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Fine structure of neutral and charged excitons in self-assembled ((Ga)As/(Al)GaAs quantum dots
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The fine structure of excitons is studied by magnetophotoluminescence spectroscopy of single self-
assembled lfGaAs/(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
guantum 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.
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[. INTRODUCTION among which self-assembled growtinas been shown to be
particularly promising because of the high optical quality of

Optical excitation of a semiconductor lifts an electronthe resulting dot structures. For these, the study of single
across the band gap and leaves a hole in the valence barsklf-assembled dots is complicated by the rather high dot
Electron and hole bind to form an exciton through their mu-densities, which result in mean dot separations of the order
tual Coulomb interaction. Each of the excitonic levels con-of tens to hundreds of nanometers. Therefore, techniques are
sists of a multiplet of states corresponding to different spirrequired which provide the corresponding spatial resolution.
configurations of the carriers. The multiplet exhibits a fine-During recent years great progress has been made in the
structure splitting that is caused by two contributions: thedevelopment of experimental tools which allow such studies.
exchange interaction, which couples the spins of electron andmong them are sophisticated spectroscopic techniques such
hole, and their Zeeman interaction with @xternal or inter- as confocal microscopy, by which single structures can be
nal) magnetic field. The multiplet splitting is largely deter- addressed for samples with rather low dot densities. Another
mined by the symmetry of the structures, which can result itechnique is near-field scanning microscopy, which provides
characteristic degeneracies among the exciton states. Despéespatial resolution clearly below the wavelength of light, so
the interest in this, the resolution of the fine structure haghat high-density samples also can be investigated.
only been partly possible in spectroscopic experiments be- Single-dot spectroscopy can also be obtained by a further
cause of the magnitude of the energies involved, which typitechnological processing of as-grown quantum dot samples.
cally are considerably smaller than the inhomogeneou&or example, the dots could be covered by a mask containing
broadening, particularly in bulk and quantum wells. Spec-small apertures through which the optical excitation as well
troscopy of single quantum ddtS°opens up possibilities for as the collection of the signal is done. Another possibility is
a more detailed study because of the suppression of inhomeoffered by a lateral patterning of the dot structures. In this
geneities. In addition, its resolution is further facilitated be-way small mesa structures can be fabricated which contain
cause the exchange interaction energies are drastically eonly a single quantum dot or a few quantum dots, and which
hanced by quantum confinement. then can be addressed by conventional far-field spectroscopy.

Quantum dot¥ can be fabricated by several techniques, These techniques have been used to obtain insight into a
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variety of problems such as the coupling of excitons tospin-singlet state formed by two holésvo electrong This
phonons or the binding energies of excitonic compleXes. means that the exchange interaction which couples the spins
Steps toward a complete understanding of the exciton finef an electron and a hole in a neutral exciton can be switched
structure have also been taken: In studies of single quantu®ff in strongly confined quantum dots by adding an addi-
dots formed at GaAs/AGa _,As interfaces, a splitting of tional carrier. _ _ o

the ground and excited exciton states was reported, which The main goal of this paper is less the quantitative deter-
arises from the long-range electron-hole eXch(fjngénmatllon of the fme-strgcture parameters suc_:h as exchange
interaction® The understanding of the relation between the€nergies og factors(which vary with the studied quantum
fine structure and the dot symmetry was extended by rece/fet type, and which yet cannot be easily related to quantum
investigations  of  self-assembled (GRAs/GaAs® dot properties such as size and shape due to the lack of
CdSe/ZnSé?*zzlnP/G@lnPl_ 21 and CdTe/CeMg, _,Te? corresponding knowledge for self-assembled Xotather

quantum dots. It has been shown that a reduction of ththan the development of different scenarios for the exciton
quantum dot symmetry lifts degeneracies among the excitofne-structure patterns and their relation to the dot symmetry.

states, and also influences the polarization of their emissiorf/e note that all the quantum dots from the different studied
Exciton spin splittings in magnetic field have been studied@Mples could be categorized according to these scenarios.

for several types of quantum dots: 151623t was found that The outline of the paper is the following: In Sec. Il an analy-

the underlyingg factors differ strongly from those in bulk or SIS Of the fine structure will be given for quantum dots of

quantum wells. However, up to now no complete under.different symmetries. A description of the studied samples as

standing ofg factors has been reported, to our knowledye. well as the experimental technique is given in Sec. lll. In

The potential of single-dot spectroscopy was particularly eviS€C¢- 1V we will then present the spectroscopic data for the

denced by experiments in which a subtle effect such as thga"0us quantum dot structures and compare them with the
interaction of the exciton spin with the spins of the lattice (N€Oretical expectations.
nuclei was investigatetiThis interaction causes a shift of the

exciton energy(the Overhauser shijft corresponding to an Il. ANALYSIS OF THE EINE STRUCTURE
effective internal magnetic field which can be as large as
~2 T. A. Neutral excitons

Single-dot spectroscopy also permitted the study of com- The exciton fine structufé="° at zero magnetic field
plexes formed from a larger number of electrons and holesyrises from the exchange interaction, which couples the spins
Biexcitonic contributions to the optical spectrum could beqf the electron and hole. In its general form the exchange

identified for various types of quantum dots, e.g., in highenergy is proportional to the integral
excitation  photoluminescent& 1520232829 gnq  jn

two-photon-absorptioh.lt was demonstrated that the fine
structure of the biexciton emission is identical to that of the éxf f A3 A3, W (Fo=T1,Tp="p)
exciton because the biexciton is a spin-singlet state and ex- exchang W reExter T2
hibits neither exchange nor Zeeman interaction

splitting 1°2%28 Therefore, in the optical spectra any fine x;\px(r =, rp=ry)

structure of the emission is fully determined by the fine [ri—ro| ¢ e '

structure of the exciton in the final state of the electron-hole

recombination. whereWy is the exciton wave function ang ,, are the elec-

Here we have performed magnetophotoluminescencgon and hole coordinates. When calculating the exchange,
spectroscopy on different types of self-assemblé@#As/  for technical reasons the integral is divided in two parts, for
(Al)GaAs single quantum dots. From these studies we obtaiwhich there are two possibilities: First it can be divided in
detailed insights into the exchange and Zeeman interactiongal space into short- and long-ranged parts. The short-
of the carriers forming excitons and exciton complexes. Inranged part is given by the probability of finding an electron
particular, we will demonstrate for charge neutral excitonsand a hole in the same Wigner-Seitz unit cell, and conversely
that both short- and long-ranged parts of the exchange intethe long-ranged part is the contribution when they are in
action are required to describe the experimental observadifferent cells. Second, the integral can also be divide# in
tions. One main effect of the short-ranged part is a splittingspace, which gives analytical and nonanalytical parts. These
of the exciton multiplett into bright and dark subspaées two formal separations are closely related to one another,
dependent of the dot symmelrwhile the long-ranged part although they are not fully identical.
results in a splitting of the bright excitons in asymmetric dots In magnetic fieldB the fine structure is extended by the
besides contributing to the bright-dark splitting. Generally itZeeman interaction of the electron and hole spins with
is believed that the short-range interaction is not importanB.®®¢*55We note that in general the interaction of the carrier
for asymmetry splittings, which has been confirmed forspins with the spins of the lattice nuclei also needs to be
structures of higher dimensionality. By observing a consid-included in the discussion. This results in the well-known
erable splitting of the dark excitons, we will demonstrate thatOverhauser shift of the exciton energifor its observation,
this description is too simplified for quantum dots. Forthe optically generated excitons have to be spin polarized to
charged excitons, we will show that the exchange energiealign the spins of the lattice nuclei. This may be obtained by
vanish due to the interaction of an electr@hole with a  a resonant optical excitation of the quantum dots using cir-
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cularly polarized light. In the experiments described belowelectron-hole exchange interaction of an exciton formed by a

however, nonresonant excitation with linearly polarized lighthole with spinJ,, and by an electron with spi8, is given

was used. Consequently the time-averaged spin polarizatidwes’ﬁ“‘55

is zero and the lattice is depolarized. Therefore, this part of

the fine structure interaction is neglected here. Hexchangs™ — > (aiJh‘iSe,i+biJﬁ’iSe'i). D)

In the following we will first analyze the short-ranged 1=xy.z

part, for which we will use the method of invariants reportedFor the following analysis the direction is chosen to point

by van Kastereret al. for quantum-well structures having a along the heterostructure growth direction. Due to the strain

given symmetry The quantum dots studied in the presentin self-assembled quantum dots, the heavy- and light-hole

work are to a good approximation lens shaped, with a heightstates are split in energy by at least several tens of meV. This

to-width ratio of ~1:3; therefore, that analysis should be splitting is considerably larger than the fine-structure interac-

applicable to the dot case as well. It can also be used fofon energies, and the light-hole states can safely be ne-

describing the interaction of the carrier spins with an externaglected. The single-particle basis from which the excitons are

magnetic field. In it, for coupling carrier spins and for cou- constructed therefore consists of a heavy hole with

pling spins toB the most general multiplicative forms of the =3/2, Jn,=*3/2 and an electro§,=1/2S, ,= = 1/2.""

angular momentum operators of the electron and hole are From these states four excitons are formed, which are

chosen so that they are invariant under the transformations Gf€generate when the spin Hamiltonjdy. (1)] is neglected.

the symmetry group describing the system. The long-range he_se _states are characterized by the|r angular momentum

exchange interaction can be easily included in the discussio‘?\rojecnons M .:Se~z.+‘]hvz' States with [M| :.2 ca.nnot.

because it “exhibits the same spin structure,” that is, its con—COLIpIe to_the “ght. field, and are therefore op_t|cally mactlve
(dark excitony while states witjM|=1 are optically active

trlbutlon's can §|mply be added to the terms of the Short'(bright excitong. With these angular-momentum eigenstates
ranged interaction.

