
HAL Id: hal-03703408
https://hal.science/hal-03703408

Submitted on 23 Jun 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Unveiling the spin-singlet states of two electron-hole
pair complexes using two-photon excitation in a

GaAs/AlAs quantum dot
S Germanis, P Atkinson, A Bach, R Hostein, R Braive, M Vabre, F

Margaillan, M Bernard, V Voliotis, Benoit Eble

To cite this version:
S Germanis, P Atkinson, A Bach, R Hostein, R Braive, et al.. Unveiling the spin-singlet states of
two electron-hole pair complexes using two-photon excitation in a GaAs/AlAs quantum dot. Physical
Review B, 2022, 105 (23), pp.235430. �10.1103/physrevb.105.235430�. �hal-03703408�

https://hal.science/hal-03703408
https://hal.archives-ouvertes.fr


PHYSICAL REVIEW B 105, 235430 (2022)
Editors’ Suggestion

Unveiling the spin-singlet states of two electron-hole pair complexes using two-photon excitation in a
GaAs/AlAs quantum dot

S. Germanis ,1,* P. Atkinson,1 A. Bach,1 R. Hostein,1 R. Braive,2,3,4 M. Vabre,1 F. Margaillan ,1 M. Bernard,1

V. Voliotis ,1 and B. Eble 1,†

1Sorbonne Université, CNRS, Institut des Nanosciences de Paris, 75005 Paris, France
2Université Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotechnologies, 91120, Palaiseau, France
3Université Paris Cité, CNRS, Centre de Nanosciences et de Nanotechnologies, F-91120 Palaiseau, France

4Institut Universitaire de France (IUF), Paris, France

(Received 25 April 2022; accepted 9 June 2022; published 23 June 2022)

We use two-photon excitation to create biexcitonic complexes with two electron-hole pairs in different orbital
levels of a GaAs/AlAs quantum dot. In addition to p-shell emission of the biexcitonic triplet states generated
by two-photon excitation, we observe additional higher-energy resonances which are a signature of the radiative
cascade of two-photon excited singlet states. The detection of these signals obtained in a high excitation regime
is made possible by the use of a waveguiding structure in which the quantum dots are inserted, allowing an
orthogonal excitation and detection geometry with an excellent laser rejection.

DOI: 10.1103/PhysRevB.105.235430

I. INTRODUCTION

Generating on-demand indistinguishable entangled pho-
tons is an essential step in quantum information applica-
tions [1]. In quantum dots (QDs) this has been realized
by using the biexciton-exciton radiative cascade, to create
pairs of polarization-entangled photons [2]. In resonant two-
photon excitation (TPE) schemes the biexcitonic state can
be coherently prepared and this process leads to the gen-
eration of high-fidelity indistinguishable entangled photon
pairs [3,4].

Here, we show that the TPE process can be extended to
resonantly probe an excited biexcitonic state where the two
electron-hole pairs of the biexciton occupy different energy
levels in the QD. In InAs/GaAs QDs such excited biexcitonic
states have been used to implement a protocol for photonic
cluster state generation [5], initialized by sequences of two
optical pulses with different frequencies. In this case the first
frequency was used to coherently initialize a dark exciton
(where the electron and hole spins are parallel), and the sec-
ond, different frequency pulse, was to generate the additional
electron-hole pair in a higher-energy level [6]. In contrast,
here we demonstrate that TPE can address an excited biex-
citon using a single-color optical field.

In the following, we present a study of the emission of
two e-h pairs in a single GaAs/AlAs QD by measuring
both the radiative recombination between excited valence
and conduction orbital levels and between ground valence
and conduction levels. These TPE experiments highlight in
particular the signature of the nonradiative cascade of the
excited spin-singlet state which is extremely difficult to detect
otherwise.

*germanis@insp.jussieu.fr
†benoit.eble@insp.jussieu.fr

II. SAMPLE DESCRIPTION AND OPTICAL
CHARACTERIZATION

GaAs/AlAs QDs embedded in AlGaAs waveguides were
grown by MBE. The experimental implementation of a two-
photon excitation (TPE) experiment requires higher pump
power than for one-photon processes. A good rejection of
the laser is therefore necessary in order to accurately mea-
sure the luminescence of the dot. For that purpose, the dots
were located in the middle of a 400-nm-thick Al0.33Ga0.67As
surrounded by 1-μm-thick Al0.70Ga0.30As upper and lower
cladding layers. To define the dots, 12–14 nm deep nanoholes
were etched by Al droplet deposition on the Al0.33Ga0.67As
surface [7]. These nanoholes were overgrown by a thin 2-nm
AlAs barrier, 1-nm GaAs layer, and a 2-nm AlAs top bar-
rier. Net migration towards the nanohole during a brief, 15-s,
growth interruption after the deposition of the 1-nm GaAs
layer resulted in the formation of inverted GaAs dots with a
height ∼4–6 nm.

One-dimensional (1D) waveguides were etched by induc-
tively coupled plasma (ICP) on the surface of the sample
yielding micrometer size ridges. The resulting 1D-guided
mode is excited by a single-mode optical fiber positioned at
the entrance of the ridge. The optical mode losses are low
enough that the scattered laser light does not affect the QD
signal which is collected perpendicularly by a microscope
objective [see Fig. 1(a)].

