second subband CR dip. 

6.2.2 S a m p l e A 232 

Several complete series of swept field, fixed energy CR measurements have been performed 

on sample A 232 after approximate saturation of the carrier density by a red LED. The 

carrier density showed a variation of 15 % between different measurement series; this can 

be a result of the carrier density saturation not being completed. But, as the sample 

had been warmed up between the different series, also the effects of thermal cycling and 

the exact manner of cooling down the sample come into play. However, the transmission 

as a function of field showed the same type of behaviour in all series of measurements 

in the FIR energy range between 2.64 and 31 05 meV. A few typical transmission traces 

are shown in figure 6.6. The trace taken at the 4.94 meV FIR laser line shows the type 

of behaviour that should be expected: a main resonance and a smaller resonance at the 
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Fig. 6.5: a) Typical example of quantum oscillations m the FIR transmission as a 
function of field; measured on sample A 227 after saturation of the carrier 
density by a red LED; EFlR = 2.64 meV. b) Joint density of states of the 
CR at different ratios of the incident FIR energy and the cyclotron energy. 
The doubly hatched regions indicate occupied states that can contribute to 
CR, the singly hatched regions indicate the corresponding final states. The 
JDOS is thus represented by the total of the two differently hatched regions; 
after Horst et al. [25]. 

low-field side of it; the smaller resonance is attributed to the second subband electrons. 

At the 12.02 meV laser line, and shorter wavelength lines, we observe a third resonance, 
which is attributed to parallel conducting carriers. The parallel conduction occurs after 
strong illumination of the samples and is discussed in chapter 5. At higher FIR energies 
(the trace taken at the 20.12 meV line) we see only one minor resonance; its sharpness 
indicates that it is due to the parallel conduction (see chapter 5). The disappearance of 
the second subband CR is due to the depopulation of the second subband; this will be 
explained below. 

From all resonance positions eifective masses have been extracted according to equa
tion 6.1; these effective masses obtained from one complete series of field sweeps are shown 
in figure 6.7a. This figure also shows bulk GaAs cyclotron masses as a function of laser 
energy measured by Hopkins et al. and Sigg et al. [32. 33]. The behaviour of the effective 
masses of the subband carriers shows in general the same trends that have been described 
in the previous subsection about sample A227. 
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Fig. 6.6: Typical examples of the FIR transmission through sample A232; Ns = 

1.16 x 1 0 i e m - 2 . 

Figure 6.7b shows the CR linewidths as a function of laser energy. We see the following 
general trends: the main CR linewidth shows roughly a constant value of 0.32 Τ with some 
fluctuations due to the total filling factor. The second subband CR has an approximate 
value of 0.08 Τ at relatively low laser energies, it shows a wide peak around EFm = 15.5 
meV with a linewidth value of 0.16 Τ which is due to either a maximum in Ni(B) or a 
maximum in the intersubband scattering or both (see the discussion of a similar maximum 
in the second subband CR linewidth of sample A 227). The resonance disappears at 
•EFIR > 18.5 meV due to depopulation of the second subband. 

If we compare the lowest subband CR linewidths with equation 6.7, we get a carrier 
density contribution of 0.28 Τ and a lifetime broadening contribution of 0.04 T; the latter 
indicates a CR mobility ¿ Í C R « 50in2V" ,s_ 1 , which is approximately equal to the zero 
field transport mobility. However, note that the high-field mobilities can be substantially 
different from the zero-field mobilities, due to oscillatory screening (see chapter 3), inho-
mogeneous broadening and differences in the scattering as the relevant wavevectors are 
determined by the field. A lower bound of the second subband CR linewidth of 0.08 Τ 
is the sum of a density contribution of 0.03 Τ and a lifetime part of 0.05 Τ leading to a 
higher bound of the CR mobility of 40 m 2V ' s - 1 . This mobility is slightly lower than the 
lowest subband CR mobility; however, we have found that the second subband quantum 
mobility is higher than the lowest subband quantum mobility (see chapter 3). It has 
also been reported in earlier publications on subband quantum mobilities [9, 34] that the 
second subband has a higher quantum mobility. It must be stressed that the values of 
the CR mobilities are strongly prone to errors because of the large dielectric broadening 
(equation 6.7). 
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Fig. 6.7: Subband cyclotron masses (a), CR hnewidths (b) and kmehc confinement 

energies (c) as a function of laser energy taken from sample A232 after 

approximate saturation of the earner density. The effective mass values are 

compared to bulk GaAs cyclotron mass values [32, 33] and cyclotron masses 

from a heterojunction with Ns = 1.4 χ 10 1 5 m" 2 [5]. The sets of data are 

compared to the position of the Fermi level shown in (d); see next page. The 

latter has been calculated with a model published by Gobsch et al. [36]; see 

chapter 4. 
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The average subband CR mobilities are given in table 6.3, together with the quantum 
mobilities obtained from analysis of the low-field SdH amplitudes (see chapter 3) and the 
average transport mobility. It appears that the CR mobilities have the same order of mag
nitude as the transport mobility and that they strongly exceed the quantum mobilities. 
The underlying phenomena have been discussed in the previous subsection. The fact that 
the ratios ßcRo/ßqo and /icRi/^qi are bigger for sample A 232 is expected to be due to 
the larger spacer width in this sample [30]. The ratio between the subband CR mobilities 
is also different for sample A 232 compared to sample A 227: μόκο is slightly larger than 
/¿CRI in sample A 232. This effect might also be due to the larger spacer width in sample 
A 232. 

The second subband CR linewidth (shown in figure 6.7b) shows oscillations as a func
tion of field. These oscillations seem to be related to the total filling factor and the 
position of the Fermi level relative to the lowest subband Landau level. Therefore we 
think that the second subband CR linewidth is determined by oscillatory screening, in-
tersubband scattering and oscillations in the second subband carrier density; the latter 
affect the linewidth via the second term of equation 6.7. At a total filling factor ν = 4 the 
second subband depopulates and thus the resonance disappears. An instructive example 
of filling factor dependent subband carrier densities is given in [27], where a simplified 
self-consistent model of a two-subband system in a magnetic field is presented. The inter-
subband scattering is expected to be especially strongly dependent on the subband filling 
factors with peaks near coincidences of the ranges of subband Landau level crossings with 
the Fermi level. The subband Landau levels involved are expected to be degenerate within 
a finite field range due to the self-consistency of the subband separation Ею [27]. The 
fact that the third resonance survives up to higher fields can be explained by the states 
responsible for this resonance being spatially separated from the 2DEG. This is discussed 
in chapter 5. 
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6.2.3 Estimation of the subband kinetic confinement energies and the sub-
band separation 

The subband separation £10 is usually determined by intersubband resonance [35] or reso
nant subband-Landau-level coupling [12, 13]. Both methods do not measure the subband 
separation E10, but the intersubband energy Ею, which is shifted by depolarisation and 
exciton-like effects [14, 35]. These effects can be neglected at the second order subband-
Landau-level anticrossing Ею = 2/іа>с; but in this case large tilt angles are needed to 
resolve the anticrossing. This means that the diamagnetic subband shift becomes impor
tant. An alternative, but experimentally difficult method is the measurement of combined 
intersubband-cyclotron resonances in a stripline configuration tilted at 45° with respect 
to the field [21]. The subband separation is obtained by extrapolation of the resonances 
Ею — hw,. and Ею + hujc to zero field. As these resonances result from a second order 
process the depolarisation shift and exciton-like effect can be neglected [21, 35]. High-
carrier-density samples, in which a second subband is populated, permit the use of a 
completely different method to determine Ei0. In a semiconductor with a parabolic con
duction band we get a constant 2D zero-field density of states per unit area per subband: 

τη* 
D(E) = ^ (6.9) 

As we know the subband carrier densities N, from Shubnikov-de Haas analysis, we can 
extract the relative subband Fermi energy: 

*-*-щ)-£* (бло) 

and the subband separation Ею: 

Ею = Ег - E0 = ^ ( Λ Ό - Ν,) (6.11) 
m 

In a high-carrier-density GaAs-(Ga,Al)As heterojunction however, a correction to this 
result has to be made, as the GaAs conduction band non-parabolicity cannot be neglected. 
Our experimental results show increases of m* up to about 15% above the GaAs conduc
tion band edge mass. On the other hand this band non-parabolicity yields a method to 
estimate kinetic energies of electrons from the measured effective masses. As the effective 
mass is a monotonie function of the kinetic electron energy, this energy can be estimated 
unequivocally from the experimental results. The GaAs band non-parabolicity yields the 
following cyclotron mass at low cyclotron energies [5, 22] (see equations 6.3 and 6.4): 

-¡Γ- = -¡— ( l + ψ((Ετ - E,) + (T.),)) (6.12) 
m C R "»GaAs \ Ь і ! 

From the subband carrier density we obtain the subband Fermi wavenumbers: 

fer,, = sßnN, (6.13) 

The relation between the energy and the wavenumber in bulk GaAs is given by [22]: 
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where /!2А-2/2тдаА, is the kinetic energy in the absence of band non-parabolicity. In the 
case of a heterojunction we define a quantity At, which is similar to ft2^|/2mQaAs in bulk 
GaAs: 

Л = < τ·>' + ъ п ^ = <Т')г + WÎËY ( б Л 5 ) 

where кр^ is the in-plane Fermi wavenumber, (Γ,); is the i-th subband kinetic confinement 
energy and D0(E) indicates the zero-field subband density of states before correction for 
band non-parabolicity. As A, is related to h2klJ27n}¡eLAs and the kinetic part of the Fermi 
energy of the г-th subband electrons TF,, is related to (E — Ec) we can write: 

T F , = Аг Í1 + +A,) . (6.16) 

In evaluating our results we have to take into account the fact that the lowest subband 
has a filling factor between « 2 and Ä:20 in the range of laser energies that we used; the 
second subband is in the quantum limit. This means that the lowest subband cyclotron 
mass is the effective mass at the Fermi energy and the second subband cyclotron mass is 
related to the energy (Ti). + fi^FiR- From the lowest subband mass we get TF,o and by 
solving the equations 6.15 and 6.16 we obtain Ло, (2о)г and: 

E? - E0 = TF,o - (To), (6.17) 

As the second subband is in the quantum limit, we have to define a quantity A'^. 

A = (Τ,), + h ^ (6.18) 
"»GaAs 

where Bcm is the field position of the second subband CR. From the second subband 
cyclotron mass we get Лі according to: 

From the last two equations we obtain (7Ί)., and by using the equations 6.15 with ^ρ,ι 

and 6.16 values of Ai and Грд are obtained, and finally rough estimates of Ep — E^ and 
Ею can be extracted from Τρ,ι and (Γι).. 

