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Abstract

This work presents the optical studies of the two{dimensional electron
gas in magnetic ¯elds. High magnetic ¯elds part of the study concentrates
on the e®ects resulting from electron { electron interactions in the regime
of the fractional quantum Hall e®ect. The second, low magnetic ¯elds part
describes the recently discovered intriguing properties of the 2DEG under
microwave irradiation.

The fractional quantum Hall e®ect is well known in the transport mea-
surements and displays characteristic, easily recognisable series of features.
Such series were until now not seen in optical experiments where only speci¯c
fractional ¯lling factors were observed. The present work reports on opti-
cal detection of a whole family of º = 1=2 fractional states that have been
observed in photoluminescence in a series of samples. The features fall into
easily recognisable pattern analogous to the one re°ected by the magneto{
resistivity traces. The strongest features observed in the photoluminescence
experiments includeº = 3=7, 2=5, 1=3 and º = 3=5, 2=3, 1 states on either side
of the º = 1=2 state, and are observed even in the raw data.

The analysis of the observed features as a function of well widths of the
studied samples is presented. Applying similar reasoning as in the case of
º = 1 it is said that the diametrally di®erent behaviour shown by the samples
photoluminescence is due to the interplay of the 2D electron { electron
interactions and the 2DEG { valence band hole interactions.

The observed changes of the emission energy are interpreted as the ef-
fects of di®erent states of the 2DEG that is being probed by an optically
injected valence band hole. Depending on the 2DEG state, namely its in-
compressibility, the ability of the 2D electrons to screen the hole and form
di®erent quasi{excitonic complexes is changed. In the incompressible state
the liquid is rigid, complexes can not be formed and emission occurs at hi-
gher energy. Thus, the region of higher energy emission is assumed to be an
analogue of aRxy quantum Hall plateau.

The initial and ¯nal states of the photoluminescence transitions at º =
1=3 have been identi¯ed by numerical calculation and the peculiar tempera-
ture evolution of the measured spectra has been explained.

The inelastic light scattering experiments were performed to detect the
excitations of the 2DEG. Two resonant Raman scattering signals originating
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from the 2DEG excitations have been found. They have been interpreted as
a spin{°ip process and a scattering process to the Fermi energy of composite
fermions. Additionally, a Raman scattering spin{°ip process in a bulk GaAs
has been identi¯ed.

The last chapter of the work describes the studies of the new e®ect of
microwave resistance induced oscillations (MIROs). Very recently, this new
e®ect has been discovered in the low magnetic ¯eld range. When irradia-
ted with microwaves, the behaviour of 2DEG transport properties deviates
strongly from the familiar Shubnikov { de Haas oscillations. The magneto{
resistance traces exhibit series of vanishing resistance states.

The frequency dependence of transport data shows a gradual changeover
from transport traces re°ecting MIROs in low microwave frequencies, to
traces showing nearly the cyclotron resonance only.

The experimental results of the direct absorption measurements presen-
ted here seem to validate the theoretical description of the MIROs as the
result of oscillatory density of states. Also, the existence of two separate
absorption processes are suggested to explain the microwave polarisation
independence of MIROs, and the crossover from MIROs{like transport data
at low frequencies to cyclotron{like traces at higher frequencies.

This work is organised as follows :
Chapter 1 introduces the concept of a two{dimensional electron gas and

presents its basic properties in a magnetic ¯eld. Later, the quantum Hall
e®ect is presented, based on transport measurements.

Chapter 2 presents the techniques and experimental set{ups used in the
studies. Optical ¯bre systems for photoluminescence and photoluminescence
excitation measurements are presented along with set{ups for microwave
absorption and transport measurements.

In Chapter 3 describes the parameters of the studied systems.
Next, Chapter 4 contains results of transport and optics experiments

performed to characterise the systems. The ¯rst part presents mostly the
e®ect of illumination on the transport properties of the systems. The inter-
band optics part presents studies of the zero ¯eld and integer quantum Hall
e®ect regime studies and introduces the importance of the in°uence of the
well width on the photoluminescence spectra.

Chapter 5, is focused on the optical studies of the 2DEG in the fractional
quantum Hall regime. After a brief historical outline, it presents the novel
experimental results with a theoretical description of the case of ¯lling factor
º = 1=3. Then, the results of the inelastic light scattering experiments are
presented.

Chapter 6 presents the studies of microwave absorption of a 2DEG in
magnetic ¯elds The e®ects of microwave irradiation on transport properties
and direct microwave absorption studies are presented.

General conclusions are presented in Chapter 7.
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R¶esum¶e

Propri¶et¶es optiques d'un gaz d'¶electrons bidimen-
sionnel soumis µa un champ magn¶etique.

Le sujet de ce travail de thµese est l'¶etude des propri¶et¶es d'un gaz ¶electro-
nique bidimensionnel (2DEG) soumis µa un champ magn¶etique par des tech-
niques de spectroscopie optique. Les e®ets µa champs magn¶etiques intenses
et µa bas champs magn¶etiques sont ¶etudi¶es : l'e®et Hall quantique fraction-
naire est ¶etudi¶e par photoluminescence et di®usion in¶elastique de la lumiµere,
puis l'e®et oscillatoire de la r¶esistance induit par micro-ondes est ¶etudi¶e par
transport et absorption des micro-ondes.

Les e®ets des interactions entre ¶electrons du gaz bidimensionnel sont µa
l'origine de l'e®et Hall quantique fractionnaire qui a fortement ¶et¶e ¶etudi¶e
dans le pass¶e par des techniques de transport. Le facteur de remplissage
º = 1=3 est le plus prononc¶e et a ¶et¶e d¶ecouvert le premier. Une vraie gamme
de fractions a en suite ¶et¶e observ¶ee. La sym¶etrie et la forme des r¶esultats
en transport, similaires µa celle de l'e®et Hall quantique entier, ont sugg¶er¶e
l'introduction du model de fermions composites, un nouveau genre de quasi-
particules.

Jusqu'µa maintenant, les exp¶eriences d'optiques n'ont pas permis les ¶etudes
des interactions entre ¶electrons sur toute la gamme de fractions. Les travaux
pr¶ec¶edents ne concernent que des fractions particuliµeres.

Le travail pr¶esent rapporte l'observation des ¶etats de l'e®et Hall quan-
tique fractionnaire par photoluminescence. Les fractionsº = 1=3, 2=5, 3=7,
3=5, 2=3 et º = 1 sont clairement observ¶ees dans les spectres non trait¶es
et montrent une sym¶etrie autour du facteur de remplissageº = 1=2. Ces
spectres sont analogues aux courbes de magn¶etor¶esistance d'un ¶echantillon
de haute qualit¶e. La sym¶etrie des fermions composites observ¶ee dans les
¶etats fractionnaires est un comportement bien connu de la r¶esistance longi-
tudinale.

Les variations d'¶energie ont ¶et¶e attribu¶ees au changement d'¶etat du
2DEG. L'incompressibilit¶e µa un facteur de remplissage fractionnaire r¶esulte
de l'incapacit¶e du 2DEG µa ¶ecranter le potentiel positif du trou optique
conduisant µa une ¶energie d'¶emission ¶elev¶ee. Par contre, cette ¶energie est



iv R¶esum¶e

diminu¶ee µa l'ext¶erieur d'un ¶etat incompressible de 2DEG, car les ¶electrons
ont la possibilit¶e de r¶epondre au potentiel du trou.

Des estimations th¶eoriques ont ¶et¶e faite pour le cas du facteur de remplis-
sageº = 1=3. L'¶emission de haute ¶energie a ¶et¶e attribu¶ee µa un quasi-exciton
et l'¶emission de basse ¶energie observ¶ee en dehors d'un facteur de remplis-
sage fractionnaire pr¶evient d'un complexe form¶e d'un quasi-exciton et d'une
quasi-particule.

Les zones de champ magn¶etique dans lesquelles l'¶energie d'¶emission est
¶elev¶ee, ont ¶et¶e interpr¶et¶ees comme des analogues aux plateaux de Hall ob-
serv¶es dans les mesures de transport. Ceci a ¶et¶e con¯rm¶e par des mesures
de transport et de photoluminescence simultan¶ees. Les mesures simultan¶ees
ont ¶et¶e pr¶ecµedes par des ¶etudes d'e®et d'illumination sur les propri¶et¶es de
transport. Les changements dramatiques de la densit¶e ¶electronique et des
formes des courbes ont ¶et¶e observ¶es. En¯n, un ¶etat stable a ¶et¶e trouv¶e cor-
respondant µa l'¶etat d¶etect¶e par les mesures optiques.

La d¶ependance de la luminescence en temp¶erature montre un r¶etr¶ecisse-
ment de la largeur de l'¶etendue d'¶energie d'¶emission ¶elev¶ee, un e®et connu
des mesures de transport. Si la temp¶erature est augment¶ee, le saut d'¶energie
d'¶emission se d¶eplace en champ magn¶etique vers le centre du plateau de
Hall. Cet e®et est clairement visible µaº = 1=3.

Les mesures dans le r¶egime de l'e®et Hall quantique fractionnaire ont ¶et¶e
pr¶ec¶ed¶ees par des caract¶erisations des ¶echantillons. Les paramµetres standard
du 2DEG, comme la concentration d'¶electrons et la masse e®ective ont ¶et¶e
d¶etermin¶ees par des mesures optiques et de transport.

Les trois ¶echantillons avec des puits quantiques ont ¶et¶e classi¯¶es en fonc-
tion des di®¶erents rapports entre les ¶energies d'interaction ¶electron - ¶electron
et ¶electron - trou. Ce rapport d¶etermine les caract¶eristiques de la lumines-
cence de chaque ¶echantillon.

L'in°uence de la largeur de la puit quantique sur la photoluminescence
est discut¶ee par rapport µa l'exemple connu du facteur de remplissageº = 1.
Les trois ¶echantillons sont les repr¶esentants de trois valeurs di®¶erentes de
l'interaction ¶electron - trou par rapport µa l'interaction ¶electron - ¶electron.
L'¶emission de l'¶echantillon de puit quantique 10nm est approximativement
ind¶ependante du facteur du remplissage car le trou induit optiquement re-
tient un ¶electron et forme un exciton neutre ou un exciton charg¶e n¶egative-
ment. Dans les deux cas, les corr¶elations entre ¶electrons sont d¶etruites.

L'¶emission des autres puits quantiques pr¶esente un changement d'¶energie.
L'¶emission de puit quantique de 20nm montre une augmentation de l'¶energie
d'¶emission et l'¶emission de puit quantique NTT-C de 50nm montre une dimi-
nution de l'¶energie d'¶emission. Les deux se situent dans le r¶egime ou l'inter-
action entre ¶electrons et l'interaction ¶electron - trou sont comparables. Dans
le puit quantique de 20nm, l'interaction ¶electron - trou est plus grande, alors
que dans le puit quantique de 50nm l'interaction entre les ¶electrons est plus
grande. Ces r¶egimes di®¶erents seront utilis¶es pour l'explication des di®¶erents
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comportements dans la r¶egion d'e®et Hall quantique fractionnaire.
La deuxiµeme partie de la thµese, pr¶esente les ¶etudes d'un nouvel ef-

fet oscillatoire de la r¶esistance induit sous irradiation micro-onde. A bas
champ magn¶etique, sous irradiation micro-onde, les propri¶et¶es de transport
s'¶ecartent nettement des oscillations bien connues de Shubnikov - de Haas
pour ¶evoluer vers une s¶erie d'¶etats de r¶esistance z¶ero. Les oscillations sont
d¶e¯nies par le rapport de la fr¶equence des micro-ondes et de la fr¶equence
de la r¶esonance cyclotron. La d¶ependance du transport en fonction de la
fr¶equence et la puissance de micro-ondes est pr¶esent¶ee. Un changement de
courbes de transport des MIROs vers une forme qui ressemble µa la r¶esonance
cyclotron est pr¶esent¶e.

Aussi, les r¶esultats des mesures d'absorption des micro-ondes sont pr¶esent¶es
pour deux ¶echantillons avec des mobilit¶es d'¶electrons di®¶erentes. L'¶echantillon
de basse mobilit¶e montre seulement une absorption autour de la r¶esonance
cyclotron. Par contre, le deuxiµeme ¶echantillon de haute mobilit¶e montre
aussi des signaux d'absorption aux harmoniques de la r¶esonance cyclotron.
Ces spectres di®¶erents d'absorption sont accompagn¶es par des courbes de
transport di®¶erentes car l'¶echantillon de haute mobilit¶e montre des MIROs
beaucoup plus prononc¶es.

Les mesures ont permis d'inf¶erer l'existence de deux processus d'ab-
sorption di®¶erents et s¶epar¶es. L'absorption non r¶esonante est mieux visible
en transport et observ¶ee comme les MIROs, qui vraisemblablement ne res-
pectent pas les rµegles de polarisation. Au contraire, l'absorption r¶esonante,
mieux observ¶ee dans les mesures d'absorption des micro-ondes, suit proba-
blement les rµegles de polarisation de r¶esonance cyclotron.
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Chapter 1

Introduction

Ce premier chapitre d'introduction pr¶esente les propri¶et¶es de base d'un
systµeme bidimensionnel ¶electronique sous champs magn¶etiques dans l'ap-
proximation d'un ¶electron unique. La quanti¯cation de Landau des niveaux
d'¶energie et le concept d'¶energie de Fermi sont pr¶esent¶es. Les ph¶enomµenes
connus, observ¶es dans les exp¶eriences de transport sont particuliµerement dis-
cut¶es. Les oscillations de Shubnikov - de Haas µa bas champ magn¶etique sont
suivies par l'e®et Hall quantique entier puis fractionnaire dans la limite
quantique. L'e®et fractionnaire est pr¶esent¶e avec une brµeve pr¶esentation de
la th¶eorie de Laughlin et du modµele de fermions composites.

1.1 2D electron gas in magnetic ¯elds

A two{dimensional electron gas can be obtained by using di®erent methods.
The materials of choice are GaAs and AlGaAs as their di®erent energy gaps
provide the con¯ning potential while roughly the same (Fig. 1.1) lattice
constants allow high quality interfaces and thus, high mobility 2D electron
systems.

The 2DEG in GaAs/AlGaAs based structures can be realised in two
types of structures: heterojunctions (HJ) and quantum wells (QW). Both
are grown by the molecular beam epitaxy (MBE) method.

The heterojunctions have, in general, higher mobilities as only one inter-
face is present in the vicinity of the 2DEG. Quantum well structures usually
have lower mobility 2DEG than heterojunctions because of the existence of
material interfaces on both sides of the 2DEG.

The achieved mobilities in GaAs/AlGaAs structures are as high as»
50¢106cm2=V s, which corresponds to a mean scattering time¿ = 2 ¢10¡ 9s
or mean free pathl » 0:26mm. Such high mobilities are important for high
speed electronics.
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Figure 1.1: The band gap as a function of the lattice constant for various ternary
III-V alloys. Figure from [ 1]. Eg(GaAs) = 1 :5191eV, Eg(Al x Ga1¡ x As)x =0 :35 =
2:02eV

1.1.1 Energy structure

Without an external magnetic ¯eld the motion of electrons in a quantum well
is unconstrained in the quantum well plane but con¯ned along the crystal
growth direction. This con¯nement gives rise to the appearance of energy
subbands. Each energy subband has a constant density of states (DOS)
(Figure 1.2, left) which is given by:

D2D =
m¤
¼~2 (1.1)

where m* is the e®ective mass. Form¤ = 0 :067m0, characteristic for GaAs,
the density of states is equal toD2D = 2 :79¢1010meV ¡ 1cm¡ 2 (including the
spin degeneracy).

The introduction of a magnetic ¯eld B perpendicular to the 2DEG plane
results in an additional quantisation of the particles' motion into cyclotron
orbits. The frequency of the precession is calledcyclotron frequency and is
equal to:

! c =
eB
m¤ (1.2)

and the cyclotron motion orbit radius is given by the magnetic length:

lB =

r
~

eB
(1.3)
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Figure 1.2: DOS quantisation in magnetic ¯elds. Left. Zero ¯eld case. Energy
dispersion and constant DOS in an energy subband. Centre. Landau level quanti-
sation at an arbitrary magnetic ¯eld in a disorder free system. Right. Landau level
broadening due to disorder.

lB (10T) = 8 nm and lB (30T) = 4 :6nm.
The cyclotron motion in the plane of the 2DEG introduces an energy

quantisation into the harmonic oscillator eigenenergies determined by the
quantum number n. The cyclotron energy gap is equal to~! c = 1 :728meV=T
for m¤ = 0 :067m0 The introduction of the electron spin splits the energy lev-
els into spin{up and spin{down states by the Zeeman energyEZ = q¹ B B =
25¹eV=T for g = ¡ 0:44, characteristic for GaAs. The total energy of a
Landau level is given by:

En;§ =
µ

n +
1
2

¶
~! c §

1
2

g¹ B B (1.4)

where g is the electron g-factor and¹ B is the Bohr magneton. Figure 1.2,
centre, presents a Landau level quantisation of the density of states in the
absence of disorder. The arrows represent characteristic values of energy
gaps present in the one{particle picture.

The disorder broadens the±{like energy levels into energy bands pictured
on the right{hand side of Figure 1.2. The shape of the broadened levels may
be described by a Lorentz function with ¡ »

p
B width [ 2].
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For small enough magnetic ¯elds the broadened Landau levels overlap,
producing a modulation of the density of states without creating any energy
gap (Figure 1.3). In the case of a strong magnetic ¯eld, when the cyclotron
energy~! c is greater than Landau level width, an energy gap exists (at least
in terms of the mobility gap). Each Landau level degeneracy is given by:

D =
e
h

B (1.5)

which is equal to D = 2 :4 ¢1010cm¡ 2=T states per Landau spin{split level.
The density of states G(E; B ) can be described by a sum of Lorentz

functions centred around En , n = 0 ; 1: : ::

g(E; B ) =
G(E; B )

G0
=

~! c

¼¡

1X

n

1

1 +
¡ E ¡ En

¡

¢2 (1.6)

where ¡ is the level width. In the case of su±ciently strong overlap of Landau
levels, i.e. low magnetic ¯elds, the density of states can be approximated by
a simple oscillatory function:

g(E; B ) = 1 + 2 ¢
1X

s

e¡ 2¼¡ s
~! c ¢cos

µ
2¼Es
~! c

¡ ¼s
¶

(1.7)

¼ 1 + 2 ¢e¡ 2¼¡
~! c ¢cos

µ
2¼E
~! c

¡ ¼
¶

It is worth noting that even at high magnetic ¯elds when the centres of
Landau levels are well separated, there might be still a non { vanishing den-
sity of states in between the levels. These states in between are considered
to be localised, i.e. they do not contribute to transport but may be seen by
other methods [3, 4, 5].

1.1.2 Properties

The Fermi energy

The total number of electrons ne can be de¯ned as the number of occupied
states which at a given temperature is written as:

ne =
Z + 1

¡1
G(E) ¢f (E; kT ) dE (1.8)

where G(E) is the density of states andf (E; kT ) is the Fermi distribution
function of 2D electrons at temperatureT. The Fermi distribution function
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de¯nes a Fermi energyEF as the energy value wheref (EF ) = 1=2. Due to
the constant density of states in a two{dimensional system (Eq. 1.1) the
Fermi energy is determined by the electron concentration:

EF = ne
¼~2

m¤
(1.9)

As an example, the Fermi energy for a 2D electron concentrationne =
2 ¢1011cm¡ 2 in the NTT-A GaAs/AlGaAs quantum well (i.e. one of the
samples investigated in this work) isEF = 2=2:79¢10 = 7:16meV.

Figure 1.3: DOS modulation in a magnetic ¯eld. Electron Fermi distribution
function (red).

Filling factor

In the high ¯eld limit the DOS is quantised into Landau levels. The Fermi
energy is determined by the magnetic ¯eld via the cyclotron gap and the
degeneracy of Landau levels. One can de¯ne ālling factor º as:

º =
ne

D
=

ne
e
h B

(1.10)

indicating the number of occupied Landau levels at a given magnetic ¯eld.
The position of ¯lling factor º = 1 where the ¯rst Landau level is fully
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occupied while higher Landau levels are empty (at zero temperature) is
related to the Fermi energy (at zero ¯eld) and electron concentration by the
relation (for GaAs):

B º =1 (T) = 4 :14¢ne(1011cm¡ 2) = 1 :155¢EF (meV) (1.11)

Figure 1.4: Landau level fan chart. The zero ¯eld Fermi energy can be found in
the middle between two subsequent Landau levels exactly at integer ¯lling.

Figure 1.4 illustrates changes in the Fermi energy due to the Landau
level quantisation at zero temperature and assuming discrete levels. Due
to the changes in the level degeneracy more electron can be accommodated
into each Landau level as the magnetic ¯eld is increased.

Speci¯c values of the magnetic ¯eld exist at which a Landau level (n)
is fully occupied while level (n + 1) is completely empty. Those values of
magnetic ¯eld correspond to integer values of the ¯lling factor º = 2( n + 1).
At these points the Fermi energy exhibits a discontinuity and jumps between
the two levels. The Fermi energy exactly at integer ¯ling factors is equal
to the zero ¯eld value and is placed in the middle between the subsequent
levels.

In between the integer ¯lling factors the Fermi energy follows a given
Landau level.

1.2 Conductivity in magnetic ¯eld

A possible geometry of a transport measurement of the 2DEG conductivity is
shown in Figure 1.5. The external magnetic ¯eld

¡!
B is applied perpendicular
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to the 2D electron gas plane, along thez axis. The electric ¯eld
¡!
E is applied

along the x axis. The magneto{resistivity (conductivity) is determined by
measuring the voltageVX parallel to

¡!
E . The measurement is accompanied

by simultaneous measurement of the Hall voltageVH , perpendicular to
¡!
E

and
¡!
B .

Figure 1.5: Geometry of the NTT-A sample for transport measurements.

1.2.1 Resistivity tensor

The current density
¡!
j due to the applied electric ¯eld

¡!
E along the x axis

is equal to:

¡!
j = b¾¢

¡!
E =

µ
¾xx ¾xy

¡ ¾xy ¾yy

¶
¢
¡!
E (1.12)

where b¾is the conductivity tensor. De¯ning the resistivity tensor b½= b¾¡ 1

one can write the expressions for the longitudinal and transverse components
of the resistivity, values usually measured in experiment, as:

½xx =
¾xx

¾2
xx + ¾2

xy
(1.13)

½xy =
¾xy

¾2
xx + ¾2

xy

given that ¾xx = ¾yy and ¾xy = ¡ ¾yx .
From the above equations it is evident that if ½xx ! 0 then ¾xx ! 0. In

the high ¯eld limit when ¾xx ¿ ¾xy we can write a simple approximation:
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½xx »
¾xx

¾2
xy

(1.14)

¾xx »
½xx

½2
xy

(1.15)

1.2.2 Shubnikov { de Haas oscillations | low magnetic ¯elds

The modulation of the density of states by the applied magnetic ¯eld changes
the conductivity of the 2DEG. The resultant oscillations are called Shub-
nikov { de Haas (SdH) oscillations [6]. In a simple approximation, the
conductivity can be described by the following formula:

½xx (B ) » ¾xx (B ) »=
Z 1

¡1
g(E; B )

µ
¡

df
dE

¶
dE (1.16)

Substituting the Fermi distribution function and the density of states
from Eq.1.7 one can write:

¢ ¾xx ¼
2¼2kT

~! c

sh
³

2¼2kT
~! c

´ ¢e
¡ 2¼¡
~! c ¢cos

µ
2¼EF

~! c

¶
(1.17)

The above equation can be simpli¯ed into two temperature regimes:

¢ ¾xx ¼

8
><

>:

e
¡ 2¼¡
~! c ¢cos

³
2¼EF
~! c

´
for 2¼2kT

~! c
¿ 1

2¼2kT
~! c

¢e
¡ (2¼2kT +2 ¼¡ )

~! c ¢cos
³

2¼EF
~! c

´
for 2¼2kT

~! c
À 1

(1.18)

In the low temperature regime the temperature does not enter into the
equation and does not produce any change in the oscillation amplitude. The
damping parameter of the oscillations is determined solely by the ¡ Landau
level width.

