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Successful generation of photonic cluster states is the key step in realization of measurement-based
quantum computation and quantum network protocols. Several proposals have been put forward
for the generation of such entangled states from a) deterministic sources of photon emission and
b) probabilistic approaches such as spontaneous parametric down-conversion. However, even the
protocols based on the deterministic photon emission sources come with their own challenges in
terms of both conception and implementation. In this work we propose deterministic generation
of these photonic cluster states from a spin-photon interface based on a hole spin qubit hosted in
a quantum dot molecule. Our protocol resolves many of the difficulties of existing proposals and
paves the way for an experimentally feasible realization of highly entangled multi-qubit photonic
states with both a high production rate and a fidelity more than double that available from current
comparable schemes.

Multi-qubit entangled photonic graph states and
cluster states [1] are integral to several applications
of quantum technologies. Some of these applications
include measurement-based quantum computing [2],
quantum communication in quantum networks [3–6], and
quantum error correction [7, 8]. As flying qubits with ro-
bust coherence properties, photons are of particular in-
terest for the creation of cluster states. However, the fact
that photons do not interact with one another, which
leads to the absence of dephasing that makes photonic
qubits attractive, also creates a key challenge for directly
generating photon entanglement. Thus, the entangle-
ment between photons should be mediated through an
auxiliary system, typically a matter qubit. Solid-state
qubits that are optically active are of particular interest,
as they can mediate interactions between photons and
also be integrated into devices. Various proposals for the
generation of entangled photonic graph states from vari-
ous solid-state quantum emitters have been considered
[9–21].

The Lindner-Rudolph protocol (LR) [9], is based on
a quantum emitter with the selection rules shown in
Fig. 1(a). In this scheme the two lower states form
the matter qubit, and the system spontaneously emits
a photon upon excitation of the qubit states to the ex-
cited states. Through the two-step process of alternating
between pumping and manipulating the matter qubit,
this system will generate a string of photons that are
entangled in a one-dimensional cluster state. The LR
protocol has inspired several other protocols and exper-
iments. In particular, Schwartz et al. [22] demonstrated
generation of a string of up to five entangled photons
using the dark exciton and biexciton states in Quantum
Dots (QD)s, which have similar selection rules to those
of the LR protocol. This, and similar QD-based exper-
iments [17, 18, 23, 24], have faced practical limitations
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Figure 1. (a) LR suggested level structure in QDs for gen-
eration of cluster states: the two states of electrons couple
to trion states with different polarizations of the light. (b)
Application of transverse magnetic fields leads to modified
selection rules in which diagonal transitions are enabled.

due to the difficulties of perfect realization of the ele-
ments of the LR protocol. These challenges include spin
dephasing due to the hyperfine interaction with the nuc-
lei, imperfect spin manipulation, and modified selection
rules in the presence of transverse magnetic fields. Re-
cently, an alternative experiment, based on a single atom
in a cavity, has successfully produced a string of up to
12 photons, by eliminating the mentioned obstacles of
solid-state emitters [25]. However, while the ‘clean’ en-
vironment of the atomic platforms allow for production of
large number of photons, their particularly slow emission
rate compared to QDs, could limit the potential applic-
ability of the resulting cluster states [26].

In this work, we present a cluster-state generation pro-
tocol that overcomes the QD-based challenges while tak-
ing advantage of their fast photon emission rates. The
solid-state emitter is a hole spin qubit in a Quantum Dot
Molecule (QDM). The latter is formed from a pair of
vertically stacked self-assembled QDs. This system has
been shown to feature a unique level structure, selection
rules, and spin properties that are critical for the pro-
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tocol [27]. In particular, the combination of a Lambda
system that materializes without the need for an external
magnetic field and cycling transitions enables the use of
distinct transitions for control and photon emission [28].
This platform can also give both polarization and time-
bin cluster state encodings. Finally, the fact that a hole
is used instead of an electron lowers the decoherence that
would originate from coupling to nuclear spins in the lat-
tice. As a result, this QDM-based approach not only
significantly reduces the experimental overhead, but also
leads to much higher-fidelity photonic cluster states. In
the following, we first summarize the limitations of the
available protocols. We then proceed to demonstrate how
the QDMs will overcome these challenges.