. . . . the matrix representation df can be constructed.
Dot structures exhibiting different symmetries will be 5 o t5 the ngglect of heavy'—e?]f)rigrf]l(iaght-hole mixing, the
considered: In addition to dots of high symmetry belongingandy components that are linear i are omitted '

to the D,y group, dots with lower symmetry will also be Using the exciton stateg< 1),|— 1), | +2),|—2)) as ba-

studied. These structures could belong to @ig, or C; s, the following matrix representation is obtained:
groups, or could even show no symmetry at Bl is the

symmetry of dots with an in-plane rotational invariance. +8 +6; O 0

Their symmetry could be broken down @, or C, by an 1| +6, +6, O 0

uniaxial deformation, e.g., by strain, so that the dot shape Hexchangs 2)
becomes ellipsoidal. In the case of further deformation, the 2l 0 0 -6 +6

dot structures would lose all symmetry. 0 0 +6, —6

1 Zero maanetic field Here the following abbreviations have been introducég:
: 9 =15(@,+2.2%,), 6,=0.750,—by), and &=0.750b,
a. Short-range exchange interactiofirst the discussion +b,). The first term of the Hamiltonia#cchangeln EQ. (1)
will concentrate on quantum dots exhibiting specific symme-gives the diagonal matrix elements, while the second term
tries. The general form of the spin Hamiltonian for the gives the off-diagonal elements. The matrix in E2). has a

TABLE I. Exciton eigenstates in structures By and of lower symmetry. When the long-range inter-
action is included in the discussiod, has to be replaced b o= 6y + yo as well asé; by A= 61+ y;.

D2g <Dy
b,=b, b.#Db,
Energy Eigenstate Energy Eigenstate
+38 |=1) +380+ 381 %(|+1>+|—1))
2
1
+33 |+1) +38-301 —(+1)—|-1))
V2
~380+30 —(+2)+]-2) ~360+ 36 ~(|+2)+|-2)
2 2 — — > 5 — —
V2 2
1 ! +2 2
~380= 35, E(|+2>—|—2>) —360—35, \/§(| )=1=2))
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_ TABLE Il. Exciton eigenstates in the magnetic figlHaraday
Faraday-configuration configuration in structures of D,y symmetry. B1=ug(Je
+0h,)B; and — B,=pup(9e,—0n ) B,. The normalization con-
D, <D,, stantsN; andN, depend on the magnetic field.
2
__B_ L B Dag
*1
Y IS‘A Energy Eigenstate
8oty 1 PEET 1 1
=] T200~ 25 I+
2
/ B=0 \ — 360+ 355+ B N3[|+2>+(%2+ 1+%)|—2>]
FIG. 1. Scheme of the exciton fine structure at zero magnetic z
field and in magnetic field. The magnetic field is aligned in the Ez_ @ B
Faraday configuration. The central part of the figure shows the situ=— %50— %\/Sﬁﬁ'z Nall+2)+ 6, 1+ 5% =2)]

ation atB=0 neglecting the spin HamiltonidiEq. (1)] (for which
the excitons withM==*1 and =2 are degenerateand including
it. The left-hand side shows the evolution of the fine structure in the

magnetic field for quantum dots witB,4 symmetry, while the easily by adding the corresponding energies to the off-
right-hand side shows the evolution for dots with a symmetrydiagonal matrix elements in the subblock of tié|=1 ex-
<Dyy. citons. This subblock then is given Hy*°°

. : . tAp +4

block diagonal form. Therefore, dark and bright excitons do
not mix with each other, and their energies differ by the +tA1 4
electron-hole exchange energy. Due to the off-diagonal with Ay= 5,+ y,, Wherey, is the contribution of the long-
matrix elements in the corresponding subblocks, in generatainge exchange to the splitting between dark and bright ex-
the excitons with eachM|=1 and|M|=2 are hybridized: citons. Further,A;=8;+7;, y1=(y—7,), Where the
Rotational symmetry of the structures studied impliesy,  i=x,y are the coupling constants of the long-range inter-
by=by, resulting in5;=0. In this case the stat¢s 1) and  action. Thus, for it to become important, a dot asymmetry is
|-1) are eigenstates OFlexchange If, however, the rota-  required. For dot structures that exhibit rotational symmetry
tional symmetry is brokeni#b,), the angular momentum (y,=y,) it vanishes, as does the short-ranged @artThe
is no longer a good quantum number, and khe= =1 exci-  principal scheme of the fine-structure splitting given in Fig. 1
tons are mixed with one another. In contrast, the excitongemains unchanged by the inclusion of the long-range inter-
with [M|=2 always hybridize, independent of the dot sym-action, except for an enhancement of the splitting of the
metry. bright exciton doublet. From this splitting the relative impor-

Table | shows the eigenstates and their energies obtaingeince of the two contributions to the exchange interaction
from diagonalizing the exchange Hamiltonigig. (1)]. For  cannot be traced. In general it is assumed that &,. The
structures withD 4 symmetry thg +1) and|—1) states are influence of the cubic terms in the short-range interaction
degenerate. On the other hand, for broken symmetry theould, however, be determined from a splitting of the dark
eigenstates offexchange@r® symmetric and antisymmetric exciton doublet.
linear combinations of the angular momentum states, and are
split from one another by;. The energy splitting between 2. Nonzero magnetic field

the two hybridized states of-2) and|—2)_is equal 103, The general form of the interaction of the electron and
The splitting patterns are shown schematically in the centrql]o|e spins with an external magnetic fid@¢- (B, ,B, ,B,) of

part of Fig. 1 for quantum dots witDq and with lower 5 hivary strength and orientation is given®b§f>°
symmetry. For the splittings between the exciton doublets,
8,> 6, holds exactly. In general, both splittings should be 3
rather small compared t6,, because they are given by the HzeemahB)= _MBZ (+0e,iSe,i = 2kiIn,i—20iJp,)B; -
coupling matrix elements that are proportionalJﬁa

a. Long-range exchange interactiomhe main effect of : - - e
the short-ranged exchange interactiondependent of the Parameters in the Luttinger-Kohn Hamiltoniar¢-q;).
symmetry of the structurgss a splitting of the exciton mul- @ Faraday configurationFirst the Faraday configuration
tiplet into bright and dark pairs of states. The effect of theWill be considered, in which the magnetic field is oriented
long-ranged part, on the other hand, is twofold: First, it con-2long the heterostructure growth directidsi|¢). Due to the
tributes to the splitting of the bright and dark excitons. Sec estriction to heavy-hole excitons, the Hamitonian can be
ond, it causes a splitting of the bright excitons in structuresimplified by making use off, ,= 9/4:
with symmetry<<D,4 in transverse and longitudinal compo-
nents, while it does not influence the dark states. In the zero-
field Hamiltonian Heychange OF EQ. (2) it can be included

: ()

ug is the Bohr magnetong; and k; are the valence-band

Oh,
ngemavgB):_/J“B ge,zse,z_Tz‘Jh,z B,. (4
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The effective hole factor g, , is related to the Luttinger-Kohn parametersdyy,=6x«,+ 13.51,.72 Again using the basis of
exciton states from Sec. Il A1, the matrix describing the Zeeman interaction is given by

+(ge,z+gh,z) 0 0 0
E meB, 0 _(ge,z+gh,z) 0 0
H zeemargB) = 2
0 0 _(ge,z_ gh,z) 0
0 0 0 +(ge,z_ gh,z)

The matrix has a diagonal form because of the rotationathe evolution of the exciton fine structure splitting in a mag-
symmetry of the Hamiltonian around thleaxis. The total netic field (the Faraday configuratipnWe note that due to
Hamiltonian of the system is obtained by addingtheir different symmetries the lower-energy level of the
HE eemakB) tO Hexchange Here the strength of the diagonal bright excitons and the upper level of the dark excitons cross
matrix elements can be tuned relative to the strength of theach other with increasing field.
off-diagonal ones through the magnetic-field dependence of b. Voigt configuration.An orientation of the magnetic
the Zeeman interaction. field perpendicular to the heterostructure growth direction,
Tables Il (for D,q symmetry and Ill (for brokenD,y  i.e., in thex-y plane, changes the matrix representation of the
symmetry show the exciton energies and eigenstates in @eeman interaction significantly. For the analysis we will
magnetic field. Here the definition8;=ug(de,+0n,)B,  Neglect terms which are cubic in the hole momentum. Their
and — B,= ug(de .~ 9n 2) B, have been used. For a quantum coefficientsq; are small as compared tq for quantum dots
dot with D,4 symmetry the spin splitting of the- 1 states of high symmetry, which are of interest in the corresponding
increases linearly with increasing magnetic field. For theexperiments described below. For simplicity we consider
dark excitons, the spin splitting shows a nonlinear depenonly the case of a magnetic field aligned either along«tbe
dence orB because of the hybridization of thi&l|=2 exci- Y direction. The matrix representations of the corresponding
tons at zero field. For an asymmetric quantum dot of lowetHamiltonians are written as
symmetry thg M |=1 exciton states are linear combinations
of the angular-momentum eigenstates, where the coefficients

depend on the magnetic field. Their energy splitting deviates 0 0 Oex 9h,x
from a linear dependence: For low fields it varies quadrati- 0 0 g

cally with B. Only for high fields, for which the Zeeman v :MBBX hox Gex
interaction energies are considerably larger than the ex- zeemaix 2 Jex On,x O o |’
change energied;(A,), is a linear field dependence found

for the spin splitting. The left and right parts of Fig. 1 show In,x Jex 0 0

TABLE Ill. Excitonic states in the magnetic field in structures with symmetry lower gy (Faraday
configuration. B;=pug(de,+09n)B; and —B,=pup(de,—9n)B,. The normalization constants;,

i=1,...,4depend on the magnetic field.
Energy Eigenstate
+3 80+ 36+ B B, g
Lo=Ngl+ 2+ 5+ 1+ 5] |- 1)
1
+580— 3\ 87+ ] B ,31
L)=Nal[+ D +| ==\ 1+ 2 |=1)]
~Son+ VET s [ B
NJ|+2)+|=+\/1+—=]||-2
~ 280 3V5+ B
N4[|+2>+ = —2 |—2>]
2
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TABLE IV. Excitonic states in the magnetic field in structures of symmetry lower thap (Voigt
configurationéHéx). The coefficientsy; and the normalization constanltg are functions of the magnetic
field. Theq;, i=1,...,4vanish in the limit of zero magnetic field, because the state mixing is caused by
the magnetic field.

