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Fine structure of neutral and charged excitons in self-assembled In„Ga…AsÕ„Al …GaAs quantum dots
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The fine structure of excitons is studied by magnetophotoluminescence spectroscopy of single self-
assembled In~Ga!As/~Al !GaAs quantum dots. Both strength and orientation of the magnetic field are varied. In
a combination with a detailed theoretical analysis, these studies allow us to develop a comprehensive picture of
the exciton fine structure. Symmetry of the dot structures as well as its breaking cause characteristic features in
the optical spectra, which are determined by the electron-hole exchange and the Zeeman interaction of the
carriers. The symmetry breaking is either inherent to the dot due to geometry asymmetries, or it can be
obtained by applying a magnetic field with an orientation different from the dot symmetry axis. From data on
spin splitting and on polarization of the emission we can identify neutral as well as charged exciton complexes.
For dots with weakly broken symmetry, the angular momentum of the neutral exciton is no longer a good
quantum number and the exchange interaction lifts degeneracies within the fine-structure manifold. The sym-
metry can be restored by a magnetic field due to the comparatively strong Zeeman interactions of electron and
hole. For dots with a strongly broken symmetry, bright and dark excitons undergo a strong hybridization, as
evidenced by pronounced anticrossings when states within the manifold are brought into resonance. The fine
structure can no longer be described within the frame developed for structures of higher dimensionality. In
particular, the hybridization cannot be broken magnetically. For charged excitons, the exchange interaction
vanishes, demonstrating that the exchange splitting of a neutral exciton can be switched off by injecting an
additional carrier.

DOI: 10.1103/PhysRevB.65.195315 PACS number~s!: 71.35.Ji, 71.70.Ej, 71.70.Gm
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I. INTRODUCTION

Optical excitation of a semiconductor lifts an electr
across the band gap and leaves a hole in the valence b
Electron and hole bind to form an exciton through their m
tual Coulomb interaction. Each of the excitonic levels co
sists of a multiplet of states corresponding to different s
configurations of the carriers. The multiplet exhibits a fin
structure splitting that is caused by two contributions:
exchange interaction, which couples the spins of electron
hole, and their Zeeman interaction with an~external or inter-
nal! magnetic field. The multiplet splitting is largely dete
mined by the symmetry of the structures, which can resul
characteristic degeneracies among the exciton states. De
the interest in this, the resolution of the fine structure h
only been partly possible in spectroscopic experiments
cause of the magnitude of the energies involved, which ty
cally are considerably smaller than the inhomogene
broadening, particularly in bulk and quantum wells. Sp
troscopy of single quantum dots1–50opens up possibilities fo
a more detailed study because of the suppression of inho
geneities. In addition, its resolution is further facilitated b
cause the exchange interaction energies are drastically
hanced by quantum confinement.

Quantum dots51 can be fabricated by several technique
0163-1829/2002/65~19!/195315~23!/$20.00 65 1953
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among which self-assembled growth52 has been shown to b
particularly promising because of the high optical quality
the resulting dot structures. For these, the study of sin
self-assembled dots is complicated by the rather high
densities, which result in mean dot separations of the or
of tens to hundreds of nanometers. Therefore, techniques
required which provide the corresponding spatial resoluti
During recent years great progress has been made in
development of experimental tools which allow such studi
Among them are sophisticated spectroscopic techniques
as confocal microscopy, by which single structures can
addressed for samples with rather low dot densities. Ano
technique is near-field scanning microscopy, which provid
a spatial resolution clearly below the wavelength of light,
that high-density samples also can be investigated.

Single-dot spectroscopy can also be obtained by a fur
technological processing of as-grown quantum dot samp
For example, the dots could be covered by a mask contain
small apertures through which the optical excitation as w
as the collection of the signal is done. Another possibility
offered by a lateral patterning of the dot structures. In t
way small mesa structures can be fabricated which con
only a single quantum dot or a few quantum dots, and wh
then can be addressed by conventional far-field spectrosc

These techniques have been used to obtain insight in
©2002 The American Physical Society15-1
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variety of problems such as the coupling of excitons
phonons or the binding energies of excitonic complexe51

Steps toward a complete understanding of the exciton
structure have also been taken: In studies of single quan
dots formed at GaAs/AlxGa12xAs interfaces, a splitting of
the ground and excited exciton states was reported, w
arises from the long-range electron-hole exchan
interaction.6 The understanding of the relation between t
fine structure and the dot symmetry was extended by re
investigations of self-assembled In~Ga!As/GaAs,19

CdSe/ZnSe,20,22 InP/GayInP12y ,21 and CdTe/CdzMg12zTe28

quantum dots. It has been shown that a reduction of
quantum dot symmetry lifts degeneracies among the exc
states, and also influences the polarization of their emiss

Exciton spin splittings in magnetic field have been stud
for several types of quantum dots.7,11,15,16,22It was found that
the underlyingg factors differ strongly from those in bulk o
quantum wells. However, up to now no complete und
standing ofg factors has been reported, to our knowledge53

The potential of single-dot spectroscopy was particularly e
denced by experiments in which a subtle effect such as
interaction of the exciton spin with the spins of the latti
nuclei was investigated.7 This interaction causes a shift of th
exciton energy~the Overhauser shift!, corresponding to an
effective internal magnetic field which can be as large
;2 T.

Single-dot spectroscopy also permitted the study of co
plexes formed from a larger number of electrons and ho
Biexcitonic contributions to the optical spectrum could
identified for various types of quantum dots, e.g., in hi
excitation photoluminescence1,13–15,20,23,28,29 and in
two-photon-absorption.1 It was demonstrated that the fin
structure of the biexciton emission is identical to that of t
exciton because the biexciton is a spin-singlet state and
hibits neither exchange nor Zeeman interact
splitting.15,20,28 Therefore, in the optical spectra any fin
structure of the emission is fully determined by the fi
structure of the exciton in the final state of the electron-h
recombination.

Here we have performed magnetophotoluminesce
spectroscopy on different types of self-assembled In~Ga!As/
~Al !GaAs single quantum dots. From these studies we ob
detailed insights into the exchange and Zeeman interact
of the carriers forming excitons and exciton complexes.
particular, we will demonstrate for charge neutral excito
that both short- and long-ranged parts of the exchange in
action are required to describe the experimental obse
tions. One main effect of the short-ranged part is a splitt
of the exciton multiplett into bright and dark subspaces~in-
dependent of the dot symmetry!, while the long-ranged par
results in a splitting of the bright excitons in asymmetric d
besides contributing to the bright-dark splitting. Generally
is believed that the short-range interaction is not import
for asymmetry splittings, which has been confirmed
structures of higher dimensionality. By observing a cons
erable splitting of the dark excitons, we will demonstrate t
this description is too simplified for quantum dots. F
charged excitons, we will show that the exchange ener
vanish due to the interaction of an electron~a hole! with a
19531
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spin-singlet state formed by two holes~two electrons!. This
means that the exchange interaction which couples the s
of an electron and a hole in a neutral exciton can be switc
off in strongly confined quantum dots by adding an ad
tional carrier.

The main goal of this paper is less the quantitative de
mination of the fine-structure parameters such as excha
energies org factors~which vary with the studied quantum
dot type, and which yet cannot be easily related to quan
dot properties such as size and shape due to the lac
corresponding knowledge for self-assembled dots!, rather
than the development of different scenarios for the exci
fine-structure patterns and their relation to the dot symme
We note that all the quantum dots from the different stud
samples could be categorized according to these scena
The outline of the paper is the following: In Sec. II an ana
sis of the fine structure will be given for quantum dots
different symmetries. A description of the studied samples
well as the experimental technique is given in Sec. III.
Sec. IV we will then present the spectroscopic data for
various quantum dot structures and compare them with
theoretical expectations.

II. ANALYSIS OF THE FINE STRUCTURE

A. Neutral excitons

The exciton fine structure54–70 at zero magnetic field
arises from the exchange interaction, which couples the s
of the electron and hole. In its general form the exchan
energy is proportional to the integral

Eexchange}E E d3r 1d3r 2CX* ~re5r1 ,rh5r2!

3
1

ur12r2u
CX~re5r2 ,rh5r1!,

whereCX is the exciton wave function andre,h are the elec-
tron and hole coordinates. When calculating the exchan
for technical reasons the integral is divided in two parts,
which there are two possibilities: First it can be divided
real space into short- and long-ranged parts. The sh
ranged part is given by the probability of finding an electr
and a hole in the same Wigner-Seitz unit cell, and convers
the long-ranged part is the contribution when they are
different cells. Second, the integral can also be divided ik
space, which gives analytical and nonanalytical parts. Th
two formal separations are closely related to one anot
although they are not fully identical.

In magnetic fieldB the fine structure is extended by th
Zeeman interaction of the electron and hole spins w
B.63,64,55We note that in general the interaction of the carr
spins with the spins of the lattice nuclei also needs to
included in the discussion. This results in the well-know
Overhauser shift of the exciton energy.7 For its observation,
the optically generated excitons have to be spin polarize
align the spins of the lattice nuclei. This may be obtained
a resonant optical excitation of the quantum dots using
5-2
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FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
cularly polarized light. In the experiments described belo
however, nonresonant excitation with linearly polarized lig
was used. Consequently the time-averaged spin polariza
is zero and the lattice is depolarized. Therefore, this par
the fine structure interaction is neglected here.

In the following we will first analyze the short-range
part, for which we will use the method of invariants report
by van Kasterenet al. for quantum-well structures having
given symmetry.63 The quantum dots studied in the prese
work are to a good approximation lens shaped, with a heig
to-width ratio of ;1:3; therefore, that analysis should b
applicable to the dot case as well. It can also be used
describing the interaction of the carrier spins with an exter
magnetic field. In it, for coupling carrier spins and for co
pling spins toB the most general multiplicative forms of th
angular momentum operators of the electron and hole
chosen so that they are invariant under the transformation
the symmetry group describing the system. The long-ran
exchange interaction can be easily included in the discus
because it ‘‘exhibits the same spin structure,’’ that is, its c
tributions can simply be added to the terms of the sh
ranged interaction.

