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Chapter 1 

Introduetion 

The measurement and analysis of the Shubnikov-de Haas (SdH) oscillations is 
one of the main methods to characterize the electrical transport properties of 
two-dimensional electron gasses. The results can be used to determine not only 
the carrier concentrations and mobilities but in a system with multiple occupied 
subbands, the intra- and intersubband scattering times can also be determined. 
The SdH oscillations appear in a moderate magnetic field region, when WeT :::::! 1. 
Here, Wc is the cyclotron frequency and T is the carrier relaxation time. 

Averkiev et al. [1] have recently calculated the magnetoconductivity ten
sor for a 2-dimensional electron gas at non-zero temperature in . The theory 
investigates the temperature dependenee of the SdH effect and it shows that 
beats in the SdH oscillation can occur at certain temperatures. The theory is 
developed for an arbitrary number of sub bands, but in this report we shall only 
look at systems with two subbands occupied. We have used their expressions 
for the Shubnikov-de Haas oscillation to obtain for the first time accurate inter 
and intra subband scattering times. 

We have performed experiments on two different GaAs/ AlxGa1_xAs het
erostructures (grown at the Eindhoven U niversity of Technology, wafer W38 and 
W207). By illuminating the sample we are able to gradually populate the second 
subband. In the dark only the first subband is occupied, after illumination the 
second subband is also occupied. We also intended to perfarm experiments on 
two other structures; a quanturn well and a Si ó"-doped GaAs structure (grown at 
the Eindhoven University of Technology, wafer W261). Unfortunately we could 
not find a suitable quanturn well with two subbands occupied after illumination. 
In case of the ó"-doped structure, the mobility is too low to see any beats. 

This report is organised as follows, in chapter 2 we give the theory for 
magneto-oscillations and the beats. A description of the used samples is given 
in chapter 3 and the measurements are presented in chapter 4. The conclusions 
are given in chapter 5. 
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Chapter 2 

Theory 

2.1 The GaAs/ AlxGa1_xAs heterostructure 

A GaAs/ AlxGa1_xAs heterostructure is a semiconductor structure composed 
of thin layers of GaAs and AlxGal-xAs. The variation in composition is used 
to control the electron density and mobility. The layers are grown on a high
resistivity GaAs substrate. In general the first grown layer is GaAs. The second 
layer, the spaeer layer, consists of undoped AlxGal-xAs. The third layer is 
a Si-doped AlxGa1_xAs layer with the same AlAs mole fraction, see Fig.2.1. 
Due to the different band gaps of GaAs and AlxGa1_xAs, electrons from the 
silicon donors transfer to the GaAs. The negatively charged electrans are sepa
rated from the positively charged donors which sets up an electrastatic potential 
that tends to drive the electrans back into the AlxGal-xAs. The electrans are 
squeezed against the GaAs/ AlxGal-xAs interface, where they are trapped in 
a triangular potential well. This separation of the electrons from their donors 
reduce the scattering by ionized impurities, and thus the spaeer improves the 
mobility. 

z 

~--GiiAS"---~- ---_l 

SI+ -----,--~-.. ~-~~=~"l .. x~:-
AlxGa"'-xAa 

GaAs 

SI-GaAs 

n-Al,Ga1.,As spaeer GaAs 

--- ---------
z 

Figure 2.1: (a) Schematic layer structure of a GaAs/ AlxGal-xAs heterostruc
ture. The ionized donors in the n-AlxGal-xAs are separated from the 2DEG 
by the undoped AlxGal-xAs spaeer layer. (b) The probability distribution of 
electronsin the lowest subband (solid line) and the electrastatic potential (bold 
line). 

If the confinement of the electrans at the interface is strong enough, the 
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de Broglie wavelength of the electrans is comparable with the width of the 
confining potential. This means that the prablem has to be treated quanturn 
mechanically. There is a quantization in the energy levels for motion along the 
direction perpendicular to the interface (z-direction), but the electrans are still 
free to move along the GaAs/ AlxGal-xAs interface (x- and y- direction). All 
electrans in the same energy level, Ej, but free to move in the x-y direction 
makeaso called subband. 

2.2 The two dimensional electron gas 

We start with the three-dimensional time-independent Schrödinger equation 

(2.1) 

where m* is the effective electron mass. In a layered structure such as a het
erostructure, the potential energy depends only on the z coordinate, V ( R) = 
V(z) and leaves the electrans free to move along the x and y. This suggest that 
we can write the wave equation in the form 

(2.2) 

with R = f +zand k = kxe7x + kye;. Substitute this into the Schrödinger 
equation and we will get a one-dimensional Schrödinger equation in z 

[ 
-n?rP J --- + V(z) c/J·(z) = E-cjJ·(z) 

2m* äz2 3 3 3 

with the total energy for each subband given by 

E- g fi2(kx 2 + k/) 
- 3 + 2m* 

(2.3) 

(2.4) 

where j, the subband index, numbers the various solutions of (2.3). We are 
only interested in the first two bounded states c/Jj(z). The potential V(z) can 
be shown to be equal to 

V(z) = ~VoO(z) + Vc(z) + Vex(z) (2.5) 

The first term in (2.5) accounts for the conduction band discontinuity, ~ V0 , 

at the interface between AlxGal-xAs and GaAs. O(z) is the Heavyside step 
function. The term Vc(z) describes the electrastatic potential and the last term 
in (2.5) is an exchange correlation potential, which takes into account the many 
body effects, [2]. 

The electrastatic potential obeys the Poisson equation 

(2.6) 

The charge distribution, p(z), is the sum ofthe positively charged donors, nD(z), 
the negatively charged acceptors, nA(z) and the electron density of the 2DEG, 
n(z). 

p(z) = e [nd(z)- nA(z)- n(z)] (2.7) 
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The electron density is given by the sum of the charge distributions of the 
populated subbands 

n(z) = L njc/>/(z)c/>j(z) 
j 

(2.8) 

where j is restricted to the subbands below the Fermi-level, Ep. The envelope 
wave functions are normalized according to 

j 4>/(z)c/>j(z)dz = 1 

and the population of the subband lying below the Fermi-level is 

m* 
nj = - 2 (EF- Ej) rrn 

(T =OK) 

(2.9) 

(2.10) 

The factor m* /(rrn2
) in (2.10) is the Density Of States (DOS) in a 2DEG. 

The Schrödinger equation and the Poisson equation have to be solved self
consistently because the potential, V(z), in (2.3) according to (2.5), (2.6), (2.7) 
and (2.8) depends on the envelope wavefunctions and their population. This is 
clone by numerical methods. 

A typical solution is given in Fig. 2.1. Since the difference between the 
effective electron mass in GaAs and AlxGat-xAs is small (m* = 0.067 in GaAs 
and m* = 0.095 in AlxGa1_xAs) we consider them to be equal in the calcula
tions. The effective electron mass is assumed to be independent of the energy 
and temperature. 

2.3 Scattering 

Fermi's Golden Rule gives the scattering rates at which particles are scattered 
from one state to another by a perturbation. In a heterostructure this per
tmbation is an irregular Coulomb potential in the crystal. These irregularities 
originate from ionized impurities and lattice vibrations. At low temperatures 
(T < 20K) in a GaAs/ AlxGat-xAs heterostructure the donors in the doped 
AlGaAs and the acceptors in the active layer dominates. The scattering on the 
ionized donors is referred to as remote ionized impurity scattering, because the 
doping atoms are separated from the 2DEG by an undoped AlxGat-xAs spaeer 
layer, see Fig.2.1, and the scattering on the acceptorsis background scattering. 