Figure 1(b) shows a typical photoluminescence (PL) spec-
trum where the dot is excited by 6-ps pulses of a Ti-Sa laser
at 80 MHz with excitation power above 100 μW. The laser
energy is tuned ∼10 meV above the neutral exciton transition
energy. As clearly seen in Fig. 1(b) highlighted by a blue
shaded area, this strong excitation power gives rise to a signal
∼10 meV higher in energy than the laser energy. The 20-meV
separation between the neutral exciton and this higher-energy
peak corresponds to the typical ph-pe transition energy [8].
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FIG. 1. (a) Sketch of the excitation and detection paths. An
optical fiber focuses the laser beam onto the cleaved edge of the
one-dimensional waveguide in which the dots are embedded. The lu-
minescence is collected by a microscope objective along the growth
direction. The optical fiber passes through an additional window of a
MyCryoFirm optidry 250 ultralow vibration cryostat. (b) Log-scale
broad PL spectrum of a quantum dot with the laser energy tuned
exactly at the TPE resonance condition between the neutral exciton
and the biexcitonlike complex s1

es1
h p1

e p1
h. The colored shaded areas

indicate the luminescence of optical transitions involving pe-ph (light
blue), se-sh orbital levels (light red), and se-ph or pe-sh hybrid transi-
tions (light purple). (c) Zoom on the p-shell emission region (linear
scale) showing the doublet structure. The less intense low-energy
peak denotes the recombination of |T e

0 × T h
0 〉 leaving a neutral ex-

citon in the dot whereas the higher-energy peak corresponds to
T e

±1 × T h
∓3 (see text).

The intensity of this higher-energy line becomes almost
comparable to that of the neutral exciton (X 0) when the exci-
tation power exceeds ∼100 μW. All the measured QDs (more
than 10 on this sample and on another similar one) show the
same characteristic spectral feature of a higher-energy line
∼20 meV above the neutral exciton when the laser energy
is ∼10 meV above the neutral exciton. In the particular case
of the results shown here, the high-energy line has a doublet
structure [see Fig. 1(c)]. The number of high-energy lines
varies from dot to dot and seems to be related to the relative
PL intensity between the negative trion X − compared to that
of the neutral exciton X 0.

In the high excitation power regime a large number of
emission lines can be seen at lower energy to X 0. These lines
are related to the s-shell transitions [highlighted by a red

frame on Fig. 1(b)]. These lines have been assigned to the
neutral exciton X 0, the dark exciton [9–11], the negative trion
X −, and the biexciton XX 0 (see Supplemental Material [12]).
Other peaks are likely to be other charged states. In addition,
weak peaks [highlighted by a purple frame on Fig. 1(b)] are
detected a few meV below the laser energy position. These
weak features, at least two orders of magnitude less intense
than X 0, appear also for other dots studied under the same
excitation conditions. Their emission energies correspond to
optical transitions involving recombination between electron
and hole in different energy levels. The emission is weak due
to poor wave-function overlap due to different spatial sym-
metry. These transitions will be referred to here as “hybrid”
transitions and are discussed in more detail in Appendix C.

In the following, the origin of each group of PL lines will
be discussed. However, the main text is limited to a compre-
hensive study of the ph-pe transitions, is presented providing a
description of the mechanisms that lead to the higher-energy
emissions, whereas Appendix C provides a confirmation fo-
cusing on hybrid transitions. The detection of optical ph-pe

transitions is enhanced in these type of GaAs dots especially
since the intersublevel relaxation time of the electron has
been estimated to be several tens of picoseconds [13]. This
relaxation time is more than an order of magnitude longer that
observed in InAs dots [14].

III. TWO-PHOTON EXCITATION REGIME AND pH -pE

TRANSITIONS

Figure 2(a) shows the high-energy doublet related to p-
shell emission of the excited biexciton. To study this emission
in more detail, Fig. 2(a) shows a PL intensity map of this
doublet as a function of the PL energy and the energy of the
pulsed laser scanned in a range of a few meV, around the max-
imum of PL intensity. The oblique white dashed line having
the equation Edoublet

PL = 2Elaser − EX 0 which traces the energy
dependence of the doublet formally confirms the TPE process.
The luminescence energy of the doublet located at ∼20 meV
above the exciton lines is consistent with recombination from
the p levels [8]. We can therefore assign the doublet to the fine
structure (FS) associated with a “biexciton” of type s1

es1
h p1

e p1
h.

In other words, this TPE process creates simultaneously an
electron-hole (e-h) pair on the s-shell levels, and another one
on the p levels, which is an unconventional excitation process.
In the following discussion, only one conduction and valence
p-envelope state will be considered since no experimental
evidence allows to discriminate the role of the two distinct
p levels.

