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Tunnel-coupled optically active quantum dot molecules (QDMs) have the potential to operate as spin-
photon interfaces with coupled spins that interact with two different photon frequencies at the same time.
A prerequisite is to deterministically prepare two (electron or hole) spins in the QDM and be able to
electrically tune the orbital state couplings. Here, we demonstrate the sequential optical charging of a
single QDM with two-electron spins while simultaneously maintaining the ability to widely tune orbital
couplings using static electric fields and optically drive the system for quantum light generation. We
optically prepare one- and two-spin states, initialize via optical pumping and explore orbital and spin
relaxation dynamics for one- and two-spin states as a function of the energy detuning and hybridization of
orbital states. For two-spin states, remarkably long singlet-triplet relaxation times are observed, extending
beyond ∼100 μs with strong dependence on the relative energy of ground and excited two-spin states.
Qualitative agreement is observed with k · p calculations of phonon-mediated spin relaxation. Our results
provide new quantitative understanding of the dynamics of one- and two-spin states and address a number
of key prerequisites for using QDMs to create multidimensional photonic cluster states.

DOI: 10.1103/qgr2-968q

I. INTRODUCTION

Spin-photon interfaces can exploit light-matter inter-
actions to generate non-classical states of light and mediate
entanglement between non-interacting photonic qubits
encoded in polarization, time or path degrees of freedom.
In this context, optically active semiconductor quantum
dots represent the gold standard for non-classical light
sources. They are excellent on-demand single-photon
emitters [1–3], can produce high-fidelity entangled photon
pairs [4] and serve as reliable spin-photon interfaces [5–7].

Recently, single dots have been used to deterministically
generate extended one-dimensional (1D) linear chains
of entangled photons, so-called photonic cluster states
[8–11]. However, multi-photon states with 2D entangle-
ment structures are required for measurement-based quan-
tum information processing [12]. Such states can be
generated from 1D cluster states using probabilistic fusion
gates [13], a process that does not scale as well with cluster
state size. An alternative approach for deterministically
generating cluster states with 2D entanglement structures
is to use a pair of vertically stacked and coupled quantum
dots, a quantum dot molecule (QDM) containing two
interacting spins [14,15]. In these structures, the dots are
separated by a thin tunnel barrier that couples the orbital
states of trapped electrons or holes [16,17]. When popu-
lated by two spins, the hybridized orbital states promise
longer spin coherence times due to the formation of noise-
protected singlet-triplet (S-T) qubits in the two-spin
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subspace [18–21]. This facilitates fast entangling opera-
tions on the two spins that can then be mapped into the
photonic domain by optical driving at well-defined times
[22–24]. Using a QDM for such applications requires the
ability to deterministically host and initialize two-electron
spins (i), a mechanism to tune the two electrons into
a regime where their orbitals are hybridized over both
dots (ii) and to perform single spin and entangling oper-
ations on the two spins in the molecule (iii). Moreover, the
two-spin systems must have sufficiently long storage,
relaxation and coherence times (iv), and finally, it must
be possible to generate spin-photon entanglement with
high photon indistinguishability over timescales faster
than the tunneling-mediated singlet-triplet mixing (v).
Requirements (i) and (ii) can each be individually fulfilled
by embedding the QDM into the intrinsic region of a p-i-n
diode and charging it using Coulomb blockade from a
tunnel-coupled reservoir. However since a single control
parameter—the axial electric field—is used to tune both
orbital coupling and charge status, it has proven difficult to
realize two-spin systems in widely tunable, optically
active QDMs.
An alternative approach involves using charge storage

devices [25] in which spins are optically prepared by
resonant optical driving [25,26]. There, we demonstrate
selective optical charging of a single QDM with one- or
two-electron spins. After preparation, we show that one or
two spins can be readily tuned into a regime where the
orbital wave functions in the two dots hybridize, forming
states with mixed spin and orbital character. This directly
decouples requirements (i) and (ii). Moreover, we show
that spin states in the QDM can be optically pumped over
nanosecond timescales, and we measure the orbital and
spin relaxation processes as the orbital coupling is electri-
cally varied. Our results show that hybridized states can
be repeatedly optically addressed before any charge loss
occurs, with charges remaining in the QDM over time-
scales≫ 50 μs at 1.7 K. For the two-spin system, we show
that it can be initialized into a well-defined singlet ground
state that maintains its character even after electrical
switching. We use our charge storage device to elucidate
the relaxation dynamics of single- and two-electron spin
states under optical pumping. The S-T relaxation is shown
to be very slow for energy splittings ΔS−T < 5 meV, with
relaxation rates as low as 0.01 μs−1. Remarkably, upon
increasing ΔS−T beyond 5 meV, the relaxation rate
suddenly increases by more than two orders of magnitude
due to the onset of sequential multi-phonon spin relaxation
via excited-state triplets.
In the context of cluster state generation we thus

demonstrate the independent control of requirements
(i) and (ii), including initialization of the two-spin system
and furthermore long spin storage and relaxation times
(iv). Point (iii) has been shown in past publications
[23,24], as well as (v) for single dots [10,27] and to some

extent quantum dot molecules [21]. The main challenge
for genuine 2D cluster state generation is the reduction of
the timescales for tunneling-mediated exchange coupling
needed to generate entanglement to timescales slower than
those for single-spin gates and photon generation.

II. DEVICE STRUCTURE, OPTICAL CHARGING
AND SINGLE QDM EMISSION

As shown in Appendix A, our device consists of a single
self-assembled QDM formed by a pair of vertically
stacked InGaAs dots with a ∼10 nm dot-to-dot separation.
The QDM is embedded into the intrinsic region of a p-i-n
diode to apply static electric fields along the growth axis.
The layer structure is designed for electron storage: the
lower dot is flatter (larger confinement energy) than the
upper quantum dot, and a 50-nm-thick AlGaAs barrier
below the lower dot prevents the electrons from escaping
(see also Appendix A). A circular Bragg grating (CBG) is
deterministically fabricated directly above the QDM using
in situ electron-beam lithography [28]. In this process,
low-temperature cathodoluminescence is first employed to
locate the molecule, after which electron-beam lithogra-
phy defines and precisely aligns the CBG to the selected
QDM [29]. In combination with a backside distributed
Bragg reflector (DBR), this approach increases the effi-
ciency of photon collection over a ∼10 nm bandwidth
sufficient to simultaneously optically address transitions in
the upper and lower dots [29]. Initially, we spectroscopi-
cally probe the orbital states of neutral and charged
excitons in the QDM by performing voltage-dependent
photoluminescence (PL-V) with a continuous wave (cw)
laser at 850 nm, exciting quasi-free charge carriers in the
wetting layer. For these PL-V measurements we prevent
the accumulation of electrons in the QDM over time by
applying a negative gate voltage VG periodically to remove
accumulated photogenerated electrons. This discharging
phase is followed by a readout phase in which the QDM is
excited. Figure 1(a) shows a typical example of such PL-V
measurements. The data show strongly and weakly shift-
ing lines indicating the presence of different indirect and
direct excitonic complexes, along with avoided crossings
as reported previously for QDMs [16,24,30]. Different
charged complexes in the QDM can be readily identified
by fitting the voltage-dependent emission energy of the
different lines using a few-body Hamiltonian (see
Appendix B). The model provides a consistent fit to the
data, revealing neutral exciton states X0 (red) with their
characteristic anticrossing at VG ¼ 0.56 V, singly charged
excitons X− (blue) and doubly charged excitons X2−
(green) in the QDM. In Fig. 1(a) only the most relevant
emission lines of X− and X2− are shown for clarity. The
full set of transitions is shown in Appendix B. We further
characterize the transitions via the orbital configuration of
electrons and the holes, adopting the state labeling con-
vention used in Ref. [17]. Here, the orbital configuration is
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denoted by a 2 × 2 matrix of the form:

�
el eu
hl hu

�
; (1)

where el (eu) is the number of electrons in the lower
(upper) dots and hl (hu) is the number of holes in the lower
(upper) dots, respectively. When describing transitions, the
underscores indicate which electron and hole recombine to
generate the resulting photon. Figure 1(b) shows a selected
spectrum recorded from the QDM at a gate voltage of
VG ¼ 0.56 V and some of the most important transitions
are labeled with the notation explained above. At this gate
voltage, the electron state of the neutral exciton forms
bonding and antibonding states that cannot be represented
with the above notation, which is why they are explicitly
labeled using subscripts.
For states not involving a hole (i.e. the bare one- and

two-electron states), we also use a shorthand notation in
the form of a row vector (el; eu) where only the number of
electrons in each dot is represented. Where necessary, the
spin state of the two-electron system is denoted as a suffix
to the orbital configuration of the form ðel; euÞs where
s∈ fS; T0; Tþ; T−g, representing the symmetry of the two-
spin states. In the results presented below, we discriminate
between different voltage regimes. At low voltages,
VG < 0.7 V, the two-electron configuration ðeL; eUÞ ¼
ð2; 0Þ is energetically split off from the (1,1)-configuration
by several millielectronvolts. We denote this to be the
(2,0)-regime. Between VG ¼ 0.8 V and 1.2 V the lowest
two-electron states are (1, 1)-states hybridized over both
dots, forming singlet and triplet spin states (a more detailed

description will be given in Sec. IV). We label this as the
(1, 1)-regime where single-dot orbitals are hybridized. The
regime where the (0, 2)-configuration forms the ground
state (VG > 1.4 V) is inaccessible in our device, since
current begins to flow in the diode.

