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Spins in semiconductor quantum dots are promising local quantum memories to generate
polarization-encoded photonic cluster states, as proposed in the pioneering Lindner and Rudolph
scheme [1]. However, harnessing the polarization degree of freedom of the optical transitions is
hindered by resonant excitation schemes that are widely used to obtain high photon indistinguisha-
bility. Here we show that acoustic phonon-assisted excitation, a scheme that preserves high indis-
tinguishability, also allows to fully exploit the polarization selective optical transitions to initialise
and measure single spin states. We access the coherence of hole spin systems in a low transverse
magnetic field and directly monitor the spin Larmor precession both during the radiative emission
process of an excited state or in the quantum dot ground state. We report a spin state detection
fidelity of 94.7 ± 0.2% granted by the optical selection rules and a 25 ± 5 ns hole spin coherence
time, demonstrating the potential of this scheme and system to generate linear cluster states with
a dozen of photons.

The spins of carriers in solid-state systems are of
great interest for optical quantum technologies [2], be
it for distant quantum node entanglement [3, 4], envi-
sioned photon-photon gates [5] or multi-photon entangle-
ment [1, 6]. In 2009, Lindner and Rudolph [1] proposed
a scheme which harnesses the spin properties of semi-
conductor quantum dots (QDs) to tackle the great chal-
lenge of deterministic photon cluster state generation.
These multi-entangled photon states are highly sought-
after to implement all-optical quantum networks [7, 8]
as well as measurement-based quantum computing [9].
The scheme considers a periodically excited quantum dot
electron spin precessing around a weak magnetic field: by
synchronizing the excitation pulses and the spin preces-
sion period, a string of polarization-encoded single pho-
tons can be generated, forming a one-dimensional cluster
state. The scheme is conceptually simple, robust and re-
lies on polarization selection rules and a spin coherence
time much longer than the radiative lifetime of the op-
tical transitions. In order to obtain high multi-photon
generation rate, a high photon collection efficiency is re-
quired which can be obtained by inserting the QD in
cavities [10, 11]. Furthermore, if the photons are highly
indistinguishable, then higher-dimensional cluster states
can be generated via fusion gates [12], which are instru-
mental for error-corrected quantum computing.

A first implementation of this scheme for cluster state
generation was demonstrated using a spin system consist-
ing of a dark QD exciton [6]. However, the use of non-
resonant excitation limited the photon indistinguishabil-
ity to ≈ 17%. More recently, a similar implementation
was demonstrated using the coherence of a a QD hole
spin [13] with a non-resonant scheme exploiting the fast
emission of longitudinal optical phonons [14]. The use
of optical-phonon relaxation allows for single-photon in-

distinguishabilities of over 90% for QDs in bulk, which
typically have a nanosecond radiative lifetime. However,
the intrinsic time jitter of the LO phonon relaxation be-
comes comparable to the optical transition lifetime when
the QD is inserted in a cavity and the photons indistin-
guishability is reduced [15].

The generation of highly indistinguishable photons has
been reproducibly demonstrated through resonant exci-
tation of QDs [16, 17], and with unparalleled efficiency
when making use of microcavities [10, 11, 18]. However,
resonant excitation schemes in a confocal microscopy re-
quire rejection of the resonant excitation laser through
polarization filtering, which precludes polarization en-
coding of single photons and hence using the Lindner
and Rudolph scheme. Alternative schemes have been
proposed to address this difficulty, replacing the polar-
ization degree of freedom by time bin encoding [19–21].
This is however more resource demanding as it involves
an intense magnetic field and phase stabilization of the
emitted photons. Longitudinal acoustic (LA)-phonon as-
sisted excitation schemes have been proposed for the gen-
eration of single photons with near-unity indistinguisha-
bility as well as high occupation probability of the QD
excited states [22–24]. In this scheme, the phonon re-
laxation takes place while the excitation pulse is on and
before photon emission really starts [23], therefore the
jitter of the phonon does not affect significantly the pho-
ton emission. This scheme hence allowed the demonstra-
tion of high indistinguishability and high efficiency single
photon emission for QDs in microcavities [25].