To fully understand the observed spectroscopic signatures,
we have to take into account the FS of the probed states. In
particular, the FS of s1

es1
h p1

e p1
h is formed by 24 = 16 states,

nine of which are built on the basis of the triplets {|T e
−1,0,+1 ×

T h
−3,0,+3〉}, where |T h

+3〉 = | ⇑sh⇑ph〉, |T h
−3〉 = | ⇓sh⇓ph〉, and

|T h
0 〉 = | ⇑sh⇓ph + ⇓sh⇑ph〉/

√
2. Similar notation is used for

the electronic triplets. The other seven states are built
with higher-energy singlet states, such as |S∗,h

0 〉 = | ⇑sh⇓ph

− ⇓sh⇑ph〉/
√

2 for the holes. Note that we use the notation
|Sh

0〉 to refer to the holes singlet configuration involving only
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FIG. 2. (a) PL map of the doublet associated with the s1
es1

h p1
e p1

h biexciton as a function of the pulsed laser energy. (b) Fine structure of
s1

es1
h p1

e p1
h limited to the subspace of triplet states. Head to tail arrows of the same color indicate identical splitting. The conventions �̃0 > 0,

�̃1 > 0, and �̃2 > 0 were used. To simplify the notation, �0, �1, �2 have been written instead of �
sesh
0 , �

sesh
1 , �

sesh
2 . |X 〉 and |Y 〉 denote the

linear components of the bright exciton, and |DE〉H , |DE〉L the high- and low-energy components of the dark exciton. The solid and dotted
vertical lines map the linearly polarized p-shell biexcitons recombination towards the X and Y exciton components. Polarization-resolved PL

energies for the neutral exciton (c), for |T e
±1 × T h

∓3〉 (d), and | ˜T e
0 × T h

0 〉 transitions (e). Note that the same vertical scale is used for (c), (d),
and (e).

the sh orbital, for example, present in the neutral biexciton
state XX 0 = s2

es2
h.

The FS in the subspace of triplet states has already been de-
rived in Ref. [15], in the single-particle approximation (SPA).
This approximation holds in strongly confining dots such as
InAs QDs and perfectly describes the FS associated with
negatively charged excitonic complexes [16]. QDs character-
ized by a weaker confinement potential, such as GaAs dots,
often require to go beyond this approximation by considering
Coulombic correlations mixing all orbital levels as soon as an
e-h pair is created in the dot [17–19]. A direct consequence
of such many-body effects can lead to a deviation of the FS
energy diagram from that estimated in the SPA [20].

In our case, we will show that the presence of the doublet
observed in the PL spectrum under TPE condition comes from
only three among the nine states forming the triplet subspace.
Since the FS is far from being fully resolved, we will describe
the energy diagram of s1

es1
h p1

e p1
h in the framework of the SPA.

The Hamiltonian leading to the FS of s1
es1

h p1
e p1

h reads as

Ĥeehh =
∑

i∈{se,pe}
j∈{sh,ph}

−2

3
�

i j
0 Ŝi

zĴ
j

z + �
i j
1

2
(Ŝi

+Ĵ j
− + Ŝi

−Ĵ j
+)

+ �
i j
2

2
(Ŝi

+Ĵ j
+ + Ŝi

−Ĵ j
−), (1)

where Ĵz,+,− are the spin operators acting on the hole pseu-
dospin one-half; Ŝz,+,− act on the electron spin. �

i j
0 is the e-h

isotropic exchange interaction between the electron i and the
hole j, whereas �

i j
1 is the anisotropic e-h exchange interaction

contribution acting on the e-h pair (i, j) when it is bright, and
�

i j
2 when it is dark, i.e., made of parallel e-h spins.

The resulting FS is shown in Fig. 2(b) where the nine
triplet states are labeled from |1〉 to |9〉 by order of decreasing
energy. The splittings are simply expressed with a set of three
parameters �̃0 = ∑

i, j �
i j
0 /2 and �̃1/2 = ∑

i, j �
i j
1/2/8. The

eigenvectors, given in Table I, are expressed in the triplet-state
basis, and are calculated in the limit where �̃0 
 �̃1 
 �̃2.

The issue is now to determine to which of the nine
triplet states correspond to the optical signatures observed in
Fig. 2(a), considering both the p- and s-shell recombination.
States |8〉 and |9〉 in Table I are built from states with dark spin
configurations (|T e

±1 × T h
±3〉), and can therefore be discarded.

Moreover, the recombination of a bright e-h pair from |T e
±1 ×

TABLE I. Decomposition of the states 1, . . . , 9 shown in
Fig. 2(b) as a function of the triplet states. The normalization is given
at the lowest order in �̃1/�̃0. The states involved in the TPE experi-

ments are in bold. Note that |1〉 denoted in the main text by | ˜T e
0 × T h

0 〉
is a combination of |T e

0 × T h
0 〉 and |T e

−1 × T h
+3〉 + |T e

+1 × T h
−3〉 states.

No.

|1〉 (|T e
−1 × T h

+3〉 + |T e
+1 × T h

−3〉)/
√

2 + 2�̃1√
2�̃0

|T e
0 × T h

0 〉
|2〉 (|T e

−1 × T h
+3〉 − |T e

+1 × T h
−3〉)/

√
2

|3〉 (|T e
+1 × T h

0 〉 + |T e
−1 × T h

0 〉 + |T e
0 × T h

+3〉 + |T e
0 × T h

−3〉)/2

|4〉 (|T e
+1 × T h

0 〉 − |T e
−1 × T h

0 〉 − |T e
0 × T h

+3〉 + |T e
0 × T h

−3〉)/2

|5〉 |T e
0 × T h

0 〉 − �̃1
�̃0

(|T e
−1 × T h

+3〉 + |T e
+1 × T h

−3〉)