Energy Eigenstate
+3[+(81+ 82) +V(280+ 81— 52)°+4(Gex— Inx) ‘1587 Ni[([+1)—=[=1)) +as(|+2)—[-2))]
+H = (81+ 82) + (280— 81+ 85) 2+ 4(Dex+ Onx) 214382 No[(|+1)+]= 1))+ ex(|+2)+[=2))]
—2[—(81+ 8) + (280 + 81— 5,) %+ 4(Dex— Inx) *15B] N3[(|+2)—=[=2)) + as(|+1)—|-1))]
— 2[+ (81 8,) +\(280— 61+ 52) %+ 4(ex + Gn ) 5B Na[([+2)+[—=2)) + (| + 1) +|—-1))]
0 0 Jey —Oh,y energies with increasing magnetic field, while the energies of
Y z the [M|=2 excitons are lowered bf. Consequently, the
v . MgBy 0 0 On,y ey energy splittings between the exciton states increase.
,]_(zeemat:ry:I T —g I 0 0
i 2¥ 3. Complete symmetry breaking
"9y ey 0 0 Finally let us discuss the case of a fully broken symmetry

o of the quantum dots. Such a symmetry breaking could be
Due to the pseudovector character of the magnetic field, th@btained, for example, by a very inhomogeneous strain dis-

following relations hold for the in-plane electron and hole yipytion. In this case the method of invariants is no longer
g factors in symmetric quantum dotgex=—Jey @nd9hx  appropriate to analyze the exciton fine structure. Here we
= —ny- Only under these conditions is the Hamiltonian jhtend to give only a qualitative analysis of this situation.
invariant with respect to in-plane rotations of 90°. In contrastrhe classification of the exciton states as dark and bright
to the Faraday configuration, the matrix now has off-gnes pecomes impossible, the complete breaking of the rota-
diag(_)nal elements. The in-plane magn_etic field_ destroys thggnal symmetry causes a mixing of the four band-edge ex-
rotational symmetry, and causes a mixing of bright and darlgjton states, due to which all become observable in the opti-
excitons, resulting in the observability of the “dark” states in ¢4 spectra. Because of this mixing, in the Faraday
the spectra. In a classical picture the carriers rea@,toor  configuration one no longer expects a crossing of the states
respectively toB,, by a precession of the carrier spins corresponding to th=—1 and the+2 excitons when
around the field. Due to the precession of the electron spifhey approach each other with increasing magnetic field. In-
the +1 (—1) exciton couples to the-2 (—2) exciton,  stead, an anticrossing of these states should be observed. To
while the precession of the hole couples thd and the  restore the rotational symmetry, high-magnetic-field
— 2 excitons as well as the 1 and the+2 excitons. Eigen-  strengths are required, resulting in a interaction of the carrier
states and energies for the Voigt configuration are given igpins withB so strong that the spins are effectively decou-

Tables IV B|x) and V (Bly). Figure 2 shows a sketch of pled and exchange can be neglected.
the exciton fine structure in the Voigt configuration. For sim-

plicity we have assumed that the exchange energy splittings
8, (A,) and &, are negligibly smallwhich is in good ap-
proximation valid for D,q symmetry. In contrast to the As an example of a trion compl€x,’* here we consider
crossing behavior observed for the Faraday configuratiorthe negatively charged triod™. The arguments for this can
the spin splitting now shows a kind of anticrossing behaviorbe easily transferred to the positively charged excKon In
The excitons which are bright =0 both shift to higher its lowest-energy state™ consists of two electrons of op-

B. Charged excitons

TABLE V. Excitonic states in the magnetic field in structures of symmetry lower thgn(Voigt con-

figuration I§||éy). The coefficients8; and the normalization constanit§ are complicated functions of the
magnetic field.

<D2d

Energy Eigenstate

+i[+ (01— &) +\(280+ o, + 52)2+4(ge,y_gh,y)2M§Bz] Ni[([+21)—|=1))+iBs(|+2)+|-2))]
+3[— (81— 8) +\(28,— 8, — 85)°+4(geyt Ony)°1eB?] NoL([+1)+[=1))+iBa(|+2)—[-2))]
— i+ (61— &)+ (28— 6, - 52)2+4(ge,y+gh,y)zﬂé82] Na[(|+2)—|—2))+iBs(|+1)+|-1))]
— il (81— &) +\(260+ 6, + 85)?+4(9ey— On,y)°1sB?] NAL([+2)+[=2)) +iBa(|+1)+[—1))]
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. . . TABLE VI. Nominal parameters of the different quantum dot
Voigt-configuration I samples studied in the present experiments.

B=0 Dot material Barrier material
Sample A IR Gy aAS GaAs
1 Sample B InAs GaAs
41 _ Sample C InAs A 3Gy 7AS
— | 8,A
49 0’=0 B

allowed, if the magnetic field is aligned in the Faraday con-
+2 figuration. If this symmetry is destroyed by confinement po-
tential asymmetries, however, a mixing of angular momen-
tum states may occur activating the “dark” part of the
charged exciton complex.
Similar to the case of a neutral exciton, such an activation
naturally is possible when the field is aligned in the Voigt
FIG. 2. Scheme of the exciton fine structure in a magnetic fieldconfiguration. Such experiments are a clear criterion of
aligned in the Voigt configuration. Here only the case of quantumwhether an excitonic complex is neutral or charged, indepen-
dots of high symmetr{D,4 is shown, for which the dot-asymmetry- dent of the dot symmetry: When the energies of the bright
induced exchange energy splittingsandA ; of the bright excitons  and dark exciton converge f@— 0, in contrast to the situ-
as well as the hybridization energy of the dark excitons vanish. ation sketched in Fig. 2, this can only be explained by emis-
sion from trions. Summarizing the considerations, the fine
posite spin and a hole with two possible spin orientations, alktructure of the charged ground-state exciton recombination
carriers being in their ground single-particle states. The comis obtained from that of an exciton by setting the exchange
plex can be considered as a hole interacting with a spinenergy splittings to zero.
singlet electron pair. Therefore, the exchange energy splitting Recently there have been reports of a strong suppression
at zero field should vanistat least for quantum dots in the of the spin relaxation in quantum ddts’® Thereby the case
strong confinement regime, which is the case for the strucef a charged exciton becomes more involved, since it might
tures studied hejeFor the emission spectrum, not only the be in an excited state. As an example, here we will discuss a
initial state but also the final state after recombination of arcomplex consisting of an exciton in the quantum dot ground
electron-hole pair are important, as demonstrated for thehell plus an electron in the first excited shell. When the
emission of the biexciton complex. This final state is givenelectron in the higher shell has a spin orientation identical to
by a single electron. Consequently no exchange energy splithat of the electron in the ground shell, its relaxation is
ting is observed in the emission &f . blocked as long as no spin relaxation occurs, and an excited
We want to point out that we expect this cancellation ofX~ complex is formed. This electron triplet will have Cou-
the exchange for quantum dots in the strong confinemeribmb interactions different from those in the ground state
regime only. Then, in the spin-singlet state, the wave funcX™, which is an electron-singlet state. The energy difference
tions of the two electrons in the trion have about the saméetween these two complexes will be reflected in the emis-
spatial distributions, leading to a zero local spin density ofsion spectrum, which arises from the recombination of the
the electrons. In weakly confined dots as well as in structureslectron-hole pair in the ground shell. Again only the con-
of higher dimensionality, on the other hand, the Coulombfigurations with M=+1 can be observed in symmetric
interaction might cause a strong mixing of the ground statestructures, whereas a symmetry breaking causes the observ-
with higher-lying orbitals and a corresponding redistributionability of the dark configurations. Analogous to the case of a
of the carrier wave functions, so that the local spin densitycharge neutral exciton, the dark and bright states are sepa-
might be different from zero. rated by the electron-hole exchange interaction. Further, a
A magnetic field causes a spin splitting of tké exciton  quantum dot asymmetry will lead to an exchange splitting of
state. In the initial state the splitting is given by that of thethe bright exciton part. Applying a magnetic field, each con-
hole, and in the final state by that of the electron. As a resultfiguration, the bright one and the dark one, splits into a dou-
the splitting of the emission line is identical to the splitting of blet in the emission spectrum. The spin splitting will be the
a neutral exciton, because it is given by théactor of the same as for a neutral exciton because it is given by the
recombining electron hole pair. Thgfactor of this electron-  s-shell recombination.
hole pair is identical to that of an exciton, as long as the
electronic band structure is identical to that of an uncharged
dot. If the excess carrier originates from an impurity in the
dot or close to it, this impurity might lead to a change of the In the present work different types of self-assembled
band structure, in particular of the band mixing, and thus tdn(GaAs/(Al)GaAs quantum dots have been studied by
a change of the factors. Similarly to the case of a neutral magnetophotoluminescence spectroscopy. The compositional
exciton, for symmetric quantum dots only the recombinationparameters of the samples are given in Table VI. We empha-
of an electron-hole pair with an angular momentuni is  size that all the samples are nominally undoped. The first