In the LR protocol, devised in QDs (Fig. 1(a)), the two
electron spins {|↑〉 , |↓〉} are defined along the z axis in a
magnetic field along the optical axis (Faraday geometry).
The two trion states |T+〉 = |⇑↓↑〉 and |T−〉 = |⇓↑↓〉 are
constructed from excitonic states that involve combina-
tions of a heavy-hole (Jz = ±3/2) with two electrons.
Angular momentum conservation imposes selection rules
using circularly polarized light σ±. The protocol initial-
izes the qubit state to a superposition state |↑〉+ |↓〉 and
makes use of a periodic train of optical linearly polar-
ized pulses, πx ∼ σ+ + σ−, to excite both transitions
to a superposition of the two trion states: |T+〉 + |T−〉.
Since the spontaneous emission rate γe of QDs is fast, the
trion superposition state will spontaneously decay to the
qubit state by emitting a photon. The emitted photon
has equal probability of decaying through both paths,
therefore upon emission, the state of photon plus emitter
is |↑〉 |σ+〉+ |↓〉 |σ−〉 (the pump/emission step of the pro-
tocol). Encoding the photon in terms of its polarization
and repeating this process N times creates an N -qubit
GHZ state. In order to generate a linear cluster state, an
additional control process is required: in between each
photon emission we need to apply a RY (π/2) rotation
on the qubit states that leads to a linear cluster state
of the photons and emitter (the control step of the pro-
tocol). The original LR protocol proposes using an ex-
ternal weak transverse magnetic field to allow the spin
to precess in order to implement this Y rotation. Ap-
plication of such transverse magnetic fields (the so-called
Voigt geometry) is of particular interest as it solidifies
the coherence time of the electron spin [29], and allows
for an all-optical coherent control of the qubit [30–32].
However, at the same time, this in-plane magnetic field
will cause the precession of the spin projections along the
growth axis, which affects the polarization selection rules
of the LR protocol, as depicted in Fig. 1(b), where now
we have cross transitions in the system. This lowers the
fidelity of the resulting cluster state. To avoid the change
of selection rules in order to implement the control step
of the LR protocol, in Ref. [17] Lee et al. proposed to
instead start in a Voigt geometry and selectively enhance
one of the transitions to the trion states (highlighted blue

transition in Fig. 1(b)) by placing the QD in a cavity
and encode the photons in time-bins of emission from
this transition. A similar approach was devised by Vas-
concelos et al. by driving a single transition of the NV
center systems [23]. While both of these proposals sig-
nificantly improve the controllability step of the LR pro-
tocol, they are not fully deterministic since the emission
step requires a cycling transition. Moreover, in the QD
case, there is a non-zero probability of emission from the
un-enhanced transition; similarly in the NV center case,
there is the possibility of cross-excitation of the other
transitions. Furthermore, notice that there is a compet-
ition between an efficient photon emission and adequate
spin control in the Voigt geometry. Deterministic photon
emission requires a strong Purcell enhancement of the de-
sired transition of the Λ-system compared to the other
one. Yet, a strong Purcell enhancement has a detrimental
effect for the spin control because it creates an imbal-
ance between the optical coupling of the two transitions.
Appel et al. [33] have designed a photonic crystal wave-
guide that induces a cycling transition on one of the ver-
tical transitions of Voigt geometry. However, low-fidelity
pulses and far-detuned transition excitation errors have
led to low-fidelity states [18]. A full framework consider-
ing the potential errors of the time-bin protocol, includ-
ing the excitation error and imperfect cyclicity, is devised
in Ref. [34]. To summarize, in comparing the time-bin
strategy to the original LR protocol we find a compet-
ition between emission and control: While the emission
of photons works best in a Faraday geometry, the latter
is not optimal for the spin control. On the other hand,
the Voigt geometry is suitable for spin control, but at the
cost of the photon emission.