On the other hand, when the temperature is increased the thermal distri-
bution becomes important in the exponent» (2¼2kT +2¼¡) of the damping
factor.

Figure 1.6 presents a modulated density of states (G, red) due to a
non{zero magnetic ¯eld. The Fermi distribution function (f) at a ¯nite
temperature is presented in black. Its derivative (blue) selects the region
where ¾xx is sensitive to the density of states according to Eq.1.16.

In the presented case the thermal distribution of the electrons spans
over several Landau levels. Thus the oscillations will be blurred by the
thermal e®ects (see 1K,red in Figure1.7). In the low temperature case,
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Figure 1.6: Schematic presentation of DOS modulation (red), Fermi distribution
function and its derivative. Parameters for the calculation are as follows:B = 0 :2T,
¡ = 0 :05meV, E f = 6 :7meV, T = 1K

the thermal distribution is narrow, the thermal blurring is suppressed and
the SdH oscillations become intense. The case of T=30mK is presented in
Figure 1.7, blue.

Figure 1.8 presents, for comparison, aRxx trace of a very high quality
sample. At bath temperature T=30mK the SdH oscillations are visible at
magnetic ¯elds as low as» 23mT . Spin splitting of the Landau levels
becomes visible at» 0:1T.

1.2.3 Integer quantum Hall e®ect | high magnetic ¯elds

The quantum Hall e®ect was discovered in 1980 by K. von Klitzing et al.
[8].

At some value of the magnetic ¯eld, the Rxx trace starts to deviate
from the Shubnikov { de Haas oscillations (see Figure1.9). Whenever the
system approaches an integer ¯lling factorº the magneto{resistivity displays
minima which eventually transform into broad zero resistance states. In the
regions of the magnetic ¯eld where the longitudinal resistance vanishes the
transverse (Hall) resistivity has a constant value. The value ofRxy at the
plateaus is quantised to:

Rxy =
1
n

h
e2 (1.19)
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Figure 1.7: Calculated SdH oscillations for two di®erent temperatures:T = 1K ,
T = 30mK . Other parameters are the same as in previous ¯gure:¡ = 0 :05meV,
E f = 6 :7meV

where n is an integer,h=e2 = 25:812k.
The quantisation of the density of states into the Landau levels alone

can not explain the observation of the plateaus in an ideal (disorder free)
system.

The existence of localised states in the tails of the impurity-broadened
Landau level has been proposed (Figure1.10). The electrons in the localised
states do not contribute to the conductivity. The energy region where lo-
calised states exist is called the mobility gap. Whenever the Fermi energy
lies in the mobility gap the system becomes insulating and the transport
curves display integer quantum Hall plateaus.

On the other hand the extended states exist in the centre of a Landau
level. The system enters a metallic phase whenever the Fermi energy lies in
the region of extended states.

1.2.4 Fractional quantum Hall e®ect | quantum limit

Below the last integer ¯lling factor º = 1 the changes between the metallic
and insulating phases continue to be observed, even though the system is
fully spin polarised in the lowest Landau level and no energy gap is expected
to exist in the single particle picture used so far.

The most pronounced feature of the fractional quantum Hall e®ect is
visible at a fractional ¯lling factor º = 1=3. The discovery of a mobility gap at
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Figure 1.8: SdH oscillations in a very high mobility heterojunction sample at
T = 30mK .[7]

this ¯lling factor was made by Tsui et al. [ 9] in 1982. The magneto{transport
experiment on a GaAs/AlGaAs heterojunction structure showed, at low
temperature, a Rxy deviation from the linear dependence at a magnetic
¯eld exactly three times greater than that of the ¯lling factor º = 1.

From the experimental point of view the fractional quantum Hall e®ect
resembles the integer e®ect in the behaviour of both Hall and longitudinal
resistivity. The former has plateaus quantised to fractional values of h=e2

and the latter drops to zero at corresponding magnetic ¯elds.
Later experiments showed that the series of possible fractions can be

described by:

º =
p

2mp § 1
(1.20)

where m and p are integers. A hierarchical scheme has been conceived to
explain the appearance of di®erent states. In the scheme all knowndaughter
states º = p=q (q-odd) are based on the primitive º = 1=q states.

The following properties of the odd-denominator fractions have been
established:
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Figure 1.9: Example of the integer quantum Hall e®ect measured on one of the
samples investigated in this work. (unilluminated NTT-A quantum well sample).

Figure 1.10: Localised and extended states in a broadened Landau level.
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Figure 1.11: Example of the fractional quantum Hall e®ect visible inRxx and Rxy

in the M1707 heterojunction sample. A few main fractions are marked with arrows.
Other less visible fractions belowº = 1 are º = 3=5 and º = 3=7. The e®ects of bad
contact geometry and/or parallel conduction channel slightly deform the Rxx and
Rxy traces.

² The e®ects are sensitive to disorder, as low mobility samples do not
show FQHE | on the other hand, the disorder is essential for the exis-
tence of the quantum Hall e®ects as the plateaus' width is determined
by the disorder. In a perfect \disorder free" sample the e®ects would
probably not be observed as the plateaus would approach zero width.

² They are also sensitive to temperature, having characteristic energies
much smaller than, as an example, Zeeman (0:25meV = 2 :9K ) and
cyclotron gaps (17:28meV = 200K ) at 10T. Numerical values are for
GaAs.

² Usually the higher the denominator the weaker is the observed struc-
ture | as it has smaller energy gaps.

² Higher magnetic ¯elds facilitate the observation of the FQHE.

The resemblance to the integer e®ect is remarkable but the fractional
quantum Hall e®ect is a many{body e®ect due to electron correlations. The
electrons in partially ¯lled Landau levels have empty states at their disposi-
tion to minimise their energy by rearranging their positions. Earlier [10, 11]
many{body explanations that suggested a Wigner crystallisation did not
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explain the singularity at º = 1=3. (It seems that the long range ordering of
the Wigner crystal is possible at º · 1=6 [12, 13].

The early theory of FQHE proposed by Laughlin [14] in 1983 based on
the introduction of a new state of the 2DEG namely the (Laughlin) incom-
pressible liquid stateis now widely accepted. A complementary, appealing
approach of composite fermions theory by Jain [15] is in agreement with
many experiments but still its detailed justi¯cation is under discussion. The
two theories will be presented brie°y.

Laughlin wavefunction

In the description of the FQHE by Laughlin [ 14] the exact eigenstates of the
2DEG in an odd m, º = 1=m state are described by the many{electron wave
function:

Ãm =
Y

i<j

(zi ¡ zj )m
Y

k

exp(¡j zk j2=4l2B ) (1.21)

where z = x + iy is the position of the j th electron.
The most striking consequence of the incompressible liquid state de-

scribed by Eq. (1.21) is the appearance of afractional charge. The in-
compressibility and the fractionally charged elementary excitations are two
concepts that form the core of present understanding of the fractional quan-
tum Hall e®ect.

With the observation of higher denominator fractions than º = 1=3 a sort
of a hierarchy has been observed. It has been recognised that the values at
which the fractional e®ects are observed are lined in a series of fractions.
The hierarchy has been explained as the formation of a di®erent type of
quasi{particles that are typical for a given fraction when moving from one
fractional ¯lling factor to another.

Dispersion of fractionally charged excitations

A schematic energy dispersion of an excitation in the fractional quantum
Hall state is presented in Figure1.12. The energy dispersion has amagne-
toroton [16] minimum at k » 1=lB due to the symmetry of wavefunction.

Incompressibility

The incompressibility at zero temperature in the absence of disorder is a
necessary condition for the occurrence of the quantum Hall e®ect[17].

The compressibility (K ) de¯ned by:

K ¡ 1 = V
@2E
@2V

(1.22)
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Figure 1.12: Schematic dispersion of an excitation in1=3- fractional quantum Hall
state. A magnetoroton minimum at k » 1=l B

can be connected to the chemical potential:¹ = @E=@N= d(n² (n))=dn by:

K ¡ 1 = n2 d¹
dn

(1.23)

When d¹=dn = 1 that is the chemical potential increases discontinu-
ously with the change ofn then K = 0 and the system is incompressible. In
other words when the system is incompressible the creation of a particle-hole
pair costs a ¯nite energy. This in turn implies the existence of an energy
gap.

Fractionally charged quasiparticles

A gedanken experiment [17] argues the existence of fractionally charged
quasi{particles in the case of an incompressible system in theº = p=q state.

When a °ux through an imaginary, in¯nitely thin solenoid at the origin
is changed from 0 to ©0 = hc=ethe system is back in the initial eigenstate.

However, we can show that this state has chargeeq=padded or removed
from an area surrounding the axis of the solenoid. According to the Faraday
induction law the time dependent °ux gives rise to an azimuthal electric ¯eld
around the solenoid:

EÁ =
1
c

dÁ
dt

1
2¼R

(1.24)
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At the incompressible state at ¯lling factor º the conductivity ¾xy =
ºe2=h. It follows that, if we look along a ring far enough from the origin,
the azimuthal electric ¯eld gives rise to a radial current:

j r = º
e2

h
1
c

dÁ
dt

1
2¼R

(1.25)

and the total fractional change in the charge inside the ring | localised
within the microscopic length scale is:

Q = 2¼R
Z

j r dt = º
e2

h
1
c

hc
e

= ºe (1.26)

The concept of fractionally charged particles has been con¯rmed in mea-
surements ofshot noise by Saminadayar et al. [18] and Gri±ths et al. [ 19].

Figure 1.13: Schematic picture for the º = 1=3 fractional quantum Hall state.
Electrons marked as dots, vortices as discs, magnetic °ux quanta as arrows. a)
One vortex on each electron with 2=3 of vortices unattached. b) The e-e repulsion
is reduced by placing additional vortices on the electrons. c) Situation b) viewed
as composite particles made from electrons and the attached °ux quanta. Picture
from [20].

Composite Fermions

The composite fermion (CF) theory was conceived basing on the observation
that the fractional quantum Hall e®ect can be viewed as an integer e®ect
of composite particles, and while it is still discussed whether the particles
truly exist and the picture is valid, the model proposed by Jain [15, 21] is
helpful in understanding the FQHE.
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Di±cult to interpret, the strongly correlated system of 2D electrons can
be presented in a picture of noninteracting (weakly interacting) new particles
(Figure 1.13). These particles possess charge, spin and statistics.

The basic characteristics of the composite fermion theory can be sum-
marised as follows[22]:

² The basic particles in the lowest Landau level (LLL) are the composite
fermions created from electrons that have captured aneven number
(2p) of vortices.

² The composite fermions are weakly interacting and can be treated by
a single particle description as ordinary fermions

² The e®ective magnetic ¯eld that the composite fermions experience is
reduced to:

B ¤ = B ¡ 2mÁ0½ (1.27)

where 2m is the number ofÁ0 = hc=e°ux quanta, ½is the density of
electrons. The values corresponding to CF are usually marked with
an asterisk (*) to di®erentiate from values corresponding to \normal"
electrons. From the above equation the e®ective magnetic ¯eld at
º = 1=2 for composite fermions isB ¤ = 0

² The existence of hierarchical structure comes from the IQHE of com-
posite fermions. The CF ¯lling factors º ¤ are related to º by:

º =
jº ¤j

2mjº ¤j § 1
(1.28)

Since the vortices are attached to CF, the identi¯cation of vortices as
°ux quanta is a useful simpli¯cation. It allows to de¯ne a new e®ective
magnetic ¯eld as the remainder of the external ¯eld that is not attached to
the CFs.

A more sophisticated theoretical treatment, the Chern-Simons theory,
results from rewriting the original (many body) problem in such a way as
to obtain the composite fermion description as a mean{¯eld theory. The
obtained CF description is later tested for its self-consistence. See references
[23, 24, 25, 26] for the description of the theory.

The e®ective massm¤
CF of composite fermions:

~! CF
c =

~eB¤

m¤
CF

(1.29)



18 Chapter 1. Introduction

has been determined experimentally by the Shubnikov{de Haas oscillations
around º = 1=2 by Leadley et al. [27] as well as by optical methods by
Kukushkin et al. [28].

The cyclotron resonanceof composite fermions experiments showed that
CFs execute a cyclotron motion when the magnetic ¯eld is changed from
B ¤ = 0. One of the important ingredients of the composite fermion theory
is that the new particles form a spin{polarised Fermi sea system atB ¤ = 0
analogical to the Fermi sea of electrons atB = 0 .

Local charge of a composite fermion. On may view a composite
fermion as being made of an electron and an even number of vortices. Thus,
its intrinsic charge is that of an electron (¡ e). The correlation with other
quasi{electrons produces acorrelation hole around the quasi{electrons. The
local charge(e¤) de¯ned as the sum of the intrinsic charge and the correla-
tion hole measured relative to the background state gives a fraction of¡ e
at the º = p=2mp+1 state:

¡ e¤ =
¡ e

2mp + 1
(1.30)

When an electron is added to the system, 2mp quasi{electrons are gen-
erated, each having a local charge¡ e¤. A composite fermion quasi{hole in
a CF{Landau level has a charge +e¤.

Uni¯cation of the Laughlin approach and the composite fermion theory
leads for example to the interpretation of the º = 1=3 energy gap atk ! 1
as the cyclotron gap of the composite fermions.
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Chapter 2

Experimental techniques

Les techniques exp¶erimentales utilis¶ees pour les mesures de photolumi-
nescence, di®usion in¶elastique de la lumiµere, transport et absorption des
micro-ondes, sous champs magn¶etiques, sont d¶etailles dans ce chapitre. Les
champs magn¶etiques ont ¶et¶e produits par une bobine supraconductrice de
14T essentiellement pour des mesures de caract¶erisation aux temp¶eratures
de l'h¶elium liquide (4.2K - 1.7K). Les champs plus intenses, jusqu'µa 28T,
ont ¶et¶e produits par les aimants r¶esistifs. Les exp¶eriences µa trµes basses
temp¶eratures au dessous de 1K ont ¶et¶e faites dans un r¶efrig¶erateur µa di-
lution. Principalement toutes les exp¶eriences optiques e®ectu¶ees utilisent
un laser argon (L=514.5nm) pour l'excitation au-dessus de l'¶energie de la
barriµere, ou un laser Ti : Saphir de longueur d'onde ajustable pour l'exci-
tation r¶esonante. La d¶etection de la lumiµere ¶emise a ¶et¶e faite par un spec-
tromµetre optique. Di®¶erents systµemes de mesures sont r¶ealis¶es au bout des
¯bres optiques utilis¶ees pour la transmission de la lumiµere et ont ¶et¶e adapt¶e
dans un diamµetre d'environ 33mm pour un cryostat µa h¶elium liquide et 22mm
pour le r¶efrig¶erateur µa dilution. Le systµeme de mesure de la photolumines-
cence n'a qu'une ¯bre optique et permet d'e®ectuer les mesures de la lumiµere
polaris¶ee circulairement grâce µa un polarisateur lin¶eaire et une lame quart
d'onde. Les mesures de la di®usion in¶elastique de la lumiµere ont ¶et¶e fait avec
une g¶eom¶etrie quasi Faraday. Un arrangement de deux ¯bres pour les me-
sures de la di®usion in¶elastique de la lumiµere permet de minimisation de la
d¶etection de la lumiµere laser di®us¶ee. Un systµeme des mesures simultan¶ees
de transport et de luminescence est pr¶esent¶e ainsi que des systµemes de me-
sure d'absorption des micro-ondes dans une cavit¶e du spectromµetre ERP µa
fr¶equence ajustable et de d¶etection optique de la r¶esonance cyclotron.

Several experimental techniques have been used to determine the prop-
erties of the studied 2D electron systems. The optical measurements in-
cluded photoluminescence (PL), photoluminescence excitation (PLE), in-
elastic light scattering (Raman) and Fourier spectroscopy. Luminescence
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studies simultaneous with transport measurements were accomplished on
the NTT-A quantum well and the M1707 heterojunction. The in°uence of
microwave irradiation on transport properties (MIROs) and on luminescence
(ODCR) has also been studied. Those various experimental methods need
di®erent experimental setups. The following sections describe the experi-
mental techniques employed during the study.

All the experiments were performed in a magnetic ¯eld perpendicular to
the 2DEG plane.

The low and moderate ¯eld experiments were performed using an Oxford
superconducting coil magnet with a maximum achievable magnetic ¯eld of
14T. The coil has a 50mm warm bore inside which a liquid helium (LH2)
cryostat was inserted. The experiments were performed in a temperature
range of 4:2K ¡ 1:7K .

Higher ¯elds were achieved by one of the resistive magnets in the Labo-
ratory. The maximum magnetic ¯elds produced by the 10MW and 20MW
resistive magnets is 23T and 28T, respectively. Inside the 50mm bore of the
magnets a liquid helium cryostat was inserted for the experiments performed
at helium temperatures (4:2K ¡ 1:7K ).

The lowest temperature measurements (below 1K ) down to the base bath
temperature T ¼ 50mK were performed in the dilution fridge installed in
place of a LH2 cryostat in a resistive magnet site. An optical insert had to be
prepared to allow the photoluminescence and light scattering experiments
in the dilution refrigerator.

Common characteristic

The optical setup consisted of a excitation source and a spectrometer. The
light was transmitted by optical ¯bres to and from the sample placed inside
a cryostat.

The excitation part of the optical setup was common for all measure-
ments. Above bandgap excitation was done by a continuous{waveAr + laser.
The emission line¸ L = 514:5nm was selected by an interference ¯lter placed
in the laser beam. When non resonant excitation was used a low{pass ¯lter
was placed at the entrance to the spectrometer to avoid stray light entering
the spectrometer.

For resonant excitation either a low{power 670nm solid state laser diode
was used or a continuous{wave tunable wavelength Ti::sapphire laser. Specif-
ically, the diode was employed for low{power excitation when simultaneous
transport and photoluminescence experiments were done. The Ti:Sapphire
laser was used for PL, PLE and Raman measurements.

A di®erent technique had to be used for Raman scattering experiments
(see below). The collected emission light was analysed in either a single{
grating (1m long, available gratings: 1800 and 3600 lines/mm) or a double-
grating (2m long, available gratings: 300 and 1800 lines/mm) optical spec-
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Figure 2.1: One ¯bre setup for circularly polarised photoluminescence measure-
ments. The laser light reaching the sample from the ¯bre is mainly unpolarised.
The polarisation of the detected light can be selected by a circular polariser.

trometer. Both spectrometers were equipped with a 1024x512 CCD camera.
The double{grating spectrometer o®ers a better resolution at the cost of re-
duced luminosity.

A 1800 lines/mm grating was used in the single{grating spectrometer in
the 800nm wavelength range and the available resolution was 0:02nm per
pixel in a 20nm window.

Two sets of gratings of 300 and 1800 lines/mm for the double{grating
spectrometer allow the measurements in the wavelength range of interest.
The high density grating allowed a resolution of 0:005nm per pixel in a
2:5nm window while the 300lines/mm grating resolution was 0:05nm in a
25nm window.

The most important part of the experimental setup is in the vicinity of
the measured sample connected by optical ¯bres to a laser and a spectrom-
eter. The 50mm magnet bore had to accommodate the cryostat and the
sample holder so the e®ective diameter available for the experimental setup
was » 33mm in a LH2 cryostat and » 22mm in the dilution refrigerator.
The following section will brie°y describe the experimental setups used for
di®erent measurements.
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2.1 Photoluminescence

A thick 600¹m optical ¯bre was used to transmit both the exciting beam
and the photoluminescence light from the sample in the dilution refrigera-
tor (Figure 2.1). A circular polariser consisting of a linear polariser and a
quarter{wave plate was placed between the ¯bre and the sample. The po-
lariser and the quarter{wave plate have been calibrated for the wavelength
range around 800nm (the emission of GaAs). Thus, the sample was excited
by mostly unpolarised laser light (green) as the optical ¯bre did not pre-
serve polarisation. On the other hand, only one circular polarisation of the
emitted light was allowed to pass through from the sample into the optical
¯bre.

To detect the emission in the opposite polarisation the magnetic ¯eld
direction had to be inverted. The emitted light was analysed by the spec-
trometer equipped with a CCD camera.

When the emission intensity was expected to be very low e.g. when
very low laser intensities were planned to be used the photoluminescence
was measured without light polarisation. The usual gain in the detection
sensitivity of the emitted light was about 10 times.

All experiments performed in the dilution refrigerator were performed
using su±ciently low excitation power to avoid heating of the sample. The
maximum power where no change in the measured bath temperature was
observed at static magnetic ¯eld was less than 1mW at base temperature.

2.2 Inelastic light scattering

The inelastic light scattering setup di®ers from the PL setup by the use of
two separate optical ¯bres for excitation and detection. The optical ¯bres
usually used have a diameter of 200¹m . When the excitation energy is
similar to the emission energy one can not use a low{pass ¯lter in front of
the spectrometer to eliminate the laser light. To minimise the intensity of
the laser light entering the spectrometer one has to carefully arrange the
two ¯bres in the proximity of the sample.

In the geometry presented on Figure2.2most of the laser light is re°ected
from the sample surface away from the collecting ¯bre. The only laser light
that can enter the ¯bre is the one scattered from the surface imperfections.
A ¯xed position of the optical ¯bres does not allow k{vector dependence
measurements. The presented geometry isalmost a Faraday con¯guration
as the magnetic ¯eld (upwards on the picture) is not completely parallel to
the k-vector of the incident light. Nevertheless, due to the large value of the
GaAs refraction coe±cient (n = 3 :3) the incident light enters the sample
almost parallel to the magnetic ¯eld direction.

A good ¯bre arrangement with a good sample surface sample can result
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Figure 2.2: Geometry of a two-¯bre system to minimise the gathered laser light.
Re°ected laser light is rejected from the system.

in a detection system where the collected laser intensity is comparable to
the Raman scattering signal.

2.3 Transport

Every sample studied in this work had at least one corresponding piece with
contacts for transport measurements.

In case of the NTT samples it has been found that it was basically
impossible to measure transport on samples illuminated with anAr + laser
even if unilluminated samples did not pose any problems. Even a short
illumination with a 514.5nm laser resulted in a parallel conductance that
rendered the measurements impossible. The sample had to be warmed up
in order to measure its resistivity.

Thus, very low power, below the barrier excitation by a solid state lasing
diode with emission wavelength¸ L = 670nm has been used. Such illumi-
nation also induced changes in the transport properties but in much longer
timescales and allowed to reach a stable state with good transport properties
that corresponded to optically detected parameters.

A single optical ¯bre was placed close to the sample to minimise the illu-
mination of the sample contacts but as far as possible to guarantee a uniform
excitation power (Figure 2.3). The presence of the electrical contacts did
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Figure 2.3: Luminescence and transport, simultaneously. The excitation wave-
length used in measurements is670nm.

not allow easy use of an optical polariser.

2.4 Microwave absorption

The direct microwave absorption experiments were performed in a home{
made EPR spectrometer [1, 2]. The spectrometer allows measurements in
the microwave frequency range of 40-60 GHz. The maximum power is 5mW
.

The critical part of the spectrometer is the multi mode cavity. The cavity
is tuned to the microwave frequency by changing the distance between a
moving plunger and the top wall of the cavity. The geometry of the magnetic
and electrical microwave ¯elds of the main mode are presented in Figure2.4.

A thin ¯bre was put through the plunger, which allowed measurements
of photoluminescence or light irradiation e®ects on microwave absorption.

2.5 Optically detected cyclotron resonance

The characteristics of the microwave sources used in the ODCR measure-
ments are presented in Table2.1.

The system to detect changes due to microwave irradiation in magneto
{ photoluminescence is a slightly modi¯ed PL setup (Figure 2.5). With-
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Figure 2.4: Cavity of a tunable EPR spectrometer. Frequency range is 40-60GHz.
For a CR measurement the sample is moved away from the cavity wall into the
electric microwave ¯eld. An optical ¯bre allows for an optical excitation or PL
measurements. The system is tuned to the microwave frequency by changing the
height of the cavity.