III. DETERMINISTIC TWO-ELECTRON
CHARGING

The conventional method used to control the charge
status of optically active quantum dots is to exploit
Coulomb blockade between charges populating the dot
and proximal Fermi reservoir [31]. Such stable two-spin
regimes are typically achieved over a small region of the
gate voltage space, defined by the orbital quantization
energies (relative sizes) of the upper and lower dots, their
relative In-Ga composition, and the distance of the QDM
to the contact. This complicates free control of the
detuning between the orbital states, without precise and
independent control over geometry and composition. Here,
we adopt an alternative approach that facilitates free tuning
of the orbital energy separation in the two dots, whilst
retaining two-electron spins within the system.
Hereby, we utilize an all-optical charging protocol that

we previously demonstrated for single dots [32] and holes
[25] in QDMs. In this charge control scheme, the con-
trolled number of electrons in the molecule is defined by
the four-stage protocol presented in Fig. 2(b). In step I
(Reset), a large electric field (>140 kV=cm−1) is applied
that removes all residual charges by tunneling. Sub-
sequently, in step II, the electric field is set such that the
hole tunnels out faster than the exciton radiative lifetime,

(a) (b)

FIG. 1. Voltage-dependent photoluminescence (PL-V). (a) Voltage-dependent photoluminescence spectrum of a single quantum dot
molecule. The most relevant transitions of different charged excitonic complexes are identified and overlaid with the spectrum in
different colors. (b) PL-spectrum of the QDM at VG ¼ 0.56 V [marked by the dashed line in (a)]. Main transitions are labeled
according to the convention explained in the main text.
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and a resonant laser excites a neutral exciton in the lower
dot of the molecule. This way, the QDM is determinis-
tically charged by a single electron with near-unity
efficiency. In step III, the same process can be repeated
with the resonant laser tuned to the singly charged exciton
X−. Alternatively, the resonant charging laser can be fixed,
and the electric field tuned to induce dc Stark shifts to
sequentially tune the QDM into resonance with X−.
Finally, in step IV (Readout), the electric field is reduced,
and the induced charge and spin states can be probed using
resonance fluorescence as a function of the orbital cou-
pling defined by VG. Following the method presented in
Ref. [25], we first determined the optimal parameters for
sequential optical charging by mapping out the parameter
space of charging voltage and charge laser energy. Full
details are presented in Appendix D. Figure 2(a) shows
different pairs of charging energy and voltage for one-
electron charging (orange) and two-electron charging
(purple). By tracing the voltage dependence and compar-
ing it with the photoluminescence observed from charge
states, where the hole is located in the lower dot [shown in
Fig. 2(a)], the excitonic states via which charging occurs
can be identified as ð1

1
0
0
Þ for one-electron spin charging

and ð2
1

0
0
Þ for generation of the second spin. These assign-

ments are confirmed by fitting the Hamiltonian to trace out
the field-dependent excitonic states (see Appendix B). As
shown in Fig. 2(a), very good agreement is observed with

calculations of the voltage-dependent eigenenergies for the
lower dot of the neutral exciton and singly charged exciton.
To demonstrate that this protocol deterministically

prepares the desired number of electron spins in the QDM,
we performed a control experiment depicted in Fig. 2(b).
The charging laser is pulsed (200 ns duration, square
pulse) and swept across the two charging voltage plateaus.
The time offset between the onset of the charging laser and
the beginning of the first charge voltage plateau is defined
as Δt. In the readout stage (VG ¼ 0.56 V), we probe the
resulting charge state by setting the readout laser to be
resonant with the X0, X− or X2− transition, respectively.
Typical results are presented in Fig. 2(c). When the
charge laser overlaps with the first charge voltage plateau,
the X0 transition measured in the readout phase of the
experiment quenches, to be replaced by X− at Δt ¼
−0.2 μs. This observation confirms that a single electron
is prepared in the QDM during the charging phases (II
and III) of the protocol. As soon as the charge laser pulse
temporally overlaps with both charge plateaus (II and III)
at Δt ¼ 0, the X− signal quenches, and only emission
stemming from X2− is observed in the readout phase. As
expected, when the charge laser pulse does not overlap
with either plateau, the X2− signal again vanishes, and only
X0 signal is observed. As for the previously studied hole
storage sample in Ref. [25], we determined the charging
fidelities to be above 85% which were obtained from

(c)

(a) (b)

FIG. 2. Deterministic optical electron charging. (a) Voltage and energy points where 1e and 2e charging is possible. In the PL regime
(VG > 0 V) points where luminescence from the lower dot is directly observed are plotted for the X0 and the X−, along with a few-
particle Hamiltonian simulation for these charged complexes. In the regime below 0 V, points where 1e and 2e charging occur
(experimental data) are also marked. (b) Schematic of the sequential charging experiment. The charging laser pulse (indicated in
magenta) is temporally scanned over the different voltage steps by an offset Δt that is measured relative to the start of the first charging
plateau. The steps of the charging protocol are discussed in the main text. (c) Resonance fluorescence (RF) signal of X0, X− and X2− vs
the time offset of the charge laser pulse relative to the first charge voltage plateau.
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comparing the observed photon counts in each charge state
during different stages of the sequential charging experi-
ment presented in Fig. 2(c). A detailed calculation of the
charging fidelities can be found in Appendix E. We note
that the main error source lies in the limited suppression of
the resonant laser used to probe the charge states, which
leads to significant background noise. The actual charging
fidelity is likely much larger. We further note that a limited
charging fidelity would not diminish the fidelity of a
potential cluster state generated from the two electrons but
would only have an influence on the generation rate. We
furthermore report no observable reduction of the perfor-
mance of our single QDM charge storage device over a
time span of multiple months. Since the charging protocol
relies only on the generic QDM level structure, we expect
it to transfer to other QDM devices.

IV. SINGLET-TRIPLET REGIME

In the previous measurements, readout was performed
at a gate voltage VG ¼ 0.56 V, where the two-electron
ground state is (2,0) (two electrons in the lower dot,
zero electrons in the upper dot). It is interesting to
probe the situation when the orbital wave functions of
the two electrons are hybridized over the two dots; the

(1,1)-configuration and the Heisenberg coupling of the two
spins is voltage tunable. Here, the electrons form hybrid-
ized singlet and triplet states that we denote as ð1; 1ÞS and
ð1; 1ÞT , separated by the singlet-triplet splitting ΔS−T ,
determined by the orbital tunnel coupling between the
dots [17]. This regime is also known as the “sweet spot,”
since the hybridized two-electron states are protected to
the first order against electrical noise [19,33]. We ener-
getically lift the degeneracy of the degenerate triplets Tþ
and T− by applying a magnetic field in the growth
direction (Faraday geometry). The S0 and T0 states then
form an optically isolated qubit that can be addressed
via the (spin-polarized) doubly charged exciton states
Rþ ¼ ð↓;↑↓⇑Þ and R− ¼ ð↑;↑↓⇓Þ [17]. Figure 3(d)
illustrates the energy level configuration of this system.
From the PL-V measurements we identify this regime at a
gate voltage VG ¼ 1 V (see also Appendix B).
To demonstrate that the singlet-triplet states can be

optically addressed, we first show that the two electrons
remain in the QDM over timescales much longer than
needed for typical optical experiments. This is a key
observation since it demonstrates that optical driving
does not result in charge loss due to Auger processes or
photo-ionization [34,35]. We do this by performing the

(c) (d)

(a) (b)

FIG. 3. Measurements on hybridized two-electron state. (a) Experimental method applied to measure the charge storage time. After
the QDM is charged with two electrons, a short readout pulse resonant with the S0 ↔ X2− transition probes the two-electron state
throughout the readout phase IVof the experiment. (b) Intensity of the X2− signal as a function of delay of the readout pulse relative to
the charging phase. (c) RF scan over the hybridized two-electron state under application of an external magnetic field of 1 T (Faraday
geometry). (d) Level scheme of the two-electron states and the doubly charged exciton states used for optical excitation.
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experimental sequence depicted schematically in Fig. 3(a),
where after charging the QDM with two electrons and
moving them to the sweet spot, a short readout pulse
delayed by a time τ probes the two-electron population.
Due to electrons tunneling out of the QDM we expect an
exponential decay of the X2− signal with increasing delay
time. Typical results obtained from such an experiment are
presented in Fig. 3(b). Within experimental precision, we
observe no decay of the X2− signal for times between the
preparation of the 2e− spin state and probing it up to 50 μs.
Hence, we conclude that the charge storage time is
τstorage ≫ 50 μs. We continue to investigate the optical
excitation of the singlet-triplet qubit. Here, two electrons
were again prepared before they were tuned to the sweet
spot. A magnetic field of 1 T is used to lift the degeneracy
of the spin-polarized triplet states. The energy of the
readout laser pulse is then scanned over the singlet-trion
transitions. The results of this scan are shown in Fig. 3(c).
We observe two resonant transitions, S0 ↔ R− and
S0 ↔ Rþ at 1336.713(23) and 1336.792(23) meV, respec-
tively, as well as two non-resonant signals, which are
the decays of the trion to the respective triplet states.

These off-resonant transitions have an energy of
1335.995(23) meV (T0 ↔ R−) and 1336.076(23) meV
(T0 ↔ Rþ). Away from the resonances, a background
from the excitation laser is also visible, since the circular
Bragg grating structure on top of the QDM limits the
rejection of the scattered resonant drive laser by cross-
polarized suppression between the excitation and detection
channels. From the energy separation between the reso-
nant and the non-resonant signal we directly read the
singlet-triplet splitting ΔS−T . For this sample it amounts
to 718ð16Þ μeV.