Another issue to deal with, beyond the controllability
and emission, is the dephasing of the matter qubit due to
the fluctuations of the nuclear environment. While the
efforts to enhance the coherence of both electron and hole
spins in the low-magnetic field limit continue [24], using
the hole spins for the generation of cluster states has the
advantage that the dephasing effects will be suppressed:
InAs hole spins,unlike some other materials [35, 36], have
a weaker hyperfine coupling to the nuclei thanks to their
valence band p-orbitals. However, the weak coupling of
hole spins to external magnetic fields due to smaller g-
factors [37, 38] makes the precession, and consequently
the implementation of the rotation, much more difficult.
Therefore a direct adaptation of the LR protocol to a
hole spin qubit in a single QD requires strong magnetic
fields to implement the rotation on the hole qubits [39].
Additionally, because the trion state has an extra elec-
tron, it would precess at a much higher rate, which would
be detrimental for the LR scheme.

A QDM structure resolves these issues by enabling
perfect emission and controllability in a hole spin-based
structure that does not require any transverse magnetic
fields. QDMs are typically made of InAs QDs that are
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vertically stacked on top of each other and separated by
a barrier, typically made of GaAs. The relative heights
of each QD can be chosen to enable coherent tunneling
of either the electron or hole to create delocalized states
that resemble molecules [40, 41]. In single QDs where
the two hole spin projections form the qubit subspace,
the hole mixing necessary to form the Λ-system that en-
ables coherent control (Fig. 1(b)), can only be achieved
by transverse magnetic fields, which modifies the selec-
tion rules and leads to spin precession as described above.
In QDMs, on the other hand, strong spin-orbit interac-
tion combines with a typical slight misalignment of the
two dots along the stacking direction to create intrinsic
hole mixing that allows for a Λ-system without transverse
magnetic fields [27]. QDMs have an additional advant-
age in that they enable two different types of transitions:
direct transitions that occur within a single dot and in-
direct transitions that involve charges that reside within
two different dots (Fig. 2(a)). Indirect transitions are
another important factor for the architecture presented
here: they offer significant tunability with local electric
fields due to the large static dipole moments caused by
placement of charges in two separate dots. This property
can be utilized to tune the indirect transitions of several
QDMs into resonance with a certain cavity mode.

We will use the notation
(

eB, eT
hB, hT

)
to denote the spa-

tial position of particles in each dot. The hole states of
QDMs are properly described as spinors that contain all
four hole spin projections: heavy holes with Jz = ±3/2
and light holes with Jz = ±1/2. However, the ground
states are dominated by the heavy hole contribution with
a single spin projection. The matter qubit basis states
that we use for cluster state generation can thus be de-
scribed as the two spin projections of the hole in the top
dot:

(
0, 0
0,⇑

)
and

(
0, 0
0,⇓

)
. A quantum processor based on this

hole qubit is proposed in Ref. [28], which also describes
how this design leverages the two important features of
QDMs (indirect transitions and hole spin mixing) and
shows that the system could be operated in an electric
field regime that eliminates unwanted relaxation between
the states of the two QDs.

The qubit control strategy that we propose here is
based solely on indirect transitions (Fig. 2(b)). The cru-
cial element is that hole spin mixing in the excited state
enables a superposition state with indirect transitions
to both qubit states (a Λ-system), without the need for
transverse magnetic fields. We utilize this Λ-system for
the implementation of necessary rotations in the matter
qubit subspace. A key additional element of this system
is the existence of cycling transitions, which can be used
not only for non-destructive spin readout but, crucially,
also to emit spin-entangled single-photons. Notice that
these cycling transitions appear naturally in the system,
thus, removing the experimental overhead of the need to
artificially induce cyclicity in the system through Purcell
enhancement. In the following, we demonstrate how to
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Figure 2. (a) Schematic band structure and (b) selection rules
for different hole spin configurations in QDMs. This unique
selection rule combines the necessary elements required for
high-fidelity generation of cluster states (i.e., spin control and
photon emission). See text for discussion about the details.

use our quantum control methods [42] to utilize the QDM
Λ-system for implementation of fast quantum gates with
negligible errors.

