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A pair of tunnel-coupled quantum dots has advantages over single dots in tunability and spin coherence,
but far less work has been done to measure and understand the quantum optics of this system. In particular,
the two-electron singlet-triplet system with one electron in each dot generates an eight-level system in which
two-level and four-level double-� systems are coupled only through the hyperfine interaction and other spin
relaxation processes. We first measure the emission spectrum under resonant driving with a continuous-
wave laser and then perform time-correlated Hanbury Brown-Twiss (HBT) and Hong-Ou-Mandel (HOM)
interferometric measurements to examine nonclassical photon properties of spin-flip Raman emission and
resonance fluorescence. The shapes of second-order correlation functions [g(2)(τ )] from HBT are strikingly
different between resonance fluorescence and spin-flip Raman emission, reflecting the spin dynamics of the
singlet-triplet system. In addition, our two-photon HOM measurements demonstrate a high raw visibility of
0.96, with a coherence time exceeding the radiative lifetime.
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I. INTRODUCTION

Self-assembled InGaAs quantum dots (QDs) are an ex-
cellent source of single and entangled photons that have
high indistinguishability, fast emission rates, and high single-
photon purity [1,2]. The quantum optics of two-level sys-
tems in QDs have been studied extensively, showing the
nonclassical properties of light such as photon antibunching
[3–5], two-photon interference [6–8], Rabi oscillations [9],
and the Mollow triplet [10–12]. Quantum dots can also host
an electron or hole spin that provides a quantum memory as
well as a three-level Lambda (�) system, which is typically
formed in the charged QDs by applying a magnetic field
[13,14]. This system provides better control over the temporal
and spectral profile of single-photon generation [8,15–18]
and a quantum interface between spin qubits and photon
qubits [19–24]. A quantum dot molecule (QDM), composed
of two vertically stacked quantum dots separated by a thin
tunnel barrier [25,26], offers additional capabilities, including
energy tuning and the singlet-triplet spin system [27–29].
The doubly charged QDM provides a � system formed with
the ground-state singlet and Ms = 0 triplet. This spin system
does not require a high magnetic field and can be less sen-
sitive to environmental fluctuations than a single dot system
[29]. Previous work in this system has examined the bias-
dependent photoluminescence [27], optical spin pumping and
coherent control [28,30], Raman and resonance fluorescence
[17,31,32], coherent population trapping [29,30], coupling to
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optical cavities [32], and spin-photon entanglement [24]. In
many of these studies, simplified energy-level systems were
considered, and measurements of the emitted photon statistics
were very limited. In particular, the connection between the
quantum optical properties and the ground-state spin has not
been measured. This article provides a more complete look at
the quantum optics of this system.

The quantum optics of an emitter can be well character-
ized by measuring the first-order correlation function g(1)(τ ),
the second-order correlation function g(2)(τ ), and Hong-Ou-
Mandel (HOM) indistinguishability. The first-order (field)
correlation function g(1)(τ ) reflects the frequency and coher-
ence of photons and is typically measured with an interfer-
ometer. The Fourier transform of g(1)(τ ) is proportional to
the emission spectrum of the emitter, providing equivalent
information. The second-order (intensity) correlation function
g(2)(τ ) reflects the time correlations in photon emission and is
measured with Hanbury Brown-Twiss (HBT) interferometry,
in which photons are incident on a 50:50 beamsplitter sending
photons to two detectors [33]. The probability of detecting
a second photon after the detection of a first is measured.
This measurement provides the single-photon purity of the
quantum light source and reflects the population dynamics
of the emitter. HOM measurements are a variation of HBT
interferometry in which two photons are incident on the
beamsplitter, giving rise to photon bunching when they are
indistinguishable [34].