V. SINGLET INITIALIZATION

Preparation of the two-electron state via the lower dot
trion initializes the electrons in a ð2; 0ÞS-configuration.
However, electrical switching to a different orbital con-
figuration could potentially mix different orbital and
spin states. In this section, we investigate this potential
effect by performing the experiment shown in Fig. 4(a).
Following the preparation of two electrons, the gate
voltage is switched such that the electrons are in the
(1, 1)-configuration. A 400 ns cw-laser pulse (red)

(a)

(b) W
W

FIG. 4. Singlet initialization and probing of singlet-to-triplet transition in an optically controlled QDM. (a) Measurement scheme for
demonstrating singlet initialization via charging. Following the preparation of two electrons, a probe pulse (red) resonant with the
triplet-to-trion transition probes the spin population in the triplet state without (top) and with (bottom) a pump pulse (green) resonant
with the singlet-to-trion transition prior to the triplet readout. (b) Time-resolved signal of the trion-to-triplet transition. Between 0.5 and
0.9 μs, a pulse resonantly probing the triplet population is applied. The signal was recorded without (green) and with (orange) a singlet-
to-trion pump pulse applied prior to readout. A strong resonant trion-to-triplet signal is only observed when pumping the two-electron
population from the singlet to the triplet first, indicating that the bare two-electron state after charging is mostly in the ð1; 1ÞS
configuration. Inset: Level scheme of the two-electron state and the respective direct trion used for optical excitation. The ground state
is the ð1; 1ÞS state. Optically driving the ð1; 1ÞS ↔ X2− transition pumps the initial singlet population into the ð1; 1ÞT state.
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resonantly probes the triplet population, and the recorded
signal is analyzed in a time-resolved manner. The level
scheme along with the excitation lasers and the detection
filter setting is shown in the inset of Fig. 4(b) (see
Appendix C for experimental details). The experiment
is repeated in a second protocol, in which prior to probing
the triplet population, another 400 ns cw-pulse [green
arrow in the inset in Fig. 4(b)] drives the singlet-to-trion
transition. This optically pumps the two-electron popula-
tion from the ð1; 1ÞS state to the ð1; 1ÞT state. Figure 4(b)
shows the time-resolved counts of the measurement
sequence with and without the S − T pump pulse.
Without the S − T pump pulse prior to probing the triplet
population, no resonant triplet signal is observed (dark
green time trace). In order to observe a resonant triplet
signal, one needs to first shelve the population from the
ð1; 1ÞS into ð1; 1ÞT . This is done by using another cw-laser
whose energy is resonant with the ð1; 1ÞS ↔ X2− transition
[light green pulse in the measurement sequence in
Fig. 4(a)]. If this pump pulse is employed, then the triplet
laser probes a significant resonant signal, which is shown
by the orange time trace in Fig. 4(b). Besides the strong
resonant signal of the probe pulse, a weaker signal of trion-
to-triplet decay is also visible during the pump phase. This
is a clear sign that the shelving of the two-electron state
from the singlet to the triplet via the X2− → ð1; 1ÞT
happens during pumping. Another observation is that
the triplet signal is not constant in time but rather shows
a decaying behavior. At the chosen probe power of 2 nW
the decay rate was 5.8ð3Þ μs−1. This observation is an
indication of spin pumping occurring: the resonant triplet
laser optically pumps the signal back to the singlet state. In
the next section we continue to explore spin pumping and
the relaxation between singlet and triplet states further.
We determine a lower bound for the spin initialization

fidelity Finit from the charging process by comparing
the signal observed during the triplet measurement, both
with and without S − T pump phase of the measurement
protocol. The resonant triplet signal without the prior
pump pulse directly measures the initial triplet population,
which is vanishingly small. The limiting factor in this
estimation stems from the subtraction of the residual
resonant laser, which leads to substantial background
noise. The triplet signal is buried by this noise, such that
we estimate the maximum counts hidden within the laser
background by measuring the 95% confidence interval
σ95%. Multiplying this value by the on-time of the probe
laser (400 ns) allows us to calculate the total number of
photon counts Ino pump;95% that could stem from residual
triplet population without prior S − T pump pulse. This
value can be directly related to the total integrated counts
Ipump of the triplet signal with the prior S − T pump pulse
active. We estimate the absolute lower bound for the
fidelity Finit ¼ 1 − Ino pump;95%

Ipump
≫ 61.2%. As mentioned, this

low value is significantly underestimated since it is based
on the unlikely assumption that a constant triplet signal
may be buried within the laser background. Most likely,
the actual initialization fidelity is much larger.
The measurements suggest that electrical switching

does not change the singlet character of the initially
prepared ð2; 0ÞS0-state. This is an expected result, since
triplet and singlet electron states (in the absence of holes)
are only weakly coupled by nuclear or external magnetic
fields [36]. Mixing with higher energy singlet states
remains a possibility; however even at the singlet anti-
crossing point, the energy gap between two singlet states is
∼2 meV, or ∼484 GHz. The adiabatic theorem [37,38]
states that in order for singlet mixing to happen during
electric switching, the switching speed needs to be in the
same order of magnitude as the energy difference. The
maximum bandwidth of the waveform generator is
100 MHz and therefore is over three orders of magnitude
lower than the required speed to create singlet mixing.

VI. OPTICAL PUMPING OF ONE- AND
TWO-ELECTRON STATES AND

TRIPLET-SINGLET-RELAXATION

We continue by investigating optical pumping and
relaxation of one- and two-electron states in the QDM. In
the previous section it was already shown that under reso-
nant excitation of the two-electron state, the state pop-
ulation can be optically pumped from a singlet to a triplet
and vice versa, without a magnetic field. Our charge-
tunable device facilitates measurement of the spin relax-
ation of the coupled electron system over a large range of
orbital energy detunings to directly compare the situation
to a single electron in the QDM. For two electrons, we
uncover some intriguing and surprisingly slow dynamics.
We first compare optical pumping of the single-electron

state and the two-electron state in a voltage regime,
where the electron(s) orbital wave functions are mostly
confined in the lower dot, i.e. the (1,0)-configuration and
(2,0)-configuration, respectively. By optically exciting
a singly (doubly) charged exciton in the upper dot, the
system can either decay directly to its original state or
indirectly with rate γP with the electron being effectively
pumped into the upper dot. An electron in the upper dot
will eventually relax back to the lower energy (1, 0)-state
with rate γrel. The level schemes are depicted in Fig. 5 for
(a) the single- and (b) the two-spin case. The recorded time
traces of this resonant pumping are shown in Fig. 5(c). The
blue trace in Fig. 5(c) shows the time trace of the single-
electron case and compares it with the two-electron (green
trace) upon resonant driving. A clear qualitative difference
between the single-electron case and the two-electron case
is visible: while the resonant signal remains constant when
driving a single electron via the trion, driving the two-
electron case via the doubly charged exciton reveals an
exponential decay over nanosecond timescales. This is a
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clear indication of optical spin pumping. The absence of
such a decay for a single electron can be understood by
phonon-assisted tunneling: while the indirect transition
does indeed occur and is also observed in luminescence,
time-resolved studies have shown that inelastic interdot
tunneling can occur over timescales ranging from ps →
100 ps [39]. This is much faster than the timescale of
optical pumping, such that optical pumping is inhibited.
The fact that this is not observable in the two-electron

case suggests that the relaxation from the (1, 1)-state back
to the (2, 0)-state is inhibited by Pauli blocking and that
the relaxation time is much longer than the timescale
for optical pumping. In Appendix F, we present detailed
calculations and analysis of the selection rules that lead to
the spin pumping mechanism. The result is that for
continuous pumping, the two-electron population becomes
shelved from the ð2; 0ÞS-state into the ð1; 1ÞT0

, which is a
metastable configuration with regard to the interdot-
tunneling timescales. We quantify the stability of the
ð1; 1ÞT0

-state by directly measuring the relaxation time
in a pump-probe-like experiment, where we first use a
resonant cw-pulse to pump the 2e population from ð2; 0ÞS
to ð1; 1ÞT0

and after some delay time we apply a second,
identical pulse to probe how much of the population has

relaxed back to (2, 0). This directly probes the triplet-
singlet-relaxation rate. Figure 6(a) shows the probe histo-
grams as a function of the delay time at VG ¼ 0.56 V.
From the fit we can see that the relaxation takes place on a
timescale of τrel ¼ 16.3ð�0.3Þ μs (corresponding to a
relaxation rate of γrel ¼ 0.061ð2Þ μs−1) and is thus sig-
nificantly longer than the picosecond timescale expected
for a single electron.
We measure the triplet-singlet relaxation rate over a

larger voltage domain and thus different orbital configu-
rations, from a regime where the (2, 0)-configuration is the
ground state all the way to the hybridization regime at 1 V.
The measured relaxation rates are shown in Fig. 6(b).
At low voltages and thus large electric fields, the orbital
character of the singlet ground state is mostly (2, 0) and the
relaxation rate drops exponentially as a function of
voltage. We thus model the voltage-dependent relaxation
rate as a function:

γrelðVÞ ¼ γrel;0 expð−κðV − V0ÞÞ; (2)

with some reference voltage V0 and reference relaxation
rate γrel;0 ¼ γrelðV0Þ. We find κ ¼ 187.57ð10.71Þ V−1 until
0.54 V. After that, the exponential rate at which the relax-
ation rate decreases is lower, at κ ¼ 23.33ð3.89Þ V−1
which continues until at least VG ¼ 0.65 V. The fact that
the triplet-singlet-relaxation rate depends so strongly on
the gate voltage signifies a strong electric field depend-
ence, i.e. a strong dependence on the energy splitting of
the orbital states involved. Furthermore, the two different
timescales observed change rather abruptly in two differ-
ent voltage domains, hinting toward different primary
decay mechanisms being present in the two regimes. As a
reminder, until a gate voltage of 0.75 V, the orbital
character of the singlet ground state is predominantly
(2, 0), while the triplet is always (1, 1). For VG > 0.65 V
the relaxation rate becomes too slow for us to experimen-
tally probe it. However, toward the singlet hybridization
regime for VG> 0.8 V, we observe an increase in the
relaxation rate, reaching γrel ¼ 0.085ð�0.002Þ μs−1 in the
sweet spot at VG ¼ 1 V. This increase is accompanied by
the change of the orbital character of the singlet ground
state from ð2; 0ÞS to ð1; 1ÞS. This change is indicated in
Fig. 6(b) by the background from white to blue. At the
same time, the energy splitting between the ð1; 1ÞT state
and the singlet ground state changes from being linearly
dependent on the gate voltage to flattening out toward the
sweet spot and reaching its minimum of 718 μeV. In
Fig. 6(d) the blue curve shows the triplet-singlet energy
splitting as a function of the gate voltage. The relaxation
between two-electron states is much longer compared to
the single-electron since relaxation from one of the
triplet states inherently requires a spin-flip, as the spin
projection of the two-electron system must change from

(c)

(b)(a)

FIG. 5. Optical spin pumping level scheme for (a) one electron
in the (1, 0)-configuration and for (b) two electrons in the
(2, 0)-configuration. The yellow arrows indicate the optically
driven transition, while the dashed blue (green) arrows show the
possible recombination paths for the X− (X2−). (c) Optical
driving of the one-electron (1, 0) and two-electron (2, 0) systems
demonstrating Pauli blockade, and optical pumping of (2, 0)
driven via the direct X2−-transition.
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MS ¼ 1 to 0. Hence, spin-orbit-mediated spin relaxation
must take place.
Recently, a theoretical analysis of triplet-singlet relax-

ation in QDMs was presented by some of us [40]. The
approach is based on eight-band k · p theory and takes into
account spin-orbit coupling that mixes pure spin states,
thereby opening up channels for phonon-mediated relax-
ation [41,42]. Here, we employed this framework adapted
to the size, shape and composition of the QDM studied. As
discussed in more detail in Appendix G, the size, shape and
In-composition profile of the QDM were adjusted to fit
our optical spectroscopy data. The electric field depend-
ence of the lowest-energy two-electron states was then
computed by diagonalization of the Coulomb Hamiltonian
using the configuration interaction method [43,44]. The
calculated energies of the two-spin eigenstates are pre-
sented in Fig. 6(c) for the case with B ¼ 0.1 T applied in
Faraday geometry. This was chosen to be larger than the
typical Overhauser fields for electrons in self-assembled

dots, justifying neglecting hyperfine-mediated relaxation
in our model [45]. We then computed the pure phonon-
assisted spin-orbit-mediated relaxation rates between the
two-electron energy levels, including electron-phonon
interaction mediated by deformation potential and piezo-
electric couplings [46–48] (see Appendix G). As shown in
Fig. 17 in Appendix G, these rates are highly sensitive
to the magnitude of the magnetic field. For illustrative
purposes, we have chosen an arbitrary value of B ¼ 0.1 T
to demonstrate the qualitative behavior of the system. A
direct comparison of the numerical values with experi-
mental data (measured at B ¼ 0) would, however, require
including hyperfine-interaction-induced coupling, which
lies beyond the scope of the present work. Furthermore,
the agreement is affected by an uncertainty related to the
exact double quantum dot morphology.
The two-spin eigenstates and the one- and two-step

phonon-assisted relaxation rates, presented in Figs. 6(c)
and 6(d), respectively, as a function of electric field.
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FIG. 6. Relaxation of two-electron states. (a) Typical results of pump-probe measurements consisting of optical driving of (2, 0) via
the direct X2− transition to the shelve population in (1, 1) before a delay without optical driving and a re-pump pulse to test relaxation
from ð1; 1Þ → ð2; 0Þ. (b) Orbital relaxation time measured from cw-pump-probe experiments as a function of the gate voltage. The
anticrossing of (2, 0) and ð1; 1ÞS singlet states is marked by the vertical dashed line, and the S − T sweet spot is close to 1.0 V.
(c) Calculated field dependence of singlet and triplet states from the 8-band k · p modeling, revealing a sweet spot around 10 kV=cm.
Note the higher energy triplet state shifting below the excited ð1; 1ÞT0

triplet at F ≥ 18 kV=cm. (d) Calculated singlet-triplet-relaxation
rates as a function of the electric field.
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Focusing first on the spin and orbital configurations at
higher electric fields (e.g. F ≈ 22 kV=cm), we note that
the lowest-energy state is the spin singlet localized in the
lower QD jSli. The next two energetically higher-lying
states, labeled jT0−=0=þi and jT00−=0=þi, have triplet character
and are each admixtures of s and p orbitals in the lower
dot (see Appendix G). For orientation, the blue curve
on Fig. 6(d) shows the field-dependent S-T splitting
between jT−=0=þi and jS0i. In the vicinity of the sweet
spot (F ≈ 10 kV=cm) we calculate an S-T splitting of
870 μeV, close to the experimentally measured value
(718 μeV), confirming the general validity of our eight-
band k · p model.
The field-dependent one-phonon (red curve) and

sequential two-step phonon-assisted (green curve) relax-
ation rates are presented in Fig. 6(d). For F > 10 kV=cm,
both jT0−=0=þi and jT00−=0=þi progressively shift energeti-
cally below jT−=0=þi. This is accompanied by a rapid
increase in the two-step phonon relaxation rate (green
curve), an observation qualitatively consistent with the
rapid increase in the two-spin relaxation rate observed
experimentally for gate voltages below 0.54 V [Fig. 6(b)].
Fundamentally, the rapid increase arises from transitions
via intermediate triplet states involving p-shell orbitals in
the lower dot.
The calculated total phonon-mediated relaxation rates

are ∼50× smaller than we observe in the experiment.
However, we note that our measurements were performed
at zero magnetic field, where phonon-assisted hyperfine
spin-flips may also contribute significantly to the relax-
ation. Until now phonon-assisted hyperfine spin-flips have
only been theoretically studied in QDMs for single-
electron-doped dots [49]. Moreover, relaxation rates are
likely to be strongly impacted by the precise admixture of
s- and p-orbitals in the triplet and lower singlet states. This
depends on the precise orbital level structure of QDMs,
likely to be a complex function of size, shape and in-
composition. As such, quantitatively taking into account
all different states and relaxation pathways, particularly in
the two-particle case, is expected to be non-trivial. We
consider the qualitative agreement between experiment
and theory to be satisfactory, and the qualitatively similar
electric field dependence provides good evidence that
one- and two-step phonon-mediated processes are indeed
responsible for relaxation. Further investigations are
required to fully understand the role of hyperfine coupling
in the QDMs.

VII. QUANTUM INFORMATION RELEVANCE

Our results demonstrate that a QDM with independent
control of charge state status and orbital coupling achieves
high charge storage times (>50 μs) and high spin life-
times (>10 μs). These timescales are certainly larger
than the typical spin coherence times in self-assembled

quantum dots of a few nanoseconds, limited by coupling to
the fluctuating nuclear spin environment, which is the
primary limiting factor of spin-photon interfaces in such
systems so far. Here, we provide an estimation of the
potential for our system in the context of multidimensional
photonic cluster state generation. The current state-of-the-
art generation of a photonic cluster state in a self-
assembled quantum dot was presented in Ref. [11], where
a three-photon linear cluster state was demonstrated with
three-partite fidelity of F3 ¼ 63ð5Þ%, photon indistin-
guishability M ¼ 88.0ð5Þ% and a heralded three-photon
rate of 14 kHz. The fidelity in this publication was mostly
limited by spin dephasing of the host electron spin due to
interactions with the nuclear field. To extend the entan-
glement of such a source into the second dimension, two
such states need to be fused using a type-II fusion
operation [13]. The success rate of such a fusion operation
is ideally given by pf ¼ M

2
¼ 0.44 and to obtain a 2 × n

grid cluster state, at least n such fusion operations need
to be performed. Therefore, the success probability for
generating such a state assuming ideal fusion operations is
limited to

pfusion
n ¼

�
M
2

�
n
¼ ð0.44Þn; (3)

which is the final fidelity limit for “cross-linking” two
linear cluster states from the source presented in Ref. [11].
On the other hand, by integrating the QDM into an

electrically contacted photonic structure similar to that
presented in Ref. [11] (a similar device was presented
in Ref. [50]) we estimate that two chains of entangled
photons can potentially be generated from the QDM with
similar fidelity as in Ref. [11]. For a two-dimensional
cluster state, the limiting factor would then not be photon
indistinguishability, which leads to reduced fusion fidelity,
but the fidelity at which entanglement can be generated
between the two spins in the QDM. The protocol presented
in Ref. [15] proposes entanglement generation-based
single-spin rotations and free evolution of the coupled
spin system. As such, the limiting factor in this scenario is
the fidelity of the single spin rotations and the different
g-factor in each dot forming the molecule for realistic dots
that calls for eight such rotations. In Ref. [23] single-spin
rotations in a QDM have been shown with a fidelity of
F1e ¼ 0.98. Combined with our spin preparation fidelity
of Finit > 0.61 we infer that in our structure the cross-
linking fidelity for an 2 × n cluster state would be

pQDM
n ¼ 0.61 · F8n

1e ≈ 0.61 · ð0.85Þn; (4)

which is already larger than the cross-linking fidelity
obtained from fusion operations for n ¼ 1. Moreover,
we emphasize that the initialization fidelity could be
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further increased by adding an additional optical spin
preparation step. The limited charge preparation fidelity of
85% does not limit the attainable entanglement fidelity of
the system, as already stated in Sec. III, since deficient
charge preparation leads to failure of any subsequent
protocol and would thus only limit the attainable gener-
ation rates.