Ill. SINGLE-DOT SPECTROSCOPY
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energy [eV] energy [eV] energy [eV]
1.278 1.279 1.280 1.309 1.310 1.312 1.313

dot 1 dot 2 dot 3

norm. intensities

1.2‘784 1.2I788 1.3688 1‘3.092 1 .3‘096 1 .3|120 1A3I124 1.3‘1 28
energy [eV] energy [eV] energy [eV]

FIG. 3. Polarized photoluminescence spectra of three differenjf®a 4/As/GaAs self-assembled single quantum dgke several
panel$, each representing a class of dots with a specific fine structure pat®rGtlower tracesand 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 detected.

type of structures were §ndGa, 4/As dots embedded in a be analyzed by a quarter wave retarder and linear polarizers.
GaAs matrix!” and the second were InAs dots embedded in  Comparing the recorded single-dot spectra we find that
GaAs’® Finally, we have also studied InAs quantum dotsthe observed spectral half-widths vary from slightly less than
surrounded by an AkdGa, 1 AS matrix’® We want to point 40 to more than_ZOQueV. In any case they are c_IearI_y Iqrger
out that all these structures are quantum dots in the stron@ the half-widths expected from the radiative lifetimes,

confinement regime, that is, the exciton radius is consider?/Nich are about 1 ns. Most probably these variations arise

ably larger than the dot radius. This results in energy Split_from charge fluctuations at the lateral surfaces of the mesa

. : : . structures: At these surfaces, charges which are created by
tings between th(_a conflr!ed_smgle part|cl_e shétist can b_e e laser illumination are trapped, and cause an electric field
estimated from high excitation photoluminescence studies

. ; hich results in a Stark shift of the quantum dot ener
g.Ot d?”aﬁ which are about a factor 2 larger than the eXCltoNayels, The surface occupancy with che?rges varies duringgr)(/e-
inding energy.

. . cording of the spectrunitypically one minute integration
Lithography was used to fabricate small mesa structure§ne) Therefore in the spectra an emission band is effec-

on the as-grown samplé@.lg.By varying the lateral mesa tely observed, which is given by the superposition of the
sizes down to~100 nm, a single quantum dot or very few seyeral Stark-shifted emission linéwith homogeneously
quantum dots could be isolated and studied by convention@roadened linewidthscorresponding to the different charge
far-field spectroscopy. For these experiments the quantumistributions. This interpretation is supported by the increase
dots were held in the liquid helium inseff€1.5 K) of an  of the half-width when the optical excitation power is in-
optical split-coil magnetocryostaB&8 T). The orientation  creased, which enhances the fluctuations of charge on the
of the magnetic field could be varied relative to the heterosurface. This is further supported by the observation of an
structure growth direction. For optical excitation a cw*Ar increase of the half-width with decreasing mesa structure
laser was used. The illumination power was limited to abousize, leading to an increasing importance of the sidewalls.
100 W in order to create only single electron-hole pairs inFor a mesa size of about 400 nm we observed the sharpest
the dot structures. The emission of the dots was dispersed biynes of ~35 weV. In contrast, for the smallest mesa struc-

a double monochromator with a focal length of 0.6 m, andtures with a lateral size of 100 nm, we were unable to ob-
detected by a liquid-nitrogen-cooled charge-coupled deviceserve single-dot emission with a half-width of less than
camera with a Si chip. The polarization of the emission couldL00 eV
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IV. DISCUSSION OF THE EXPERIMENTAL DATA 0.8

06 -

A. Splitting pattern for a neutral exciton
1. Faraday configuration Ui

a. Experimental observation¥he three panels of Fig. 3 02}
show polarized photoluminesecence spectra of three differen
Ing 6dGay 40AS/ GaAs single quantum dotsample A which
were recorded aB=0 (lower tracey andB=8 T (upper
traces.!® The magnetic field was aligned parallel to the het-
erostructure growth direction. The zero-magnetic-field spec-
tra were analyzed with respect to their linear polarization,
while at high fields the circular polarization of the emission gL
was studied. These three quantum dots resemble the thre
different classes of structures into which all the neutral exci- -o8l-4—o»b—— L 1L L L1111 L 1 L |

. . 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
ton fine-structure patterr)s n theO'I&GEbAOAS/GaAS quar.]_ magnetic field [T] magnetic field [T] magnetic field [T]
tum dots can be categorizEtiThe spectra of dots belonging
to one class all show the same principal features, although F|G. 4. Exciton transition energies of the three different
the fine-structure parameters, exchange energiesgdad-  Iny¢(Ga, 4/AS/GaAs self-assembled quantum deitse several pan-
tors vary from dot to dot. els) shown in Fig. 3 plotted vs the magnetic field. Symbols give the

The emission from dot Ueft pane) shows no significant experimental data, and lines give the results of fits to the data using
linear polarization at zero magnetic field. In contrast, thethe forms of the state energies in the exciton fine structure multiplet
emission of the two other quantum dots is split into Iinearlygiven in Tables Il and Ill. To focus on the fine-structure effects, the
polarized spectral lines &=0. The splitting between these diamagnetic shift of the center of emission has been subtracted in
lines is about 120u.eV for dot 2(mid pane) and 150 eV ~ €ach case.

fqr dot 3(_right pane). In a nonzero magnetic field, th‘? emis—. The symbols in Fig. 5 show the resulting magnetic-field de-
sions split due to the Zeeman interaction of the exciton Spmpendencies of the exciton spin splitting§E=E(o)

mth BaAtS art]:ommon felza}[ture_ £|:8 T,I th_e st_pectraTﬁf alll —E(o"). The left panels in Figs. 4 and 5 show the data for
ree dots show compliete circular polanzations. 1he oW, 1 " The dot emission splits linearly into a doublet with

. X ;
energy part of the spectrum is” polarized, and the high- increasingB. AE=+1.4 meV at 8 T, corresponding to an

energy one iy~ polarized. However, the number of spin- excitong factor of — 3. The solid lines give the results of fits

spl!t _Ime; varies from d.Ot to dot. Far the first two d.OtS 410 the experimental data using the calculated energies in
splitting into a doublet is observed, whereas the third dOLI'abIes Il and 11l

exhibits a splitting into a quadruplet. Nevertheless, the spin
splitting in this case between the two emission features ogh
strong intensity is equal to the spin splittings observed for
dots 1 and 2.

b. DiscussionThe analysis of the exciton fine structure 14
for quantum dots of different symmetries in Sec. Il permits
us to understand the features observed for the sample A dot:
From the experimental data we find that there are two char- |
acteristic quantities from which information about the quan- % '
tum dot symmetry can be derived: The first quantity is the £ os |-
magnetic-field dependence of the energy splitting betweer £
the spectral lines. The second one is the polarization of the?—1 0.4
emission. Both quantities will be discussed in the following. £

The simplest situation is found for dots exhibitimy,y
symmetry, for which the exciton angular momentiunis a 02 F
good quantum number. In this case a single emission line is ,
observed aB=0 due to the recombination of the degenerate 00 *
M= +*1 excitons, as observed for dot 1. Applying a mag- s SN NI T N
netic field results in a spin splitting. The symbols in Fig. 4 0 2 4 6 8 0 2 4 6 8.0 2 4 6 8
show the observed exciton transition energies as functions o magneticfield [T magneficfield [T} magnetic field [T]
the magnetic field for the three sample A dots of Fig. 3. To £ 5. Magnetic-field dependence of the exciton spin splitting
facilitate a discussion of the fine-structure effects, we haves the three different In.Gay4AS/GaAs single quantum dots
subtracted the energy of the center of the emission lines foghown in Fig. 3the several panelsSymbols give the experimental
each field strength. This center of emission shifts diamagdata, and lines the results of fits to the data using the forms obtained
netically «<B? to higher energies with increasir®) For the  from diagonalizing the exciton fine-structure Hamiltoni@ables II
INg 6dG & 40AS/GaAs dots the shift is-0.4 meV up to 8 T.  and IlI).

0.0 - &

-0.2

energy [meV]

.04

The situation becomes more complicated for a dot with a
ape deformation for which the rotational symmetry is bro-

12

04 -

spi
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ken. But still the dot structures shall exhibit symmetries such — 1 T T T T T

asC,, or C,, so that no mixing of dark and bright excitons o i -
occurs. The nonvanishing off-diagonal elements in the sub-
space of the bright excitons HeychangeMiX the states with
M=+1 and—1. The new coupled eigenstates repel each
05 |- -

other, and the emission from these quantum dots is split by
the exchange energl,, as observed for dot 2 in Fig. 4
(middle panel. From the transition energies we obtail\a
of about 120 ueV. The magnetic-field dependence of the
spin splitting for dot 2 is shown in Fig. Gniddle panél. In
contrast to dot 1, at lovB the energy splitting between the
exciton transitions increases quadratically wBhand then
transforms into a linear dependence. The transition into a
linear dependence occurs for about 2 T, because at these field
strengths the diagonal Zeeman interaction terms in the
Hamiltonian are already considerably larger than the off-
diagonalA ;. This means that the rotational symmetry is only (m]
moderately broken, and it can be easily restored by a mag- R =
netic field. i e
Finally, the behavior of dot 3 with a quadruplet splitting 0 1 2 3 4
in magnetic field shall be discussed. The observation of four
exciton emission lines implies that the dark excitons become

visible and that any possible dot symmetry is lifted. This kG, 6. Circular polarizatiorP¢ (as defined in the texof the
symmetry breaking can have different origins: First, theexciton emission of a highly symmetric and an asymmetric
quantum dot symmetry can be badly broken, so that it exhibm, ,Ga, ,/As/GaAs single quantum détiots 1 and 3 of Fig. Bas

its no symmetry at all£C,). In this case all four band-edge a function of the magnetic field. Symbols give the experimental
exciton states should already be observable at zero magnetiata, and the lines the results of calculations using the fine structure
field. From the spectroscopic data we obtain no clear prooparameters determined from the fit to the data in Fig. 4.

of such a behavior, becauseBx0 only two emission lines

are observed, which are, however, rather broad. In additiorin Sec. Il, as the comparison of the experimental dsyan-

the symmetry breaking could be also magnetic field inducedhols) with the results of the fit¢lines) shows. However, no

for which we envisage the following picture: If the dot struc- clear distinction concerning the relative importance of the
ture (and therefore its interngl001] crystal axi$ is slightly ~ short- and long-ranged exchange contributiomtocan be
tilted with respect to the heterostructure growth direction, thenade from these data. We note, however, that a linear ex-
spectroscopy is effectively no longer performed in Faradaytrapolation of the “dark” exciton splitting td=0 results in
configuration because there is a field component in the quara splitting of about 50ux.eV, which can arise only from the
tum dot plane. This component, which is described byshort-range interaction within the model discussed.

