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A combined analysis of microphotoluminescence ��PL� and microphotoluminescence excitation ��PLE�
spectra of the same single quantum dot �QD� enables an unambiguous identification of four sharp resonances
in the excitation spectrum detected on the positive trion transition �h0→e0h0h1� and reveals the complete fine
structure of the hot trion. Transitions into states normally forbidden by �spin� selection rules for optical
transitions between pure spin states are observed. The splittings of all triplet states are found to be large �up to
3 meV�, asymmetric, and QD size and shape dependent. The experimental data are in excellent agreement with
theoretical calculations in the framework of eight-band k ·p theory and the configuration-interaction method.
To account for the physical effects which lead to the observed fine-structure splitting, parts of the complex
model are successively omitted. This approach identifies the anisotropic hole-hole exchange interaction as well
as correlation effects dominating the observed fine-structure splitting of the hot trion.
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I. INTRODUCTION

Single quantum dots �QDs� are the most promising can-
didates for future electrically driven emitters of qubits
�single polarized photons� or entangled photon pairs.1–5 Such
emitters �together with highly efficient single-photon detec-
tors� present the physical backbone of future quantum cryp-
tography and communication systems. Exchange interaction
of the electron and the hole populating the ground state of a
QD leads to a fine-structure splitting �FSS�. Size and sign of
the fine-structure splitting depend on the size and shape of
the QDs and control the properties of the emitted photons.6 A
detailed understanding of exchange interaction in these nano-
structures is therefore of fundamental physical interest and
utmost importance for system applications.

Symmetry-based arguments lead to a separation of the
exchange interaction into an isotropic and an anisotropic
part. The latter causes the splitting of the exciton bright
states. The dark-bright splitting and the splitting of the exci-
ton dark states are determined by the isotropic part of the
electron-hole interaction.7–9 As the dark states of the exciton
are optically not accessible in the absence of an external
magnetic field, its complete fine structure and therewith the
exchange interaction cannot be probed spectroscopically.

The isotropic part of the exchange interaction is revealed
however in the spectra of double charged excitons10,11 and
excited trions.12,13 Their previous investigations by us and
others were based on single-QD photoluminescence ��PL�
or cathodoluminescence �CL�. The observed ground-state
transitions reflect only parts of the fine structure. Excited
states, e.g., of the exciton or the trion, are hardly accessible
by luminescence.

This drawback can be overcome by resonant excitation of
single QDs using the excitation energy as a variable. Excited
exciton states or, if the QD is charged, excited trions can be
thus created. Photoluminescence excitation spectroscopy
�PLE� has been successfully applied to QD ensembles14 but
only rarely for investigations of single InAs/GaAs QDs.15–18

Using �PLE not only bound-to-bound transitions are
probed but also bound-to-continuum and continuum-to-

continuum transitions.17,19 Additional resonances in PLE are
caused by simultaneous generation of optical phonons.15 One
of the main difficulties of using �PLE to probe single QDs is
the unambiguous assignment of the resonances in the spec-
trum to specific transitions.

This work presents twofold fundamental progress. Based
on comparison of �PL and �PLE, the identification of the
complete fine structure of the hot trion becomes possible.
Calculations reveal anisotropic hole-hole exchange and cor-
relation effects as the driving parameters for the fine-
structure splitting of the hot trion. Experiment and theory are
found to be in excellent agreement.

II. ELECTRONIC STRUCTURE OF THE HOT TRION

A positively charged trion �X+� consists of one electron
and two holes. All particles may occupy the ground state of
the QD �e0h0h0� or at least one hole may occupy the first or
higher excited state �e.g., e0h0h1, denoted X+��. The energet-
ics of the latter, called hot trion, is the main subject of this
paper for reasons discussed now. Since the various energy
levels of the QD are occupied here by one particle only, the
spins of the particles are independent, allowing 23 different
spin configurations. The total spin of a hot trion has a half-
integer value. According to Kramer’s theorem all states have
to be at least twofold degenerate in the absence of a magnetic
field. Thus only four doubly-degenerate energy levels can
arise. Their splitting is controlled by the exchange interaction
�electron-hole, Keh, and hole-hole, Khh� and correlation ef-
fects. If the excited hole occupies the first hole level the four
hot trion levels are denoted by X+1,. . .,4