Figure 2.5: Setup for optical detection of cyclotron resonance. One ¯bre serves
to excite and detect the photoluminescence. Microwaves are transmitted to the
sample by an oversized waveguide.
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source range maximal power
(GHz) (mW)

EPR spectrometer 40¡ 60 5
Gunn diode 95§ 1 50
Backward wave oscillator (BWO) 77:35¡ 119:5 50
BWO with doubler 154:7 ¡ 239 5

Table 2.1: Microwave sources used in the ODCR measurements. Characteristic
frequency ranges and maximum powers are indicated.

out light polarisation the optical part consists only of a single ¯bre. The
modi¯cation introduces a microwave oversized waveguide to allow sample ir-
radiation. The use of a long oversized waveguide from the source to the sam-
ple inside the LH2 cryostat produces several experimental problems. The
alignment of waveguide elements and presence of any edges might result
in microwave scattering and lowering of the microwave irradiation power.
A too high quality waveguide might result in super°uous cavity which will
generate standing microwave waves that will disturb the experiment.

A carbon resistor can be mounted in the proximity of the sample and a
measurements of absorbed microwave power can be done.
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Chapter 3

Investigated systems

Les propri¶et¶es des systµemes ¶etudi¶es sont pr¶esent¶ees dans ce chapitre sui-
vies par des calculations auto - coh¶erentes des pro¯ls de bandes ¶energ¶etiques
des puits quantiques.

The presented studies were performed on three quantum well samples
and two heterojunction samples. All samples are GaAs/AlGaAs structures
and have a high mobility two{dimensional electron gas.

3.1 NTT quantum wells

The quantum well samples were grown at the NTT Basic Research Lab-
oratories in Atsugi, Japan by the MBE method. Figure 3.1 presents the
structure of the sample with d = 20nm quantum well (NTT-A). All samples
have exactly the same structure and di®er only by the quantum well widths.

The high density 2DEG is achieved in the structures by the modulation
doping technique [1]. In this case Si dopant atoms are added in the AlGaAs
layer. The closest Si±{doping layer is 75nm away from the 2DEG in the
NTT structures. The spatial separation minimises the in°uence of the donor
impurities on the 2DEG.

Name width(nm) dark illuminated
¹ (cm2=V s) ne (cm¡ 2) ¹ (cm2=V s) ne (cm¡ 2)

NTT-A 20 » 2:5 ¢106 » 1 ¢1011 » 5:5 ¢106 » 2 ¢1011

NTT-B 10 » 6 ¢105 0:92¢1011 » 1 ¢106 2:15¢1011

NTT-C 50 » 1:4 ¢106 0:95¢1011 » 4 ¢106 2:29¢1011

Table 3.1: Nominal parameters of the 'as grown' NTT quantum well samples.
Mobility ¹ and 2D electron concentrationne, dark and after illumination. Neither
the illumination duration, wavelength nor the intensity are known.
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Figure 3.1: The NTT-A (20nm QW) sample structure provided by the NTT.
Other NTT samples di®er by quantum well width only.
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The nominal parameters of the NTT samples are collected in Table3.1.
The 2D electron concentration after illumination corresponds to the values
determined by PL experiments (see Table4.1 on page53). The change of
ne due to illumination is discussed below.

3.2 Bell heterojunction

A heterojunction sample with a very high mobility 2D electron gas was the
subject of measurements of the e®ects of microwave irradiation on the sample
resistance. The sample was kindly supplied to us by the Bell Laboratories,
USA.

The 2DEG is formed in a triangular quantum well at the interface of a
Si-modulation doped 100GaAs=AlxGa1¡ xAs heterostructure with x=0.32.
The undoped spacer was 800ºA while the 2DEG was 1900ºA below the surface.

name ¹ (cm2=V s) ne (cm¡ 2)

Bell 10 ¢106 2 ¢1011

Table 3.2: Parameters of the Bell heterojunction sample after brief illumination
by a red LED at 2K.

3.3 M1707 heterojunction

A GaAs/AlGaAs heterojunction sample was grown at the Institute for Mi-
crostructural Sciences (IMS) laboratories of the Canadian NRC in Ottawa.
With a lower 2D electron concentration in the sample the ¯lling factor
º = 1=3 was accessible in 10MW resistive magnets (below 23T).

name ¹ (cm2=V s) ne (cm¡ 2)

M1707, dark 2¡ 5 ¢106 1:3 ¢1011

M1707 2¡ 5 ¢106 » 2 ¢1011

Table 3.3: Parameters of the dark and illuminated M1707 heterojunction sample.

3.4 Structure calculation

Given the growth parameters of the NTT structures (presented on Fig. 3.1)
it is possible to calculate the energy band positions and the carrier con-
centration. To simulate the structures a freely available computer program
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1DPoisson written by Greg Snider [2] was used. The program allows to
self{consistently solve Poisson and SchrÄodinger equations.

Band pro¯les. Subband energies

The calculated conduction band energies for the three NTT samples are
presented in Figure3.2. Three (two in the case of 10nm QW) lowest electron
subbands are also presented. The energy bands were calculated by self{
consistently solving Poisson and SchrÄodinger equations. Then the subband
energies were calculated by solving the SchrÄodinger equation based on the
results of the previous calculations.

Figure 3.2: Calculated conduction band pro¯le and ¯rst three electron subband
wavefunctions. Well widths correspond to samples NTT-B (10nm), NTT-A (20nm),
NTT-C (50nm), respectively.

Electron subband energy (meV)

sample width (nm) 1st subband 2nd subband

NTT-A 20 -8.1 21.7
NTT-B 10 -6.8 82.5
NTT-C 50 -8.3 0.3

Table 3.4: Calculated conduction band subband energies.E f =0meV.
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Heavy hole subband energy (eV)

sample width (nm) 1st subband 2nd subband

NTT-A 20 -1.5235 -1.5320
NTT-B 10 -1.5498 -1.5679
NTT-C 50 -1.5120 -1.5139

Table 3.5: Calculated valence band heavy hole subband energies.E f =0meV.

Transition energy (eV)

sample width (nm) E1H1 E1H2 E2H1

NTT-A 20 1.5155 1.5537 1.5452
NTT-B 10 1.5430 1.6504 1.6324
NTT-C 50 1.5036 1.5142 1.5123

Table 3.6: Calculated transition energies. dE = Ex ¡ H y

Tables 3.4 and 3.5 contain calculated electron and heavy hole subband
energies. The subband energy is the distance from the Fermi energy.

It is possible to compare the calculated transmission energies in Table
3.6 with the PL data for the NTT-C sample as both the ¯rst subband
(E1H1 = 1 :508eV) and the second subband (E2H1 = 1 :516eV) are visible
at B = 0T. The absolute calculated value di®ers from the PL recombination
energy by» 4meV. On the other hand, the energy di®erence 8meV between
the levels in the PL spectra agrees with the di®erence between the calculated
transition energies» 8meV.

To compare the subband positions in the NTT-A sample one can analyse
the magneto{re°ectance data presented in Figure3.3. The arrow marks the
possible signal from the second subband. Its energy position isE2 = 1 :548eV
and di®ers by» 32meV from the 1st subband energyE1 = 1 :516eV. This
di®erence corresponds to the calculated subband separation value» 30meV.
The very rich magneto{re°ectance spectra contain additional lines that are
not yet identi¯ed.

Electron concentration

Figure 3.4presents the calculated conduction and valence band pro¯les along
with the square of the wavefunctionsjª j2 of the ¯rst electron and the ¯rst
heavy{hole subbands. The wavefunction overlap is minimal in the case of the
50nm quantum well and nearly complete in the case of the 10nm QW. The
extension of the wavefunctions in thez direction is relevant as it determines
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Figure 3.3: Re°ectance data. The1st and 2nd subband signal marked with arrows.
Data from [3]

Figure 3.4: Calculated electron and hole concentration pro¯les.
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the 2DEG { hole wave functions overlap, which in turn will be an important
parameter in the analysis of the PL recombination data in the integer and
fractional quantum Hall regime.

sample width (nm) ne(cm¡ 2)

NTT-A 20 2.25 ¢1011

NTT-B 10 1.87 ¢1011

NTT-C 50 2.34 ¢1011

Table 3.7: Calculated electron concentrations.

Table 3.7 contains calculated electron concentrations in the quantum
wells that correspond to ne pro¯les presented in Figure 3.4. The pro¯les
were calculated as a square of the wave{functions of the occupied energy
subbands.

Results show that only the ¯rst electron subbands are occupied. The
exception is NTT-C, were the 2nd subband has an energyE2 = 0 :3meV
above the Fermi energy. The energy corresponds toT = 3 :5K (kB T =
0:086meV=K) and its occupancy is determined by temperatures used in
experiments.

The calculated values ofne in samples NTT-B and NTT-C (Table 3.7)
di®er by the order of » 0:3 ¢1011cm¡ 2, from the electron concentrations
estimated from the photoluminescence experiments (Table4.1, p. 53). Ad-
ditional simulations were performed where the input parameters describing
the structure have been changed, namely the concentration of the dopant at
z = ¡ 690ºA, to achieve the correctne in the quantum wells (Table 3.8).

ne(cm¡ 2)

sample width (nm) Nd = 0 :6 ¢1012 Nd = 200 ¢1012

NTT-A 20 2 ¢1011 2.46 ¢1011

NTT-B 10 1.64 ¢1011 2.07 ¢1011

NTT-C 50 2.12 ¢1011 2.57 ¢1011

Table 3.8: Changes of the calculated electron concentrations due to di®erent im-
purity concentrations: Nd = 0 :6 ¢1012cm¡ 2 and Nd = 200 ¢1012cm¡ 2.

Nd was adjusted to 0:6¢1012cm¡ 2 to correct the calculated concentration
in the 50nm quantum well. Unfortunately, this new parameter value was
still not good for the other quantum wells. Another parameter value Nd =
200¢1012cm¡ 2 corrected the calculatedne in the NTT-B sample.

The concentration variations were not accompanied by either great en-
ergy levels position change or changes in the subband wavefunctions.
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Chapter 4

2DEG in a magnetic ¯eld:
introductory studies

Dans ce chapitre les ¶etudes pr¶eliminaires pr¶esent¶ees, constituent une ca-
ract¶erisation avanc¶ee des ¶echantillons ¶etudi¶es. La caract¶erisation par des
mesures de transport, r¶esonance cyclotron et photoluminescence dans le r¶egime
de l'e®et Hall quantique entier sont faites pour d¶eterminer les propri¶et¶es du
gaz ¶electronique bidimensionnel (2DEG) comme la masse e®ective ¶electronique
ou la grandeur de l'interaction ¶electron - trou de la bande de valence. Cette
connaissance de base des systµemes ¶etudi¶es est n¶ecessaire pour des ¶etudes plus
avanc¶ees de l'e®et Hall quantique fractionnaire ou de l'e®et d'irradiation des
micro-ondes.

Les ¶etudes des propri¶et¶es de transport d'¶echantillon NTT-A (d=20nm)
montrent l'¶evolution de la concentration d'¶electrons pendant l'illumination.
Les mesures de transport sur l'¶echantillon non illumin¶e ne correspondent pas
aux mesures optiques ayant une concentration d'¶electron deux fois plus pe-
tite. Pendant les mesures d'¶evolution temporelle, deux ¶etats stationnaires ont
¶et¶e trouv¶es ; un avec une concentration d'¶electrons trµes basse et un autre avec
une concentration qui correspond µa l'¶etat mesur¶e par photoluminescence.

La caract¶erisation d'un 2DEG par les ¶etudes optiques a ¶et¶e faite dans le
r¶egime de l'e®et Hall quantique entier et µa trµes basses temp¶eratures. L'ana-
lyse de l'¶eventail de Landau donne une valeur de masse r¶eduite ¶electronique
et de concentration d'¶electrons. Un concept d'¶echelle ¶energ¶etique d¶ecal¶ee
lin¶eairement a ¶et¶e introduit de fa»con µa mieux pr¶esenter les changements
d'¶energie d'¶emission.

L'in°uence de la largeur du puit quantique sur la photoluminescence est
discut¶ee par rapport µa l'exemple connu du facteur de remplissageº = 1 . Les
comportements di®¶erents r¶esultent de di®¶erentes valeurs d'interaction entre
les ¶electrons et le trou. Les trois ¶echantillons NTT repr¶esentent trois va-
leurs di®¶erentes du rapport entre l'interaction ¶electron - trou et l'interaction
¶electron - ¶electron. L'¶emission de l'¶echantillon NTT-B de puit quantique



40 Chapter 4. 2DEG in a magnetic ¯eld: introductory studies

10nm est approximativement ind¶ependante du facteur du remplissage, car le
trou induit optiquement retient un ¶electron et forme un exciton neutre ou
un exciton charg¶e n¶egativement. Dans les deux cas, les corr¶elations entre les
¶electrons sont d¶etruites. L'¶emission des autres puits quantiques r¶eveille un
changement d'¶energie. L'¶emission de puit quantique de 20nm montre une
augmentation de l'¶energie d'¶emission et l'¶emission du puit quantique NTT-
C de 50nm montre une diminution de cette ¶energie. Les deux sont dans le
r¶egime ou l'interaction entre les ¶electrons et l'interaction ¶electron - trou sont
comparables. Dans le 20nm puit quantique l'interaction ¶electron - trou est
plus grande et dans le puit quantique de 50nm l'interaction entre les ¶electrons
est plus grande. Ces di®¶erents r¶egimes seront utilis¶es pour l'explication des
di®¶erents comportements dans la r¶egion de l'e®et Hall quantique fraction-
naire.

The results presented in this chapter can be regarded as an advanced
characterisation of our samples. The transport characterisation, cyclotron
resonance and photoluminescence in the integer ¯lling factor regime have
been performed to determine the 2DEG properties such as the emission
energy, the carrier concentration, the e®ective mass or the magnitude of the
electron { hole interaction. This basic knowledge of the systems is needed
for further studies of the fractional quantum Hall e®ect or e®ects of the
microwave irradiation.

4.1 Transport properties

The preferred geometry for transport measurements is the Hall bar geome-
try, which ensures that e®ects such as those arising from ¯nite size contacts
are minimised. In the case of samples for optical measurements the Hall
bar is usually an obstacle and the van der Pauw [1] method is used instead.
In this geometry four contacts on the corners of a square sample are used.
By measuring the resistance between di®erent sets of contacts one can de-
duce sheet resistivity from the van der Pauw equation. The Hall resistance
is measured by letting current °ow across the sample and measuring the
voltage on the other two contacts.

Samples measured in optical experiments usually do not have contacts
on them to allow transport measurements. In case of resonant excitation the
lack of a transport lithography structure is very important as the laser light
could be scattered and too much stray light might enter into the collecting
¯bre. For this reason the samples were cleaved into parts beforehand and a
second piece of each sample exists that is ¯tted with contacts for transport
measurements.

The observation of the striking optical features (see Chapter5) needs
to be con¯rmed by transport measurements so it became apparent that a
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simultaneous measurement of photoluminescence and transport in the frac-
tional quantum Hall regime is indispensable. Thus, a lot of e®ort has been
put into the measurements of the NTT-A sample, the representative sample
for optical measurements. Simultaneous measurements of luminescence and
transport were done on a sample with contacts in a van der Pauw geometry.

While the transport measurements of unilluminated NTT samples did
not pose unusual problems it has turned out to be very di±cult to measure
the resistance after illumination.

The results of transport characterisation of heterojunction samples will
be now discussed, followed by a brief presentation of the e®ect of illumination
of the NTT-A sample on transport properties.

Figure 4.1: Fractional and integer quantum Hall e®ect features in theRxx and
Rxy traces of the unilluminated NTT-A sample.

4.1.1 Heterostructure \Bell labs"

The \Bell" heterojunction was the only one not measured in the optical
interband spectroscopy experiments. It was assigned for the studies of the
microwave induced resistance oscillations (MIROs)(see Chapter6, p. 117).

As most samples, it needed a brief \forming " with light illumination to
achieve a stable electron concentration and usual mobility for this sample
(see Table3.2, p. 33, for the ¯nal values).
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4.1.2 Heterostructure M1707

Figure 1.11, p.13, presents an example ofRxx and Rxy traces of the unil-
luminated M1707 sample. Illumination increases the electron concentration
to » 2 ¢1011cm¡ 2 while increasing a parallel conductance which results in
an increase in the magneto{resistance and worseRxx , Rxy traces.

4.1.3 Quantum well NTT-A

Unilluminated

Figure 4.2: Illustration of the temperature activated character of Rxx at º = 1=3

and º = 2=5. The obtained corresponding characteristic energy gaps are shown.
The sample is the unilluminated NTT-A quantum well. Inset. Arrhenius plots of
Rxx that were used to determine values of energy gaps at both fractions of ¯lling
factor.

The NTT-A sample was the most studied in transport due to the need
of veri¯cation of the optical features. Figure 4.1 presents measurements of
the unilluminated sample. The electron concentration is 9:97¢1010cm¡ 2 i.e.
two times lower than usually measured in the magneto{photoluminescence.
Clearly the transport measurements \in dark" would not correspond to the
optical measurements. Nevertheless, these experiments nicely illustrate the
fractional quantum Hall e®ect and in particular allow us to show the acti-
vated character of the º = 1=3 and º = 2=5 states and evaluate the corre-
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sponding energy gaps. The traces and the determined values of the energy
gaps are presented on Figure4.2 .

Evolution in illumination time

To measure the dependence of the transport properties on illumination the
sample was placed in a dilution refrigerator. The evolution of the resistance
was followed for several days of constant illumination with a very low power.
The ¸ = 670nm illumination had a total power of » 1nW . A few interme-
diate state traces ofRxx are plotted in Figure 4.3. A dramatic evolution of
the resistance traces was observed.

Figure 4.3: Evolution of the Rxx trace in the NTT-A sample with illumination
time. Curves correspond to between two hours and 10 hours of illumintion. Arrows
mark the sequence in which theRxx trace changes.

Very low concentration

An intermediate, quasi-stationary state with a very low concentration of
carriers was found during studies of the time evolution of the illumination
e®ects. The lowest observed concentration with su±ciently good transport
properties is ne = 6 ¢1010cm¡ 2. The corresponding transport curves are
presented in Figure4.4. This is a stable state and the transport properties
do not change with time when the illumination is switched o®.
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Figure 4.4: An intermediate state after » 30 hours of illumination ( ¸ = 670nm,
P = 1nW ) at low temperatures, of very low electron concentration in the NTT-A
sample.

High concentration

A second relatively stable state has been found to be equivalent to the
one determined by photoluminescence. The electron concentrationne =
2:2¢1011cm¡ 2 corresponds to the value found in optical experiments. Figure
4.5 presents transport curves ofRxx and Rxy of an illuminated NTT-A
sample.

The traces shown in Figure4.5 were relatively stable over a long time,
even if the sample wascontinuously illuminated. They present the most
reasonable quantum Hall e®ect curves obtained on these samples even under
simultaneous illumination.

The main integer as well as fractional quantum Hall states are well pro-
nounced in these traces. Theº = 1=3 fractional quantum Hall state is par-
ticularly well pronounced, with a clear minimum in Rxx and almost correct
resistance of theRxy plateau.

The evolution of the resistance traces with illumination, we think, are the
results of quasi{persistent changes of the carrier concentration with the ef-
fect of inhomogeneous concentration playing an important role. A relatively
homogeneous concentration can be achieved in the low and high concentra-
tion regimes but further illumination leads to the development of a parallel
conduction channel.
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Figure 4.5: Second relatively stable state of the illuminated NTT-A sample. ne =
2:2 ¢1011cm¡ 2. Illumination power » 1nW=mm2, ¸ = 670nm. Achieved after
further » 8 hours of illumination.

The results of simultaneous measurements of photoluminescence in the
vicinity of º = 1=3 will be presented in Section5.3.5, p. 96.

4.2 Cyclotron resonance

The cyclotron resonance e®ect occurs in the presence of an external magnetic
¯eld when the electromagnetic wave has the same frequency as the circular
motion of the electrons. In such a case a resonant absorption occurs. In the
2DEG in quantising magnetic ¯elds the cyclotron resonance can be seen as
the transition between adjacent Landau levels in the vicinity of the Fermi
level. The measurement of a transmission spectrum returns information
about the energy at which the transition takes place. The CR after its ¯rst
observation on 2D systems in 1976 by Abstreiter et al. [2] in a MOSFET
structure has become a standard method in 2DEG characterisation.

The absorption takes place in the far infrared (FIR) region energy region
(10 ¡ 500cm¡ 1 = 1 :24 ¡ 62meV). For the GaAs e®ective electron mass
m¤ = 0 :067 the linear cyclotron resonance energy is~! c = 1 :72meV=T.

The spectra have been measured using a standard Bruker Fourier trans-
form infra{red spectrometer. The usual method is to divide the spectrum
taken at a given ¯eld value by the zero ¯eld spectrum. The procedure results
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Figure 4.6: Determination of the electron e®ective mass from cyclotron resonance
measurements. Inset. Normalised transmission spectrum at B=9T of the NTT-A
sample. Data from [3].

in the spectra on which the di®erence due to the magnetic ¯eld is visible
while the spectral features not dependent on the magnetic ¯eld should disap-
pear. The inset in Figure 4.6 presents a representative normalised spectrum
obtained for the NTT-A sample at B=9T. The absorption due to the cy-
clotron resonance is visible in the inset as a deep peak at around 121cm¡ 1

(1 meV = 8 :0655cm¡ 1). The linear dependence allowed to determine the
electron e®ective mass in the NTT-A sample to be:

mCR
e = 0 :069m0 (4.1)

4.3 Interband optics

4.3.1 Simple photoluminescence model

To analyse the PL spectra at zero magnetic ¯eld one can use a simple model.
The model takes into account the wave{vector conservation law±k = 0 and
a dependence of the recombination intensity for a given energy only on the
density of states of occupied states in the conduction band and empty states
in the valence band (see schematic view in Figure4.7.)

The photoluminescence intensity is given by :
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Figure 4.7: Energy dispersion, density of states and a recombination process
schematically presented for a quantum well.

I
¡
E (k)

¢
»

Z
De(k) ¢Dh(k0)±(k; k0)dk0 (4.2)

To model more closely a real system one should include the level broad-
ening by a normalised gaussian function:

D (E; E 0) =
1

p
2 ¢¼¢¾

¢e¡ ( E ¡ E 0) 2

2¢¾2 (4.3)

(4.4)

where ¾is the broadening parameter.
As I (E ) depends on the number of occupied states in the conduction

band and empty states in the valence band, it depends on the temperature.
The temperature changes the occupancy of energy levels described by the
Fermi distribution.

Within this simple model, the low temperature spectrum of a 2DEG
rises sharply at the energyE 2D

g corresponding to the bandgap of a quantum
well and has a high energy cuto® (see Figure4.9) around

E 2D
g + EF

µ
1 +

me

mh

¶
(4.5)

whereEF is the electron Fermi energy andme=mh is the ratio of the electron
to the hole mass.
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4.3.2 Zero magnetic ¯eld

Figure 4.8: Zero ¯eld PL spectra of (respectively from top) 50nm , 20nm, 10nm
sample. The 2DEG emission is marked by arrows. Letter 'b' marks the emission
from bulk GaAs, letter 'w' marks the emission from an empty quantum well present
in all three NTT samples. Bath temperature is 30mK.

The zero magnetic ¯eld photoluminescence spectrum allows to estimate
the quality of the sample. Second, for the quantum wells, the photolumines-
cence spectral shape is the convolution of the distribution function of the 2D
electrons and the photo-injected holes. Usually from a zero ¯eld spectrum
one can estimate the electron concentrationne and the Fermi energyEF .

Figure 4.8 presents zero ¯eld spectra of the three NTT samples. The
photoluminescence signal from the 2DEG is marked by arrows. The PL
from the 20nm and 50nm samples lies in the vicinity of the GaAs bulk
emission (b).

The 10nm sample emission is shifted to higher energy and is well sepa-
rated from the bulk emission. There exists an unidenti¯ed empty quantum
well (w, E = 1 :557eV) whose emission overlaps the high energy tail of
the 2DEG emission. This empty well exists in all three NTT samples but
hampers the analysis of the 10nm PL only, as its emission lies around the
expected Fermi energy.