VIII. CONCLUSION AND OUTLOOK

In summary, we demonstrated the sequential optical
charging of a single QDM with two-electron spins while
simultaneously maintaining the ability to widely tune
orbital couplings using static electric fields and optically
drive the system for quantum light generation. We opti-
cally prepared one- and two-spin states with charge
preparation fidelities exceeding 85%, initialized via optical
pumping, and explored orbital and spin relaxation dynam-
ics for one and two-spin states as a function of the energy
detuning and hybridization of orbital states and thus
successfully decoupled spin preparation and initialization
from the orbital coupling condition, a key step toward
better control of two-electron spin states in quantum dot
molecules. Our system furthermore allowed us to selec-
tively probe and compare dynamics of single-spin and
two-spin states. For two-spin states, remarkably long
S-T relaxation times were observed, extending beyond
∼100 μs with strong dependence on the relative energy of
ground and excited two-spin states. Semi-quantitative
agreement was observed with k · p calculations of pho-
non-mediated spin relaxation.
Our work demonstrates that charge storage devices can

be used to deterministically prepare two electrons in a
quantum dot molecule with hybridized orbital states. In
the future, such a device can be used to show coherent
spin control of the two-spin system. In combination with
deterministic spin-photon entanglement, which has been
demonstrated for single quantum dots in the past, this
paves the way for the generation of deterministic two-
dimensional photonic cluster states. One necessary
improvement to achieve two-spin control in such struc-
tures is the further reduction of the tunnel coupling
strength, such that entanglement between the spin states
is mediated on the timescales of spin-photon entanglement
generation.
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APPENDIX A: SAMPLE DESIGN

The measurements were performed on two vertically
stacked InAs quantum dots embedded in a GaAs matrix.
The quantum dot heterostructure is schematically shown in
Fig. 7(a). It was grown by molecular beam epitaxy in the
Stranski-Krastanov growth mode, where the lower and
upper dots were In-flushed to a height of 2.7 and 2.9 nm,
respectively. The total separation between the two dot
layers is 10 nm. The separating layer mostly consists of
GaAs, but 2.5 nm of it is made from Al0.34Ga0.66As to
further reduce the tunnel coupling strength between the
stacked dots. 5 nm below the lower quantum dot layer
there is a 50 nm Al0.34Ga0.66As layer that serves as a
tunneling barrier for electrons trapped in the quantum dots.
The whole structure is sandwiched by a p-doped layer
(top) and an n-doped layer (bottom) for electrical con-
tacting. To increase the photonic out-coupling efficiency, a
DBR is located at the bottom of the layer structure,
combined with a CBG that is deterministically etched
on top of individual QDMs using in situ electron-beam
lithography at 10 K [29]. These are then embedded into a
p-i-n diode, where the QDMs are contacted individually by
metallic front contact. An electric field is applied to the
(individual) QDM by applying a gate voltage VG between
the two contacts. The p-layer of the diode is kept small
(25 × 8 μm) to keep its capacitance low and therefore
electrical switching times short. To make the contacts
smooth, an insulating bridge, made from SU-8 resist, was
fabricated first. A schematic cross section of the device is
shown in Fig. 7(b), while Fig. 7(c) shows a microscope
image of a real fabricated device.
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APPENDIX B: IDENTIFICATION OF DIFFERENT
CHARGE STATES

In this section we discuss the identification of the
different charged complexes observed in the voltage-
dependent photoluminescence spectra presented in Sec. II
of the main text. We use phenomenological few-spin
Hamiltonians that take into account Coulomb interactions
between the particles, as well as coherent tunnel coupling,
which govern the voltage dependence of the observed PL
lines. Effects that cannot be resolved by this PL method,
e.g. the electron-hole-exchange interaction, are omitted
here. The identification of the charged complexes from the
PL-V assists us in finding the resonant energies used in
the experiments in Secs. III–VI. The discussions closely
follow the models presented in Ref. [17].

1. Neutral exciton

The voltage-dependent PL-V spectra show different
charged excitonic complexes. From this data, we can
identify the neutral exciton (X0), the singly charged
exciton (X−) and the doubly charged exciton (X2−) by
modeling the different direct and indirect charge configu-
rations [17,29]. Using the notation explained in the main
text, we can write the neutral exciton with the basis states:

�
1 0

0 1

�
;

�
0 1

0 1

�
: (B1)

In this basis we can express the Hamiltonian of the X0 as
(omitting the electron-hole exchange interaction):

ĤX0 ¼ EX0 · Î þ
�
ΓX0 − f t

t 0

�

þ
�
pF þ αF2 0

0 pF þ αF2

�
; (B2)

where EX0 is the emission energy of the direct exciton with
no electric field applied, ΓX0 is the energy mismatch
between the electron levels in the upper and the lower
dot, including Coulomb interaction between the electron
and the hole, t is the tunnel coupling strength of the elec-
tron levels and f ¼ edF with e the elementary charge,
d the distance between the two dots and F the applied
electric field. The last term in (B2) contains the terms
related to the quantum confined Stark effect. Here,
p denotes the intrinsic dipole moment and α the polar-
izability. The electric field F can be obtained from the
applied gate voltage VG using:

F ¼ Vbi − VG

D
; (B3)

where Vbi is the built-in voltage of the diode and D is the
width of the diode’s intrinsic region. For a p-i-n diode in
GaAs the built-in voltage is Vbi ¼ 1.51ð1Þ V. The width of
the intrinsic regionD ¼ 365 nm is known from the sample
growth. Diagonalizing the Hamiltonian Eq. (B2) will give
us the eigenenergies of X0 as a function of the applied gate
voltage VG. Since the neutral exciton recombines to the
crystal ground state, these eigenenergies correspond to the

(a) (b)

(c)

FIG. 7. Sample design (a) Schematic close-up to the two tunnel-coupled quantum dots with the relevant measures. Light-gray shaded
areas represent the GaAs matrix, while dark-gray shaded areas represent Al0.34Ga0.66As-barriers. The orange-shaded area shows the
stacked quantum dots with the wetting layers below them. (b) Schematic cross section of the full layer structure and device. The green
layer is the p-doped layer, while the dark blue layer is the n-doped layer. The n-contact on the left does not directly touch the n-doped
layer but is thermally annealed to it. DBR: Distributed Bragg reflector, CBG: Circular Bragg grating. (c) Microscope image of the
fabricated device.

FIG. 8. Photoluminescence spectrum overlaid with the X0

energies obtained from the model explained in the main text.
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emission energies observed in the PL-V measurement.
Therefore, the PL-V spectrum allows us to determine the
parameters used in this model. Figure 8 shows the PL-V
spectrum overlaid with the neutral exciton energy we
obtain from our model. The determined parameters are
listed in Table I.

2. Single-charged exciton

In a similar fashion we obtain the emission energies for
the singly charged exciton. It consists of two electrons and
one hole, where the hole is again located in the upper dot.
Since there are now two electrons in the QDM, spin effects
need to be taken into account, as well. Expanding the

notation introduced in the previous section, we can express
the Hamiltonian in the following basis [51]:

�
↑↓ 0

0 ⇑

�
;

�
↑ ↓
0 ⇑

�
S
;

�
↑ ↓
0 ⇑

�
T0

;
�
↑ ↑
0 ⇑

�
Tþ
;

�
↓ ↓
0 ⇑

�
T−
;

�
0 ↑↓
0 ⇑

�
: (B4)

The suffices indicate whether the spins are configured as a singlet (S) or triplet (T). In this basis we can express the
Hamiltonian of the tunnel-coupled system as:

ĤX− ¼ EX− · Î þ ðpF þ αF2Þ · Î

þ

0
BBBBBBBBB@

ΓX−
ll − 2 · f

ffiffiffi
2

p
t 0 0 0 0ffiffiffi

2
p

t ΓX−
lu − f Jeh 0 0

ffiffiffi
2

p
t

0 Jeh ΓX−
lu − f 0 0 0

0 0 0 ΓX−
lu − f þ Jeh 0 0

0 0 0 0 ΓX−
lu − f − Jeh 0

0
ffiffiffi
2

p
t 0 0 0 0

1
CCCCCCCCCA
;

(B5)

where EX− is the energy of the direct trion in the upper dot
ð0
0

2
1
Þ, the ΓX−

ij , i; j∈ fl; ug are energy corrections when
finding the electrons in the lower (l) or upper (u) that stem
from the energy mismatch of the two dots, as well as
different Coulomb energies. Jeh is the electron-hole ex-
change interaction, which is non-negligible for the coupled
two-electron system with a localized hole.
The single-electron basis that we use is (omitting spin

again)

�
1 0

0 0

�
;

�
0 1

0 0

�
: (B6)

In this basis, the Hamiltonian reads

Ĥe− ¼
�
Γe− − f t

t 0

�
; (B7)

where Γe− is the energy mismatch between the single
confined electron levels of the upper and lower dots. We
obtain the emission energies of the singly charged exciton
by diagonalizing the trion Hamiltonian (B5) and the

single-electron Hamiltonian (B7) and then subtracting
the single-electron eigenenergies from the trion eigene-
nergies. Again, this method allows us to determine the
parameters of the model by comparing the transition
energies obtained from the model to the emission energies
of the PL-V spectrum. The PL-V along with the modeled
transition energies is shown in Fig. 9. The found param-
eters are listed in Table II. Parameters that are the same for

TABLE I. Neutral exciton parameters determined fromvoltage-
dependent photoluminescence.