Iny ,Ga, ,,As/GaAs
00 & ® quantum dot 1 .

O quantumdot 3

degree of circular polarisation

magnetic field [T]

H\Z’eemamy, causes a mixing dM|=1 and 2 excitons, mak- The different behaviors of the quantum dots also show up
ing the dark ones visiblésee below. in the magnetic-field dependence of the circular polarization

Recent studies revealed that the spin relaxation in quarPc of their emission. The degree of polarizatidh, is
tum dots might be strongly reduced, i.e., the spin relaxatiorglefined by
time might become considerably longer than the radiative
lifetime of the electron-hole pairs:’® This could result in a
significant emission intensity from the predominantly dark Pc= T ®
excitons(as observed in the experiments for dat&@though
the in-plane field components are rather small, and therefore@here are the intensities of the polarized compo-
the mixing of the statefM|=2 with the bright excitons is nents in the spectra. The symbols in Fig. 6 show the experi-
rather weak. A weak symmetry breaking is supported by themental data for thé> as function of magnetic field for the
spin splitting of the predominantly bright excitons being two Ing gdGay 40AS/GaAs quantum dots 1 and 3 of Fig. 3. For
equal to the splitting observed for the dot structures 1 and 2each dot two branches are shown corresponding to the two
The right panel of Fig. 5 shows the dot 3 Zeeman splittingsstates within the bright exciton doublet: The one wih
between the predominantly briglffull symbolg and dark >0 shows the data of the low energy lifwhich becomes
(open symbolsexcitons as a function d8. Similarly to the o™ polarized at higiB), whereas the one witR-<0 gives
case of dot 2, for the bright excitons in dotAE depends the data for the high-energy lingvhich becomesr~ polar-
quadratically orB for low fields and has a linear dependenceized at highB). Here we determined thie”/~ by spectrally
at high B. The splitting AE between the “dark” excitons integrating over the emission lines. For dot 3 we have evalu-
shows a lineaB dependence in the field range in which theseated only the intensity data of the two emission features of
states can be resolved. All the results can be well describegtrong intensity. Whereas dot 1 already shows a fully circu-
within the framework of the exciton fine structure developedlarly polarized emission for very small magnetic fields, the

e

|+/* +/=
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polarization transforms gradually from a linear to a circular —T— T/
one for dot 3. The behavior of dot ot shown is very
similar to that of dot 3. For both these structures complete 300 k-
circular polarization is observed f&>3 T only. This tran-
sition reflects the restoration of the rotational symmetry by
the magnetic field.

The P can be calculated from the exciton eigenstates in

mean
dot diameter

guantum dots with symmetry lower th&, (see Table 1), 2001 T
Po(Lyp)=F1+ ! (6)
C 1/ =+l
r2+ryl+ri+1 100k bulk In, ;,Ga, ,,AS

for the stategLq,,) as defined in Table Ill. Here we have
introduced the ratia of the spin splitting of theM =|1|
excitons to the asymmetry energy=(Je .+ 0n ;) ugB/A;.
At low magnetic fields (—0) the circular polarization van- 0
ishes,P-—0, because the fine structure eigenstates are lin-

ear combinations of the circularly polarized excitons. At high L L
fields the Zeeman interaction is much larger than the asym- 0 10 20 30 40 50 110 120
metry exchange interactiorr {-). Then the off-diagonal
elements can be neglected, and the linearly polarized states

exchange energy A, [ueV]

dot diameter [nm]

|Ly/) transform into circularly polarized states: FIG. 7. Dot diameter dependence of the electron-hole exchange
energy &, for InggfGay 4AS/GaAs self-assembled quantum dots.

|L1>—>| +1), Symbols show the experimental data, and the line gives the results

of variational calculations described in the text. The gray-shaded

|L2>—>| —1), region indicates the variation of the quantum dot diameter around

its mean valud,,=22 nm.D,, has been obtained from scanning
and consequentlPc— *=1. TheP¢ calculated with the ex- electron microscopy.

perimental quantum dot fine structure parameters are shown
by the lines in Fig. 6, from which a good agreement with thethat the dots have a cylindrical shape with a fixed height-to-
experimental data is seen. For the present quantum dots thedth ratio of 1:3. Then we calculate the single-particle lev-
Zeeman splitting becomes comparable to the asymmetry erls in such a cylinder by correlating the deviation of the
ergy 6 in dots 2 and 3 for small magnetic fieldsl T.For  emission energy frork,, with the deviation of its size from
quantum dot 3, having the largest, theP¢ is already 50% D), for a particular single dot.
at 0.5 T and 80% at 1 T, and approaches unityBor2 T. The dependence df, on the dot diameter calculated in
From studying a large number of single quantum dots othis way is shown in Fig. 7 by the squares. For comparison,
sample A, further insight into the behavior of the exchangeA,=4.3 ueV for bulk InygdGay 4As is also shown there,
energies can be obtained. A zero-magnetic field extrapolatiowhich was determined from the experimental valué gffor
of the dark exciton transition energies for dots exhibiting apylk GaAs by scaling it with yg where ag is the bulk
quadruplet spin splitting gives the electron-hole exchangexciton Bohr radius? We find that the observed exchange
energyAo= 8o+ yo, Which is the energy difference between energy increases strongly with decreasing dot size. In com-
the bright and dark exciton doubletsB#= 0. We find strong parison to bulkA,, it is enhanced by more than an order of
variations ofA, from about 100 to 250ueV between the magnitude. This increase shows the strong influence of quan-
different dots. Furthermore, typically increases with the tum confinement on Coulomb interaction enerdie€. We
increasing energy of the emission within the have also performed detailed numerical calculationa oin
INo.6dGa.40AS/ GaAs dot ensemble. This is an indication thatthese quantum dots. For cylindrical dofs, is given by the
the exchange energy increases with decreasing dot size. ghort-ranged contribution to the total exchange energy, and it

major problem for understanding the electronic properties ofs obtained from the probability of the electron and hole
self-assembled quantum dots is, however, the lack of knowlpeing at the same position®s

edge of the dot size and shape, which limits the correlation
of experimental data from optical studies with microscopic bulk 3 5 s s
calculations. %0= 6o X(WaB)de rWx(re=rp)l*. (7

A correlation between the exchange energy and dot size
can be obtained in the following way: From scanning elec-Here 55" is the exchange energy in the bulk, affg is the
tron micrographs of an uncapped sample we determine exciton wave function, which is calculated by a multiparam-
mean dot diameter db,,=22+6 nm. We assume that the eter variational treatmefit. For the dot shape we use a cyl-
energy of the luminescence of dots with a diam&gy cor-  inder with a height to width ratio of 1:3 to represent it, as
responds to the centé&, of the emission band of an unpat- mentioned above. We find that the results & are rela-
terned reference sample. Further, for simplicity, we assumévely insensitive to the shape assumed for the dot, but are

195315-11



M. BAYER et al. PHYSICAL REVIEW B 65 195315

200 energy [eV]

1.305 1.306
In. Ga, , As/GaAs . T . T

0.60 0.40

quantum dots

160 |-

_ =

s L 21

o [ ] [ 2

= £

i 120 | - g

S - : g

c [

(0]

o 80 -

(®)]

S 2

O 40 [ | H L "é'
£
o]
c

0 | L 1 . 1 i ] AN\ .
1.30 1.31 1.32 1.33 . 1 N
1.299 1.300 1.301
energy [eV] energy [eV]

FIG. 8. Asymmetry induced exchange energy splitting= &,
+ vy, of the bright excitons aB=0 as a function of the dot emis-
sion energy for 1pgdGay 40AS/GaAs single quantum dots.

FIG. 9. The two panels show polarized photoluminescence spec-
tra at zero magnetic fielottom tracesand atB=8 T (top tracey
of two different InAs/GaAs single quantum dots. For both field
strengths the linear polarization degree of the emission was studied.
determined mainly by the dot volume. For these calculationghese dots represent a fourth class of structures observed for
we have used the following parameters,=0.0404 and sample B besides the three classes observed for sample A.
mp=0.35 for In sdGay 4AS, andm,=0.0665 andmn,=0.35
for GaAs. The band offsets are 468 meV for the conductiorGaAs structures. Due to this smaller dot size, the excitonic
band and 230 meV for the valence band. For the dielectriproperties should become more sensitive to shape asymme-
constant we used a value of 15.0. The solid line in Fig. 7%ries. In addition, the electron-hole exchange enefgy
shows the results of these calculations, which are in accorghould be considerably enhanced. Summarizing the observa-
with the experimental data. To a good approximation, thetions for all studied InAs/GaAs quantum dots, the same three
exchange energy varies with the quantum dot diameter asasses of structures as for the §Ga, 40ASs/GaAs quantum
1/D3, which explains the observed strong variation &f  dots are observed. In addition, we find another class exhib-
with dot size. iting a different neutral exciton fine structure pattern.