In the case of the d = 20nm sample the zero ¯eld emission from the
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Figure 4.9: Left. Zero ¯eld PL spectrum of the 20nm sample. Inset. The thermal
distribution of electron occupied states visible at the Fermi energy. Right. Zero
¯eld PL spectra of the 50nm sample. The 2DEG emission is visible on the low
energy side of the bulk emission. The following photoluminescence lines have been
marked: 2DEG, bulk donor bound exciton, bulk acceptor bound exciton, 2DEG
2nd subband
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2DEG lies on the high energy side of bulk excitons. It is the best sample
for the magneto { photoluminescence as the di®erent ¯eld dependences will
allow to separate both lines, and most of Section5 on the fractional quantum
Hall e®ect will concentrate on experimental results from this sample. At
zero ¯eld the 2DEG photoluminescence high{energy edge is visible and the
Fermi energy may be determined if the low energy PL edge can be guessed
correctly (Fig. 4.9, left). From later magneto { optical measurements the
Fermi energy isEF = 8 :95meV in the NTT-A sample.

Figure 4.9, right, presents the spectrum of the emission from the 50nm
quantum well. The highest energy line visible is an emission from the 2nd

electronic subband in the quantum well. This emission from the 2nd subband
is visible only in the d = 50nm sample. One can deduce the second subband
o®set to be 8meV. In higher magnetic ¯eld the emission from the bulk GaAs
overlaps the 2DEG emission, rendering the analysis of higher{¯eld fractional
¯lling factors impossible.

4.3.3 Magneto{optics in moderate ¯elds

The measurements of the dependence of the photoluminescence on the ¯lling
factor are performed by varying the applied external magnetic ¯eld while
the 2D electron concentration is assumed to be constant. This assumption
implies careful control of the excitation power to avoid the e®ect of carrier
depletion [4]. The stability of the 2D electron concentration is later checked
against the magnetic ¯eld positions of the observed features of integer and
fractional ¯lling factor.

Polarisation

The external magnetic ¯eld lifts the spin degeneracy of the electron and hole
energy levels. Thems = § 1=2 electron spin states are split by the Zeeman
energy: Ez = 0 :025meV=T for jg¤j = 0 :44. Also, the heavy hole spin
level degeneracy is lifted in quantum wells in a magnetic ¯eld. Figure4.10
presents the schematic of the spin splitting for the electron and the3=2 heavy
hole spin states. Additionally, optically allowed transitions (¢ m = § 1) are
schematically presented as vertical arrows.

The intensity depends on the occupancy of the corresponding energy
levels. At low temperatures, whenkT ¿ Ez, (kT (1K ) = g¹ B B (1:49T)),
the spin polarisation of the system is re°ected in the ratio of the strong¾¡

line to the weak ¾+ line.
Figure 4.11 shows magneto{PL spectra for two circular light polarisa-

tions ¾¡ (left) and ¾+ (right). For the presented 20nm NTT-A sample the
bulk emission is below the 2DEG emission for shown magnetic ¯eld values.
Spectra at very low ¯elds below B = 1T, where the 2DEG relater lines
overlap with bulk photoluminescence, were removed.
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Figure 4.10: Schematic magnetic ¯eld evolution of the conduction band (cb) elec-
tron and the valence band (vb) heavy hole energies.The orbital e®ect is marked by
by dashed lines. The Zeeman energy splits each level into two (marked by solid
lines). Vertical arrows mark allowed optical transitions for a given polarisation.

Concentrating on the recombination from the lowest Landau level an ob-
vious higher ¾¡ than ¾+ overall recombination intensity is observed. Look-
ing closely one can discern a magnetic ¯eld range fromB ¼ 3T to B ¼ 5T
where ¾+ becomes more intense. This region corresponds roughly to the
¯lling factor range º = 2 » 3 (See Sec.4.3.6, p. 68 for º = 2).

Landau level fan chart

The emission from higher Landau levels is visible in the spectra in Figure
4.11. The ¯eld dependence of emission energies creates a Landau level fan
chart (Fig. 4.12). The fan chart can be used to determine the 2D electron
concentration, the reduced e®ective mass and the Fermi energy.

Electron concentration. The magnetic ¯eld where the disappearance
of the emission from consecutive Landau levels is observed is deemed to
correspond to an integer ¯lling factor. While the exactness of the determi-
nation of the ¯eld of a single transition is uncertain, the series of transitions
can determine the value ofne quite precisely. This low ¯eld value is later
compared with measurements in the fractional quantum Hall regime. The
photoluminescence features in the fractional quantum Hall regime are not
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Figure 4.11: Polarisation dependence of the low{¯eld magneto { photolumines-
cence spectra of the 20nm quantum well sample. Visible ¯lling factor dependent
intensity variations in the º = 3 » 2 region. The spectra between0 ¡ 1T were
omitted.

used to determinene. The a priori knowledge of the electron concentration
from the low ¯eld measurements allows to assign observed features to frac-
tional ¯lling factors. The ne value determined independently from the high
¯eld measurements corresponds to thelow ¯eld value, sone is determined to
be constant. The measured positions of integer and fractional ¯lling factors
in optically measured samples are presented in Table4.1.

E®ective mass. The magnetic ¯eld dependence of the emission energy
yields information on the reduced e®ective mass. According to Figure 4.10
the transition energy depends on both the electron and hole cyclotron ener-
gies (temporarily ignoring the Zeeman splitting).

E = ~! c¡ e + ~! c¡ h = ~
eB
c

µ
1

me
+

1
mh

¶
(4.6)

De¯ning the reduced e®ective mass as:

1
mr

=
1

me
+

1
mh

(4.7)



4.3. Interband optics 53

magnetic ¯eld position B(T)

º NTT-A (20 nm) NTT-B (10 nm) NTT-C (50 nm)

5 1.85 1.93
4 2.3 2.2 2.23
3 3.05 2.9 3.00
2 4.6 4.2 4.25
1 9.2 8.5 8.54

2/3 13.8 12.90
3/5 15.3 14.08
1/2 18.4
3/7 21.5
2/5 23
1/3 27.6

ne(cm¡ 2) 2:22¢1011 2:1 ¢1011 2:05¢1011

E f (meV) 8:95 7.3 7.1

Table 4.1: Measured integer and fractional ¯lling factor positions in the magneto
{ photoluminescence spectra, and corresponding 2D electron concentrations and
measured Fermi energies in the NTT samples. Italics in the NTT-A column: The
exact values were based on the integer ¯llings and the luminescence features. Values
of E f for NTT-B and NTT-C are calculated for m¤

e = 0 :069m0.
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Figure 4.12: Landau level fan chart of the NTT-A sample (d=20nm). Emission
energy of ¾+ and ¾¡ emission vs. magnetic ¯eld. Calculated Landau levels are
drawn as solid lines. The dashed lines mark forbidden transitions. Thick green line
marks the Fermi energy oscillations. Figure after [3].

we can write:

E = ~
eB
mr c

(4.8)

Thus the photoluminescence experiments allows to determine only the
reduced e®ective mass:

mr = 0 :0586m0 (4.9)

Using the electron e®ective mass, obtained for this sample from the cy-
clotron resonance measurementsm¤

e = 0 :069m0 we conclude the hole ef-
fective massmh = 0 :4m0. This seems to be an acceptable value for the
valence band heavy hole, which roughly validates the simple model used to
analyse the data. It should be however noted that the cyclotron resonance
measurements were performed on unilluminated sample and therefore above
estimates can be only approximate.
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Fermi energy. The oscillation of the Fermi energy of the 2DEG can be
followed on the Landau level fan chart. At zero temperature it follows the
energy position of the highest partially ¯lled Landau level. At even ¯lling
factor the Fermi energy lies exactly in the middle between completely full
and completely empty Landau levels. At odd ¯lling factors the Fermi energy
lies in the middle of the spin gap of the corresponding Landau level.

The observed oscillations can be extrapolated to zero magnetic ¯eld and
the zero ¯eld Fermi energy can be determined. This is useful when the zero
¯eld emission is overlapped by other emission lines and can not be used
for EF evaluation. The wide quantum well NTT-C (d= 50nm) is such a
case. Also theEF in heterojunction samples, where the zero ¯eld emission
is nonexistent, can be determined only from the oscillations analysis. Table
4.1 presentsEF values determined from the magneto { photoluminescence
data.

Shifted energy scale

The features due to the many{body interactions in the 2DEG are weak and
are lost in the scale of» ~! c. A better visualisation of those features can be
obtained by eliminating the huge cyclotron energy by the subtraction of a
linear magnetic ¯eld function. The intercept is determined by the zero ¯eld
emission energy and the slope by the magneto { photoluminescence ¯eld
dependence. The choice of the slope is somewhat arbitrary as it re°ects a
supposed | single{particle picture dependence of the magneto { photolumi-
nescence. Table4.2presents values of the parameters of the subtracted linear
function. Di®erent, acceptable slopes can give energies di®erent by» 1meV
at 28T. The resultant energy scale, called theenergy shift scale, re°ects the
di®erence between the emission energy and the single{particle energy. Fig-
ures4.13- 4.14compare the (raw data) of the magneto { photoluminescence
of the NTT-C sample with the same raw data spectra represented on the
energy shift scale.

y=a ¢x + b

sample a (meV/T) b (eV)

NTT-A 0.736 1.51615
NTT-B 0.63 1.5475
NTT-C 0.923 1.5084

Table 4.2: Parameters of linear function subtracted from photoluminescence data
with introduction of shifted energy scale.
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Figure 4.13: Introduction of an energy shift scale allows better visualisation of the
spectral features. Raw PL spectra of the NTT-C sample. See4.14 for the same
spectra moved in energy scale by a quantity linear with ¯eld (see text).
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Figure 4.14: Introduction of an energy shift scale allows better visualisation of the
spectral features (see text). Spectra from Figure4.13 moved in energy scale by a
quantity linear with ¯eld: y=ax+b, where a=0.923meV/T b=1.5084eV .
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Band to band vs. exciton photoluminescence

The exact interpretation of photoluminescence from quantum well structures
is still a subject of some controversy. Only two extreme cases of very low
and very high electron concentration are well understood.

The primary parameter determining the two di®erent cases is the ratio
between the exciton radius,aB » 10nm in GaAs, and the mean distance
between the 2D electrons [5]:

r s = 1=
p

¼ne ¼ 12nm for n e = 2 ¢1011cm¡ 2 (4.10)

In the case of very low concentrations the exciton radius is smaller than
the mean e ¡ e distance and the formation of excitons is possible. In this
case the exciton energy levels spectra can be described by models based on
the description of the hydrogen atom [6, 7].

In the opposite case, individual electron hole pairs cannot be formed,
instead a valence band hole interacts with thewhole Fermi sea. In a simple
approximation the optical spectra may be viewed as resulting from single
particle transitions whereas the interactions are introduced in the form of
a rigid shift of the bandgap (bandgap renormalisation [8]). Such a model
may work to explain the zero ¯eld spectra but fails in magnetic ¯elds where
the interactions manifest themselves in the form of abrupt energy shifts or
intensity variations at integer (and possibly fractional) ¯lling factors.

The optical processes in the intermediate regime are the subject of great
interest. In the lower density region (» 1010cm¡ 2) the disorder plays an
important role as it allows the formation of areas with ¯nite electron density
and completely depleted regions. The exciton (X ) formation is possible in
the regions without electrons while in the \electron puddles" three{particle
complexes of one hole with two bound electrons (X ¡ , charged exciton or
trion ) have been observed in several materials (GaAs [9, 10], CdTe [11]).

The role of disorder in X ¡ formation is put into question by the experi-
ments observing unbound charged exciton complexes that can drift freely in
an applied electric ¯eld [12] which is opposed to the idea of charged excitons
weakly localised by potential °uctuations from the remote ionised donors in
the barriers [13].

The two possible spin con¯gurations of bound electrons in theX ¡ give
the possibility of creation of singlet (parallel) and triplet (anti{parallel)
states of the charged exciton. The observation in the luminescence and
magnetic ¯eld dependence of the two spin states is recently a subject of
interest [14, 15, 16].

4.3.4 Photoluminescence in the quantum Hall regime

A single particle model, although useful to estimate the sample parameters,
is clearly not su±cient to explain all features of the magneto { photolumi-
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Figure 4.15: Raw photoluminescence data every 0.2T between 0T and 10T. The
sample is the 50nm NTT-C quantum well.
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nescence spectra of modulation doped quantum wells. As a matter of fact,
the ¯eld evolution of the energy positions and intensities of the magneto {
photoluminescence peaks is often far from a simple Landau level scheme of a
single electron picture. The deviations are most pronounced in the vicinity
of integer ¯lling factors, when the Fermi energy changes its position between
two adjacent Landau levels. The ¯rst works of a numerous literature were
reported already around 1988.

Two possible causes of these deviations are theelectrostatics (the re-
distribution of the electron concentration either between di®erent electric
subbands or even between the quantum well and the doped part of the sam-
ple) and many{body interactions (electron { electron as well as electron {
valence band hole interactions). The deviation from the simple \Landau
level geometry" is seen for our samples. The detailed discussion of these
e®ects is beyond the scope of this work, however several selected data will
be presented here. The most spectacular data were observed for the 50nm
wide quantum well sample and they will be presented ¯rst. Then, the e®ects
characteristic of ¯lling factors º = 1 and º = 2 will be discussed.

Figure 4.16: Complex PL spectra with all 2DEG and bulk lines. Emission energy
versus magnetic ¯eld. Circle diameter corresponds to line intensity.

The d = 50nm wide quantum well NTT-C sample has its 2DEG emission
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energy below the emission energy of bulk GaAs excitons and its lines are
nicely visible in the low ¯eld range in the area of interest of the integer ¯lling
factors. At higher magnetic ¯elds the emission from bulk and quantum well
overlaps and renders the sample useless for studying the fractional ¯lling
factors. Raw experimental magneto { photoluminescence data for the 50nm
sample is presented in Figure4.15. For clarity only spectra every 0.2T are
shown. The emission energy of the observed emission lines is presented in
Figure 4.16. The circle diameter corresponds to the emission intensity.

Figure 4.17: Emission energy versus magnetic ¯eld. Circle diameter corresponds
to line intensity. Only lines attributed to 2DEG emission from 1st and 2nd electron
subband are shown.

To make the picture clearer, only the two most pronounced and 2DEG{
related lines are presented in Figure4.17 These two lines correspond to
emission associated with the lowest Landau level of the 1st (ground) and
2nd (¯rst excited) electric subbands.

The low energy (1:508eV at 0T) emission from the 1st subband shows
characteristic energy discontinuities at integer ¯lling factors. The 2nd sub-
band emission at higher energy (1:516eV at 0T) is continuous in energy
position dependence, but its intensity variations are dramatic.

Di®erent ¯eld dependences of the 1st and the 2nd subband emissions are
visible at a ¯rst glance. The 1st subband emission is linear in magnetic
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¯eld (when the abrupt changes at ¯lling factors are ignored) while the 2nd

subband changes as» B 2.
The 2nd subband emission is of an excitonic nature because of lower

subband occupancy while the 1st subband emission corresponds to the case
of the high 2D electron concentration with the band to band emission.

The ground state emission has a complicated dependence in the vicinity
of integer ¯lling factors. The redshift of photoluminescence emission can be
analysed in terms of two separate emission lines that can be distinguished
around the discontinuities.

The evident transfer of emission intensity at integer ¯lling factors starts
a few tenths of a Tesla below integer ¯lling factors, where the low energy line
appears. The low energy, high magnetic ¯eld component gains rapidly in
emission energy. The slope of the ¯eld dependence is constant and equal to
¢ in ´ dE=dB = 7 :7 § 0:3meV=T. Slightly above integer ¯lling factors the
slope of the high{¯eld line changes again to match the slope of the low{¯eld
line but does not reach its emission energy and continues below the energy
that that the low{¯eld line would have if it continued above the ¯lling factor.
See Figure4.20, right, for a closer view of the emission spectra aroundº = 1.

Figure 4.18: Emission energy versus ¯lling factor. Circle diameter corresponds to
line intensity. Only lines attributed to 2DEG emission from 1st and 2nd electron
subband are shown. Data from Figure4.17.

Figure 4.18 presents energy positions of PL lines atT = 30mK bath
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temperature plotted versus ¯lling factor. The ¯lling factor has been calcu-
lated from the magnetic ¯eld position of º = 1 which was determined to be
B = 8 :54T. While the features at º = 1 ; 2 fall nicely in place, higher ¯lling
factors features (º = 3 ; 4; 5) deviate slightly from expected positions on a
¯lling factor scale.

To our knowledge, such dramatic changes in the magneto { photolumi-
nescence spectra around integer ¯lling factors have not been observed on
any other similar structures and their actual origin remains unclear at the
moment. Very likely the e®ects of the second subband population might be
relevant in the explanation of the observed e®ect. Simple electrostatics do
not however account for these e®ects. The data are interesting but their
explanation remains open.

Second subband emission

To complete the presentation of the intriguing data obtained on this sample
we focus now on the emission line related to the ¯rst excited subband. This
emission shows a monotonic diamagnetic dependence in the energy position
but strong variations of its intensity are observed.

As can be seen in Figure4.18, there is an increase in intensity every time
the ¯lling factor approaches integer values with an exceptional increase at
the ¯lling factor º = 3=2. The emission intensity drops nearly to zero below
º = 1 and stays negligible for higher values of the magnetic ¯eld.

The origin of the intensity magneto { oscillations was proposed to be
the change of screening of the Coulomb potential of the photo{induced hole.
The screening properties are changed due to changes in the compressibility
of the 2DEG.

Kukushkin and Timofeev [17] proposed that the origin of the intensity
oscillation is in the kinetics of the carrier relaxation. This idea has been
used to explain oscillations in intensity from the ¯rst excited subband in a
single heterojunction [18, 19]. It has been observed that the rapid decrease
of the intensity corresponds to the crossings of Landau levels of the 1st

subband and the lowest Landau level of the 2nd subband. The increase in
intensity is due to the slowing of the relaxation of carriers from the excited
subband to the ground subband [20]. The shape of the intensity oscillations
is determined by empty states in the ground subband and the relaxation
matrix element. Oscillations in decay time are observed that are in phase
with with intensity oscillations [ 21, 22].

Very dramatic changes in the 1st subband emission are observed around
¯lling factor º = 1. Figure 4.19presents the magnetic ¯eld dependence of the
emission energy and intensity from the 1st and 2nd subband of the widest
quantum well NTT-C sample. The emission of the excited state behaves
di®erently when crossing theº = 1 as there is no pronounced change in the
emission energy while the intensity increases rapidly.
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Time resolved experiments [23] allowed to measure the radiative recom-
bination times in the vicinity of º = 1. It was found that the decrease of the
emission intensity from the ground state, with a simultaneous increase from
the 2nd subband, is due to the ground state recombination time increase by
a factor of » 7.

Figure 4.19: Ground and excited states emission energy (top) and intensity (bot-
tom) in the vicinity of º = 1 of the NTT-C sample (d = 50nm). The bath temper-
ature is T = 30mK .

4.3.5 Filling factor º = 1.

Figure 4.20 presents magneto { photoluminescence spectra in the energy{
shift scale. The presented spectra lie in the vicinity ofº = 1 for the three
NTT samples. The di®erences in magnetic ¯eld dependence of the emission
energies are obvious:
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Figure 4.20: Photoluminescence dependence on magnetic ¯eld in the vicinity of
º = 1 for di®erent 2DEG { valence band hole separation.

² The emission from the narrowest quantum well (10nm, left) is roughly
independent of the ¯lling factor except for some narrowing of the pho-
toluminescence line.

² The 20nm quantum well emission (middle) exhibits a 0:5meV blueshift
at º = 1.

² The 50nm quantum well emission (right) has the most complicated
behaviour. The existence of two lines is obvious and the emission
energy displays aredshift.

All three NTT samples have di®erent well widths but similar electron
concentrations. The modulation doping on one side of the well leads to an
asymmetric pro¯le of the electrostatic potential along the crystal growth
direction and therefore spatial separation between the 2DEG and valence
band holes. This means that the characteristic electron{hole energyEe¡ h is
di®erent in di®erent samples but the characteristic electron{electron energy
Ee¡ e is very similar for all three samples. The ratio ofEe¡ h=Ee¡ e is therefore
di®erent in each sample and is believed to be the reason for the characteristic,
and di®erent for each sample, magneto { photoluminescence behaviour in
the vicinity of ¯lling factor º = 1.
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Each of the 2D electron systems of the NTT samples, whose emission is
presented in Figure4.20, falls into di®erent regimes of interaction interplay.

The left{hand side graph of the emission from the d=10nm sample is the
example where the the electron{hole interaction is much stronger than the
electron{electron interaction. In this case, the photo{created valence band
hole binds an electron from the 2DEG and creates an excitonic complex.
The created electron{hole pair can be a neutral exciton or can correlate an
additional negative charge and be a negatively charged exciton. In both
cases the electron correlations in the 2DEG are destroyed.

The middle and the right{hand side graphs both correspond to sim-
ilar regimes where interaction magnitudes are comparableEe¡ e ¼ Ee¡ h .
A blueshift of the emission line (the d=20nm case) is observed when the
electron{hole correlation is stronger: Ee¡ e · Ee¡ h . A redshift in the case of
the d=50nm sample is observed when the 2D electron{electron interaction
is stronger Ee¡ e ¸ Ee¡ h .

These qualitative considerations can be compared with Figure3.4 (p.
36) of the wavefunction overlap for the three samples.

Interaction interplay

The above analysis of the interaction interplay e®ects is based on the theory
by Hawrylak and Potemski [24] and experimental work by Gravier et al.
[25]. According to the authors the magneto { photoluminescence spectra
re°ect the interplay between the 2D electron { electron interactions and the
2DEG { valence band hole interactions. The analysis based on the theory
will now be described in more detail.

Figure 4.21: A schematic picture of initial and ¯nal states of the optical recombi-
nation around º = 1 .



4.3. Interband optics 67

Figure 4.21 presents schematic initial ji > and ¯nal jf > states of the
recombination process on both sides of theº = 1 and explains the origin of
the energy change at ¯lling factor 1.

On the right{hand side, at the ¯lling factor º = 1 (¡ ) , i.e. slightly less
than 1, the state ji> before the recombination consists of a hole in the valence
band and a fully ¯lled, spin split, lowest electron Landau level (LLL),

E j i> = Eg + E jº =1> (4.11)

whereEg is the energy gap, andE jº =1> is the self energy of theº = 1 state.
After the recombination, in the ¯nal state jf > , the valence band hole

has disappeared along with one electron from the lowest electron Landau
level that took part in the recombination process,

E jf> = Ee¡ e + E jº =1> (4.12)

where Ee¡ e is the electron electron interaction. The di®erence between the
initial and ¯nal states is the recombination energy:

~! (¡ ) = E j i> ¡ E jf> = Eg ¡ Ee¡ e (4.13)

At ¯lling º = 1 (+) (left{hand side), slightly more than º = 1, the initial
state has an additional electron in the spin{up Landau level. The initial
state energy is given by:

E j i> = Eg ¡ Ee¡ h + E jº =1> + Ez (4.14)

where Ee¡ h is the conduction band electron - valence band hole interaction
and Ez is the Zeeman energy. The recombination process removes the va-
lence band hole and creates a hole in the LLL (spin{down), thus creating a
\spin{exciton" which has the energy E"# = Ez. The ¯nal state has energy:

E jf> = E jº =1> + E"# (4.15)

and the recombination energy is the di®erence between the initial and ¯nal
states:

~! (+) = E j i> ¡ E jf> = Eg ¡ Ee¡ h (4.16)

When crossing throughº = 1 the di®erence ¢§ in the emission energy
is given by:
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¢ § = ~! (+) ¡ ~! (¡ ) = Ee¡ e ¡ Ee¡ h (4.17)

Thus, depending on the interaction magnitudes the shift of the emission
lines will be either to higher energies ifEe¡ e > E e¡ h or to lower energies
when Ee¡ e < E e¡ h .