Dot structures exhibiting different symmetries will b
considered: In addition to dots of high symmetry belong
to the D2d group, dots with lower symmetry will also b
studied. These structures could belong to theC2,v or C2

groups, or could even show no symmetry at all.D2d is the
symmetry of dots with an in-plane rotational invarianc
Their symmetry could be broken down toC2,v or C2 by an
uniaxial deformation, e.g., by strain, so that the dot sh
becomes ellipsoidal. In the case of further deformation,
dot structures would lose all symmetry.

1. Zero magnetic field

a. Short-range exchange interaction.First the discussion
will concentrate on quantum dots exhibiting specific symm
tries. The general form of the spin Hamiltonian for th
19531
,
t
on
f

t
t-

or
l

re
of
d

on
-
t-

.

e
e

-

electron-hole exchange interaction of an exciton formed b
hole with spinJh and by an electron with spinSe is given
by63,64,55

Hexchange52 (
i 5x,y,z

~aiJh,iSe,i1biJh,i
3 Se,i !. ~1!

For the following analysis thez direction is chosen to poin
along the heterostructure growth direction. Due to the str
in self-assembled quantum dots, the heavy- and light-h
states are split in energy by at least several tens of meV. T
splitting is considerably larger than the fine-structure inter
tion energies, and the light-hole states can safely be
glected. The single-particle basis from which the excitons
constructed therefore consists of a heavy hole withJh
53/2, Jh,z563/2 and an electronSe51/2,Se,z561/2.71

From these states four excitons are formed, which
degenerate when the spin Hamiltonian@Eq. ~1!# is neglected.
These states are characterized by their angular momen
projections M5Se,z1Jh,z . States with uM u52 cannot
couple to the light field, and are therefore optically inacti
~dark excitons!, while states withuM u51 are optically active
~bright excitons!. With these angular-momentum eigensta
the matrix representation ofHexchangecan be constructed
Due to the neglect of heavy-hole–light-hole mixing, thex
andy components that are linear inJh are omitted.

Using the exciton states (u11&,u21&, u12&,u22&) as ba-
sis, the following matrix representation is obtained:

Hexchange5
1

2 S 1d0 1d1 0 0

1d1 1d0 0 0

0 0 2d0 1d2

0 0 1d2 2d0

D . ~2!

Here the following abbreviations have been introduced:d0
51.5(az12.25bz), d150.75(bx2by), and d250.75(bx
1by). The first term of the HamiltonianHexchangein Eq. ~1!
gives the diagonal matrix elements, while the second te
gives the off-diagonal elements. The matrix in Eq.~2! has a
r-
TABLE I. Exciton eigenstates in structures ofD2d and of lower symmetry. When the long-range inte
action is included in the discussion,d0 has to be replaced byD05d01g0 as well asd1 by D15d11g1.

D2d ,D2d

bx5by bxÞby

Energy Eigenstate Energy Eigenstate

1
1
2 d0 u21& 1

1
2 d01

1
2 d1

1

A2
~ u11&1u21&)

1
1
2 d0 u11& 1

1
2 d02

1
2 d1

1

A2
~ u11&2u21&)

2
1
2 d01

1
2 d2

1

A2
~ u12&1u22&) 2

1
2 d01

1
2 d2

1

A2
~ u12&1u22&)

2
1
2 d02

1
2 d2

1

A2
~ u12&2u22&) 2

1
2 d02

1
2 d2

1

A2
~ u12&2u22&)
5-3
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M. BAYER et al. PHYSICAL REVIEW B 65 195315
block diagonal form. Therefore, dark and bright excitons
not mix with each other, and their energies differ by t
electron-hole exchange energyd0. Due to the off-diagonal
matrix elements in the corresponding subblocks, in gen
the excitons with eachuM u51 and uM u52 are hybridized:
Rotational symmetry of the structures studied impl
bx5by , resulting ind150. In this case the statesu11& and
u21& are eigenstates ofHexchange. If, however, the rota-
tional symmetry is broken (bxÞby), the angular momentum
is no longer a good quantum number, and theM561 exci-
tons are mixed with one another. In contrast, the excit
with uM u52 always hybridize, independent of the dot sym
metry.

Table I shows the eigenstates and their energies obta
from diagonalizing the exchange Hamiltonian@Eq. ~1!#. For
structures withD2d symmetry theu11& and u21& states are
degenerate. On the other hand, for broken symmetry
eigenstates ofHexchange are symmetric and antisymmetr
linear combinations of the angular momentum states, and
split from one another byd1. The energy splitting betwee
the two hybridized states ofu12& and u22& is equal tod2.
The splitting patterns are shown schematically in the cen
part of Fig. 1 for quantum dots withD2d and with lower
symmetry. For the splittings between the exciton doubl
d2.d1 holds exactly. In general, both splittings should
rather small compared tod0, because they are given by th
coupling matrix elements that are proportional toJh

3 .
a. Long-range exchange interaction.The main effect of

the short-ranged exchange interaction~independent of the
symmetry of the structures! is a splitting of the exciton mul-
tiplet into bright and dark pairs of states. The effect of t
long-ranged part, on the other hand, is twofold: First, it co
tributes to the splitting of the bright and dark excitons. S
ond, it causes a splitting of the bright excitons in structu
with symmetry,D2d in transverse and longitudinal compo
nents, while it does not influence the dark states. In the z
field HamiltonianHexchange of Eq. ~2! it can be included

FIG. 1. Scheme of the exciton fine structure at zero magn
field and in magnetic field. The magnetic field is aligned in t
Faraday configuration. The central part of the figure shows the s
ation atB50 neglecting the spin Hamiltonian@Eq. ~1!# ~for which
the excitons withM561 and62 are degenerate! and including
it. The left-hand side shows the evolution of the fine structure in
magnetic field for quantum dots withD2d symmetry, while the
right-hand side shows the evolution for dots with a symme
,D2d .
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easily by adding the corresponding energies to the
diagonal matrix elements in the subblock of theuM u51 ex-
citons. This subblock then is given by63,64,55

S 1D0 1D1

1D1 1D0
D , ~3!

with D05d01g0, whereg0 is the contribution of the long-
range exchange to the splitting between dark and bright
citons. Further, D15d11g1 , g15(gx2gy), where the
g i , i 5x,y are the coupling constants of the long-range int
action. Thus, for it to become important, a dot asymmetry
required. For dot structures that exhibit rotational symme
(gx5gy) it vanishes, as does the short-ranged partd1. The
principal scheme of the fine-structure splitting given in Fig
remains unchanged by the inclusion of the long-range in
action, except for an enhancement of the splitting of
bright exciton doublet. From this splitting the relative impo
tance of the two contributions to the exchange interact
cannot be traced. In general it is assumed thatg1@d1. The
influence of the cubic terms in the short-range interact
could, however, be determined from a splitting of the da
exciton doublet.

2. Nonzero magnetic field

The general form of the interaction of the electron a
hole spins with an external magnetic fieldB5(Bx ,By ,Bz) of
arbitrary strength and orientation is given by63,64,55

Hzeeman~B!52mB(
i

~1ge,iSe,i22k iJh,i22qiJh,i
3 !Bi .

mB is the Bohr magneton.qi and k i are the valence-band
parameters in the Luttinger-Kohn Hamiltonian (k i@qi).

a. Faraday configuration.First the Faraday configuratio
will be considered, in which the magnetic field is orient
along the heterostructure growth direction (Biz). Due to the
restriction to heavy-hole excitons, the Hamitonian can
simplified by making use ofJh,z

2 59/4:

H zeeman
F ~B!52mBS ge,zSe,z2

gh,z

3
Jh,zDBz . ~4!

ic

u-

e

y

TABLE II. Exciton eigenstates in the magnetic field~Faraday
configuration! in structures of D2d symmetry. b15mB(ge,z

1gh,z)Bz and 2b25mB(ge,z2gh,z)Bz . The normalization con-
stantsN3 andN4 depend on the magnetic field.

D2d

Energy Eigenstate

1
1
2 d01

1
2 b1 u21&

1
1
2 d02

1
2 b1 u11&

2
1
2 d01

1
2Ad2

21b2
2 N3[u12&1Sb2

d2
1A11

b2
2

d2
2 D u22&]

2
1
2 d02

1
2Ad2

21b2
2 N4[u12&1Sb2

d2
2A11

b2
2

d2
2 D u22&]
5-4
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The effective holeg factorgh,z is related to the Luttinger-Kohn parameters bygh,z56kz113.5qz .72 Again using the basis o
exciton states from Sec. II A 1, the matrix describing the Zeeman interaction is given by

H zeeman
F ~B!5

mBBz

2 S 1~ge,z1gh,z! 0 0 0

0 2~ge,z1gh,z! 0 0

0 0 2~ge,z2gh,z! 0

0 0 0 1~ge,z2gh,z!

D .
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The matrix has a diagonal form because of the rotatio
symmetry of the Hamiltonian around thez axis. The total
Hamiltonian of the system is obtained by addi
H zeeman

F (B) to Hexchange. Here the strength of the diagon
matrix elements can be tuned relative to the strength of
off-diagonal ones through the magnetic-field dependenc
the Zeeman interaction.