Parameter Value

EX0 1341.3(1) meV
d 10.9(1) nm
t 1.0(1) meV
ΓX0 27.8(1) meV
p 0.14ð5Þe · nm
α −18ð6Þe · nm2=V

FIG. 9. Photoluminescence spectrum overlaid with the X−
energies obtained from the model explained in the main text.
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each charged complex and were already listed in Table I
are not repeated here.

3. Double-charged exciton

From the emission energy we can also identify the
doubly charged exciton (three electrons, one hole in the
upper dot). For this, we consider the doubly charged
exciton in the basis:

�
2 1

0 1

�
;

�
1 2

0 1

�
: (B8)

We note once more that here the electron-hole-exchange
interaction was omitted for simplicity. In Appendix F it
will become relevant. The Hamiltonian in this basis reads

ĤX2− ¼ EX2− · Î þ ðpF þ αF2Þ · Î þ
�
ΓX2− − f t

t 0

�
;

(B9)

where EX2− is the energy of the direct doubly charged
exciton in the configuration ð1

0
2
1
Þ and ΓX2− is the doubly

charged exciton equivalent to ΓX0 . We can further write
the Hamiltonian of the two-electron system in the

two-electron basis:

Ĥe2− ¼

0
BBBBBBB@

Γe2−
ll − f

ffiffiffi
2

p
t 0 0 0 0ffiffiffi

2
p

t 0 0 0 0
ffiffiffi
2

p
t

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0
ffiffiffi
2

p
t 0 0 0 Γe2−

uu þ f

1
CCCCCCCA
:

(B10)

Here, Γe2−
uu (Γe2−

ll ) is the energy bias that needs to be
applied when both electrons are found in the upper (lower)
dot. Note that here, unlike for Eq. (B5), we chose an
energy reference where the (1,1)-configuration has a fixed
energy of 0. Without an external magnetic field the three
triplet states are degenerate. Again, we obtain voltage-
dependent transition energies when diagonalizing the
Hamiltonians Eqs. (B9) and (B10) and subtracting the
resulting spectra. We can again use the model to identify
the transitions in the PL-V spectrum and determine the
QDM parameters for the X2−. The PL-V overlaid with
the transition energies obtained from fitting the PL-V with
the model is shown in Fig. 10. Once the parameters are
obtained, we can look at the voltage-dependent eigene-
nergies of the two-electron state that we get from diagonal-
izing the Hamiltonian Eq. (B10). These eigenenergies are
shown in Fig. 10(b). The energy scale is chosen to be zero
if the electrons occupy different QDs. One can see that
around VG ¼ 1 V, the orbital wave functions of the
electrons hybridize over the two QDs and form the
well-known singlet-triplet ground states. This regime is
also commonly referred to as sweet spot, and it is marked
as a blue area in Figs. 10(a) and 10(b). The parameters for
the doubly charged exciton, found from the PL-V, are
listed in Table III.

TABLE II. Single-charged exciton parameters determined
from voltage-dependent photoluminescence.

Parameter Value

EX− 1336.3(1) meV
ΓX−
ll 52.9(1) meV

ΓX−
ul 19.4(1) meV

Jeh 0.1(1) meV
Γe− 14.8(1) meV

FIG. 10. (a) Voltage-dependent photoluminescence spectrum overlaid with theX2− energies obtained from the model explained in the
main text. (b) Voltage-dependent two-electron-eigenenergies determined from diagonalizing the Hamiltonian Eq. (B10) and using the
parameters determined from fitting the transition energies with the model explained in the main text. In both figures, the sweet spot
(hybridization regime of the two electrons) is shaded in light blue.
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APPENDIX C: EXPERIMENTAL SETUP

The experimental setup used for the charging experi-
ments is illustrated schematically in Fig. 11. The lasers
used for charging, readout and pumping are tunable diode
lasers (two Toptica CTL and one Toptica DLPro) gated
using acousto-optic modulators (AOMs) (AA Opto-
electronic MT250-IR6). They receive their signal from
an arbitrary waveform generator (AWG) (Tektronix
AWG5204) that furthermore triggers the signal output
of a second waveform generator (Keysight 33500B) to gate
the sample diode, thus synchronizing the lasers and the
gate voltage signal. We use a confocal microscope with a
0.81 NA objective lens to achieve laser excitation and
fluorescence collection, where the excitation and detection

paths are split by a non-polarizing 50:50 beam splitter.
To filter out resonant laser light, we use cross-polarized
detection of the emitted photons, where two linear polar-
izers (LPs), one in the excitation path and one in the
detection path, are set such that their polarizations are
orthogonal. An additional quarter wave plate is used to
correct for small residual elliptical components in the
excitation light. Not shown in the figure is a fourth laser
emitting at 850 nm used to measure voltage-dependent
photoluminescence via excitation of charge carriers in the
wetting layer. It is possible to either measure spectral
properties of the emitted photons using a double mono-
chromator and liquid nitrogen-cooled CCD or to perform
time-resolvedmeasurements by counting (spectrally filtered)
photons using a single photon avalanche diode (SPAD)
(Excelitas SPCM-AQRH-16-FC) and time-correlating them
with the waveform signals using a time-tagging unit
(Swabian Instruments Time Tagger Ultra).

APPENDIX D: DETERMINING CHARGING
PARAMETERS

For charging the QDM with one electron, we used a
charge laser energy of 1361.0 meV. This will charge the
QDM with one electron at a gate voltage of −4 V during
the first charging phase. To charge the QDM with a second

TABLE III. Double-charged exciton parameters determined
from voltage-dependent photoluminescence.

Parameter Value

EX2− 1336.0(1) meV
ΓX2− 25.2(1) meV

Γe2−
ll

20.5(1) meV

Γe2−
uu −9.2ð1Þ meV

FIG. 11. Schematic of the experimental setup. Three continuous wave lasers are passed through AOMs. The AOMs are gated using an
AWG 1. The lasers are combined using non-polarizing beam splitters (BS) and guided to the sample that is built into a cryostat
(Attocube2100) and held at 1.7 K. The sample is placed on nanopositioners (Attocube ANP). A second AWG sets the voltage sequence
that is applied to the QDM. Via a superconducting solenoid magnet, a magnetic field of up to 9 T can be applied in the growth direction
of the sample (Faraday geometry). Luminescence photons of the dot are collected and either analyzed using a double monochromator
and a liquid nitrogen-cooled CCD to obtain spectral data or after optical filtering, can be analyzed in the time domain using a SPAD and
subsequent time-tagging unit. Polarization control and suppression of the excitation laser and the emitted photons is facilitated by using
LPs and a quarter wave plate (λ=4).
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electron, we use a sequential charging method, where we
keep the charge laser energy constant but vary the charge
voltage. We found the optimal voltage to charge a second
electron to be at −0.88 V.
In this section, we explain how we found these para-

meters. In a first step, we determine the optimal charge
laser energy and charge voltage. For this, we employ the
measurement cycle shown in Fig. 12(a), where the read-
out laser is set resonant with X0 and the length of the
charging sequence is 400 ns. As a readout voltage we
typically choose 0.56 V since in this regime all three
charged complexes under investigation are reasonably
close together, yet still well distinguishable [see also
Fig. 1(b)]. We then scan the two-dimensional parameter
space by changing the charge laser energy [indicated by
the color gradient of the laser pulse in Fig. 12(a)] and the
charge laser voltage [indicated by the arrows next to the
charge voltage level in Fig. 12(a)]. If no charging takes
place, there will be a strong X0 signal visible during the
readout. However, if charging takes place, this signal
should quench, since the readout laser is not resonant
with the X−. In Fig. 12(b), we observe that for most
combinations of charge laser energy and charge voltage,
the X0 remains bright. But there are some valleys where
the X0 goes dark, which could be indicative of charging
taking place.
To show that this is actual charging with one electron,

we perform the same experiment, but with readout of X−.

The results of these measurements are shown in Fig. 12(c).
One can see that the X− turns bright exactly where the X0

goes dark. This is a clear sign that the observed loss of the
X0 signal is due to one-electron charging.
As a working point for one-electron charging we chose

−4 V as charging voltage and 1361.0 meV for the charge
laser energy [marked as red crosses in Fig. 12(b) and
12(c)]. For two-electron charging, we keep the charge laser
on at the same energy, but we vary the charge voltage so
that the charge laser is resonant with an X− transition. This
will excite a trion, of which the hole tunnels out and
the QDM is left with two electrons. To find the second
charge voltage, we perform a similar experiment as before,
but now we keep the charge laser energy fixed and only
sweep the second charge voltage. The experimental cycle
is shown in Fig. 13(a). The 400 ns charging sequence is
now split into two 200 ns sequences, wherein the first
200 ns the first electron is charged at the voltage deter-
mined before for a laser of energy 1361.0 meV, i.e.
−4.0 V. The same laser is gated on for charging the
second electron (i.e. sequential charging) and the gate
voltage is varied for the second charging step. Further-
more, we set the readout laser resonant with the X2−
transition to probe two-electron occupation. The result of
this measurement is shown in Fig. 13(b). We observe a
peak in the X2− emission at around −0.88 V. We used this
voltage to charge the QDM with a second electron for all
experiments involving two electrons.