This procedure can be applied at each separate laser energy so that an estimate of 
the oscillations in the subband kinetic energy (ΤΊ) ; as a function of laser energy can be 
obtained. An example of this procedure, applied to sample A232, is shown in figure 6.7c, 
where (Γι); is displayed as a function of laser energy, which is almost proportional to the 
field. In this figure the position of the Fermi level is also shown: Ef(B) has been calculated 
with a model published by Gobsch et al. [36]. The model has been described in chapter 
4; relevant model parameters are given in table 6.4. It appears that the decrease of ( Г ^ ; 
at Epm « 18 meV coincides with the approach of the depopulation of the second subband 
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Table 6.4: Relevant model parameters corresponding to the CR data shown m figure 6.7. 

parameter 
Wo 
Ni 
Ns 

Ею 
XQ 

Zl 

Го 
Γι 
9' 
m' 

assigned value 
10.38 xlO15 n r 2 

1.02 xlO15 m"2 

11.40 xlO15 n r 2 

31.5 meV 
0.25 
0.25 

0.75 meV 
0.1 meV 

2 
0.072 me 

near ν — 4, which corresponds to EFIR ~ 20 meV. At higher filling factors oscillations 

in (Гі) г are not clearly resolved. The corresponding data of (To)r are not indicative of 
oscillations as a function of filling factor. The general trend shows that {ΤΌ): is bigger 

than {Ti)2, contrary to the triangular well model [1]; this also indicates a very strong 

band bending. 

In conclusion we see a decrease of the second subband cyclotron mass at .EFIR ~ 18 

meV, indicating a change of the subband envelope wavefunctions near i/ = 4. This change 

is due to the depopulation of the second subband: electrons are transferred to the lowest 

subband, i.e. towards the interface, leading to a change of the conduction band potential. 

The above-mentioned effect is supported by self-consistent calculations [27, 37] of the 

subband separation Ею as a function of field: Ею is affected by carrier redistribution 
between different subbands. 

6.3 Tilted-field cyclotron resonance 

We have performed tilted-field CR measurements on sample A232 after approximate sat
uration of the carrier density by a red LED. The FIR transmission has been recorded 
by sweeping the field at fixed FIR energy and tilt angle. Traces have been taken at 
five different laser energies and a large number of tilt angles in the range between 0° 
and 55°. From these measurements additional information about the subband structure 
and the confinement potential can be obtained; also the dimensionality of the individual 
resonances is indicated by their field positions as a function of tilt angle. The crucial 
parameter determining the dimensionality is the ratio between the cyclotron radius and 
the extension of the subband wavefunction in the direction perpendicular to the interface 
[38]. 

Some typical traces are shown in figure 6.8. The left part shows the behaviour of the 
resonances at low tilt angles; .EFIR = 12 meV. We see the following general trends, the 
main resonance position shifts to higher fields according to the so-called cos θ law: the 
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Fig. 6.8: Some typical tilted-fidd CR traces. The left part shows the small-angle be
haviour indicating the dimensionality of the individual resonances; the large-
angle behaviour showing subband-Landau-level coupling is displayed m the 
right part. 

linewidth increases more strongly with angle than a 1/cosö proportionality. The two 
minor resonances broaden very ciuickly with tilt angle; finally they disappear completely 
(at an angle of about 15°). The fact that they merge can be ascribed to the broadening. 
The positions of these resonances seem to be independent of the tilt angle. 

The behaviour described here indicates that the lowest subband electrons have a 2D 
character; the broadening of the resonance at increasing tilt angles can be ascribed to 
coupling between different subband Landau levels [15, 39]; this coupling is far from the 
resonant regime. The minor resonances display an essentially three-dimensional character, 
except at the Efm = 7.60 meV line. This can be explained by the characteristic confine
ment lengths being larger than the cyclotron radius or the cyclotron energy exceeding the 
separation E21 between the third and the second subband [40], which indicates a small 
value of E2i(~ 10 meV). Such a small value indicates a low depletion charge [41], in which 
case the bending of the conduction band is rather strong. The parallel field depopulation 
of the second subband (see chapter 3) also indicates a small depletion charge. 

The fact that the second subband CR seems to broaden more rapidly with increasing 
tilt angle than the lowest subband CR can be explained by the fact that the lowest 
subband CR linewidth is determined almost totally by the carrier density dependent term 
of equation G.7; the lifetime dependent part is only a small fraction of the total linewidth. 
Thus the broadening behaviour of the second subband CR can be explained by a decrease 
of the quantum lifetimes of the subband carriers. This decrease of the lifetimes is assumed 
to be an effect of subband-Landau-level coupling and a decrease of the effective screening 
because of the depopulation of the second subband. Subband-Landau level coupling leads 
to a mixing of wavefunctions, which is thought to lead to an increase of the number of 
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possible final states in scattering events. This is an effect of the change of the Fermi surface 
in the case of a tilted field. Especially near the resonant subband-Landau-level coupling 
regime this increase of scattering is expected to be important. A strong broadening of the 
CR lineshape near the resonant coupling is also indicated by [21]. fig. 1, [15], figs. 3 and 4, 
[39], fig. 1 and [2], fig. 1. Moreover, those figures present the results of fixed field, swept 
energy measurements so that the effects described in the sections 6.1 and 6.3.1 of this 
thesis and in Ref's [17, 40] cannot play any role. In swept field, fixed energy spectroscopy 
an additional broadening is observed, which is due to the decrease of the field derivative of 
the cyclotron energy as a result of anticrossing behaviour (see the sections 6.1 and 6.3.1). 

The resonance positions as a function of tilt angle are displayed in figure 6.9. This 
figure consists of polar plots of all observed resonance positions at five different laser 
energies. The positions are connected by lines as a guide for the eye. In this type of 
plot one can immediately recognise the dimensionality of the carriers responsible for a 
resonance. Two-dimensional behaviour finds expression in straight lines parallel to the 
5| | axis and three-dimensional behaviour leads to circles with the total field as a radius. 
From this figure we see that the lowest subband CR behaves essentially two-dimensionally. 
The minor resonances display a 2D behaviour at the £FIR = 7.6 meV laser line as far as can 
be concluded from the short angle range across which these resonances are resolved. At 
higher laser energies the second subband CR vanishes very rapidly so that no conclusion 
can be drawn concerning its dimensionality. A weak tendency towards a 3D behaviour 
can be extracted from the experimental traces (see figure 6.8). 

At high tilt angles we see a different type of behaviour: the lowest subband CR bends 
down towards the B\- axis and finally vanishes; at higher Bi a new branch appears. This 
branch shows a 2D behaviour again. These effects are ascribed to higher order (r >2) 
resonant subband-Landau-level coupling [15, 39, 42], which becomes important at high 
tilt angles, where the coupling term u>czpx sino (see equation 2.36) cannot be considered as 
a small perturbation. Because of the large diamagnetic shift contribution to the subband 
separation ^ ю the condition rhujc = Ei0+AE10 will be fulfilled at certain tilt angles {ΔΕι0 

indicates the relative diamagnetic shift [42]). Also the behaviour of our lineshapes, i.e. the 
fact that they broaden and become weaker, and an extra dip appears at the high-field side, 
which takes over the oscillator strength (see figure 6.8, right part), is in agreement with 
the observations reported in [42]. However, it is not possible to bring our CR positions 
in agreement with a well-defined anticrossing; we think that the г = 3 anticrossing is the 
most probable one. Therefore it is necessary to perform CR measurements at different 
laser energies near fractions 1/r of Ею obtained from SdH analysis (see chapter 3) for 
a set of fixed tilt angles. A better understanding can be achieved by completing these 
measurements with fixed field, swept energy experiments at different tilt angles. 

6.3.1 Comparison of the lowest subband CR positions with second order 
perturbation theory and a coupled oscillator model 

It is also possible to present the tilted-field results in terms of an apparent effective 
mass according to equation 6.2. Figure 6.10 shows the positions of the lowest subband 
CR in terms of these masses, which are compared with two different models: second 
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main resonance and its anhcrossmg behaviour at three different energies, 

Ns =116 χ 101 6m 2 

order perturbation theory [15, 39] and a coupled harmonic oscillator model [16, 17] The 

perturbation approach starts from the Hamiltonian of a 2D electron in a tilted magnetic 

field (section 2 6 of this thesis and [35]) It results into the following expression, which is 

only valid if hui^ ι -C Ε,, [15] 

- ^ — = l - t a n 2 f ? 5 : 
7П*(Г 1,,) 2£1 ,1 (ftüJex/E,,)2 

i-(h^jE,,tr 
(6 20) 
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where m' is the effective mass at zero tilt angle. ;,«, is the intersubband dipole matrix 
element | ( і ' | : : | г) | ,£ , is the subband separation E,· — E, and u;c^ = eD^jm*. This ex
pression is evaluated as a function of tilt angle at fixed values of £ F I R = fi^ci; it is only 
valid if fit^ci <& Etit. The values of the different parameters are obtained as follows: m* 

is taken to be the effective mass at θ = 0° at the same laser energy, £10 is estimated from 
the low-field subband occupations NQ and Νχ and the measured effective masses at θ = 0° 
according to the procedure described in section 6.2.3 and zl0 is used as a fit parameter. 
Only the contribution of the matrix element zi0 is evaluated; coupling to higher subbands 
(г' > 2) is neglected [43]. As £21 is much lower than Ею second order perturbation the
ory is not valid to describe the influence of subband-Landau-level coupling on the second 
subband mass mj: we expect £21 to be in the range of the laser energies used in our 
experiments. Moreover, to evaluate equation 6.20 for the second subband it is necessary 
to take into account the second term in the series, in which the parameters £21 and Z21 
appear. Those parameters are very sensitive to the exact shape of the confinement po
tential, so that they are strongly field-dependent because of the self-consistent changes of 
this potential due to the oscillating subband occupations Л̂ о and iVj. Therefore estimates 
from zero-field self-consistent models [41, 44] need not be valid at high fields. 

Equation 6.20 can be evaluated in two different ways. If we take only into account the 
first term of the series we can put the equation into the form 

4(0°) _ , ^ , -
77,3(0) 

^ l - C t a n - ' ö , (6.21) 

where С = mJ(5io)2£io/fi2 and .r = (Ерщ/Ею)7. This form can be evaluated by taking 
С as a fit parameter; we either take a fixed value of τ and variable 9 or vice versa. The 
value of £10 can be estimated from the measured subband carrier densities and effective 
subband masses. 

The coupled harmonic oscillator model [16, 17] starts from the following coupled oscil
lators: a harmonic potential well in the ^-direction, confining the 2DEG, and the Landau 
oscillator states due to a field В = (Вsinö,O.Bcosö). By use of the vector potential 
A = ( 0 , x ß ; — zBx,Q) the following eigenfrequencies are derived: 

1, 
-,,2 = §K a + Ω2) ± 2 A

4 + Ω 4 + 2 П 2 К 2 | - *L ) (6-22) 

where a;c|| = eB sino/ 777*, avi = eB cos θ/m* and Ω = Ею/п. From this equation the 
following relation between the laser energy .Е т and the resonant field Бек is derived: 

^ =

 eJ™ = Шгт

 Ω 2 - "'m ( б 23) 
777* \ Ω 2 COS2 θ — Ы р щ 

where m* is the effective mass at θ — 0° and the same laser energy. From the latter 
equation we extract the apparent tilted-field cyclotron mass τη*{θ). which is defined by 
equation 6.2: 

m'{0») L W o s 2 θ - ( u W ü ) 2 ' W " ) 2 (6.24) 
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The following marginal notes have to be made: 

1. The model only takes into account the full-field coupling of the levels |г, L + 1) and 
\i + l,L). This is a consequence of the well-defined r-parity of the harmonic oscillator 
functions and the fact that all subband separations (Ег+і — E,) are constant (see 
also [40]). In a real potential well also couplings between fiu;c and E,o or between 
rhiijç and Ею (r-th field coupling) are possible. This is related to the fact that the 
classical motion in a real potential well has different Fourier components, while a 
harmonic oscillator only has a fundamental frequency. 