Tables II ~for D2d symmetry! and III ~for broken D2d
symmetry! show the exciton energies and eigenstates i
magnetic field. Here the definitionsb15mB(ge,z1gh,z)Bz
and2b25mB(ge,z2gh,z)Bz have been used. For a quantu
dot with D2d symmetry the spin splitting of the61 states
increases linearly with increasing magnetic field. For
dark excitons, the spin splitting shows a nonlinear dep
dence onB because of the hybridization of theuM u52 exci-
tons at zero field. For an asymmetric quantum dot of low
symmetry theuM u51 exciton states are linear combinatio
of the angular-momentum eigenstates, where the coeffici
depend on the magnetic field. Their energy splitting devia
from a linear dependence: For low fields it varies quadr
cally with B. Only for high fields, for which the Zeema
interaction energies are considerably larger than the
change energiesd1(D1), is a linear field dependence foun
for the spin splitting. The left and right parts of Fig. 1 sho
19531
al

e
of

a

e
-

r

ts
s

i-

x-

the evolution of the exciton fine structure splitting in a ma
netic field ~the Faraday configuration!. We note that due to
their different symmetries the lower-energy level of t
bright excitons and the upper level of the dark excitons cr
each other with increasing field.

b. Voigt configuration.An orientation of the magnetic
field perpendicular to the heterostructure growth directi
i.e., in thex-y plane, changes the matrix representation of
Zeeman interaction significantly. For the analysis we w
neglect terms which are cubic in the hole momentum. Th
coefficientsqi are small as compared tok i for quantum dots
of high symmetry, which are of interest in the correspond
experiments described below. For simplicity we consid
only the case of a magnetic field aligned either along thex or
y direction. The matrix representations of the correspond
Hamiltonians are written as

Hzeeman,x
V 5

mBBx

2 S 0 0 ge,x gh2 ,x

0 0 gh2 ,x ge,x

ge,x gh2 ,x 0 0

gh2 ,x ge,x 0 0

D ,
TABLE III. Excitonic states in the magnetic field in structures with symmetry lower thanD2d ~Faraday
configuration!. b15mB(ge,z1gh,z)Bz and 2b25mB(ge,z2gh,z)Bz . The normalization constantsNi ,
i 51, . . . ,4 depend on the magnetic field.

,D2d

Energy Eigenstate

1
1
2 d01

1
2Ad1

21b1
2

uL1&5N1@u11&1Sb1

d1
1A11

b1
2

d1
2 D u21&]

1
1
2 d02

1
2Ad1

21b1
2

uL2&5N2@u11&1Sb1

d1
2A11

b1
2

d1
2 D u21&]

2
1
2 d01

1
2Ad2

21b2
2

N3@u12&1Sb2

d2
1A11

b2
2

d2
2 D u22&]

2
1
2 d02

1
2Ad2

21b2
2

N4@u12&1Sb2

d2
2A11

b2
2

d2
2 D u22&]
5-5
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TABLE IV. Excitonic states in the magnetic field in structures of symmetry lower thanD2d ~Voigt

configurationBW ieW x). The coefficientsa i and the normalization constantsNi are functions of the magnetic
field. Thea i , i 51, . . . ,4 vanish in the limit of zero magnetic field, because the state mixing is cause
the magnetic field.

,D2d

Energy Eigenstate

1
1
4 @1(d11d2)1A(2d01d12d2)214(ge,x2gh,x)

2mB
2B2# N1@(u11&2u21&)1a1(u12&2u22&)]

1
1
4 @2(d11d2)1A(2d02d11d2)214(ge,x1gh,x)

2mB
2B2# N2@(u11&1u21&)1a2(u12&1u22&)]

2
1
4 @2(d11d2)1A(2d01d12d2)214(ge,x2gh,x)

2mB
2B2# N3@(u12&2u22&)1a3(u11&2u21&)]

2
1
4 @1(d11d2)1A(2d02d11d2)214(ge,x1gh,x)

2mB
2B2# N4@(u12&1u22&)1a4(u11&1u21&)]
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Hzeeman,y
V 5 i

mBBy

2 S 0 0 ge,y 2gh2 ,y

0 0 gh2 ,y 2ge,y

2ge,y gh2 ,y 0 0

2gh2 ,y ge,y 0 0

D .

Due to the pseudovector character of the magnetic field,
following relations hold for the in-plane electron and ho
g factors in symmetric quantum dots:ge,x52ge,y and gh,x
52gh,y . Only under these conditions is the Hamiltonia
invariant with respect to in-plane rotations of 90°. In contr
to the Faraday configuration, the matrix now has o
diagonal elements. The in-plane magnetic field destroys
rotational symmetry, and causes a mixing of bright and d
excitons, resulting in the observability of the ‘‘dark’’ states
the spectra. In a classical picture the carriers react toBx , or
respectively toBy , by a precession of the carrier spin
around the field. Due to the precession of the electron s
the 11 (21) exciton couples to the12 (22) exciton,
while the precession of the hole couples the11 and the
22 excitons as well as the21 and the12 excitons. Eigen-
states and energies for the Voigt configuration are given
Tables IV (Bix) and V (Biy). Figure 2 shows a sketch o
the exciton fine structure in the Voigt configuration. For si
plicity we have assumed that the exchange energy splitt
d1 (D1) and d2 are negligibly small~which is in good ap-
proximation valid for D2d symmetry!. In contrast to the
crossing behavior observed for the Faraday configurat
the spin splitting now shows a kind of anticrossing behav
The excitons which are bright atB50 both shift to higher
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energies with increasing magnetic field, while the energie
the uM u52 excitons are lowered byB. Consequently, the
energy splittings between the exciton states increase.

3. Complete symmetry breaking

Finally let us discuss the case of a fully broken symme
of the quantum dots. Such a symmetry breaking could
obtained, for example, by a very inhomogeneous strain
tribution. In this case the method of invariants is no long
appropriate to analyze the exciton fine structure. Here
intend to give only a qualitative analysis of this situatio
The classification of the exciton states as dark and br
ones becomes impossible, the complete breaking of the r
tional symmetry causes a mixing of the four band-edge
citon states, due to which all become observable in the o
cal spectra. Because of this mixing, in the Farad
configuration one no longer expects a crossing of the st
corresponding to theM521 and the12 excitons when
they approach each other with increasing magnetic field.
stead, an anticrossing of these states should be observe
restore the rotational symmetry, high-magnetic-fie
strengths are required, resulting in a interaction of the car
spins withB so strong that the spins are effectively deco
pled and exchange can be neglected.

B. Charged excitons

As an example of a trion complex,73,74 here we consider
the negatively charged trionX2. The arguments for this can
be easily transferred to the positively charged excitonX1. In
its lowest-energy state,X2 consists of two electrons of op
TABLE V. Excitonic states in the magnetic field in structures of symmetry lower thanD2d ~Voigt con-

figuration BW ieW y). The coefficientsb i and the normalization constantsNi are complicated functions of the
magnetic field.

,D2d

Energy Eigenstate

1
1
4 @1(d12d2)1A(2d01d11d2)214(ge,y2gh,y)

2mB
2B2# N1@(u11&2u21&)1 ib1(u12&1u22&)]

1
1
4 @2(d12d2)1A(2d02d12d2)214(ge,y1gh,y)

2mB
2B2# N2@(u11&1u21&)1 ib2(u12&2u22&)]

2
1
4 @1(d12d2)1A(2d02d12d2)214(ge,y1gh,y)

2mB
2B2# N3@(u12&2u22&)1 ib3(u11&1u21&)]

2
1
4 @2(d12d2)1A(2d01d11d2)214(ge,y2gh,y)

2mB
2B2# N4@(u12&1u22&)1 ib4(u11&1u21&)]
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FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
posite spin and a hole with two possible spin orientations,
carriers being in their ground single-particle states. The co
plex can be considered as a hole interacting with a s
singlet electron pair. Therefore, the exchange energy split
at zero field should vanish~at least for quantum dots in th
strong confinement regime, which is the case for the str
tures studied here!. For the emission spectrum, not only th
initial state but also the final state after recombination of
electron-hole pair are important, as demonstrated for
emission of the biexciton complex. This final state is giv
by a single electron. Consequently no exchange energy s
ting is observed in the emission ofX2.

We want to point out that we expect this cancellation
the exchange for quantum dots in the strong confinem
regime only. Then, in the spin-singlet state, the wave fu
tions of the two electrons in the trion have about the sa
spatial distributions, leading to a zero local spin density
the electrons. In weakly confined dots as well as in structu
of higher dimensionality, on the other hand, the Coulo
interaction might cause a strong mixing of the ground st
with higher-lying orbitals and a corresponding redistributi
of the carrier wave functions, so that the local spin dens
might be different from zero.

A magnetic field causes a spin splitting of theX2 exciton
state. In the initial state the splitting is given by that of t
hole, and in the final state by that of the electron. As a res
the splitting of the emission line is identical to the splitting
a neutral exciton, because it is given by theg factor of the
recombining electron hole pair. Theg factor of this electron-
hole pair is identical to that of an exciton, as long as
electronic band structure is identical to that of an unchar
dot. If the excess carrier originates from an impurity in t
dot or close to it, this impurity might lead to a change of t
band structure, in particular of the band mixing, and thus
a change of theg factors. Similarly to the case of a neutr
exciton, for symmetric quantum dots only the recombinat
of an electron-hole pair with an angular momentum61 is

FIG. 2. Scheme of the exciton fine structure in a magnetic fi
aligned in the Voigt configuration. Here only the case of quant
dots of high symmetryD2d is shown, for which the dot-asymmetry
induced exchange energy splittingsd1 andD1 of the bright excitons
as well as the hybridization energyd2 of the dark excitons vanish
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allowed, if the magnetic field is aligned in the Faraday co
figuration. If this symmetry is destroyed by confinement p
tential asymmetries, however, a mixing of angular mom
tum states may occur activating the ‘‘dark’’ part of th
charged exciton complex.