� .
K. V. Kavokin20 presented a theoretical analysis of such a

trion, neglecting contributions of the light holes and inter-
mixing of the singlet and triplet states. The system was sim-
plified by a separation of the exchange interaction into terms
of different sizes. The isotropic exchange interaction be-
tween identical particles, here between the two holes, is
known to influence the electronic structure most. It splits the
twofold-degenerate singlet S�1/2 from the sixfold-degenerate
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triplet states. The splitting of the triplet states is handled
separately. The isotropic part of the electron-hole exchange
leads to an equally spaced energy splitting of the three triplet
states T�7/2, T�5/2, and T�1/2. The anisotropic part of the
electron-hole exchange interaction leads to mixing of these
states. Further lifting of their degeneracy is prohibited by
Kramer’s theorem, resulting in four degenerate doublets as
shown in Fig. 1�a�. The interpretation of polarization effects
in charged CdSe �Ref. 13� and InAs �Refs. 11, 12, and 18�
QDs are based on this approach, which enables the assign-
ment of spin configurations to the X+1,. . .,4

� states.

III. EXPERIMENTAL RESULTS

The samples investigated in this paper were grown by
molecular-beam epitaxy �MBE� on GaAs�001� substrates us-
ing growth conditions to get defect-free QDs. A buffer layer
of 500 nm GaAs was grown at 585 °C. For the QD layer the
temperature was reduced to 485 °C and nominally 2.5
monolayers of InAs were deposited and covered by 7 nm of
GaAs before the temperature was raised to 585 °C again for

the growth of a 43 nm capping layer. The QD density is of
the order of 5�1010 cm−2 with the PL maximum at 1.119
eV �full width at half maximum �FWHM� 75 meV� at 15 K.
For the single-dot measurements in this work, we choose
QDs with exciton ground states between 1.23 and 1.27 eV on
the high-energy side of this distribution. The dominance of
positively charged complexes in �PL spectra indicates an
unintentional positive background doping.

The PL was detected through a metal shadow mask with
100 and 200 nm apertures using a tunable cw Ti:sapphire
laser as excitation source and a triple 0.5 m monochromator
with a liquid N2 cooled Si charge coupled device �CCD� for
detection. All spectra were recorded at 15 K.

Single-QD �PL spectra �Fig. 1�b�� display the decay of
different few-particle complexes due to a statistical occupa-
tion of the QD. Polarization and excitation density dependent
measurements enable the assignment of most of the lumines-
cence lines to specific few-particle complexes.21

The fine structure of the hot trion is partially revealed by
the PL of the charged biexciton �XX+�. The two emission
lines corresponding to the decay to the X+2

� and X+3
� states

are easily identified by their constant intensity ratio.12 So far
the decay to the X+4

� state, which corresponds to the singlet
state S�1/2 if intermixing of the states is negligible, has not
been identified or observed in PL before.12,13 The decay to
the X+1

� state has also never been reported and is not ex-
pected to be observable in PL. Neglecting again intermixing
of the X+� states, X+1

� corresponds to the triplet state T�7/2.
The optical transition between XX+ and the T�7/2 state of the
X+� is forbidden by spin-selection rules.

The fingerprint of the complete fine-structure splitting of
X+� is present in the �PLE spectra detected on X+. Figure 2
shows �PLE spectra of three different QDs. The �PLE spec-
tra of all QDs show a group of four sharp resonances at low
excitation energies �labeled as 1–4 in Fig. 2�. Sharp reso-
nances are observed only below �E=55 meV, where �E is
the difference between excitation and detection energy.
Above this energy a broad background, attributed to bound-
to-continuum transitions,19 is visible. The next challenge is
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FIG. 1. �Color online� �a� Term scheme of a QD occupied with
one hole, showing the correspondence between PLE �peaks 1, 2, 3,
and 4� transitions and the PL of the charged biexciton �peaks 1�, 2�,
3�, and 4��. All states are twofold degenerate. One possible spin
configuration is indicated. ↑: electron; ⇑: hole; bold marks occupa-
tion in the first-excited state. �b� Typical PL spectrum �left� and the
related PLE spectrum detected at X+ �right�. The correspondence
between PLE lines and the XX+ PL enables the identification of the
PLE lines. Identical energy separations are marked by bars of the
same gray level in both spectra.
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now the identification of the transitions corresponding to the
hot trion states. For this purpose we compare for the same
dot the energy separations of the XX+ lines in �PL with
those of the X+ in �PLE.

A detailed �PLE of one QD, containing the transitions
1–4 from Fig. 2, is shown in Fig. 1�b� on the right-hand side.
On the left-hand side the corresponding �PL of the same QD
is plotted. The energy-level diagram �Fig. 1�a�� illustrates the
relation between the energy separations in �PLE and �PL.
In �PL the identification of the transitions from XX+ to
X+2

� and X+3
� states is well established.12 They are labeled as

2� and 3� in Fig. 1. Identical splitting is now found in the
�PLE spectra between the lines labeled as 2 and 3, permit-
ting the unambiguous identification of the �PLE lines: a di-
rect generation of X+� by �e0−h1� generation. Theory22,23

predicts zero oscillator strength for the e0−h1 transitions for
all QDs with a symmetry of C2v or higher. Their observation
indicates that the symmetry of the probed QDs is lower.

