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Magneto-optics of unstrained GaAs/AlxGa1−xAs quantum dots are investigated theoretically in the presence
of an external magnetic field. Single-particle states, exciton binding energies, and the exciton diamagnetic shift
are calculated with a confinement potential based on atomically resolved scanning tunneling microscopy
pictures. The degree of interface intermixing is treated as a variable. The electronic structure of the dot in the
presence of a magnetic field is calculated using eight-band k ·p theory including a magnetic field. We find that
varying interface roughness sensitively affects the interband but hardly the intraband energies. For magnetic
fields applied both in the growth direction and perpendicular to it �for B�50 T�, we find good agreement
between our predicted exciton diamagnetic shift and recent experimental magnetophotoluminescence data �N.
Schildermans et al., Phys. Rev. B 72, 115312 �2005��. The inherent coupling of valence and conduction bands
taken into account in the eight-band k ·p model explains well the observed experimental results.
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I. INTRODUCTION

The persistent interest in quantum dots �QDs� is driven by
the multitude of their actual and potential applications rang-
ing from novel lasers1–3 and optical amplifiers4 to physical
representations of a quantum bit5,6 or single polarized photon
sources emitting “quantum bits.”7 The morphological prop-
erties of QDs grown by strained layer epitaxy strongly de-
pend on the details of the growth conditions.8,9 The occur-
rence of varying strain and piezoelectric fields in and around
the dots and significant compositional intermixing lead to
uncertainties in the determination of their geometry and
composition, e.g., by high-resolution transmission electron
microscopy.1,9 Thus, the predictive power even of detailed
theoretical models of electronic and optical properties10–15 is
limited by this uncertainty.

Recently, unstrained GaAs/AlxGa1−xAs QDs were fabri-
cated through an ingenious multistep approach based on a
combination of hierarchical self-assembly and in situ
etching.16 Photoluminescence �PL� of an ensemble of such
QDs revealed an appreciably smaller inhomogeneous broad-
ening, in the range of 8–15 meV depending on the growth
conditions, indicating a good size homogeneity. The QDs
have a typical lateral size of 35–65 nm and a thickness of
�6 nm.

Due to the nonexistence of strain and reduced uncertain-
ties in the size and shape, such QDs represent an ideal test
case for electronic structure models. In Ref. 16, an eight-
band k ·p model was successfully applied to describe the
zero-field PL and single dot spectra. The zero-field PL mea-
surements were subsequently extended to magnetic field up
to 50 T by Schildermans et al.17 and a single-band model
modified to include conduction-band nonparabolicity18 was
implemented to describe the magnetic-field dependence.19

In the present paper, we extend the previous theoretical
studies based on eight-band k ·p theory11 taking into account
the effect of an external magnetic field.20 Single-particle

states, exciton binding energies, and its diamagnetic shift are
calculated for magnetic fields applied in the growth direction
as well as in the direction perpendicular to the growth direc-
tion. The calculations are based on a realistic confinement
potential which is derived from high-resolution scanning tun-
neling microscopy �STM� data taken from Ref. 16. Recent
cross-section scanning tunneling microscopy �X-STM� ex-
periments demonstrate that the interfaces between GaAs and
AlGaAs layers are not abrupt21 as previously observed for
quantum wells.22 Since the size and shape of the dots are
known, the previously not discussed effect17,19 of this rough-
ness on the electronic properties of the dots is investigated in
detail.

This paper is organized as follows. Our theoretical ap-
proach is presented in Sec. II. The influence of interface
intermixing on the transition energy is discussed in Sec. III.
Section IV A contains an analysis of the electron, hole, and
exciton energies as a function of the magnetic field treating
interface roughness as a variable. In Sec. IV B, we compare
our results with available experimental data. Finally in Sec.
V, we discuss the question whether tunneling and
conduction-band nonparabolicity induced by higher conduc-
tion bands have to be taken into account for explaining the
experiments, as inferred by Ref. 19. Our results and conclu-
sions are summarized in Sec. VI.