In this article, we report on the quantum optics of the
singlet-triplet system of a QDM charged with two electrons,
performing all three of these measurements under resonant cw
laser excitation. We find that a key feature of understanding
this system is that it consists of two subsystems: a double-
� system with the singlet (S) and Ms = 0 triplet (T0), and
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FIG. 1. (a) Schematic diagram for the bias-dependent energy levels for the ground and excited states of the QDM charged with one electron
in each dot. The ground state of the spin singlet (S) is energetically separated from the triplets (T0, T±) due to the exchange splitting. (b) Detailed
energy-level diagram of the two-electron charged QDM with the ground-state spin structure and the optical selection rules. H and V: horizontal
and vertical polarization; σ+ and σ−: left- and right-circular polarization; �: relaxation rate. (c) Measured contour bias map of differential
reflectance spectra.

a double two-level system with the Ms = ±1 triplets (T±)
[28]. These subsystems are coupled only through spin relax-
ation processes and give very different behavior in quantum
optics. Because of the polarization selection rules of this
system, we can measure the optical processes of primarily
just one of these subsystems by spectrally resolving emission,
either measuring resonance fluorescence (RF) [35], centered
on the drive laser, or Raman spin-flip emission [17,31,32],
separated from the laser by the exchange splitting. We first
measure the emission spectra of this resonantly driven system,
which is consistent with a dressed-state model, reaching the
interesting limit where the Rabi frequency exceeds the ex-
change splitting [36]. Then we measure g(2)(τ ) for both RF
and Raman emission under more modest drive conditions,
which show strikingly different temporal behavior, reflect-
ing the two different subsystems and their spin dynamics.
Finally, we perform HOM measurements for both optical
processes, which also have different behavior. The results
are all well described by a quantum optics model of the
system that helps explain the dynamics behind the optical
measurements.

II. SAMPLE AND SYSTEM

Epitaxially grown InGaAs QDMs (two QDs separated by a
3/2/4 nm GaAs/AlGaAs/GaAs tunnel barrier) on an n-doped
GaAs substrate are embedded in a vertical n − i − n − i − p
diode structure for electron injection and within a distributed
Bragg reflector (DBR) planar cavity. A zirconia hemispherical
solid immersion lens (SIL) was placed on the top surface of
the sample to enhance the collection efficiency. The charge
state of a QDM can be deterministically controlled by ap-
plying the electrical bias via electron injection. In the two-
electron (2-e) charged QDM with one electron residing in
each QD, the exchange interaction energetically separates the
spin singlet (S) and the three degenerate triplet (T0, T+, T−)
ground states, as shown in Fig. 1(a). The spin singlet has a
large curvature due to the anticrossing of the singlet state with
charge configurations having both electrons in one QD. The
energy-level diagram in Fig. 1(b) shows that there are two
different subsystems: a four-level double-� system with S and

T0 ground states and a double two-level system with T+ and
T− ground states. S and T0 ground states are both coupled to
the two exciton states with orthogonal linear polarizations,
forming the two overlapping � systems, while T+ and T−
each couple to only one exciton state with opposite circular
polarizations. Nominally, these subsystems do not connect
to each other through optical processes, and moving from
one to the other occurs only through spin relaxation. Spin
relaxation can occur through cotunneling of electrons to the
nearby n-doped layer and depends strongly on bias [37,38].
The two-electron charge state is stable over a range of biases,
and cotunneling is strongest at the edges. Spin relaxation
can also occur through the hyperfine interaction, which is
strongest for electron spins. Valence-band mixing may also
relax selection rules and give similar effects as spin relaxation.

In Fig. 1(c), the singlet (S) and triplet (T0, T+, T−) transi-
tions are measured as a function of the bias using differential
reflectance (DR) [39]. The exchange splitting �exc ranges
from 50 to 125 μeV in this bias region. The DR signal is sup-
pressed at the center of the stable bias range due to optical spin
pumping where the spin relaxation rate is longest [13,14,28].
With the laser on the S transition, optical excitation drives
the system into T0, causing the transition to go dark and
suppressing the DR signal. With the laser on the T transitions,
there is similar pumping, but T+ and T− can be depleted only
by mixing of the states in the two subsystems, likely through
the hyperfine interaction. The DR signal is strongest at the
charge stability edge where strong spin relaxation constantly
equalizes the spin states.