Similar to the case of a neutral exciton, such an activat
naturally is possible when the field is aligned in the Vo
configuration. Such experiments are a clear criterion
whether an excitonic complex is neutral or charged, indep
dent of the dot symmetry: When the energies of the bri
and dark exciton converge forB→0, in contrast to the situ-
ation sketched in Fig. 2, this can only be explained by em
sion from trions. Summarizing the considerations, the fi
structure of the charged ground-state exciton recombina
is obtained from that of an exciton by setting the exchan
energy splittings to zero.

Recently there have been reports of a strong suppres
of the spin relaxation in quantum dots.75,76 Thereby the case
of a charged exciton becomes more involved, since it mi
be in an excited state. As an example, here we will discu
complex consisting of an exciton in the quantum dot grou
shell plus an electron in the first excited shell. When t
electron in the higher shell has a spin orientation identica
that of the electron in the ground shell, its relaxation
blocked as long as no spin relaxation occurs, and an exc
X2 complex is formed. This electron triplet will have Cou
lomb interactions different from those in the ground sta
X2, which is an electron-singlet state. The energy differen
between these two complexes will be reflected in the em
sion spectrum, which arises from the recombination of
electron-hole pair in the ground shell. Again only the co
figurations with M561 can be observed in symmetr
structures, whereas a symmetry breaking causes the ob
ability of the dark configurations. Analogous to the case o
charge neutral exciton, the dark and bright states are s
rated by the electron-hole exchange interaction. Furthe
quantum dot asymmetry will lead to an exchange splitting
the bright exciton part. Applying a magnetic field, each co
figuration, the bright one and the dark one, splits into a d
blet in the emission spectrum. The spin splitting will be t
same as for a neutral exciton because it is given by
s-shell recombination.

III. SINGLE-DOT SPECTROSCOPY

In the present work different types of self-assemb
In~Ga!As/~Al !GaAs quantum dots have been studied
magnetophotoluminescence spectroscopy. The compositi
parameters of the samples are given in Table VI. We emp
size that all the samples are nominally undoped. The fi

d

TABLE VI. Nominal parameters of the different quantum d
samples studied in the present experiments.

Dot material Barrier material

Sample A In0.60Ga0.40As GaAs
Sample B InAs GaAs
Sample C InAs Al0.30Ga0.70As
5-7
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FIG. 3. Polarized photoluminescence spectra of three different In0.60Ga0.40As/GaAs self-assembled single quantum dots~the several
panels!, each representing a class of dots with a specific fine structure pattern atB50 ~lower traces! and at 8 T~upper traces!. The zero-field
emission has been analyzed with respect to its linear polarization, and for the high-field emission the circular polarization has been
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type of structures were In0.60Ga0.40As dots embedded in a
GaAs matrix,77 and the second were InAs dots embedded
GaAs.78 Finally, we have also studied InAs quantum do
surrounded by an Al0.30Ga0.70As matrix.79 We want to point
out that all these structures are quantum dots in the str
confinement regime, that is, the exciton radius is consid
ably larger than the dot radius. This results in energy sp
tings between the confined single-particle shells~that can be
estimated from high excitation photoluminescence studie
dot arrays! which are about a factor 2 larger than the excit
binding energy.

Lithography was used to fabricate small mesa structu
on the as-grown samples.15,19 By varying the lateral mesa
sizes down to;100 nm, a single quantum dot or very fe
quantum dots could be isolated and studied by conventio
far-field spectroscopy. For these experiments the quan
dots were held in the liquid helium insert (T51.5 K) of an
optical split-coil magnetocryostat (B<8 T). The orientation
of the magnetic field could be varied relative to the hete
structure growth direction. For optical excitation a cw A1

laser was used. The illumination power was limited to ab
100 mW in order to create only single electron-hole pairs
the dot structures. The emission of the dots was disperse
a double monochromator with a focal length of 0.6 m, a
detected by a liquid-nitrogen-cooled charge-coupled dev
camera with a Si chip. The polarization of the emission co
19531
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be analyzed by a quarter wave retarder and linear polariz
Comparing the recorded single-dot spectra we find t

the observed spectral half-widths vary from slightly less th
40 to more than 200meV. In any case they are clearly large
than the half-widths expected from the radiative lifetime
which are about 1 ns. Most probably these variations a
from charge fluctuations at the lateral surfaces of the m
structures: At these surfaces, charges which are create
the laser illumination are trapped, and cause an electric fi
which results in a Stark shift of the quantum dot ener
levels. The surface occupancy with charges varies during
cording of the spectrum~typically one minute integration
time!. Therefore in the spectra an emission band is eff
tively observed, which is given by the superposition of t
several Stark-shifted emission lines~with homogeneously
broadened linewidths! corresponding to the different charg
distributions. This interpretation is supported by the incre
of the half-width when the optical excitation power is in
creased, which enhances the fluctuations of charge on
surface. This is further supported by the observation of
increase of the half-width with decreasing mesa struct
size, leading to an increasing importance of the sidewa
For a mesa size of about 400 nm we observed the shar
lines of ;35 meV. In contrast, for the smallest mesa stru
tures with a lateral size of 100 nm, we were unable to o
serve single-dot emission with a half-width of less th
100 meV.80
5-8



re

et
e
on
on
th
c

g
ug

th
rly
e

s-
p

w
-
-
a

do
p
o

fo

re
its
do
a
n

th
ee
th
g

e
at
g
4
s
To
av

f
ag

e-

for
th
n
s

in

h a
ro-

nt

the
sing
plet
the
d in

ing
s
l
ined

FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
IV. DISCUSSION OF THE EXPERIMENTAL DATA

A. Splitting pattern for a neutral exciton

1. Faraday configuration

a. Experimental observations.The three panels of Fig. 3
show polarized photoluminesecence spectra of three diffe
In0.60Ga0.40As/GaAs single quantum dots~sample A! which
were recorded atB50 ~lower traces! and B58 T ~upper
traces!.19 The magnetic field was aligned parallel to the h
erostructure growth direction. The zero-magnetic-field sp
tra were analyzed with respect to their linear polarizati
while at high fields the circular polarization of the emissi
was studied. These three quantum dots resemble the
different classes of structures into which all the neutral ex
ton fine-structure patterns in the In0.60Ga0.40As/GaAs quan-
tum dots can be categorized.81 The spectra of dots belongin
to one class all show the same principal features, altho
the fine-structure parameters, exchange energies andg fac-
tors vary from dot to dot.

The emission from dot 1~left panel! shows no significant
linear polarization at zero magnetic field. In contrast,
emission of the two other quantum dots is split into linea
polarized spectral lines atB50. The splitting between thes
lines is about 120meV for dot 2~mid panel! and 150 meV
for dot 3 ~right panel!. In a nonzero magnetic field, the emi
sions split due to the Zeeman interaction of the exciton s
with B. As a common feature atB58 T, the spectra of all
three dots show complete circular polarizations. The lo
energy part of the spectrum iss1 polarized, and the high
energy one iss2 polarized. However, the number of spin
split lines varies from dot to dot. For the first two dots
splitting into a doublet is observed, whereas the third
exhibits a splitting into a quadruplet. Nevertheless, the s
splitting in this case between the two emission features
strong intensity is equal to the spin splittings observed
dots 1 and 2.

b. Discussion.The analysis of the exciton fine structu
for quantum dots of different symmetries in Sec. III perm
us to understand the features observed for the sample A
From the experimental data we find that there are two ch
acteristic quantities from which information about the qua
tum dot symmetry can be derived: The first quantity is
magnetic-field dependence of the energy splitting betw
the spectral lines. The second one is the polarization of
emission. Both quantities will be discussed in the followin

The simplest situation is found for dots exhibitingD2d
symmetry, for which the exciton angular momentumM is a
good quantum number. In this case a single emission lin
observed atB50 due to the recombination of the degener
M561 excitons, as observed for dot 1. Applying a ma
netic field results in a spin splitting. The symbols in Fig.
show the observed exciton transition energies as function
the magnetic field for the three sample A dots of Fig. 3.
facilitate a discussion of the fine-structure effects, we h
subtracted the energy of the center of the emission lines
each field strength. This center of emission shifts diam
netically }B2 to higher energies with increasingB. For the
In0.60Ga0.40As/GaAs dots the shift is;0.4 meV up to 8 T.
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The symbols in Fig. 5 show the resulting magnetic-field d
pendencies of the exciton spin splittingsDE5E(s2)
2E(s1). The left panels in Figs. 4 and 5 show the data
dot 1. The dot emission splits linearly into a doublet wi
increasingB. DE511.4 meV at 8 T, corresponding to a
excitong factor of23. The solid lines give the results of fit
to the experimental data using the calculated energies
Tables II and III.

The situation becomes more complicated for a dot wit
shape deformation for which the rotational symmetry is b

FIG. 4. Exciton transition energies of the three differe
In0.60Ga0.40As/GaAs self-assembled quantum dots~the several pan-
els! shown in Fig. 3 plotted vs the magnetic field. Symbols give
experimental data, and lines give the results of fits to the data u
the forms of the state energies in the exciton fine structure multi
given in Tables II and III. To focus on the fine-structure effects,
diamagnetic shift of the center of emission has been subtracte
each case.

FIG. 5. Magnetic-field dependence of the exciton spin splitt
of the three different In0.60Ga0.40As/GaAs single quantum dot
shown in Fig. 3~the several panels!. Symbols give the experimenta
data, and lines the results of fits to the data using the forms obta
from diagonalizing the exciton fine-structure Hamiltonian~Tables II
and III!.
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M. BAYER et al. PHYSICAL REVIEW B 65 195315
ken. But still the dot structures shall exhibit symmetries su
asC2,v or C2, so that no mixing of dark and bright exciton
occurs. The nonvanishing off-diagonal elements in the s
space of the bright excitons inHexchangemix the states with
M511 and 21. The new coupled eigenstates repel ea
other, and the emission from these quantum dots is spli
the exchange energyD1, as observed for dot 2 in Fig.
~middle panel!. From the transition energies we obtain aD1
of about 120meV. The magnetic-field dependence of t
spin splitting for dot 2 is shown in Fig. 5~middle panel!. In
contrast to dot 1, at lowB the energy splitting between th
exciton transitions increases quadratically withB, and then
transforms into a linear dependence. The transition int
linear dependence occurs for about 2 T, because at these
strengths the diagonal Zeeman interaction terms in
Hamiltonian are already considerably larger than the o
diagonalD1. This means that the rotational symmetry is on
moderately broken, and it can be easily restored by a m
netic field.