|6〉 (|T e
+1 × T h

0 〉 − |T e
−1 × T h

0 〉 + |T e
0 × T h

+3〉 − |T e
0 × T h

−3〉)/2

|7〉 (|T e
+1 × T h

0 〉 + |T e
−1 × T h

0 〉 − |T e
0 × T h

+3〉 − |T e
0 × T h

−3〉)/2

|8〉 (|T e
+1 × T h

+3〉 − |T e
−1 × T h

−3〉)/
√

2

|9〉 (|T e
+1 × T h

+3〉 + |T e
−1 × T h

−3〉)/
√

2
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T h
0 〉, |T e

0 × T h
±3〉 leaves the dot with a dark e-h pair, indicating

that these states would be addressed through a dark-exciton
virtual state in the TPE process. As discussed in Appendix B,
TPE is more probable if the virtual state has a large oscillator
strength. However, we have already shown in Ref. [10] that
in these dots the typical ratio of oscillator strengths between
dark and bright pairs is ∼1:1000, even though the dark exciton
luminescence signal can become comparable to the bright
one under certain excitation conditions. We can exclude states
where the TPE process would occur via a dark exciton virtual
state, i.e., states |3〉, |4〉, |6〉, and |7〉. This leaves states |1〉,
|2〉, and |5〉 as those addressed by the proposed TPE process.
These states leaves a bright e-h in the dot after p-shell emis-
sion and are therefore accessed by a bright exciton virtual state
in the TPE process.

The energy splitting between |1〉 and |2〉, �̃2
1/�̃0, can be

estimated from the data shown in Fig. 2. The splitting en-
ergy �̃0/2 ∼ 280 μeV can be quantified from the observed
doublet energy splitting1 shown in Fig. 2(a) and, on the
other hand, �̃1 can be approximated by �

sesh
1 /2, with �

sesh
1 =

58 μeV being the bright exciton FS splitting deduced from
polarization-resolved PL measurements of the neutral exciton
[see Fig. 2(c)]. This leads �̃2

1/�̃0 to be estimated to ∼2 μeV.
As a consequence, |1〉 and |2〉 are almost degenerate and
will be labeled in the following |T e

±1 × T h
∓3〉 with an energy

E|T e
±1×T h

∓3〉, while | ˜T e
0 × T h

0 〉 with energy E|T e
0 ×T h

0 〉 will refer
to |5〉. The degeneracy of states |1〉 and |2〉 explains the ap-
pearance of a doublet structure on the p-shell emission side,
although three triplet components are involved.

In further discussion, the laser energy for which the TPE
condition is fulfilled for |T e

0 × T h
0 〉 is labeled EL

|T e
0 ×T h

0 〉, while

the absolute energy for state |T e
0 × T h

0 〉 is labeled as E|T e
0 ×T h

0 〉.
The interpretation given above is consistent with the results

in Figs. 2(d) and 2(e) which show the p-shell recombination

energy of |T e
±1 × T h

∓3〉 and | ˜T e
0 × T h

0 〉 as a function of the
polarization angle. The same FS splitting amplitude as the
neutral exciton (Fig. 2) but with a π -phase shift is observed
with respect to the neutral exciton [Fig. 2(a)] confirms that X 0

is the final state of both p-shell optical transitions. In order
to confirm the arguments developed above, we present in the
Supplemental Material [12] the spectroscopy of the triplet
biexcitonic states from the point of view of s-shell recombi-
nations, using TPE resonances excited with a cw laser.

For higher pump powers (∼200 μW), when the laser is
scanned above the TPE condition, new absorption resonance
is observed. These resonances originating of the p-shell re-

combination | ˜T e
0 × T h

0 〉 appear spectrally broader than those
studied so far, and are labeled α1, α2, α3, and α4 in Fig. 3(a).

Similar resonances are found for |T e
±1 × T h

∓3〉 [Fig. 3(b)]

and no energy shift is observed with respect to the | ˜T e
0 × T h

0 〉
resonances. However, the shift of �̃0/4 = EL

|T e
±1×T h

∓3〉
−

EL
|T e

0 ×T h
0 〉 is observed between the two, previously assigned,

triplet TPE resonances as expected and displayed on Fig. 3(b).

1�̃0/2 has to be compared with �
sesh
0 ∼ 240 μeV, and are of the

same magnitude.

We have also observed these resonances using continuous
wave (cw) laser excitation, and detecting the neutral biexciton
in the s shell, i.e., after the additional relaxation of the hot
triplet to the biexciton (see Supplemental Material [12]).

The additional lines lie on a continuumlike background
fitted by a quadratic dependance [21] with the laser energy
[dashed lines in Figs. 3(a) and 3(b)]. This background signal
remains measurable well below the TPE energy EL

|T e
0 ×T h

0 〉. This

indicates the existence of a dot filling mechanism, in the high
excitation power regime, such as Auger processes in the GaAs
matrix, and/or by a charge transport via the X -valley states
confined in the high concentration aluminum barriers [22].

We will show that these resonances correspond to emission
from the triplet states after TPE of the higher-energy states
labeled |αi〉. They involve in particular the singlet components
(s1

es1
h p1

e p1
h)singlet for at least the first two resonances, i.e., α1 and

α2 [see Fig. 3(b)].
The energy separation of these additional states from the

X 0 energy E|X 0〉 can be easily estimated according to

E|αn〉 − E|X 0〉 = 2EL
|αn〉 − E|X 0〉, (2)

where EL
|αn〉 is the laser energy tuned to the TPE condition of

the state |αn〉 having an energy E|αn〉.
Provided that the |αn〉 are two excited biexciton states,

they should partially relax nonradiatively on the spin-singlet
biexciton XX 0. As a consequence, the energy E|αn〉 − E|X 0〉
corresponds to an absorption resonance that should be found
in the excitation of the luminescence (PLE) spectrum of
XX 0. Note that the energy E|αn〉 − E|X 0〉 takes into account
the Coulomb renormalization in the definition of E|αn〉. These
resonances are all present in the PLE spectrum of XX 0 in
Fig. 3(c).