This qualitatively explains the di®erent behaviour of the 20nm{ and
50nm{ wide quantum wells, shown in Figure 4.20.

4.3.6 Filling factor º = 2

Figure 4.22: The characteristic kink for excitonic{like emission at ¯lling factor
º = 2 is accompanied by a rapid increase of the emission intensity. Sample is the
NTT-B, d=10nm quantum well. T=1.7K

Figure 4.22 presents the energy and the intensity of the magneto { pho-
toluminescence for the d=10nm NTT-B quantum well sample.

The emission energy is roughlylinear with magnetic ¯eld until the ¯lling
factor º = 2 at B=4.2T, where it abruptly changes slope. Above the kink
the dependence on magnetic ¯eld isquadratic.

While the change of the slope is characteristic only for the narrow sam-
ple, the accompanying increase of the emission intensity is observed inde-
pendently of the well width (see Figures4.11, p. 52 and 4.15, p. 59).



4.3. Interband optics 69

The linear dependence observed at low ¯elds could be considered as a
¯ngerprint of the band to band transitions. Above the kink (around º = 2)
the emission displays a quadratic behaviour characteristic for an exciton.

The theoretical explanation by Rashba and Struge [26] in terms of hidden
symmetry (due to the similarity of conduction band electron and valence
band hole wavefunction) expects the e®ect to be observed only in symmetric
quantum wells. On the other hand, the spatial separation of the electron
and hole wavefunction was shown to be negligible so thed = 10nm NTT-
B sample could be treated as a nearly{symmetric system with a hidden
symmetry.

A slightly di®erent approach proposes the e®ect to be due to the shrink-
age of the exciton wavefunction by the magnetic ¯eld. The localisation re-
duces the screening and ¯lling of the bands and results in ametal{insulator
transition . This e®ect does not depend on the shape of the potential in the
quantum well and could be as well observed in asymmetric quantum wells.

The characteristic diamagnetic behaviour of the photoluminescence peak
at ¯lling factor º · 2 is an obvious indication of its excitonic nature. How-
ever, the exact identi¯cation of this exciton (whether neutral or negatively
charged) is still a matter of discussion.

Valence band hole localisation in a heterojunction

Figure 4.23 shows that the magneto{photoluminescence of a 2DEG can be
also observed in a simple heterojunction. The presented data have been
obtained on the M1707 sample.

At ¯rst sight one might be surprised to observe the photoluminescence
signal of a 2DEG from a simple heterojunction. The simple intuition is that
the photo{created hole has a tendency to drift far away from the 2DEG
due to the characteristic electrostatic potential pro¯le of a heterojunction.
Accordingly, the simple heterojunction does not usually show the 2DEG
emission at zero magnetic ¯eld. But this emission often appears when a
magnetic ¯eld is applied. The mechanism of blocking the drift of photo{
created holes is not well understood although it is rather well established
experimentally [27, 28].

As electrostatics certainly plays an essential role and the valence band
hole states are vaguely de¯ned, the magneto { photoluminescence spectra are
rather poorly understood. The experiments on heterojunctions are however
potentially very interesting as those structures show the highest quality.

The data obtained on the M1707 heterojunction sample are shown here
for the sake of completeness but their detailed analysis in beyond the scope
of this work.
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Figure 4.23: Intensity map of the low ¯eld photoluminescence from the M1707
heterojunction.
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4.4 Conclusions

The measurements presented in this chapter allowed to thoroughly charac-
terise our samples.

The sensitivity to illumination and its e®ect on transport properties in
very low temperatures was discussed with a view to performing simultaneous
transport and photoluminescence measurements in the fractional quantum
Hall regime. Two relatively stable states, with a very low and a high electron
concentration, were found to exist depending on the total illumination time.
The state corresponding to 2DEG state under the conditions of the usual
photoluminescence experiments was achieved after» 40 hours of low power
illumination.

The characterisation of 2DEG properties by magneto { optical meth-
ods is done in the quantum Hall e®ect range of magnetic ¯elds at very low
temperatures. The analysis of the Landau level fan charts allows to de-
termine reduced e®ective mass and electron concentration in the samples.
The knowledge of the electron e®ective mass from the cyclotron experiments
allowed to estimate the heavy hole electron mass.

Additionally, a concept of shifted energy scale which better re°ects the
changes of the emission energy is introduced and is used since.

The in°uence of the well width on the di®erent behaviour at ¯lling factor
º = 1 due to di®erent electron { hole interaction magnitude was discussed.
This e®ect serves as an example of interaction interplay ranges, into which
fall the three, specially chosen NTT samples. The two wider quantum wells
were classi¯ed as having comparable magnitude of the 2D electron inter-
actions and the magnitude of the electron { valence band hole interaction.
The narrow quantum well has electron { hole interactions much bigger than
2DEG correlations and its photoluminescence has an excitonic character.

Also, a very di®erent behaviour of a heterojunction photoluminescence
in low magnetic ¯elds due to the e®ects of valence band hole localisation
was mentioned as a comparison with quantum well photoluminescence.
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Chapter 5

Optical spectroscopy in the
regime of the fractional
quantum Hall e®ect

Les ¶etudes optiques du gaz d'¶electrons bidimensionnel dans le r¶egime de
l'e®et Hall quantique fractionnaire sont pr¶esent¶ees dans ce chapitre. Une
brµeve histoire de l'e®et Hall quantique fractionnaire est d'abord ¶ebauch¶ee
avec une discussion sur l'in°uence de la distance entre les ¶electrons et le trou.
Les r¶esultats des puits quantiques de 10nm et 50nm sont ensuite pr¶esent¶es.
Dans le premier cas, la photoluminescence ne montre pas de d¶ependance en
fonction des ¶etats du 2DEG, car l'interaction ¶electron - trou est trop forte.
Dans l'autre cas, la luminescence du puit quantique plus large est superpos¶ee
µa la luminescence de l'autre partie de l'¶echantillon.

L'¶echantillon avec le puit quantique de 20nm est, donc repr¶esentatif pour
des mesures optiques.

Dans les spectres une sym¶etrie autour du facteur du remplissageº = 1=2

est observ¶ee. Celle-ci ressemble µa la sym¶etrie des fermions composites de
la famille º = 1=2, bien connue des mesures de transport. Les fractions
clairement visibles dans les spectres non trait¶es correspondent aux facteurs
de remplissage :º = 1=3, 2=5, 3=7, 3=5, 2=3, 1.

En g¶en¶eral, quand le 2DEG est dans un ¶etat incompressible l'¶energie
de la luminescence augmente. L'interpr¶etation qualitative des mesures de la
d¶ependance de luminescence en fonction de la temp¶erature peut être faite
dans le cadre de l'¶ecrantage du trou par les ¶electrons. L'incompressibilit¶e µa
un facteur de remplissage fractionnaire r¶esulte d'une incapacit¶e du 2DEG
de ¶ecranter le potentiel positif du trou optique dont l'¶energie d'¶emission est
¶elev¶ee. Par contre, cette ¶energie est diminu¶ee µa l'ext¶erieur d'un ¶etat in-
compressible du 2DEG, car les ¶electrons ont la possibilit¶e de r¶epondre au
potentiel du trou.

Les ¶etendues du champ magn¶etique oµu l'¶energie d'¶emission est ¶elev¶ee,
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ont ¶et¶e interpr¶et¶ees comme analogues des plateaux de Hall observ¶es dans les
mesures de transport. C»a a ¶et¶e con¯rm¶e par des mesures de transport et de
photoluminescence simultan¶es.

La d¶ependance de photoluminescence en fonction de la temp¶erature montre
¶egalement un autre e®et connu des mesures de transport, µa savoir le r¶etr¶ecis-
sement de la largeur des analogues des plateaux Hall avec la temp¶erature.
Cet e®et est clairement visible µaº = 1=3. Si la temp¶erature est augment¶ee, le
saut d'¶energie d'¶emission de la ¯n de l'¶etendue d'¶energie d'¶emission ¶elev¶ee,
change sa position µa champ magn¶etique vers le centre du plateau de Hall.

Des estimations th¶eoriques ont ¶et¶e faite pour le cas du facteur de remplis-
sageº = 1=3. L'¶emission de haute ¶energie a ¶et¶e attribu¶ee µa un quasi-exciton
et l'¶emission de basse ¶energie observ¶ee en dehors d'un facteur de remplis-
sage fractionnaire pr¶evient d'un complexe form¶e d'un quasi-exciton et d'une
quasi-particule.

5.1 Introduction

The e®ects of integer quantum Hall e®ect (IQHE) presented in the previous
chapter to a great extent can be described in the single particle picture. The
following chapter will be focused on the photoluminescence from the 2DEG
in the regime of the fractional quantum Hall e®ect (FQHE). The existence
of an energy gap at fractional ¯llings is solely due to the interaction between
the 2D electrons.

The additional potential due to the existence of the valence band hole,
inherent to a photoluminescence experiment, in the vicinity of the 2DEG
perturbs the state of the 2DEG either by completely destroying the many
body state of the 2DEG or only inducing a small perturbation. The interac-
tion magnitude depends mainly on the hole separation from the 2DEG and
is re°ected as a change in the photoluminescence spectra.

5.1.1 FQHE in photoluminescence

The magneto{optics of the FQHE has already a nearly 20{year history.
Magneto { photoluminescence and Raman scattering were used on all types
of structures to explore the properties of the 2D electron (hole) gas.

Nevertheless, signatures of the fractional quantum Hall states have never
been as clearly observed in optics as in transport measurements. In partic-
ular, a whole set of FQHE states has never been observed on one sample,
but rather speci¯c states such asº = 1=3 or º = 2=3 have been seen.

Magneto { photoluminescence is a relatively simple technique but be-
comes more di±cult in the case of the FQHE studies. Such measurements
imply low temperatures and therefore the use of very low excitation powers.
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In the past, the use of geometrical optics was an obstacle in low tem-
perature measurements with a dilution fridge. This major experimental
constraint was overcome by the use of optical ¯bres allowing the optical
access to the sample inside the dilution fridge. Optical ¯bres simpli¯ed the
experimental setup of low temperature which become an accessible tech-
nique.

The PL signal from a good quality sample can be measured at very low
excitation powers down to severalnW=mm2.

The main idea in a photoluminescence experiment in the fractional quan-
tum Hall regime is to measure the energy required to remove one electron
from the collective state of the 2D electron gas. This could bea priori
done by measuring the recombination spectra of the valence band hole with
the 2DEG. However, when the photocreated valence band hole perturbs the
ground state of the 2DEG, the interpretation of the spectra becomes rather
complex. The spectra depend very much on the details of the investigated
structure and di®er signi¯cantly between heterojunctions, acceptor doped
heterojunctions or between quantum wells with di®erent well widths.

5.2 Historical outline

5.2.1 Heterojunctions

The heterojunction samples nowadays have a high quality 2DEG with high
electron mobilities in the range of » 107cm2=V s. The drawback of such
samples from the point of view studying interband transitions is the fact
that valence band hole states are not localised, and therefore there is little
overlap with electron states in the conduction band. Turber¯eld et al. [1]
reported an intensity variation at the fractional states up to º = 5=9 in a
GaAs/AlGaAs modulation doped heterojunction. An intensity change at
fractional ¯lling factors was reported by Goldys et al. [2] in a low-density
single heterojunction, and explained by screening e®ects.

5.2.2 Acceptor{doped heterojunctions.

Another type of structure intensively studied by Kukushkin and Timofeev
[3, 4] is the acceptor doped heterojunction. The recombination process is
a transition from the 2DEG to a hole bound to an acceptor state. Being
neutral in the initial state and localised outside of the 2DEG plane, it does
not perturb the 2DEG state.

In such structures, the luminescence re°ects thedensity of occupied states
in the conduction bands I (E i ) » f (E i ¡ E0) as the k{vector conservation
rules allow transition regardless of initial k (the acceptor state is delocalised
in the k{space).
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By analysing the centre of mass of the spectra one can analyse the chem-
ical potential discontinuities at fractional ¯llings. From a recombination to
a localised hole spectra one can directly extract the mean energy< E > of
the 2DEG:

P
I (E i )E iP
I (E i )

= E0 + <E > (5.1)

where E0 is a reference level.
Given ¹ = @Etot =@nwhere E tot = n < E > is the total 2DEG energy,

the chemical potential is:

¹ = <E > + n
@ <E >

@n
(5.2)

From the above one can show that if<E > = ~! c ¢f (º ) and º = n=n0B then

¹ = 2 <E > ¡ B
@ <E >

@B
(5.3)

An experimentally observed emission energy shift ¢g can be related to
the chemical potential discontinuity as:

¢ g = ¹ ¡ ¡ ¹ + = B
h@ <E >

@B

¯
¯
¡ +
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@B

¯
¯
+

i
(5.4)

where +; ¡ denotes the high and low ¯eld side of the emission energy dis-
continuity.

Summarising, a discontinuity in the centre of mass of the spectra is
interpreted as the energy gap of the fractional state.

On the other hand, there exist several di±culties in the measurements
of the acceptor doped heterojunction photoluminescence. The spectra show
large broadening of spectral lines and subtle FQHE features are not visible
in the raw data. To overcome this a data treatment such as centre of mass
calculation is used. Additionally, time resolved experiments [4] are preferred
for those structures because of di®erent possible channels of recombination.

5.2.3 Quantum wells

Much work has been done on the photoluminescence studies of the quantum
well structures in the fractional quantum Hall regime.

The ¯rst report by Heiman et al. [ 5] of the inter{band recombination in
GaAs/AlGaAs quantum wells showed a splitting of a recombination line into
a doublet at º = 2=3 . Subsequent articles by the same group reported the
intensity variations at º = 2=3, 2=5, 1=3 along with nonlinear magnetic ¯eld
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dependence of the recombination energy [6, 7]. The recombination process
of the 2DEG in an external magnetic ¯eld has been a topic of experimental
research for many years [8, 9, 10, 11, 12].

In quantum well structures the optically induced valence band hole is a
big perturbation of the 2DEG state. The spatial separation of the 2DEG
and the hole due to the electric potential in an asymmetric quantum well
is determined by the well width. The width is an important parameter in
the studies of a 2DEG by optical recombination. Depending on the ratio of
the spatial separation (h) of the valence band hole from the 2DEG and the
magnetic length (lB ), the ground state can be a neutral exciton, negatively
charged exciton or a fractionally charged exciton.

Strict 2D limit. In the case of a strict 2D limit h=lB ¿ 1 (in other
words, the 2DEG and the hole states are localised in the same plane) the
photoluminescence of a structure with a 2DEG may be identical with the
photoluminescence of an undoped quantum well. The lowest, k=0 initial
state of a 2DEG and a valence band hole form a so-calledmultiplicative state
which is undistinguishable from the neutral exciton [13, 14]. The neutral
exciton is expected to be insensitive to the electron { electron interaction in
the 2DEG. Such an interpretation discourages from using photoluminescence
as a probe of the 2DEG state.

Finite width. Fortunately, such an assumption is not valid in the case
when the h=lB is ¯nite, e.g. in quantum wells that are not very narrow. A
negatively charged exciton (trion) X ¡ complex is expected to be formed in
such cases [15, 16, 17]. The X ¡ has an overall negative charge (¡ e) as it
consists of a hole (+e) with two bound electrons (¡ 2e) and, as a charged
entity, is expected to have some interaction with the 2DEG. This X ¡ state
may be a®ected by the actual state of the surrounding 2DEG.

The negatively charged exciton depending on its spin and angular mo-
mentum can have several states:X ¡

S , X ¡
T B , X ¡

T D , X ¡
SD { singlet, bright

triplet, dark triplet and dark singlet respectively [ 17, and ref. therein].
Recent experimental work by Yusa et al. [18], Ashkinadze et al. [19]

on charged excitons in the fractional regime reported the observation of a
singlet and two triplet states of the X ¡ in agreement with W¶ojs et al. Figure
5.1 shows peak energies of observed exciton complexes. SchÄuller et al. [20]
reported a broad X ¡

S emission redshift at º = 1=3 in a 25nm wide, low
mobility ( » 105cm2=V s) quantum well.

Fractionally charged excitons. Challenging theoretical predictions of
excitonic complexes of a valence band hole and fractionally charged quasi{
particles have been also proposed [15, 21, 22, 23]. Such complexes, called
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Figure 5.1: Emission energies and binding energies of observed exciton complexes
by Yusa et al. [18].

fractionally charged excitons, can have fractional overall charge e.g.§ 1=3e
of the X § 1=3 complex around º = 1=3.

When h=lB is su±ciently large, the 2D e{e correlation is stronger than
the e{h interaction and no additional quasi{particles are formed due to
the valence band hole injection. Depending on the existence of the quasi{
particles di®erent possible complexes can be created [17], such as a hole
bound with one, two or three quasi{electrons: hQE , hQE2 hQE3 in the
case ofº > 1=3 where quasi{particles exist.

The screening e±ciency of excitons by the 2D electrons | i.e. the 2D
electron and valence band hole correlation | is expected to be the decisive
factor in the determination of the emission energy. The screening depends
on the 2DEG state (i.e. whether it is in an incompressible state or not) but
also on theh=lB ratio.

Current results The experimental results on the optics of FQHE pre-
sented in this work (see Section5.3) can be divided into two distinct parts.
One part concerning the narrow quantum well (d = 10nm) which falls in the
regime ofh=lB ¿ 1 with only excitonic e®ects, and a second part concerning
wider quantum wells (d = 20nm and 50nm) that fall in the regimes of h=lB
where e®ects due to the incompressible states are observed (Table5.1).

For magnetic ¯eld B = 27:6T at ¯lling factor º = 1=3 the magnetic length
is l0 ¼ 47ºA. The calculated 2DEG { valence band hole separation is ¯rstly
taken as the peak to peak distance and then corrected to be the separation
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at half{height (HH) of the calculated probability functions. From Fig. 3.4
(p. 36) it is clear that in case of 10nm wide, NTT-B, quantum well the
wavefunctions in fact fully overlap and the value of separationh should be
zero. Thus, if we rede¯ne the separation as the distance between the peaks
outside the width at half{height we obtain h = 0ºA, h = 10ºA, h = 170ºA for
the 10nm, 20nm, 50nm wide quantum wells , respectively.

e{h separation (ºA)

sample width (nm) peak-peak HH h=l0 region

NTT-A 20 » 80 » 10 h ¼ 2l0
NTT-B 10 » 20 0 h ¼ 0
NTT-C 50 » 300 » 170 h À l0

Table 5.1: Di®erent h=l0 regimes in the NTT samples forl0 ¼ 47ºA. See text and
Fig. 3.4 on p. 36

5.2.4 Raman scattering

Another way to explore the properties of the 2DEG in the fractional quan-
tum Hall regime is by means of inelastic light scattering. Raman scattering
experiments can measure the dispersion relations of the 2DEG states. Many
such experiments have been performed by Pinczuk and collaborators [24]
and most of the work has concentrated on the most pronounced fractional
quantum Hall state º = 1=3 [25, 26, 27].

According to Figure 5.2, the dispersion curve of theº = 1=3 state has a
nonzero energy (¢2) at k = 0 and a magnetoroton minimum at k = 1=lB
which is the lowest energy (¢1) state.

The excitation with k ! 1 corresponds to the creation of a separated
free charge that can contribute to electrical transport, thus ¢ 3 is the en-
ergy gap measured in transport experiments. It is a forbidden transition in
inelastic light scattering experiments in the backscatteringgeometry.

The k ¼ 0 excitations are allowed by the selection rules and correspond
to spin{wave excitations.

On the other hand, scattering to the the lower energy, below the trans-
port { determined gap has been observed and interpreted as scattering to the
magnetoroton state at k = 1=lB . Such a process is also, a priori, forbidden
by the wavevector conservation law.

Thus the essential problem in the interpretation of the inelastic light
scattering results is the momentum transfer. The scattering to the magne-
toroton minimum requires a large wavevector transfer which is not provided
by the incident light (wavelength in the range of ¸ » 800nm). A mechanism
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Figure 5.2: Schematic magnetoroton{like dispersion. Possible types of excitations
(allowed and forbidden) are marked as arrows.

of disorder induced breakdown of wavevector conservation has to be invoked
to explain the observation of the scattering at energies ¢2.

5.3 Photoluminescence of the FQHE

This section presents experimental results on the fractional quantum Hall ef-
fect (FQHE) measured by magneto { photoluminescence spectroscopy. The
data presented here is mostly gathered simultaneously with data presented
in Section 4.3.4 on the integer quantum Hall e®ect. However, the presenta-
tion will be focused on features that are assumed to come from the fractional
e®ect. Data will be presented in the magnetic ¯eld rangeB = 8 ¡ 28T which
corresponds to the ¯lling factor range º = 1 ¡ 1=3.

The samples were chosen specially for these experiments. Speci¯cally,
the 2D electron concentration is such that the º = 1=3 is at B = 27:6T,
just below the highest available magnetic ¯eld in the Laboratory. While
other low concentration samples could have been measured in much lower
magnetic ¯elds the drive to use as high ¯elds as possible was dictated by the
magnetic ¯eld dependence of the energy gaps. In higher ¯elds the energy
gaps are larger and the e®ects are expected to be clearer.

5.3.1 Representative spectra

Figure 5.3 shows side{by{side the magneto { photoluminescence spectra of
the three NTT quantum well samples.
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Figure 5.3: Raw magneto-PL spectra of the three NTT quantum well sam-
ples. The bath temperature is 30mK .
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The magnetic ¯eld range B = 8 ¡ 28T covers the ¯lling factor range
from º = 1 to º = 1=3 in all samples. The photoluminescence line due to the
2DEG is marked (2DEG); other recombination lines visible on the spectra
are due to bulk GaAs (b) and an empty quantum well (w). The 2DEG
recombination lines are quantitatively di®erent for di®erent well widths. The
spectra show intensity variations and in the case of the two broader samples
there is a nontrivial energy dependence on magnetic ¯eld.

As the FQHE is a low temperature phenomena the features should be
sensitive to an increase of temperature. Figure5.4 shows the photolumi-
nescence spectra for di®erent temperatures at a constant magnetic ¯eld
B = 25:8T.

The rise of the temperature is accompanied by a gradual intensity trans-
fer from the higher energy doublet to the lower energy line. The low{energy
line starts to appear around 100mK and overcomes the doublet intensity
at Ttr = 200mK . The high{energy line of the doublet disappears com-
pletely above 215mK while the low{energy line of the doublet persists at a
temperature as high as 300mK .

From the temperature dependence it is clear that the base temperature
of the 2DEG under illumination must be lower than T · 150mK . The
phenomena observed in the photoluminescence are indeed low temperature
e®ects and their sensitivity to temperature shows that their origin is indeed
in the fractional quantum Hall states of the 2DEG.

Well width dependence

The change of the nature of the spectra for di®erent well widths is due to
the change of magnitude of the interaction between the valence band hole
and the 2D electrons. The ratio of the hole| 2D electrons interaction to
the mutual 2D electron interaction governs the di®erent optical response
(for discussion of the interaction interplay at º = 1 see Sec.4.3.5, p. 64).

The samples fall into completely di®erent regimes of the interactions and
will be now discussed separately.

5.3.2 Narrow, 10nm quantum well. NTT-B.

Sample NTT-B has the narrowest quantum well. In this case the 2DEG
electrons and the valence band hole are not spatially separated (Figure3.4,
p.36) and their interaction is the strongest. Such a strong interaction binds
one or more 2D electrons with the valence band hole and creates excitonic
complexes. The correlation interactions between the 2D electrons and the
bound electrons are negligible and do not in°uence the binding energy of
the exciton complex. One can say that the electron that forms the exciton
is \removed" from the 2DEG.

Based on low magnetic ¯eld behaviour (aroundº = 2) the main PL line
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Figure 5.4: The temperature dependence of PL spectra of sample NTT-A at
B=25.8T. Indicated bath temperature was set for each measurement while
the low excitation power was kept constant.
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Figure 5.5: Intensity map of of the neutral ( X ) and negatively charged (X ¡ )
exciton photoluminescence of the narrow NTT-B (10nm) sample.

has been attributed to a negatively charged excitonX ¡ [19] (see Fig. 4.22
in Sec. 4.3.6, p. 68).