III. SPECTRUM OF THE STRONGLY DRIVEN QDM

In order to understand the optical processes of this system,
we first measure the emission spectrum while resonantly
driving the triplet transitions, as displayed in Fig. 2(a) for a
series of drive powers. These spectra were measured with a
triple spectrometer and CCD camera with 18-μeV resolution.
The spectra for this figure were obtained from a different
QDM than in Fig. 1, having a larger �exc of 190 μeV. The
spin relaxation is also relatively fast in this QDM, so we do
not expect any effects from optical pumping. The drive laser
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FIG. 2. (a) Experimental (black) and simulated (red) emission spectra when driving the triplet transitions for a series of drive powers.
(b) Dressed-state energy-level diagram when resonantly driving the triplet transitions. Solid horizontal lines are dressed states, and dashed
horizontal lines are the bare energy levels. Vertical black arrows represent the vertically polarized laser, and diagonal arrows between dressed
states represent horizontally polarized emission. (c) Measured peak positions (circles) and modeled dressed-state transitions (lines) as a
function of Rabi frequency, with colors corresponding to the transitions shown in (b).

is polarized vertically, and only horizontally polarized light
is collected in order to suppress scattered laser light. For the
lowest drive power in Fig. 2(a), there is emission from two
peaks—at the singlet and triplet transitions. The emission at
the singlet corresponds to Raman spin-flip emission that can
occur when the system is in the T0 state. The emission at
the triplet corresponds to RF from the T+ and T− transitions.
These transitions are circularly polarized, so excitation and
emission with orthogonal polarizations is possible. RF from
T0 is suppressed because it has the same polarization as the
laser. (Because there are two degenerate T0 transitions with
orthogonal polarizations, driving the T0 transitions always
results in a polarization aligned with the laser, resulting in
no cross-polarized emission without a change in the exciton
state.) This results in the interesting situation where Raman
emission originates from the S − T0 subsystem and RF origi-
nates from the T± subsystem.

As the drive power increases, many more emission lines
appear, starting with Autler-Townes splitting of the anti-
Stokes Raman near the singlet transition [40] and the Mollow
triplet near the triplet transition [41]. These lines can be
understood using the dressed-state diagram in Fig. 2(b), in
which the ground and excited states of the resonantly driven
transitions, T0 → X2, T+ → X3, and T− → X4, are all sym-
metrically split by ±�/2. The S → X1 transition is driven
off-resonance, detuned by �exc, resulting in an asymmet-
ric splitting by 1

2�exc ± 1
2

√
�2 + �2

exc for S and − 1
2�exc ±

1
2

√
�2 + �2

exc for X1. For cross-polarized emission, all pos-
sible transitions between dressed states are possible for the
T± subsystem, resulting in the Mollow triplet. For the S − T0

subsystem, only diagonal transitions are detected, giving eight
emission lines. Two of these correspond to the strong anti-
Stokes Raman lines split by �, appearing near the singlet

transition. Two correspond to the much weaker Stokes Raman
lines split by �, appearing below the laser by about �exc. The
other four lines are also weak and appear close to the laser,
within the sidebands of the Mollow triplet. In Fig. 2(c) the
peak positions are plotted as a function of � along with the
transition energies from a dressed-state model. The agreement
is excellent and shows a highly nonperturbative regime where
� > �exc, and there are crossings between the emission lines
[36]. In Fig. 2(a) we also plot a model of the emission spec-
trum, obtained by numerically integrating the master equation
of the driven eight-level system and calculating the Fourier
transform of g(1)(τ ) for all allowed transitions (see Appendix)
[42,43]. The agreement is quite good when convoluting the
spectra with the spectrometer resolution.

IV. g(2)(τ ) OF THE DRIVEN QDM

To further understand the quantum optics of this system,
we study the intensity autocorrelation function g(2)(τ ), which
we obtain from HBT measurements on the QDM from Fig. 1.
These measurements are performed at moderate drive powers,
with Rabi frequencies of ∼1.5 GHz or less, in order to
resolve the temporal behavior of g(2)(τ ). Figure 3(a) displays
the emission spectrum for RF and Raman while resonantly
driving the triplet transitions, showing the Mollow triplet and
Autler-Townes doublet. High spectral resolution is obtained
by sending emitted light through a scanning Fabry-Perot in-
terferometer with 1-μeV resolution. For HBT measurements
the emission is spectrally filtered around either the singlet
or triplet transition using a Fabry-Perot interferometer with
10-μeV bandwidth. This allows us to separate Raman and RF
while still maintaining high temporal resolution. Raman and
RF photons in our mixed-� and two-level system have very
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FIG. 3. (a) High-resolution emission spectrum from the laser resonantly driving the triplet transition. The Mollow triplet (RF) and Autler-
Townes doublet (Raman) are observed at the energies of the triplets (T) and singlet (S), respectively. (b), (c) Measured second-order correlation
function (black open dots) with a simulated curve (red line) for Raman and RF emissions in (b) and (c), respectively. Insets display the excitation
and emission processes. (d) Relation between the measured Rabi frequency and the laser drive power extracted from the g(2) functions for RF.
Rabi frequencies scale with the square root of the drive power.