2. The model leads to a gap in the energy spectrum between Ею cos θ and E10; at 

laser energies in this range no resonance can be observed. In a real heterojunction 

the corresponding gap is smaller because of the very different shape of the poten

tial well which is asymmetric [40]. The presence of these gaps leads to pinning 

of the resonance energy and a strong linebroadening in a fixed energy, swept field 

experiment. 

3. The model does not take into account band non-parabolicity. The only correction 

we can make is taking the observed cyclotron mass as ?n*(0o); at each laser energy 

this mass will have a different value. The mass is expected to be almost independent 

of tilt angle as B± is approximately constant. 

4. Filling factor effects are not taken into account. 

The experimental results have been compared with fits of second order perturbation 

theory and the coupled oscillator model. Second order perturbation theory has been fitted 

to the lowest subband CR with С as the only fit parameter (see equation 6.21); in this 
way a value of С has been obtained at each separate laser energy. Table 6.5 shows the 
approximate values of гю derived from the values of C; also approximate filling factors 

Table 6.5: Approximate values of the tntersubband dipole matrix element zw m sample 
A 232 at different laser energies; the earner density has been saturated using 
the Persistent Photo Conductivity (PPC) effect. 

EFIR (meV) 

7.60 
10.43 
12.02 
12.85 
17.58 

:io (nm) 

40 
1.04 
2.0 
30 
1.73 

И-) 
9.8 
6.5 
5.7 
5.4 
3.9 

are given. It appears that гю is strongly dependent on the laser energy (= filling factor). 
Two different effects are held responsible for this behaviour. Due to the rearrangement of 
carriers between the subbands the Hartree potential is field-dependent; this in turn makes 
the shape of the confining well and thus the dipole matrix element сю field-dependent. 
Secondly the behaviour of the CR positions can be influenced by higher order resonant 
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stibband-Landau-level coupling, which is not described by second order perturbation the
ory [21]. We assume that the very low value гю = 1.04 nm at Ерщ = 10.43 meV is an 
effect of resonant coupling of order 3, as Е-ю га Зх 10.43 meV. A different effect is shown 
in figure 6.10 to occur at a high tilt angle of « 40° and ¿Vm = 12.85 meV: the effective 
mass ratio makes a jump from « 0.97 to « 0.90 within an angle interval of RS 3°. We think 
this to be due to a swap-over from Зпшрщ > Ew + ΔΕΜ to 3^U)F I R < E10 + ΔΕΜ due to 

an increasing diamagnetic shift Δ ^ ο . The same effect is also seen at the laser energies 

EFm = 12.02 meV and Егт = 10.43 meV. It is also confirmed by tilted-field CR data 
from (Ga,In)As-(Al,In)As heterojunctions [42]. The values displayed in table 6.5 should 
be compared with values of zi0 between 1.2 nm and 2.2 nm reported by Wieck [15] for 
carrier densities in the range 6.0-6.3 x l0 1 5 m~ 2 after illumination. 

From figure 6.10 we also see that the coupled oscillator model exaggerates the coupling 
strength. We have used a value Ew = 32 meV, which is an upper bound of the error 
range of £io; at lower values of Ею the model yields even a stronger coupling. This 
discrepancy is due to the shape of the confining well; as this is very asymmetric, the 
subband wavefunctions have no well-defined parity, which is one of the reasons of a weaker 
coupling. Further we see that the higher order resonant couplings give rise to extra gaps 
in the energy spectrum, for which the coupled oscillator model does not account. 

Finally the following remark has to be made: as tilting changes the relative positions 
of subband Landau levels, it gives rise to transfer of carriers between the subbands. 
This leads to self-consistent changes of the subband separation and pinning effects of the 
г, L = 1,0 Landau level to the Fermi level. These effects are not taken into account either 
in second order perturbation theory or in the coupled oscillator model. This may also be 
a cause of the apparent dimensionality change from 2D to 3D between .EFIR = 7.60 and 
10.43 meV. 

6.4 Summary, conclusions and recommendations 

We have measured both perpendicular field and tilted-field cyclotron resonance of GaAs-
(Ga.Al)As heterojunctions with two populated subbands. We found a very large difference 
between the subband effective masses, indicating a large difference between the average 
potential energies of both subbands. From the measured effective masses and the GaAs 
conduction band non-parabolicity we have derived the kinetic parts of the subband con
finement energies. The second subband has in general a lower kinetic confinement energy 
than the lowest subband, contrary to the subbands in a triangular well potential. This 
indicates a strong GaAs conduction band bending. Near a Landau level filling factor u=4 
we found a change in the second subband kinetic confinement energy of approximately 10 
meV, indicating the importance of self-consistent changes in the shape of the confining 
well. With help of the subband carrier densities obtained from Shubnikov-de Haas anal
ysis (see chapter 3) approximate values of Eia have been obtained; these values support 
the conclusion that the depletion charge is very small. Furthermore the depopulation of 
the second subband by a parallel field (see chapter 3) supports this conclusion. This is 
in agreement with a light-induced shift towards accumulation-layer-like behaviour. Also 
the strength of the self-consist ent changes in the subband confinement energies and the 
GaAs conduction band bending lead to the conclusion that the confining well is governed 
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Fig. 6.10: Comparison between the lowest subband CR positions, second order pertur

bation theory and a coupled oscillator model; the mass ratio is defined as the 

ratio between a purely 2D behaviour of the CR positions and the experimen

tal behaviour. The jump m the experimental values m the upper diagram 

near θ = 40 0 is expected to be due to higher (probably third) order resonant 

subband-Landau-level coupling. 

by the 2DEG and (almost) not by the depletion charge. 

Tilted-field results show the importance of higher order resonant subband-Landau-

level coupling, visible as jumps in the ratio between a purely 2D behaviour and the 

experimental behaviour of the CR positions as a function of tilt angle at fixed laser 

energy. The importance of self-consistent effects is indicated by the different values of the 

intersubband dipole matrix element zi0 at different resonant fields. The behaviour of the 

minor resonances shows the second subband to depopulate due to the relative diamagnetic 

subband shift. 

Further experiments have to be performed to reveal the exact shape of the confining 

well. We suggest the following procedure to investigate subband-Landau-level couplings: 

start doing a complete series of fixed field, swept energy (interferometer) transmission 
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measurements, in which the field is tilted a few degrees with respect to the direction 
perpendicular to the 2DEG. The set of field values should be dense enough to see at least 
full-field subband-Landau-level coupling. After the resonant coupling region has been 
found, attention should be concentrated on this field region and the regions at about 
half and one third of this value. Then the experiments should be repeated at larger tilt 
angles and the resonant coupling regimes should be traced. We think that it is possible 
to explore in this way how the resonant coupling regimes develop and shift in field with 
increasing tilt angle, giving more insight into the behaviour of .Ею cis a function of tilt 
angle and field. 
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Chapter 7 

Magnetisation and Magnetoresistance 
Measurements of ( N d , P b ) M n 0 3 

Compounds 

ABSTRACT 

The mixed-valence cubic perovskite magnetic semiconductor Ndo.sPbo.sMnOs has been 
studied using magneto-transport and magnetisation in fields up to 20 T, and in the tem
perature range 1.5 К < Γ < 350 К. The material shows the onset of ferromagnetism at 
T0 = 184 ± 1 K. with complete order achieved at around 145 K. Other (Nd,Pb)Mn03 
compounds studied show only a slight dependence of the characteristic temperatures on 
the Nd-content, indicating that the transition is due to the Mn-sublattice. Close to T0 

there is a large peak in the resistance: below this temperature the resistivity falls rapidly 
by over two orders of magnitude. Above T0 the conduction is dominated by the hopping 
of localised magnetic polarons, with an activation energy ~ 95 meV. The application of 
a magnetic field dramatically reduces the resistivity and shifts the peak to higher tem
peratures: for Τ > T0 this chiefly represents the délocalisation of the carriers due to the 
destruction of the magnetic polarons. Well below T0, where the conduction is due to 
delocalised carriers, a smaller negative magnetoresistance is observed due to the reduc
tion of spin-disorder scattering. These observations are in good agreement with recent 
spin-polarised neutron scattering data on the same samples. 

Parts of this work have been published in Physica В 155, 362 (1989) and J. Phys. (Condensed 
Matter) 1, 2721 (1989). 
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Introduction 

Since the discovery of high temperature superconductivity there has been a renewed in

terest in mixed-valence cubic perovskite compounds. In this chapter we shall describe 

the results of several experiments which investigate the conduction mechanisms of typical 

cubic perovskites: the compounds (Nd,Pb)Mn03. Neutron scattering measurements per

formed on one of these compounds indicate magnetic fluctuations which are characteristic 

of conduction by hopping of magnetic polarons [1]. Pure NdMnOa has an orthorhombi-

cally distorted cubic perovskite structure, with the smaller Mn3"" ion occupying the body 

centre of the unit cell, the larger Nd3"1" ion at the corners and the oxygen ions at the face 

centres [2, 3], as indicated in figure 7.1 (the oxygen ions have been omitted for clarity). 

The substitution of P b 2 + ions on the N d 3 + sites leads to a mixed Μη 3 + / M n 4 + valence, 

o=Mn* 

• = Nd3* 

Fig. 7.1: Structure of the orthorhombically distorted cubic perovskite NdMnO^. 

Adding Pb removes the distortion almost completely: Ndf^Pbo^MnOs is 

approximately cubic with a lattice constant a = 3.87 x КГ10 m (obtained 

from X-ray analysis [1]). The oxygen ions have been omitted for clarity. 

which gives rise to conduction [4], as in (La2,Sr)Cu04 [5]. We have performed magneti
sation measurements on five (Nd,Pb)Mii03 samples taken from flux grown boules and 
one monocrystalline sample; the samples have been grown at the Clarendon Laboratory, 
Oxford. United Kingdom. In addition magneto-transport measurements were performed 
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on two of the flux-grown samples cut into bars with their long axis along either the [100] 
or [110] directions. 

In the first, section of this chapter we will give a short description of the samples and 
the experimental apparatus. In section 2 the magnetisation results are described and 
discussed in terms of different types of magnetic ordering and the influence of conduction 
electrons on the magnetisation. The magnetoresistance is described in section 3, which 
also discusses conduction by magnetic polarons. Finally our results are compared to 
results of neutron scattering experiments performed on samples cut from the same boule 
as three of our samples. 

7.1 Experimental set-up 

7.1.1 Samples 

Table 7.1: Characteristics of the (Ш.РЬ)МпОз samples. 

sample 

N1 
N2 

N3 
N4 

N5 

N6 

weight 

(mg) 
293.90 
103.24 
106.6 
72.1 

114.64 

7.57 

formula 

Ndo.soPbo.soMnOs 

Мо.5оРЬо.5оМпОз 

Ndo.soPbo.soMnOa 
Nd0.80Pbo.2oMn03 
Ndo.ToPbo.aoMnOa 

Ndo.soPbo soMnOa 

dimensions 
1 χ w χ h 

8.60 χ 2.55 χ 1.85 

5.55 χ 2.00 χ 1.35 

powder 

3.25 χ 2.50 χ 1.50 

3.50 χ 2.80 χ 3.30 

1.00 χ 1.00 χ 1.00 

In Table 7.1 we have listed the characteristics of the six samples used in the experi

ments. These samples were grown at the Clarendon Laboratory, Oxford, United Kingdom. 