(b) (c)

(a)

FIG. 12. (a) Experimental cycle used to determine the charging parameters for one-electron-charging. (b) X0 intensity map as a
function of charge voltage and charge laser energy. The cross marks the working point used for subsequent experiments in this
manuscript. (c) X− intensity map as a function of charge voltage and charge laser energy.
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APPENDIX E: ESTIMATING CHARGING
FIDELITIES

To estimate the charge fidelities, we follow the method
in Ref. [25]. We denote the probability to charge n elec-
trons given that m electrons were intended to be charged
(i.e. the m is the number of charge plateaus) as pðnjmÞ.
Our starting point is the assumption that the QDM is
initialized (during the reset phase) to be perfectly empty,
i.e. pð0j0Þ ¼ 1. We furthermore restrict our analysis to the
lowest three charge states X0, X− and X2−. We denote the
number of counts of charge state a∈ f0;−; 2−g given that
b∈ f0; 1; 2g charge pulses were applied as Na

b.
Now, the probability of charging one electron given

that one pulse was applied is pð1j1Þ ¼ pð¬0j1Þ − pð2j1Þ
where the probability of charging more than one electron
given that one charge pulse was applied is

pð¬0j1Þ ¼ N0
0 − N0

1

N0
0

(E1)

and pð2j1Þ ≤ N2−
1

N2−
2

. Thus, the one-electron charging fidelity

can be written as:

pð1j1Þ ≥ N0
0 − N0

1

N0
0

− N2−
1

N2−
2

: (E2)

Using the count numbers from the sequential charging
experiment presented in Sec. III, we determine a value of

pð1j1Þ ≥ 85.9ð�0.2Þ% from Eq. (E2). For the two-
electron charging fidelity we can use pð2j2Þ ¼
1 − pð1j2Þ − pð0j2Þ where pð0j2Þ ≤ 1 − pð¬0j1Þ and

pð1j2Þ ≤ N2−
2

N−
1
. We arrive at the following expression for

the two-electron charging fidelity:

pð2j2Þ ≥ N0
0 − N0

1

N0
0

− N−
2

N−
1

: (E3)

We find pð2j2Þ ≥ 89.2ð�11.1Þ% for our measured data.

APPENDIX F: SELECTION RULES OF THE
DOUBLY CHARGED EXCITON

In this section, we derive the selection rules between the
two-electron states and the doubly charged exciton states.
While the selection rules in the (1, 1)-regime with applied
magnetic field in growth direction, as presented in Fig. 3(d),
can be understood intuitively from the change of the net spin
in the upper dot [19,21], the selection rules in the (2, 0)-
regime, where most experiments in Sec. VI were performed
and are more complicated. Here, the doubly charged exciton
state in terms of charge occupation is described by

�
2 1

0 1

�
: (F1)

The state consists of an electron pair in the lower dot and
an electron-hole pair in the upper dot. With regard to spin,
this charged complex should therefore behave like a
neutral exciton confined in the upper dot, and therefore
the electron-hole-exchange interaction becomes an impor-
tant factor that governs the selection rules for both the
direct and indirect transition [52].
We base our theoretical calculation of the selection rules

on the description in second quantization using the single
electron states jψ ii, where i ¼ fλi; αi; σig is a compound
quantum number describing the QD location αi ¼ ðl; uÞ
(for lower and upper QD), the band index λi ¼ ðe; hÞ (for
electrons and holes) and the spin σi ¼ ð↑;↓Þ. The light-
matter interaction Hamiltonian, which governs the selec-
tion rules, is given by

HLM ¼ −d · Eðr0; tÞ (F2)

in the dipole approximation. d ¼ −er is the dipole oper-
ator (with elementary charge e and position operator r) and
Eðr0; tÞ is the time-dependent electric field at the emitter
position r0. A monochromatic electric field of frequency ω
can be decomposed into

Eðr0; tÞ≡ EðþÞe−iωt þ Eð−Þeiωt (F3)

with EðþÞ (Eð−Þ) being the positive (negative) frequency
part of the electric field, which are the complex conjugates

(a)

(b)

I II

FIG. 13. (a) Experimental cycle used to charge the voltage for
charging the second electron in the sequential charging scheme.
(b) X2− intensity vs second charge voltage plateau with the
charge laser energy fixed at 1361.0 meV.
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of each other. In the rotating wave approximation and
second quantization, the Hamiltonian can be rewritten into

HLM ¼ −X
k

EðþÞ
k

X
i;j

hψ ijdkjψjie†i h†j þ h:c:: (F4)

EðþÞ
k ¼ EðþÞ · ek is the projection of the positive-

frequency electric field onto the k-th polarization basis
vector and dk ¼ d · e�k, where ei (hj) is the annihilation
operator of an electron (a hole) in state jψ ii (jψji) and the
sum over i (j) only runs over electron (hole) states.
To calculate the many-body matrix elements, we need

the single-particle dipole matrix elements hψ ijdkjψji. In
the envelope function approximation, the wave functions
are written as a product of the Bloch factor uλi;σiðrÞ and a
slowly varying envelope function φαiðrÞ [53,54]:

ψ iðrÞ ¼ uλi;σiðrÞφαiðrÞ: (F5)

Then, the dipole matrix elements can be approxi-
mated as:

hψ ijdkjψji ≈
Z

d3r u�λi;σiðrÞdkuλj;σjðrÞ

×
Z

d3rφ�
αiðrÞφαjðrÞ; (F6)

meaning that the selection rules are governed by the
bulk dipole matrix elements, and the envelope functions
only influence the amplitude of the transition. The spin-
dependence of the Bloch factors is due to spin-orbit
coupling. In InGaAs, the spin and orbital angular momen-
tum of heavy holes are aligned. The hole Bloch factors
have p-type symmetry (angular momentum l ¼ 1) and we
neglect light holes (non-aligned spin and orbital angular
momentum), since they are higher in energy. The con-
duction band electrons have s-type symmetry (l ¼ 0)
and therefore do not exhibit direct spin-orbit coupling
[52,55]. For circularly polarized light (eσþ ¼ 1ffiffi

2
p ð1; iÞT ,

eσ− ¼ 1ffiffi
2

p ð1;−iÞT), the matrix element selection rules can

be inferred from symmetry considerations or by evaluating
the angular part of the first integral in Eq. (F6). The only
non-vanishing single-particle matrix elements are

hψe;α;↓jdσþjψh;β;↑i ¼ hψe;α;↑jdσ− jψh;β;↓i
≡Dα;β

¼ Dð0Þχα;β: (F7)

Their amplitudes are given by the bulk dipole matrix
element Dð0Þ and the envelope function overlap χα;β ¼R
d3rφ�

αðrÞφβðrÞ. Therefore, direct transitions (α ¼ β) do
have stronger transition amplitudes than indirect (α ≠ β)
ones. To calculate the transition amplitudes, we first define
all relevant states in terms of creation operators. We
consider all two-electron states

jS0i ¼
1ffiffiffi
2

p ðe†l;↑e†u;↓ − e†l;↓e
†
u;↑Þjvaci;

jT0i ¼
1ffiffiffi
2

p ðe†l;↑e†u;↓ þ e†l;↓e
†
u;↑Þjvaci;

jSui ¼ e†u;↑e
†
u;↓jvaci;

jSli ¼ e†l;↑e
†
l;↓jvaci;

jT−i ¼ e†l;↓e
†
u;↓jvaci;

jTþi ¼ e†l;↑e
†
u;↑jvaci: (F8)

For the doubly charged exciton states, we will only
focus on the aforementioned ð2

0
1
1
Þ-states, for which we

will introduce the shorthand notation jQi. With electron-
hole-exchange interaction of the exciton in the upper dot
included, the eigenstates at zero magnetic field can be
expressed in terms of creation operators as:

jQ1�i ¼
1ffiffiffi
2

p e†l;↑e
†
l;↓ðe†u;↓h†u;↑ � e†u;↑h

†
u;↓Þjvaci;

jQ2�i ¼
1ffiffiffi
2

p e†l;↑e
†
l;↓ðe†u;↑h†u;↑ � e†u;↓h

†
u;↓Þjvaci: (F9)

The eigenstates are two well-known bright states with
total spin projectionM ¼ 1� and two dark states with total
spin projection M ¼ 2�.
Now, we consider the basis given in Eq. (F8) and the

last four states in Eq. (F9) in that order. The dipole
Hamiltonian in this basis is given by

HLM ¼ EðþÞ
σþ

�
dlu
2

ðjQ1þihS0j þ jQ1þihT0j þ jQ1−ihS0j þ jQ1−ihT0jÞ

þ duuffiffiffi
2

p ðjQ1þihSlj þ jQ1−ihSljÞ þ
dluffiffiffi
2

p ðjQ2þihTþj þ jQ2−ihTþjÞ
�

þ EðþÞ
σ−

�
dlu
2

ð−jQ1þihS0j þ jQ1þihT0j þ jQ1−ihS0j − jQ1−ihT0jÞ

þ duuffiffiffi
2

p ðjQ1þihSlj − jQ1−ihSljÞ þ
dluffiffiffi
2

p ðjQ2þihTþj − jQ2−ihTþjÞ
�
þ h:c: (F10)
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which can be transformed into the linear representation:

HLM ¼ EðþÞ
h

�
dluffiffiffi
2

p ðjQ1þihT0j þ jQ1−ihS0jÞ þ duujQ1þihSlj

þ dlu
2

ðjQ2þihT−j þ jQ2þihTþj − jQ2−ihT−j þ jQ2−ihTþjÞ
�

− iEðþÞ
v

�
dluffiffiffi
2

p ðjQ1þihS0j þ jQ1−ihT0jÞ þ duujQ1−ihSlj

þ dlu
2

ð−jQ2þihT−j þ jQ2þihTþj þ jQ2−ihT−j þ jQ2−ihTþjÞ
�
þ h:c:

;

(F11)

by using

Eh¼
1ffiffiffi
2

p ðEσþ þEσ−Þ; Ev¼
iffiffiffi
2

p ðEσþ −Eσ−Þ: (F12)

The selection rules that can be inferred from this
Hamiltonian are displayed as a level scheme in Fig. 14.
The states jQ1�i couple to jS0i, jT0i and jSli via linearly
polarized photons, while jQ2�i each couples to the
remaining triplet states via circularly polarized photons.
This leads to the formation of two subspaces that do not
couple optically.
In our experiments we optically drive the transition

jSli ↔ jQ1−i with a narrow band cw-laser, such that the
other trion states can be safely neglected.
The scheme of jT0i-pumping is shown Fig. 15. With the

state initialized into the jSli state, it is pumped into the
jQ1−i state via linearly polarized light. From there, jQ1−i

can decay back into jSli, which is however offset by the
continuous pumping. A portion of the population decays
into both jS0i and jT0i with roughly equal rate γlu. The
delocalized singlet jS0i quickly decays back into jSli due
to phonon-assisted tunneling (γphon) on the order of pico-
seconds, similar to fast interdot tunneling of a single
electron, and is re-excited by the pump laser. The pop-
ulation in jT0i stays there for a longer time since phonon-
assisted tunneling preserves spin and therefore only allows
transitions between singlet and triplet states due to small
contributions stemming from Dresselhaus spin-orbit cou-
pling and other spin-flip processes, which are however
much slower [40,56].
It should be noted that this simple analytic derivation

does not take into account various aspects of the actual
quantum dot molecule, such as lateral misalignment of the
dots, different lateral asymmetry of the two dots, heavy-
light-hole mixing and different strain environments in each
dot, all of which are expected to slightly change the
idealized selection rules shown in Fig. 14 [19,57].

