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We study the evolution of the excited-state photoluminescence of a single self-assembled quantum dot as a
function of applied magnetic field in a regime where the cyclotron energy is comparable to the confinement
energy. As expected, we observe the splitting of the angular-momentum states following the Fock-Darwin
scheme, but we also observe that each state further splits into a doublet which shows an unexpected evolution
with increasing magnetic field. This behavior cannot be explained by a simple Zeeman spin splitting but is
rather consistent with the observation of spin-orbit coupling where the spin of electrons is coupled with the
envelope function orbital angular momentum. We show that the addition of this type of spin-orbit coupling to
the single-particle Fock-Darwin model can account for the observed dependence. By comparison of our data
with such a model, we derive a spin-orbit intensity of ��3.9�0.3��10−9 eV cm�2.
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The potential of quantum dot �QD� structures for nano-
technology applications has motivated considerable research
on their fundamental properties. Both the charge and spin of
carriers in QDs can be used as quantum bits in quantum
information processing.1 While electron-hole pairs �excitons�
may offer easy coherent manipulation,2 the spin state has a
longer coherence time due to its insensitivity to electronic
noise. Possible mechanisms to control and manipulate spin
states include prominently the Datta-Das proposal for a spin-
field-effect transistor3 based on the Rashba spin-orbit �SO�
interaction.4 A more recent proposal exploits both the Rashba
and Dresselhaus5 coupling by tuning the Rashba SO intensity
via gate voltages.6 The basic understanding of QD properties
is necessary in order to fully exploit the application potential
of this type of devices. In particular, all SO effects must be
measured and understood for full control of spin-flip mecha-
nisms.

The energy shell structure of charge carriers in self-
assembled QDs is approximately that of a particle confined
in a two-dimensional parabolic potential,7,8 and the
harmonic-oscillator solutions are the Fock-Darwin �FD�
states.9 The evolution of the FD states in magnetic field
shows a typical crisscross pattern, the FD spectrum, which is
reproduced to a good approximation by the evolution of the
QD photoluminescence �PL� emission peaks with magnetic
field.10 However, the inhomogeneously broadened �few tens
of meV� spectra of QD ensembles prevent observation of
more subtle spin-related effects �few meV�. The QD en-
semble broadening can be eliminated by isolating a single-
quantum dot �SQD� using a nanohole patterned gold mask or
by etching small mesas on the sample surface, and single QD
studies were recently reported for magnetic fields up to 14
and 20 T.11,12 In this paper we present excited-state PL of a
SQD in magnetic fields up to 26 T, where emission lines
associated with different spin configurations of the same FD
state can be resolved. The evolution of each spin configura-
tion is followed as a function of magnetic field, and we con-
clude that it is consistent with the observation of spin-orbit

coupling between the particle spin and the envelope function
orbital angular momentum.

The sample investigated in this work was grown by
molecular-beam epitaxy on a semi-insulating GaAs sub-
strate. The InAs QDs were formed by Stranski-Krastanow
self-assembly,13 and their height was controlled by an Indium
flush at 5 nm.14 The dots were grown on an undoped GaAs
buffer layer with a nominal thickness of 205 nm for which
the last 5 nm was deposited at the InAs growth temperature
of 490 °C and capped with a 300 nm GaAs layer. Another
uncapped QD layer was deposited on the sample under the
same conditions for atomic force microscopy �AFM� mea-
surements. The structure was annealed for 35 s at 850 °C in
order to blueshift the emission into the sensitivity range of a
charge coupled device �CCD� camera and to decrease the
shell energy spacing.15 The sample was subsequently cov-
ered with a nanohole pattern with 20/100-nm-thick Ti/Au
film to optically isolate the dots. The emission spectrum was
measured with the sample immersed in liquid helium
�T=4.2 K� and subject to a magnetic field applied perpen-
dicular to the plane of the dots �Faraday configuration�. Fiber
optics were used to deliver laser excitation ��=514.5 nm�
and for light collection, whereas piezodriven stages enabled
precise positioning of a SQD below the fiber optics. Further
details of the setup can be found in Ref. 11.