In this work they will be labelled N1 to N6, with: 

• N1 —» Ndo.sPbosMnOs bar cut along (110) axis (low resistance sample) 

• N2 —» Ndo.sPbo.sMnOs bar cut along (100) axis (high resistance sample) 

• N3 » Ndo.sPbo.sMnOs powder 

• N4 —» Ndo.ePbo^MnOj bar (It should be noted that also regions with higher Pb 

content were found) 

• N5 -> Ndo.yPbo зМпОз bar 

• N6 -> Ndo sPbo.sMnOa single crystal 

Samples N1 - N5 were prepared by the flux growth technique [6]: the samples N1 - N3 
actually come from one flux grown boule. In figure 7.2 the position of samples N1 -
N3 is indicated, where the powder sample came from grinding the remnants after the 
samples XI and N2 had been cut off. Electron Probe Micro-Analysis (ΕΡΜΑ) [7, 8] was 
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Fig. 7.2: Original crystal of (М<і,РЬ)МпОз material. We have indicated the place of 

the samples N1 (low resistivity) and N2 (high resistivity). The remnant of 

the crystal was ground to powder (sample N3). 

used to check the N d 3 + / P b 2 + ratio in the N1-N3 samples, and powder and single-crystal 
neutron diffraction indicates that the Pb has almost totally removed the distortion of the 
perovskite structure, so that NdosPbosMnOs may be regarded as cubic [9]. Samples N4 
and N5 enable a study of the influence of the Nd/Pb ratio on the magnetic structure and 
ordering to be performed. The compositions of N4 and N5 were determined by EDAX 
(EDAX is a surface composition analysis technique; see refs. [7, 8]). The monocrystal 
N6 originates from the same material as samples N1-N3. It is used to investigate the 
symmetry of the magnetic ordering mechanisms with respect to the crystal axes. 

All the magneto-transport measurements were performed on samples N1 and N2, cut 
from one boule cis described above. The bars were typically « 10 χ 2 χ 2 mm 3 with the 

long axis along either the [100] (N2) or [110] (N1) directions and were provided with silver 

metallic contacts that were evaporated on the top and sides to give a "Hall bar" configu

ration. N1, which was cut from the centre of the boule, had a lower electrical resistivity 

than N2, which was cut from the edge. The composition of the centre of the boule is 

assumed to be uniform, but this does not exclude the possibility of surface composition 

variations (i.e., especially near the edge of the boule). These possible composition varia

tions will be referred to later in the discussion of the rather different resistivities of the 

two samples (see section 7.3). 

7.1.2 Experimental methods 

The low-field magnetisation measurements were performed in a PAR™ model 155 Vi

brating Sample Magnetometer ( VSM), mounted between the poles of a 1.25 Τ laboratory 

electromagnet. The sample may be rotated through an angle of 360° about the axis of 

vibration. 

High-field magnetisation has been measured in an integrating magnetometer, mounted 

in the bore of a 15 Τ Bitter magnet. The direction of the field coincides with the direction 

of vibration; this configuration permits no m situ angle-dependent measurements. The 

signal of the pick-up coils is fed to an integrating voltmeter, which integrates the signal 

128 Chapter 7 



across one half period of sample motion between the centres of the oppositely wound 
pick-up coils, the output is sent to a microcomputer and averaged after five half periods 
of sample motion With both magnetometers variable temperature cryostats allow the 
temperature to be varied from « 3 К to « 300 K. 

Temperature dependent magneto-transport measurements have also been performed 
in variable temperature cryostats mounted in a 15 Τ or a 20 Τ Bitter magnet. The 

temperature has been varied between « 3 К and « 350 K, with a stability of « 0.1 K; the 
accuracy of the temperature measurement with copper-constantan and gold-iron-chromel 
thermocouples is « 1 K. The current has been supplied by a Keithley 224 programmable 
DC current source; we have used currents between 0.1 and 10 m A, dependent on sample 
resistivity and temperature. Care has been taken to prevent sample heating: the measured 
resistance should be the same at a five times bigger current. Voltages have been measured 
by a PREMA 5000 DMM, a Keithley 195 system DMM and a Keithley 181 nanovoltmeter, 
which were read by a microcomputer. The field was varied in steps of 1 T; at each field 
value readings of each voltage probe were taken with forward and reverse sample current. 
The current was reversed to eliminate thermo-electric effects. After a complete series of 
field steps the field direction was reversed and the measurement series was repeated; this 
procedure should eliminate effects of Hall contact misalignment. 

7.2 Magnetisation results and discussion 

7.2.1 Experimental observations 

A typical set of magnetisation results is shown in figure 7.3. The data have been taken from 
the NdosPbosMnOa powder (sample N3). The magnetic susceptibility shown in figure 
7.3 is the apparent susceptibility χ which is related to the susceptibility with respect to 

the internal field χίη1 according to: 

where D is the demagnetising factor, which depends on the sample geometry; its value is 

between 0.30 and 0.64 for our samples (see table 7.2). The difference between χ and χιηί 

is important if D\inl > 1 or χ > j ^ . 

The curve of χ(Τ) can be divided into three different regimes. At high temperatures 

Τ > T0 the behaviour of χ is paramagnetic; it obeys the Curie-Weiss law: 

* = Si ( 7 · 2 ) 

where θ is the Curie-Wreiss temperature. The Curie-Weiss temperature can be extracted 

by extrapolating the linear part of the inverse susceptibility l / \ (Γ) curve to l/χ = 0. 

Below a temperature which we label T0 there is a strong increase of χ with decreasing 

temperature; at Γ = T0 the onset of spontaneous magnetisation (MSp) at zero applied 

magnetic field is also observed. This behaviour is characteristic of the onset of some 

ferromagnetic ordering at T0 = 184 ± 1 K. Furthermore we see the appearance of a 

shoulder in the inverse susceptibility near T 0. 
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О ЮО 200 300 
Temperature ( К ) 

Fig. 7.3: Susceptibility (χ) and inverse susceptibility (Ι/χ) of sample N3 

(NdQbPb(¡bMnO-i-powder). The inset shows the spontaneous magnetisation. 

Below T0 the magnetisation increases strongly, until it saturates at Γ = Tc, at which 

temperature full ferromagnetic order is achieved. The saturation of \ is assumed to be 

completely due to demagnetisation: if \,n t becomes very large (\ m t » 1//?), we find a 

saturation value \ = 1/D. The value of D can be deduced from the saturation value of γ 

in this way. T c is extracted according to the method of Rayl and Wojtowicz [11,12], which 

is based on the afore mentioned effect of demagnetisation. As the temperature is reduced 

below the onset of order the magnetisation for fixed low Hext increases, until finally it 

reaches a saturation value given by Hext/D (see figure 7.4), where D is the demagnetising 

factor. The point at which the M vs Τ curve turns over from the increase with falling 

Τ into the saturated behaviour is known as a "kink" or "elbow". Г с is established by 
extrapolating the "kink" position from the Μ (Τ) curves to zero # c x t . The "kinks" in 

figure 7.4 are indicated by arrows, and their position has been extrapolated to zero H^ 

to reveal Τ 0 = 145 ± 1 K. 

Below Tc the susceptibility is almost constant, until it starts decreasing again at Τ и 
10 К. This decrease is expected to be a result of the onset of a different type of ordering 
and possibly an increase of domain wall pinning [13]. 
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In figure 7.4 the magnetisation of the powder sample (N3) at low and intermediate field 

values is shown. It can be seen that at higher fields the kinks close to Τ = Tc become less 

pronounced and shift to lower temperatures. The temperature shift is a thermodynamic 

effect: at the "kink" two different macroscopic states of magnetisation have the same 

free energy [12]; the transition temperature decreases with increasing magnetisation. The 

smearing out of the kink is due to the non-uniform demagnetisation field in our samples. 

aSrMOyunit cell) 

50 100 150 200 
T(K) 

250 

Fig. 7.4: Low-field Tn,agnetisation data of sample N3 (Ndo 5P60 sMnOs-powder). 

At very low temperatures it is seen that the magnetisation shows a weaker tendency to 

decrease with falling temperature if the applied field increases. This decrease changes into 

an increase at higher fields: in figure 7.5 it is shown that the magnetisation increases with 

falling temperature across the complete temperature range if В > 1.3 T. The cross-over 
between both types of behaviour takes place in the field region between 1 Τ and 1.3 T. 

In figure 7.5 it can also be seen that the magnetisation does not saturate even at 15 T. 
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Fig. 7.5: High-field magnetisation data of sample N3 (Ndo.5Pbo$Mn03-powder). 

The samples N1 and N2 show approximately the same magnetic behaviour as sample 

N3. The most important differences in the behaviour of these three samples are shown 

in figure 7.6. The characteristic temperatures Θ, T0 and Tc are the same for all three 

samples, within experimental accuracy. However, in the temperature range between T0 

and Tc the magnetisation of sample N1 appears to be much larger than the magnetisation 

of the other two samples; between 160 and 180 К there is also a big difference between 

the samples N2 and N3. The magnetisation has been divided by its maximum value to 

emphasize the qualitative differences between the curves. 

The samples N4 and N5 show a somewhat different behaviour (see figure 7.7). The 

inverse susceptibility curves of these two samples do not show any shoulders. Further the 

susceptibility of sample N4 displays a different low-temperature behaviour: it increases 

with falling temperature. 

Finally we observe a small shoulder in the inverse susceptibility curve of sample N6, 

which is a monocrystalline cube of the same composition as the samples N1 - N3. This 

curve is shown in figure 7.8, where also an enlargement of the region near the shoulder is 

shown. 

7.2.2 Discussion of t h e m a g n e t i s a t i o n 

In Table 7.2 we have listed all important features of the samples studied. In addition val

ues for pure NdMnOs have been listed: the data were taken from Ref. [3] where θ = 112 К 

(ferromagnetic ordering of the Mn-sublattice), and Ref. [2] where TN = 91 К (antiferro-

magnetic ordering of the Mn-sublattice). It is clear that the characteristic temperatures 

T c , θ and T0 vary with composition, but we can definitely identifv the characteristic tem-

132 Chapter 7 



гМ/ЦмЛ-) 

Т(Ю 

Fig. 7 6: Normalised magnétisation curves of samples N1 (low resistivity), N2 (high 
resistivity) and N3 (powder). 

peratures with the ordering of the manganese sublattice: The Nd content of the samples 
affects the behaviour of the (spontaneous) magnetisation in the low temperature regime 
but does not affect the form of the magnetisation close to Tc very much. Further we see 
only a weak relation between the Nd content of the samples and the values of Tc and Г0. 
Therefore we attribute the ordering occurring between T0 and Tc to the Mn-sublattice. 

Extrapolation of l / \ gives a positive value of Θ, indicating that the order is ferromag
netic. Measurements of the neutron Bragg scattering as a function of temperature (see 
section 7.4) also indicate ferromagnetic ordering of the Mn-sublattice at T c [1]. 

A non-zero spontaneous moment could result in an antiferromagnetic lattice from the 
interaction of free carriers with the magnetic ions, leading to a ground state which is sta
ble if the moments are canted [14]. However, the magnetisation data for Ndo sPbo вМпОз 
are not characteristic of a canted antiferromagnet (e.g. [15]), and measurements of elas
tic neutron scattering as a function of temperature [9] show no evidence for magnetic 
scattering at half-Bragg positions. It is thus very unlikely that the Mn sublattices are 
antiferromagnetically ordered. 

