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Entanglement between particles is abasic concept of quantum sciences. The
ability to produce entangled particles in a controllable manner is essential
for any quantum technology. Entanglement between light particles
(photons) is particularly crucial for quantum communication due to light’s
non-interactive nature and long-lasting coherence. Resources producing
entangled multiphoton cluster states will enable communication between

remote quantum nodes, as the inbuilt redundancy of cluster photons
allows for repeated local measurements—compensating for losses and
probabilistic Bell measurements. For feasible applications, the cluster
generation should be fast, deterministic and, most importantly, its photons
indistinguishable, which will allow measurements and fusion of clusters by
interfering photons. Here, using periodic excitation of asemiconductor
quantum-dot-confined spin, we demonstrate a multi-indistinguishable
photon cluster, featuring a continuously generated string of photons at
deterministic gigahertz generation rates, and an optimized entanglement
length of about ten photons. The indistinguishability of the photons
opens up new possibilities for scaling up the cluster’s dimensionality by
fusion, thus building graph states suited for measurement-based photonic
quantum computers and all-photonic quantum repeaters.

Entanglement is afundamental concept of quantum mechanics'. The
ability to generate, impose, control and distribute entanglement is
crucial for quantum technologies, quantum information processing
and, in particular, quantum networking’. The non-interacting nature
of photons, which protects them from dephasing, makes them a
natural carrier for quantum communication; however, as photons
do not mutually interact, their use for entanglement distribution is
challenging. Zeilinger, Pan and co-workers introduced second-order
interference between indistinguishable photons as a way to partially
overcome this problem**. Photonindistinguishability (ID) is therefore
a major prerequisite for entanglement distribution and photonic
quantum repeaters. The unavoidable photon loss that exponentially
limits the success probability of any communication protocol with
distance, and the probabilistic nature of the interference remain as
barriers that prevent the development of a full-fledged quantum
network. Overcoming the exponential loss is possible using the
concept of quantum repeaters’, in which entanglement swapping and

purification performed at intermediate nodes enable entanglement
distribution between distant nodes with photons®.

Inspired by measurement-based quantum computation”®, Zwerger
and co-workersintroduced the idea of measurement-based quantum
repeaters’. This network architecture uses multiphoton entangled
states—cluster or graph states'°*—that can be distributed and mutually
connected through Bell measurements. Azuma and co-workers
recently extended this idea by making the repeater graph exclu-
sively photonic, thereby removing the need for long-lived quantum
memory. Graph states provide redundancy against photon loss and
the probabilistic nature of photonic Bell measurements: if the first
measurement fails, more trials will substantially increase the probability
of success. An essential requirement from such graph statesis that the
photons be indistinguishable. Developing devices that are capable
of deterministically producing indistinguishable photonic graph
statesis therefore animportant scientific and technological challenge
to overcome® ™,
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Single and entangled photons can be generated via the
spontaneous emission of an optical transition of an atom or an
atom-like quantum emitter"?°. Artificial atoms such as semiconductor
quantum dots (QDs) have demonstrated tremendous performance as
they canbeincorporatedinto electro-optical devices, which dovetail
with the contemporary semiconductor-based industry. Semiconductor
QD-based devices have shown high efficiencies and photon emission
rates (see ref. ? for a review), placing them as the forerunner of all
physical systems considered for generating quantum light*'2'41522,

Of particular relevance to this work is Lindner and Rudolph’s*
proposal to generate one-dimensional photonic cluster states using
semiconductor QDs. Their scheme uses asingle QD-confined electron
spin precessing in amagnetic field while driven by atemporal sequence
of laser pulses. Following excitation of the QD, a single photon is
deterministically emitted, and its polarization is entangled with the
state of the QD-confined spin®. This process repeats many times to
generate alarge one-dimensional cluster of entangled photons.

The entanglement robustness of such a photonic cluster is mainly
determined by the ratio between the optical transition radiative and
spin precession rates”, and by the coherence properties of the QD
spin**”. The ID between the emitted photonsis mainly determined by
the nature of the optical transition, which resultsin photon emission®.
Schwartz and colleagues demonstrated a modification of this proposal
by generating a one-dimensional cluster state based on aQD-confined
dark exciton® as a photon entangler, and by characterizing the cluster
entanglement length®. During generation, the emitted photons leave
the dark exciton in an excited state, having a shorter lifetime than the
radiative time. Consequently, the instability of the final stateintroduces
spectral broadening to the energy profiles of the photons, resultingin
non-identical photonic emission.