II. THEORETICAL APPROACH

Choice of the model QDs. The unique fabrication process
used in Ref. 16 made it possible to extract the QD structure
with great detail: Prior to the final step of QD deposition, the
surface profile �see Fig. 1�a�, red dotted line� has been
scanned using STM while preserving the ultrahigh-vacuum
conditions during epitaxy. The shape of the resulting QD is
determined by this pattern and taken as the origin of our
primary model QD. Next, a series of model QDs is derived
from the primary one based on a systematic variation of

PHYSICAL REVIEW B 75, 205308 �2007�

1098-0121/2007/75�20�/205308�9� ©2007 The American Physical Society205308-1

http://dx.doi.org/10.1103/PhysRevB.75.205308


Fickian diffusion induced interface roughness �see Fig. 2�.
The parameter N describes the degree of intermixing �N=0,
no intermixing; N=9, strong intermixing�. The parameter N
is actually the number of smoothing steps at the interface.
One smoothing step at one point of the grid describing the
structure is taken as the average value of the material param-
eters of the structure on the neighboring points of the grid.

Electronic structure. The single-particle energies of our
model QDs are extracted from an eight-band k ·p
Hamiltonian,11 where the magnetic field is incorporated
through standard Peierls substitution23 in the wave-vector
and Zeeman energy terms.20 The parameters used for our
structure are based on �-point band-structure parameters and

are given in Table I. The Hamiltonian is discretized on the
three-dimensional �3D� rectangular grid �see Ref. 11�,
whereas the scheme is checked by testing its stability and
consistency. Note that the computational error in our 3D cal-
culations is of the order of several meV and results below
this threshold were not discussed.

The excitonic states are calculated using the
configuration-interaction method. The two-particle exciton
Hamiltonian is expanded into a basis of antisymmetrized
products of single-particle wave functions, thus accounting
for direct Coulomb interaction and exchange. Correlation ef-
fects are accounted for by expanding the basis to include
excited-state configurations.24 The Coulomb and exchange
matrix elements needed for the configuration-interaction �CI�
calculation are computed numerically from six electron and
six hole single-particle orbitals and are screened using differ-
ent dielectric constants for GaAs and AlGaAs. Absorption is
calculated by Fermi’s golden rule applied to CI states. It is
important to stress that no adjustable parameters are present
in this model.

The experiments which we are referring to throughout this
work were performed on an ensemble of QDs. When we
compare our findings with the experimental results, we con-
sider our model QD as representative for the ensemble of
QDs. The latter is motivated by the unusual narrow photolu-
minescence broadening which points at an extremely homo-
geneous QD ensemble.

III. INFLUENCE OF INTERFACE INTERMIXING ON THE
OPTICAL PROPERTIES

In a simplified picture, the carrier confinement in un-
strained GaAs/AlxGa1−xAs QDs is only a function of the dot
size and shape, where the conduction- and valence-band off-
sets are taken from those of the bulk materials. However,
during the growth process Al-Ga intermixing at the interface
is likely to occur, leading to changes of the aluminum/
gallium content at the heterojunctions. Recently, obtained
cross-section STM images of GaAs/AlxGa1−xAs QDs sup-
port this assumption, suggesting that interfaces of GaAs and
AlGaAs layers are not abrupt.21,22 Here, we investigate the
consequences of such nonabrupt interfaces on the optical
properties by treating the degree of interface intermixing as a
variable.

In Fig. 2, a vertical scan through the center of the model
structures is shown for different values of N, a quantity
which parametrizes the degree of interface intermixing. The
case N=0 corresponds to the ideal case of abrupt interfaces
and N=9 to the case of strong interface intermixing. The
corresponding local conduction and valence bands are shown
in Figs. 3�a� and 3�c�, and since they are extracted from the
3D rectangular grid, they show steplike profile. The interface
smoothing leads to the increase of the QDs’ effective size
and to the decrease of the average Al content. As a conse-
quence, the confinement of the electrons and holes is deter-
mined by two dominant effects present with increasing N:
the first one is the effect of the increase of the QDs’ size and
the second one is the effect of the decrease of the average Al
content.

FIG. 1. �Color online� �a� Schematic sample structure of un-
strained GaAs/AlGaAs quantum dots. The structure of the imple-
mented model QD �c� is derived from STM measurements �b� taken
from Ref. 16. The dotted line in �a� indicates the position where the
STM picture is taken from.