In experiments usually the transport mobility, J.lt,j, or the quanturn mobility, 
J.lq,j, are obtained instead of the scattering time, T. The relation between T and 
J.L is given by 

_ eTt,j 
J.lt,j- m* 

_ erq,j 
J.lq,j- m* (2.11) 

The difference between Tq and Tt lies in the weighting of different collisions. The 
quanturn lifetime or single-partiele lifetime is the mean lifetime of the partiele 
between two successive scattering events and contains a sum over all scattering 
processes, equally weighted. The transport lifetime, Tt, is weighted with 1 -
cos(O), so that a small-angle scattering has a smaller effect on the current than a 
backscattering event, (0 = rr). This additional factor favours scattering through 
large angles. 

For a static potential ( caused by the impurities) in a heterostructure the 
momenturn of the particles is changed, but their energy remains the same. The 
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ky 

.·~ .. 
' kx 

j=1 

j=O 

Figure 2.2: Elastic scattering event in a 2DEG. The initia! state kis scattered 

over an angle () to a final state ft. Conservation of energy requires I k1 = k + ~. 

scattering is elastic. By solving the Boltzmann transport equation in the relax
ation time approximation we get an expression for the relaxation time T in the 
case of a 2DEG 

-
1 = {

2

"' (1- cos(B))Wj,j'(k, kt)d() (2.12) 
Tt,j Jo 

where k and ft are the in- and out-going two-dimensional waveveetors and () is 
the angle between these two vectors, see Fig.2.2. 

The transition probability, W1,j' (k, kt), consiclering only single scattering 
events, known as the first order Born approximation, is then given by Fermi's 
Golden Rule 

(2.13) 

with 'lj;1(R, k) = cPj(z)e(k.f' and Vs(R) the screened scattering potential. The 
screening of the potential is done by all the other electrous in the 2DEG, it re
duces the influence of the potential on the scattered electron. Screening becomes 
more effective with increasing electron density. 

2.4 Magneta-transport properties 

In this section we discuss the influence of an external magnetic field Ë perpen
dicular to the 2DEG. We will take the magnetic field along the z-axis. Due to 
Ë the electrous will start to move in circular orbits, the cyclotron orbits, in the 
plane normal to Ë at constant angular frequency, the cyclotron frequency 

(2.14) 

The radius of the cyclotron orbits decreases with increasing magnetic field. If 
the radius is of the same order as the de Broglie wavelength of the electron, 
we expect to see quanturn behavior. This occurs only when the electron can 
complete the orbit and is not scattered out of it. This condition is fulfilled when 
WcTq = P,qB ~ 1. 
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2.4.1 Classica! magneto-resistance 

The relation between the current density and the electric field is given by 

(2.15) 

where Bis the conductivity tensor. In case of conduction in two dimensions the 
conductivity tensor is given by 

(2.16) 

The inverse of the conductivity tensor is the resistivity tensor fj where 

Pxx = 2 2 
CTxx + CTxy 

Pxy = 2 2 
CTxx + CTxy 

(2.17) 

At low magnetic fields where Wc7q « 1 the conduction is semi-classical.In 
case of a single occupied subband, the magneto-resistance, Pxx. and the Hall 
resistance, Pxy are given by 

B 
Pxy(B) =-

ene 
(2.18) 

The total electron density ne can be determined from the slope of the Hall 
resistance and the transport mobility from the magneto-resistance. 

In a two subband system the conductivity tensor components are given ac
cording to [1] by 

e2 (n1C2 + n2C1 + 2C12y'iilii2)(C1C2- C[2 - w;) + (n1 + n2)w;(c1 + C2) 
CTxx = m (C1C2- w~- C[2)2 + w~(C1 + C2)2 

(2.19) 
-(n1C2 + n2C1 + 2C12y'iilii2)(C1 + C2) + (n1 + n2)(C1C2- Ct2 - w;) 

(C1C2- w~- Ct2)2 + w~(C1 + C2)2 
(2.20) 

Where 71 = 1/Cl, 72 = 1/C2 and C12 takes into account the first harmonie of 
inter-subband scattering. The parameter C12 is small compared to C1 and C2, 
and moreover the obtained value for C12 is negative. However if one changes 
slightly the value of Pxx(O) or Pxx( oo ), the magnitude and the sign of C12 change 
but remains small. From fitting the experimental data the magnitude of C12 can 
not be determined reliably, but we can say that C12 is negligible with respect 
to cl and c2. lt means that the first harmonie of intersubband scattering is 
small for this structure. The fitting in Fig.2.3 is done by S A Tarasenko on 
experimental data at a 8-layer, measured by [3]. 

2.4.2 Landau levels 

When Wc7q ~ 1 quanturn effectscan not be neglected and we have to introduce 
the magnetic field in the Schrödinger equation . The simplest way to do this 
is in the Landau gauge, where the vector potential is given by Ä = (0, Bx, 0). 
The Schrödinger equation becomes 

(2.21) 
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a f ..1<: 
1.0 1.5 

J 7' 

:0 

0.9 1.0 
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10 

Figure 2.3: Solid curves without C12, dashed curves with C12· Without C12 the 
fitting parameters are , 71 = l/C2 = 4.5 · 10-158 and 72 = 1/C2 = 1.9 · w- 138. 

If C12 is taken into account the fitting parameters are, 71 = 1/C2 = 4.6-10-158 

72 = l/C2 = 2.0 · w-138 and C 12 = -0.07 · 1013 

with p = -in'\1. The Hamiltonian has an additional x-dependence, the vector 
potential does not depend on y. Therefore the plane-wave character is con
served only in the y-direction. The wave function can he written as 'lj;(R) = 
<I>N(z)xN(x)eikyy. This gives two independent equations, one for the z-direction, 
which is given by Eq.(2.3) and one for the x-direction given by 

(2.22) 

in which xo is the cyclotron orbital center, given by 1iky/eB. Eq.(2.22) is the 
Schrödinger equation fora one-dimensional harmonie oscillator. The eigenvalues 
are the so-called Landau levels 

(2.23) 

There is an extra quantization for each subband, the Landau quantization, be
sides the quantization in the z-direction. 

The energy depends only on N and not on k, thus the orbit center can he 
taken arbitrarily within the sample area. States with the same N but different 
k are degenerate (have the same energy). For anideal 2DEG the DOS collapses 
from a constant DOS, Eq.(2.10), toa series of 8-functions called Landau levels at 
energies given by Eq.(2.23). In practice the Landau levels are broadened due to 
scattering. Then the energy can only he defined within a precision of r = 1ij7q· 
Unless the separation between the Landau levels exceeds their width, 1iwc ;:=: r, 
no strong changes in the DOS are expected. The levels become distinct when 
Wc7q ;:=: 1 (is equal to 1iwc ;:=: r), see Fig. 2.4(a). 

The allowed number of statesineach Landau level is nB = eB j h. The factor 
2 for the spin is not included. By introducing the cyclotron energy, 1iwc, this 
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can also be written as 
2eB m* 

2nB = -- = - 2 1ïwc 
h 7r1ï 

(2.24) 

Thus each Landau level contains the same number of states as the original two
dimensional band over a range of 1ïwc, which is also the separation between the 
levels. 