Finally, the behavior of dot 3 with a quadruplet splittin
in magnetic field shall be discussed. The observation of f
exciton emission lines implies that the dark excitons beco
visible and that any possible dot symmetry is lifted. Th
symmetry breaking can have different origins: First, t
quantum dot symmetry can be badly broken, so that it exh
its no symmetry at all (,C2). In this case all four band-edg
exciton states should already be observable at zero mag
field. From the spectroscopic data we obtain no clear pr
of such a behavior, because atB50 only two emission lines
are observed, which are, however, rather broad. In addit
the symmetry breaking could be also magnetic field induc
for which we envisage the following picture: If the dot stru
ture ~and therefore its internal@001# crystal axis! is slightly
tilted with respect to the heterostructure growth direction,
spectroscopy is effectively no longer performed in Farad
configuration because there is a field component in the qu
tum dot plane. This component, which is described
Hzeeman,x/y

V , causes a mixing ofuM u51 and 2 excitons, mak
ing the dark ones visible~see below!.

Recent studies revealed that the spin relaxation in qu
tum dots might be strongly reduced, i.e., the spin relaxa
time might become considerably longer than the radia
lifetime of the electron-hole pairs.75,76 This could result in a
significant emission intensity from the predominantly da
excitons~as observed in the experiments for dot 3!, although
the in-plane field components are rather small, and there
the mixing of the statesuM u52 with the bright excitons is
rather weak. A weak symmetry breaking is supported by
spin splitting of the predominantly bright excitons bein
equal to the splitting observed for the dot structures 1 an
The right panel of Fig. 5 shows the dot 3 Zeeman splittin
between the predominantly bright~full symbols! and dark
~open symbols! excitons as a function ofB. Similarly to the
case of dot 2, for the bright excitons in dot 3DE depends
quadratically onB for low fields and has a linear dependen
at high B. The splitting DE between the ‘‘dark’’ excitons
shows a linearB dependence in the field range in which the
states can be resolved. All the results can be well descr
within the framework of the exciton fine structure develop
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in Sec. II, as the comparison of the experimental data~sym-
bols! with the results of the fits~lines! shows. However, no
clear distinction concerning the relative importance of t
short- and long-ranged exchange contribution toD1 can be
made from these data. We note, however, that a linear
trapolation of the ‘‘dark’’ exciton splitting toB50 results in
a splitting of about 50meV, which can arise only from the
short-range interaction within the model discussed.

The different behaviors of the quantum dots also show
in the magnetic-field dependence of the circular polarizat
PC of their emission. The degree of polarizationPC is
defined by

PC5
I 12I 2

I 11I 2
, ~5!

whereI 1/2 are the intensities of thes1/2 polarized compo-
nents in the spectra. The symbols in Fig. 6 show the exp
mental data for thePC as function of magnetic field for the
two In0.60Ga0.40As/GaAs quantum dots 1 and 3 of Fig. 3. F
each dot two branches are shown corresponding to the
states within the bright exciton doublet: The one withPC
.0 shows the data of the low energy line~which becomes
s1 polarized at highB), whereas the one withPC,0 gives
the data for the high-energy line~which becomess2 polar-
ized at highB). Here we determined theI 1/2 by spectrally
integrating over the emission lines. For dot 3 we have eva
ated only the intensity data of the two emission features
strong intensity. Whereas dot 1 already shows a fully cir
larly polarized emission for very small magnetic fields, t

FIG. 6. Circular polarizationPC ~as defined in the text! of the
exciton emission of a highly symmetric and an asymme
In0.60Ga0.40As/GaAs single quantum dot~dots 1 and 3 of Fig. 3! as
a function of the magnetic field. Symbols give the experimen
data, and the lines the results of calculations using the fine struc
parameters determined from the fit to the data in Fig. 4.
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FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
polarization transforms gradually from a linear to a circu
one for dot 3. The behavior of dot 2~not shown! is very
similar to that of dot 3. For both these structures compl
circular polarization is observed forB.3 T only. This tran-
sition reflects the restoration of the rotational symmetry
the magnetic field.

The PC can be calculated from the exciton eigenstates
quantum dots with symmetry lower thanD2d ~see Table III!,

PC~L1/2!5716
1

r 21rA11r 211
, ~6!

for the statesuL1/2& as defined in Table III. Here we hav
introduced the ratior of the spin splitting of theM5u1u
excitons to the asymmetry energy:r 5(ge,z1gh,z)mBB/D1.
At low magnetic fields (r→0) the circular polarization van
ishes,PC→0, because the fine structure eigenstates are
ear combinations of the circularly polarized excitons. At hi
fields the Zeeman interaction is much larger than the as
metry exchange interaction (r→`). Then the off-diagonal
elements can be neglected, and the linearly polarized s
uL1/2& transform into circularly polarized states:

uL1&→u11&,

uL2&→u21&,

and consequentlyPC→61. ThePC calculated with the ex-
perimental quantum dot fine structure parameters are sh
by the lines in Fig. 6, from which a good agreement with t
experimental data is seen. For the present quantum dot
Zeeman splitting becomes comparable to the asymmetry
ergyd1 in dots 2 and 3 for small magnetic fields,1 T. For
quantum dot 3, having the largestD1, thePC is already 50%
at 0.5 T and 80% at 1 T, and approaches unity forB.2 T.

From studying a large number of single quantum dots
sample A, further insight into the behavior of the exchan
energies can be obtained. A zero-magnetic field extrapola
of the dark exciton transition energies for dots exhibiting
quadruplet spin splitting gives the electron-hole excha
energyD05d01g0, which is the energy difference betwee
the bright and dark exciton doublets atB50. We find strong
variations ofD0 from about 100 to 250meV between the
different dots. Furthermore,D0 typically increases with the
increasing energy of the emission within th
In0.60Ga0.40As/GaAs dot ensemble. This is an indication th
the exchange energy increases with decreasing dot siz
major problem for understanding the electronic properties
self-assembled quantum dots is, however, the lack of kno
edge of the dot size and shape, which limits the correla
of experimental data from optical studies with microsco
calculations.

A correlation between the exchange energy and dot
can be obtained in the following way: From scanning el
tron micrographs of an uncapped sample we determin
mean dot diameter ofDM52266 nm. We assume that th
energy of the luminescence of dots with a diameterDM cor-
responds to the centerEM of the emission band of an unpa
terned reference sample. Further, for simplicity, we assu
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that the dots have a cylindrical shape with a fixed height-
width ratio of 1:3. Then we calculate the single-particle le
els in such a cylinder by correlating the deviation of t
emission energy fromEM with the deviation of its size from
DM for a particular single dot.

The dependence ofD0 on the dot diameter calculated i
this way is shown in Fig. 7 by the squares. For comparis
D054.3 meV for bulk In0.60Ga0.40As is also shown there
which was determined from the experimental value ofD0 for
bulk GaAs by scaling it with 1/aB

3 where aB is the bulk
exciton Bohr radius.54 We find that the observed exchang
energy increases strongly with decreasing dot size. In c
parison to bulkD0, it is enhanced by more than an order
magnitude. This increase shows the strong influence of qu
tum confinement on Coulomb interaction energies.69,70 We
have also performed detailed numerical calculations ofD0 in
these quantum dots. For cylindrical dots,D0 is given by the
short-ranged contribution to the total exchange energy, an
is obtained from the probability of the electron and ho
being at the same position as82

d05d0
bulk3~paB

3 !3E d3r uCX~rWe5rWh!u2. ~7!

Hered0
bulk is the exchange energy in the bulk, andCX is the

exciton wave function, which is calculated by a multipara
eter variational treatment.83 For the dot shape we use a cy
inder with a height to width ratio of 1:3 to represent it,
mentioned above. We find that the results ford0 are rela-
tively insensitive to the shape assumed for the dot, but

FIG. 7. Dot diameter dependence of the electron-hole excha
energy d0 for In0.60Ga0.40As/GaAs self-assembled quantum do
Symbols show the experimental data, and the line gives the re
of variational calculations described in the text. The gray-sha
region indicates the variation of the quantum dot diameter aro
its mean valueDM522 nm. DM has been obtained from scannin
electron microscopy.
5-11
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M. BAYER et al. PHYSICAL REVIEW B 65 195315
determined mainly by the dot volume. For these calculati
we have used the following parameters:me50.0404 and
mh50.35 for In0.60Ga0.40As, andme50.0665 andmh50.35
for GaAs. The band offsets are 468 meV for the conduct
band and 230 meV for the valence band. For the dielec
constant we used a value of 15.0. The solid line in Fig
shows the results of these calculations, which are in acc
with the experimental data. To a good approximation,
exchange energy varies with the quantum dot diamete
1/D3, which explains the observed strong variation ofd0
with dot size.

In addition, the variation of the exchange energyD1 ~also
given by the short- and long-ranged exchanges! can be de-
termined from the spectroscopic data for quantum dots w
brokenD2d symmetry. The data are plotted in Fig. 8 as fun
tions of the dot emission energy atB50. In contrast toD0 ,
D1 characterizes the asymmetry of the structure and t
depends strongly on the dot shape. On the other hand, it
no direct correlation with the dot emission energy~i.e., the
dot size!.84 From the spectroscopic data we find a maximu
of 150 meV for D1, that varies within the experimental ac
curacy down to zero. Still the relative importance of t
short- and long-ranged contributions toD1 is not clear.