In addition, the variation of the exchange enefgy(also Figure 9 shows photoluminescence spectra of two differ-
given by the short- and long-ranged exchangems be de- ent InAs/GaAs single quantum dots belonging to this fourth
termined from the spectroscopic data for quantum dots witltlass which were recorded &=0 and 8 T. At both field
brokenD ,4 symmetry. The data are plotted in Fig. 8 as func-strengths the emission has been analyzed with respect to its
tions of the dot emission energy Bt=0. In contrast ta\, linear polarization. For the two dot structures, at zero field,
A, characterizes the asymmetry of the structure and thuthere are two intense emission lines of orthogonal polariza-
depends strongly on the dot shape. On the other hand, it hai®n on the high-energy side. Additional emission of weaker
no direct correlation with the dot emission enei@g., the intensity appears on the low-energy side. For the first dot two
dot sizg.84 From the spectroscopic data we find a maximumspectral lines, which are fully linearly polarized as well, ap-
of 150 weV for A4, that varies within the experimental ac- pear. For the second dot, however, a single line is observed
curacy down to zero. Still the relative importance of theonly. Using the terminology developed in Sec. I, we con-
short- and long-ranged contributions 4q is not clear. clude that the high-energy features originate from recombi-

For the I ¢fGay 40AS/GaAs quantum dots of sample A, nation of electron-hole pairs which consist predominantly of
no clear spectroscopic evidence was obtained that the ob:1 excitons, while the character of the low-energy features
servability of dark excitons arises from a complete geometriés mostly =2 excitonlike. However, the observability of the
symmetry breaking. To obtain further insight, we have stud-‘dark” states even at zero magnetic field shows that the sym-
ied InAs quantum dots which were embedded in a GaAsnetry of these dots must be strongly broken, and that an
matrix (sample B.2* From scanning electron microscopy we analysis of the fine structure using the Hamiltorég change
find that the average diameter of these dots is about 15 nnis not sufficient. Still, for reasons of simplicity, we will con-
which is considerably smaller than for thegbGay4AS/  tinue the analysis within this framework. When ap-
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FIG. 11. Linear polarizatiorP_ of the emission from the pre-

FIG. 10. Upper panels: exciton transition energies observed foflominantly “bright” excitons in InAs/GaAs single quantum dots
the InAs/GaAs single quantum dots shown in Fig. 9 as functions ofSample B with strongly broken symmetry as a function of the
magnetic field. Lower panels: magnetic-field dependence of the exhagnetic field in comparison to the polarization degree observed
citon spin splitting observed for the InAs/GaAs single quantumfor an InefSa 4As/GaAs quantum dotsample A of reduced
dots. The lines serve as guides to the eye. symmetry(dot 3 of Fig. 3. The lines are guides to the eye.

. o ) ) by the results for the second dot, but the opposite is true for
plying a magnetic field, the high- and low-energy lines aréyq first dot. In a nonzero magnetic field the splitting between
seen to split into doublets for both quantum dots. Howeverihe emission lines increases. For the first dot, the splittings
no transformation to a complete circular polarization iS¢y, poth doublets depend quadratically Brup to high fields,
reached, in contrast to theglgyGay 4cAs/GaAs quantum dots a5 seen from Fig. 10ower panels The splitting between
of sample A. o _ the high-energy features is0.8 meV at 8 T, while it is

The upper panels in Fig. 10 show the observed transition_g 5 mev for the low-energy doublet. For the second dot,
energies as function of the magnetic field for the two InAs/ine pehavior is qualitatively identical to the first dot for the
GaAs quantum dots of Fig. 9. For clarity, again the energy ofredominantly bright excitons, whereas the splitting between

the center of the strong emission lines has been subtracteg, predominantly dark excitons shows a lin@depen-
From the splitting between the centers of the bright and darlyence within the experimental accuracy.

exciton emission doublets &=0 we obtain electron-hole Turning to the polarization of the emission from the

exchange energies,~400 and 450..eV, respectively. We  sample B quantum dots, we found that even at the highest
have made calculations df, like those in Eq(7) and find  magnetic fields the emission exhibits a considerable linear
thatA_O=325 neV for a QOt radius of 15 nm. The emission polarization, as seen from the spectra at &g. 9). This

energies of the two studied quantum dots are located abo\@eans that the rotational symmetry cannot be restored by the
the center of the emission band of an unstructured referengg|ds available in the present experiments. Figure 11 shows

sample, indicating dot radii smaller than the average ongne degree of linear polarizatid®, defined by
which will lead to a further enhancement af,. Thus the

calculations are in reasonably good accord with the experi- =1

mental data also for the InAs/GaAs quantum dots. Pi=177 (8)
From the splitting of the upper doublet we obtain ex- I

change energies @; =180 and 150ueV, respectively, for for the two INAs/GaAs quantum dots of Fig. 9 plotted versus

the two dot structures. More interestingly, for the splitting of the magnetic field. Herg andl, denote thespectrally in-

the lower doublet, strong differences 65, 90 ueV and 0, tegrated intensities of the emission polarized parallel and

respectively, are found. As discussed above, within theerpendicular to the110] crystal direction. With increasing

model of Sec. Il this splitting arises from the short-rangeB the linear polarization decreases from 1Bat 0 to about

exchange, which is believed to be small. This is confirmed.2 at 8 T. Using the eigenstates in Table Il for calculating
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FIG. 12. Zero-magnetic-field exchange energy splittingse- B=0
tween the predominantly briglisquaresand 8, between the pre- 0'5 : 0'0 : 0'5

dominantly dark(circles exciton states in INnAs/GaAs quantum dots
exhibiting a strong symmetry breaking as functions of the center of energy [eV]

the dot emission energy. The lines are guides to the eye. ] )
FIG. 13. Photoluminescence spectra of two different INnAs/GaAs

guantum dots with strongly broken symmetries for different mag-
netic fields. In the magnetic-field range between 2 and 6 TMhe
+2 andM = —1 excitons approach and repel each other.

the linear polarization, we obtain a linear polarization cIearIy
below 10%. Since Eq2) is based on the method of invari-
ants, this estimate confirms that this analysis is not sufficient
for discussing quantum dots with strongly broken symmetry.

Further insight is obtained by comparing the exchangélots. Since they are located in mesa structures with large
energy splittings for several dots already exhibiting dark exJateral sizes {~300 nm as compared te-100 nm), their
citon emission at zero magnetic field. Figure 12 shows thesemission half-width is below 6QueV, and therefore consid-
energy splittingsA; between the predominantly “bright” erably smaller than that of the dots shown in Fig. 9. In both
(squarepexciton features and, between the predominantly cases, around 4 T the emission line from the low-energy
“dark” (circles exciton features as function of the center of doublet that shifts to higher energies with increasing field
the dot emission energy &t=0. In contrast to the results in and the line from the high energy doublet that shifts to lower
the Iny sdG& 4AS/ GaAs quantum dots, thle; now do not go  energies approach each other. When they come in resonance,
down to zero but are always larger than 1p@V, confirm-  the two lines repel each other and exchange their characters:
ing a strong symmetry breaking. As expected, they also d@&elow 3 T the low- (high-) lying line has a rather weak
not show any significant correlation with the dot emission(strong oscillator strength; above 5 T this ratio is reversed. A

energy. polarization analysignot shown heredemonstrates that the
The lack of correlation also holds faf,, which varies behavior of the LP’s is similar to that of the dots in Fig. 9.
between 0 and 10QueV. Within the method of invariants, The observed anticrossings occur due to the mixing of

the splitting can only arise from the short-range interactionpright and dark excitons that arises from the strong symme-
which would mean that the part of the Hamiltonian in Efj.  try breaking. The exciton angular momentinis no longer
that is proportional to the third power of the hole momentuma good quantum number in these structures; otherwise these
cannot be neglected. From the comparisordofvith A4 in states would not interact and cross each other. Figure 14
Fig. 12, there seems to bg\weak correlation of both quan- shows the observed transition energies of the InAs/GaAs
tities. WhenA ;= 8,+ v, is large, there is a clear trend that quantum dots of Fig. 13 plotted versus the magnetic field.
8, is large as well. Sincé,;< ,, we can conclude that the The minimum splitting between the two lines at the anti-
long-range interaction gives the dominant contribution to thecrossing point is about 10@QeV for the dot in the lower
splitting of the bright exciton doublet. panel, and only 50ueV for that in the upper panel. We note
Figure 13 shows the photoluminescence spectra of twehat for the dots in Fig. 9 the anticrossing should also occur
other quantum dots also belonging to this class of sample B principle, but larger emission linewidthg combination
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magnetic field [T] FIG. 15. Minimum-energy splitting between the two anticross-

ing branches originating from the hybridization of the excitons that
have nominallyM = —1 and +2 angular momenta in InAs/GaAs
quantum dots plotted against the center of the dot emission energy
atB=0.
with smaller splittings between the anticrossing brantches
prevent its resolution in the spectra.

The minimum-energy splitting between the two anticross-
ing branches can be considered as an indicator of the strength

of the symmetry breaking in the dots. Figure 15 shows this
energy splitting versus the dot emission energ@at0 for I, 6058, AS/GaAS dots I
several sample B quantum dots. The splitting varies from
50 weV (which is about the minimum value for which an-
ticrossing can be resolvetb 125 peV. Similar to the case EFSTM
of the asymmetry exchange energies and o, there is no
strong correlation here between the splitting and the emis- J\/\L
B=6T
. _ B=4TJ\/\/\/\%
a. Experimental dataThe breaking of the quantum dot

sion energy.

symmetry by a magnetic field can be tested by deliberately

tilting the magnetic field out of the001] direction?®%° For B=2T

these studies we have selecteglgda, 4/AS/GaAs quantum Voigt

FIG. 14. Exciton transition energies of the two InAs/GaAs quan-
tum dots shown in Fig. 13 vs the magnetic field.