In the present work, we experimentally demonstrate
that acoustic phonon-assisted excitation allows to fully
exploit the polarization-selective optical selection rules
of QDs charged by a single carrier (electron or hole). We
demonstrate that this excitation scheme is compatible
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with subsequent monitoring of the dynamics and coher-
ence of a single hole spin. We first observe the precession
of a hole spin in a low transverse magnetic field through
polarization and time-resolved photoluminescence of a
negatively charged QD under pulsed excitation, in line
with a recent study using LO-phonon assisted excita-
tion [26]. These measurements also allow to extract a
lower bound to the spin coherence time limited by the
emission lifetime of the excited state. To access longer
spin coherence times, we perform polarization-resolved 2-
photon correlation measurements of a positively charged
QD under continuous wave phonon-assisted excitation.
Our measurements demonstrate a hole spin coherence
time exceeding the exciton radiative lifetime by more
than one order of magnitude, an important step towards
the implementation of the original Lindner and Rudolph
scheme.

We study annealed InGaAs quantum dots emitting
around λ=927 nm, embedded in a planar GaAs 2λ-cavity,
surrounded by 16 pairs of AlAs/GaAs distributed Bragg
reflector (DBR) on top and 34 at the bottom. The cav-
ity region starts with a λ

2 GaAs layer below the quantum

dots, with a n-type doping at 1018 cm−3 stopping 25 nm
before the QD layer. Above the QD layer, a 8-nm GaAs
capping layer is followed by an undoped Al0.33Ga0.7As
superlattice [18], with a total optical thickness of 3λ

2 . In
the Bragg mirrors, the n-type (bottom) and p-type dop-
ing (top) are gradually increased further from the cavity
to ensure good ohmic contacts: a bias voltage then allows
a control of the charge of the quantum dot ground state.

The LA phonon-assisted excitation scheme is sketched
in Fig.1 a. The pulsed excitation laser is blue de-
tuned from the optical transition of the QD by roughly
∆λ = 1 nm. During the excitation pulse (here ≈ 20 ps),
the laser adiabatically dresses the QD ground and excited
states, with a generalized Rabi splitting of the dressed
states enabling a fast relaxation of a longitudinal acous-
tical phonon [27]. Adiabatic undressing of the QD levels,
at the end of the pulse, leaves the QD in the excited
state. Overall, this achieves an incoherent population in-
version, leaving the QD in the excited state with a prob-
ability around 85% [25]. Since the phonon relaxation
takes place during the excitation pulse, whereas the pop-
ulation inversion occurs at the end of the pulse, the jitter
of the phonon does not affect the photon emission. In
the present work, we also implement a continuous-wave
(c.w.) LA phonon-assisted excitation scheme, that, while
not allowing for high occupation probability, enables the
exploration of long delay spin dynamics. The single pho-
ton emission from the QD is spectrally filtered from the
excitation laser using 3 high transmission, narrow band-
pass filters (0.8 nm bandwidth) with no need for polar-
ization filtering. The QD emission is then analyzed in po-
larization with waveplates and a polarizing beam-splitter,
and detected with fast superconducting nanowire single
photon detectors (time jitter ≈ 32 ps).

We first study the properties of the hole spin in the
excited state of a negatively charged QD. The ground

Fig. 1. (a) Schematic of the principle of LA excitation where
a 20 ps laser pulse is detuned by ∆λ = 1 nm from the trion
transition. Acoustic phonon-assisted relaxation takes place
between the laser-dressed QD states. Adiabatic undressing of
the laser leaves the quantum dot in an excited state with high
probability. (b) Energy levels and optical selection rules of
the negatively charged QD in absence of magnetic field, with
spin projections along the QD growth axis. (c) Schematic of
the photoluminescence experiment. The negatively charged
quantum dot is excited with σ+ polarized laser pulses. The
single photon emission is detected in the circular polarization
basis using waveplates and polarizers. (d) Time-integrated
spectrum of a negative trion under pulsed, circularly σ+ po-
larized acoustic phonon assisted-excitation.