For the In0.60Ga0.40As/GaAs quantum dots of sample A
no clear spectroscopic evidence was obtained that the
servability of dark excitons arises from a complete geome
symmetry breaking. To obtain further insight, we have st
ied InAs quantum dots which were embedded in a Ga
matrix ~sample B!.81 From scanning electron microscopy w
find that the average diameter of these dots is about 15
which is considerably smaller than for the In0.60Ga0.40As/

FIG. 8. Asymmetry induced exchange energy splittingD15d1

1g1 of the bright excitons atB50 as a function of the dot emis
sion energy for In0.60Ga0.40As/GaAs single quantum dots.
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GaAs structures. Due to this smaller dot size, the excito
properties should become more sensitive to shape asym
tries. In addition, the electron-hole exchange energyD0
should be considerably enhanced. Summarizing the obse
tions for all studied InAs/GaAs quantum dots, the same th
classes of structures as for the In0.60Ga0.40As/GaAs quantum
dots are observed. In addition, we find another class ex
iting a different neutral exciton fine structure pattern.

Figure 9 shows photoluminescence spectra of two diff
ent InAs/GaAs single quantum dots belonging to this fou
class which were recorded atB50 and 8 T. At both field
strengths the emission has been analyzed with respect t
linear polarization. For the two dot structures, at zero fie
there are two intense emission lines of orthogonal polar
tion on the high-energy side. Additional emission of weak
intensity appears on the low-energy side. For the first dot
spectral lines, which are fully linearly polarized as well, a
pear. For the second dot, however, a single line is obser
only. Using the terminology developed in Sec. II, we co
clude that the high-energy features originate from recom
nation of electron-hole pairs which consist predominantly
61 excitons, while the character of the low-energy featu
is mostly62 excitonlike. However, the observability of th
‘‘dark’’ states even at zero magnetic field shows that the sy
metry of these dots must be strongly broken, and that
analysis of the fine structure using the HamiltonianHexchange
is not sufficient. Still, for reasons of simplicity, we will con
tinue the analysis within this framework. When a

FIG. 9. The two panels show polarized photoluminescence s
tra at zero magnetic field~bottom traces! and atB58 T ~top traces!
of two different InAs/GaAs single quantum dots. For both fie
strengths the linear polarization degree of the emission was stud
These dots represent a fourth class of structures observed
sample B besides the three classes observed for sample A.
5-12
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FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
plying a magnetic field, the high- and low-energy lines a
seen to split into doublets for both quantum dots. Howev
no transformation to a complete circular polarization
reached, in contrast to the In0.60Ga0.40As/GaAs quantum dots
of sample A.

The upper panels in Fig. 10 show the observed transi
energies as function of the magnetic field for the two InA
GaAs quantum dots of Fig. 9. For clarity, again the energy
the center of the strong emission lines has been subtra
From the splitting between the centers of the bright and d
exciton emission doublets atB50 we obtain electron-hole
exchange energiesD0'400 and 450meV, respectively. We
have made calculations ofD0 like those in Eq.~7! and find
that D05325 meV for a dot radius of 15 nm. The emissio
energies of the two studied quantum dots are located ab
the center of the emission band of an unstructured refere
sample, indicating dot radii smaller than the average
which will lead to a further enhancement ofD0. Thus the
calculations are in reasonably good accord with the exp
mental data also for the InAs/GaAs quantum dots.

From the splitting of the upper doublet we obtain e
change energies ofD15180 and 150meV, respectively, for
the two dot structures. More interestingly, for the splitting
the lower doublet, strong differences ford2 , 90 meV and 0,
respectively, are found. As discussed above, within
model of Sec. II this splitting arises from the short-ran
exchange, which is believed to be small. This is confirm

FIG. 10. Upper panels: exciton transition energies observed
the InAs/GaAs single quantum dots shown in Fig. 9 as function
magnetic field. Lower panels: magnetic-field dependence of the
citon spin splitting observed for the InAs/GaAs single quant
dots. The lines serve as guides to the eye.
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by the results for the second dot, but the opposite is true
the first dot. In a nonzero magnetic field the splitting betwe
the emission lines increases. For the first dot, the splitti
for both doublets depend quadratically onB up to high fields,
as seen from Fig. 10~lower panels!. The splitting between
the high-energy features is;0.8 meV at 8 T, while it is
;0.5 meV for the low-energy doublet. For the second d
the behavior is qualitatively identical to the first dot for th
predominantly bright excitons, whereas the splitting betwe
the predominantly dark excitons shows a linearB depen-
dence within the experimental accuracy.

Turning to the polarization of the emission from th
sample B quantum dots, we found that even at the high
magnetic fields the emission exhibits a considerable lin
polarization, as seen from the spectra at 8 T~Fig. 9!. This
means that the rotational symmetry cannot be restored by
fields available in the present experiments. Figure 11 sh
the degree of linear polarizationPL defined by

PL5
I i2I'

I i1I'

, ~8!

for the two InAs/GaAs quantum dots of Fig. 9 plotted vers
the magnetic field. HereI i and I' denote the~spectrally in-
tegrated! intensities of the emission polarized parallel a
perpendicular to the@110# crystal direction. With increasing
B the linear polarization decreases from 1 atB50 to about
0.2 at 8 T. Using the eigenstates in Table III for calculati

or
f
x-

FIG. 11. Linear polarizationPL of the emission from the pre
dominantly ‘‘bright’’ excitons in InAs/GaAs single quantum do
~sample B! with strongly broken symmetry as a function of th
magnetic field in comparison to the polarization degree obser
for an In0.60Ga0.40As/GaAs quantum dot~sample A! of reduced
symmetry~dot 3 of Fig. 3!. The lines are guides to the eye.
5-13
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M. BAYER et al. PHYSICAL REVIEW B 65 195315
the linear polarization, we obtain a linear polarization clea
below 10%. Since Eq.~2! is based on the method of invar
ants, this estimate confirms that this analysis is not suffic
for discussing quantum dots with strongly broken symme

Further insight is obtained by comparing the exchan
energy splittings for several dots already exhibiting dark
citon emission at zero magnetic field. Figure 12 shows th
energy splittingsD1 between the predominantly ‘‘bright’
~squares! exciton features andd2 between the predominantl
‘‘dark’’ ~circles! exciton features as function of the center
the dot emission energy atB50. In contrast to the results in
the In0.60Ga0.40As/GaAs quantum dots, theD1 now do not go
down to zero but are always larger than 100meV, confirm-
ing a strong symmetry breaking. As expected, they also
not show any significant correlation with the dot emissi
energy.

The lack of correlation also holds ford2, which varies
between 0 and 100meV. Within the method of invariants
the splitting can only arise from the short-range interacti
which would mean that the part of the Hamiltonian in Eq.~1!
that is proportional to the third power of the hole momentu
cannot be neglected. From the comparison ofd2 with D1 in
Fig. 12, there seems to be a~weak! correlation of both quan-
tities. WhenD15d11g1 is large, there is a clear trend th
d2 is large as well. Sinced1,d2, we can conclude that th
long-range interaction gives the dominant contribution to
splitting of the bright exciton doublet.

Figure 13 shows the photoluminescence spectra of
other quantum dots also belonging to this class of samp

FIG. 12. Zero-magnetic-field exchange energy splittingsD1 be-
tween the predominantly bright~squares! andd2 between the pre-
dominantly dark~circles! exciton states in InAs/GaAs quantum do
exhibiting a strong symmetry breaking as functions of the cente
the dot emission energy. The lines are guides to the eye.
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dots. Since they are located in mesa structures with la
lateral sizes (;300 nm as compared to;100 nm), their
emission half-width is below 60meV, and therefore consid
erably smaller than that of the dots shown in Fig. 9. In bo
cases, around 4 T the emission line from the low-ene
doublet that shifts to higher energies with increasing fi
and the line from the high energy doublet that shifts to low
energies approach each other. When they come in resona
the two lines repel each other and exchange their charac
Below 3 T the low- ~high-! lying line has a rather weak
~strong! oscillator strength; above 5 T this ratio is reversed
polarization analysis~not shown here! demonstrates that th
behavior of the LP’s is similar to that of the dots in Fig. 9

The observed anticrossings occur due to the mixing
bright and dark excitons that arises from the strong symm
try breaking. The exciton angular momentumM is no longer
a good quantum number in these structures; otherwise t
states would not interact and cross each other. Figure
shows the observed transition energies of the InAs/Ga
quantum dots of Fig. 13 plotted versus the magnetic fie
The minimum splitting between the two lines at the an
crossing point is about 100meV for the dot in the lower
panel, and only 50meV for that in the upper panel. We not
that for the dots in Fig. 9 the anticrossing should also oc
in principle, but larger emission linewidths~in combination

f

FIG. 13. Photoluminescence spectra of two different InAs/Ga
quantum dots with strongly broken symmetries for different ma
netic fields. In the magnetic-field range between 2 and 6 T theM
512 andM521 excitons approach and repel each other.
5-14



e

ss
n
h

om
-

i

t
te

g
s

n

he

om
a

n

s-
hat
s
ergy

of

FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
with smaller splittings between the anticrossing branch!
prevent its resolution in the spectra.

The minimum-energy splitting between the two anticro
ing branches can be considered as an indicator of the stre
of the symmetry breaking in the dots. Figure 15 shows t
energy splitting versus the dot emission energy atB50 for
several sample B quantum dots. The splitting varies fr
50 meV ~which is about the minimum value for which an
ticrossing can be resolved! to 125 meV. Similar to the case
of the asymmetry exchange energiesD1 andd2, there is no
strong correlation here between the splitting and the em
sion energy.