FIG. 2. �Color online� Vertical scan through the center of the
model structures. The aluminum content is varied as a function of
intermixing steps �N�.
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Single-particle energies. The variation of the first three
electron and hole energy levels with the number of intermix-
ing steps is shown in Fig. 4. Two main results can be derived
from this figure: First, Al-Ga intermixing leads to an increase
of electron and hole energies and therefore to larger inter-
band transition energies. Second, the electron intraband en-
ergies are almost unaffected by the interface roughening. The
situation is similar for the hole intraband energies, except for
N larger than 7, where the hole intraband energies slightly
differ from those for smaller N. This behavior can be attrib-
uted to the increased confinement which leads to an en-
hanced valence-band mixing. Figures 3�b� and 3�d� show the
lateral and vertical extent of the electron and hole ground
state for the abrupt interface �N=0� and for the largest con-
sidered degree of intermixing �N=9�: In both cases, the wave
functions are more strongly localized for N=9. It means that
the although the effective size of the quantum dot increases
with increasing N, the decrease of the Al content with N is
the dominant effect and it leads to the increased confinement
for the electrons and holes. This result is different from the
one reported in Ref. 25 for small InAs/GaAs QDs, where it
was found that both carrier types tend to increase their wave-
function extent upon annealing. The main reason for such a
different behavior of electron �hole�-wave-function extent as
a function of annealing can be found in the ratio between
average QD size and electron �hole� Bohr radius, which is
larger than 1 here and smaller than 1 in the case reported in
Ref. 25.

Excitonic properties. As can be seen from Fig. 5, a change
in the sharpness of the interfaces sensitively affects the ex-
citon energy. The larger the N, the larger the exciton energy.
We have already seen that the single-particle energies in-
crease �Fig. 4� for higher values of N. The increase of elec-
tron and hole localization for larger interface intermixing,
shown in Figs. 3�b� and 3�d�, is also reflected by an increase
of the exciton binding energy as illustrated in the inset of
Fig. 5. Therefore, the increase of exciton energy upon inter-
face intermixing is a result of the increased single-particle

TABLE I. Material parameters used for the electronic structure calculations.

Quantity Unit GaAs AlAs AlxGa1−xAs

a A 5.65 5.65 Linear

E0 meV 1518.0 3060.0 1518+1542x+x�x−1��689x−18.5�

Ev� meV −6920.0 −7377.0 −6920−433x−24x2

�0 meV 340.0 280.0 340−131x+71x2

Ep meV 25500.0 21100.0
�1.132+0.758x�

1−me

me

3E0�E0+�0�

3E0+2�0
me m0 0.067 0.22 Linear

�1 7.1 4.04 1/ ��1−x� /7.1+x /4.04�

�2 2.4 0.78 1/ ��1−x� /2.4+x /0.78�

�3 2.91 1.57 1/ ��1−x� /2.91+x /1.57�

�s 13.18 10.06 Linear

� 1.28 0.12 Linear

FIG. 3. Lateral �left� and vertical �right� scans through the local
�a� conduction and �c� valence band edges of the model QD for N
=0 �nonintermixed dashed� and N=9 �strongly intermixed�. The
respective square moduli of electron and hole wave functions are
shown in �b� and �d�, respectively. The lateral scans through the
confinement potential and the probability density are taken at a
vertical position 1 nm below the GaAs quantum well �average of
the z component of the wave-function barycenter�. Since the poten-
tial width is determined at this upper z position, it appears large
compared to the lateral-wave-function extent. The steplike lateral
confinement potential after annealing ��a� and �c�� originates from a
combination of the terracelike QD structure and the applied
smoothing procedure.
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energies, resulting in a stronger wave-function localization.
Figure 6 finally shows the calculated excitonic absorption
spectra as a function of N.

A comparison to measured single-QD PL spectra16 yields
very good agreement for an intermixing value of N=3. With
increasing N, a blueshift of the whole spectrum occurs
�37 meV between N=0 and N=9�, whereas the distances be-
tween the peaks remain approximately the same.

IV. PRESENCE OF AN EXTERNAL MAGNETIC FIELD

In this section, we explore the behavior of electron, hole,
and exciton energies as a function of magnetic field. Both
cases of a magnetic field applied parallel as well as perpen-
dicular to the growth direction are considered. Excitonic ab-
sorption spectra are calculated for different values and orien-
tations of B and as a function of the degree of interface
intermixing. Finally, we compare our theoretical findings for
the exciton diamagnetic shift to experimental results from
Ref. 17.

A. Role of the magnetic-field direction

Single-particle energies. An external magnetic field intro-
duces an additional confinement in the plane perpendicular
to the field direction of the applied field and lifts the Kramers
degeneracy. Its impact on the electronic properties depends
on the strength of the already existing QD confinement. It is
large for small confinement and small for large confinement.
Since our QDs are very flat, the confinement is strong in the
growth direction �ez� and weak in the lateral direction. There-
fore, we expect a large effect if the B field is applied parallel
to ez and a smaller one if applied perpendicular to ez. The
results of the corresponding calculations are shown in Fig. 7.