state consists of two degenerate electron spin states in
the absence of magnetic field. In the excited state, an
optically created electron-heavy-hole pair, together with
the resident electron, forms a negatively charged exci-
ton state (X− or trion). The two electron spins form
a spin singlet, and the spin properties of the trion are
determined by those of the unpaired hole only. Due to
total angular momentum conservation, ground and ex-
cited states spin projections along the growth axis of the
quantum dots (±1/2 for the electron, ±3/2 for the heavy
hole) result in polarization selective optical transitions
involving circularly polarized photons (σ±). The exci-
tation is circularly polarized σ+ pulsed laser light and
the power is chosen to maximize the QD single-photon
emission. Following the optical selection rules, the circu-
larly polarized excitation populates only the trion state
| ↑↓⇑〉 (Fig. 1b). The single-photon emission is mea-
sured either along a parallel σ+ or orthogonal σ− circu-
lar polarization (Fig. 1c). If the spin state of the hole is
preserved during the spontaneous emission process, the
single-photon is emitted with a polarization parallel to
that of the laser. Emission in the orthogonal polariza-
tion can only occur if the QD undergoes a spin flip in
the excited state within the spontaneous radiative decay.
The time-integrated spectra in figure 1.d show hardly any
emission in the polarization orthogonal to the excitation
so that the corresponding time- and spectrally-integrated
intensities Iσ− and Iσ+ verify Iσ− << Iσ+ . This corre-
sponds to a time-integrated degree of circular polariza-

tion, DCP =
(
Iσ+

−Iσ−
Iσ+

+Iσ−

)
, of 94.7 ± 0.2% and demon-

strates the excellent preservation of the polarization se-
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lection rules when using phonon-assisted excitation pro-
cesses in contrast to other incoherent excitation schemes
such as p-shell excitation. This is consistent with previ-
ous observations for neutral excitons in both GaAs [28]
and InGaAs QDs [25].

The same excitation scheme allows for monitoring the
coherent Larmor precession of the hole spin in the excited
state around an applied in-plane magnetic field (Voigt
configuration). The magnetic field lifts the degeneracy
of both ground and excited states resulting in an energy
splitting ∆Ee/h given by ∆Ee/h = ge/hµBB where ge/h
are the transverse electron or hole Landé g-factor, µB is
the Bohr magneton and B is the magnetic field strength.
In this context, the states represented in Fig. 2.a, ad-
dressed via circular polarization excitation and detection,
are no longer eigenstates of the system Hamiltonian, but
optical selection rules still hold, in particular due to the
conservation of angular momentum. At time t0, the QD
is excited using a short σ+-polarized laser pulse (i.e. of
bandwidth greater than ∆Ee/h/~), and is initialized in
state | ↑↓⇑〉, depicted | ⇑〉 in Fig. 2.a for simplicity. Since
this state is a superposition of the energy eigenstates of
the QD, the hole spin undergoes Larmor precession due
to the magnetic field, and periodically oscillates between
states | ⇑〉 and | ⇓〉. At a later time t0+τ , the QD decays
and emits either a σ+ or σ− polarized photon, depending
on the spin state after the precession time of τ .

Figure 2.b shows the signature of the Larmor preces-
sion through the temporal evolution of the emitted inten-
sities Iσ+

(t) and Iσ−(t) during trion decay, for increas-
ing applied magnetic fields up to 450 mT. Periodic os-
cillations are observed as the hole spin in the trion state
coherently precesses at the Larmor frequency ghµBB/~.
The sum of the two intensities (black line) is also dis-
played in the top panel of Fig. 2.b, displaying a mo-
noexponential decay associated with the trion radiative
lifetime. Figure 2.c. presents the time-resolved DCP ,
which demonstrates only a slight damping of the oscilla-
tions over time. This indicates that the spin maintains
its coherence well beyond the timescale of the radiative
decay process.

We fit the evolution in Fig. 2c using a simple model,
where the master equation can be solved analytically.
This model considers that the LA-assisted excitation pro-
cess results in the same trion state populations as for res-
onant excitation (see supplementary). We also assume
that the detected intensity Iσ+

(resp. Iσ−) is directly
proportional to the population of the trion state | ↑↓⇑〉
(resp. | ↓↑⇓〉) at any given time and we consider hyper-
fine interaction with the surrounding nuclear spins as the
main source of decoherence.