distinct behavior for g(2)(τ ). Figure 3(b) displays g(2)(τ ) of
singlet Raman emission, with an antibunching dip near zero
time delay that rises to a constant value of 1 with a time
constant of 1.8 ns. High-single-photon purity is characterized
by the low value of this antibunching dip [g(2)(0) = 0.042],
which is limited by the time resolution of the system. The
rise time of the g(2)(τ ) function is significantly longer than the
spontaneous emission time of the system (0.84 ns). The longer
rise time is due to the fact that emission of the first Raman
photon puts the system in the S state, after which it cannot
emit another Raman photon until returning to the T0 state
through spin relaxation or other optical processes. This wait
time also suppresses Rabi oscillations, which can sometimes
be very weakly observed in the Raman g(2)(τ ).

Figure 3(c) displays g(2)(τ ) for the triplet RF, showing
strong Rabi oscillations with an antibunching dip at zero time
delay that is shifted far above zero due to fast oscillations
(1.45 GHz) measured with limited time resolution. The first
photon detected projects the system into T+ or T−, and the
probability of emitting a second photon is then proportional
to the population of X3 or X4, giving rise to Rabi oscillations.
In Fig. 3(d), the Rabi frequency is plotted vs the square root of
power, confirming the expected linear dependence. The Rabi
frequency appears to approach a nonzero value at zero power,
consistent with a small detuning (∼0.35 GHz) of the laser
from the triplet transition. There is also a clear bunchinglike

decay of g(2)(τ ) at longer times with a decay time of 2.45 ns,
reminiscent of blinking behavior [44,45]. This bunching effect
can be understood in terms of competition between the two
subsystems. As stated previously, when the laser is resonant
with the triplet transitions, optical pumping should eventually
drive the system into the S state, limited by the spin relaxation
rate. After detection of the first photon, the system must be
in the T± subsystem and is likely to emit another photon. As
optical pumping occurs, the system is more likely to be in the
S state where no RF can be detected. The bunching decay time
thus represents the time to achieve the steady-state population
under these conditions. In analogy with blinking, we can also
consider the S − T0 subsystem to play the role of a dark or
hidden state with no RF.

Further insight into this behavior and the associated spin
dynamics of the system can be obtained by measuring the
dependence of g(2)(τ ) on bias. The main effect of bias here
is to vary the spin relaxation rate from cotunneling, γcot.
Figures 4(a) and 4(b) show the respective bias-dependent
g(2)(τ ) for Raman and RF, along with a model of g(2)(τ ) that
includes spin relaxation from cotunneling and the hyperfine
interaction. Several biases were selected, going from the
charge stability edge to the middle of the stability range [see
Fig. 1(c) for comparison]. Data was difficult to obtain at the
center of the stability range, particularly for Raman data,
because optical pumping reduced the emission to very low
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levels. For the Raman data, there is a long rise time of 5 ns
at V = 744 mV, closest to the center of the stability range,
where cotunneling should be weak. The rise time is very fast
(400 ps) near the charge stability edge at V = 732 mV, where
cotunneling is strongest. The rise time is clearly influenced by

spin relaxation from cotunneling, but there are other factors
that also affect the rise time. In particular, optical processes,
such as the off-resonant Stokes Raman process, return the
system to T0 and allow another anti-Stokes Raman photon
to be emitted without any ground-state spin relaxation. These
optical processes become more important when cotunneling is
weak and when the drive power is higher. Higher drive powers
decrease the rise time.