For the case of a lateral magnetic field, the strong QD
confinement in the growth direction limits the influence of
the magnetic field. In contrast, for the case of a magnetic

field applied in the growth direction, electron and hole en-
ergy levels are strongly influenced by the magnetic field and
a magnetic-field-induced band mixing of the hole energy lev-
els is observed. This is a direct consequence of the relatively
smaller lateral confinement in the dot �e.g., magnetic length
for B=10 T is about 8 nm, while the base length of the dot is
about 35 nm�. Electron and hole wave functions for the two
different magnetic-field orientations are also shown in Fig. 7.
One can clearly see the impact of the additional lateral con-
finement for B �ez on the lateral electron- and hole-wave-
function extent, which does not occur for B �ex. An exchange
of the character of the hole wave functions for magnetic field
of B=20 T applied in the growth direction is clearly ob-
served. For B�17 T, the h0 energy level anticrosses with the
h1 level. As a consequence, the hole wave function that cor-
responds to the h0 energy level before the anticrossing is
h1-wave-function-like after anticrossing �see hole wave
functions in Fig. 7�, whereas the wave function that corre-
sponds to h1 energy level before anticrossing is
h0-wave-function-like after the anticrossing.

Role of the interface roughness. In Sec. III, we demon-
strated that the interface intermixing increases the localiza-
tion of the electrons and holes. As a consequence, it leads to
the reduced influence of the magnetic field on the electrons
and holes. It is therefore clear that the increase of the param-
eter N leads to an even smaller dependence of the electron
and hole energy levels for lateral magnetic field, while for a

FIG. 4. The variation of the first three electron and hole energy
levels as a function of N.

FIG. 5. Exciton energy as a function of the number of smooth-
ing steps. The inset shows the exciton binding energy as it varies
with the number of smoothing steps.

FIG. 6. �Color online� Exciton absorption spectra as a function
of N. A blueshift in the transition energy with increasing interface
intermixing is observed. The vertical dotted line indicates the posi-
tion of the measured PL peak.
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vertical magnetic field of variation of N does not lead to the
significant changes of the electron and hole energy levels
with magnetic field. These conclusions are illustrated in
Table II for both directions.

Exciton binding energy. The magnetic-field dependence

of the exciton binding energy is analyzed by considering the
quantity �EX-bind defined as

�EX-bind = EX-bind�B� − EX-bind�B = 0� ,

with EX-bind�B� being the exciton binding energy at magnetic
field B. In Fig. 8, �EX-bind is shown as a function of the B
field and its orientation and the degree of interface intermix-
ing. Since the magnetic field further enhances the wave-
function localization, it is of no surprise that the exciton
binding energies EX-bind increase upon an increase of the
magnetic field �see Fig. 8�a��. This effect is much larger for
B �ez than for B �ex since in the former case the increase of
the wave-function localization is much stronger than in the
latter. As the interface smoothing leads to an additional car-
rier localization in our case, �EX-bind becomes smaller as a
function of N �see Fig. 8�b��.

TABLE II. The shift of the electron and hole energies as a
function of N for two different magnetic-field directions.

N

�Ee�40 T�
�meV�

�Eh�40 T�
�meV�

B �ez B �ex B �ez B �ex

0 15.26 6.22 −1.45 −0.69

3 13.85 3.5 −0.14 −0.4

5 13.19 3.5 −0.14 −0.4

7 8.7 3.25 −0.99 −0.2

9 8.03 3.16 −0.96 −0.11

FIG. 7. �Color online� Electron and hole energy levels �with
respect to the GaAs conduction band� as a function of the magnetic
field parallel to the growth direction �black lines� and perpendicular
to the growth direction �light gray lines� are shown. The case of for
an ideal sharp interface �N=0� is shown. The wave-function isos-
urfaces are plotted for 65% probability density.

FIG. 8. �Color online� Exciton binding energies as a function of
magnetic field applied �a� in the growth direction and �b� in the
direction perpendicular to the growth direction for different inter-
face intermixing. �EX-bind defined as �EX-bind=EX-bind�B�
−EX-bind�B=0�, where EX-bind�B� is exciton binding energy for value
of magnetic field B, and EX-bind�B=0� is exciton binding energy in
the absence of a magnetic field.
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The effect of smoothing of the interface on the excitonic
absorption spectra for B=10 T for magnetic field applied in
the growth direction and in plane is shown/illustrated/
depicted in Figs. 9�a� and 9�b�, respectively. The exciton
absorption spectra are richer for the case of magnetic field
applied in the growth direction. The reason for this can be
found in the larger spin splitting and the arising additional
transitions in a magnetic field whose effect on the electronic
structure is much larger than in the case of magnetic field
applied in plane.