On the other hand we observe a different low-temperature behaviour of the sample 
containing the largest percentage of Nd This indicates that the low-temperature magneti
sation is determined by some ordering of the Nd-sublattice. This might be ferriniagnetic 
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Fig 7 8· Susceptibility and inverse susceptibility of sample N6 (М(^5РЬ05МпОз 
monocrystal); the lower part shows a magnification of the region near the 
shoulder 
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ordering with respect to the Mn-sublattice, as suggested by the decrease of the suscep
tibility with falling temperature (see also similar results reported in refs. [15, 16]). The 
high-field behaviour, especially the fact that the magnetisation increases with falling tem
perature and the fact that it does not saturate even at В = 15 Τ, indicates a change to 

complete ferromagnetic ordering of the Nd and Mn sublatlices in high external fields. 

Table 7.2: Overview of the important magnetic properties of the (Nd,Pb)MnOs sam

ples. The columns labelled VK and PV give results obtained for pure 

NdMnOi by Vickery and Klann [3] and Pauthenet and Veyret [2] respec

tively. Note that two different types of order have been observed. 

sample 

onset of order T0 (K) 

full order Tc (K) 
Curie-Weiss θ (К) 

kind of order 

C»p (K) 

CWor (K) 
demagnetising factor D 

N1 

184 

145 
173 

ferro 
2.60 
1.13 
0.50 

N2 

184 

145 
173 

ferro 

1.75 
1.13 
0.50 

N3 
184 

145 
173 

ferro 
2.32 

1.13 
0.30 

N4 

160 

125 
147 

ferro 

1.40 
1.03 

0.35 

N5 

200 
145 
165 

ferro 
0.99 
0.56 
0.64 

N6 

183 
145 
175 

ferro 
1.79 
1.06 
0.36 

VK 
-
-

112 
ferro 

-
-

-

PV 
-

TN = 91 К 
-

antiferro 
-
-

-

The magnetic properties of the perovskite compound NdMnOj have been treated by 
assuming that the Mn lattice is antiferromagnetically ordered [2]. The Mn 3 4 ions within 
one lattice plane interact via an intermediate 02~ ion [14. 17], with an inter-ion angle 
close to 180°: with a less than half-full Sd-shell, the superexchange interaction between 
Mn ions in the same plane will be positive, leading to ferromagnetic order within that 
plane. Similarly a positive superexchange is favoured between alternate Mn planes: if this 
predominates, all of the Mn ions will order ferromagnetically [18]. It has been suggested 
that the ant ¡ferromagnetic order observed in some cases is stabilised by the Mn34 ions or 
by magnetoelastic effects [2]: any change of Mn valence, or substitution of the Mir i+ ion 
by the Mii4+ ion is likely to destroy this balance. For example, as mentioned above, pure 
NdMnOa has been shown to exhibit a variety of magnetic behaviours: ferromagnetic-type 
ordering was first reported, with a Curie-Weiss θ ~ 112 К [3], while subsequent work 
revealed antiferromagnetic ordering of the Mn sublattice at a temperature of around 91 
К [2]. LaMnOa was shown to behave as a ferromagnet when a high proportion of Mn 4 + 

was present, and as an antiferromagnet when the proportion was lowered [2, 13]. Thus 
the mixed valence of the λΐη ions, and/or substitution of the Pb ions for Nd are probable 

causes of the ferromagnetic behaviour of the Ndp sPbo jMnOa crystals. Lowering the 

lead content generally seems to lower the characteristic transition temperatures of the 

(Nd.PbJMnOa samples: in view of the discussion above, this is not unexpected as pure 

NdMnOs has lower transition temperatures. The fact that a large spread in behaviour 

of θ and Tc is observed rather than a systematic steady decrease with increasing Nd 

content, indicates the influence of inhomogeneities in sample composition. In addition, 

the enormous difference in electric transport behaviour of the samples N1 and N2 (see 

section 7.3), which have been cut from one boule, indicates inhomogeneities. 
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The Curie constants are also shown in table 7.2. It appears that all experimental 
values exceed the theoretical values, which have been obtained from the relation [19]: 

c = y ßoKg.UJ, + 1)/'в /7 3) 

where the summation is across all types of magnetic ions; N, is the density of ions of type 
г, J is the total angular momentum quantum number and g is the effective Lande p-factor. 
In the case of M n 3 + and M n 4 + the spin quantum number S must be used instead of J due 
to "quenching" of the orbital momentum L [19]. Equation 7.3 has been evaluated with 
sample composition data derived from EDAX results (EDAX is a surface-composition 
analysis technique). The number of formula unit cells in each sample has been derived 
from the measured sample mass and the mass of one formula unit cell. 

In a ferromagnet the magnetic susceptibility can be enhanced by conduction electrons. 
In the paramagnetic phase the magnetic moments add to the formula of the Curie con
stant [19, 20] (equation 7.3). If the temperature decreases and approaches To, interactions 
between the lattice spins and the spins of the carriers become important. These inter
actions tend to localise the carriers, together with Coulomb interactions with impurities. 
Depending on the strength of the interactions three cases may be distinguished: 

1. For a given temperature and magnetic field the combined action of the Coulomb 
attraction and the exchange interaction is insufficient to localise the electron, and the 
electron remains in the conduction band. Conduction electrons in the paramagnetic 
phase are expected to increase the susceptibility (uniformly throughout the crystal) 
relative to that of the pure crystal. The Curie-Weiss temperature θ may then 
increase [21]. If the material is ferromagnetic the Curie temperature Tc may increase 
due to conduction electrons, and the spontaneous magnetisation at 0 < Γ < Tc 
may be higher than in a pure material. For an antiferromagnetic material below 
ΓΝ, conduction electrons may lead to the canting of the sublattice magnetisations, 
resulting in a spontaneous magnetic moment [14]. 

2. If. for a given temperature and magnetic field, the Coulomb attraction is insufficient 

to localise the electron, but the additional exchange interaction succeeds in localising 

(or trapping) the electron, there are two possibilities [21, 22]: 

• When the electron or hole becomes localised near one of the shallow donors or 

acceptors a "bound magnetic polaron" (BMP) is formed. 

• When an electron becomes localised in an impurity-free region, a "magnetic 
polaron" is formed. 

In a ferromagnet the conditions for the formation of either BMP's or magnetic 

polarons are most favourable near T o When a BMP or a free magnetic polaron is 

formed, the localised electron polarises the Mn ions in its vicinity, via the exchange 

interaction, giving rise to a ferromagnetic spin cluster. These clusters enhance the 

magnetic susceptibility \ . However, it has to be noted that magnetic polarons and 

BMP's can exist only over limited ranges of temperature and magnetic field. A free 

magnetic polaron is stable in a very narrow temperature range; as a result of the 
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Coulomb interaction a BMP is localised across a much wider temperature range 

[22]. In particular magnetic polarons should disappear when the spins in the entire 

crystal become ferromagnetically aligned. At zero magnetic field, the magnetic 

polarons and BMP's cannot exist in a ferromagnet at Γ <g; Tc- The application of 

a magnetic field, which increases the magnetic order in the entire crystal, tends to 

destroy the magnetic polaron and BMP. In an antiferromagnet magnetic polarons 

and BMP's can persist down to Τ = 0. 

3. The Coulomb attraction (by itself) is strong enough to localise the electron (i.e., 

the case of deep impurities): i.e. the electron is bound to a deep impurity; this type 

of bound state is called a Magnetic Impurity State (MIS) [21, 22]. The electron's 

wavefunction has some overlap with the neighbouring ions. In this case the exchange 

interaction tends to polarise the ion spins in the vicinity of the bound carrier. In 

the paramagnetic regime this results in a cluster of ferromagnetically aligned ions 

near the impurity. The degree of spin alignment in the cluster increases as the 

temperature decreases towards the magnetic ordering temperature. The existence 

of spin clusters will lead to an increase in the paramagnetic susceptibility. Similarly 

in an antiferromagnetic crystal below TN, the presence of deep donors may lead 

to the formation of ferromagnetic spin clusters surrounded by antiferromagnetic 

regions [21]. 

We observe large differences between the Curie constants of different samples, espe

cially the samples N1 and N2. In the next section we shall see that the samples N1 and 

N2 show different electrical behaviour: sample N2 has a much higher resistivity than 

sample N1. Therefore we think that there is a relation between the value of the Curie 

constant and the presence of carriers [21]. The values of Ce^p are systematically larger 

than the theoretically determined Curie constants Ctheor.· The spread in Cexp of N1-N3 

can be explained by the different carrier densities in the samples: the slope of the inverse 

susceptibility is affected by the contribution of the carriers, and although T0, Tc and θ do 

not change, the carriers can determine the slope of \ ' [21]. 

The differences in the susceptibility curves of the samples N1 - N3 in the temperature 

range between T0 and Tc are also attributed to carriers, which are assumed to enhance 

the magnetisation particularly in this temperature range. The resistivity of sample N3 

is not known as it is a powder sample. Carriers are also assumed to be the cause of 

the shoulders in the inverse susceptibility near 180 K. Without this effect the curves 

would be expected to be similar to the corresponding curves of the samples N4 and N5, 

which are shown in figure 7.7. As the samples N4 and N5 have a smaller Pb content, we 

assume a smaller number of carriers; resistivity measurements have to be performed yet 

to check this assumption. We think that carriers are important also in sample N6, as the 

corresponding inverse susceptibility curve shows a shoulder. 

The enhancement of the Curie constants of all samples and the shoulders in the inverse 

susceptibility curves lead to the expectation that formation of ferromagnetic spin clusters 

around TQ is probable. In the paramagnetic regime these spin clusters can behave as 

particles with a very large spin quantum number, which contribute to the observed Curie 

constant according to equation 7.3. In order to investigate the nature of these spin clusters 

we have performed magneto-transport measurements on the samples N1 and N2. 
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7.3 Magneto-transport results and discussion 

As mentioned before, samples N1 and N2 were also studied in high-field magneto-transport 
experiments. They appeared to show a different electrical resistance behaviour: sample 
N1 has a much lower resistivity than sample N2. Here we present the results for each of 
the two samples separately. 

7.3.1 Sample N1 (low resistivity) 

Typical resistivity data of sample N1 are shown in figure 7.9. The results were taken using 
3=2 кАпГ 2 . A large peak is observed at Γ = 184 К close to the onset of ordering at To = 
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Fig. 7.9: Magnetoresistance of sample N1 (low resistivity) as a function of tempera

ture at several fixed field values. The inset shows the normalised resistance 

as a function of field at two fixed temperatures. Note that the temperatures 

have been chosen to be well below and above the ferromagnetic ordering 

point. 

184 K. At Τ = Tc the resistivity has fallen by two orders of magnitude. The application 

of a magnetic field dramatically reduces the resistivity and shifts the peak to higher 

temperatures. The resistivity reaches its minimum at around 50 K: as the temperature 

falls further it increases again. By comparison with the data of figure 7.3. it will be seen 

that this corresponds to the region in which the Μ (Τ) data show anomalous behaviour, 

corresponding to ordering of the Nd ions. According to the results of the magnetisation 
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measurements the Nel sublattice is ferromagnetically ordered at high fields, while at low 
fields it shows ferrimagnetic behaviour (see figure 7.5). 