The RF [Fig. 4(b)] shows extreme bunching behavior at
the center of the stability range at V = 752 mV, with g(2)(0)
going up to 25. There are Rabi oscillations damped by optical
dephasing, followed by slow decay with a time constant
of 13.4 ns. As the bias moves toward the stability edge at
732 mV, the bunching effect gets weaker and occurs on shorter
timescales. At V = 732 mV the bunching is essentially gone,
and even the Rabi oscillations are heavily damped by the fast
spin relaxation.

All of this behavior can be described very well by the
model of the driven eight-level system. The RF is modeled
with the correlation function for the T+ ↔ X3 and T− ↔ X4

transitions (which behave identically), and the Raman is mod-
eled with the correlation function for the S ↔ X2 transition.
The free parameters are the Rabi frequency �, the radiative
decay rate �, the cotunneling spin relaxation rate γcot, and the
hyperfine spin relaxation rate γhyp. Cotunneling is assumed
to give equal relaxation rates between any two spin states in
the ground state or excited state. The hyperfine interaction
should only lead to efficient relaxation between T0 and T± in
the ground state, since these involve one electron spin flip and
are degenerate. Similarly, hyperfine relaxation between X1 and
X3/X4 and between X2 and X3/X4 should be efficient. All the
data in Figs. 4(a) and 4(b) can be fit with the same values
of � = 1.45 × 2π rad/ns, � = 2/ns, and γhyp = 0.085/ns,
with only γcot changing with bias. The values of � and �

can be determined from the Rabi oscillations of the RF g(2).
The value of γhyp can most easily be determined from RF g(2),
where it determines the optical pumping rate out of the T±
subsystem. For weak cotunneling (γcot � γhyp), the bunching
decay time is determined mainly by γhyp. The bunching height
is determined by the combination of γcot and γhyp, with the
highest bunching when the system is most effectively pumped
out of the T± subsystem into S. Under these conditions, the
system spends most of the time in S, giving rise to a very
low average count rate. However, detection of RF from the T±
subsystem temporarily results in a much higher probability of
detecting another photon until pumping returns the system to
S. The values of γcot as a function of bias are obtained from
fitting to the experimental data and are plotted in Fig. 4(c),
showing a change of almost 3 orders of magnitude. The model
fits the experimental data quite well when convoluted with
the temporal response of the system, although there is some
disagreement in the amplitude of the Rabi oscillations.

V. TWO-PHOTON INTERFERENCE

To characterize the photon indistinguishability of Raman
and RF in our QDM, we perform HOM-type two-photon inter-
ference experiments using an unbalanced Mach-Zehnder in-
terferometer, with a delay �τ of 13 ns [see inset of Fig. 5(b)].
The destructive two-photon interference at the second beam
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FIG. 5. (a) HOM-type two-photon interference experiments for Raman emission with linearly co-(‖, red) and cross-polarized (⊥, blue)
photons measured with an unbalanced Mach-Zehnder interferometer. (b) HOM visibility function derived from co- and cross-polarized
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‖(τ ) and gHOM
⊥(τ ) plotted in (a). Inset shows our experimental setup. (c) Power-dependent copolarized gHOM

‖(τ ) for Raman with two
different laser excitation powers. (d) Comparison of gHOM

‖(τ ) between Raman and RF under the same experimental conditions. Insets in (c),
(d) are the corresponding second-order correlation functions. Open circles display the measured coincidence counts, while lines represent the
QUTIP simulations.

splitter results in the bunched photon pair exiting from one
outgoing arm of the second beam splitter, resulting in a count
for only one detector. This suppresses coincident events at
zero time delay. gHOM(τ ) functions were obtained in Fig. 5(a),
where two photons are linearly copolarized [gHOM‖(τ )] and
cross-polarized [gHOM⊥(τ )], respectively, enabled by rotat-
ing a half-waveplate in one arm of the interferometer. Two
photons are totally distinguishable in the case of [gHOM⊥(τ )].
These functions should be related to g(2)(τ ) by [46]

gHOM
‖(τ ) = 1

2 g(2)(τ ) + 1
4 [g(2)(τ − �τ ) + g(2)(τ + �τ )]

× (1 − υce−2|τ |/τc ), (1)

gHOM
⊥(τ ) = 1

2 g(2)(τ ) + 1
4 [g(2)(τ − �τ ) + g(2)(τ + �τ )].