B. Comparison with experiment

The exciton absorption spectrum of our model QD for
N=3 has already shown excellent agreement with the mea-
sured single-QD PL and photoluminescence excitation �PLE�
spectra16 in the absence of an external magnetic field. In
Ref. 17, the same samples have been used to perform low
and high excitation PL measurements using high magnetic
fields parallel and perpendicular to the growth direction. In

Figs. 10 and 11, we compare the excitonic absorption spectra
to the high exciton PL results for both field directions. Al-
though the latter case corresponds to a multiexcitonic decay
rather than excitonic absorption, we can link the p-p channel
absorption to the decay of three- and fourfold excitons and
the d-d channel absorption to that of the five- and sixfold
excitons, provided the renormalization effects, being linked
to the presence of more than one exciton, are small. The
agreement, however, is quite remarkable: Our calculations
reproduce the experimental results qualitatively and to a
large degree also quantitatively.

The splitting of the s-s channel peaks, caused by the Zee-
man splitting of the single-particle orbitals, is smaller than
the experimental PL broadening and therefore hidden in the
experimental data. The smaller splitting of these peaks for
lateral magnetic field is related to the smaller Zeeman split-
ting of electron and hole orbitals, which in turn is related to
the large z confinement. An explanation for such a behavior
of the exciton absorption spectra as a function of the orien-
tation of a magnetic field is given in Sec. IV A.

Exciton diamagnetic shift. More information about the in-
terplay between the Coulomb interaction and the QD con-
finement in the direction perpendicular to the direction of the

FIG. 9. Exciton absorption
spectra for B=10 T applied in the
growth direction for three values
of N, N=3,7 ,9.

FIG. 10. �Color online� Comparison between calculated exci-
tonic absorption spectra �N=3� and the measured peak positions in
the high excitation PL spectra �open symbols�. The bold symbols
are guide to the eyes. The experimental values are taken from a QD
sample with a slightly thicker AlGaAs barrier, leading to a shal-
lower QD compared to our model QD.

FIG. 11. The same as Fig. 10 but now for magnetic field applied
in the lateral direction. The available experimental data are shown
by open symbols.
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applied magnetic field can be obtained by considering the
exciton diamagnetic shift defined as

�Eexc = Eexc�B� − Eexc�B = 0 T� .

The transition energies of two lowest-lying optically active
excitons are averaged since their Zeeman splitting is smaller
than the broadening of the PL. The obtained data for the
exciton diamagnetic shift are compared to the position of the
PL peak taken from Ref. 17 for both orientations of the mag-
netic field and for different values of N of the interface in-
termixing. The best agreement for the diamagnetic shift for
both magnetic-field directions is achieved for a value of N
between 0 and 3, whereas for the absolute values of EX �see
inset of Figs. 12 and 13� the agreement is best for N values
between 3 and 5.

Furthermore, as can be seen from Fig. 8, a smoother in-
terface does not significantly affect the change of the exciton
binding energy with magnetic field. The changes in the cur-
vature of the exciton diamagnetic shift with the variation of
N from 0 to 3 or from 3 to 5 are not significant when the
magnetic field is applied in the growth direction, as shown in
Fig. 12, and good agreement with the experimental data is
achieved for all these values of N �N=0,3 ,5�. A significant
discrepancy to the experimental data is only observed if N is

larger than 5. For the lateral-magnetic-field case, one can see
from Fig. 13 that the relative exciton diamagnetic shift for
N=5 is quite close to that for N=9. This is related to the
increased vertical QD confinement for N�5, which leads to
a suppression of the magnetic-field influence �magnetic
length is larger than the height of the dot�. The best overall
agreement between our findings on the exciton energy and
the exciton diamagnetic shift with the experimental data is
obtained for our model QD with N=3. This result is in per-
fect agreement with the reported experimental results of
Ref. 21 obtained from X-STM measurements on samples
fabricated by using the same growth mode.