2. Voigt configuration

norm. intensity

]

dots from sample A that show @,4 symmetry, i.e., in the geometry
Faraday configuration they show a behavior corresponding to B=0

that of dot 1 in Fig. 3. Figure 16 shows the photolumines-

cence spectra of such a symmetricy dfca, 4AS/GaAs 1 . 1 : L
single quantum dot which were recorded in the Voigt con- 1.2855 1.2860 1.2865

figuration for varying magnetic-field strengtffsWith in-
creasingB the center of the emission features shifts to higher

energies due to the diamagentic shift of the exciton BAt FIG. 16. Photoluminescence spectra of aggiBa, 4As/GaAs
=0 a single emission line corresponding to emission fromsingle quantum dofsample A recorded for varying magnetic-field
the|M|=1 excitons is observed. On its low-energy side anstrengths in the Voigt configuration. The dot belongs to a class of
additional spectral line appearsBt=2 T which originates structures havind ,q4 symmetry.

energy [eV]
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2 & F w FIG. 18. Energies of the exciton transitions observed for an
D - _ Voigt INg 668 40AS/ GaAs single quantum dot vs the magnetic field in the
e | | geometry Voigt configuration. This dot belogs to type 2 of sample A, which
03 LI : 1 \ | . ! . | shows a linear polarization splitting &=0, but no quadruplet
0 2 4 6 8 splitting in magnetic field. The circles correspond to the dark exci-
magnetic field [T] tons, and the squares to the bright excitonBat0. To focus on the

fine structure, the diamagnetic shift has been subtracted in each
FIG. 17. Energies of the exciton transitions observed for twocase. The lines are fits to the data using the forms in Tables IV and

different Iny ¢fGay 40AS/GaAs single quantum dots vs the magnetic V-

field in the Voigt configuration(circles: dark excitons; squares: L .
bright excitons aB=0). To focus on the fine structure, the diamag-  1he splitting of the energy levels follows the sketch in

netic shift of the center of emission has been subtracted in eachid. 2, as the comparison with the energies obtained by a fit
case. The lines are fits to the data using the forms in Tables IV antp the data using the forms of Table IMnes in Fig. 17
V. shows. The bright and dark excitons show no resolvable

splittings atB=0 due to the high dot symmetry. Over the

from the|M|=2 excitons at zero field. For higher fields eachwhole magnetic field range, the splitting between the two
of the two emission lines splits into a doublet. The energyinner emission lines is mainly given by the exchange inter-
splitting between them increases with increadig actionA,, and the Zeeman interaction has little influence on

The strong emission intensity from the predominantlytheir energies. In contrast, it significantly changes the ener-
dark excitons, in particular at low fields, seems rather surgies of the outer emission features. Here it should be noted
prising because the off-diagonal matrix elements in thehat in quantum wells a quadruplet splitting cannot be ob-
Hamiltonian which cause the mixing with the bright excitonsserved in the Voigt configuration because experiments show
are still small. Again this might be explained by the nonreso-that the in-plane holg factor is about zero in these systems,
nant, linearly polarized laser excitation by which excitons ofwhich leads to a twofold degeneracy of the exciton states in
all different spin orientations are generated. The relaxationhe Voigt configurationlcompare Tables IV and V* Fur-
between the spin states might be suppressed due to the dikermore the electrog factors are found to be isotropic in
crete energy level structure in the dét$® quantum wells, in contrast to the present data. Thus the di-

b. DiscussionFigure 17 shows the exciton transition en- rectionality dependence of thg factors in self-assembled
ergies versus the magnetic field in the Voigt configurationquantum dots is considerably different from that in structures
(pointing along the 100] direction observed for two differ-  of higher dimensionality.
ent, highly symmetric quantum dots. We have also rotated We have also studied §RGay1AS/GaAs quantum dots
one of the dotgthe one of Fig. 16in steps of 45° around the of type 2, which show a linear polarization splitting at zero
heterostructure growth direction, so tHatvas also aligned magnetic field(see Fig. 3 in the Voigt configuration. The
along the[ 110] and[010] directions. Within the experimen- observed transition energies are shown in Fig. 18, where we
tal accuracy we obtained the same results for these configlrave again subtracted the diamagnetic shift. At zero field we
rations, which gives a strong confirmation for the in-planeobserve two spectral lines separated by abalf
symmetry of the dot. In Fig. 17 we show only the data for the=100 weV. These features are attributed to emission from
[ 10Q] orientation. To study only the fine-structure effects, thethe hybridized bright exciton states that are split mainly by
energy of the center of the emission features has been sulbng-range exchange interaction. The resolution of their
tracted for each field strength. splitting was possible because the studied dot was located in
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a mesa structure with a large lateral size of 400 nm, resulting energy [eV]
in a negligible influence of surface charges on the confine- 1252 1253 1254
ment potential. In a magnetic field the splitting between the T - T - T
two lines increases, with the higher-lying line shifting con- InAs/Al . Ga. . As dot 1 I
siderably to higher energies, whereas the energy of the low- e —
energy line remains about constant.
Simultaneously the emission that arises from the dark ex-
citon states at zero field appears in the spectra at about 2 T.
First a single line is observed which then is seen to split into
two features, where one line has a strong dispersion and the
other one a small dispersion. Thus the behavior is quite simi-
lar to that of a highly symmetric dot except for the zero-field
splitting of the bright excitons. It can be well described by
the fine-structure Hamiltonian of Sec. Il as the fits to the data
using the forms of Tables IV and V demonstréitee lines in InAS/Al
Fig. 18. In particular, from extrapolating the energies of
the low-lying emission lines to zero magnetic field, no sig- G G B=8T
nificant splitting §, of the dark exciton doublet is found for
this quantum dot. This indicates that here the asymmetry
splitting due to the short-range exchange interaction can be
neglected.

norm. intensity

0.30

Ga, ,,As dot 2 I

norm. intensity

B. Fine structure of charged excitons

1. Faraday configuration

a. Spectroscopic datdNow we want to focus on the third 1.264 ' 1_2'65 ' 1_2'66
sample type, which were InAs quantum dots embedded in an
Al 3Ga 7ASs matrix (sample §. The average diameter of

these dots is about 20 nm. From studying a large number of £ 19 The two panels show the circularly polarized photolu-
quantum dots, all sample C structures can be categorized {finescence spectra of two different InAs single quantum dots em-

the following way: We find sets of quantum dots, the behavhedded in an Ajs(Ga 7/As matrix for different magnetic fields
ior of which can be described in the framework given in Sec(Faraday configuration

IV Afor neutral excitons. However, we also observe a further
class of dots, on whose fine structure we will concentrate ifing in a magnetic field. The spectra were recorded for vary-
the following® For these dots, strong phonon replicas ap-ing magnetic fields fronB=0 up to 8 T. The emission of
pear in the emission spectfaot shown: The spectral fea- dot 1 (top panel reminds one of the behavior observed
tures observed at energies around srehell are identically  for the Iy gdGay 4AS/GaAs quantum dot 3 in Fig. 3: AB
repeated at higher energies. Their high energy shift is typi=0 a single emission line is observed which then splits
cally 36—37 meV, which is the energy of the GaAs LO pho-into a quadruplet. However, in contrast to the sample A
non. The emission intensity of these replicas is almost that ofjuantum dot, no indications of a linear polarization splitting
the s-shell emission. Note that the features cannot be exat B=0 are found. Within the experimental accuracy
plained as transitions from the first excited dot shi@l:The  the emission is circularly polarized. Most remarkably, after
first excited shell would show a strong splitting in the mag-subtracting the diamagnetic shift the Zeeman splitting of
netic field due to the lifting of its orbital angular momentum the bright and the dark excitons is symmetric around the
degeneracy byB. One component would shift strongly to B=0 emission energy. This can be seen in Fig. 20, where
higher energies, while the other would show a low-energythe transition energies of two different InAsiAKGa 76AS
shift at smallB.2> No such behavior is observed for the high- dots with such a splitting pattern are plotted against the mag-
energy lines. Instead, their magnetic-field shift is parallel tonetic field.
that of thes-shell features(b) Furthermore, the spin splitting In addition, another class of quantum dots is observed
is exactly identical to that observed for the spectral lines atvhich shows a doublet splitting &=0 (lower panel in Fig.
thes-shell energies, while fop-shell excitons a spin splitting 19). The splitting between the two spectral features is about
different from that of a ground-state exciton would be ex-0.3 meV. In contrast to the InAs/GaAs quantum dots dis-
pected. cussed in Sec. IV A, the intensities of the two split emission
For these INAs/ A} 3Ga 7AS quantum dots with a strong lines are about equal &=0. Each of the two lines splits
coupling to LO phonons, additional classes of structuresnto a doublet in a magnetic field. The energy splitting is the
have to be introduced to capture all the structures of samplsame for the two doublets, but the intensity of the higher-
C. The two panels in Fig. 19 show the photoluminescencédying doublet decreases drastically in comparison to that of
spectra of two different sample C InAs single quantum dotghe low-lying one. Ther ™ -polarized contribution originating
surrounded by A 3(Ga, 7¢AS, which show a quadruplet split- from the low-energy feature as well as té-polarized line

energy [eV]
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FIG. 21. Exciton transition energies plotted against magnetic
d for two different InAs/ A} 3dG& 7¢AS quantum dot with a zero-
field doublet splitting'see the lower panel in Fig. L7Symbols give

the experimental data, and lines the results of fits to the data.