FIG. 14. Level scheme and optical transitions between jQi
states and the two-electron states. Linearly polarized transitions
are displayed in green (vertical) and yellow (horizontal), while
circularly polarized transitions are displayed in red (σþ) and
blue (σ−). FIG. 15. Level scheme for the 2e pumping of the jT0i state.
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APPENDIX G: THE PHONON-DRIVEN
QUANTUM KINETICS OF THE SINGLET-

TRIPLET CONFIGURATIONS

In this section, we consider the triplet T0 to the singlet S
phonon-assisted transitions. The modeling is based on the
eight-band k · p theory and involves structural calculations
in the real space.

1. The structural calculations

The shapes of the quantum dots are modeled using
truncated Gaussian profiles [44]. The top surface of each
dot is described by

Sðx; yÞ ¼ min
�
w exp

�
− x2 þ y2

2d2

�
; h
�
;

where h denotes the dot height, d controls the lateral size,
and w sets the Gaussian steepness. For the lower and upper
dots (indexed by l and u), the parameters are hl ¼ 3.5a,
dl ¼ 48a, wl ¼ 25a, and hu ¼ 4a, du ¼ 52a, wu ¼ 25a,
with a being the lattice constant. Both dots are placed on
wetting layers of thickness a. The separation between the
dots (base to base) is 17.5a, and the Al0.33Ga0.67As barrier
between them has a thickness of 4.5a.
To describe the individual QD morphology, we employ

the trumpet-shaped composition profile [58,59], in which
the local indium concentration inside the quantum dots is
described by

CðrÞ ¼ Cl þ ðCu − ClÞ exp
�
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
exp−z=z0
r0

�
:

Here, Cu and Cl denote the maximum and minimum
indium contents in the QD, respectively, while r0 and z0
determine the spatial extent of the profile. For both quan-
tum dots, we set Cu ¼ 0.42 (In0.42Ga0.58As), Cl ¼ 0.3
(In0.3Ga0.7As), and r0 ¼ 20a. The vertical decay para-
meters were chosen as z0l ¼ 3.5a for the lower dot and
z0u ¼ 4.0a for the upper one. The dots are separated by the
distance D ¼ 17.5a. The cross section of the resulting
material distribution is shown in Fig. 16.
The strain caused by the lattice mismatch between the

involved materials is taken into account within the con-
tinuous elasticity approach [60] with the parameters from
Vurgaftman et al. [61]. As in the zinc-blende structure
shear strain comes with a piezoelectric field; we accounted
for this effect with polarization up the second order in the
strain tensor components [62]. Here, we took the param-
eters from Caro et al. [63].

2. The energy levels

The wave functions for the electron single-particle states
are found within the eight-band k · pmodel in the envelope

function approximation, as described in Refs. [43,44]. To
account for the gate electric field effect, the real-space
Hamiltonian is supplemented by the diagonal term:

VF ¼ eFðz − zcÞ;

where zc is between QDs. For F ≤ 17 kV=cm, we calcu-
late 12 states: six energetically lowest states (the s and
p-type envelope) in the lower QD and the corresponding
six states of the upper QD. For larger fields, we take the 6
and 2 lowest states in the lower and in the upper QD,
respectively, which is motivated by better numerical
stability. Therefore, the 12 (or 8) states form a basis for
the configuration interaction procedure, which is the next
stage of our modeling.
The two-electron states are found from the diagonaliza-

tion of the Coulomb Hamiltonian using the configuration
interaction method. The calculated energy levels are
shown in Fig. 6(c). The simulations were carried out at
a small magnetic field B ¼ 0.1 T in the Faraday orienta-
tion, which was chosen rather arbitrarily for illustrative
purposes. As can be seen, the obtained singlet-triplet
energy splitting at the sweet spot (here around F ≈
10 kV=cm) of 870 μeV is reasonably close to the exper-
imental value (718 μeV). The character of states in the
vicinity of the sweet spot was discussed in the main part of
the text. Here, we focus on the configurations at higher
electric fields (e.g. F ≈ 22 kV=cm), which favor the
localization in the lower dot. In this regime, the lowest
state is the spin singlet localized in the lower QD jSli.
The next two branches are the triplet states jT0−=0=þi and
jT00−=0=þi, build on the s and p shell states in the lower QD.
The next states are the s-shell triplet jT−=0=þi and the
singlet jS0i. The other upper branches are the singlet
configurations involving s- and p-shell in the lower QD,
but they will not be taken into account in this analysis. To
describe the states of interest, we introduce an extended
notation, accounting for the orbital type:

FIG. 16. The indium distribution (InxGa1−xAs) in the QDs and
Al content (AlxGa1−xAs) in the barrier.
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jSli ¼ e†lðsÞ;↑e
†
lðsÞ;↓jvaci;

jT−i ¼ e†lðsÞ;↓e
†
uðsÞ;↓jvaci

jT0i ¼
1ffiffiffi
2

p ðe†lðsÞ;↑e†uðsÞ;↓ þ e†lðsÞ;↓e
†
uðsÞ;↑Þjvaci;

jTþi ¼ e†lðsÞ;↑e
†
uðsÞ;↑jvaci;

jT0−i ¼ e†lðsÞ;↓e
†
lðp1Þ;↓jvaci;

jT0
0i ¼

1ffiffiffi
2

p ðe†lðsÞ;↑e†lðp1Þ;↓ þ e†lðsÞ;↓e
†
lðp1Þ;↑Þjvaci;

jT0þi ¼ e†lðsÞ;↑e
†
lðp1Þ;↑jvaci;

jT00−i ¼ e†lðsÞ;↓e
†
lðp2Þ;↓jvaci;

jT00
0i ¼

1ffiffiffi
2

p ðe†lðsÞ;↑e†lðp2Þ;↓ þ e†lðsÞ;↓e
†
lðp2Þ;↑Þjvaci;

jT00þi ¼ e†lðsÞ;↑e
†
lðp2Þ;↑jvaci;

jS0i ¼
1ffiffiffi
2

p ðe†lðsÞ;↑e†uðsÞ;↓ − e†lðsÞ;↓e
†
uðsÞ;↑Þjvaci; (G1)

where e†lðαÞ;↑=↓ (e†uðαÞ;↑=↓) is the creation operator of the
α-th electron orbital state with ↑=↓ spin in the lower
(upper) dot.

3. Phonon-assisted transitions

We calculated phonon-assisted relaxation rates between
the two-electron energy levels within Fermi’s golden rule:

γphonði → jÞ ¼ 2π

ℏ

X
k;λ

jGij;λðkÞj2

× ½δðΔEij − ℏcλkÞ þ δðΔEij þ ℏcλkÞ�;

where ΔEij ¼ Ei − Ej is the energy difference between
the energy levels, Gij;λðkÞ is the two-electron form factor,
as described in Ref. [40]; λ is the phonon branch (two
transversal and a longitudinal one), and cλ is the speed of
sound. Here, we take into account the coupling between
the electrons and phonons via the deformation potential
and the piezoelectric field [46–48]. The material param-
eters used in calculations are listed in the Appendix of
Ref. [44]. Here, we consider the zero-temperature case, i.e.
the transitions from the energetically upper to the lower
states (phonon emission). We also note that we take into
account only the spin-flip transitions due to the spin-
orbit interaction, neglecting the hyperfine-coupling-related
effects. While hyperfine- and spin-orbit-induced spin
relaxation originate from different couplings, both mech-
anisms interact with the same phonon bath and thus
share the same phonon spectral density. Consequently,
the present model provides an insight into phonon-related
transitions, even though the absolute relaxation rates for
the two mechanisms may differ substantially.

The calculated direct phonon-assisted transition rate
between the T0 and the lowest singlet state S is shown
in Fig. 6(d). The electric field dependence and how it
compares to the experimentally measured ones shown in
Fig. 6(b) are discussed in Sec. VI of the main part of the
text. We note that the spin-orbit-induced phonon-assisted
transitions depend very strongly on the magnetic field.
This dependence is illustrated in Fig. 17 for two repre-
sentative electric field values: one close to the sweet spot
(F ¼ 10 kV=cm) and one near the maximum of the
jT0i → jSi transition rate (F ≈ 16 kV=cm). In the latter
case, the increase with magnetic field is much less
pronounced, because the spin-orbit coupling mechanism
associated with the difference between the g-factors of the
two quantum dots is suppressed [40].
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