The surface QD layer provides an estimate to the QD
density by way of AFM imaging. Together with PL mapping
of the various sized nanoholes, we determine an approximate
QD density of 3 dots /�m2. The results presented in this
paper are from a SQD contained in a 1�1 �m hole for
which power-dependent PL spectra are shown in Fig. 1.16

The lowest excitation power spectrum appears to be domi-
nated by a single emission line from the s shell. However,
higher-resolution PL measurements of similar dots have
shown that the ground-state emission is comprised of a few
emission lines with a characteristic pattern.17,18 From
polarization-resolved experiments, the observed lines are at-
tributed to neutral and singly charged exciton states. Increas-
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ing the power leads to shell-filling along with emission from
the p-shell and subsequently the d-shell. Furthermore, there
is a broadening effect as new emission lines appear at lower
energies with respect to each shell, which we attribute to
many-body effects.

The magnetophotoluminescence �MPL� measurements
were taken at a relatively high excitation power in order to
have the most intense signal from the p- and d-shells. The
magnetic field evolution of the emission spectrum is pre-
sented in Fig. 2 in the form of a surface plot. The results
resemble closely the simple FD spectrum with 1, 2, and 3
branches for the s-, p-, and d-shells, respectively, where each
branch corresponds to a specific orbital angular-momentum
channel. With increasing magnetic field, the lower angular-
momentum states of the f- and g-shells emerge into the in-

vestigated energy range at �6 and �23 T, respectively. The
spectrum evolution has the characteristic diamondlike level
crossings of the FD spectrum, and the branches can unam-
biguously be assigned to specific excitonic FD states.19 Sev-
eral excitonic state crossings can be observed at �9, �16,
and �26 T with no apparent anticrossing behavior. Some
deviations from the single-particle FD model are however
observed. For example, the branches that belong to the same
energy shell are not degenerate at zero field as predicted for
FD states. Moreover, it is apparent that the zero and positive
angular-momentum branches Le �Ref. 20� are composed of
two emission lines that split progressively with increasing
field. Conversely, the lower �negative angular momentum�
branch of the f-shell is composed of a doublet which con-
verges progressively as the magnetic field increases. For the
lower branch of the d- and p-shells, a doublet is not directly
seen, but the transition lines become narrower as the field
increases, suggesting the presence of an unresolved doublet
that converges with increasing field. A second derivative
�data shown in Fig. 4� of the spectrum in Fig. 2 confirms the
presence of a converging doublet for the lower branch of the
d-shell.

So far our discussion neglected carrier interactions, but in
such a confined system of charged particles, interactions un-
doubtedly come into play. Since the doublets are separated
by 5–10 meV throughout the magnetic field range and ex-
change energies are typically within a few meV, many-body
effects should be considered as a possible reason for the
presence of doublets. Many-body calculations show that the
shifts due to exchange and correlation effects are usually
toward lower energies.8 As the excitation power is increased,
the lower energy peak of the doublets would therefore be
expected to appear after the higher energy peak. In view of
that, power-dependent PL measurements were taken in static
magnetic fields in order to study the effect of carrier popu-
lation on the PL spectrum. In Fig. 3�a�, the magnetic field is
fixed at 6 T and the shell degeneracy has clearly been lifted
as each PL peak can be assigned to a different orbital state.
In particular, the d+ state is well isolated and it is apparent
that it consists of a doublet. The doublet peaks appear in the
PL spectrum following the filling of lower states, and their
emission intensity increases gradually as the excitation
power is increased. Moreover, the higher energy peak, which
is very weak when the doublet first appears, becomes more
intense with respect to the lower energy peak. The same
behavior is observed for the p+ doublet at 22 T, as shown in
Fig. 3�b�. At the highest excitation power, the higher energy
peak is more intense than the other doublet peak. This be-
havior is indicative of normal-state filling, which suggests
that the doublets are not a manifestation of many-body ef-
fects but rather a manifestation of the two optically active
spin configurations predicted by the single-particle picture.
Finally, adding a simple Zeeman splitting to the FD model
cannot explain the increased splitting of upper branches in
magnetic field while lower branches show reduced splitting.