2. Voigt configuration

a. Experimental data.The breaking of the quantum do
symmetry by a magnetic field can be tested by delibera
tilting the magnetic field out of the@001# direction.26,69 For
these studies we have selected In0.60Ga0.40As/GaAs quantum
dots from sample A that show aD2d symmetry, i.e., in the
Faraday configuration they show a behavior correspondin
that of dot 1 in Fig. 3. Figure 16 shows the photolumine
cence spectra of such a symmetric In0.60Ga0.40As/GaAs
single quantum dot which were recorded in the Voigt co
figuration for varying magnetic-field strengths.26 With in-
creasingB the center of the emission features shifts to hig
energies due to the diamagentic shift of the exciton. AtB
50 a single emission line corresponding to emission fr
the uM u51 excitons is observed. On its low-energy side
additional spectral line appears atB52 T which originates

FIG. 14. Exciton transition energies of the two InAs/GaAs qua
tum dots shown in Fig. 13 vs the magnetic field.
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FIG. 15. Minimum-energy splitting between the two anticros
ing branches originating from the hybridization of the excitons t
have nominallyM521 and12 angular momenta in InAs/GaA
quantum dots plotted against the center of the dot emission en
at B50.

FIG. 16. Photoluminescence spectra of an In0.60Ga0.40As/GaAs
single quantum dot~sample A! recorded for varying magnetic-field
strengths in the Voigt configuration. The dot belongs to a class
structures havingD2d symmetry.
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M. BAYER et al. PHYSICAL REVIEW B 65 195315
from theuM u52 excitons at zero field. For higher fields ea
of the two emission lines splits into a doublet. The ene
splitting between them increases with increasingB.

The strong emission intensity from the predominan
dark excitons, in particular at low fields, seems rather s
prising because the off-diagonal matrix elements in
Hamiltonian which cause the mixing with the bright excito
are still small. Again this might be explained by the nonre
nant, linearly polarized laser excitation by which excitons
all different spin orientations are generated. The relaxa
between the spin states might be suppressed due to the
crete energy level structure in the dots.75,76

b. Discussion.Figure 17 shows the exciton transition e
ergies versus the magnetic field in the Voigt configurat
~pointing along the@100# direction! observed for two differ-
ent, highly symmetric quantum dots. We have also rota
one of the dots~the one of Fig. 16! in steps of 45° around the
heterostructure growth direction, so thatB was also aligned
along the@110# and@010# directions. Within the experimen
tal accuracy we obtained the same results for these con
rations, which gives a strong confirmation for the in-pla
symmetry of the dot. In Fig. 17 we show only the data for t
@100# orientation. To study only the fine-structure effects, t
energy of the center of the emission features has been
tracted for each field strength.

FIG. 17. Energies of the exciton transitions observed for t
different In0.60Ga0.40As/GaAs single quantum dots vs the magne
field in the Voigt configuration~circles: dark excitons; squares
bright excitons atB50). To focus on the fine structure, the diama
netic shift of the center of emission has been subtracted in e
case. The lines are fits to the data using the forms in Tables IV
V.
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The splitting of the energy levels follows the sketch
Fig. 2, as the comparison with the energies obtained by
to the data using the forms of Table IV~lines in Fig. 17!
shows. The bright and dark excitons show no resolva
splittings atB50 due to the high dot symmetry. Over th
whole magnetic field range, the splitting between the t
inner emission lines is mainly given by the exchange int
actionD0, and the Zeeman interaction has little influence
their energies. In contrast, it significantly changes the en
gies of the outer emission features. Here it should be no
that in quantum wells a quadruplet splitting cannot be o
served in the Voigt configuration because experiments sh
that the in-plane holeg factor is about zero in these system
which leads to a twofold degeneracy of the exciton state
the Voigt configuration~compare Tables IV and V!.63 Fur-
thermore the electrong factors are found to be isotropic i
quantum wells, in contrast to the present data. Thus the
rectionality dependence of theg factors in self-assembled
quantum dots is considerably different from that in structu
of higher dimensionality.

We have also studied In0.60Ga0.40As/GaAs quantum dots
of type 2, which show a linear polarization splitting at ze
magnetic field~see Fig. 3! in the Voigt configuration. The
observed transition energies are shown in Fig. 18, where
have again subtracted the diamagnetic shift. At zero field
observe two spectral lines separated by aboutD1
5100 meV. These features are attributed to emission fr
the hybridized bright exciton states that are split mainly
long-range exchange interaction. The resolution of th
splitting was possible because the studied dot was locate

o

ch
d

FIG. 18. Energies of the exciton transitions observed for
In0.60Ga0.40As/GaAs single quantum dot vs the magnetic field in t
Voigt configuration. This dot belogs to type 2 of sample A, whi
shows a linear polarization splitting atB50, but no quadruplet
splitting in magnetic field. The circles correspond to the dark ex
tons, and the squares to the bright excitons atB50. To focus on the
fine structure, the diamagnetic shift has been subtracted in e
case. The lines are fits to the data using the forms in Tables IV
V.
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a mesa structure with a large lateral size of 400 nm, resul
in a negligible influence of surface charges on the confi
ment potential. In a magnetic field the splitting between
two lines increases, with the higher-lying line shifting co
siderably to higher energies, whereas the energy of the l
energy line remains about constant.

Simultaneously the emission that arises from the dark
citon states at zero field appears in the spectra at about
First a single line is observed which then is seen to split i
two features, where one line has a strong dispersion and
other one a small dispersion. Thus the behavior is quite s
lar to that of a highly symmetric dot except for the zero-fie
splitting of the bright excitons. It can be well described
the fine-structure Hamiltonian of Sec. II as the fits to the d
using the forms of Tables IV and V demonstrate~the lines in
Fig. 18!. In particular, from extrapolating the energies
the low-lying emission lines to zero magnetic field, no s
nificant splittingd2 of the dark exciton doublet is found fo
this quantum dot. This indicates that here the asymm
splitting due to the short-range exchange interaction can
neglected.

B. Fine structure of charged excitons

1. Faraday configuration

a. Spectroscopic data.Now we want to focus on the third
sample type, which were InAs quantum dots embedded in
Al0.30Ga0.70As matrix ~sample C!. The average diameter o
these dots is about 20 nm. From studying a large numbe
quantum dots, all sample C structures can be categorize
the following way: We find sets of quantum dots, the beh
ior of which can be described in the framework given in S
IV A for neutral excitons. However, we also observe a furth
class of dots, on whose fine structure we will concentrate
the following.81 For these dots, strong phonon replicas a
pear in the emission spectra~not shown!: The spectral fea-
tures observed at energies around thes shell are identically
repeated at higher energies. Their high energy shift is ty
cally 36–37 meV, which is the energy of the GaAs LO ph
non. The emission intensity of these replicas is almost tha
the s-shell emission. Note that the features cannot be
plained as transitions from the first excited dot shell:~a! The
first excited shell would show a strong splitting in the ma
netic field due to the lifting of its orbital angular momentu
degeneracy byB. One component would shift strongly t
higher energies, while the other would show a low-ene
shift at smallB.85 No such behavior is observed for the hig
energy lines. Instead, their magnetic-field shift is paralle
that of thes-shell features.~b! Furthermore, the spin splitting
is exactly identical to that observed for the spectral lines
thes-shell energies, while forp-shell excitons a spin splitting
different from that of a ground-state exciton would be e
pected.

For these InAs/Al0.30Ga0.70As quantum dots with a stron
coupling to LO phonons, additional classes of structu
have to be introduced to capture all the structures of sam
C. The two panels in Fig. 19 show the photoluminesce
spectra of two different sample C InAs single quantum d
surrounded by Al0.30Ga0.70As, which show a quadruplet split
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ting in a magnetic field. The spectra were recorded for va
ing magnetic fields fromB50 up to 8 T. The emission o
dot 1 ~top panel! reminds one of the behavior observe
for the In0.60Ga0.40As/GaAs quantum dot 3 in Fig. 3: AtB
50 a single emission line is observed which then sp
into a quadruplet. However, in contrast to the sample
quantum dot, no indications of a linear polarization splitti
at B50 are found. Within the experimental accura
the emission is circularly polarized. Most remarkably, af
subtracting the diamagnetic shift the Zeeman splitting
the bright and the dark excitons is symmetric around
B50 emission energy. This can be seen in Fig. 20, wh
the transition energies of two different InAs/Al0.30Ga0.70As
dots with such a splitting pattern are plotted against the m
netic field.