The two excited molecular states (labeled target |t〉 =
sin(η) |b1〉 − cos(η) |b0〉 and unwanted |u〉 = cos(η) |b1〉+
sin(η) |b0〉, with |b1〉 =

(
0, ↑
⇓,⇓

)
and |b0〉 =

(
0, ↑

0,⇓⇑

)
) are formed

due to hole spin mixing [28]. Although they have oppos-
ite molecular orbitals, both are optically coupled to the
qubit states. These levels have similar energies and are
separated by the splitting ε. The off-resonant coupling
to the unwanted level is quantified in terms of coupling
strengths λ0 and λ1 (the basis state structure relates the
two couplings as λ0 = − tan(η) = −1/λ1). This un-
wanted coupling leads to low fidelity of qubit operations.
Nevertheless, quantum control methods capable of op-
posing the phase errors caused by the off-resonant coup-
ling to the unwanted level can be designed. A Coher-
ent Population Trapping (CPT) scheme is used to im-
plement the required Y -rotations for the generation of
cluster states. By driving the Λ-system transitions us-
ing two identical hyperbolic secant (sech) temporal en-
velopes that have a π/2 phase difference, with Rabi fre-
quencies Ω0(t) and Ω1(t) (denoting the qubit basis sates
as
(

0, 0
0,⇑

)
≡ |⇑〉 and

(
0, 0
0,⇓

)
≡ |⇓〉), the system can be written

in basis consisting of dark state |D〉 = 2−1/2(|⇑〉 − i |⇓〉)
and a bright state |B〉 = 2−1/2(|⇑〉 + i |⇓〉), where only
the bright state has optically active elements with the
excited levels. The optical matrix element defined by
the effective Rabi frequency for the target and bright
state is Vt,B = Ωeff sech(σ(t− tg/2))e−iδt with gate time
tg ∼ 300 ps and Ω2

eff = Ω2
0 + Ω2

1. For the special case of
Ωeff = σ, this pulse is known to be transitionless [32] and
it induces a relative phase φ = 2 arctan(σ/δ), between
the bright and dark states which translates to a rotation
about the Y axis in the CPT frame.

For instance, for a detuning below the target level
such that δ = σ, the CPT framework implements the
RY (π/2). Similarly, we can implement the RY (π) by
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Figure 3. Example of gate error of RY (π/2) (solid) and RY (π)
(dashed) for different values of couplings (η) to the unwanted
level. RY (π/2) and RY (π) are the rotations required for the
implementation of the LR and time-bin protocols

.

setting δ = 0. We achieve these ideal evolution oper-
ators by modifying the expected detunings to account
for the phase errors caused by the presence of unwanted
level: δ = 1

2 (ε +
√
ε2 + 4εσ cot(φ/2)− 4σ2) to achieve

the RY (φ). This modification is inferred by noting that
in the case of equal superposition of the two basis states
η = π/4, the Hilbert space of the system in the CPT
frame transforms into two independent two-level systems,
each subject to a transitionless sech pulse. As such we
need to modify the detuning to compensate for the phase
errors [42].

Typical values of splitting between the molecular
branches in QDMs in which holes tunnel are in the range
of ε = 500 µeV and can be controlled with barrier thick-
ness [41]. For the pulse to distinguish the two two-level
systems, we use a laser bandwidth of σ ∼ 0.02 meV.
Considering typical decay rates of 1 ns (from the direct
transition), maximum fidelities of 99.10% for RY (π/2),
and 98.08% for RY (π) are achievable for η = π/4 (Fig. 3).

The time-bin protocol in QDMs is implemented by us-
ing only one of the cycling transitions in Fig. 2(b). This
plays the role of the enhanced vertical transition in a
single QD in Fig. 1(b). Notice that this feature of QDMs
removes the need for cavity enhancement, and, unlike the
single-QD case, has zero probability of photon emission
from the competing transition due to the polarization
selection rules. Furthermore, the Λ-system of Fig. 1(b)
will be an on-demand source to perform any required ro-
tations without the need for transverse magnetic fields.
The protocol for the generation of an N -qubit GHZ state,
using the σ+ cycling transition, is as follows:

• Step 0: The system is initialized by creating a su-
perposition state |ψ〉 ∼ |⇑〉+ |⇓〉 using a π/2 rota-
tion through the Λ-system as described above.