Above approximately 184 К log ρ depends linearly on T " 1 , therefore indicating acti

vated transport. The activated behaviour of the resistivity in this region is indicative of 

0 5 10 V5 20 
B ( T ) 

Fig. 7.10: Normalised magnetore si stance at the transition temperature and well above 

this point (sample N1). 

conduction by magnetic polarons. As we have described before, a magnetic polaron con

sists of an electron which polarises the magnetic moments of the ions around it, forming 

in effect a small ferromagnetic region. Magnetic polarons are localised as a consequence of 

magnetic interactions or at impurities, so that conduction proceeds via thermal hopping 

of carriers [4, 21, 23]. On fitting the activated resibtivity in this region to a function of the 

form ρ = роеЕ кт. an activation energy of Ел = 95 ± 5 meV was found for the sample 
studied. The magnetic polarons can, however, only exist over limited ranges of tempera
ture and magnetic field close to the onset of ferromagnetism. At zero field, the formation 
of magnetic polarons will become impossible if the magnetic ions are ferromagnetically 
ordered, so that the hopping conduction behaviour will disappear in the Ndo sPbo sMnOs 
samples as the temperature is reduced below the onset of order. This explains the rapid 
fall-off in resistivity observed below this point [21]. Likewise, an external magnetic field 
will increase the ferromagnetic order in the crystal, so that the magnetic polaron for
mation will be inhibited [24, 25] This is seen in the rapid decay in resistivity as the 
magnetic field increases at all temperatures above and around T0: the largest negative 
magnetoresistance occurs close to the peak in the zero-field resistivity (figure 7.9). At a 
magnetic field of 1 5 tesla the activation energy for hopping is already lowered to Ел = 

80 ± 5 meV. 

Below the magnetic ordering temperature negative magnetoresistance is also present, 
as reported to be the case in EuSe [21]. This behaviour is attributed to spin-disorder scat
tering, which becomes smaller as the magnetisation throughout the sample approaches 
saturation. As the temperature decreases the region of strong negative magnetoresistance 
will move to lower fields and reduce in size [21]. Spin disorder scattering is due to fluctu
ations in the vector potential experienced by the spins of the carriers: these fluctuations 
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are communicated by the exchange interaction between the lattice spins and the carrier 
spin [26-29]. The fluctuations are caused by a random distribution of the lattice spin 
directions; as an external field aligns the lattice spins it suppresses the strength of the 
fluctuations. Near T0 = 184 К a very strong negative magnetoresistance at low fields due 
to the destruction of magnetic polarons (increase of n) and a decrease of spin disorder 
scattering (increase of mobility μ) is observed (see figure 7.10). At high fields the polarons 

are destroyed almost completely and a weak negative magnetoresistance remains, which 

is due to a further decrease of spin fluctuations [30]. At Τ < Tc or Γ 3> ï c only a weak 
negative magnetoresistance remains due to reduction of spin fluctuations and hence an 
increase of mobility μ. 

A definite estimate of the carrier density from the Hall data is hindered by the high 

lead concentration in the sample, which implies a large free carrier density. Together with 

effects of the internal magnetisation this allows only an order of magnitude estimate. 

The magnetic induction is composed of the internal magnetic field H,ni and the induced 

magnetisation M. As discussed before, a correction for demagnetisation effects was not 

necessary at В > 1 Τ and the carrier density could be estimated by using the equation 

Rn = l/ne = Ey/jjB [20]. The carrier density below 100 К is roughly constant at ~ 5 
χ 102 0 c m - 3 , giving a zero-field mobility at 100 К of ~ 1 cm2V ls~1. At temperatures 
close to and above the peak in the resistivity, the Hall data imply a mobility of ~ 0.1 
c m : ! V _ 1 s _ 1 and a free carrier density which is variable as a function of magnetic field and 
temperature in order to give the observed variation of resistivity. At the highest fields 
(> 10 T), the low temperature carrier density of ~ 5 x IO2 0 cm 3 is recovered. These 
features are also very indicative of the destruction of bound magnetic polarons. 

Sample inhomogenei t ie s 

Another reason for the difficulty in performing accurate Hall measurements is the presence 
of inhomogeneities in the samples. In figure 7.11 two photographs of sample N1 are shown. 
which have been taken using a polarising microscope. The photograph on the left shows 
a polished [110] surface; the magnification is 50 x. In the photograph on the right a 
small detail of the photograph on the left is shown; the magnification is 400 χ. We see 
that there are many cracks in the sample; the detail also shows the enclosure of a small 
crystallite, which looked quite different from the other regions under the microscope. 
Thus we think that the accuracy of the resistivity measurements is also limited by these 
inhomogeneities. The Hall measurements can only give an indication of the order of 
magnitude of the carrier density: in a magnetic field inhomogeneities lead to diversion of 
the sample current [31, 32], which causes deviations in the Hall voltage. 

7.3.2 Sample N2 (high resistivity) 

In figure 7.12 the result of the resistance experiment on sample N2 at zero magnetic field 

is presented. In comparison with N1 the behaviour above the ferromagnetic ordering 

temperature is quite consistent, although the maximum value of the resistivity is two 

orders of magnitude higher than in the low resistivity sample. The peak due to the 

magnetic polaron formation is approximatelv at the same position (at 184 K) and again 

is close to T0, the onset of ferromagnetic order in this sample. Above this temperature the 
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Fig. 7.11: Photographs of sample N1 made with a polarising microscope; the photo

graph on the right (magnification 400 χ ) shows a detail taken at the centre 

of the photograph on the left (magnification 50 x). The crystallite is situated 

near the centre of the photograph on the right. See text for comments. 

(logp) ( Γ - 1 ) plot reveals an activation energy of 120 ± 5 meV. Below T0 the resistivity 

decreases until 100 K. thereafter increasing again. It seems, from Hall data, that the 

carrier density (~ 101 8 c m - 3 ) is much lower, and this will lead to a weaker degree of 

electrostatic screening [33] than in sample N1. This means that the Coulomb binding 

forces of impurities and traps will not be so well screened out, and be stronger, leading to 

activated hopping due to carriers being bound by electrostatic forces alone [19, 20]. The 

high temperature activation energy is thus larger than that in the low resistance sample 

N1 due to the weaker screening [21,26-30]. It will also lead to an activated behaviour 

in the low temperature range due to electrostatic trapping. The weaker screening also 

leads to a stronger influence of spin disorder and Coulomb scattering; the former gives 

a relatively high negative magnetoresistance across a large temperature and field range 

(see figure 7.13). At very low temperatures the carriers freeze out into bound states; the 

corresponding activation energy is much smaller than the high temperature activation 

energy, which is due to a combination of Coulomb and magnetic interactions. 

The density of oxygen vacancies in sample N2 is expected to be higher than the 

corresponding density in sample N1, due to the fact that sample N2 has been cut from 

the edge of the boule, where the oxygen out-diffusion rate during the growth process will 

be higher. According to Oliver [34] the conduction in EuO samples is very sensitive to 

the ratio of the carrier density ;?c and the density of trapping centres nt. i.e. oxygen 
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Fig 7 12 Zero field resistivity of sample N2 (high renstmty) as a function of temper
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Fig 7 13 Normalised magnetoresistance curves of sample N2 taken at different tem

peratures, see text for comments 

vacancies If n c > n t there will be a number of excess earners in the band, which is 

equal to n c - n,, except at very high temperatures when a comparable number of carriers 

is thermally excited A similar balance between ric and nt possiblv plays a role in our 

samples thus the larger number of oxygen vacancies in N2 than in N1 leads to the removal 

of many of the carriers 
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7.4 Comparison with Neutron Scattering performed on the 
same samples 

Diffuse quasi-elastic neutron scattering can be used to study the structure and dynamics 
of point defects in crystals. There are two reasons to use neutron experiments. Firstly 
because the wavelength λ ~ 1 Á it enables observations to be made at higher resolutions 
than with visible light, and the second reason is that it is possible to study magnetic 
interactions using polarised neutrons. Coherent diffuse neutron scattering originates from 
local deviations from long-range order, i.e. neutrons scatter from distortions of the lattice 
or magnetic ion density associated with defects. Thermally induced ionic defects in fluorite 
crystals have been the subject of detailed study by this method [35, 36]. It has been 
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Fig. 7.14: Temperature dependence of diffuse neutron scattering close to [100] (o) and 
[110] (x) Bragg peaks. Curves are drawn a a guide to the eye. (a) Gaussian 
height (Bragg scattering), (b) Lorentzian height and (c) Lorentzian width 
(diffuse scattering)(see text for details). 

suggested by Gillian and Wolf [37] that the technique may also, in principle, be applied 
to a study of ionic polarons. In non-magnetic polaronic materials electronic conduction is 
caused by activated hopping of the carrier together with the lattice distortion associated 
with it. In magnetic materials the formation of magnetic polarons, in which the carrier 
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spin-polarises the magnetic ions around it, is also possible [21]. 

The technique of diffuse neutron scattering has been used to investigate the magnetic 
polarons in the crystals of Ndp soPbo 50МПО3. In this case the magnetic polarons cause de
viation from long-range order, as they represent a small region of spin-polarised magnetic 
ions. Neutron experiments were carried out by our collaborators on a variety of triple-axis 
spectrometers: IN12 on the cold source at the Institute Laue-Langevin for high-resolution 
inelastic measurements, TAS6 at Riso National Laboratory for elastic diffuse scattering 
measurements, and TAS7 at Ris0 using cold-polarised neutrons for polarisation analy
sis. Ndo.soPbo soMnOa was chosen for these investigations as good crystals (samples N1 
- N3), grown by the flux technique [6], were available. Measurements of the neutron 

BOK 140K 220K 

[Ι00]/ο· [100]/α· [100]/α· 

Fig. 7.15: Neutron elastic scans of Ndo soPbosoMnOs at three different temperatures. 

The pomts were measured m one octant of the [001J reciprocal plane using 

steps of 0.1 reciprocal-lattice units and the data are reflected m [110]. The 

Bragg peaks appear as squares because of the nature of the routines used to 

plot the contours (a) 80 K. (b) ЦО К, (с) 220 К. 

Bragg scattering as a function of temperature show that the transition, observed in the 
magnetisation at T0, corresponds to ferromagnetic order in the λΐη sublattice ¡1]. 

Elastic diffuse scattering measurements were made on two crystals of Ndo soPbo soMnOs 
taken from the same boule as the samples N1 - N3 and the results from both are in good 
agreement. Temperature-dependent coherent diffuse scattering was observed both close 
to and away from Bragg peaks. In figure 7.14 the height and the width of the diffuse 
contribution close to [100] and [110] peaks are shown, together with the height of the 
Bragg contribution. The data have been obtained by fitting a resolution-width Gaussian 
(Bragg contribution) and a variable-width Lorentzian (diffuse contribution) to α; — 2Θ 

scans across Bragg peaks. In the case of elastic Bragg scattering (figure 7.14(a)) there 

is a well defined change of intensity at T 0, whereas there is no obvious change in elastic 

diffuse scattering (figures 7.14(6) and 7.14(c)). Figure 7.15 shows contour plots of scat

tering in the [001] plane, with the contour chosen to display the weak scattering in the 

vicinity of Bragg peaks. Small Bragg peaks occur at half-points (e.g. [fOO], [ЦО]) due 
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Fig. 7.IG: Temperature dependence of magnon energies around the [100] Bragg peak: 

(0), reciprocal lathee vector q = (0.95,0,0); (*), q - (0.90,0,0). 

to a doubling of the (cubic) unit cell by the slight residual distortion of the lattice; these 

are three orders of magnitude weaker than other Bragg peaks. Diffuse scattering close to 

[100] and [110] peaks is strongly temperature dependent; further away the scattering cen

tred around [110] has a complex temperature variation, while that around [100] is almost 

temperature independent. 