When the magnetic field is increased the separation between the Landau 
levels grows and the number of states in each level increase. When the density 
of electrans n 2nEG is held constant, the number of occupied Landau levels must 
change. The number of occupied levels or filling factor v is given by 

n2DEG hn2DEG 
V = -- = (2.25) 

nB eB 

The two spins are counted as separated levels. The magnetic field when an 
integer number of n Landau levels are filled is given by 

(a) 

n(E) 

Bn = hn2DEG 

en 

20 , ....... ······ ·············•····· ······~················ 

. n=5 .;.6 

(2.26) 

E 

Figure 2.4: Density of states in a magnetic field when WeT ~ 1. The distance 
between the Landau levels is 1ïwc. (a) The Landau level fan (b). 

The position of the Fermi level Ep changes with magnetic field to keep the 
number of occupied electron states constant. When v = n, and nis an integer, 
E F lies in the empty region between two Land au levels and is equal to the value 
at B = 0 Tesla, E~. It moves away from this value as soon as the magnetic 
field is changed. When Bn+l < B < Bn, that is n < v < n + 1, there are 
n completely filled levels and level n + 1 is partly filled. The Fermi level lies 
inside level n + 1, and Ep ~ (n + 1/2)1ïwc. It changes linearly with increasing 
magnetic field until B reaches Bn. Level n + 1 is now empty and Ep falls back 
to the Landau level below. This is illustrated in Fig. 2.4(b). 
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2.4.3 Shubnikov-de Haas effect 

1.2 QHE 

1.0 

"'0 

~ 
0.6 -l! 

4 ~ 
11:1 Ql 

~ 0.6 i:: 
a. 

0.4 

0.2 

0 
6 

B[T] 

Figure 2.5: The Hall and magneto-resistivity as a function of the magnetic field. 

In an ideal 2DEG the Landau levels are 8- functions. In practice electrans 
scatter and are not forever in the same state. This results in a broadening 
r of the Landau levels. Only the electrans at the Fermi energy contribute 
to the conductivity. Due to the increase of the cyclotron energy, nwc, and the 
number of allowed states in each Landau level with increasing magnetic field, the 
DOS at the Fermi level will start to oscillate periodically in 1/ B. This causes 
oscillations in the resistivity which are called Shubnikov-de Haas oscillations 
(SdH-oscillations). This effect occurs when WcTq ~ 1, see Fig. 2.5. When 
WcTq » 1, the shape of the individual Landau levels determines the shape of 
the DOS. When the Hall resistivity shows exactly quantized plateaus at integer 
values of the filling factor, i, according to Pxy = t ~, we have entered the 
Quanturn Hall regime [4]. At integer filling factors where the Hall voltage is 
quantized the magneto-resistivity is zero, Pxx = 0, see Fig. 2.5. The Quanturn 
Hall regime is no part of this work. 

Isihara and Smrcka [5] derived an expression for the Shubnikov-de Haas 
oscillations 

oo M-1 ( ) ~XX B ~ 27l'S 
p 

0
( ) = L D(sX) L C1(B)e"q,j 8 cos P.B - 11'8 

p s=l j=O J 

(2.27) 

with M is the number of occupied subbands and D(sX) = sX/ sinh(sX) with 
X = 271'2 skT jnwc· The most important feature is that each subband contributes 
an oscillatory component in 1/ B with a main period (s = 1), P1 = ej1l'nn1. The 
exponential envelope function causes the amplitude to increase with increasing 
magnetic field. The minima in the DOS become lower, due to the increase of 
the energy distance between the Landau levels with increasing magnetic field. 
Therefore the oscillation amplitude will increase. The exponent decrease rapidly 
as a function of s, so we can neglect the higher harmonies, s = 1, 2, 3, .... At 
zero temperature , only the electrans at the Fermi energy contributes to the 
conductivity. At finite temperatures we have to consider the contributions of 
the electrans with energies within the tail of the Fermi distribution. This is 
taken into account by the temperature dependent D(sX) term. The factors 
C1 take into account the current distribution over the subbands. These factors 
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change slowly as a function of the magnetic field. The exponential allows us 
therefore to determine the quanturn mobility in individual subbands. If D.Pxx 
is the amplitude of the fundamental ( s = 1) resistance oscillations then, a plot 
of ln[D.Pxx/(X/sinh(X))] against 1/B is a straight line with the slope -7r/J..lq· 
Such a plot is called a 'Dingle plot', see Fig. 2.6. 

0.0 

~ 

-0.2 .. 
~ ·.• 
.::: -0.4 

'"· c 
:@ ',,. 

>< -0.6 - .. 
~ .... 

a. -0.8 

:E' ... 
-1.0 .. 
-1.2 

0.85 0.90 0.95 1.00 1.05 1.10 1.15 

1/B [ 1/T] 

Figure 2.6: A Dingleplot of the first subband oscillations. The slope of the line 
is -1rj J..lq· 

2.5 Inter-subband scattering 

The low-field SdH oscillations from a single subband can be described with a 
semi-classica! model, see section 2.4.1. In this section we will extend this model 
to two subbands. Spin effects are neglected for simplicity. Under transition 
from one subband to another, a large momenturn having the order of the Fermi 
momenturn is transferred to the scatters. Hence the characteristic scattering 
length has to be of the order of the Fermi wavelength. The scattering potential 
has to be short range. First we will describe the model for the amplitude 
modulation in samples where two subbands are occupied given by Coleridge [6] 
basedon elastic scattering. For a single subband the conductivity is given by 

(2.28) 

(2.29) 

where neff = no(l + D.gfgo) and 1/r = (1/ro)(1 + D.gfgo) withno and To the 
zero magnetic field values of the electron density and relaxation time and g0 

and D.g the zero field and oscillating parts of the DOS. When the resistivity 
components are obtained by inverting the tensor according to Eq. ( 2.17), the 
oscillating part of the resistivity is given by 

< D.g > 
go 

(2.30) 

where Po is the zero field value (B = 0 T) of Pxx and < D.g > denotes a 
thermal average evaluated at the Fermi energy. This equation is only valid for 
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low magnetic fields, localization and the Quanturn Hall effects are not included. 
When the Landau levels are broadened the thermal average of the asciilating 
part of the DOS at the Fermi level is given by the Fourier expansion 

_<_~_.:g:....__> = 2" D(sX) exp(- w:~q) cos (-27r_s_E_F + s1r) 
go L.J nwc 
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(2.31) 

where Tq is the quanturn lifetime and D(X) the thermal damping factor, de
scribed in the previous section. 

This is now extended to the case of two subbands. The zero field DOS of 
each subband, go, is the same and the asciilating parts ~gj are given by 

~g1 = 2go L D(sX) exp( -s7r/Wc7ql) cos(27rsft/ B + s1r) (2.32) 
s 

~g2 = 2go L D(sX) exp( -s7r/Wc7q2) cos(27rsf2/ B + s1r) (2.33) 
8 

where the quanturn lifetime will differ for each subband. The frequency for 
each subband fj/B = (EF- Eoj)jnwc, with Eoj the minimum energy of the 
jth subband, is proportional to nj. For each subband, neff is given by nj(1 + 
~gjfgo). The relaxation times are determined by both the intra- and inter
subband scattering. 

With the assumptions that the asciilating part of the DOS is small compared 
with the zero field part and that the Fermi level is fixed, the model by Coleridge 
has the form 

~Pxx _A < ~g1 > A < ~g2 > B < ~g1~g2 > 
--- 1 + 2 + 12 2 

Po go go go 
(2.34) 

In the limit when 1/ B = 0, and in case of n2 « n1, one obtains A2 ~ 
W12/(Wu + W12) ~ B12, where Wij are the intra and inter subband scat
tering probabilities, and A1 ~ 2 - A2 (see [6] for the full expressions). A2 is 
essentially determined by the amount of inter-subband scattering and wiil be 
less than 1. 