This indicates that |αn〉 can decay via the nonradiative
and radiative cascade αn → XX 0 � X 0, as well as via the
cascade αn → (s1

es1
h p1

e p1
h)triplet � X 0 which gives rise to the

resonances seen in Figs. 3(a) and 3(b). Due to the biexciton-
exciton radiative cascade, the same resonances are also found
in the X 0 PLE spectra (see the Supplemental Material [12]).
The corresponding {αn} resonances are marked on the PLE
spectra by colored rectangles centered on the position of the
resonance according to Eq. (2) and with width corresponding
to the width at half-maximum of the resonances of Fig. 3(a)
evaluated by a Gaussian deconvolution.

It is then remarkable to note that the experiments of
Figs. 3(a) and 3(b) on the one hand, and of Fig. 3(c) on the
other hand, optically probe the same excitations with different
laser energies. This is related to the difference in excitation
conditions. Under high-power pulsed excitation (200 μW),
the state |αn〉 is directly generated by two-photon absorption
via a virtual state. However, under the continuous excitation
conditions used for the PLE measurements, once the QD traps
an e-h pair, the coherent photocreation of a second e-h pair
will leave the dot in the state |αn〉 as shown in the insert to
Fig. 3(c).

PLE was performed by using a cw laser with a step tuning
of 120 μeV. Note that the laser energy range used in the PLE
does not exceed the GaAs one LO-phonon energy (36 meV)
with respect to the X 0 emission. According to Ref. [23], we
can thus safely exclude phononic resonances in the XX 0 PLE.

235430-4



UNVEILING THE SPIN-SINGLET STATES OF TWO … PHYSICAL REVIEW B 105, 235430 (2022)

(a)

(b)

(c)

(d)

FIG. 3. (a) Evolution of the p-shell emission of | ˜T e
0 × T h

0 〉 where the ps-laser energy is scanned through the TPE resonance. The laser
power is set close to the maximum, ∼200 μW. The dashed line is the estimated background whereas the solid line is a guide to the eyes
deduced from a Gaussian deconvolution. α1, α2, α3, and α4 label the high-energy resonances, indicated by vertical colored lines. (b) Same
graph for |T e

±1 × T h
∓3〉. (c) cw-PLE spectrum of the biexciton XX 0. The resonance associated with the states |αn〉 is highlighted with rectangles

with the same color code as in (a). The inset illustrates the presence of resonances and the role of {αn} states, by a sequential absorption
process, where an e-h pair is already present in the dot. (d) Energy-level diagram showing the TPE of the singlet components, the possible
relaxation mechanisms down to the triplet followed by the triplet emission. For clarity, only the |T e

0 × S∗,h
0 〉 excitation has been illustrated. The

corresponding TPE condition is indicated by the horizontal green dashed line placed at the laser energy for the α1 resonance in (a), while the
absolute energy of |T e

0 × S∗,h
0 〉 is indicated by the position of the green rectangle in (c).

The first identified resonance at 1.6905 eV is the one associ-
ated with the cascade of a triplet state to the biexciton. The
width of this resonance is about 345 μeV and does not allow

to discriminate between | ˜T e
0 × T h

0 〉 and |T e
±1 × T h

∓3〉 which are
split by 280 μeV.

The next resonances corresponding to α1 and α2 are, re-
spectively, located at 1.3 and 6.2 meV in Fig. 3(c). Similar
energy separations have also been measured by magneto-
optics experiments in GaAs/AlGaAs QD [24]. These values
are consistent in magnitude with the magnitude of the h-h
exchange interaction Jhh and the e-e exchange interaction Jee,
which governs the splitting between the hole triplet T h

0 and
the excited singlet S∗,h

0 , and between the triplet T e
0 and excited

singlet S∗,e
0 , respectively.

The schematic diagram of Fig. 3(d) then explains the
resonances observed in Figs. 3(a) and 3(b), and illustrates
in particular the TPE process leading to the resonance α1,
which is related to the state |T e

0 × S∗,h
0 〉. The addressing of

the singlet states |T e
0 × S∗,h

0 〉 for α1 and |S∗,e
0 × T h

0 〉 for α2

by TPE, followed by a nonradiative relaxation, populates

the triplet | ˜T e
0 × T h

0 〉 or |T e
±1 × T h

∓3〉 states, increasing their

respective signal intensities. Although the |T e
−1,0,+1 × S∗,h

0 〉
(respectively |S∗,e

0 × T h
−3,0,3〉) states are degenerate due to their

spin-singlet nature, we attribute the two-photon resonance at
α1 only to |T e

0 × S∗,h
0 〉 (and that of α2 to |S∗,e

0 × T h
0 〉) since

for the |T e
±1 × T h

0 〉 and |T e
0 × T h

±3〉 states, the virtual state
would be dark excitons (see Appendix B). As a consequence,
only |T e

0 × S∗,h
0 〉 and |S∗,e

0 × T h
0 〉 are addressable by TPE. A

confirmation of the |T e
0 × S∗,h

0 〉 TPE is given in Appendix C.
There we show that since |T e

0 × S∗,h
0 〉 can efficiently relax to

|T e
0 × Sh

0〉, its TPE resonance can be also monitored by the
hybrid transitions [see Fig. 6(e)].