The weak line above the negatively charged exciton in the Figure5.5 is
due to the neutral exciton (X ) recombination. The line is nearly featureless
in the region corresponding to the fractional quantum Hall regime and only
a weak oscillation around º = 1=3 (B » 25T) can be distinguished in the
intensity map.

As the spectra consist of only one intense line, the magnetic ¯eld depen-
dence can be analysed, with only little loss of information, by calculation of
the centre of mass of the spectra:

CM =

R
I (E)EdE

R
I (E)dE

(5.5)

where I(E) is the spectral intensity.
The position of the centre of spectral weight as a function of magnetic

¯eld is presented in Figure 5.6 and shows nearly no variations. The small
changes of the integrated intensity of the spectra, presented as open symbols,
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Figure 5.6: Centre of spectral weight and total integrated intensity of the
NTT-B sample. Arrows mark intensity variations possibly due to º = 1,
º = 2=5, º = 1=3 quantum Hall states of the 2DEG.

at the positions of fractional ¯llings are the only visible feature in the spectra
that can be attributed to the changes of the 2DEG state.

5.3.3 Wide, 50nm quantum well. NTT-C.

Figure 5.7presents the intensity map of photoluminescence of NTT-C, 50nm
wide quantum well. Above the º = 1 only two fractions are visible that
correspond toº = 2=3 and º = 3=5. All other fraction are overlapped by the
bulk emission and are impossible to analyse.

The behaviour at the observed fractions is analogous to the previously
found at the integer ¯llings (see Fig. 4.17, p.61). º = 1 is visible in Figure
5.7 at B ¼ 8:5T. When approaching from lower magnetic ¯elds in the
vicinity of the ¯lling factor a second line appears. The ¯rst line rapidly
disappears while the second gains in intensity. The second line has lower
emission energy which rapidly rises to the value approximately equal to that
of the ¯rst line. The same qualitative behaviour is observed atº = 2=3 but
the slope (¢ f r E) is smaller: ¢ f r E = 3 :5§ 0:5meV=T compared to the slope
at integer ¯llings ¢ in E = 7 :7 § 0:3meV=T.

The interpretation can be based on the previous analysis of photolumi-
nescence from acceptor doped heterojunctions. According to [3], the emis-
sion energy jumps at ¯lling factors correspond to the energy gaps. Table5.2
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Figure 5.7: Intensity map of the photoluminescence of the NTT-C sample at
T=30mK.

presents the determined values of the fractional ¯lling factors energy gaps
from such reasoning.

The magnitude of the obtained gaps are in agreement with what is usu-
ally determined by other methods.

5.3.4 Intermediate, 20nm quantum well. NTT-A.

Figure 5.8 presents the magneto { photoluminescence spectra of thed =
20nm quantum well sample taken at base temperatureT = 30mK . Raw
spectra from Figure 5.3 were shifted in energy scale according to Sec.4.3.3
(p. 55). The spectra drawn with thick lines mark indicated ¯lling factors.
The procedure of de¯ning the ¯eld position of the ¯lling factors was discussed
in Section 4.3.3(p. 50).

In the case of the NTT-A sample the interplay between the two inter-
actions is the most interesting. The valence band hole is far enough not to
destroy the 2D electron{electron interactions and the electron correlation
signi¯cantly a®ects the emission spectra.

Figure 5.9 presents data from Figure5.8 as an intensity map. The strik-
ing feature is the composite fermion symmetry, observed for the ¯rst time
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Figure 5.8: Magneto { photoluminescence spectra from 8T to 28T atT = 30mK .
Marked spectra correspond to indicated ¯lling factors. Data for the d = 20nm
NTT-A quantum well sample.
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¯lling factor energy gap (meV)

º = 1 2.5
º = 2=3 0.7 - 0.4
º = 3=5 0.1 - 0.2

Table 5.2: Energy gaps at fractional ¯lling factors determined from the energy
jumps of the emission from NTT-C (d=50nm) sample presented in Figure5.7. See
also Sec.5.2.2.

in an optical experiment. On both sides of the ¯lling factor º = 1=2 there is
a general trend of the spectral weight to shift slowly to higher emission en-
ergy creating a minimum at exactly º = 1=2. On top of the slow shift there
are more rapid changes in emission energy, symmetrically placed around
º = 1=2. Those changes in energy are attributed to fractional ¯lling factors.
The ¯lling factor position of the most pronounced features are marked with
arrows.

Such symmetry aroundº = 1=2 is routinely observed in transport exper-
iments and corresponds in Jain's theory to the composite fermions integer
quantum Hall e®ect observed on both sides of the e®ective magnetic ¯eld
B ¤ = 0 at the º = 1=2.

For every odd-denominator fraction the photoluminescence shows a com-
mon behaviour. Every time a fractional ¯lling is reached there is a rapid
increase in the emission energy. Atº = 1=3, where the e®ect is the most
pronounced, the region of the increased emission energy spreads over» 1T.
Other fractional ¯lling factors of higher orders are less pronounced and their
regions of higher emission energy are much narrower (» 0:5T for º = 2=5).
Generally, the apparent trend of weaker features at higher order ¯lling is
consistent with the usual transport results.

Temperature dependence

The magneto-photoluminescence spectra of the NTT-A sample were mea-
sured for di®erent bath temperatures. The temperature dependence at an
arbitrary ¯xed magnetic ¯eld (Fig. 5.4) showed that the e®ect is indeed a
low temperature phenomenon. The spectra in Figure5.10 allow to analyse
the e®ect of temperature increase at other ¯llings. The base bath tempera-
ture (30mK ) yields the most pronounced energy shifts; simultaneously the
multi{peak nature is the most visible. At higher temperatures the jumps
become smooth or disappear completely.

A ¯rst look at the temperature dependence can be e®ected by means of
the centre of spectral weight (Eq. 5.5). From its analysis a general trend due
to the temperature change can be deduced. The spectral centres of weight
are plotted in Figure 5.11.
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Figure 5.9: Intensity map of the photoluminescence from a 2DEG in the frac-
tional quantum Hall regime. The family of FQHE features resembling the compos-
ite fermion symmetry is visible. Model transport data from [28] are attached for
comparison.

Qualitative interpretation

A qualitative interpretation of the magnetic ¯eld dependence of the pho-
toluminescence spectra and the e®ects of the temperature can be done in
terms of the e®ect of screening of the valence band hole by the 2D electrons.

Depending on the 2DEG state, whether the 2DEG is in an incompress-
ible state or not, the e®ective screening e±ciency is di®erent. In the case
of an incompressible liquid of 2D electrons the charge accumulation on the
positively charged valence band hole is hindered, and the emission is char-
acteristic of a neutral exciton.

On the other hand, when the 2DEG is in acompressiblestate, the spec-
tral weight of the emission spectrum shifts down in energy, as if there were
an additional increase of the exciton binding energy. The 2D elections are
free to respond to the appearance in their vicinity of the positively charged
hole. The electrons can adjust their position so as to minimise the total
energy and create an excitonic complex. Emission from such a complex has
lower energy than neutral exciton emission.

At low temperatures, the emission energy is higher due to the inability
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Figure 5.10: Raw, represented in shifted energy scale, photoluminescence data for
di®erent bath temperatures. Sample is NTT-A (d=20nm).
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Figure 5.11: Centre of mass of the PL spectra presented in Fig.5.10

of the 2DEG being in the incompressible quantum liquid phase to respond
to the hole.

An increase of temperature can destroy the incompressible state. Thus,
transitions of the spectra due to magnetic ¯eld change or due to temperature
increase can be treated in complete analogy.

For a system in a given fractional ¯lling the change in magnetic ¯eld
changes the level degeneracy, thus changing the relative occupancy of the
highest occupied Landau levels by e.g. promoting a particle to higher level.
In other words, the change of the magnetic ¯eld changes the distribution
function. The increase of temperature also changes the distribution function
and destroys the incompressibility.

The ¯rst e®ect is observed, at temperatures low enough to allow the cre-
ation of the incompressible states, as the rise of emission energy at fractional
¯llings. The temperature a®ects the magnitude of energy discontinuities. At
high temperatures the incompressible states do not exist, thus the emission
energy is not increased.
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Detailed data analysis

Although an analysis by the means of the centre of spectral weight is su±-
cient for a rough overview, it has several weak points because of its integra-
tion over the energy range. First of all it fails to distinguish spectra with
more than one emission line from spectra with one broad line. This can
result in energy shifts when two lines change relative intensities.

Figure 5.12: Example PL spectrum (thick line) at B = 24:4T and three ¯tted
Gauss peaks and their sum (thin line).

When an emission spectra contains more than one spectral line (for an
example see Figure5.12) a di®erent approach is needed. The spectra need
to be deconvoluted. A ¯tting example shows a PL spectrum atB = 24:4T
marked by a thick line. Three ¯tted Gauss peaks and their sum are also
plotted.

The three Gaussian peaks ¯t very well the given spectrum with the
exception of a low energy tail where at least one additional weak peak is
needed. Adding the missing peak at¡ 0:5meV to the ¯tting procedure does
not yield unequivocal results. The energy position of the missing peak is
too close to the next peak for a good ¯t. Since the use of too many ¯tting
parameters should always be avoided as it can distort the ¯tting, the tail
was not ¯tted at all.

A ¯tting procedure was used to separate the emission lines that lie so
close to each other that an exact determination of their energies is not
possible by other methods.

Points in Figures 5.13 and 5.14 represent ¯tted peaks to the spectra
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Figure 5.13: Energy positions of ¯tted Gauss peaks. Peak intensity is represented
by a dot size.

Figure 5.14: Same data as in Fig.5.13 plotted versus ¯lling factor below º = 1=2

(above B = 18:4T). Energy positions of ¯tted Gauss peaks. Peak intensity is
represented by a dot size.
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from Figure 5.8. The circle diameter corresponds to the amplitude of a
¯tted peak. The data is plotted versus magnetic ¯eld between 8T and 28T
and in the ¯lling factor scale, respectively. The ¯lling factor scale starts
below º = 1=2 what corresponds to a ¯eld B = 18:4T. For some magnetic
¯eld values (e.g. 25:2T) up to three di®erent emission lines were found.

Also, spectra taken at other temperatures were ¯tted and are plotted in
Fig. 5.15on top of the intensity maps for comparison. With the ¯tted peak
intensities and positions, more subtle temperature e®ects can be analysed.

When the temperature is raised, the energy shift atº = 1 disappears
at T = 300mK when it is visible as a weak intensity change. In other
fractional ¯lling factors the main line consists of several overlapping lines
only at the base temperature. In higher temperatures (300mK) they are
visible as energy jumps.

The energy jumps magnitude diminish with increasing temperature. Above
the ¯eld corresponding to º = 1=2, the multi peak structure persists at
300mK at ¯lling factor 3=7 and even up to 1K around º = 2=5. The line
components change their relative intensities as a function of temperature.
The high{energy lines are more intense at low temperatures while with the
temperature increase thelow{energy lines gain in intensity.

For the º = 1=3 we observe one intense and one barely visible peak at
energies Es=0.5meV, Es=0.2meV respectively. At 300mK the Es=0.5meV
line is of comparable intensity to the second one. At 1K only one line can
be distinguished; it might include some trace of the original Es=0.5meV as
it is shifted to Es=0.3meV.

The presented temperature dependences are very complicated. Next
section will concentrate on the most prominent case ofº = 1=3.

5.3.5 Filling factor º = 1=3

Simultaneous transport

The apparent symmetry of the º = 1=2 family of composite fermions that
is re°ected in the photoluminescence experiment provoked the need for a
simultaneous transport measurements to prove that the features are really
due to the fractional states of the 2DEG. Additionally, the transport experi-
ments shed light on the correspondence between the transport Hall plateaus
and the high energy emission region in the photoluminescence.

Because of the dependence of transport properties on illumination de-
scribed earlier (Sec. 4.1.3, p. 42), simultaneous transport and data mea-
surements were performed under extremely low powers of below bandgap
illumination.

The result of the measurement is presented in5.16. The photolumines-
cence spectra were smoothed to eliminate some noise and ease the presen-
tation. On top of the PL spectra transport data are plotted in the same
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Figure 5.15: Temperature dependence of NTT-A photoluminescence. Intensity
map of the magneto{PL of the NTT-A sample.
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Figure 5.16: Simultaneous transport and photoluminescence measurements in the
vicinity of º = 1=3. Plateau in Rxy corresponds to the region of high emission
energy. T=30mK. Excitation: 670nm, P=1nW
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magnetic ¯eld scale. A Rxx (blue) minimum with a corresponding Hall
plateau (red) is visible. The change in the emission energy corresponds to
the edge of the Hall plateau and, similarly, the emission energy is constant
during the whole Hall plateau between 24.5T and 28T .

The emission is constant because when the system is in an incompressible
state (Hall plateau) no quasi{particles exist that can screen the hole and
create an excitonic complex. The ground state is a multiplicative state and
its emission energy is higher than that of an excitonic complex.

5.3.6 Theoretical interpretation at º = 1=3

A qualitative interpretation of experimental results requires a profound the-
oretical modelling which takes into account the actual sample parameters.
So far, such calculations are not available for all fractional quantum Hall
states observed in the experiments. Nevertheless, they have been carried
out by P. Hawrylak [ 29] for the case of the most pronouncedº = 1=3 state.
These calculations are sketched below and compared to the experimental
observations.

Temperature dependence

The recombination processes expected in the case when the 2DEG is exactly
at ¯lling factor º = 1=3 are shown in Figure5.17. The top panel represents
the energy spectrum of the initial state and the bottom panel the energy
spectrum of the ¯nal state.

The initial state spectrum re°ects the spectrum of a 2DEG at ¯lling
factor º = 1=3 with an additional electron{hole pair (exciton). The ¯nal
state spectrum is a pure spectrum of theº = 1=3 fractional quantum Hall
state (note a characteristic lowering of the excited states aroundL » 3¡ 4),
known in literature as the magnetoroton minimum.

In the ¯rst approximation, optical transitions occur between states with
the same angular momentum. Possible transitions with the most pronounced
oscillator strength are marked by vertical arrows. In the initial state the
lowest energy level hasL = 0 angular momentum, and it can recombine
to the L = 0 ground level of the ¯nal state. This transition is marked
by a red arrow and should be the only optical transition observed at low
temperatures, assuming full thermalisation, i.e. only the lowest energy level
is occupied in the initial state.

Following a deeper theoretical analysis, thisL = 0 initial state should
be recognised as a so{calledmultiplicative excitonic state, which resembles
the neutral exciton. Such a state is insensitive to the surrounding electron
gas.

The low temperature photoluminescence spectrum of a 2DEG atº = 1=3

is therefore expected to be una®ected by the electron { electron interactions.
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Figure 5.17: Calculated energy spectrum of initial and ¯nal states at º = 1=3.
Allowed transitions marked by vertical arrows. Oscillator strengths are represented
by magenta triangles. Arrows represent the¢ L = 0 transitions. Red arrow rep-
resents the transition favoured at low temperatures. Ry is the e®ective Rydberg
constant, R is the radius of the Haldane sphere.

The electron { electron interactions might be however visible at higher
temperatures when the initial states with higher angular momentum be-
come populated and possibly recombine with characteristic collective modes
(around the magnetoroton minimum) of the º = 1=3 fractional quantum
Hall state. Due to the characteristic di®erence in the initial and ¯nal state
energy spectrum, the emission related to higher angular momentum states
should occur on the low energy side of theL = 0 ! L = 0 transition. These
theoretical expectations are illustrated in Figure 5.18.

Experiment seems to con¯rm these considerations. As shown in Figure
5.19the emission spectrum in the close vicinity ofº = 1=3 is seen to be com-
posed of two lines. The higher energy line dominates the spectrum at 30mK
whereas the low energy component activates at 300mK . Further increase
of temperature leads to more complex spectra evolution but this is to be
expected as the energy spectra of the initial and ¯nal states are also very
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Figure 5.18: Calculated emission spectra atº = 1=3 for two di®erent temperatures.
The red and black arrows represent the favoured transition in low temperatures and
transition from higher angular momentum states, respectively.

probably temperature dependent. Thus, a comparison of the experiment
and the theory can be made only at relatively low temperatures.

Hall plateau equivalent

The e®ects discussed above are believed to be characteristic for the photo-
luminescence spectra measured in the range of magnetic ¯elds which corre-
sponds to the region of the plateau in the Hall voltage. This can be deduced
from previously shown data (Fig. 5.16, p. 98) of simultaneous optical and
transport measurements.

As can be seen in Figure5.19, more dramatic changes in the photolu-
minescence spectra than those described above, are observed at lower mag-
netic ¯elds, once one expects to cross the edge of the quantum Hall plateau.
Characteristically, this abrupt change in the luminescence spectra is pushed
towards higher ¯elds when the sample temperature is higher. This e®ect
is likely associated with the temperature narrowing of the quantum Hall
plateau.

It is therefore logical to think that this abrupt change in the photolu-
minescence is associated with the appearance of quasi{particles, naturally
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Figure 5.19: Temperature dependence of 2DEG emission aroundº = 1=3 from the
NTT-A sample. Grey rectangles mark the positions of aº = 1=3 Hall plateau. At
300mK, the width of the plateau decreased. Additionally the ratio of intensity of
the PL lines at the plateau was inverted.

expected upon crossing the edge of theº = 1=3 quantum Hall plateau. These
are the quasi electrons with 1=3e fractional charge that appear on the low
¯eld side of the º = 1=3 state.

To account for the experimental observation, the theoretical calculations
have been also performed for the case ofº > 1=3. Again the energy spectrum
of the initial and ¯nal states has been calculated (Figure 5.20). However,
this time the initial state re°ects the collective state which could be viewed
as being composed of the 2DEG in theº = 1=3 state with an additional
electron-hole pair (exciton) and one quasi{electron.

The ¯nal state, after recombination, re°ects the 2DEG in the º = 1=3

state with an additional quasi{electron. Again, the lowest energy level of
the initial state is at L = 0 but now it has a relatively smaller oscillator



5.3. Photoluminescence of the FQHE 103

strength, and its character is completely di®erent.

Figure 5.20: Calculated energy spectrum of the initial and ¯nal states at º >
1=3. Allowed transitions are marked by vertical arrows. Oscillator strengths are
represented by magenta triangles. The green arrow represent the recombination of
a quasi{exciton.

Theoretical analysis shows that ,in a naÄ³ve picture, this state can be
viewed as a complex that represents a valence band hole which binds4=3 of
an electron charge. In some sense it is intuitively clear that the existence of
quasi{electrons with 1=3 charge should imply that the neutral exciton could
accumulate additional charge and form an object that resembles a negatively
charged exciton but with a surplus charge of1=3e.

Theoretical calculations show that such a state has lower energy and its
binding energy with respect to the neutral quasi{exciton is of the order of
0:5meV in our sample. The transition marked by a green arrow in Fig-
ure 5.20 should be identi¯ed with the quasi{exciton recombination. This
transition is clearly of lower energy and may dominate the spectra at high
temperatures, which is in general agreement with the experimental observa-
tions.

The abrupt redshift of the photoluminescence spectra on the low ¯eld
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side of the º = 1=3 state could be explained by the transition of the photo-
luminescence spectrum from the neutralquasi{exciton{like (characteristic
for the º = 1=3 state in the absence of quasi{particles) to thefractionally
charged exciton{ like (in the presence of quasi{particles). The comparison
of theoretical calculations with experiment is presented in Figure5.21.

Figure 5.21: Photoluminescence spectra aroundº = 1=3. Theoretical interpreta-
tion is marked by arrows. Red and black arrows: Emission atº = 1=3 between
ground states and excited states, respectively (Fig. 5.17). Green arrow: lower
energy emission atº ¸ 1=3 from ground state to higher state at low k (Fig. 5.20).
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5.4 Resonant excitation and Raman scattering

The optical studies presented in this work so far have implied the use of exci-
tation far above the characteristic emission energies. Additional information
can be obtained from experiments in which the energy of the exciting light is
tuned in the close vicinity of the emission band. This technique is in general
referred to asresonant excitation spectroscopy and includes techniques such
as photoluminescence excitation or resonant inelastic light scattering. The
latter method is of particular interest with respect to studies of fractional
quantum Hall e®ect as it allows to probe the excitation spectrum of the
2DEG. Such an excitation spectrum has a characteristic features for each
fractional quantum Hall state and is a ¯ngerprint of the speci¯c character
of electron{electron interactions.

The most representative results of the inelastic light scattering studies of
a 2DEG in fractional quantum Hall regime are those allowing to measure the
characteristic points (e.g. at the magnetoroton minimum) of the excitation
spectrum of the º = 1=3 state [24].

In this chapter, an approach to the application of resonant excitation
spectroscopy to study the 2DEG in the fractional quantum Hall regime in
magnetic ¯elds up to 28T is presented.

Although the ¯nal results are not fully conclusive, the feasibility of such
experiments is clearly demonstrated. In particular, inelastic light scatter-
ing signals possibly re°ecting the composite fermion image of the fractional
quantum Hall e®ect have been identi¯ed.

A resonant excitation technique implies much more experimental e®ort
than non{resonant photoluminescence measurements. Special precautions
have to be taken to e±ciently reduce the laser light entering the spectrome-
ter. This was achieved by using a specially arranged two{¯bre system. With
this set{up we could continuously detect the signal with the CCD camera,
simultaneously sweeping the laser energy through the detection window.
Thus, it was possible to measure the laser line, the emission and the scat-
tered signal at the same time.

The most serious problem related to resonant excitation techniques is
the need to use generally high excitation powers (because of low collection
e±ciency), which results in rather poor control of the sample parameters
(electron concentration). This inconvenience is particularly di±cult to over-
come as the investigated samples are very sensitive to the number of injected
valence{band holes and the absorption spectrum of the 2DEG may change
dramatically.

5.4.1 Preliminary studies

The studies reported in this chapter have been performed on the NTT-A
sample which seems to be robust even under resonant excitation conditions.
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Nevertheless, this sample behaves quite di®erently under resonant excitation
as compared to its characteristics under non{resonant excitation.

Photoluminescence. Figure 5.22presents the results of the characterisa-
tion of the NTT-A sample under resonant excitation. Full circles represent
the familiar Landau level fan chart of the photoluminescence transitions un-
der resonant excitation of Eexc = 1 :545eV, only tenths of a meV above the
ground state emission.

Figure 5.22: Photoluminescence and photoluminescence { excitation transition
energies in the NTT-A sample under resonant excitation. Determined parameters
of the 2DEG are indicated.

The estimated 2DEG concentration is

ne = 2 :72 1011cm¡ 2 (5.6)

and clearly has increased considerably as compared to the previous illumi-
nation conditions (see Table4.1, p. 53) . The slope of the transitions is also
di®erent, leading to a higher estimated value of the reduced e®ective mass
of:

m¤
r = 0 :072m0 (5.7)

The signatures of the fractional quantum Hall e®ect are much less pro-
nounced, though still visible if the data are inspected more closely. The
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washing out of the fractional quantum Hall e®ect signatures is likely due to
the appreciably higher laser power used in the resonant excitation experi-
ments. A very detailed analysis of the present photoluminescence data is
di±cult and probably meaningless as the absorption strength at the energy
corresponding to the used laser excitation varies with magnetic ¯eld.

Photoluminescence excitation. Open circles in Figure 5.22 represent
the two spin{split main absorption peaks that have been extracted from a
PLE{type analysis. It is worth noting that both spin components of the
ground state are well visible in the photoluminescence excitation experi-
ments in the entire range whenº · 2, except a small region around ¯lling
factor º = 1.

Figure 5.23: PL (black) and PLE (red) spectra of the 2DEG at B=22T. The bulk
PLE spectrum at 22T is marked in blue. Excitation energies where resonant Raman
scattering signals are observed are marked with arrows. T=100mK. The sample is
NTT-A.