Coleridge identified the term invalving the product ~g1~g2 with the temper
ature reduction factor D(2X), but this is incorrect because it does not include 
interference and resonance effects. Leadley [7] gives the following expression for 
the intermod ulation term 

~g~tg2 = 2<P(Tm + TD2){ D(2X) cos ( 21rft; h) 
+cos (27rft ~ h)} (2.35) 

where Tvj is the Dingle temperature. The Dingle temperature, Tvj = nj27rkBTq, 

can also be expressed as a quanturn lifetime Tq or a quanturn mobility J.tq = 
erq/m*. As T __, 0 the components at frequencies ft ± h have equal magni
tudes and amplitude modulation of the component at ft is produced. As the 
temperature rises the component at ft+ h is rapidly attenuated by D(2X). We 
will mainly see the components at ft and ft - f2. Is the temperature further 
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increased, only the oscillations at frequency h - h remain, because this term 
has no D( X) dependency. 

In the approximation that termsin n2/n1 are negligible, all effects are due to 
oscillations in the conductivity in the first subband. In the semiclassical model 
[6] [8] the conductivity of this band is determined by the product of the effec
tive number of electrans n~ff = n1(1 + D..gr/g0 ) and the scattering probability 
Wu (go + D..g1) + W12 (go + D..g1) which includes both inter- and intra-subband 
scattering. The first term in Eq. ( 2.34 ) arises then from the oscillating parts 
of the product n1(1 + D..gi/go)Wu(go + D..g1), the basic result fora single oc
cupied subband, and an additional contribution from inter-subband scattering, 
n1(l + D..gi/go)Wl2go. The second term in Eq. (2.34) is from the product 
n1 W12D..g2 and is caused by the scattering probability of the first subband elec
trous being modulated by the oscillation in the DOS of the second subband. 
There must be an empty DOS in the second subband where the electrous from 
the lower subband can scatter to. Both of these terms produce SdH oscillations 
which are primarily determined by the DOS of each Landau levelladders at the 
Fermi energy. Because each term involves only a single set of Landau levels, 
it is damped by broadening of the Fermi function by a factor D(X). The last 
term in Eq. (2.34) arises from the product n2 W12D..g1D..g2 and involves both 
sets of Landau levels. The component h - h is not damped by temperature 
and arises because of a resonance effect between the Landau levels of the two 
subbands, see Fig. 2.7. Whenever integer x 1iwc = (E2- E1) "' (n1 - n2) the 

(/) 

0 
0 

.___ - ----·1 

E1 E 

Figure 2.7: Whenever integer x nwc = (E2- E1)"' (n1- n2), the Landau levels 
for the two subbands are coïncident. The intersubband scattering becomes 
resonant. 

eosine terms in Eq. (2.35) are always in phase, i.e., the Landau levels for the 
two subbands are coïncident. Under these conditions the intersubband scatter
ing becomes resonant. The difference frequency arises because only the relative 
position of the two sets of levels matters, the location of either set relative to 
the Fermi energy does not matter. The two sets are compared point by point 
on the energy scale, so there is no thermal smearing. 

Leadley has determined the values for A1 and A2 in Eq. (2.34) as follows. 
Most of the background of the SdH oscillation was removed by subtracting a 
low-order polynomial in B. Then the two series of oscillations from the first and 
second subband were separated using a suitable filter in the Fourier transform. 
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The high frequency series could he completely isolated, but the series at h had 
a too low frequency to he completely isolated from the background. The high 
frequency series was normalized to give a constant amplitude for the oscillation 
at the lowest temperature, ignoring the modulation. A1 was found by fitting the 
this amplitude of the low temperature data. A2 was found by fitting the lower 
frequency series, including the background. For a more predse description see 
[7]. 

Averkiev [1] has shown that both Coleridge and Leadley (Ref. [6] [7]) 
have taken the oscillation terms into account inconsistently. He calculated the 
magneto-conductivity tensor for a 2D-system with an arbitrary number of sub
bands at non-zero temperature self-consistently. The amplitude of the conduc
tivity oscillations that are not thermally damped out is calculated. We are only 
interested in the case where two subbands are occupied, so this is considered 
here in more detail. 

The total relaxation time in subbands in the absence of a magnetic field are 
given by 

1 M 1 

~=I:~ 
J j'=l JJ 

(2.36) 

No te that the scattering time, Tjj', from the inter-subband transition from the 
jth to the j'th subband is the same for the redprocal process, Tj'j, due the 
effective masses being the same in all subbands (see Eq. (2.13 and ??)). In the 
presence of a magnetic field the relaxation times depend on the field, due to 
small oscillations of the DOS in the subbands. 

The components of the conductivity tensor, in first order in exp( -7f fwcTj ), 

are given by 

(2.38) 

where 

8j(T) = 2cos (21r ;;j + 7f) exp (-~) D(X) 
nWc Wc~ 

(2.39) 

where Ei is the energy distance between the Fermi energy and the bottorn of the 
jth subband at zero field. The oscillations are damped out as the temperature 
increases, as we have seen before. 

In thesecondorder in exp( -7f /wcTj ), one obtains oscillations with a period 
in the redprocal magnetic field which are proportional to the energy differ
ence between the two sub bands, Ei - Ei'. These oscillations are not thermally 
damped out. Thus these are the oscillations terms that become dominant as 
temperature increases. They are comparable with the h-h term in Eq. (2.35). 
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The expressions for these non-damping terms are given by 

(nd) ="" Nje 'Tj m "".!)__ [( ·)2 _ 1]Á(nd) M 2 I M { 
axx ~ 2 ~ Wc'TJ uJJ, 

j=l [1 + (wc'Tj )2] j'=l 'Tjj' 

1 - 3(Wc'Tj )
2 LM _!j_ ,.(nd)} + U·t·u 

1 + (w r·) 2 r· ·u J J 
c J jU#-j' JJ 

(2.40) 

(nd)- LM Nje2rj/m ( ·) LM .!)_{2Á(nd) (wc'Tj)2- 3 LM _!j_Á(nd)} 
a - 2 Wc'TJ u·., + u., ·u 

xy [1 + (w 7.)2] r· ., JJ 1 + (w r·) 2 r· ·u 1 1 
j=l c J j'=l JJ c J ju#-j' JJ 

(2.41) 
where the asciilating parts of the second order have the farm 

o.n, = 2cos 27r J J exp ------( d) [ E- - g,] [ 7r 7r ] 
JJ nwc Wc'Tj Wc'Tj' 

(2.42) 

Whenever Ej - EJ' = integer x nwc, i.e., the Landau levels for the two 
subbands are coïncident, the intersubband scattering becomes resonant and the 
asciilating part of the non damping term is at a maximum, see Fig. 2.7. 

The total expression for the conductivity, correct to exp( -21r /wc'Tj) order, 
can be presented as 

(2.43) 

where a(0) and a(l) are the non-asciilating parts, and a(2) is the second order 
correction, damping out with temperature as D(2X). At T = OK, a(2) and 
a(nd) are much smaller than a(l). With increasing temperature, a(l) and a(2) 

decreases, the latter more rapidly then the first. Therefore we can neglect a(2) 

at any temperature. The conductivity tensor is now given by 

a= a(O) + a(l) + a(nd) (2.44) 

Now we can calculate the magnetoresistance with Eq. (2.17). 
When the amplitude of a(nd) and a(o) + a(l) are camparabie and the fre

quencies conesponding to n1 and n1 - n2 differ by only 10 to 15%, a beat in 
the magneto resistivity appear. When adding a eosine with frequency fi and 
a eosine with frequency (!I - /2), the sum gives an asciilation with frequency 
(h - /2/2) modulated by an asciilation with a frequency (/2/2). 

cos(27rfit) + cos(27r[fi- h]t) = 2cos ( 21r [!I-~] t) cos ( 21r~2 t) (2.45) 

At the position where the second sub band, cos(27r ht), has a minima, cos ( 21r~t) = 
0, which produces a beat in the magneto resistivity. At one specific tempera
ture there is only one position where the amplitude of a(nd) and a(o) + a(l) are 
comparable, therefore only one complete beat in the magneto resistivity can 
occur at this temperature. Eventually more non complete beats can occur at 
this temperature at other minima in the asciilation of the second subband. 