Here we present an on-demand, continuously generated string
of indistinguishable photons entangled in a cluster state. We use the
heavy-hole (HH) spin**°*' as an entangler, utilizing the fact that the
HH is left in a stable ground state after photon emission; thus, as we
show below, the emitted single photons are highly indistinguishable.
Moreover, the HH has a half-integer spin; therefore, in the absence of
external magnetic field, its two spin states are Kramers’ degenerate
and its precession rate vanishes. Fine-tuning of the external field’s
strength provides means for controlling the spin precession and
photon emission rates, as well as optimization of the entanglement
robustness in the cluster state.

We follow ref. *, as schematically described in Fig. 1a, by applying
aperiodic sequence of controlled-not (CNOT) and Hadamard gates on
the HH for producing the cluster state. Figure 1b,c schematically
describes the QD-based device, and the experimental system for
generating the cluster and its characterization, respectively. Each laser
pulse (red upwards arrows) excites the confined HH (|h) = |1)) to the
excited-positive trionstate (| T*) = |+ 1)), inwhichtheelectronresides
inits respective second energy level. The electron decays to the trion
ground (7)) level within about 5 ps by emitting a spin-preserving optical
phonon®***, The trion then recombines within about 400 ps, by
emitting a photon (marked pink), leaving the HH at its ground level
(Jh)). A dichroic mirror steers the emitted photons to the detectors.

Both the HH and the positive trion act as spin qubits®*. The
selection rules for the optical transitions (see Fig. 1b) associated with
the excitation and emission resultinentanglement between the photon
polarization and the HH spin polarization (see the Supplementary
Information). Each excitation-emission step is therefore an actual
realization of a CNOT gate between the spin and the photon qubits. We
realize the Hadamard gate on the spin qubit by timing the excitations
to the field-induced HH precession, such that after each excitation
and photonemission, the spinacquires att/2 phase beforeitis excited
again. Asequence of resonantly tuned, linearly polarized laser t-pulses
experimentally realizes the deterministic generation of the cluster
state (Fig.1c). Each pulseresultsin the addition of an entangled photon

to the cluster state. As the cluster protocol is made by repeating an
identical cycle, composed of excitation, emission and spin rotation,
one can characterize the entire cluster state by mapping the process
of this identical cycle. We perform full process tomography of the
identical cycle for an externally applied magnetic field of 0.12 T (see the
Supplementary Information). We measured four cluster witnesses for
all of the other magnetic field strengths, as described below. For these
purposes, itisenoughtoapply three cycles of the protocoland to detect
the three photons, which the QD emits as a result?. For the photon
detection and their polarization projection, we use six single-photon
detectorsin the set-up as described in Fig. 1c. In Fig. 1d we present the
time-resolved single-photon detection rates as recorded by each of
these six detectors for six different magnetic field strengths. For each
field strength, we timed the excitation to match one-quarter of the
HH spin precession period plus a small addition compensating for
the finite trion’s radiative time. At the specific field strength of about
0.09 T, the HH precessionis such that the appropriate excitationrate is
exactly six-times faster than the laser repetition rate (~76 MHz). Under
these finely tuned synchronization conditions, the device continuously
generates astring of entangled photons, thereby realizing the original
proposal of ref. %, albeit by using the HH rather than electron spin.

Wethen consider all of the events in which two and three photons
aredetected sequentially. InFig. 1e (Fig. 1f) we present the time-resolved
degree-of-circular-polarization (D.,) measurements of the second
(third) sequentially detected photon. We use these measurements to
monitor the trion’s spin evolution during its radiative decay and hence
determine the HH spin state before excitation®?°. We note that these
time-resolved measurements are only used as characterization method
enabling independent hole spintomography. They are not part of the
cluster generation protocol. We extract the following four cluster state
witnesses from these measurements: w, = PSS, , w, = PYVPY,
Wy = P(Z”_I)Pﬁ(”)sz and u, = P(Z”_I)Pf(")P(Z"”), where Pj@ represents the
polarization of the ith photon in the string, projected onto the jth
polarization state; and S; is the polarization of the HH spin, projected
onto the jth state. We note that &, and w; are directly extracted from
the polarization of correlated detection of two- and three-photons,
showninFig. 1e,f, respectively, whereas 1, and w, are extracted from
the temporal integration of these measurements over the photon’s
lifetime. For an ideal cluster state (containing ideal CNOT and
Hadamard gates), i, ;and w,equal 1, whereas ), equals O.