Having identified the resonances 2 and 3, the energy-level
diagram �Fig. 1�a�� suggests the assignment of resonances 1
and 4 to the generation of the X+1

� and X+4
� states. The posi-

tive proof is found in �PL by comparing the energy separa-
tion of the hot trion states from �PLE to the �PL of XX+.
Two additional yet unidentified peaks in the PL �1� and 4��
can be assigned to the decay of XX+ to hot trion states. The
transition to the X+4

� state �the singlet S�1/2 state� is visible
for all examined QDs; the decay to the X+1

� state is observed
only occasionally.

The combination of �PL and �PLE therefore allows a
systematic analysis of the complete fine structure of the
X+�. The fine structure of a large number of QDs has been
analyzed in this way. The energy of the exciton ground-state
transition vary from 1.228 to 1.266 eV and is uncorrelated
with the fine-structure splitting. In Fig. 3 the energetic posi-
tion of the hot trion X+1,. . .,4

� states relative to the energy of
the X+2

� state is plotted against the energy separation between
X+3

� and X+2
�. Therewith correlations between variations in

the different energy separations become transparent. Each
QD is represented by four points which are vertically
aligned, representing the four hot trion states. The �PLE data
�full circles� are complemented by data from �PL �open
squares� of additional QDs from the same sample, only in-
cluding the X+2,3,4

� states. The energy separation between
X+4

� and X+2
� varies between 5.6 and 2.8 meV. The separation

between X+3
� and X+2

� varies between 0.23 and 2.1 meV. The
separation between the X+1

� and X+2
� states is between 0.81

and 0.95 meV.
The energy splittings are obviously anticorrelated. When-

ever E�X+4
��−E�X+2

�� is large, E�X+3
��−E�X+2

�� is small. This
indicates that a common parameter governs both splittings. If
we consider the center of the X+3

� and X+4
� transitions

�E�X+4
��−E�X+3

��� /2, the energy separation to the X+2
� state

is almost constant ��2.7 meV�, indicating mixing between
the X+3

� and X+4
� states as driving parameter. The variation in

E�X+1
��−E�X+2

�� is small but increases monotonically with
increasing E�X+3

��−E�X+2
��. These experimental findings are

in contrast to previous theoretical predictions20 of a symmet-
ric triplet splitting, which is only weakly affected by inter-
mixing effects due to anisotropic electron-hole exchange in-
teraction.

IV. THEORETICAL RESULTS

The electronic structure of the QDs is calculated using a
three-dimensional implementation of the eight-band k ·p
method. The model accounts for the inhomogeneous strain
distribution, the built-in piezoelectric potential �including
first-order24 and second-order22,25,26 effects�, and interband
mixing. Few-particle states �here the hot trion states� are cal-
culated using the configuration-interaction �CI� method,
which includes the effects of direct �mean-field� Coulomb
interaction among different charge carriers, exchange, and
correlation. The entire method is described in detail
elsewhere.22,27 The CI method has been recently extended to
include dipole-dipole Coulomb interaction28 in order to de-
scribe exchange-splitting effects correctly.

The starting point of the simulation is an assumption on
the QD structure. The present MBE growth conditions sug-
gest a nonuniform In composition. Following Refs. 29–32
we assume a trumpet-shaped In composition. The vertical/
lateral aspect ratio is expected to vary between QDs and is
used as structural variation parameter.

The experimental data indicate that the symmetry of the
investigated QDs is smaller than C2v. The fine structure of
the spectra depends on the structural symmetry. Therefore
we consider deviations from structures with mathematically
exact symmetry. This can be easily accounted for in atomis-
tic models, such as the empirical pseudopotential33 or the
empirical tight-binding method.34,35 In a mesoscopic model
such as k ·p, in contrast, the virtual-crystal approximation
�VCA�, is typically used. In Ref. 22 we applied this approach
to uniform and nonuniform composition profiles. By follow-
ing this approach, the assumption of a symmetric structure
leads to optical selection rules contrary to experimental
observations.36
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To avoid this problem, we developed a “quasiatomistic”
or non-VCA description of QDs �Fig. 4�. For a given fraction
�x ,1−x� of InxGa1−xAs at a given grid point, InAs is chosen
with probability x and GaAs with probability �1−x�. Since
the choice is not unique, we applied this procedure twice for
each QD, resulting in a series with twice as many structures
as the series of VCA QDs.