In chapter 4 we have used Eq. (2.37 2.38 2.40 and 2.41) to fit our experi
mental data. We do not have to separate the SdH asciilation in a high and low 
frequency series, as Leadley [7] has clone. We calculate Pxx(B)/ Po as a function 
of the magnetic field with the fit parameters, n1, n2, ru, r22, r12 and the temper
ature T. Then we campare the result with our experimental data to determine 
the correct values of the parameters. 
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Chapter 3 

Samples 

All the experiments are performed on two different Molecular Beam Epitaxy
grown GaAs/ AlxGal-xAs heterostructures labeled W38 and W207, both grown 
at the Eindhoven University of Technology. The important sample parame
ters are given in table 3. Sample W38 is a conventional modulation doped 
GaAs/ AlxGa1_xAs heterostructure as described in section 2.1. The layer thick
ness and doping concentrations are chosen to give high electron concentrations 
and two subbands occupied after illumination. The second subband starts to 
fill at a total electron concentration of about 6 ·1011 cm-2 .In sample W207 the 
Si-doped AlxGa1_xAs layer is replaced by a ó"-doped layer directly on top of 
the spaeer followed by an undoped AlxGa1_xAs layer. This technique results 
in a higher 2DEG concentration and an increased electron mobility compared 
to the more conventional way of doping. The second subband in sample W207 
starts to fill at a total electron concentration of about 5 · 1011 cm-2 • If the 
electron concentration in the ó"-layer in the AlxGa1-xAs is about 1012 cm-2 , 

the Bohr radii of the electrans overlap each other which results in a conducting 
layer parallel to the 2DEG. 

Fig. 3.1 shows the magneto and Hall resistivity without parallel conduc
tion measured by Koenraad [9]. We have not used this sample for our experi
ments, but it shows very nicely the influence of parallel conduction on magneto
resistance measurements. In high magnetic fields the minima of the magneto
oscillation are almast zero and the Quanturn Hall plateaus have the expected 
quantized values: Pxy = hjie2

• 

Fig. 3.2 shows the magneto and Hall resistivity in the same sample at 
the same temperature with parallel conduction. The minima in the magneto
resistivity at high magnetic fields are no Jonger equal to zero. The Quanturn 
Hall plateaus disappear and the Hall resistivity falls below the expected classica! 
curve. 
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Figure 3.1: The magneto and Hall resistivity of a sample without parallel con
duction. At 4.2 K the electron density is 5.22 · 1011 cm-2 . The dashed line 
indicates the classica! Hall resistivity. 
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Figure 3.2: The magneto and Hall resistivity of the sample in Fig. 3.1 with 
parallel conduction. The electron density is 6.00 · 10ll cm-2 . The dashed line 
indicates the classica! Hall resistivity. 

I Sample I W38 W207 

Cap layer 17 nm GaAs 10 nm GaAs 
undoped AlxGal-xAs - 38 nm Alo.33Gao.67As 
Si-doped AlxGal-xAs 50nm Alo.33Gao.67As -
Si-concentration 3.05 · 10Hl cm -::! 5 ·101~ cm-~ 

Spaeer 10 nm Alo.33Gao.67As 10 nm Alo.33Gao.67As 
Buffer layer 4 J.Lm GaAs 0.5 J.Lm GaAs 
ndark (1011 cm -~) 5.5 6.56 
nilluminated (1011 cm -:.l) 10.8 13.1 
J.Ldark (cm~ /Vs) 95.400 238.000 
J.Lilluminated ( cm:.l /V s) 139.600 292.000 

Table 3.1: Sample parameters of W38 and W207. The lower part of the table 
presents the electron densities and transport rnahilities of the 2DEG measured 
at a temperature of 5K, befare and after illumination. 
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Chapter 4 

Experiments 

This chapter is divided in three parts. In the fist part we describe the ex
perimental setup and explain how we can control the electron density by use 
of the persistent photoconductivity effect. In the second part we present our 
experimental data, and in the last part we analyze the data and discuss the 
results. 

4.1 Experimental setup 

The measurements of the SdH-oscillations presented in this chapter have been 
performed on Hall bar etched samples inside a cryostat filled with liquid He
lium. We can control the temperature in a range from 1.6 Kelvin up to room 
temperature. Inside the cryostat is a superconducting magnet which can reach 
a magnetic field strength of 7 Tesla. The direction of the magnetic field is 
perpendicular to the current trough the sample, see Fig. 4.1. 

Computer 

~l 

r-· 
I 
I 

ADC r 

~I fi i 

t~l ~=* 
~-LI :_~I 

1:_:; ~:J 

• 
Figure 4.1: Schematic drawing of the experimental setup. The current I trough 
the Hall bar is 0.100 MA; (R = 10.00 MD, V= 1.000 V). The magnetoresistance 
is given by Pxx = .!f'- · ~ , where W is the width of the Hall bar and L the 
distance between the two contacts. The applied magnetic field is perpendicular 
to the plane of paper. 

With lock-in amplifiers we measure the potential difference between the con-
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tactsof the Hall bar in the two directions, Vxx and Vxy· The magnetoresistance 
is then given by Pxx = 1f'- · ~, where W is the width of the Hall bar and 
L the distance between the two contacts for measuring Vxx· The current,J, 
trough the sample is kept constant. The magnetic field strength is measured 
at the position of the Hall bar inside the cryostat. The signals from the lock-in 
amplifiers are recorded digitally with a computer and the corresponding values 
for the magnetic field, magnetoresistance and Hall-resistance are calculated and 
plotted. 

4.1.1 The persistent photoconductivity effect 

a) 
U +U o r ox 

contiguration coordlnate 
b) c) 

Figure 4.2: Contiguration coordinate diagram of GaAs showing the energies 
that characterize the DX level (a). At Qd the donor is in the normal state (b). 
At Qvx the donor has relaxed and the Ga-Si bond is broken (c). 

We are interested in the influence of the second subband on the magneto 
oscillations, which can be examined experimentally from measurements of the 
SdH-oscillations as a function of the electron concentration in a range around 
the electron concentration where the second subband starts to populate. We 
have used the persistent photoconductivity effect (PPC) to increase the electron 
concentration at low temperatures. 

Most donors in GaAs like Si, have a shallow, hydrogen-like leveland a deep 
donor state, also known as the DX state. In AlxGal-xAs this state dominates 
for x > 0.22. As a consequence free electrous are trapped by the DX centers. 
The DX center is referred to as metastable because the trapped electrous can be 
optically exited to restore the normal donor state. At low temperatures ( < 100 
K) this results in a PPC, which means that the electrous are not re-trapped by 
the DX centers after illumination. 