A similar comparison has been recently performed19 using
a single-band model with additional terms for the
conduction-band nonparabolicity. Good agreement for the
relative exciton shift was obtained, whereas the absolute PL
energies were not reproduced accurately. Note that the elec-
tron effective mass dominates in the exciton effective mass,
and therefore any changes in the electron effective mass
would be directly reflected through the changes in the rela-
tive exciton shift. Therefore, as the main stumble point in the
approach of Ref. 19 arises the question of the degree of the
conduction-band nonparabolicity actually present in the sys-
tem. It was a priori assumed to increase, originating from
coupling to higher conduction bands. Based on the eight-
band k ·p model, we showed here that the inherent coupling
of valence and conduction bands present in the eight-band
k ·p model is sufficient for explaining the effects observed in
Ref. 17 without additional nonparabolicity induced by cou-
pling to higher-lying conduction bands.

V. DISCUSSION

First, the interdiffusion of aluminum at the heterojunction
during the growth significantly influences the transition en-
ergies �see Sec. III�. The ground-state transition energies for
the ideal case of no intermixing �N=0 in Fig. 6� and the case
of strong intermixing �N=9 in Fig. 6� differ by about
37 meV, while interlevel transitions are not affected signifi-
cantly. For example, for N=0 the distance between transition
1 and transition 2 is 9.2 meV, while in the case of N=9 this
distance is 11.8 meV. The observed blueshift between PLE
data and calculated absorption spectrum extracted from
eight-band k ·p theory16 can be explained by this intermix-
ing. The effect of interface intermixing is far from being
negligible and should be properly taken into account for po-
tential applications of these systems in optoelectronic de-
vices.

Second, the influence of an applied external magnetic
field in the growth direction as well as in plane on the elec-
tronic and optical properties was studied in Sec. IV. In gen-
eral, since the dots are quite large in the lateral direction, the
effect of a magnetic field applied in the growth direction is
more pronounced than if the magnetic field is applied per-
pendicular to the growth direction. For example, complicated
behavior of hole energy levels as a function of magnetic field
applied in the growth direction with strong anticrossing does
not exist in the case of magnetic field applied perpendicular
to the growth direction, which is a direct consequence of the

FIG. 12. �Color online� The exciton diamagnetic shift as the
function of a magnetic field for the optical active exciton states
compared to the experimental results �symbols�. An external mag-
netic field is applied in the growth direction. The inset depicts the
absolute values for the calculated exciton energy vs magnetic field
together with the experimental data.

FIG. 13. �Color online� The same as Fig. 12 but now for mag-
netic field applied in the lateral direction.
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competition between the confinement and magnetic field.
Two questions were raised in Ref. 17 related to tunneling

and the degree of nonparabolicity of the conduction band and
its influence on the excitonic properties. In our model, we
explicitly include the mixing of the lowest-lying conduction
band and the three topmost valence bands. Next, in the mod-
eling of the excitonic properties, the direct Coulomb interac-
tion, exchange, and correlation were included. From Figs.
3�b� and 3�d�, it is clear that the penetration of the electron
and hole wave functions into the barrier is small and that
interface intermixing even increases the localization of the
electrons and holes. Therefore, we conclude that the effect of
tunneling in these structures is negligible.

The nonparabolicity of the conduction band originates
from the coupling to the valence band and to higher conduc-
tion bands. In our eight-band k ·p model, only the former is
accounted for. The confinement and hence the localization of
electron and hole states comes into play due to their resulting
spread in k space, and the accompanying contributions far
from the � point. This confinement in our case comes pre-
dominantly from the dot itself and is enhanced by the applied
magnetic field.

From Figs. 10–13, it is clear that our fit-parameter-free
results agree very well with the experimental data. We con-
clude that the inherent coupling of valence and conduction
bands present in the eight-band k ·p model is sufficient for
explaining the effects observed in Ref. 17 without additional
nonparabolicity originating form coupling to higher conduc-
tion bands.

VI. SUMMARY AND CONCLUSIONS

We studied the electronic structure of unstrained
GaAs/AlxGa1−xAs QDs in the presence of an external mag-
netic field. Interface roughness was observed to sensitively
affect the transition energies, but hardly the intraband ener-
gies. For a magnetic field applied in the growth direction and
in the direction perpendicular to the growth direction �where
B�50 T�, we find good agreement between the exciton dia-
magnetic shift obtained from our calculations and the experi-
mental data from Ref. 17. We discussed the effect of tunnel-
ing and the degree of nonparabolicity and found that
tunneling was negligible in our model and that inherent cou-
pling of valence and conduction bands present in the eight-
band k ·p model is sufficient to explain the “nonparabolicity”
effects reported in Ref. 17.
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