(2)

The mode overlap is given by υc and should be 1 for
perfect overlap, and τc is the coherence time of the
photons. The visibility function is given by V HOM(τ ) =
[gHOM⊥(τ ) − gHOM‖(τ )]/gHOM⊥(τ ), which should go to 1 at
τ = 0 for υc = 1 and g(2)(0) = 0.

Figure 5(a) shows the representative gHOM(τ ) result for
Raman photons emitted under the condition of a weak cw
laser (P = 1 nW) resonantly driving the singlet transition at
a bias of V = 766 mV, where the cotunneling rate is high.
The coincidence count dip of copolarized gHOM‖(τ ) (red)
nearly reaches zero, while that of cross-polarized gHOM⊥(τ )
(blue) goes to 0.5, as expected from Eqs. (1) and (2). The
model curves in Fig. 5(a) are obtained from the previously
described model for g(2)(τ ) entered into Eqs. (1) and (2),
with τc = 1.5 ns. Figure 5(b) displays V HOM(τ ) without back-
ground subtraction or data processing. The high raw value of
V HOM(0) = 0.96 indicates strong potential for indistinguish-
able photons and the good mode overlap of the experiment.
Based on Eqs. (1) and (2) as well as a number of recent stud-
ies, the peak value of V HOM(τ ) at the zero time delay under
cw excitation should be always close to 1, no matter how
dissimilar the two photons are, provided that the instrumental
response is fast compared to the coherence time of the photon
[47–49]. The coherence time τc is likely a more meaningful
value in characterizing the photons. The coherence time of
τc = 1.5 ns is nearly double the spontaneous emission time
of 0.84 ns and longer than the g(2)(τ ) rise time of 1.1 ns.
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Under these low drive conditions (�/2π ∼ 0.2 GHz � �),
one might expect an even longer τc for coherent Raman
scatter, which can have the coherence time of the spin system
for weak excitation [8,50,51]. However, under these condi-
tions where cotunneling and the hyperfine interaction are
relatively strong, the spin coherence time may be fairly short.
Fluctuations in the spin splitting �exc due to electric field
fluctuations may also play a role, but this is less likely on the
short timescale of the path delay �τ of 13 ns.

We also examine how the HOM measurement results
change for a higher laser power in Fig. 5(c) and for RF when
driving the triplets in Fig. 5(d). For the higher power of 70 nW
in Fig. 5(c), there is a much faster rise time for gHOM‖(τ ) as
well as for g(2)(τ ), shown in the inset. The change in g(2)

rise time to 0.61 ns is explained in the previous section and
is attributed to optical processes that allow the spin to reset
more quickly. The value of τc is extracted by plugging the
model for g(2) into Eq. (1) and adjusting τc to fit the measured
gHOM‖(τ ) data, giving a value of 0.35 ns. This is a much
shorter coherence time than at 1 nW, which likely results
from a decrease in the fraction of coherent Raman emission
and perhaps other power-dependent sources of decoherence
[52,53]. One might also consider whether the Raman photon
wavepacket is shorter at higher powers, since it is not limited
by the spontaneous emission time [17].

In Fig. 5(d), gHOM‖(τ ) for RF and Raman under the same
1-nW drive power are very distinct. The differences are very
similar to those observed in g(2)(τ ) (shown in the inset) and
discussed in the previous section. There are damped Rabi
oscillations with a fast rise time for RF and a slower rise
time for Raman. The HOM dip gHOM‖(0) is higher for RF
than Raman, which is limited by the temporal resolution
of our system. Despite the different behavior of g(2)(τ ), the
coherence times obtained from fitting to Eq. (1) are not very
different: 1.2 ns for RF and 1.5 ns for Raman.