All of the above observations can be explained by the
addition of SO coupling to the FD model. Such modifica-
tions to the FD model were implemented by several authors
in the past to study the transport properties of electrons
through gated QDs.21–25 We extend this to the case of exci-
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FIG. 1. Excitation power dependence of the PL spectrum from a
SQD at zero magnetic field. As the power is increased, emission
from higher energy shells appears in the spectra, and the wetting-
layer signal gains intensity. The spectra are offset for clarity.
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FIG. 2. �Color online� Surface plot of the SQD emission spec-
trum evolution in magnetic field. In order of increasing intensity,
the emission is represented by blue, yellow, orange and red. The
excitation intensity is �38 kW /cm2.
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tons in self-assembled dots to illustrate how SO coupling can
explain our observations. For simplicity we work within the
effective-mass approximation. We first consider a single-
charged particle of effective-mass m�

� confined in the xy
plane by the potential V��r�; where � stands for electron or
hole. The dot shape can be accounted for by considering an
anisotropic lateral potential,

V��r�� = 1
2m�

����x
2 x2 + ��y

2 y2� . �1�

In a perpendicular magnetic field Bz, the single-particle
Hamiltonian contains the confinement energy, the Rashba
and Dresselhaus SO terms, and the Zeeman energy. When
the confinement energy is much greater than the SO terms,
one may use unitary transformations yielding an effective
diagonal SO term to obtain analytical solutions.26 The details

are given in Refs. 21 and 26 and only the solution is pre-
sented here. The eigenvalues for each spin � depend on the
number of quanta in each oscillator,

EN1N2�
� = � ��N1 + 1

2��	1�
� + �N2 + 1

2��	2�
� � + 1

2s�g�
��BBZ,

�2�

where � has a positive �negative� sign for electrons �holes�,
g�

� is the bulklike effective g factor, �B is the Bohr magne-
ton, and s�= �1 for �= ↑ ,↓. The frequencies 	k�

� of the two
�k=1,2� decoupled oscillators are

	k�
� = 1

�2
���x

2 + ��y
2 + ���c

2

� ����x
2 + ��y

2 + ���c
2 �2 − 4��x

2 ��y
2 �1/2, �3�

where the upper �lower� sign in � corresponds to k=1�2�.
The cyclotron frequency has been renormalized to include
the SO coupling,

���c =
eBz

m�
� + �SO

� 2m�
�

�3 s�
�, �4�

where the SO coupling constant �SO
� quantifies the total SO

strength, including Dresselhaus and Rashba contributions.
Thus, we have obtained a set of states of the form

�N1N2�� for both electrons and holes, with Nk �k=1,2� rep-
resenting a number of renormalized oscillator quanta. It is
interesting to note that for �SO

� =0 and ��x=��y, the above
solution reduces to the traditional FD states where 	1=	+
and 	2=	−.10 Now one must build the set of optically al-
lowed transitions in order to compare with the experiment. In
the case of pure FD states, dipole-allowed transitions couple
electron and hole states with the same quantum numbers but
opposite spins. Since the SO energies �few meV� are small
compared to the lateral confinement energies �tens of meV�,
the same selection rules should apply to a good approxima-
tion. The excitonic �X� spectrum is thus built from
the difference between electron and hole energies
EN1N2�=↑,↓

e −EN1N2�=↓,↑
h . An offset energy E0 comprising the

QD material energy gap and the vertical confinement energy
must also be added to the exciton recombination energy. For
an exciton state �N1N2��, where � is defined as the electron
spin, the emission energy is

EN1N2�
X = E0 + �N1 + 1

2��	1�
X + �N2 + 1

2��	2�
X + 1

2s��ge
�

+ gh
���BBZ, �5�

	k↑
X = 	k↑

e + 	k↓
h ; 	k↓

X = 	k↓
e + 	k↑

h . �6�

Figure 4 compares the calculated energies �lines� to the
experimental results �circles�, where experimental peak posi-
tions were extracted using a second derivative algorithm. In
a strained InAs/GaAs QD, the electron effective mass be-
comes close to the electron mass in GaAs and we accord-
ingly use the value me

�=0.067me in the model.7,27,28 Empiri-
cal pseudopotential and ab initio local-density calculations
predict a heavy-hole mass of mh

�=0.590me.
29 In a bulk semi-

conductor, the effective g factor of the electron is altered
from the free-electron value of g	2 as a result of spin-orbit
coupling related to the atomistic part of the wave function.