The energy width of the coherent diffuse quasielastic scattering, which is related to 

the fluctuation relaxation time, observed as a function of temperature gives an activation 

energy of 80 ± 20 meV and a mobility of ~ 0.1 cm2V ' s - 1 for the regions of short-

range order, i.e. the magnetic polarons. These values are consistent with values derived 

from the transport measurements (section 7.3). The diffuse contribution to the scattering 

cross section increases with temperature, as more polaronic carriers become thermally 

activated. 

The magnetic transition is clear in the inelastic diffuse scattering (figure 7.16). Below 

140 К magnon branches are observed which soften as temperature is increased, and the 
magnon energy extrapolates to zero at 180 ± 5 K. Above this temperature the scattering 
becomes quasi-elastic, corresponding to a change from long-range to short-range magnetic 
order. 

Polarisation analysis provides a method for determining the cause of the diffuse scat
tering observed above T0. Using incident neutrons polarised parallel to the scattering 
vector and analysing the polarity of the scattered beam, magnetic and coherent nuclear 
scattering can easily be separated. All magnetic scattering is spin-flip scattering whereas 
nuclear coherent and isotropic incoherent scattering is non-spin-flip [38]. Polarisation 
analysis was only employed above T0, since depolarisation of the neutron beam was ob
served below T0, as expected for a multidomain ferromagnet. Figure 7.17 shows an ω — 2Θ 

elastic scan through the [110] peak at Γ = 208 К. The fact that diffuse scattering is ob
served for spin-flip but not for non-spin-flip scattering means that the diffuse scattering 
is magnetic, therefore conclusively identifying it with the polarons. Around this peak 
the nuclear contribution to the diffuse scattering is too small to distinguish within the 
errors. However, close to the non-magnetic Bragg peak [ | |0] a weak coherent nuclear 
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Fig. 7.17: ω - 20 scan across the [110] Bragg peak at 208 К using polarised neutrons. 
Circles and full curve, spin-flip scatter; crosses and broken curve, non-spin-
flip scatter. Curves are drawn as a quide to the eye. 

contribution is observed. 

In conclusion, we can identify the measured diffuse scattering with magnetic polaron 
hopping above T0. The magnetic polarisation caused by the carriers decreases as magnetic 
order increases and below T0 carrier localisation becomes negligible; this corresponds to 
the rapid fall in resistivity (see section 7.3). The mobility and activation energy derived 
from neutron scattering and transport measurements are in good agreement. Diffuse 
scattering due to lattice polarons has not been observed because of the strong diffuse 
magnetic scattering. Future studies on a non-magnetic polaronic conductor should provide 
a clearer indication of the possible usefulness of diffuse neutron scattering as a technique 
for investigating lattice polarons. 
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7.5 Summary and Conclusions 

The six samples studied show similar magnetic behaviour. Onset of ferromagnetic order 
is found in the region between 150 and 200 K, where the manganese sublattice begins to 
order [2, 3]. Full ferromagnetic order is achieved at temperatures ranging from 125 К to 
150 K. Partial substitution of P b 2 + for N d 3 + leads to different composition effects that 
can be detected in the properties of the different samples. Earlier experiments on pure 
NdMnOa show results that are rather different from our observations. Pauthenet [2] and 
Vickery [3] reported for pure NclMnOs a ferromagnetic and antiferromagnetic ordering 
respectively. In our Pb substituted (Nd,Pb)Mn03 only ferromagnetic order was found; 
the transition temperatures changed with composition. The reduction of the magnetisa
tion with decreasing temperature below 20 К is explained by the presence of the N d 3 + 

sublattice. It seems that the ordering of the neodymium sublattice opposes the orienta
tion of the manganese ions. A second result of the onset of ordering of the N d 3 + ions 
is the high value of the saturation field. Even the highest field (15 T) is not sufficient 
to achieve full ordering of the N d 3 + ions. This might also point to a antiferromagnetic 
exchange interaction between N d 3 + and Mn3"1 at low temperatures [13, 15, 16, 19]. The 
form of the Μ (Τ) curves between onset of order and full order, observed in the case of 

samples N1-N3 seems to correlate with the number of carriers and hence the number of 

magnetic polarons formed which act to enhance the magnetisation. The corresponding 

l/\ (T) curves show shoulders of different magnitudes near T0. The monocrystal N6 also 

shows a weak shoulder in the inverse susceptibility. 

The magnetoresistance data show that magnetic polarons dominate the conductivity 

in the region above the ordering temperature: activated transport with an activation 

energy Ел = 95± 5 meV (for sample N1) is observed there [9, 39]. The activation energy 
and mobility derived from our magnetoresistance measurements on sample N1 agree well 
with the corresponding quantities evaluated from neutron scattering experiments. These 
measurements show scattering peaks which are temperature dependent and determine 
the transition point approximately around 180 K. Under application of magnetic field 
or at decreasing temperature magnetic polarons are destroyed, leading to a decrease in 
resistivity. The resistivity peak decreases in magnitude and shifts to higher temperatures 
if the field is increased. However this behaviour changes in the low temperature region 
where, due to the ordering of the neodymium ions, the resistivity is increasing again: as 
the high-field magnetisation shows, the spin-disorder scattering will not dominate because 
of the high saturation field, indicating total order of the neodymium sublattice [15, 16, 26, 
27]. Magnetoresistance measurements of the high resistivity sample N2 also show a peak 
due to magnetic polaron formation, but the magnetoresistance is two orders of magnitude 
larger. In the low-temperature range the resistivity first decreases, but then increases 
strongly again. This effect is thought to be due to a Couloinbic localisation mechanism 
such as trapping on oxygen vacancies. 

The general picture of the polaronic conduction behaviour has become clear, although 
some additional measurements are needed to fill in the gaps that exist about the temper
ature and field dependence of the magnetic polarons. A more detailed investigation of 
the low-temperature region could indicate if there is something like a localisation effect 
due to interactions between carriers and the Nd 3 1 ions. 
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Summary 

Very high electron mobilities are achieved in the quasi 2-Dimensional Electron Gas (2DEG) 
of GaAs-(Ga,Al)As heterojunctions, making them particularly suitable for the production 
of ultrafast transistors. As most transistors are used at room temperature the mobility is 
limited mainly by phonon scattering and the only manner in which the conductance of a 
transistor can be improved is increasing the carrier density. However, at high carrier den
sities or at high temperatures a second subband becomes populated so that the mobility 
is affected by intersubband scattering. The question arises how important this influence 
is. As in a high-carrier-density heterojunction two subbands are occupied already at zero 
temperature, it is possible to study interactions between electrons in different subbands 
at low temperatures. The main part of this thesis is concerned with a study of the elec
tronic properties of high-carrier-density heterojunctions at low temperatures and in high 
magnetic fields. 

A high magnetic field applied perpendicular to the plane of the 2DEG produces com
plete quantisation of the motion of the electrons, which yields a better insight into the 
GaAs conduction band structure and the scattering mechanisms the electrons are subject 
to. Transport mobilities, the formation of ranges of localised states in the energy spec
trum and the thermodynamic density of states have been studied by swept-field magneto-
transport measurements. The confinement of the electrons to the plane of the 2DEG has 
been studied by swept-field, fixed energy far-infrared transmission, which reveals cyclotron 
resonance (CR). The effective mass values extracted from these data give insight into the 
electron confinement. The broadening of the cyclotron resonance yields information about 
the level broadening within the spatial range of a cyclotron orbit. 

Further information has been obtained by tilting the plane of the 2DEG with respect 
to the field. In magneto-transport tilting yields information about screening and inter
subband scattering, while tilted-field cyclotron resonance provides additional data related 
to the subband envelope wavefunctions 

In chapter 2 an introduction is given to the properties of 2DEG's in GaAs-(Ga,Al)As 
heterojunctions and the most important concepts concerning 2DEG's in a high magnetic 
field. 

Chapter 3 is concerned with the magneto-transport properties of high-carrier-density 
heterojunctions. The Shubmkov-de Haas oscillations and the Quantum Hall Effect have 
been investigated both in perpendicular and in tilted fields. It has been found that the 
samples behave increasingly like an accumulation layer with an increasing dose of illumi
nation with red light; this has been inferred both from the second subband occupancy 
as a function of total carrier density and from the parallel field depopulation of the sec
ond subband. The observation of a series of Hall plateaux with odd indices indicates 
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a large spin-splitting of the i,L = 1,0 Landau level. Analysis of the amplitudes of the 
Shubnikov-de Haas oscillations has revealed a level broadening of the lowest subband 
which is modulated by the second subband Landau levels; this leads to the conclusion 
that long-range Coulomb scattering is the dominant scattering mechanism and that os
cillatory screening by the very narrow second subband Landau levels is important. The 
importance of screening is supported further by near-parallel-field magnetoresistance mea
surements: intersubband scattering leads to a mobility decrease, but in spite of this the 
single-particle relaxation time increases. 

In chapter 4 a phenomenological model describing the magneto-transport behaviour 
of 2DEG systems with more than one occupied subband is presented. The model is 
based on a density of states consisting of Gaussian peaks on a constant background of 
localised states; the Fermi level position is calculated and the conductivity tensor compo
nents are derived from this Fermi level position. A reasonable agreement exists between 
model calculations and our experimental data. Some discrepancies can be explained by 
self-consistent effects such as oscillatory screening, ¡y-factor enhancement and non-linear 
intersubband scattering. In spite of these discrepancies the model increases the insight 
into the effects of relevant physical parameters such as the p-factor, the subband occu
pancies and level broadening. 

Parasitic conduction by layers other than the active layer of the 2DEG is treated in 
chapter 5. This phenomenon occurs after strong illumination of three of our samples with 
red light. It is shown that there are probably two different parallel conducting channels. 
Conduction by a large density of low-mobility electrons in the (Ga.Al)As layer is displayed 
in the magneto-transport behaviour in the form of strongly distorted Hall plateaux and 
magnetoresistance minima that do not approach zero. Further an additional resonance is 
found in the far-infrared absorption; this additional resonance has been studied both in 
perpendicular-field and in tilted-field transmission. Arguments are given which support 
the idea of the formation of a secondary low-density and high-mobility 2DEG confined 
behind the superlattice buffer. 

In chapter 6 a cyclotron resonance study of three of the GaAs-(Ga,Al)As heterojunc-
tions is presented. The effective mass values derived from the resonance fields at fixed 
laser energies are compared with GaAs conduction band parameters taken from litera
ture. From the comparison an estimate of the kinetic parts of the subband confinement 
energies as a function of field is made; the results support the idea of an accumulation-
layer-like behaviour of the samples after extensive illumination with red light. Further 
information about the subband envelope wavefunctions has been obtained from tilted-
field CR measurements. However, this set of data yields values of the dipole matrix 
element Сю showing a strong dependence on the laser energy, which is expected to be a 
result of higher order subband-Landau level couplings. The second subband CR displays 
a quasi three-dimensional character at energies > 10 meV. This is indicative of a small 
separation between the third and the second subband, which further supports the idea of 
accumulation-layer-like behaviour of the 2DEG. 