InFig.1g we present the four measured witnesses as afunction of
the magnetic field strength. The solid lines are the calculated witnesses
using our state-evolution-model (see the Suppementary Information).
The parameters used for the model calculations were independently
measured and listed inref. *. Agood quantitative agreement between
the measured data and the calculations is obtained.

We now turn to measure the ID between two sequential photons
in the cluster state by using the same set-up used by Hong, Ou and
Mandel*?, asillustrated in Fig. 2a. The ID is given by the ratio between
the second-order interference of co- to cross-polarized photons, as
displayedinFig. 2b for various magnetic fields. At zero magnetic field,
the cluster photons’ID amounts to 95%. The ID between photons emit-
ted from a quantum source of single photons depends on the temporal
stability of the initial and final states®®. Here the final state is the tem-
porally stable ground state of the HH, hence the high ID of the cluster
photons (see the Supplementary Information).

The externally applied magnetic field reduces the ID of the
cluster photons. As the field increases, the ID decreases due to the
field-induced spectral broadening. At large fields, when the Zeeman
splitting surpasses the radiative linewidth (see the Supplementary
Information), the averaged (over both polarizations) ID drops to 50%
and quantum beats are observed in the time-resolved correlation
measurements™,

We measured the ID between consecutive photons only. Past
measurements performed onsimilar InAs/GaAs QD samples have shown
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Fig.1| The measured cluster witnesses. a, Ideal description of the cluster state
generation using sequential Hadamard and CNOT gates. b, A schematic of the
QD-based device. DM represents a dichroic mirror and B = Bithe externally
applied magnetic field. The inset shows the polarization selection rules for the
optical transition. The terms k) (1)), | T)and | T*)represent the HH, trion and
excited trion states, respectively; +Zrepresents the photon’s circular polarization
along the optical axis and also the spin state’s direction. Red (pink) arrows
represent laser pulses (emitted photons), whereas spiral arrows represent
optical-phonon-assisted transitions. ¢, Schematic description of the QD’s
spin-configurations optical transitions and their detection used in the
measurements. The pink exponentials represent emitted single photons; 7, is the
HH spin precession period. We detect two and three consecutive photons from the
cluster and project their polarization using liquid crystal variable retarders (LCVR)
and polarized beam splitters (PBS); PO represents the polarization of the ith
photoninthe cluster, projected onto thejth polarization state. d, Time-resolved
single photon rate measurements for various magnetic fields. At-0.09 T, the HH

precessionis such that the appropriate excitation rate is exactly six times faster
than thelaser repetition rate (-76 MHz), resulting in deterministic generation of a
continuous string of photons. e,f, Two- (e) and three-photon (f) correlations; red
marks are the time-resolved measurement of the last correlated photon’s D, as a
function of time from the second (third) pulse. These D, values are correlated with
the previous detection of an emitted photonin e and two photonsinf. Blue lines
represent the best fitted central-spin-evolution model for the positive trion**,

g, The measured (error bars) and calculated (coloured lines) cluster state witnesses
asdeduced fromthe fitsin e and fversus the in-plane magnetic field strength.
Strings of polarized photons (pink circles) and spin (yellow circles) describe the
witnesses; w;and w;are deduced from the polarization of the correlated detection
oftwo-and three-photons, as shown in e and f, respectively; w,and w,are deduced
by temporally integrating these responses over one radiative lifetime. The error
bars represent statistical 1s.d. uncertainties deduced from a temporally integrated
total number of about 500,000 two- and 50,000 three-sequential photons
detection events.

that theID does not degrade much over time differences of about 1.5 ps
(refs.***°). To fuse various sections from the one-dimensional cluster
to form higher-dimensionality clusters, the ID should remain high for
times comparable with the product of the entanglement length and
the photon generation period (about 20-30 ns, only). This value is
much shorter than the expected, characteristic decay time of the ID
inour QD sample.