• Step 1: The σ+ cycling transition is driven by a π-
pulse, followed by a photon emission to create the
first time bin, |ψ〉 ∼ |⇑〉 |0τ=1〉 + |⇓〉 |1τ=1〉, where
|0〉 (|1〉) denotes absence (presence) of the photon

state, and τ labels the time bins.

• Step 2: RY (π) is performed, which results in the
state: |ψ〉 ∼ |⇓〉 |0τ=1〉 − |⇑〉 |1τ=1〉.

• Step 3: The σ+ cycling transition is driven again
to create the second time-bin entangled state |ψ〉 ∼
|⇓〉 |0τ=11τ=2〉 − |⇑〉 |1τ=10τ=2〉.

• Step 4: Another RY (π), identical to step 2, leads
to: |ψ〉 ∼ − |⇑〉 |0τ=11τ=2〉 − |⇓〉 |1τ=10τ=2〉 .

• Step 5 (repetition): Steps 1-4 are repeated N times.

• Step 6 (encoding): The hole spin is measured in
the |±〉 ≡ 2−1/2(|⇑〉 ± |⇓〉) basis.

To extend the protocol above to generate an N -qubit
linear cluster state, in step 4 we implement a Hadamard-
like gate (RY (π/2)). Then, during the repetition pro-
cess (step 5), in the (N − 1)th round we only repeat
steps 1-3 (i.e., step 4 will be dropped). This allows to
encode the adjacent time-bins as |0m1m+1〉 → |0〉 and
|1m0m+1〉 → |1〉 (for odd m). Finally, measuring the
hole spin in the |±〉 basis will lead to an N -qubit lin-
ear cluster state. For the LR-like protocol we make use
of both cycling transitions. However, note that the two
available transitions do not have the same energy and
we will need to encode in terms of both polarization and
energy. For instance, the state of the qubit and the first
emitted photon are |ψ〉 ∼ |⇑〉

∣∣σ+
1 , ω

+
1

〉
+ |⇓〉

∣∣σ−
1 , ω

−
1

〉
,

where the subscripts denote the number of the emitted
photon, and the ω± denote the energy of the photon from
the corresponding cycling transition. To achieve purely
polarization encoding, and simultaneously achieve more
desirable frequencies, downconversion can be used [43].

In summary, we have put forward a proposal for the
generation of photonic cluster states based on QDMs
that uses the unique selection rules of these platforms
to overcome the current challenges of available proto-
cols. The presence of natural cycling transitions, dis-
tinguished by polarization selection rules, overcomes two
of the major sources of errors in time-bin protocol as
analyzed in Ref. [34]: They assure the absence of ex-
citation errors, and allow for unit probability of photon
emission from the desired transition (as opposed to 94%
probability achieved by means of induced cyclicity [18]).
Photon loss remains a critical issue, but advances in site-
deterministic QD growth [44, 45] and photonic device
integration [46–51] offer the promise for continued im-
provement in photon extraction efficiency. QDMs offer
the additional advantage of using the wavelength tunab-
ility of the indirect (cycling) transitions to further en-
hance coupling to photonic devices for extraction of the
cluster states. Moreover, the capacity of QDMs to im-
plement spin control without transverse magnetic fields
is an additional appealing aspect of our proposal.
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Furthermore, our quantum control methods for QDMs
allow for pulses that are both fast and have high fidelit-
ies: for a three-qubit GHZ state we achieve the fidelity
of 94%, a much higher value compared to ≈ 42% from
Ref. [18] (caused by low-fidelity Raman pulses). Further-
more, while in atomic-based emitters, a trade-off between
pulse duration (to avoid the cross-talks in the system)
and gate fidelity lowers the repetition rate of the pro-
tocol, our designed pulses lead to high-fidelity cluster
states at orders of magnitude higher rates (ps vs µs).
Moreover, exploiting the fact that the indirect transitions
of multiple QDMs within a single cavity can be tuned into
resonance [28], a controlled-Z gate can be implemented
between the two QDMs. Using one QDM as an ancila,
the generation of multi-dimensional cluster states [52],
and repeater graph states [4] as proposed by Buterakos
et al. [53] can be achieved.
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spin coherence governed by a strained nuclear environ-
ment, Nature Communications 7, 12745 (2016).