FIG. 3. �Color online� Power dependence of the PL from a SQD
in a magnetic field fixed at �a� 6 and �b� 22 T. The doublet peaks
appear in the PL spectrum following the filling of lower states. As
the excitation power is increased, the higher energy peak becomes
more intense with respect to the other doublet peak. The peaks have
been denoted by arrows to symbolize their attribution to different
spin states. However, it should be noted that the exact orientation of
the spin states is not known.
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These bulklike effects are included in the formula for
conduction-band g factor,30

g = 2 −
2Ep
SO

3Eg�Eg + 
SO�
, �7�

where 
SO is the spin-orbit splitting defining the energy
difference between heavy and split-off hole states,
Ep=2
S�Px�X�2 /me is the Kane energy involving the momen-
tum matrix element between the s-like conduction band and
p-like valence band, and Eg is the band-gap energy including
the vertical confinement energy. For InAs material,28 the
parameters are 
SO=0.39 eV, Ep=21.5 eV, and
Eg=1.243 eV for the measured dot. This gives an effective
electron g factor ge

�=−0.75 in the dot material. For holes in
self-assembled dots, it was recently shown using a tight-
binding approach that the hole g factor is close to zero
�gh

��0�.31 Moreover, for the type of QDs studied here, we
expect the dot anisotropy ratio �=��y /��x to be close to
unity, and from the ground- and excited-state peak positions
at zero field, one can obtain good guesses for the offset en-
ergy as well as the electron and hole potential strength
����x+��y� /2. The only fitting parameters left are the elec-
tron and hole SO intensities. We find that the best fit to our
data is obtained when neglecting the hole spin-orbit coupling
in comparison with that of electrons. This empirical observa-
tion is in agreement with theoretical results of other authors.
Bulaev and Loss32 argued that for flat QDs the SO coupling
of electrons is stronger than that of heavy holes. Sheng
et al.31 found that the hole spin in InGaAs/GaAs QDs is
“frozen” along the growth axis. This precludes efficient cou-
pling of the “hole spin” with envelope function degrees of
freedom.

A value of �SO
e = �3.9�10−9 eV cm�2 is obtained by mini-

mizing the divergence between experimental and calculated
results. This value is comparable to what is measured or

predicted for InAs QWs.33 However, in the QDs this value is
achieved without external applied electric fields �i.e., no
gates� or charge density. The difference lies in the strain
distribution of the InAs material inside the QD which is dif-
ferent from that of a QW, and the asymmetry of the QD
potential in the vertical direction, a result of the asymmetric
shape and/or material composition inside the QD, whereas
the asymmetry encountered for QWs in the literature stems
from electric fields due to the presence of space charges in a
2DEG. The QD material strain affects the bulk inversion
asymmetry �Dresselhaus�, while asymmetry of the QD po-
tential is related to the structural inversion asymmetry
�Rashba�. Our results do not allow us to discriminate be-
tween the two contributions, and the spin-orbit intensity ob-
tained is a measure of the combined effect of both contribu-
tions. We expect that the measured value can change from
dot to dot due to variations in composition, strain field, and
structural shape. This would be consistent with the findings
of Fry et al.34 who indicated that a reversal of the permanent
dipole in the vertical direction of QDs can be observed if the
gradient of composition and the thickness of the QDs are
varied. Further study should reveal more on this particular
topic.