Figure 3summarizesthe ID properties of the cluster photons, the
robustness of the generated entanglement and the photon generation
rate as afunction of the applied magnetic field.

The entanglement robustness is quantified using localizable
entanglement (LE)*, defined as the magnitude of the entanglement
between two qubits in the cluster after all of the other qubits are
projected onto suitable bases. The localizable entanglement decays
exponentially with the distance between the two qubits®*'. Thus
(&, defined as the characteristic decay length of the localizable
entanglement, is afigure of merit characterizing the robustness of the
entanglementinthe cluster. Our device continuously generates astring
of entangled photons. One can select various lengths of consecutive
photons from this string by projecting the first and last photons onto
the z-polarization basis, thereby disentangling the hole spin from the
photonicstring. All of the photonsinthestrings areentangled, of course,
butthelocalizable entanglementin the string decays exponentially with

acharacteristic decay length of { ; photons. Figure 3 presents {;; versus
the magnetic field strength, where { ; is deduced fromthe ratio between
two of the measured witnesses (red diamonds) according to:

Qe = =1/ In (3 /) . ()

The difference between these two witnesses is simply the D, loss
due to the application of a single cycle of the protocol. To strengthen
our findings, we fully measure the process map of a single cycle of the
protocol for afield strength of 0.12 T. The measured map has fidelity
0f 0.90 £ 0.01to the ideal process map (see Supplementary Informa-
tion). The fact that the entire protocol is made of a periodic repetition
of exactly the same cycle” enables us to model multiple applications
of the measured process map on the spin and thereby calculate the
negativity between two qubitsin the string asafunction of their mutual
distance (localizable entanglement). The negativity decays with a
characteristic decay length {;; of about 8 + 1 (red circle in Fig. 3). To
complete our analysis, the measured {;; versus magnetic field is com-
pared also with our state-evolution model (solid red line), as described
in the Supplementary Information and ref. .

Figure 3 clearly shows an optimum for the entanglement robust-
nessatB,=0.09 T,in which {; ~10. For stronger fields, the precession
period becomes shorter. As a result, the ratio between the radiative
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Fig.2|PhotonID. a, The interferometer set-up. Two consecutive cluster photons
interfere on anon-polarizing beam splitter (NPBS). Two detectors on the output
ports register their detection times, ¢, and t,, respectively. A half-wave plate

(A/2) isused to select the photons’ relative polarization state between co- and
cross-linear polarization. A pair of LCVRs and alinear polarizer (Pol.) project the
photons’ polarization, and a transmission grating (TG) filters their energy.b, ID
measurements (averaged over both rectilinear polarizations Hand V) between
two consecutive cluster photons for various externally applied magnetic fields.
The solid lines represent the measured second-order correlation function

g2(t, - t;) using 50,000 two-sequential photon correlation events. In each period
(13 ns apart) there are five correlation peaks®”. Only the central peak, which results
from the interference of the two photons, is shown. The other four peaks form

the measured background. As they are polarization independent, they can be
straightforwardly subtracted from the measured interference. The measured ID
isthen defined as /4 =1~ A ,/Acros, Where A, (A is the area under the co (cross)-
polarized correlation function, represented by the coloured (black) solid lines.

and precession times becomes larger, increasing the deviation of the
two-qubit gate from the ideal CNOT gate. For weaker fields, the time
difference between consecutive pulsesincreasesto alevelin which the
HH spin dephasing becomes notable.

To complete the device characterization, Fig. 3 also presents the
measured ID (inblue) and the cluster generation rate (in black) versus
the magnetic field strength. The ID monotonically decreases from 95%
as the field increases. This decrease is due to the onset of quantum
beats®® caused by the Zeeman splitting of the optical transition.

Thetime between consecutive laser pulsesis set to approximately
match one-quarter of a precession period. The photon generationrate
therefore monotonically increases as a function of the magnetic field.
Atthe optimum point, the generationrateis about 0.5 GHz. The cluster
photongenerationis deterministic. This means that every laser t-pulse
resultsinthe QD spin excitation and emission of an entangled photon.
The photon detection, however, is not deterministic as not every emit-
ted photonisdetected. The overall detection efficiency of our system
is currently better than 1%. The main losses are due to limited light
harvesting efficiency from the planar microcavity containing the QD
(-20%), free spaceinto fibre coupling (-50%), detector efficiency (-80%)
and the overall optical-elements transmission efficiency (-15-20%).
After detecting a photon, the detectors have about 25 ns dead-time, in
which they cannot detect another photon. We use multiple detectors
to detect sequential photons that the device emits about every 2 ns.