[30] A. Greilich, S. E. Economou, S. Spatzek, D. R. Yakovlev,
D. Reuter, A. D. Wieck, T. L. Reinecke, and M. Bayer,
Ultrafast optical rotations of electron spins in quantum
dots, Nature Physics 5, 262–266 (2009).

[31] S. E. Economou and T. L. Reinecke, Theory of fast op-
tical spin rotation in a quantum dot based on geometric
phases and trapped states, Phys. Rev. Lett. 99, 217401
(2007).

[32] S. E. Economou, L. J. Sham, Y. Wu, and D. G. Steel, Pro-
posal for optical u(1) rotations of electron spin trapped
in a quantum dot, Phys. Rev. B 74, 205415 (2006).

[33] M. H. Appel, A. Tiranov, A. Javadi, M. C. Löbl,
Y. Wang, S. Scholz, A. D. Wieck, A. Ludwig, R. J. War-
burton, and P. Lodahl, Coherent spin-photon interface
with waveguide induced cycling transitions, Phys. Rev.
Lett. 126, 013602 (2021).

[34] K. Tiurev, P. L. Mirambell, M. B. Lauritzen, M. H. Ap-
pel, A. Tiranov, P. Lodahl, and A. S. Sørensen, Fidelity of
time-bin-entangled multiphoton states from a quantum
emitter, Phys. Rev. A 104, 052604 (2021).

[35] S. Bosco and D. Loss, Fully tunable hyperfine interac-
tions of hole spin qubits in si and ge quantum dots, Phys.
Rev. Lett. 127, 190501 (2021).

[36] P. Philippopoulos, S. Chesi, and W. A. Coish, First-
principles hyperfine tensors for electrons and holes in gaas
and silicon, Phys. Rev. B 101, 115302 (2020).

[37] X. Xu, Y. Wu, B. Sun, Q. Huang, J. Cheng, D. G. Steel,
A. S. Bracker, D. Gammon, C. Emary, and L. J. Sham,
Fast spin state initialization in a singly charged inas-gaas
quantum dot by optical cooling, Phys. Rev. Lett. 99,
097401 (2007).

[38] C. Emary, X. Xu, D. G. Steel, S. Saikin, and L. J. Sham,
Fast initialization of the spin state of an electron in a
quantum dot in the voigt configuration, Phys. Rev. Lett.
98, 047401 (2007).

[39] D. Scerri, R. N. E. Malein, B. D. Gerardot, and E. M.
Gauger, Frequency-encoded linear cluster states with co-
herent raman photons, Phys. Rev. A 98, 022318 (2018).

[40] C. Jennings, X. Ma, T. Wickramasinghe, M. Doty,
M. Scheibner, E. Stinaff, and M. Ware, Self-
assembled InAs/GaAs coupled quantum dots for
photonic quantum technologies, Advanced Quantum
Technologies 3, 1900085 (2019).

[41] A. S. Bracker, M. Scheibner, M. F. Doty, E. A. Stinaff,

I. V. Ponomarev, J. C. Kim, L. J. Whitman, T. L. Rei-
necke, and D. Gammon, Engineering electron and hole
tunneling with asymmetric inas quantum dot molecules,
Applied Physics Letters 89, 233110 (2006).

[42] A. Vezvaee, E. Takou, P. Hilaire, M. Doty, and S. Eco-
nomou, Avoiding leakage and errors caused by unwanted
transitions in lambda systems, ArXiv:2205.06945 (2022).

[43] K. De Greve, L. Yu, P. McMahon, J. Pelc, C. Natara-
jan, N. Kim, E. Abe, S. Maier, C. Schneider, M. Kamp,
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