VI. CONCLUSION

We have performed a study of the quantum optics of a
driven QDM that illustrates the importance of spin. Despite
the complexity of this solid-state system, it can be understood

and modeled quite well in an atomic picture with four ground-
state and four excited-state energy levels. Due to the optical
selection rules of different spin states, this system behaves
as two partially independent subsystems, with the S − T0

subsystem primarily giving Raman spin-flip emission and the
T± subsystem giving resonance fluorescence. The spectral
properties of this driven system can be explained very well
in this model, even up to very high drive powers, with a
Rabi frequency exceeding the spin splitting. From the HBT
measurements, Raman and RF have strikingly different g(2)(τ )
functions, which exhibit antibunching and bunching behavior,
respectively, reflecting the interplay of the two subsystems
and the effects of spin relaxation. From the HOM experi-
ments, these photons are also promising for indistinguishable
single-photon sources. This QDM spin system is clearly quite
versatile in terms of tunability and the ability to make use of
different spin states for different optical processes. To select
a particular optical process, the system can be initialized
into a particular spin state, and cavity modes can be used to
enhance one transition over another. Combining this with the
potentially long spin coherence times of the S − T0 subsystem
should enable efficient generation of highly coherent photons.
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APPENDIX: QUANTUM OPTICS SIMULATIONS

Quantum optics simulations of the emission spectra and
g(2)(τ ) were performed using the Quantum Optics Toolbox
in PYTHON (QUTIP) [42,43]. The eight energy levels included
in the simulation are illustrated in Fig. 1(b), along with their
selection rules. Here we also give the spin configuration for
each state, using an array notation in which the first (second)
column represents the top (bottom) QD, and the first (second)
row represents electrons (holes).

S =
(↑ ↓

0 0

)
−

(↓ ↑
0 0

)
T0 =

(↑ ↓
0 0

)
+

(↓ ↑
0 0

)
T+ =

(↑ ↑
0 0

)
T− =

(↓ ↓
0 0

)

X1 =
(↓↑ ↑

⇓ 0

)
−

(↓↑ ↓
⇑ 0

)
X2 =

(↓↑ ↑
⇓ 0

)
+

(↓↑ ↓
⇑ 0

)
X3 =

(↓↑ ↑
⇑ 0

)
X4 =

(↓↑ ↓
⇓ 0

)

Electron spins are represented by single arrows (↑), hole
spins are represented by double arrows (⇑), and a singlet
spin state with two electrons in one QD is represented by
↓↑. Normalizing factors of 1/

√
2 have been omitted. All of

the exciton states are degenerate, but there is an exchange
splitting �exc between S and the triplets. X1 and X2 are defined
as superpositions of (↓↑ ↑

⇓ 0) and (↓↑ ↓
⇑ 0), because these

superposition states couple to linearly polarized light. Since
the optical transitions are intradot, the dipole moments for the

top QD with a “spectator” electron in the bottom QD are given
by 〈(↓↑ �

⇓ 0)| �d · σ̂−|(↓ �
0 0)〉 = 〈(↓↑ �

⇑ 0)| �d · σ̂+|(↑ �
0 0)〉 = d0,

where the double-sided arrow indicates either electron spin up
or spin down.

Applying this to the eight-level system gives the polariza-
tion selection rules in Fig. 1(b), where the dipole moments of
the linearly polarized transitions of the double-� subsystem
are reduced by 1/

√
2 with respect to the circularly polarized

T± transitions. However, the Rabi frequencies � when driving
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the system with linearly polarized light are identical for all
transitions, since the circularly polarized T± transitions are
reduced by σ̂± · x̂ = 1/

√
2. We also note that the choice of

linear polarization basis is arbitrary. There is no difference
in the appearance of the selection rules for any linear polar-
ization basis, except that the definitions of X1 and X2 will
change.

The Hamiltonian of the driven system in the rotating frame
of the laser field, with the rotating wave approximation, is
given by

H = δS|S〉〈S| + δT |T0〉〈T0| + δT |T+〉〈T+| + δT |T−〉〈T−|
+ 1

2�σS,X1 + 1
2�σT0,X2 + 1

2�σT+,X3 + 1
2�σT−,X4 + H.c.,

(A1)

where δS and δT are the detuning of the laser from the singlet
and triplet transitions, respectively, σA,B = |A〉〈B|, and “H.c.”
is the Hermitian conjugates of the off-diagonal terms. Decay
and decoherence are included by collapse operators. These
include collapse operators representing spontaneous emission
Ci

rad, pure optical dephasing Ci
phas, spin relaxation from cotun-

neling Ci
cot, and spin relaxation from the hyperfine interaction

Ci
hyp. The collapse operators for spontaneous emission are

given below:

Ci
rad :

√
1
2�σS,X1 ,

√
1
2�σS,X2 ,

√
1
2�σT0,X1 ,

√
1
2�σT0,X2 ,

√
�σT+,X3 ,

√
�σT−,X4 . (A2)

As discussed previously, the dipole moments (and decay
operators) for the linearly polarized S − T0 transitions are
weaker by 1/

√
2. Since there are two decay channels for X1

and X2, the overall lifetime of these states is the same as X3

and X4. Pure optical dephasing collapse operators Ci
phas are

also included for all allowed optical transitions, for example,
C1

phas = √
�(|S〉〈S| − |X1〉〈X1|).