This seems to be a surprising feature but has also been observed by
others [30, 31, 32] and indicates that the electron spin polarisation can not
be correctly described by a simple one-electron model but likely requires the
introduction of a skyrmionic ground state.

Neglecting this subtle e®ect one can appreciate the high quality of the
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sample since the main photoluminescence and photoluminescence excitation
peaks almost coincide with each other and no \Stokes" shift is observed.

Representative PLE spectra measured at B=22T are compared with a
corresponding photoluminescence spectrum in Figure5.23.

The black trace represents the 2DEG emission under resonant excita-
tion. The lowest Landau level emission is clearly visible with a trace of the
emission from the higher spin state of the lowest Landau level (marked as
L ¡

0 and L +
0 , respectively). The blue trace represents a PLE spectrum of

the bulk GaAs emission. The red trace represents a PLE spectrum of the
2DEG. The absorption to the partially empty lowest Landau level (L ¡

0 ) is
visible close to the detected laser line (marked by dashed red line). The
absorption to the completely empty high energy spin state is visible as the
most pronounced peak in the spectrum. An additional absorption probably
connected with light hole states is visible at higher energies.

5.4.2 Inelastic light scattering

Once we have done the preliminary characterisation of the samples we now
focus on the inelastic light scattering experiments. The di±culty in identi¯-
cation of the signal lies in its resonant nature. The resonant Raman signal is
overlapped with the luminescence signal. Additionally, an observed Raman
signal may originate not only from the 2DEG but also from other parts of
the sample.

The inelastic light scattering measurements were performed in magnetic
¯elds between 15 and 26T what covers the ¯lling factor range 0:4 · º · 0:7
in the sample (ne = 2 :72¢1011cm¡ 2).

Several Raman scattering signals have been found in the experiments.
Three di®erent types of transitions named (1), (2) and (3) will be discussed
further.

Those transitions clearly resonate with well de¯ned peaks observed in
the PLE experiment (Figure 5.23). The signal (1) is attributed to the bulk
material whereas signals (2) and (3) are likely due to the 2DEG. This attri-
bution is based on an inspection of the conditions under which these signals
are observed.

Bulk electron spin{°ip. The signal (1) is clearly observed only when the
excitation energy is tuned in the vicinity of the bulk GaAs exciton transition.
The arrow{(1) in Figure 5.23 indicates the energy of the laser excitation
which is preferential for clear observation of the type{(1) transition.

The excitation energy corresponding to type{(1) signals varies with mag-
netic ¯eld. The ¯eld dependence re°ects well the electron Zeeman energy
(0:44¹ B B , see Figure5.27) and this transition is therefore attributed to
the electron spin{°ip process in bulk GaAs. Examples of Raman scattering
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Figure 5.24: Resonant inelastic light scattering spectra of the spin{°ip process in
bulk GaAs at B=22T. Bath temperature is T » 100mK . The sample is NTT-A,
d=20nm.
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Figure 5.25: Raman scattering to the CF \Fermi energy". Bath temperature is
T » 100mK . The sample is NTT-A, d=20nm.
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Figure 5.26: Resonant inelastic light scattering spectra of the spin{°ip process in
the 2DEG at B=22T. Bath temperature is T » 100mK . The sample is NTT-A,
d=20nm.
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spectra in ¯eld B = 22T corresponding to type{(1) transition are presented
in Figure 5.24.

Excitation to the Fermi level. The second type of Raman signal is most
clearly observed when the laser energy coincides with the lowest energy of
the 2DEG transition.

The excitation energy favourable to the observation of the type{(2) Ra-
man signal is marked by arrow{(2) in Figure 5.23. The excitation energy
of this type{(2) Raman signal does not depend on the magnetic ¯eld and is
plotted in Figure 5.27 as light blue circles.

Figure 5.27: Magnetic ¯eld dependence of the observed Raman scattering signals
(circles) plotted on top of possible excitations from the ground state in the compos-
ite fermions picture. The sample is NTT-A quantum well (ne = 2 :72¢1011cm¡ 2).
The e®ective mass of composite fermions ismCF = 4 ¢0:079¢

p
B º = 1=2 ¢m0; The

energy of the 2D electron { spin °ip is 1:5g¹ B B , jgj = 0 :44.

The interpretation of its origin can be based on Figure5.27where the fan
chart of Landau levels of composite fermions is sketched. The zero energy in
this representation corresponds to the energy of the ground state of the low
spin state. Thus, the levels which originate from theº = 1=2 state, where
the e®ective magnetic ¯eld isB ¤ = 0, represent possible excitation energies
from the ground state. The ¯gure presents two Zeeman{split families of the
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CF -Landau levels. A value of§ 1:5g¹ B B of the Zeeman splitting has been
assumed in this ¯gure.

Additionally, oscillations of a \CF{Fermi level" have been plotted in the
picture, based on the analogy of fractional ¯lling factors (º ) with the integer
¯lling factors ( º ¤) of composite fermions.

The fan chart has been drawn based on the composite fermion e®ective
mass determined by previous [33, 34] measurements:

mCF = 4 ¢0:079¢
q

B º = 1=2
¢m0 (5.8)

When the energy of the type{(2) scattering is compared with such a
picture it seems probable that it re°ects the scattering process to the Fermi
level. Such an interpretation is in accordance with the conditions under
which the signal is observed.

Examples of Raman scattering spectra in ¯eldB = 22T corresponding
to type{(2) transitions are presented in Figure 5.25.

2DEG spin{°ip The third type of the light scattering signal is observed
when the laser energy is in the range of absorption to the higher energy spin
state (L +

0 ) of the 2DEG. This laser energy is marked as arrow{(3) on top
of the 2DEG PLE signal in Figure 5.23. The horizontal orientation of the
arrow re°ects the wide range of excitation energies where the signal can be
observed.

Examples of the type{(3) Raman scattering spectra are presented in
Figure 5.26.

The magnetic ¯eld dependence of the type{(3) Raman signal is presented
in Figure 5.27. The linear dependence and the excitation energy in the range
of the upper spin level of the lowest Landau level implies that the observed
process is a spin °ip scattering of a 2D electron.

It is speculated that this signal could be attributed to the electron spin
°ip in a 2DEG despite the fact that the linear ¯eld dependence 1:5g¹ B B is
much higher than the bare electron Zeeman splitting forg = 0 :44. Never-
theless, a much larger electron spin splitting is required to explain the spin
polarisation of the º = 1=2 family of the fractional quantum Hall states.
The spin splitting value of 1:5g¹ B B seems to account reasonably well for
the results of the tilted magnetic ¯eld studies of the º = 1=2 family of the
fractional quantum states found in the literature.

5.5 Conclusions

Until recently, the multiplicity of the fractional quantum Hall e®ect states
was visible only in transport experiments. The novel experimental results
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presented in this chapter showed that the FQHE states of a 2DEG can also
be probed by photoluminescence measurements.

The simultaneous transport and photoluminescence measurements con-
¯rmed the observed photoluminescence features to be due to the changing
state of the 2DEG.

A characteristic symmetry around º = 1=2 is easily visible in the repre-
sentative spectra of a 20nm quantum well emission. The symmetry can be
interpreted in a picture of composite fermion model and has been regularly
observed in transport measurements of high quality samples. Features at-
tributed to at least ¯ve fractional quantum Hall states have been observed.
The observed fractional ¯lling factors include: º = 1=3, 2=5, 3=7, 3=5, 2=3.
In the vicinity of these points, the emission energy has been observed to
increase by» 0:5meV, a shift bigger than the line width.

Temperature dependence measurements showed that measured phenom-
ena are indeed low temperature e®ects. Secondly, along with theoretical
calculations they allowed to assign the doublet observed atº = 1=3 to the
ground and excited state emission for the high and low energy component,
respectively.

The high energy emission plateau aroundº = 1=3 has been interpreted as
the equivalent of the Hall plateau observed in Hall resistance measurements.
The temperature dependence of the photoluminescence shows the emission
plateau narrowing with increasing temperature. The emission energy jump
at the plateau boundary is attributed to the occurrence of quasi{particles
that form charged quasi{excitonic complexes of higher binding energy than
the neutral quasi-excitons at º = 1=3.

The photoluminescence from the narrow (d = 10nm) sample is classi¯ed
as being not sensitive to the 2DEG changing states due to much bigger elec-
tron { hole interaction than the 2D electron correlation. On the other hand
the d = 50nm sample was expected to have an electron { hole interaction
even smaller than the representative (d = 20nm) NTT-A sample, thus being
a more delicate probe of the 2DEG states. The overlap of bulk and 2DEG
emission lines hindered the measurements aboveº = 1=2.

Inelastic light scattering identi¯ed two excitations of the 2DEG based
on the comparison with the photoluminescence excitation measurements.
A spin { °ip process and an excitation to the Fermi energy of composite
fermions have been identi¯ed. Additionally, a bulk GaAs spin{°ip process
has been observed.
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Chapter 6

Properties of a 2DEG under
microwave irradiation in
magnetic ¯elds

Dans ce chapitre, les ¶etudes d'un nouvel e®et oscillatoire de la r¶esistance
induit par l'irradiation des micro-ondes sont pr¶esent¶ees. A bas champs magn¶e-
tiques, sous l'irradiation micro-onde les propri¶et¶es de transport s'¶ecartent
nettement des oscillations bien connues de Shubnikov - de Haas pour ¶evoluer
vers une s¶erie d'¶etats de r¶esistance z¶ero.

La d¶ependance en transport µa la fr¶equence et µa la puissance de micro-
ondes est pr¶esent¶ee. Un changement de traces en transport des MIROs vers
une forme que ressemble µa la r¶esonance cyclotron est pr¶esent¶e. La p¶eriodicit¶e
des oscillations avec la p¶eriode d¶e¯ni par la fr¶equence des micro-ondes est
aussi pr¶esent¶ee.

Les r¶esultats des mesures d'absorption des micro-ondes sont pr¶esent¶es
pour deux ¶echantillons avec des mobilit¶es d'¶electrons di®¶erentes. Les ¶echantil-
lons ont les traces en transport di®¶erentes, car l'¶echantillon µa haute mobilit¶e
montre les MIROs beaucoup plus prononc¶ees. Dans les spectres d'absorp-
tion, l'¶echantillon de la mobilit¶e basse montre qu'une absorption autour de
la r¶esonance cyclotron. Par contre, le deuxiµeme ¶echantillon µa haute mobilit¶e
montre aussi les signaux de l'absorption aux harmoniques de la r¶esonance
cyclotron.

L'existence de deux processus d'absorption di®¶erents et s¶epares est inf¶er¶e
depuis les intensit¶es des signaux d'absorption mesur¶es par absorption directe
des micro-ondes. L'absorption non r¶esonante est mieux visible en transport
et observ¶ee comme les MIROs, qui vraisemblablement ne respectent pas les
rµegles de polarisation. Par contre, l'absorption r¶esonante, mieux observ¶ee
dans les mesures d'absorption des micro-ondes, probablement suit les rµegles
de polarisation de la r¶esonance cyclotron.
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A 2DEG subjected to an external magnetic ¯eld exhibits a wide range
of fascinating physical e®ects. The previous chapter presented optical ex-
periments of 2D electron correlations, induced by high magnetic ¯elds, that
manifest themselves in the form of an incompressible quantum liquid. The
experimental ¯ngerprints of these high ¯eld e®ects are well known in trans-
port experiments as integer and fractional quantum Hall e®ects.

Very recently a new e®ect has been discovered in the low magnetic ¯eld
range. When irradiated with microwaves (MW), the behaviour of 2DEG
transport properties deviates strongly from the familiar Shubnikov { de Haas
oscillations. The magneto{resistance traces exhibit a series of vanishing
resistance states.

6.1 Introduction

6.1.1 Discovery

The ¯rst observation of the microwave induced oscillations (MIROs) of the
longitudinal resistance (Rxx ) was reported by Zudov et al. [1] and observed
in samples with high mobility 2DEG and at moderately low temperatures
T » 1K . The authors reported a discovery of a novel behaviour of 2DEG,
which irradiated by MWs in the range 5 - 100 GHz displays oscillations of
the Rxx in the low magnetic ¯eld regime determined by the MW energy:
~! » ~! c. The period of the oscillations in 1=B scale is determined by the
ratio !=! c of the MW frequency ! to the cyclotron frequency ! c = eB=m¤,
where m¤ is the e®ective mass of conduction band electrons in GaAs. The
period of the oscillations di®ers from the Shubnikov{de Haas oscillations
(SdH) whose period is determined by the ratioE f =~! c.

As reported by Mani et al. [2], under strong MW irradiation the Rxx

minima correspond tozero resistance statesin samples with su±ciently high
mobility 2DEG.

The changes in the longitudinal resistance reported in Refs. [1, 2] were
not accompanied by the observation of analogous oscillations in the Hall
resistance. Recently, Studenikin et al. [3] con¯rmed the existence of the
MIROs and reported simultaneous changes in the Hall resistance. Relative
changes ¢Rxy =Rxy were reported to have opposite sign than the sign of
¢ Rxx i.e. a decrease (increase) in the longitudinal resistance is accompa-
nied by an increase (decrease) in the transversal resistance. The measured
amplitude of the ¢ Rxy changes is only two times weaker than the amplitude
of ¢ Rxx . Subsequent reports [4] con¯rmed changes in the Hall resistance
with no changes ofRxy observed in regions of zero resistance states.
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Figure 6.1: Typical longitudinal resistance trace with (red) and without (blue)
microwave irradiation. The microwaves frequency is100GHz. The MIROs are
visible on the lower ¯eld part of the red plot apart from the SdH oscillations visible
also on the \dark" curve. Bath temperature is 2K. Sample is \Bell" heterojunction.

6.1.2 Typical data

Figure 6.1presents typicalRxx traces of a high mobility 2DEG in a GaAs/AlGaAs
heterojunction (\Bell" sample). The electron concentration and the mobil-
ity are presented in Table 6.1. The blue curve (\dark") corresponds to the
measurement without MW irradiation. In that case, the only oscillations
visible are the SdH oscillations which appear aroundB ¼ 0:2T.

name ¹ (cm2=V s) ne (cm¡ 2)

Bell 10 ¢106 2 ¢1011

Table 6.1: Parameters (mobility and concentration) of the 2DEG in the hetero-
junction \Bell" sample. Parameters after brief illumination by a red LED at 2K.

Under a continuous microwave irradiation the magneto{resistance changes.
The most pronounced MIRO starts to appear around the cyclotron reso-
nance and lower intensity oscillations are visible on the low magnetic ¯eld
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side. Above resonance the trace returns to the non{irradiated curve dis-
playing the SdH oscillations. The resistance does not reach zero in the plot
presented in Fig. 6.1 because the MW power was not high enough for the
mobility of this particular 2DEG (see below).

Figure 6.2: Top. Schematic picture of the microwave cyclotron resonance absorp-
tion with several harmonics (represented by black arrows). Bottom. Simulated
changes in theRxx . No change is observed when~! = n~! c. ¢ Rxx > 0 when
!=! c 2 (n; n ¡ 1=2) (red arrow). ¢ Rxx < 0 when !=! c 2 (n + 1=2; n) (blue arrow).
Additionally, no change is observed inRxx when !=! c ¼ n § 1=2.

The resistance oscillations due to the MW irradiation are governed by
the !=! c ratio. Figure 6.2 schematically presents the ranges of magnetic
¯eld where the observed changes ofRxx are positive or negative. The upper
part of the ¯gure presents the Landau quantisation of the density of states in
a GaAs heterostructure (m¤ = 0 :067m0). Arrows represent a 100GHz MW
irradiation energy. Black arrows correspond to the cyclotron resonance at
B = 0 :24T and its harmonics. At those values of the magnetic ¯eld, when
!=! c = n, where n = 1 ; 2: : :, no change inRxx is observed (i.e. ¢Rxx = 0).
When !=! c 2 (n + 1=2; n), an example marked by a blue arrow, the change
in Rxx is negative. The opposite case, when!=! c 2 (n; n ¡ 1=2) the change
is positive and an example is marked by a red arrow. Apparently, in the case
of !=! c = n § 1=2, outside the resonance and in between the two intervals
the resistance is also unchanged.
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The experimentally determined changes in the magneto{resistance can
be simulated (Fig. 6.2, bottom) by the formula:

¢ Rxx = ¡ Aexp(¡ DM =~! c)sin (2¼!=! c) (6.1)

where DM is an experimentally determined damping parameter (see also
Eq. 6.13).

Experimental parameters

Figure 6.1, above, shows the changes in the resistance traces due to the
MW irradiation for an arbitrarily chosen set of parameters. It has been
established that the magnitude of the e®ect depends on parameters such as
microwave power, frequency, temperature and 2DEG mobility. The in°uence
of power and frequency on the phenomenon will now be discussed.

Figure 6.3: Power dependence of the MIROs. The low power region. Maximum
power at 0dB attenuation is 50mW. Microwaves frequency is f=119.5GHz. Sample
is \Bell". See also Fig. 6.4.
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Microwave power

The dependence on the MW irradiation power is presented in Figures6.3{
6.4. The MW frequency is 119:5GHz from a backward wave oscillator source
and the maximum output power is 50mW in the case of 0dB attenuation.
The dark curve present the SdH oscillations in the case of no MW illumi-
nation. When the microwaves are switched on, in the case of the 40dB
attenuation, the traces starts to show a slight decrease in the resistivity be-
low the cyclotron resonance (B res = 0 :29T). When the power is gradually
increased, oscillations start to be visible around harmonics of the cyclotron
resonance. For 10dB attenuation the strongest minimum below resonance
reaches zero resistance. For even higher microwave powers (Figure6.4), the
¯rst minimum stays at zero, while features around other harmonics become
more pronounced and would eventually reach zero. The traces at the high-
est powers show the heating of the 2DEG by the microwaves visible as the
thermal blurring of the SdH oscillations.

Figure 6.4: Power dependence of the MIROs. The high power region. Maximum
power at 0dB attenuation is 50mW. Microwaves frequency is f=119.5GHz. Sample
is \Bell". See also Fig. 6.3.
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Microwave frequency

The periodicity of MIROs with !=! c can be shown in the!=! c » 1=B scale.
Such a representation is used in Figures6.5{ 6.6 presenting the frequency
dependence. This representation eliminates the obvious e®ect of scaling the
period of the oscillations due to the frequency change.

The traces ofRxx measured under MW irradiation in the frequency range
80-110 GHz are presented in Figure6.5. A \dark" trace of Rxx of a non
irradiated sample is plotted for comparison. It can be seen that the MIROs
are indeed periodic in the inverse magnetic ¯eld and when scaled as!=! c

there is no change in in the traces due to di®erent MW frequency.

Figure 6.5: Frequency dependence of the MIROs. TheRxx traces are plotted as a
function of !=! c » 1=B with m¤ = 0 :068. T=1.5K. Constant power (attenuation
16dB-20dB) monitored by a bolometer. Sample is \Bell".

However, when higher frequencies are used the MIROs show some change
depending on the MW frequency. Figure6.6, an analogous ¯gure to Fig.
6.5, contains ¢ Rxx traces of higher frequency microwave irradiation. The
energy of microwaves changes from 160GHz to 226GHz.

The decrease of the amplitude of the oscillations with the increase of the
MW frequency is attributed to a lower attainable maximum MW power. The
low{frequency MW power was kept constant by monitoring the response of a
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bolometer placed in the vicinity of the sample. In the case of high frequencies
the power that reach the sample and was detected on the bolometer was
much lower even at the lowest attenuation.

Another more subtle e®ect is best visible inRxx taken under f = 226GHz
irradiation. The oscillations are no longer sinusoidal and di®er the most at
!=! c = n + 1=2. At these points the oscillations start to show plateaus due
to Landau level separation (see below).

Figure 6.6: Frequency dependence of the MIROs in the high frequency range. The
Rxx traces are plotted as a function of!=! c » 1=B with m¤ = 0 :068. T=1.5K.
Power is not constant. Sample is \Bell".

6.2 Existing theories

The origin of the MIROs have not yet been established while several theoret-
ical modes have been proposed. Most promising theories propose to explain
the resistance oscillations as a result of an additional current due to the MW
irradiation ( scattering model) or as a result of the MW induced changes in
the electron distribution function ( modi¯ed distribution function model ).

Following section will discuss brie°y the main ideas behind the two mod-
els.



6.2. Existing theories 125

6.2.1 Scattering model

The model proposed by Durst et al. [5] suggest the appearance of an addi-
tional disorder-mediated current due to the MW irradiation. Depending on
the ratio of the MW energy to the cyclotron energy the additional current
°ows either parallel or antiparallel to the applied electric ¯eld.

Figure 6.7: The absorption of MW energy ! with a scattering parallel or antipar-
allel to the applied electric ¯eld that tilts the Landau levels (gray lines). Pictured
at an arbitrary magnetic ¯eld. Figure from [ 5].

Figure 6.7 presents a simpli¯ed picture of the proposed mechanism. Dur-
ing a transport measurement a small external electric ¯eld is applied to the
2DEG that tilts the Landau levels (gray lines) in the real space. The electron
excitation provoked by the absorption process of MW radiation is accompa-
nied by a scattering process.

The scattering process changes the position of the centre of the orbital
motion of the excited electron. The change can be either with or against
the direction of the applied electric ¯eld. It is argued that as the scattering
probability is equal in both directions, the total current density due to the
radiation will depend on the available empty ¯nal states.

The availability of the states will be determined by the energy of the
radiation. As scattering over ¯nite distances (§ ¢ x) is preferred the resultant
scattering direction will be determined by the position of the closest tilted
Landau level in respect to the absorbed MW energy. If the absorbed MW
energy (~! ) is a little less then the Landau level distance (n ¢~! c) then the
favoured direction is along the electric ¯eld and the conductivity increases.
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In the other case, when~! & n ¢~! c, the scattering in the direction opposite
to the electric ¯eld is dominant and the conductivity decreases.

In the picture of the radiation induced current ¢ J , the total current
measured during the transport experiment is the sum ofJ0 due to the applied
external ¯eld and ¢ J :

J = J0 + ¢ J (6.2)

In the presence of a scattering mechanism, the rate (w®0) at which the
electron is scattered from an initial (without radiation) state ®0 to a ¯nal
position r is:

w®0(r ) = 2 ¼
X

®

¯
¯
¯Ã®(r )

¯
¯
¯
2

±(²® ¡ ²®0 ¡ ! )
¯
¯
¯<®jeEx̂j®0>

¯
¯
¯
2

(6.3)

where <®jeEx̂j®0> is the matrix element of the electric dipole operator of
the radiation ¯eld. As the occupancy of states must be included in the ¢J ,
the factor [nF (²®0) ¡ nF (²®)] is introduced, where nF (²) is the initial Fermi
distribution function.

Including the average over the disorder intoN (r; ² ) , the additional cur-
rent density can be written as:

¢ Jx (R ) = ¡ 2¼e
Z

d²d2¢ r [nF (²) ¡ nF (² + ! )] £ (6.4)

N (r; ² + ! )N (r 0; ²)M (r; r 0)¢ x

where N (r; ² ) =
P

® jÃ®(r )j2±(² ¡ ²®) is the average local density of states.
M (r; r 0) > 0 is a function of ¢ r and is independent of the energies²; ² + ! .

The conductivity ¢ ¾xx can be written as:

¢ ¾xx »
@

¡
N (r; ² + ! )N (r 0; ²)

¢

@¢ x
(6.5)

if the electric ¯eld e®ect is limited to N (r; ² ) = N (² ¡ eEx), that is to tilting
of Landau levels. Writing the density of states:

N (²) = N0 + N1sin (2¼²=!c) (6.6)

¢ ¾xx can be simpli¯ed to:

¢ ¾xx »
@N
@²

¯
¯
¯
¯
¯
²= !

» ¡ sin (2¼!=! c) (6.7)



6.2. Existing theories 127

The above simple model yields a correct phase and period of the mi-
crowave induced resistance oscillation with the assumption that½xx ¼ ½2

xy ¾xx

where ½xy is independent of microwaves.
The critics (e.g. [6]) argue that impurity scattering is not a dominant

mechanism as the amplitude of resistivity changes is much smaller than other
e®ects (see next section). Other arguments against thescattering theory cite
temperature independence of the scattering process.