The last chapter of this thesis is concerned with a completely different subject. As 
a preliminary part of a wider study of II-VI and magnetic semiconductors we have per
formed a magneto-transport and magnetisation study of the magnetic semiconductors 
(Xd,Pb)Mn03. These compounds display closely related electric and magnetic behaviour. 

152 



The compound Ndp 5РЬо.5МпОз shows an onset of ferromagnetic ordering at T0 = 184 К 
and complete ferromagnetic order at Tc = 145 K. These characteristic temperatures 
show only a slight dependence on the Nd content of the compounds. However, the low-
temperature behaviour is strongly dependent on the Nd content, thus indicating that this 
is due to some ordering of the Nd-ions. It is argued that the Mn-ions order between T0 

and Tc, which is further supported by neutron Bragg scattering. A large peak in the 
magnetoresistance of Ndo.sPbo 5МПО3 is observed at Τ = To; at the low-temperature side 
the resistivity falls by more than two orders of magnitude and at high temperatures ther
mally activated behaviour is shown, corresponding to an activation energy of ~95 meV. 
This peak decreases in magnitude and shifts to higher temperatures when a magnetic field 
is applied. This behaviour is indicative of the destruction of magnetic polarons, which 
affect also the magnetisation in the temperature range between To and Tc- Hopping of 
localised magnetic polarons is supported further by coherent diffuse quasielastic neutron 
scattering data. 
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Samenvatting 

In het quasi 2-Dimensionale ElektronenGas (2DEG) in GaAs-(Ga,Al)As heterojuncties 
worden zeer hoge elektronmobiliteiten bereikt; deze heterojuncties zijn daarom bijzonder 
geschikt voor het produceren van ultrasnelle transistoren. Aangezien transistoren meestal 
bij kamertemperatuur gebruikt worden wordt de mobiliteit voornamelijk beperkt door ver
strooiing aan fononen en is het vergroten van de ladingsdragersdichtheid de enige manier 
om de geleiding van een transistor te laten toenemen. Bij hoge ladingsdragersdichthe-
den of hoge temperaturen wordt echter een tweede subband bezet, zodat de mobiliteit 
beïnvloed wordt door intersubband verstrooiing. Dit werpt de vraag op hoe belangrijk 
deze invloed is. Aangezien in een hoge-dichtheids heterojunctie reeds bij het absolute 
nulpunt twee subbanden bezet zijn, ontstaat de mogelijkheid om wisselwerkingen tussen 
elektronen in verschillende subbanden te bestuderen bij lage temperaturen. Het grootste 
deel van dit proefschrift behandelt een studie van de eigenschappen van elektronen in 
hoge-dichtheids heterojuncties bij lage temperaturen en in hoge magneetvelden. 

Een sterk magneetveld aangelegd loodrecht op het vlak van het 2DEG leidt tot volle
dige quantisering van de beweging van de elektronen, hetgeen een beter inzicht geeft in 
de struktuur van de GaAs geleidingsband en in de verstrooiingsmechanismen waaraan de 
elektronen onderhevig zijn. We hebben transportmobiliteiten, de vorming van gebieden 
met gelocaliseerde toestanden in het energiespectrum en de thermodynamische toestands
dichtheid bestudeerd door middel van magneto-transportmetingen, waarbij een bepaald 
veldbereik doorlopen wordt. De opsluiting van elektronen in het vlak van het 2DEG heb
ben we bestudeerd door middel van ver-infrarood transmissie bij vaste energieën, waarbij 
het veld een bepaald bereik doorloopt; hierdoor kunnen we cyclotron resonantie (CR) 
zien. De uit deze gegevens verkregen effectieve massa's geven inzicht in de mate van op
sluiting van de elektronen. De lijnverbreding van de cyclotron resonantie geeft informatie 
over de niveauverbreding binnen het ruimtelijke bereik van een cyclotronbaan. 

Verdere informatie hebben we verkregen door het kantelen van het vlak van het 2DEG 
ten opzichte van de veldrichting. Bij magneto-transportmetingen geeft dit kantelen in
formatie over afscherming en intersubband verstrooiing; bij cyclotron resonantiemetingen 
worden extra gegevens verkregen over de omhullende golffuncties van de subbanden. 

In hoofdstuk 2 wordt een inleiding gegeven over de eigenschappen van 2DEG's in 
GaAs-(Ga,Al)As heterojuncties en de belangrijkste concepten met betrekking tot 2DEG's 
in een sterk magneetveld. 

Hoofdstuk 3 houdt zich bezig met de magneto-transporteigenschappen van heterojunc
ties met een hoge ladingsdragersdichtheid. Zowel in loodrechte als in gekantelde velden 
hebben we de Shubnikov-de Haas oscillaties en het Quantum Hall Effect onderzocht. Het 
is gebleken dat de preparaten zich in toenemende mate gaan gedragen als een accumu-
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latielaag, naarmate de duur van de belichting met rood licht toeneemt; dit hebben we 
afgeleid uit de bezetting van de tweede subband als functie van de totale ladingsdragers-
dichtheid en uit de ontvolking van de tweede subband door een parallel magneetveld. De 
waarneming van een serie Hall plateau's met oneven indices geeft een zeer grote spin-
splitsing van het laagste Landau niveau van de tweede subband aan. Analyse van de 
amplitudes van de Shubnikov-de Haas oscillaties heeft zichtbaar gemaakt dat de niveau-
verbreding van de laagste subband gemoduleerd is door de Landau niveau's van de tweede 
subband; dit leidt tot de conclusie dat lange drachts Coulomb verstrooiing domineert en 
dat oscillaties in de mate van afscherming door de zeer nauwe Landau niveau's van de 
tweede subband van belang zijn. Het belang van afscherming wordt verder benadrukt 
door magneto-weerstandsmetingen in bijna parallel veld: intersubband verstrooiing leidt 
tot een afname van de mobiliteit, maar desondanks neemt de ééndeeltjes relaxatietijd toe. 

In hoofdstuk 4 wordt een fenomenologisch model uiteengezet, dat het magneto-trans
port gedrag van 2DEG systemen met meer dan één bezette subband beschrijft. Het model 
is gebaseerd op een toestandsdichtheid bestaande uit Gaussische pieken op een constante 
achtergrond van gelocaliseerde toestanden; de positie van het Fermi-niveau wordt bere
kend en de componenten van de geleidingstensor worden van het Fermi-niveau afgeleid. 
De modelberekeningen stemmen in redelijke mate overeen met onze experimentele waar
nemingen. Afwijkingen kunnen worden verklaard door zelfconsistente effecten zoals een 
gemoduleerde mate van afscherming, toename van de p-factor en niet-lineaire intersub
band verstrooiing. Ondanks deze afwijkingen geeft het model meer inzicht in de effecten 
van belangrijke fysische parameters zoals de g-factor, de bezettingsgetallen van de sub
banden en de niveauverbreding. 

Parasitaire geleiding door andere lagen dan het 2DEG wordt in hoofdstuk 5 behandeld. 
Dit verschijnsel treedt op na langdurige belichting van drie van onze preparaten met rood 
licht. Aangetoond wordt dat er waarschijnlijk sprake is van twee verschillende lagen, 
waarin parallelgeleiding optreedt. Geleiding door elektronen met een lage mobiliteit en 
een hoge dichtheid in de (Ga,Al)As laag uit zich in het magneto-transportgedrag in de 
vorm van sterk vervormde Hall plateau's en magnetoweerstandsminima die niet in de 
buurt van de nul komen. Verder hebben we een extra resonantie gevonden in de ver-
infrarood absorptie; deze extra resonantie is bestudeerd door middel van transmissie in 
zowel loodrecht als gekanteld veld. Het idee van de vorming van een secundair 2DEG met 
een hoge mobiliteit en een lage dichtheid, dat achter de superrooster bufferlaag opgesloten 
zit, wordt toegelicht met enkele argumenten. 

Een studie van de cyclotron resonantie van drie GaAs-(Ga,Al)As heterojuncties wordt 
in hoofdstuk 6 gepresenteerd. De waarden van de effectieve massa's afgeleid van de 
resonantieposities bij vaste laserenergieën worden vergeleken met GaAs geleidingsband 
parameters uit de literatuur. Met behulp van deze vergelijking hebben we een schatting 
gemaakt van de kinetische delen van de subband opsluit-energieën als functie van het 
magneetveld. De resultaten ondersteunen het idee dat de preparaten zich na langdurige 
belichting met rood licht als accumulatielagen gaan gedragen. Uit metingen in een ge
kanteld veld hebben we v-rdere informatie verkregen over de omhullende golffuncties van 
de subbanden. De waarden van het dipool matrixclement гю, die we uit deze resulta
ten verkregen hebben, vertonen een sterke afhankelijkheid van de laserenergie, hetgeen 
naar verwachting een resultaat van hogere orde subband-Landau-niveau koppelingen is. 
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De CR van de tweede subband vertoont een quasi driedimensionaal gedrag bij energieën 
> 10 meV. Dit is karakteristiek voor een klein energieverschil tussen de tweede en de 
derde subband. hetgeen het idee van een accumulatielaag-achtig gedrag van het 2DEG 
verder ondersteunt. 

In het laatste hoofdstuk van dit proefschrift wordt een heel verschillend onderwerp 
behandeld. Als inleiding tot een verdere studie van II-VI en magnetische halfgeleiders 
hebben we het magneto-transport en de magnetisatie van de magnetische halfgeleiders 
(Nd,Pb)Mn03 bestudeerd. Deze verbindingen vertonen sterk gerelateerd elektrisch en 
magnetisch gedrag. De verbinding Ndo sPbo 5МПО3 geeft het begin van ferromagnetische 
ordening te zien bij T0 = 184 К en volledige ferromagnetische ordening bij Tc = 145 K. 
Deze karakteristieke temperaturen hangen slechts in geringe mate af van het Nd gehalte 
van de preparaten. Het gedrag bij lage temperaturen hangt echter sterk af van het Nd 
gehalte, hetgeen aantoont dat hier sprake is van enige ordening van de Nd-ionen. Bear
gumenteerd wordt dat de Mn-ionen ordenen tussen Tc en T 0, hetgeen verder door Bragg 
verstrooiing van neutronen ondersteund wordt. Een sterke piek in de magneto-weerstand 
van NdosPbosMnOs wordt waargenomen bij Τ = T 0; aan de lage temperatuur zijde 
neemt de weerstand af met meer dan twee ordes van grootte terwijl bij hoge tempera
turen thermisch geactiveerd gedrag waargenomen wordt, hetgeen overeenkomt met een 
activeringsenergie van ~95 meV. De weerstandspiek neemt in grootte af en verschuift naar 
hogere temperaturen als er een magneetveld aangelegd wordt. Dit gedrag is kenmerkend 
voor de vernietiging van magnetische polaronen, die ook de magnetisatie beïnvloeden in 
het temperatuurbereik tussen Tc en T0. "Hopping" van gelocaliseerde magnetische po
laronen wordt verder ondersteund door resultaten van coherente diffuse quasielastische 
neutronenverstrooiing. 
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