We can describe the photo ionization of the DX center with a two-step model. 
A schematic diagram of this model is shown in Fig. 4.2(a). This diagram dis
plays the total energy of two electrous to be trapped by the DX center as a 
function of the position, Q, of the donor atom. The donor relaxes via the D0 

state to the DX state when the total energy exceeds the capture energy Ec. At 
high temperatures (T > 100 K), the distribution of the electrous over the DX 
states, the normal donor states and the 2DEG is inthermal equilibrium. How
ever, when kT becomes much smaller than theemission harrier, Ee, the number 
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Figure 4.3: Illumination with light causes an irreversible ionization of the DX 
centers. If the photon energy also exceeds the bandgap energy in GaAs, electron
hole pairs are created in the GaAs. 

of donors in the normal state and the number of donors in the DX state are 
no longer in equilibrium. This occurs at the so-called freeze-out temperature, 
T "' 100 K. Below this temperature the number of donors in the DX state stays 
fixed. The DX center can still be optically exited (hv > Eo) to a neutral inter
mediate state and emit an additional electron via photon or phonon absorption 
and relax to a normal donor state. By emitting the electron the metastable 
DX center is relaxed to the normal donor state and the electrans will not be 
re-trapped by the DX center after illumination. The electrans are transferred to 
the 2DEG. At low temperature the thermal energy is not enough to restore the 
DX center, and the donor stays in the normal state after illumination, which 
explains the PPC effect. 

The electron concentration can be increased in small steps, if we use short 
pulses of light from a LED. In this way, the electron concentration can be 
increased accurately. If we use light with a photon energy that also exceeds the 
energy gap of GaAs, an additional process takes place: electron-hole pairs are 
created in the GaAs buffer layer. The electrans in the conduction band move 
to the 2DEG, but the holes in the valenee band recombine with the ionized 
acceptars and neutralize them (Fig. 4.3). The shape of the potential well 
changes due to this acceptor neutralization and cause a shift of the subband 
energy levels to higher energies. The neutralization of the acceptars occurs 
much faster than the PPC effect and appears as a fast increase of the electron 
concentration during the fi.rst optical pulses (if the pulse-time is short comparing 
to the time scale of the acceptor neutralization). After the neutralization, a 
much slower increase of electron concentration due to the PPC effect follows. 
These electrans have to cross the harrier at the interface, therefore this PPC 
effect is relative slow. 
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4.2 Experiments 

4.2.1 SdH-oscillation when one subband is populated 

If we do not illuminate the samples, only the first subband is populated with 
electrons. For J.LB = WeT ~ 1 the changes in the DOS due to the magnetic 
field are small and Shubnikov-de Haas oscillations appear. The period of the 
SdH-oscillation is determined by the electron density in the first subband. The 
SdH-oscillation should he periodic in 11 B according to Eq.(2.27), therefore we 
plot the resistivity as a function of 1 I B in our plots. The electron density in the 
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Figure 4.4: SdH-oscillation for two different temperatures, T = 2.5 K and T = 
4.2 K. Only the first subband is occupied, n1 = 7.0 · 1015 m-2 .(sample W207) 

first subband is determined by plotting the position of the minima and maxima 
of the SdH-oscillation in 11 B versus the number of the minimum or maximum. 
By doing this we get a set of points which lay on a straight line, see Fig. 4.5(a). 
The slope is the period of the SdH-oscillation. From this period we calculate 
the electron density, see Eq. 2.27. 

When we perform a FFT on the SdH-oscillation and plot the electron den
sity instead of the frequency versus the amplitude, a peak around the electron 
density of the first subband, n1, will appear, see Fig. 4.5(b). There will also he 
a peak at low densities due to the background of the oscillation and used FFT 
algorithm. We see the second harmonie of n1 at twice the electron density of the 
first subband. lts amplitude is small compared with the peak at n1. Therefore 
we can neglect this second harmonie when using the inverse FFT. 

4.2.2 SdH-oscillation when two subbands are populated 

If the density is increased by illuminating the sample, the second subband will 
start to populate. A second oscillation, cos(27r I P2B), with a much lower fre
quency, becomes visible. The period for each subband is given by Eq.(2.27). 
Because n 2 < n 1, the period of the second subband is greater than the period 
of the first sub band. In the FFT spectrum an extra peak will appear due to the 
electron density in the second subband. An example of a SdH-oscillation with 
two periods is given in Fig.4.6. 
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Figure 4.5: (a). The position of the minima and maxima of the magnetore
sistance in 1/ B vs. the number of the minimum or maximum, i. (b) FFT 
spectrum of the SdH-oscillation in Fig. 4.4 at T = 2.5 K. The electron density 
in the first subband is n1 = 7.0 · 1015 m-2 
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Figure 4.6: SdH-oscillation when two subbands are populated. There are two 
oscillations, a fast one due to the electron density in the fist subband and a 
slower one due to the electron density in the second subband. T = 1.9 K, 
n 1 = 9.1 · 1015 m-2 and n2 = 0.6 · 1015 m-2 . (sample W207) 

4.2.3 Beats in the SdH-oscillation 

When we measure the SdH-oscillation at different temperatures in a sample 
where two subbands are populated , beats in the oscillations can sometimes be 
seen. We have measured beats in the two samples W38 and W207 for different 
densities, mobilities and temperatures. 

A typical example of a beat in the SdH-oscillation is given in Fig.4. 7. The 
beat appears around 1/ B = 1.35. At this temperature the beat is almost 
complete, the oscillation is almost completely damped. If the temperature differs 
slightly, the oscillation is not completely damped anymore. So, there is one 
optimum temperature for which the beat at this specific position is complete. 
At any other temperature and for this value of the magnetic field the oscillation 
is not completely damped or there is no beat at all. However, it is possible that 
at another temperature and magnetic field a next beat appears, depending on 
the electron density and mobility in each subband. 

In Fig. 4.8(a) the SdH-oscillations, measured in sample W38 at four different 
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Figure 4. 7: SdH-oscillation with a beat at 1/ B = 1.35, T = 4.0 K. (sample 
W207) 

temperatures are given. The dotted line marks the position of the beat at 
T = 8.0 K. Note that the position of the beat conesponds with the position of 
a minimum of the oscillation in the second subband. 

In the FFT spectrum, Fig. 4.8(b), we see two peaks conesponding with the 
electron density in the first and second subband. At T = 1.6 K there are two 
smaller peaks visible around the peak at n1 , conesponding with the difference 
in electron density, n1 - n2, and the sum of the two electron densities, n1 + n2. 
As the temperature increase, the width of the peak at n1 becomes bigger and 
the amplitude of the peak at n1 - n2 becomes more important relative to the 
amplitude of the peak at n 1 . At the highest temperature, T = 9.0 K, the 
amplitudes of the peaks at n1 and n1 - n2 are almost the same and they overlap 
each other. They are not completely damped out thermally. The small peak at 
n1 + n2 damps out very quickly with temperature. 

For sample W207 we present two sets with SdH-oscillations where beats 
appear in the magnetoresistance. The electron density in the second subband 
differs slightly, but the position of the beats and the temperature at which the 
beats appear are different for both sets. The mobility in sample W207 is higher 
than that of sample W38. Therefore we expect to see the beginning of the SdH
oscillation, at J.LB::::::: 1, in lower magnetic field compared with the oscillations in 
sample W38. 

The dotted lines in Fig. 4.9(a) mark the position of the beats, one at T = 3.0 
K and 1/ B = 1.98 and the other at T = 4.0 K and 1/ B = 1.35. Again the 
position of the beats conespond to the minima in the oscillation in the second 
subband. If the filling factor for the Landau level in the second subband equals 
vat 1/ B = 1.35, the position of the beat at T = 4.0 K, then the filling factor at 
1/ B = 1.98 equals v + 2. The filling factor decreases with increasing magnetic 
field. The FFT spectrum is given in Fig. 4.9(b). At T = 6.0 K the peak at 
n1 is disappeared but the peak at n1 - n 2 is still there. The period of the fast 
SdH-oscillation at this temperature is now related to the difference in density, 
n1 - n2, instead of n1. 