The presence of the higher-energy resonances shown in
Figs. 3(a) and 3(b) indicates an efficient nonradiative re-
laxation process from the excited spin-singlet states to the
spin-triplet states. Since the energy difference between the
states is only a few meV, this relaxation is assisted by acoustic
phonon emission. The hot singlet states |S∗,e/∗,h

0 〉 are not easily
detected in emission since they can efficiently thermalize to
Se/h

0 without spin flip, giving rise to a signal in the XX 0

PLE [Fig. 3(c)]. Nevertheless, this relaxation competes with
another channel assisted by e-h flip-flop, leading to the triplet
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states occupancy with an efficiency rate [25,26]

γ f ,i ∼
(

M f ←i

D f ,i

)2

τ−1
ph (D f ,i ), (3)

where f denotes one of the triplet states, i one of the singlet
states, D f ,i is the energy difference, and τ−1

ph (D f ,i ) is the
emission rate of acoustic phonons with an energy D f ,i. M f ←i

is the coupling between f and i, which can be driven in first
consideration by the e-h exchange interaction Ĥeehh.

Table II of Appendix A shows the matrix elements between
the three hot singlet states, and the three final triplet states:
the two almost degenerate states |1〉 and |2〉 and the lower-
energy state |5〉 = |T e

0 × T h
0 〉. In particular, we note that the

matrix element for the two lowest-energy spin-singlet states
with the state |T e

0 × T h
0 〉, i.e., |5〉 is zero, and so a relaxation

process driven by the e-h anisotropic exchange interaction
cannot be used to explain the α1 and α2 resonances seen in
Fig. 3(a). The same is true for states |1〉 and |2〉 which have a
symmetric and an antisymmetric combination of |T e

±1 × T h
∓3〉,

and a zero matrix element with the lowest-energy hot-singlet
states. Instead, nonradiative decay path from the hot singlet
to the p-shell triplet states is made possible by the spin-
orbit-induced anisotropic part of the e-e exchange interaction
which mixes S∗,e

0 and T e
0 [25,27,28]. This interaction, which

causes the inversion of the circular polarization of the hot
trion luminescence, has already been identified in the same
GaAs dot [8]. It is worth mentioning that the anisotropic part
of the e-e exchange interaction mixing |T e

0 〉 and |S∗,e
0 〉 also as-

sists a relaxation from |T e
0 〉 to |Se

0〉. This additional relaxation
mechanism is highlighted in Appendix C where the selective
two-photon excitation of |T e

0 × T h
0 〉 enhances the |Se

0 × T h
0 〉

signal measured through hybrid transitions [see Fig. 6(e)].
Moreover, the anisotropic spin-orbit interaction can also act
on valence states by coupling |T h

0 〉 and |S∗,h
0 〉 [20,29] opening

additional relaxation channels between singlet and triplet.
Now that the origin of α1 and α2 resonances have been

identified, it is worth questioning the nature of α3 and α4.
In particular, it is tempting to consider α3 as a consequence
of |S∗,e

0 × s∗,h
h 〉 TPE [Fig. 3(d)]. However, in the SPA, this

state would present a resonance at Jee + Jhh ∼ 7.5 meV above

the resonance associated with the TPE of | ˜T e
0 × T h

0 〉. In fact,
experimentally α3 is located at ∼10 meV at higher energy
[Fig. 3(c)]. This difference can be due to many-body effects,
as already mentioned, but also to the anisotropic contributions
of the interparticle exchange [20] which impacts the relative
position of the singlet states. Moreover, it is also possible
that α3 and α4 are associated with s1

es1
h p1

ed1
e states involving

dh valence orbitals, which may thermalize to s1
es1

h p1
e p1

h. pe-dh

transitions have indeed been identified by high-resolution PLE
in the same type of dots [13].

IV. CONCLUSION

We have demonstrated a resonant two-photon excitation
process where two electron-hole pairs can be absorbed si-
multaneously on different orbital levels in a quantum dot.
The optically active triplet states corresponding to this four-
particle complex (s1

es1
h p1

e p1
h) have been identified. Two-photon

excitation has also been used to address the singlet states of

the levels’ fine structure. The latter can relax to the triplet
states, which in turn becomes a probe to identify the singlets.
This excitation spectroscopy, whose resolution is limited by
the spectral width of the pulsed laser, allowed us to esti-
mate the exchange integrals Jhh and Jee whose values are,
respectively, ∼ 1.3 and ∼6.2 eV. These results have been
confirmed by correlating the energy of the singlet states with
their signatures on the PLE spectrum of the biexciton.

We have also shown that the electron-hole exchange in-
teraction can not be the unique origin of the electron-hole
flip-flop mechanism necessary for the singlet-triplet relax-
ation. The |S∗

0〉 − |T0〉 mixing induced relaxation process is
made possible by the anisotropic part of the h-h exchange, as
well as that associated with the e-e exchange [20].