In addition, another class of quantum dots is observ
which shows a doublet splitting atB50 ~lower panel in Fig.
19!. The splitting between the two spectral features is ab
0.3 meV. In contrast to the InAs/GaAs quantum dots d
cussed in Sec. IV A, the intensities of the two split emiss
lines are about equal atB50. Each of the two lines splits
into a doublet in a magnetic field. The energy splitting is t
same for the two doublets, but the intensity of the high
lying doublet decreases drastically in comparison to tha
the low-lying one. Thes2-polarized contribution originating
from the low-energy feature as well as thes1-polarized line

FIG. 19. The two panels show the circularly polarized photo
minescence spectra of two different InAs single quantum dots
bedded in an Al0.30Ga0.70As matrix for different magnetic fields
~Faraday configuration!.
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M. BAYER et al. PHYSICAL REVIEW B 65 195315
from the high-energy feature seem to cross each other w
out any noticeable interaction. The emission from this
shows a circular polarization for all magnetic field strengt

From these spectroscopic data one might conclude
two independent quantum dots are studied in this case. H
ever, the same behavior, in particular, roughly the same s
ting between the two zero-field lines, was observed for ab
20% of the single quantum dots studied from sample C. D
to the dot inhomogeneities it is very unlikely that such
systematic behavior can arise from two quantum dots wit
a mesa structure. The observed behavior also cannot be
plained by the appearance of neutral and charged exciton
the spectra, because the binding energy of a charged ex
complex is considerably larger than the observed ene
splitting atB50, as spectroscopic studies as well as deta
calculations on similar quantum dot systems show.36,38,40,46,86

Further, from the equal spin splittings of the two emissi
lines and from the magnetic-field dependence of their int
sities, the low-energy feature cannot be attributed to em
sion from predominantly dark excitons.

b. Discussion.First we will concentrate on quantum do
with a quadruplet splitting in a magnetic field emerging fro
a single line atB50. The observation of a quadruplet spl
ting for these dots clearly indicates that the symmetry is b
ken in them. If the quantum dots would be occupied by
neutral exciton, there should be an exchange energy spli
D0 between the bright and dark exciton doublets. The

FIG. 20. The figure gives the exciton transition energies plot
against magnetic field for two different InAs/Al0.30Ga0.70As quan-
tum dots that show a single emission line atB50 ~see the upper
panel of Fig. 18!. Symbols give the experimental data, and lines
results of fits to the data.
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sence of such a splitting can only be explained by assum
that a free excess carrier is contained in the dots, so that
laser excitation charged excitons, eitherX2 or X1 forms. In
this case all exchange interaction energiesd i ,i 50,1,2 and
g i ,i 50,1 are zero.87 Further, for charge neutral exciton com
plexes the emission should show a linear polarization sp
ting, at least at low magnetic fields, which is in contrast
the experimental observations. The assumption of a charg
the system is also supported by the prominent appearanc
phonon replica in the spectra, because in this case the
pling to phonons is much stronger than for a charge neu
system.

Generally the excess carriers in the quantum dots
have different origins. The first reason might be the nonre
nant laser excitation. Due to their different mobilities, ele
trons and holes will have different carrier capture rates i
the dot, leading to an imbalance of charge. Second, th
might be an impurity in the dot surrounding. Typically, nom
nally undoped GaAs-based structures exhibit a resid
p-type background doping. However, a definite assessm
cannot be made for a single quantum dot because its be
ior might be determined by a single impurity in its enviro
ment which can be a donor or an acceptor resulting in
formation of eitherX2 or X1.

The different charged exciton configurations which a
formed in the dot depend on the relaxation rates of the o
cally injected carriers into their ground states: As discus
above, earlier studies on single quantum dots indicate

d

e

FIG. 21. Exciton transition energies plotted against magn
field for two different InAs/Al0.30Ga0.70As quantum dot with a zero-
field doublet splitting~see the lower panel in Fig. 17!. Symbols give
the experimental data, and lines the results of fits to the data.
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FINE STRUCTURE OF NEUTRAL AND CHARGED . . . PHYSICAL REVIEW B65 195315
spin relaxation might be strongly suppressed, which was
tributed to the discrete energy-level structure. Very recen
this observation was confirmed by time-resolved studies
excitons in the quantum dot ground shell.75,76 Depending on
the carrier type, spins can relax through different mec
nisms, which vary with the dimensionality of the studie
system: The spin of an exciton can flip via the long-ran
exchange interaction only. For the spin-flip of an electr
three different mechanisms exist:55 In the Bir-Aronov-Pikus
mechanism a spin-flip occurs via electron scattering at h
or at paramagnetic impurities. In the Dyakonov-Perel mec
nism spin relaxation occurs due to a spin splitting
the conduction band for wave numberskÞ0 in crystals
with broken center symmetries. Finally, in the Elliot-Yaf
mechanism a mixing of the wave functions occurs forkÞ0
because of band mixing arising from thek•p interaction.
For a hole spin, the relaxation typically is considerab
faster than for an electron due to the strong spin-orbit in
action. However, the actual relaxation rate depends on
strength of the localization potential. A comprehensive p
ture of the spin relaxation in quantum dots is still missin
Considering the different relaxation mechanisms, it
very likely that it will vary strongly with the quantum do
under study due to the strong variations of their symme
properties.

Let us first consider a charged exciton confined in
InAs/Al0.30Ga0.70As dot in which fast spin-flip processes ca
take place, as might be the case forX1. Then the carriers
relax rapidly toward their ground-state levels. If an equil
rium carrier is contained in the dot, a charged exciton in
ground state is formed. As was discussed in Sec. II, all fi
structure energies vanish, and theB50 emission shows no
splitting. In a magnetic field the emission splits into a do
blet. However, if the dot symmetry is broken, for these d
a mixing of exciton states withuM u51 and 2 occurs. As a
consequence, four transitions with a symmetric energy s
ting become observable in magnetic field~dot 1 in Fig. 19!.
The splitting between the emission lines of strong and w
intensities shows a linear dependence on the magnetic fi
Here we again want to emphasize that only the observa
of a fine-structure splitting~respectively its absence! is a
clear proof of the neutrality of the exciton~the formation of
a charged exciton complex!.

Let us turn now to the discussion of the InA
Al0.30Ga0.70As quantum dots with a doublet splitting atB
50 by considering a charged dot, in which the excess cha
can block spin relaxation. Due to the expected long s
relaxation times, this situation might be obtained if the d
contains an excess electron, so that anX2 complex is
formed. If the dot is populated by two electrons having o
posite spins and a hole, all carriers can relax into th
ground states. If, on the other hand, the two electrons h
parallel spins, the one electron in thes shell prevents the
relaxation of the second one from thep shell. The Coulomb
interaction energies for this configuration will be differe
from those in the first configuration. This energy differen
will be reflected atB50 in the emission of thes-shell
exciton.
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Figure 21 shows the magnetic-field dependence of
transition energies of two different sample C quantum
with a zero-field doublet splitting, as in the lower panel
Fig. 19. We find;300 and 400meV, respectively, for this
energy splitting. Since the two emission features origin
from recombination of ans-shell exciton, their spin splittings
are equal. In general, the fine structure in the spectrum m
be complicated further because the exciton in the gro
shell might exhibit a fine-structure splitting similar to that
a neutral exciton. As mentioned above, no indications fo
anticrossing of the high-energy feature originating from t
lower line at B50 and the low-energy feature from th
higher line is observed with increasing magnetic field. T
presented explanation for the recorded spectra gives a na
explanation for this crossing.

Finally we need to discuss the strong changes of the em
sion intensities from this sample C dot in a magnetic fie
which indicates a strong-field dependence of the spin re
ation: The spin relaxation bottleneck obviously is soften
by a magnetic field. This might be related to the transform
tion of the discrete quantum dot energy-level spectrum t
quasicontinuous one, because a magnetic field lifts the
generacy of energy levels with positive and negative ang
momenta in cylindrical dots. However, while the observ
behaviors for type-1 InAs quantum dots in an Al0.30Ga0.70As
matrix can be uniquely attributed to charged excitons, th
is still a lack of understanding concerning the formation
different excitonic spin configurations, as discussed here
type 2 dots. Therefore, in a next step quantum dot spect
copy needs to address the problem of spin relaxation in
dot structures.

FIG. 22. Photoluminescence spectra of two differe
InAs/Al0.30Ga0.70As quantum dots of high symmetry for differen
magnetic fields aligned in the Voigt geometry.
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2. Voigt configuration

a. Spectroscopic data.Figure 22 shows photolumines
cence spectra of symmetric InAs/Al0.30Ga0.70As quantum
dots of sample C~with an excitonic doublet splitting in the
magnetic field! for varying B aligned normal to the hetero
structure growth direction. The variation of the spectra w
increasingB is strongly different from that observed in Fig
16 for a charge neutral exciton. While there a line emerg
on the low-energy side of the bright excitons, no such l
shows up here. Instead, the single line observed atB50
splits into a triplet in high magnetic fields. No indications
a quadruplet splitting are observed, as shown in Fig.
where the exciton transition energies are plotted as func
of magnetic field, after subtracting the diamagnetic shift
the emission.

b. Discussion.The behavior observed in Fig. 23 give
another striking proof that the emission of these quant

FIG. 23. Exciton transition energies of the tw
InAs/Al0.30Ga0.70As quantum dots shown in Fig. 19 vs the magne
field ~Voigt geometry!. Symbols give the experimental data, an
lines give the results of fits to the data.
c

eg
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dots originates from a charged exciton. The fine structure
be easily understood from that of a neutral exciton~Figs. 2
and 16! by setting the exchange energyD0 to zero. At B
50, the energies of dark and bright excitons coincide. In
magnetic field, in general, a quadruplet splitting should
observed because the bright~dark! excitons shift to higher
~lower! energies. However in Fig. 17 it was shown that t
splitting between the two inner features is mostly given
D0, which is zero here, and therefore the splitting betwe
these two lines cannot be observed, their emissions ove
and combine to form the middle feature in the spectra in F
22. The two outer spectral features correspond to the
outer emission lines in Fig. 16, the energies of which a
considerably influenced by a magnetic field.

V. SUMMARY

In summary, we have studied the fine structure of exci
complexes in In~Ga!As/~Al !GaAs self-assembled quantum
dots, which arises from the electron-hole exchange inter
tion and the interaction of the electron and hole spins w
magnetic field, by single-dot photoluminescence spectr
copy. The experimental data have been analyzed by com
ing them with a theoretical model. From the data a comp
hensive picture of different scenarios for the exciton fi
structure in quantum dots has been developed. We h
shown that the symmetry of self-assembled quantum d
can vary strongly from a completely broken symmetry to
fully developedD2d symmetry. Further we have found tha
in nominally undoped samples not only charge neutral d
are found but also dots which contain free charges, as m
be expected from unavoidable background doping. As in
cators of the quantum dot symmetry, the magnetic-field
pendence of the exciton spin splitting as well as the po
ization of the emission have been used.
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