When the electron density in the second subband is somewhat lower, only 
one beat appears at a temperature of T = 6.0 K, see Fig. 4.10(a). Note that 
also here the position of the beat conesponds with a minimum in the oscillation 
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of the second subband. In Fig. 4.10(b) the FFT spectrum is given. Again, the 
only remaining peak at high temperatures is the peak at n1 - n2. The period 
of the fast oscillation at these high temperatures is related to n1 - n2 instead 
of n1. 
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Figure 4.8: (a) SdH-oscillations measured at four different temperatures. The dotted line marks the positions 
of the beat. For the two lowest temperatures the amplitude of the magnetoresistance is divided by 10 and 2. 
n 1 = 8.2 · 1015 m-2 and n 2 = 0.6 · 1015 m-2 . (b) FFT spectrum (sample W38) 
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4.2.4 Two different orientations 

We have etched two identical Hall bars perpendicular to each other on the same 
wafer to see if the orientation of the Hall bar compared to the lattice orientation 
has any influence on the SdH-oscillation. We measured the magnetoresistance 
for both Hall bars at the sametime at each temperature, see Fig. 4.11. 
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Figure 4.11: SdH-oscillations at two different temperatures, measured in two 
identical Hall bars which are perpendicular toeach other. The magnetic field is 
perpendicular to the current in both Hall bars. In both samples appears a beat 
at T = 3.0 K. There is a complete beat at B = 0.60 T for the solid line and at 
B = 0.66 T there is a non complete beat visible for the dotted line. (sample 
W207) 

The behavior of the SdH-oscillation is not changed by the orientation of the 
Hall bar. There is only a small difference in density and transport mobility. For 
both orientations of the Hall bar a beat appears in the magnetoresistance at a 
temperature of T = 3.0 K. In one orientation of the Hall bar the beat appears 
at a magnetic field of B = 0.60 Tand for the other orientation at B = 0.66 T. 
The small difference in density and mobility between the two orientations has 
no significant influence on the SdH oscillation or position of the beat. 
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4.2.5 There's a stranger in our midst 

When we start with sample W207 and only the first subband is occupied and 
illuminate each time with short light pulses (10 ms), the electron density will 
increase and the second subband gets occupied. In Fig. 4.12(a) the sample 
is not illuminated and only the first subband is populated. When illuminated 
for a short time, the density in the first subband is increased but not enough 
to populate the second subband, Fig.4.12(b). When increasing the electron 
density further, the second subband gets populated. By further illumination a 
beat appear, Fig. 4.12(c). When illuminate longer the beat shifts to a higher 
magnetic field as n2 increases. 
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Figure 4.12: SdH-oscillations for different densities. The total density increases 
from (a) to (f). The illumination time between the figures is not constant. The 
temperature is kept constant at T = 3.0 K. (Sample W207) 
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We have changed the temperature to see what happened to the beat. To our 
surprise, the beat seems to have almost no temperature dependency, see Fig. 
4.13(a). The FFT spectra of the magnetoresistance at T = 1.9 K and T = 4.2 
K are given in Fig 4.13(b). The spectra looks very different from the ones in 
Fig. 4.8, 4.9 and 4.10. There is no peak at n2 and the peaks at n1 and n1- n2 

seem to have almost no temperature dependency. We have to note that we were 
not able to restore the densities and mobilities in the sample in such a way that 
the beat is temperature dependent again. Even after heating up the sample to 
200 K and cool it down again to liquid Helium temperature, the beat is still 
independent of the temperature. 
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Figure 4.13: (a). SdH-oscillations for different temperatures.(Sample W207) 
(b). FFT spectrum of the SdH-oscillations at two different temperatures. 
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4.3 Analysis 

We have used the expressions (2.37 2.38 2.40 and 2.41) to fit our experimental 
data. The fitting parameters are the temperature, electron densities, and the 
intra- and inter-subband scattering times. 

4.3.1 One subband 

We have fitted the SdH-oscillations in Fig. 4.4. Because only one subband is 
populated, we have to take an infinite intersubband scattering time and make 
the density in the second subband zero. The fit and the experimental data 
are shown in Fig. 4.14. The fitting parameters for both temperatures are: 
n2 = 0.001 · 1015 m-2 , 711 = ( 4.5 ± 0.1) · 10-13 

S, 712 = 15 · 10-12 
S and 722 = 1 

s. But there is a small difference in n1 for both temperatures, at T = 2.5 K, 
n 1 = (7.01 ± 0.01) · 1015 m-2 and n 1 = (6.94 ± 0.01) · 1015 

m-
2 at T = 4.2 K. 

We see that the fits are in good agreement with the experimental data. There 
is a small difference in the background, due to the fact that the equations make 
no difference in transport- and quantum-mobility. 
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Figure 4.14: Fits for the SdH-oscillations in Fig. 4.4, the dotted lines are the 
fits and the solid lines the experiments. 

4.3.2 Two subbands occupied 

The more interesting case is the situation where the first and second subband 
are populated and beats appear. The experimental data presented in Fig. 4.8, 
4.9 and 4.10 is fitted and the parameters are given in table 4.3.2, 4.3.2 and 4.3.2. 
In the tables more data at different temperatures is presented than shown in 
the figures. Not all the measurements are presented in the figures, only the 
most interesting ones. The second column in the tables gives the density in 
the first subband obtained from the positions of the minima and maxima in 
the magnetoresistance as described in section 4.2.1. The electron densities in 
the first and second subband are fitted by camparing the period of the fit and 
experiment. The scattering times 7u, 712 and 722 are fitted by camparing the 
amplitude of the asciilation and the form of the beat. The form of the beat is 
mainly determined by 7u and 712· 
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The electron density in the first subband obtained from the position of the 
minima/maxima and fit differ for higher temperatures. This is due to the fact 
that the period of the fast oscillation at these temperatures is related to the 
difference in density between the first and second subband, n1 - n2 , instead of 
n 1. An example is shown in Fig. 4.15. This change in the period at higher 
temperatures can also be observed in the FFT spectra. At low temperatures 
the amplitude of the peak at n1 is much higher than the amplitude of the peak 
at n1 - n2. When the temperature increase, the amplitude of the peak at n 1 
decrease very fast and only the peak at n1 - n2 remains at higher temperatures. 
Therefore it is not wise to determine the density of the first subband at higher 
temperatures by looking at the positions of the minima and maxima of the 
oscillation, you will find a density that is too low. The average density of the 
first subband obtained by the positions of the minima/maximaand by the fits 
are in agreement with each other, see table 4.3.2. When calculating the average 
density, the high temperature values, nl,min/max, are not used, they are too 
low. 
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Figure 4.15: The density in the first subband as a function of the temperature, 
Table 4.3.2. The density marked by the squares is determined by analyzing the 
positions of the minima and maxima, as described in section 4.2.1. The solid 
circles give the density obtained by the fits. 
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T n1,min/max n1 n2 7n 712 722 

[KJ .101o [m -:t] ·1015 [m -2] ·1015 [m -:.~] ·10 - 1 :.~ [s] ·10 -12 [s] ·10 -12 [s] 

1.6 8.29±0.02 8.03±0.01 0.55±0.01 0.9±0.1 3.7±0.1 8±1 
2.6 8.03 8.07 0.55 1.0 2.5 6±1 
4.2 8.21 8.08 0.55 0.58 10±2 15±3 
7.0 8.10 8.10 0.55 0.58 10 15 
8.0 7.98 8.07 0.55 0.58 10 15 
9.0 7.30 8.11 0.55 0.58 10 15 

Table 4.1: Fitting parameters for Fig. 4.18, (sample W38). The second column 
gives the density in the first subband obtained from the positions of the minima 
and maxima. 