With these assumptions, fitting the parameters of the
model to the data in Fig. 2 yields a trion radiative decay
time Trad = 450±20 ps and a transverse hole spin Landé
g-factor gh = 0.38 ± 0.01. We find T ?2 > 3 ns, however
this measurement is limited by the short radiative life-
time and provides only a lower bound. As detailed in the
Supplementary Materials, T ?2 is the coherence decay time

Fig. 2. (a) Schematic of the excited-state spin dynamics
measurement. The negatively charged quantum dot is ex-
cited with σ+ polarized laser pulses, populating only the state
| ↑↓⇑〉 = | ⇑〉. The in-plane magnetic field B induces a Larmor
precession between the two trion spin states, and the emitted
photons are detected in the circular parallel σ+ or perpendic-
ular σ− polarization. (b) Polarization resolved time trace of
the QD emission under in-plane magnetic field, and (c) corre-
sponding degree of circular polarization DCP . The beatings
reflect the coherent Larmor precession of the hole spin around
the magnetic field. The lines are fit to the experimental data
(see text).

of the hole spin associated to an inhomogeneous Gaussian
distribution of the effective magnetic fields produced by
the nuclear spins. The relatively high value of the trans-
verse hole spin g-factor gh, which is typical in strongly
annealed quantum dots [29], also implies that a relatively
weak magnetic field is sufficient to implement a large
number of precession cycles during the spin coherence
time, which is significantly longer than the trion lifetime.
All conditions are thus met to implement the Lindner-
Rudolph scheme for cluster state generation with a dozen
of photons.

The polarization-resolved lifetime measurements thus
give direct access to the properties of a hole spin in a
negative trion, but only provide a lower bound to the
spin coherence time when it exceeds the trion lifetime
by orders of magnitude. Moreover, the Lindner-Rudolph
scheme would be more readily implemented with a hole
spin in the QD ground state to generate many-photon
linear cluster states owing to the reduced decoherence
induced by nuclear spins [30].

To access now the hole spin coherence time in QD
ground state, we propose and implement correlation mea-
surements under cw excitation enabling the study of a
hole spin in the ground state of a positively-charged QD.
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Fig. 3. (a) Energy levels and optical selection rules of the positively charged exciton with spin projections along the QD
growth axis. (b) Schematic of the experiment. The positively charged quantum dot is LA-phonon assisted excited with linearly
polarized cw laser light. The single photon emission is projected along two orthogonal bases with a set of waveplates and
a polarizing beamsplitter. Cross-correlations are measured between the two detectors. (c) Cross-correlation measurements
between orthogonal polarizations in the circular basis (σ+/σ−) (orange), and a linear basis (blue). The lines are fit to the
experimental data (see text).

A suitable QD is first identified and the bias voltage is
tuned to optimize the charge occupation of the hole in
the ground state. We excite the positive trion (X+) tran-
sition again using the phonon-assisted excitation scheme,
this time using a cw laser. Figure 3.a presents the optical
selection rules corresponding to this situation, while Fig-
ure 3.b details the experimental scheme used to probe the
ground state hole spin dynamics. The excitation laser is
now linearly polarized. In the absence of spin initialisa-
tion, the hole spin is in a mixed state with equal con-
tributions from the | ⇑〉 and | ⇓〉 states, so that both
trion transitions can be excited. The hole spin dynam-
ics is then probed by recording the statistics of circularly
cross-polarized emitted photons i.e. counting coincidence
events between a σ+-polarized detected photon, and an-
other σ−-polarized one, separated by a delay τ . Indeed,
when a first photon is detected at time t0 in polariza-
tion σ+, this leads to a projective spin measurement in
the | ⇓〉 ground state. This is followed by a precession
of the ground state hole spin around the applied trans-
verse magnetic field. The subsequent detection of a sec-
ond σ−-polarized photon at time t0 + τ will therefore
reflect the Larmor oscillation of the hole spin in the QD
ground state after its initialization. We can thus mea-
sure the precession of the hole spin in the ground state
through polarization-resolved cross-correlations between
the two detectors. Mapping those cross-correlations to
the spin population relies on using a low enough excita-
tion power to limit multiple re-excitations between de-
tection events. Here the excitation power is set to obtain
a total detected count rate of 400kHz, which considering
our estimated collection efficiency & 1% corresponds to
one photon emitted on average every 25 ns. We also note
that exciting with linear polarization prevents dynamic
nuclear polarization - i.e. polarization of the QD nuclear
spins induced by electron-nuclei spin flip-flop processes in
the excited state [30]. Finally, the X+ trion spin preces-
sion in the applied field and the random Overhauser field
during the trion radiative lifetime, is now time-averaged,