This TPE process can be extended to the case of charged
quantum dots, opening the way to optical control of the elec-
tronic spin localized on higher-energy orbital levels [30].
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APPENDIX A: SINGLET-TRIPLET COUPLINGS INDUCED
BY ELECTRON-HOLE EXCHANGE INTERACTION

We present in this Appendix the relevant matrix elements
of the coupling between singlet and triplet states of the
s1

es1
h p1

e p1
h. We consider here that this coupling comes from the

anisotropic part of e-h exchange interaction. Table II shows
the matrix elements M f ←i = 〈 f |Ĥeehh|i〉. In the main text, we
mention that the anisotropic part of the exchange interaction
of identical particles (e and h) is at the origin of a singlet-
triplet coupling in particular by mixing S∗

0 and T0.

TABLE II. Singlet-triplet mixing induced electron-hole ex-
change interaction induced in the s1

es1
h p1

e p1
h configuration. Only

the couplings to the spin-triplet states having an optical ac-
tivity are expressed. The states |1〉 and |2〉 are expressed in
Table I. �++−− = �

sesh
1 + �

se ph
1 − �

pesh
1 − �

pe ph
1 and �+−−+ =

�
sesh
1 − �

se ph
1 − �

pesh
1 + �

pe ph
1 . Note that the {�i j

1 } being all of the
same magnitude, �++−− and �+−−+ are small compared to the h-h
and e-e exchange energies. Therefore, the anisotropic e-h exchange
interaction plays a negligible role in the singlet-triplet relaxation.

Mf ←i |S∗,e
0 × S∗,h

0 〉 |S∗,e
0 × T h

0 〉 |T e
0 × S∗,h

0 〉
〈1| − 1

2
√

2
�+−−+ 0 0

〈2| 0 1
2
√

2
�++−− − 1

2
√

2
�++−−

〈 ˜T e
0 × T h

0 | �̃1
2
√

2�̃0
�+−−+ 0 0
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FIG. 4. Level diagrams describing the two-photon excitation
process in the case where E2 and 2E1 differ widely. h̄� = EL −
(E2 − E1), h̄δ = EL − E1, and EPL = E2 − E1. Two distinct Rabi
couplings are used to account for two different oscillator strengths
of the 0 → 1 and 1 → 2 optical transitions. See the main text for
more details.

APPENDIX B: TWO-PHOTON EXCITATION WITH
DIFFERENT OPTICAL COUPLINGS

The TPE process described in this work involves two types
of optical transitions related to s and p orbital levels. It is
therefore desirable to describe the TPE process with two dif-
ferent Rabi frequencies [31] 	01 and 	12 (see Fig. 4). The
two-photon excitation Hamiltonian reads as

Ĥ (t ) = Ĥ0 + ĤL(t ), (B1)

with Ĥ0 = E1|1〉〈1| + E2|2〉〈2| and ĤL(t ) = h̄	01(t )|0〉〈1| +
h̄	12(t )|1〉〈2| + H.c. The corresponding eigenvector |ψ (t )〉
is computed in the rotating-wave approximation (RWA), and
in particular the probability associated with the TPE process
P2(t ) = |〈2|ψ (t )〉|2 is derived using the following reasonable
assumptions: the width of the laser pulse τp is much smaller
than (i) the detuning δ = (EL − E1)/h̄ between the laser and
E1, i.e., δτp 
 1, and (ii) the pulsation difference � = (EL −
E2 + E1)/h̄, i.e., |�|τp 
 1, and finally (iii) sup |	01(t )|,
sup |	12(t )| � δ, |�|. Under these conditions, the optical re-
sponse of the system becomes quasi-independent of the shape
of the optical pulse, and P2(t ) � 1. This is why we can as-
sume a rectangular pulse envelope of temporal width τp, i.e.,
	i f (t ) = 	0

i f h( t−τp

τp
)e−iωLt , where h(t ) is the box distribution,

and ωL = EL/h̄ the laser pulsation. We find then that the
probability of preparing the system in state |2〉 just after the
passage of the optical pulse:

P2(τp) ∼
(
	0

01	
0
12

)2

δ2
τ 2

p sinc2

(
τp(� + δ)

2

)
, (B2)

where sincx = sin x/x. P2 clearly shows a resonant response
at the vicinity of � + δ = 0, i.e., EL = E2/2 or EL = (EPL +
E1)/2 (see Fig. 4).

Moreover, the probability of TPE depends on the product
(	0

01	
0
12)2 leading to a quadratic dependence with the laser

power of the signal associated with TPE [Fig. 5(b)]. We recall

FIG. 5. (a) X 0 and XX 0 PL intensities as a function of
√

Plaser for
the conventional TPE process. Inset: luminescence spectra of X 0 and
XX 0 while the laser is tuned to the TPE energy. (b) Same evolution

for the p-shell recombination of |T e
±1 × T h

∓3〉 and | ˜T e
0 × T h

0 〉, when
the laser energy is set to their respective TPE resonance. The X 0

dependence is shown in the same experimental conditions.

here that the relation between the Rabi frequency and the
oscillator strength fmn is fmn ∝ (	0

mn)2. This relationship is
used to discard the nonaddressable triplet states by TPE in
Sec. III.

Also, we notice that the expression (B2), which is only
valid in the high detuning regime, provides an estimate of
the width at half-resonance height of 2.4 × 2h̄/τp ∼ 0.5 meV
for τp = 6 ps in good agreement with the width of the TPE
resonance shown in Figs. 2(a) and 2(b). Conventional TPE
is usually achieved in the Rabi regime [32–34]. Figure 5(a)
shows one Rabi oscillation of both X 0 and XX 0 as a function
of

√
Plaser, when the laser is tuned to the TPE condition.