T n1,min/max n1 n2 7n 712 722 
[KJ ·1015 [m -:.~] .1015 [m -2] .1015 [m -2] ·10 -12 [s] ·10 -12 [s] ·10 -12 [s] 

3.0 9.52±0.02 9.05±0.01 0.72±0.01 1.2±0.1 3.5±0.1 6.0±1 
3.5 9.46 9.00 0.72 1.2 3.5 6.0 
4.0 9.33 9.18 0.72 1.3 4.0 5.5 
4.2 9.27 9.01 0.72 1.3 4.0 6.0 
6.0 8.53 9.05 0.72 1.2 3.5 6.0 

Table 4.2: Fitting parameters for Fig. 4.17, (sample W207). 

T 11 n1 min/max 11 n1 n2 7n 712 722 
[ K] 11 ·1015 [m ·2] 11 ·1015 [m ·2] .1015 [m-2] -10-12 [s] -10~12 [s] -10-TT [s] 

1.9 9.03±0.02 9.05±0.01 0.60±0.01 0.8±0.1 2.3±0.1 8±1 
2.4 9.05 9.07 0.60 0.8 2.3 8 
3.5 9.19 9.06 0.60 0.8 2.3 8 
6.0 8.67 9.05 0.60 0.8 2.3 8 
8.0 8.32 9.05 0.60 0.8 2.3 8 
10.0 8.25 9.05 0.60 0.8 2.3 8 

Table 4.3: Fitting parameters for Fig. 4.16, (sample W207). 

I sample I Fig. ~-n1,min/max I n1 

W38 4.8 8.2 ± 0.1 8.07 ± 0.03 
W207 4.9 9.3 ± 0.2 9.0 ± 0.2 
W207 4.10 9.09 ± 0.09 9.057 ± 0.009 

Table 4.4: Average densities for the first sub band. 
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In Fig. 4.19 the magnetoresistance at T = 20 K and T = 24 K is plotted. 
The amplitudes are the same for both temperatures. At these high temperatures 
, a(nd) dominates, and hence the amplitude and shape of the magnetoresistance 
do not change with temperature. These non-damping terms are given in Eq. 
(2.40) and (2.41). The fits for both temperatures coincide, the circles and solid 
line in Fig. 4.19. The fitting parameters, n1, n2, 7n, 712 and 722 are the same as 
the ones in table 4.3.2. 
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Figure 4.19: The magnetoresistance at T = 20 K (dotted line) and T = 24 K 
(solid line). The fits for both temperatures coincide (solid line and circles). 

4.4 Discussion 

For the different sets of SdH-oscillations we have calculated the total scattering 
time in the first subband with the help of Eq. (2.36) and the fitted intra- and 
inter-subband scattering times, 7n and 712· They are plotted in Fig. 4.20. The 
fact that 722 > 712 means that the total scattering time in the second subband 
is mainly determined by the inter subband scattering time, 7 12 , and not by 7 22 . 

For sample W38 71/712 ~ 0.05 and for sample W207 71/712 ~ 0.3. The inter
subband scattering in sample W38 is relatively weak and in sample W207 the 
intersubband scattering is more intensive. Both samples are heterostructures, 
so within a heterostructure intensive as well as weak intersubbband scattering 
can occur, depending on the mobility. 

When we define the Dingle temperature as 

1i 
Tv = -=----=--

27r71kB 
(4.1) 

we can determine the quotient T /Tv at each temperature where a beat appears, 
see table 4.4. The quotient T /Tv is not useful as a parameter to determine if 
the intersubband scattering is weak or intensive, as mentioned above. We can 
only say that the quotient increase with increasing temperature. 

For the first time we have extracted the inter and intra subband scatter 
times independently. This is only possible, because Averkiev et al. [?] have 
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Figure 4.20: In the upper part of the figure, the total scattering time for the 
first subband, 71 is given at the different temperatures. In the lower part of 
the figure the fitted intersubband scattering time, 712 is presented. The squares 
refer to table 4.3.2, the triangles to table 4.3.2 and the circles to table 4.3.2. 

given the expressions for calculating the amplitude of the conductivity magneto
oscillations as a function of magnetic field and temperature, see chapter 2. 
Leadley [7] could determine the coefficients A1 and A2 in Eq. 2.34 which are 
a combination of the inter, intra and total subband scattering times. The are 
determined at only one temperature and with ignoring the intermodulation in 
the oscillation. It is not possible to determine the inter and intra scattering 
times independently from the equations given by Leadley. For full details see 
[7] and [6]. 
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I T/Tv 

4.8 0.88 8±1 3.6 ± 0.4 
4.9 1.98 3.0 ± 0.5 2.2 ± 0.3 
4.9 1.35 4.0 ± 0.5 3.2 ± 0.4 
4.9 0.68 6.0 ± 0.5 4.4 ± 0.3 
4.10 0.70 6±1 2.9 ± 0.5 

Table 4.5: Quotient of temperature and Dingle temperature 
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Chapter 5 

Conclusions 

• N S Averkiev et al. [1] describes the behavior of the magnetoresistance in 
a two-dimensional electron gas when two subbands are occupied and in the 
range WeT ~ 1, good. We can use the expressions for the magnetoresistance 
to fit the experimental data. There is still a difference between the fit and 
the measurement in the background, due to the fact that the theory makes 
no difference between the quantum- and transport- mobility. 

• In a heterostructure, the intersubband scattering can be intensive or weak, 
depending on the mobility in the structure. 

• For the first time, we can now determine the inter- and intra-subband 
scattering times separately by fitting the experimental data. 

• If the electron density in the second subband is in the order of 10% of the 
electron density in the first subband, beats can appear in the magnetore
sistance due to oscillations with frequencies proportional with the electron 
density in the first sub band, n1, and the difference in density between the 
first and second subband, n1- n2. The beat always appear in a minimum 
in the asciilation of the second subband. 

• The frequency of the Shubnikov-de Haas asciilation when two subbands 
are populated at higher temperatures, is determined by the difference in 
electron density between the first and second subband, n1 - n2 , insteadof 
the electron density in the first subband. If the temperature is increased 
further, the thermally non-damped term a(nd) dominates the oscillation, 
and hence the amplitude and the shape of the magnetoresistance do not 
change. 

• We do not have an explanation for the temperature independent beats in 
the magnetoresistance. They can not be explained by the theory presented 
in this report. 
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Chapter 6 

Summary 

The inter and intra subband scattering times in a two-dimensional electron gas 
,where two subbands are occupied, have been extracted independently for the 
first time. These scattering times were obtained from the temperature depen
denee of the Shubnikov-de Haas (SdH) oscillations. Especially the appearance 
of beats in the magnetoresistance, for which new and correct theoretica! expres
sions were derived by Averkiev et al, were essential for the accurate determina
tion of the inter and intra subband scattering rates. We found that depending 
on the mobility the intersubband scattering rate in a heterostructure can be 
weak or intensive. In both cases the mobility in the first subband is mainly 
determined by the intra subband scattering, but the mobility in the second 
subband is mainly determined by the inter subband scattering. 
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