FIG. 20. The figure gives the exciton transition energies plottedf_
against magnetic field for two different InAs/fNGa 7AS quan- el
tum dots that show a single emission lineBat 0 (see the upper
panel of Fig. 18 Symbols give the experimental data, and lines the
results of fits to the data.

sence of such a splitting can only be explained by assuming

from the high-energy feature seem to cross each other withthat a free excess carrier is contained in the dots, so that after
out any noticeable interaction. The emission from this dofaser excitation charged excitons, eith€r or X* forms. In
shows a circular polarization for all magnetic field strengthsthis case all exchange interaction energhd =0,1,2 and
From these spectroscopic data one might conclude thag;,i=0,1 are zerd” Further, for charge neutral exciton com-
two independent quantum dots are studied in this case. Hovplexes the emission should show a linear polarization split-
ever, the same behavior, in particular, roughly the same spliting, at least at low magnetic fields, which is in contrast to
ting between the two zero-field lines, was observed for abouthe experimental observations. The assumption of a charge in
20% of the single quantum dots studied from sample C. Dughe system is also supported by the prominent appearance of
to the dot inhomogeneities it is very unlikely that such aphonon replica in the spectra, because in this case the cou-
systematic behavior can arise from two quantum dots withirpling to phonons is much stronger than for a charge neutral
a mesa structure. The observed behavior also cannot be esystem.
plained by the appearance of neutral and charged excitons in Generally the excess carriers in the quantum dots can
the spectra, because the binding energy of a charged excitdvave different origins. The first reason might be the nonreso-
complex is considerably larger than the observed energpant laser excitation. Due to their different mobilities, elec-
splitting atB=0, as spectroscopic studies as well as detailedrons and holes will have different carrier capture rates into
calculations on similar quantum dot systems sfid#:4%468¢  the dot, leading to an imbalance of charge. Second, there
Further, from the equal spin splittings of the two emissionmight be an impurity in the dot surrounding. Typically, nomi-
lines and from the magnetic-field dependence of their intenpally undoped GaAs-based structures exhibit a residual
sities, the low-energy feature cannot be attributed to emisp-type background doping. However, a definite assessment
sion from predominantly dark excitons. cannot be made for a single quantum dot because its behav-
b. DiscussionFirst we will concentrate on quantum dots ior might be determined by a single impurity in its environ-
with a quadruplet splitting in a magnetic field emerging fromment which can be a donor or an acceptor resulting in the
a single line aB=0. The observation of a quadruplet split- formation of eitherX™ or X™.
ting for these dots clearly indicates that the symmetry is bro- The different charged exciton configurations which are
ken in them. If the quantum dots would be occupied by aformed in the dot depend on the relaxation rates of the opti-
neutral exciton, there should be an exchange energy splittingally injected carriers into their ground states: As discussed
A, between the bright and dark exciton doublets. The ababove, earlier studies on single quantum dots indicate that
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spin relaxation might be strongly suppressed, which was at-
tributed to the discrete energy-level structure. Very recently
this observation was confirmed by time-resolved studies of
excitons in the quantum dot ground shell® Depending on
the carrier type, spins can relax through different mecha-
nisms, which vary with the dimensionality of the studied
system: The spin of an exciton can flip via the long-range
exchange interaction only. For the spin-flip of an electron
three different mechanisms exmsStin the Bir-Aronov-Pikus
mechanism a spin-flip occurs via electron scattering at holes
or at paramagnetic impurities. In the Dyakonov-Perel mecha-
nism spin relaxation occurs due to a spin splitting of

1.3000
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energy [eV]
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norm. intensity

Voigt
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B=4T

B=0
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0.30

Ga, ,,As dots of type 1

0.70°

the conduction band for wave numbeks=0 in crystals
with broken center symmetries. Finally, in the Elliot-Yafet
mechanism a mixing of the wave functions occurs Ker0
because of band mixing arising from thep interaction.
For a hole spin, the relaxation typically is considerably
faster than for an electron due to the strong spin-orbit inter-
action. However, the actual relaxation rate depends on the
strength of the localization potential. A comprehensive pic-
ture of the spin relaxation in quantum dots is still missing.
Considering the different relaxation mechanisms, it is
very likely that it will vary strongly with the quantum dot

under study due to the strong variations of their symmetry F!G. 22.  Photoluminescence spectra of two different
properties. InAs/Alg 3fGa 7/AS quantum dots of high symmetry for different

Let us first consider a charged exciton confined in anmagnetlc fields aligned in the Voigt geometry.

InAs/ Al 36Ga 7AS dot in which fast spin-flip processes can
take place, as might be the case f. Then the carriers Figure 21 shows the magnetic-field dependence of the
relax rapidly toward their ground-state levels. If an equilib-transition energies of two different sample C quantum dot
rium carrier is contained in the dot, a charged exciton in itswith a zero-field doublet splitting, as in the lower panel of
ground state is formed. As was discussed in Sec. Il, all fineFig. 19. We find~300 and 400ueV, respectively, for this
structure energies vanish, and tBe=0 emission shows no energy splitting. Since the two emission features originate
splitting. In a magnetic field the emission splits into a dou-from recombination of as-shell exciton, their spin splittings
blet. However, if the dot symmetry is broken, for these dotsare equal. In general, the fine structure in the spectrum might
a mixing of exciton states withM|=1 and 2 occurs. As a be complicated further because the exciton in the ground
consequence, four transitions with a symmetric energy splitshell might exhibit a fine-structure splitting similar to that of
ting become observable in magnetic fiéttbt 1 in Fig. 19.  a neutral exciton. As mentioned above, no indications for a
The splitting between the emission lines of strong and wealanticrossing of the high-energy feature originating from the
intensities shows a linear dependence on the magnetic fieltbwer line atB=0 and the low-energy feature from the
Here we again want to emphasize that only the observatiohigher line is observed with increasing magnetic field. The
of a fine-structure splittingrespectively its absentés a  presented explanation for the recorded spectra gives a natural
clear proof of the neutrality of the excitdthe formation of  explanation for this crossing.
a charged exciton complgx Finally we need to discuss the strong changes of the emis-
Let us turn now to the discussion of the InAs/ sion intensities from this sample C dot in a magnetic field,
Alg2Gay7As quantum dots with a doublet splitting 8  which indicates a strong-field dependence of the spin relax-
=0 by considering a charged dot, in which the excess chargation: The spin relaxation bottleneck obviously is softened
can block spin relaxation. Due to the expected long spirby a magnetic field. This might be related to the transforma-
relaxation times, this situation might be obtained if the dottion of the discrete quantum dot energy-level spectrum to a
contains an excess electron, so that X@n complex is quasicontinuous one, because a magnetic field lifts the de-
formed. If the dot is populated by two electrons having op-generacy of energy levels with positive and negative angular
posite spins and a hole, all carriers can relax into theimomenta in cylindrical dots. However, while the observed
ground states. If, on the other hand, the two electrons havieehaviors for type-1 InAs quantum dots in an AGa& 7AS
parallel spins, the one electron in tlseshell prevents the matrix can be uniquely attributed to charged excitons, there
relaxation of the second one from tpeshell. The Coulomb is still a lack of understanding concerning the formation of
interaction energies for this configuration will be different different excitonic spin configurations, as discussed here for
from those in the first configuration. This energy differencetype 2 dots. Therefore, in a next step quantum dot spectros-
will be reflected atB=0 in the emission of thesshell copy needs to address the problem of spin relaxation in the
exciton. dot structures.

B=8T

B=4T

norm. intensity

B=0

1 1
1.3040 1.3045

energy [eV]

1.3035
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magnetic field [T] dots originates from a charged exciton. The fine structure can
0 2 4 6 8 be easily understood from that of a neutral excitéigs. 2
0.3 — - T g T - T T T and 16 by setting the exchange energy, to zero. AtB
I =0, the energies of dark and bright excitons coincide. In a
0 = magnetic field, in general, a quadruplet splitting should be
< o1l observed because the brigllark) excitons shift to higher
) (lower) energies. However in Fig. 17 it was shown that the
E 00 | B —E gy splitting be.tween the two inner features is m(_)sjtly given by
) s Ao, which is zero here, and therefore the splitting between
Q01 these two lines cannot be observed, their emissions overlap
o and combine to form the middle feature in the spectra in Fig.
02 - 22. The two outer spectral features correspond to the two
InAs/Al, ,,Ga, ;,As outer emission lines in Fig. 16, the energies of which are
quantum dots of type 1 considerably influenced by a magnetic field.
02}
V. SUMMARY
S' 01
"E’ I - In summary, we have studied the fine structure of exciton
= or =g -y complexes in I0GaAs/(Al)GaAs self-assembled quantum
S il dots, which arises from the electron-hole exchange interac-
S Voigt tion anq the interactipn of the electron and hole spins with
02 | geometry magnetic field, _by single-dot photoluminescence spectros-
I copy. The experimental data have been analyzed by compar-
03 L : L . : : . : L ing them with a theoretical model. From the data a compre-
0 2 # 8 8 hensive picture of different scenarios for the exciton fine
magnetic field [T] structure in quantum dots has been developed. We have

FIG. 23. Exciton tansiion energies of the two shown that the symmetry of self-assembled quantum dots
: ' s . _can vary strongly from a completely broken symmetry to a
INAs/Alg 36Ga) 70AS quantum dots shown in Fig. 19 vs the magnetlcf Ilv develonedD . symmetrv. Further we have found that
field (Voigt geometry. Symbols give the experimental data, and .u y . P 2d SY .
lines give the results of fits to the data. in nominally undoped samples not iny charge neutral dpts
are found but also dots which contain free charges, as might
be expected from unavoidable background doping. As indi-
cators of the quantum dot symmetry, the magnetic-field de-
a. Spectroscopic dataFigure 22 shows photolumines- pendence of the exciton spin splitting as well as the polar-
cence spectra of symmetric INAsSiAKGa 76AS quantum ization of the emission have been used.
dots of sample Gwith an excitonic doublet splitting in the
magnetic field for varying B aligned normal to the hetero-
structure growth direction. The variation of the spectra with
increasingB is strongly different from that observed in Fig.  This work was financially supported by the Deutsche For-
16 for a charge neutral exciton. While there a line emergedgchungsgemeinschaft, the State of Bavaria, the National Re-
on the low-energy side of the bright excitons, no such linesearch Council of Canada, the U.S. Office of Naval Re-
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