Figure 4 shows the theoretical X+� fine structure of a
series of QDs with varying aspect ratio and constant In
amount. For each aspect ratio a VCA QD �full boxes� and
two additional non-VCA QDs �open boxes� are calculated.
From this plot three conclusions can be drawn. First, the
predicted values for the fine-structure splitting of the X+�

agree even quantitatively very well with the experimental
data depicted in Fig. 3. This means that our approach repro-
duces also the relevant exciton fine structure correctly. Next,
a variation in the aspect ratio of the QDs within a realistic
range reproduces the anticorrelation between the X+4

�−X+2
�

and the X+3
�−X+2

� splittings. Considering QDs with the same
aspect ratio of 0.3, 0.4, or 0.5 the observed anticorrelation is
also reproduced in each subseries. Hence the intermixing of
the X+4

� and X+3
� states is determined by more than one struc-

tural parameter.
However, since the calculations are very complex and

many effects are treated simultaneously, a mere agreement to
experiment does not necessarily allow unambiguous conclu-
sions. Therefore, we repeated the calculation for an example
QD by omitting different parts of the model in the following
steps �see Fig. 5�.

�a� Isotropic hole-hole exchange: single-band projections
of the eight-band k ·p orbitals are used as single-particle
states �for simplicity we keep the original k ·p energies�.
They are calculated in the absence of a piezoelectric poten-
tial, hence, carry the C�0 symmetry for the QD structure.
Only hole-hole exchange terms are taken into account using
a �2e ,4h� configuration. As a result, we obtain the singlet-
triplet splitting of the X+1,. . .,4

� states.
�b� Effects of light-hole contributions: in addition to �a�

hole states are allowed to carry their original light-hole char-
acter �projection on heavy-hole and light-hole basis�. As a
consequence, the triplet state splits into three doublets. The
triplet splitting is significantly smaller than the singlet-triplet
splitting.

�c� Anisotropic hole-hole exchange: piezoelectricity is
added, leading to a C2v-confinement symmetry and laterally
anisotropic wave functions.22 Only heavy-hole projections
are used for the hole states �similar to �a��. The triplet state
splits into a fourfold-degenerate state at lower energies and a
twofold-degenerate state at higher energies caused by an in-
termixing between the singlet and one of the triplet states.

�d� Electron-hole exchange: in addition to �c� electron-
hole exchange terms are accounted for. As a result the triplet
state splits into three well-separated doubly-degenerate
states.

�e� Eight-band k ·p basis states: the single-band projection
basis is replaced by the original eight-band k ·p states. Thus
the model accounts for intraband and interband mixings. The
hole states now gain a small light-hole contributions of about
10%. The triplet states split into three twofold-degenerate
states. The energies of the two energetically lowest triplet
states and of the singlet state decrease significantly.

�f� Correlation: the many-body basis size is increased by
using a �2e ,10h� configuration instead of �2e ,4h�. As a con-
sequence, the energies of the two upper levels drop drasti-
cally by 3.7 and 2 meV, respectively. The two lower levels
remain unaffected.

In this evolution effects of specific parts of the exchange
and correlation become transparent. Quantitative predictions
of the fine structure need to include correlation effects, as
these affect the energy splittings strongly �f�. In experiment
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�Fig. 3� we observe an anticorrelation between the
X+3

�−X+2
� and the X+4

�−X+2
� splittings, which can be ex-

plained by an intermixing of the X+3
� and X+4

� states. Theory
reveals �c� that such intermixing can be caused only by the
anisotropic part of the hole-hole exchange. This leads to an
intermixing of the singlet state with one triplet state, causing
an energy separation of this state to the remaining fourfold-
degenerate triplet.

V. CONCLUSION

Combination of �PL and �PLE spectra allows the unam-
biguous identification of sharp resonances in �PLE spectra
detected on the X+ luminescence as e0−h1 excitations, re-
sulting in the formation of a hot trion in the e0h0h1 configu-
ration. The observation of such e0−h1 transitions indicates a
symmetry of the investigated QDs lower than C2v. In PLE
the complete fine structure of the hot trion is visible; the

absence of strict spin-selection rules for the hot trion states
indicates intermixing of the triplet states. Detailed theory in-
cluding anisotropic exchange and correlation reproduces the
experimental data. The anisotropic hole-hole exchange inter-
action produces a mixing of the singlet with one triplet state.

The quantitative agreement between theory and experi-
ment of the fine-structure splitting of the X+� justifies the
numerical method for calculating the exchange interaction.
Therefore predictions of the fine structure of neutral excitons
are now possible, being of largest importance for future elec-
trically driven single qubit and entangled photon emitters.
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