6.2.2 Modi¯ed electron distribution function model

The theory by Dmitriev et al. [ 6] suggests an oscillatory part of the electron
Fermi distribution due to microwave irradiation as the main reason for the
observed resistance oscillations.

The measured longitudinal resistivity is connected to the photoconduc-
tivity by a relation: ½xx » ½2

xy ¾ph
xx (see Sec.1.2, p. 6).

The conductivity, ¾ph
xx in the electric ¯eld applied for transport measure-

ments is equal:

½xx » ¾ph
xx =

Z
d" ¾dc(" )

·
¡

@f(" )
@"

¸
(6.8)

where f (" ) is the electron distribution function, and

¾dc(" ) = ¾D
dc ¢eº 2(" ) =

e2º 0v2
F

2! 2
c¿tr

¢
º (" )
º 0

(6.9)

is the contribution of electrons with energy " to the transport in the strong
magnetic ¯eld approximation. ¾D

dc is the dc Drude conductivity, º 0 =
m=2¼~2 is the density of states at B = 0T, º (" ) represents the oscilla-
tions in the density of states due to the Landau quantisation, and gº (" ) is a
dimensionless density of states parameter.

In case ofoverlapping Landau levels the latter can be described as:

eº = 1 ¡ 2± cos
µ

2¼"
! c

¶
(6.10)

± = exp
µ

¡
¼

! c¿q

¶
¿ 1 (6.11)

where ¿q ¿ ¿tr is the single particle relaxation time in zero magnetic ¯eld.
The resultant addition to the electron distribution function ( f ) is given by:

f osc(" ) = ±
! c

2¼
¢

@fT
@"

¢sin
2¼"
! c

P!
2¼!
! c

sin 2¼!
! c

+ 4Qdc

1 + P! sin2 ¼!
! c

+ Qdc
(6.12)
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were P! ; Qdc are dimensionless units of the strengths of the oscillatory and
static electric ¯eld, respectively. The reason for the oscillatory behaviour
lies in the modulation of the density of states.

The schematic behaviour of the modulated distribution function is pre-
sented on the left{hand side of Figure6.8. Even a small variation of the
distribution function can a®ect the conductivity due to the derivative in Eq.
6.8.

Figure 6.8: Left. Modulation of electron distribution function due to microwave
irradiation. Right. Schematic presentation of the expected e®ect of microwave
irradiation on the photoluminescence from the Fermi edge due to the modulation
of the electron distribution function

Substituting the above equation into Eq. 6.8 the microwave induced cor-
rection to the conductivity due to the modulation of the electron distribution
function can be obtained:

¾ph
xx ¡ ¾dc

¾dc
= ¡ 4±2P!

¼!
! c

sin
2¼!
! c

(6.13)

The result describes well the intensity, period and phase of the experi-
mental results.

The result is also temperature dependent due to the proportionality of



6.3. Experimental veri¯cation 129

P! (and Qdc) to the inelastic relaxation time ( ¿in ) which is temperature
dependent, in contrast to scattering model.

6.3 Experimental veri¯cation

The above theoretical models both correctly predict the period and phase
of the oscillations. On the other hand, the two theories do not predict
several issues, and disagree on others. Thus, the theoretical models need
experimental clari¯cation.

6.3.1 Transport

Separated Landau levels { MIROs plateaus

A sinusoidal waveform of the oscillations is predicted in the case of overlap-
ping Landau levels. Both theories depend on a modulated density of states
which in the low ¯eld regime is well described by the sine function. On
the other hand, when the Landau levels are separated the density of states
should be described by the sum of Lorentz functions and there exist regions
of almost constant density of states in between Landau levels. The theories
predict no change of the resistance due to microwaves in those regions.

Speci¯cally, high frequency { high magnetic ¯eld experiments were per-
formed. In contrast to the predictions, no clearly visible regions of constant
dRxx have been found . The only exception was the weak deviation from
sine{like oscillations observed at MW frequency 226 GHz and presented in
Figure 6.6 (p. 124) where a constant value ofdRxx might be present at
!=! c = n + 1=2, n = 1 ; 3; 5: : :.

Level width. The analysis of the thermal damping of SdH oscillations at
di®erent temperatures yields the damping parameter (DT ). Based on the
assumption that the level width (¡) is constant one can extract its value.
(see Sec.1.2.2, p. 8).

The lack of plateaus can be explained if one includes a magnetic ¯eld
dependence of the Landau level width, namely the ¡»

p
B broadening of

the Landau levels. Introducing the ¯eld broadening one can state that the
Landau levels are not yet fully separated in the range of applied magnetic
¯elds.

DOS quantisation { Field damping

The existing theories imply that the Landau quantisation of the density of
states is necessary for the MIROs phenomenon to occur. On the other hand,
the MIROs are observed in very low ¯elds where the SdH oscillations are no
longer visible. This may put into question the role of the DOS quantisation.
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It has been argued is Section1.2.2, p. 8 that the quantisation of the
DOS does not necessary imply the observation of the SdH oscillations as
the amplitude depends on the thermal distribution of electrons. A very low
temperature measurement (Fig. 1.8, p.11) of the SdH oscillations show that
a well de¯ned Landau level quantisation of the density of states persists to
very low magnetic ¯elds even if the SdH oscillations are no longer visible.

Additionally, one can compare the MIROs damping parameter with the
thermal damping factor (D th = X T =sinh(X T ), X T = 2¼2kT=~! c) in the
standard expression for the amplitude of the SdH oscillations [7]:

¢ ½xx = 4½0D th (X T )exp(¡ ¼=!c¿q) (6.14)

where ¿q is the quantum lifetime.
The determined order of magnitude of the¿q » 10ps that corresponds to

the value of the damping factor¼~=¿q = 0 :27meV is identical to the damping
factor of the MIROs which was found to beDM = 0 :3meV at T=1.6K. The
damping factor is not sensitive to microwave power or frequency.

From the above consideration, the DOS quantisation is necessary for
MIROs to occur, in accordance with both theoretical models.

Temperature damping

The dependence on temperature enters the equations in the form of¿q=¿tr in
the scattering model and¿in =¿tr in the modi¯ed distribution function model.

The Rxx measurements yield a temperature damping parameter

AM (T) » exp
³

¡ 0:7kB T=~! c

´
(6.15)

which can be compared with the SdH temperature damping parameter:

D th =
X T

sinh (X T )
» exp

³
¡ X T

´
= exp

³
¡

2¼2kB T
~! c

´
(6.16)

where X T = 2¼2kB T=~! c. As the SdH damping parameter is much greater
(2¼2 ¼ 20 À 0:7) the thermal damping of SdH oscillations is much more
e®ective than the thermal damping of MIROs [8].

Hall resistance

Neither model predict Rxy oscillations with observable amplitude due to
microwave irradiation. Durst et al. [ 5] in the scattering model actually ob-
tained the Hall resistivity oscillations of the same order of magnitude as
magneto{resistance oscillations. The result was interpreted as an artifact in
determination of ¿tr =¿ where ¿tr is the transport lifetime and ¿ is the single
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particle lifetime. It was stated that when the di®erence between the two
quantities is taken into account, the Rxy oscillations are in fact negligible.
Dmitriev et al. [ 6] in the comment to the discovery reported in Ref. [3] stated
that the observed Rxy oscillations can not be explained by the changes in
the electron distribution function and suggested the changes were due to
weak 2D electron concentration variations with !=! c.

6.3.2 Microwave absorption

The common starting point of the above theoretical models is the microwave
absorption by the 2DEG. A following simplistic model can be used to de-
termine the expected MW absorption. The 2D density of states quantised
by the magnetic ¯eld into discrete Landau levels are modelled by a sine
function. This is su±cient for the basic reasoning, as the proper description
of Landau level broadening by Gaussian or Lorentz functions gives similar
general results [9]. The thermal distribution of electrons is described by the
Fermi function.

The absorption process of microwaves of energy~! involves available
electrons at energy ² whose number is determined by the DOS and the
thermal population D(²)f (²) and depends on the availability of empty states
at energy (² + ~! ) which is determined by D(² + ~! )

£
1 ¡ f (² + ~! )

¤
.

Including a symmetric process of stimulated emission the absorption can
be written as:

Absorption »
Z

d²
n

D(²)f (²) ¢D(² + ~! )
£
1 ¡ f (² + ~! )

¤
(6.17)

¡ D (² + ~! )f (² + ~! ) ¢D(²)
£
1 ¡ f (²)

¤o

where D(²) is the density of states at energy², f (²) is the electron distrib-
ution function. The above can be written as:

AbsNR »
Z

d² D (²)D (² + ~! )
£
f (²) ¡ f (² + ~! )

i
(6.18)

According to the above equation, the absorption of microwaves at ¯xed
frequency ! is an oscillating function of the magnetic ¯eld (if the Landau
level modulation of the density of states is su±ciently pronounced). This
e®ect is illustrated in Figure 6.9. One should note here that the broadening
of the oscillations shown in Figure 6.9 is determined by the ¡ LL , i.e. the
broadening of the Landau levels.

The description of microwave absorption in terms of Eq.6.18 takes into
account the occupation factors but completely ignores the optical selection
rules.
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Figure 6.9: Calculated non{resonant microwave absorption by a 2DEG with mod-
ulated DOS. (see Eq.6.18)

Cyclotron resonance. On the other hand, there exists a well established
e®ect of the cyclotron resonance absorption which obviously should be taken
into account when considering the microwave absorption of a 2DEG in a
magnetic ¯eld. Within a simple model the e®ect of cyclotron resonance
absorption can be described by a single Lorentz peak:

AbsCR »
1

1 +
³

~! ¡ ~! c
¡ CR

´ 2 (6.19)

where ¡ CR is the broadening parameter which in general depends on mobil-
ity as well as concentration of the 2DEG.

At this point it is important to note that ¡ CR is expected to be smaller
than the broadening parameter for Landau levels ¡LL which on the other
hand a®ects the absorption process described by Eq.6.18.

Combination of processes

To combine both absorption processes in a very crude and phenomenological
approximation one could think about two approaches.

Independent. The ¯rst approach is to assume that both processes arein-
dependentand that the resulting absorption is just a sum of both processes:
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Abs1 = ®¢
1

1 +
³

~! ¡ ~! c
¡ CR

´ 2 + ¯ ¢
Z

d² D (²)D (² + ~! ) [f (²) ¡ f (² + ~! )]

(6.20)

where ® and ¯ are arbitrary and unknown coe±cients which account for
relative weight of each absorption process.

Optical selection rules in MIROs The second approach consists of an
attempt to introduce the optical selection rule into Eq. 6.18. In a simple
way, one could just multiply Eq. 6.18 and Eq. 6.19

Abs2 = ° ¢
Z

d² D (²)D (² + ~! ) [f (²) ¡ f (² + ~! )] ¢
1

1 +
³

~! ¡ ~! c
¡ CR

´ 2

Abs2 = ° ¢
1

1 +
³

~! ¡ ~! c
¡ CR

´ 2 ¢
Z

d² D (²)D (² + ~! ) [f (²) ¡ f (² + ~! )]

(6.21)

where ° is a proportionality factor.
Possible forms of the magnetic ¯eld dependence of the microwave ab-

sorption at a given frequency expected for the ¯rst and the second approach
are shown in Figure6.10 and Figure 6.11, respectively.

The second phenomenological approach is somehow consistent with the
theoretical model presented by Dmitriev et al. [6, 9] (see Figure6.12).

As can be seen in these ¯gures, the absorption weight of the cyclotron
resonance replicas with respect to the main peak is expected to be vanish-
ingly small within the second approach. However, for the case of the ¯rst
approach this ratio depends on relative strength of both absorption processes
and can be arbitrarily chosen, depending on the actual value of®=¯.

The two proposed approaches may have di®erent consequences on the
results of direct absorption measurements, which are presented in the fol-
lowing section.

Experiment

Figures 6.13, top and 6.14, top present the derivative spectra of microwave
absorption measured in two 2DEG systems with di®erent mobilities. The
high mobility ( » 4 ¢106cm2=V s) M1707 heterojunction and the lower mo-
bility ( » 2¢106cm2=V s) NTT-A quantum well sample have been measured.
The two samples have been chosen for their di®erent transport properties.
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Figure 6.10: Calculated microwave absorption by a 2DEG with modulated DOS
for the ¯rst approach of independent absorption mechanisms. ®=¯ = 1 (See Eq.
6.20)

Figure 6.11: Calculated microwave absorption by a 2DEG with modulated DOS
for the second approach. Results presented in linear (left) and logarithmic (right)
scales for better comparison. (See Eq.6.21)
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Figure 6.12: Changes of conductivity due to microwave irradiation at cyclotron
resonance harmonics calculated by Dmitriev et al. [9].

The M1707 sample shows much more pronounced MIROs than the lower
mobility NTT-A sample.

The top traces present integrated spectra that re°ect the microwave
absorption. Both absorption spectra, regardless of the di®erence in the
2DEG mobility, present a cyclotron resonance peak at the corresponding
magnetic ¯eld.

Remarkably, the higher mobility 2DEG absorption spectrum (Fig. 6.13)
shows a complicated structure on the low ¯eld side of the cyclotron reso-
nance. The observed low ¯eld absorption peaks might originate from the
second and third harmonics of the cyclotron resonance. For comparison,
arrows denoting the expected ¯eld positions of the cyclotron resonance har-
monics were plotted.

On the other hand, the absorption curve of the NTT-A sample with
lower mobility does not show features that could be identi¯ed with higher
harmonics of the cyclotron resonance. Except from the cyclotron resonance
signal only an additional low ¯eld shoulder close to the resonance is observed.

Discussion

The transport measurements show that MIROs are much more pronounced
in the high mobility M1707 sample than in the low mobility NTT-A sample.
This observation correlate with the measurement of the low ¯eld absorption
of microwaves in the M1707 sample.

The observation of the cyclotron resonance absorption and the absorp-
tion peaks around the harmonics of the resonance that have comparable
intensity suggest that the ¯rst approach to the microwave absorption mod-
elling is more appropriate. The view of the two absorption processes being
independent of each other better describes the direct microwave absorption
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Figure 6.13: Derivative (top) and integrated (bottom) spectrum of microwave
absorption in the M1707 sample. The arrows point at magnetic ¯elds where! = ! c,
! = 2 ! c, ! = 3 ! c Maximal power is 5mW.

data.
This viewpoint is in agreement with recent work by Smet et al. [10]

on the polarisation dependence of the microwave photoconductivity. It has
been found that while cyclotron resonance measured in transport depends on
the polarisation of the irradiating microwaves, the simultaneously measured
MIROs do not show any change.

To relate the referenced experiment to the terminology used here, the
MIROs can be associated with theAbsNR process (presumably not following
the polarisation rules) but the AbsCR could follow its characteristic polari-
sation rules.

Within the framework of the second approach, the well{known polarisa-
tion rules for the cyclotron resonance absorption would imply that MIROs
should be observed only in CR-active con¯guration. The ¯rst approach does
not necessarily imply such behaviour.

One should note the de¯ciency of the simple model. Eq.6.20 describes
two absorption processes, a known one (cyclotron resonance) and an un-
known (non{resonant). The relative magnitudes of the processes, namely
the ratio ®=¯ is an unknown parameter.

A phenomenological examination allows to conclude that the®=¯ ratio
depends on di®erent parameters. From the above results it is clear that it
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Figure 6.14: Derivative (top) and integrated (bottom) spectrum of microwave
absorption in in the NTT-A sample.

depends on the mobility of the 2DEG, but also on the microwave frequency.
Figure 6.15 presents frequency dependent measurements of the MIROs in
the range of 80 - 226 GHz (green curves). The successive increase of the
frequency gradually changes the ratio of the microwave cyclotron absorption
(CR) to the resistance oscillations at higher harmonics (MIROs). Thus, a
change of the®=¯ ratio is observed.

In two extreme limits, the traces are diametrally di®erent. At low fre-
quencies the cyclotron resonance has the same magnitude as MIROs while
at the highest frequency measured the MIROs are nearly negligible as com-
pared to the CR related minimum.

6.4 Conclusions

The experimental results of a recently discovered e®ect that manifests itself
in a form of microwave induced resistance oscillations (MIROs) have been
presented here along with two theoretical models.

From the comparison of transport measurements showing MIROs and di-
rect microwave absorption measurements showing cyclotron resonance and
its harmonics, the existence of two separate absorption processes was de-
duced.
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Figure 6.15: Frequency dependence of the MIROs. TheRxx traces are plotted as
a function of !=! c » 1=B. T=1.5K. Power is not constant. Sample is \Bell" [ 11].
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The non{resonant absorption, depending only on the availability of the
states taking part in the process, is more pronounced in the transport mea-
surements in the form of microwave induced oscillations while the observa-
tion of the well known cyclotron resonance is enhanced in the measurements
of the direct microwave absorption.

The relative intensities of absorption at cyclotron resonance and at its
harmonics suggest that the view of the two absorption processes being in-
dependent of each other better describes the direct microwave absorption
data.

The MIROs can be associated with the non{resonant absorption process
that presumably does not follow the polarisation rules, in contrast to the res-
onant absorption that follows characteristic cyclotron resonance polarisation
rules (¢ n = 1).

Additionally, the fascinating gradual changeover from transport traces
re°ecting MIROs at low microwave frequencies, to a nearly cyclotron { res-
onance { only transport trace at high frequency has been observed.
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Chapter 7

Conclusions

Optical studies of a two{dimensional electron gas in magnetic ¯elds have
been presented. The two-dimensional electron gas in the regime of the frac-
tional quantum Hall e®ect has been studied by photoluminescence and in-
elastic light scattering measurements. The obtained results allow to observe,
even in the raw data, the photoluminescence analogue of the transport quan-
tum Hall plateaus.

The e®ect of electron interactions in the 2DEG results in the fractional
quantum Hall e®ect which has been thoroughly studied by the transport ex-
periments in the past. The most pronounced fractional ¯lling factor º = 1=3

was discovered ¯rst, after which a whole range of fractions were observed.
The symmetry and shape of transport features similar to integer ¯lling factor
suggested the introduction of a model of composite fermions { non interact-
ing new quasi{particles.

Until now, the optical experiments did not allow to study the electron
interactions in the whole range of the fractional quantum Hall e®ect. The
previous works reported photoluminescence changes only at particular frac-
tional ¯lling factors.

Present work, reports the observation of the family of theº = 1=2 frac-
tional quantum Hall states, in the same sample, that are clearly visible in
raw photoluminescence data (observed fractions includeº = 1=3, 2=5, 3=7,
3=5, 2=3, and º = 1 ). These data are analogous to magneto{resistivity traces
of a high quality sample. The observed composite fermion symmetry of frac-
tional states distributed on both sides around º = 1=2 is a familiar picture
in Rxx data but novel in optical experiments.

The observed changes of the emission energy were attributed to the
changing state of the 2DEG based on the temperature dependence measure-
ments. The e®ect can be explained qualitatively in the picture of electron
screening as follows. At fractional ¯lling factors the incompressibility of the
2DEG results in the inability of the electrons to screen the optically induced
hole and the emission energy is higher. The lowering of the emission energy
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outside of the incompressible state of the 2DEG has been explained by the
ability of the 2D electrons to respond to the hole positive potential.

The theoretical calculations of the º = 1=3 case attributed the high en-
ergy emission at fractional ¯lling factor to the emission from a quasi{exciton
and the emission outside of a fractional ¯lling factor to an emission from a
charged quasi{exciton complex that binds a quasi{particle.

The broad magnetic ¯eld range where the higher emission is observed
has been thus interpreted as an analog of a Hall plateau that is usually
observed in transport. It has been con¯rmed by simultaneous transport and
photoluminescence measurements aroundº = 1=3. Those measurements
were preceded by careful studies of the e®ect of illumination on transport
properties, which change dramatically during the sample illumination. The
changes were accompanied by equally dramatic changes of the 2D electron
density. Finally, a stable high density state, corresponding to the state
detected in the optical measurements, has been found.

The temperature dependence of the photoluminescence shows the emis-
sion plateau narrowing with increasing temperature, an e®ect known in
transport measurements. The low ¯eld jump of the emission energy at the
plateau boundary, attributed to the occurrence of quasi{particles that form
charged quasi{excitonic complexes of higher binding energy, moves to higher
¯elds when the temperature is increased. This is clearly visible around ¯lling
factor º = 1=3.

The measurements in the fractional quantum Hall regime were preceded
by careful characterisation of the samples. The standard parameters of
a 2DEG, such as electron concentration and reduced e®ective mass, were
determined from optical and transport experiments.

The three quantum well samples were classi¯ed into di®erent categories
depending on the ratio of electron { electron and 2DEG { hole interactions
which determined the characteristic features of the photoluminescence for
each sample. The in°uence of the well width was discussed on a previously
studied example of ¯lling factor º = 1. The two wider quantum wells were
classi¯ed as having comparable magnitudes of the ratio of the 2D electron
interaction and the electron { valence band hole interaction.

The narrow quantum well has electron { hole interaction much bigger
than 2DEG correlations, thus the hole binds an electron and forms a neutral
or charged exciton complex. In both cases, its photoluminescence has an
excitonic character and is nearly insensitive to fractional quantum Hall states
of the 2DEG.

On the other hand, the luminescence from the two other quantum wells
is sensitive to the 2DEG state and displays di®erent behaviour around ¯lling
factor º = 1. The blueshift in the case of the 20nm quantum well sample
signi¯es that the electron { hole interaction is comparable but bigger than
the electron { electron interaction in the 2DEG. The redshift in the case of
the broader 50nm quantum well signi¯es the opposite case, the electron {
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hole interaction is also comparable but weaker then the electron interactions.
This, potentially the most interesting sample, could not be studied at all
fractions because of technical reasons | bulk GaAs emission was in overlap
with the 2DEG emission. The electron { electron interactions are similar
in both samples because of similar sample parameters, while the electron {
hole interaction is changed between the two samples due to di®erent spatial
separation of the hole and the 2DEG plane.

The photoluminescence of the 20nm quantum well shows a doublet struc-
ture. The comparison of the results of the temperature dependence mea-
surements with theoretical calculations at º = 1=3 allows us to assign the
low energy line to an emission from an excited state of the quasi{exciton.

The inelastic light scattering experiments indicate the observation of a
spin{°ip process, and a scattering process to the Fermi energy of composite
fermions, as two signals observed from the 2DEG. Additionally, a Raman
scattering spin{°ip process in a bulk GaAs has been identi¯ed.

The measurements of light scattering resulted in a slightly di®erent 2D
electron concentration, that did not correspond to the photoluminescence
measurements, probably because of a higher intensity of excitation. Also,
the simultaneous observation of a stronger photoluminescence emission in
the energy range of the scattered light hindered the measurements of the
light scattering signals.

The second part of the thesis described the recently discovered behaviour
of the 2DEG properties under microwave irradiation in low magnetic ¯elds.
The 2DEG transport trace in the magnetic ¯elds deviates strongly from
the well known Shubnikov { de Haas oscillations when irradiated with mi-
crowaves. It exhibits a series of vanishing resistance states that are governed
by the ratio of the microwave frequency to the cyclotron frequency.

The dependence of transport properties on microwave power and fre-
quency has been presented. A gradual changeover of resistance traces from
MIROs to cyclotron resonance { like was presented in the frequency depen-
dence data.

Also, results of direct microwave absorption were presented for two sam-
ples with di®erent electron mobilities. The lower mobility sample showed
only a cyclotron absorption peak while the high mobility sample exhibited
additional absorption peaks around cyclotron resonance harmonics. Di®er-
ent absorption spectra are accompanied by di®erences in resistance traces
as the high mobility sample shows the MIROs much more pronounced.

The measurements allowed to deduce the existence of two separate ab-
sorption processes. The non{resonant absorption being better pronounced
in the transport measurements is visible as MIROs. The MIROs associated
with the non{resonant absorption process, presumably do not follow the po-
larisation rules. In contrast, the resonant absorption, better visible in the
measurements of the direct microwave absorption should follow characteris-
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tic cyclotron resonance polarisation rules.