Although the SO coupling alone will introduce a zero
field splitting of the different Le states within the same en-
ergy shell, we found that a small size anisotropy effect of 5%
��=0.95� was needed to explain the observed separations. If
the SO coupling is too high, the evolution of the state split-
tings with magnetic field cannot be reproduced accurately.
The strength of the SO coupling compatible with our data
produces a zero-field splitting of �2.6 meV between p-shell
states. This is too small to explain the width of emission lines
observed at zero field. As a result, a dot anisotropy that
accounts for roughly 25% of the zero-field splitting of
�3.6 meV was introduced. However, a single-exciton
model with size anisotropy and Zeeman spin splitting alone
cannot reproduce the observed results. The evolution of each
doublet depends on the envelope function angular momen-
tum of that state. The branches with zero or positive angular-
momentum Le have a doublet separation that gradually in-
creases with field. Moreover, the separation is greater for
states with more angular momentum and for same angular-
momentum states that are in higher energy shells. For the
negative angular-momentum branches, the lines appear to be
initially separated and they converge together with increas-
ing field until they form a unique peak. Furthermore, the
separation depends on the orbital state. For fields between 5
and 10 T, the separation is greater as the angular-momentum
Le is more negative. The dependence of the splitting on or-
bital state is a clear indication of SO interaction in the dot.

In general, there is good agreement between experimental
and theoretical results. The main features of the MPL mea-
surements are captured by the single-exciton model. The
most important discrepancy occurs in the s-shell emission
with the experimental peak maxima being at higher energies
than the calculated results. However, the s-shell signal is
relatively weak and broadened toward lower energies, which
might explain the disagreement. The calculated spin splitting
in the s shell �2.5 meV at 26 T� is larger than what is ob-
served in low excitation power measurements �0.6 meV at 26
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FIG. 4. �Color online� Comparison of calculated emission ener-
gies for our spin-orbit Fock-Darwin model �solid lines� compared
with experimental peak positions �solid points�. The parameters
used include an anisotropic lateral potential with �=0.95, confine-
ment potential strength of 35.4 meV and 7.4 meV for the electron
and hole, respectively, and E0=1238 meV. The model includes the
Zeeman spin splitting and SO coupling.
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T�. We were not able to account for this discrepancy within
the framework of our model. The bulklike effects on the
effective g factor have been accounted for in the value of ge

�

used in the model. In the QD, the effective g factor is further
modified by SO coupling. The SO intensity determined from
our calculations is therefore a measure of this added SO cou-
pling. The SO interaction modifies the precessional fre-
quency of the dot particles from the Larmor frequency �L
= �g��BB /� to a different value depending on the orbital state
of the particles. The altered precessional energy is equal to
the difference between the spin-up and spin-down particle
energies for a given angular-momentum state, and its mag-
netic field dependence is related to the SO intensity. The
effective g-factor values reported in the literature are deter-
mined from this altered precessional energy which will de-
pend on dot size and shape17,35 as a consequence of variation
in SO intensity.

Although the above single-particle model successfully de-
scribes our experimental results, a more precise description
should be obtained by the inclusion of many-body effects
which should give more insight on the role of exchange and
correlations. However, from the success of our single-
particle model, one can infer that the SO interaction is a
higher-order effect, while many-body effects are of an
equivalent or lesser order, which vary more slowly with
magnetic field than the SO coupling.

We consider that the largest parameter uncertainty in the

theoretical model originates from the effective excitonic g
factor gexc

� =ge
�+gh

� in the bulklike dot material. In order to
determine an uncertainty on the SO intensity, we use the
boundary values of 0 and −5 found in Ref. 35 for QDs of
different geometry emitting at the same ground-state energy.
We thus obtain �SO= ��3.9�0.3��10−9 eV cm�2.

In conclusion, we have shown that the emission spectrum
of a SQD in magnetic field resembles the FD spectrum. By
including SO coupling, Zeeman spin splitting, and dot-size
anisotropy to the FD model, the calculated energies are in
good agreement with the experimental results. The occur-
rence of doublets and their evolution as a function of increas-
ing magnetic field is consistent with the observation of SO
interaction in the dot. By comparing experimental data with
a single-particle model, and neglecting the SO coupling of
holes, a SO intensity of �3.9�10−9 eV cm�2 was deduced
for electrons confined in our single self-assembled QD. We
believe that this is the first experimental quantitative estimate
for this coupling constant in self-assembled QDs.
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