On the contrary, Fig. 5(b) shows a different behavior for the
evolution of the PL intensity versus

√
Plaser for the |T e

±1 ×
T h

∓3〉 and | ˜T e
0 × T h

0 〉 transitions when the laser is tuned at their
respective TPE resonance. A saturation regime is observed
with a quadratic dependence at low power (see Appendix B),
while X 0 signal keeps a linear dependence [35]. This dif-
ference observed between the two TPE experiments is due,
in the first case to the small laser detuning h̄δ = 2.5 meV
from the exciton line while it is four times more important
in the second one where h̄δ ∼ 10 meV. For the case of the
exciton-biexciton transition, τpδ remains comparable to unity,
thus keeping the Rabi regime. However, for the exciton-triplet
TPE process, τpδ 
 1 suppressing Rabi oscillation [36],
as can also be seen from Eq. (B2) valid for large laser
detuning.

APPENDIX C: HYBRID TRANSITIONS

The experimental results shown in Fig. 3 highlight the role
of s1

es1
h p1

e p1
h singlet states and the possible relaxation mecha-

nisms assisted by e-h flip-flop and acoustic phonon emission.
Here, we will again trace the signature of these states, by mea-
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suring the biexciton PL where two carriers of the same nature
are paired on the s level, while the other two are delocalized on
the two orbital levels. These excited states are probed through
a priori parity forbidden transitions of the envelope functions,
which are here called hybrid.

The TPE of the triplet states being a resonant mech-
anism, it depends on the oscillator strength associated to
the optical transition between the exciton and the triplet
state (Appendix B). Under the assumption �̃2, �̃1 
 �̃0

the ratio of the oscillator strength between | ˜T e
0 × T h

0 〉 and
|T e

±1 × T h
∓3〉 is calculated to be 1:4, while it is experimen-

tally 1:6 [see Figs. 3(a) and 3(b)]. This difference can be
partly explained by the different relaxation dynamics of the
considered triplet state, in particular when p1

e, p1
h relaxes to

s1
e , s1

h, respectively. The existence of such a mechanism is
confirmed by the presence of specific spectroscopic features
in the PL at the expected energy of the se-ph and pe-sh

transitions [37].
Figure 6(a) shows the luminescence spectrum in the in-

termediate region when the ps-laser energy is near the TPE
resonance. This spectrum reveals a doublet structure la-
beled ε1, ε2 at 10 meV below the p-shell recombination of
(s1

es1
h p1

e p1
h)triplet, as well as another doublet labeled β1, β2

located at 13 meV below, to which is linked a weak isolated
peak labeled β3.

The PL intensity of the main components β2, ε2 in
Figs. 6(b) and 6(c) shows a quadratic dependence with laser
power, indicating a biexciton behavior. The resonant behavior
of the PL [Figs. 5(d) and 5(e)] as the laser scans the TPE
area of the (s1

es1
h p1

e p1
h)triplet, demonstrates the connection with

triplets states through nonradiative channels. Moreover, the
ε2 peak has a second resonance when the laser energy is set
to the |T e

0 × S∗,h
0 〉 TPE condition already identified as α1 in

Sec. III, and thus validating its interpretation. This points out
a relaxation mechanism from S∗,h

0 to Sh
0 . All these findings

unambiguously indicate that the ε lines are associated with
pe-sh recombination from s1

es2
h p1

e, while the se-ph emission
from s2

es1
h p1

h forms the β lines.
The inset of Fig. 6 shows the fine structure of s2

es1
h p1

h.
s1

es2
h p1

e has an identical and symmetric FS. The recombination
from |Se

0 × S∗,h
0 〉 to the bright exciton corresponds to the β3

line, and allows to evaluate Jhh ∼ 1.7 meV. From the results
discussed in the previous section, Jhh was estimated to be
1.3 meV. This difference could again be explained by many-
body effects induced renormalization of the energy difference
between singlet and triplet states depending on the kind of
excitonic complex.2 Moreover, the emission of transitions for-
bidden by the symmetry of the envelope functions may come
from Coulomb renormalization itself. Finally, these results are
corroborated by noting that the splitting between β2 and β1 as

2Even for InAs dots, and more particularly for the case of positively
charged complexes, a slight deviation from the expected SPA FS has
been measured and theoretically calculated [20]. This deformation,
although weak for InAs QDs, is all the more important for the case
of positively charged complexes due to the small energy difference
between the different valence levels, maximizing the many-body-
effects induced mixing.

(a)

(b) (c)

(d) (e)

FIG. 6. (a) PL spectra of the pe-sh and se-ph transitions from the
biexcitonlike complexes s1

es2
h p1

e and s1
es2

h p1
h, when the laser is tuned to

the energy of the (s1
es1

h p1
e p1

h )triplet TPE condition. The inset represents
the levels diagram and the emission paths for s2

es1
h p1

h. The s-shell
recombination of |T e

±1 × T∓3〉 allows to detect the signal from s1
e p1

h

indicated by the line at 1.6752 eV. (b), (c) PL intensity of β2 and ε2 as
a function of the laser power. (d), (e) PLE intensity of β2 and ε2 as a
function of the ps-laser energy. The resonant line of ε2 is incomplete
on the low-energy side due to the increase of the laser scattering.

well as between ε2 and ε1 are identical and consistent with the
dark and bright exciton splitting evaluated to be 240 μeV for
this dot.
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