and therefore reduces the contrast of the measured oscil-
lations.

Fig. 3.c shows the measured oscillations for increas-
ing magnetic fields. The cross-correlations are measured
through the coincidences between σ+ and σ− detection
events, normalized to unity at long delays. At very short
delays, an anti-correlation is always observed due to the
single-photon nature of the emitted field. This anti-
bunching is visualized when using a linear polarization
detection basis to remove the signature of spin-dependent
correlations (blue data in the top panel of Fig. 3.c.). In
the circular polarization basis, after 1−2 ns, we observe a
decaying oscillation of the cross-correlation signal, which
is signature of the ongoing Larmor precession between
the hole spin states | ⇑〉 and | ⇓〉. In this regime, the
cross-correlation oscillates between above- / below-unity
values, as the | ⇑〉 state becomes more / less populated
than its equilibrium value at long delays when the hole
spin is fully depolarized. Note that each panel indicates
the total magnetic field, including a 8mT residual mag-
netic field observed, induced by the experimental setup
and superposed to the applied one.

For further analysis of the results of Figure 3.c., we
compare the experimental data with numerical simu-
lations using the the same general framework as be-
fore (see also supplementary). To mimic the cw exci-
tation, we consider random excitation events at a rate
Γexc. ≤ 40 MHz deduced from the 400 kHz detected count
rate and transmission of our setup. The master equa-
tion is now solved numerically, and we obtain a trion
radiative lifetime Trad = 525± 30 ps and a hole Landé g-
factor gh = 0.37± 0.01 as observed for the previous QD.
From this model, we extract a hole spin coherence time of
T ?2 = 25± 5 ns for this QD, more than one order of mag-
nitude higher than the radiative lifetime, confirming that
hole spins under LA-assisted excitation are suitable can-
didates for multi-photon entanglement processes within
the Lindner-Rudolph scheme.

In addition to the hyperfine interaction of the hole
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spin, which governs T ?2 (see Supplementary Materials),
the model also includes the hyperfine interaction of the
electron spin in the trion state, which reduces the fidelity
of the optical readout process of the hole spin. Notably,
the contrast of the oscillations in Fig. 3.c is well repro-
duced by introducing this interaction in the frozen cen-
tral spin model [31] where the electron spin is subject
to a randomly-oriented mean field nuclear spin with a
standard deviation of σh.f. = 37± 4 mT [30]. This value
represents an upper bound since the oscillation contrast
is also limited by experimental imperfections such as pos-
sible imperfect projection to the circular polarization ba-
sis.

In conclusion, we have shown that acoustic phonon-
assisted excitation is an excellent tool to measure a sin-
gle spin-dynamics in quantum dots opening the path to-
ward the implemention of the Lindner-Rudolph scheme
for polarization-encoded cluster state generation. The
detuning of the excitation wavelength compared to the
resonant excitation scheme allows to use a simple spec-
tral filtering to remove the excitation laser and preserve
with high fidelity the optical selection rules. The direct
monitoring of the hole spin precession in a low trans-

verse magnetic field also evidenced a heavy-hole spin co-
herence time of about 25 ns in our sample, a value that
is typical for a hole spin in the absence of nuclear spin
control [32]. Such coherence time is two orders of mag-
nitude larger than the trion radiative lifetime of a QD
inserted in an optical cavity [33]. We thus anticipate
that phonon-assisted excitation scheme should allow the
efficient generation of long chains of entangled indistin-
guishable photons in linear cluster states.
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