Spin relaxation from cotunneling is included equally be-
tween all spin states in the ground state and excited state,
with collapse operators such as C1

cot = √
γcotσS,T0 and C2

cot =√
γcotσT0,S . The two relaxation rates are approximated as

equal since kBT > �exc. Spin relaxation due to the hy-
perfine interaction is included between T0 and T± : C1

hyp =√
γhypσT0,T− , C3

hyp = √
γhypσT0,T+ , and H.c. of each. Hyper-

fine coupling is efficient between these states because they
change Ms by ±1 and are degenerate. For the same reasons,

the hyperfine interaction couples X1 and X2 to X3

and X4: C5
hyp =

√
1
2γhypσX1,X3 , C7

hyp =
√

1
2γhypσX1,X4 , C9

hyp =√
1
2γhypσX2,X3 , C11

hyp =
√

1
2γhypσX2,X4 , and H.c. of each. These

couplings are weaker by 1/
√

2, since only one of the two
components of X1 or X2 couples to X3 or X4. The hyperfine
interaction with hole spins is neglected. This model for relax-
ation may be simplistic and not include all possible processes.
For instance, valence-band mixing may allow nominally for-
bidden transitions to occur, but this should give essentially
the same effect as a spin flip in the exciton state. This model
captures the essential physics and reproduces the experimental
data well. One important aspect is that the relaxation between
T± and T0 must be significantly faster than between S and the
triplets in order to obtain the large bunching in RF observed
in Fig. 4(b). This difference in rates allows efficient pumping
out of the T± states.

Correlation functions G(1)(τ ) = 〈σ †(t )σ (t + τ )〉 and
G(2)(τ ) = 〈σ †(t )σ †(t + τ )σ (t + τ )σ (t )〉 are calculated in
QUTIP using the quantum regression theorem [54]. There are
four allowed emission transitions, with associated operators
σS,X2 , σT0,X1 , σT+,X3 , and σT−,X4 , and correlation functions are
calculated for each. Using the quantum regression theorem,
G(1)

S,X2
(τ ) can be evaluated by the time evolution of an operator

� with the master equation, starting from the initial condition
�(0) = ρ(t → ∞)σ †

S,X2
, where ρ(t → ∞) is the steady-state

density matrix. Then, G(1)
S,X2

(τ ) = Tr[σS,X2�(τ )], and the
emission spectrum SS,X2 (ω) can be calculated with the Fourier
transform of G(1)

S,X2
(τ ), taking into account the frequency

offset from the rotating frame. G(2)
S,X2

(τ ) can be evaluated

in a similar manner with �(0) = σS,X2ρ(t → ∞)σ †
S,X2

and

G(2)
S,X2

(τ ) = Tr[σ †
S,X2

σS,X2�(τ )]. This simplifies to finding
�X2,X2 (τ ) starting from �(0) = |S〉〈S|. These functions can
be normalized by dividing by their values at τ → ∞.

To obtain the full emission spectrum, the spectral functions
of all four operators are summed. For g(2)(τ ) measurements
where only one spectral feature is measured, only a particular
correlation function is used. For Raman g(2)(τ ) when driving
the triplets, G(2)

S,X2
(τ ) is used. For Raman g(2)(τ ) when driving

the singlet, G(2)
T0,X1

(τ ) is used. For RF g(2)(τ ) when driving

the triplets, either G(2)
T+,X3

(τ ) or G(2)
T−,X4

(τ ) is used, but these
functions are modified slightly to account for the fact that
emission from either transition will be detected: G(2)

T−,X4
(τ ) =

�X3,X3 (τ ) + �X4,X4 (τ ), with �(0) = |T−〉〈T−|.
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