Entanglement length (qubits)
Anigeysinbunsipui\(zHo) aiey

L L L L

o 0.1 0.2 0.3 0.4 0.5

Magnetic field (T)

Fig.3 | Cluster characterization. The localizable entanglement characteristic
length, photon ID and generation rate of the cluster state as a function of the
magnetic field. Error bars represent statistical uncertainty of 1s.d. and standard
error propagation calculations. The localizable entanglement and the ID are
deduced from the measurements described in Figs. 1and 2, respectively. The
error bars in the photon generation rates result mainly from the experimental
uncertainty in the hole’s g-factor. The lines represent calculations in which

the process map was obtained from our state-evolution model. The red circle
represents the localizable entanglement length at B= 0.12 T, at which the full
process map was measured. See the Supplementary Information for more details.

This further reduces the detection efficiency of multiphoton events.
Thetotal single photon detectionrate isabout 5 MHz with the current
system efficiency. The detection rate of four-consecutive photon
events is a few hertz only. This detection rate is more than enough to
demonstrate and characterize our cluster-state-generating device
which, duetotherepetitive nature of its production, requires detection
of only two and three consecutive photon events. We emphasize here
that the non-deterministic detection does not affect the length of the
photonstring that we generate. It only makes the probability to detect
asequentially larger number of photons exponentially lower. There is
anobvious need toimprove boththe device brightness and the collec-
tion efficiency of the optical system so that the generated cluster canbe
exploitedin practical protocols. A clear way to increase the brightness
is to embed the QD into a three-dimensional photonic microcavity.
This can be achieved either by nanofabrication techniques®** or by
including a tunable, open cavity*’ in the optical set-up. Both ways are
expected to maintain the determinism of the generated cluster while
increasing the brightness of the device fourfold, making it close to a
deterministic source. At the same time, abetter mode matching to the
single-mode fibre should also increase the optical system efficiency.
Feasible increasing of the overall system efficiency to 50%*° will result
in a four-photon detection rate of a few tens of megahertz, enabling
25-photon correlation measurement rates of a few hertz. At the same
time, a three-dimensional microcavity can considerably shorten the
radiative lifetime due to the Purcell effect?#°*?, This, in turn, will con-
siderably improve all three cluster states’ figures of merit; the entan-
glement quality, the ID and the generation rate. The entanglement
quality improves by reducing the ratio between the radiative time and
the precessions of the spin qubit. The ID improves by broadening the
radiative spectral width, thereby reducing the distinguishability due
to the Zeeman splitting induced quantum beats. The generation rate
increasessince the sweet point moves to larger fields. A feasible Purcell
factor of ten, for example, is expected to increase the entanglement
decay length to about 55 consecutive photons at the sweet point, the
ID to better than 90% (limited by the excitation temporal jitter) and
the photon generation rate to above 2 GHz (detection rate of single
photons to more than1 GHz).

In summary, we demonstrate a gigahertz-rate deterministic
and continuous generation of strings of indistinguishable photons
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entangled in a cluster state. Our device uses a QD-confined HH spin
as the photon entangler, and is optimized by tuning the externally
applied magnetic field to achieve a characteristic entanglement
decay length of about ten photons, and a photon ID of about 80%. A
feasible enhancement of the radiative rate by one order of magnitude
isexpected toboost the entanglement length to about 55, the photons’
ID to more than 90% and the photon generationrate at these conditions
to 2 GHz. The current values may already be used for efficient fusion
of cluster states to generate more complicated graph states for
demonstrating all-photonic quantum repeaters. Demonstrating this
functionality requires better light harvesting efficiencies, as recently
demonstrated elsewhere. Our work therefore provides an essential
building block for future large-scale quantum communication and
information processing.
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Methods

The sample and optical system

At the heart of our device is an InGaAs self-assembled semiconduc-
tor QD, asillustrated in Fig. 1b. The QD contains a confined HH spin
qubit?**°*** We define the QD’s shortest dimension (-3 nm), the
growthdirection and the spin quantization axis as the z-axis. The exter-
nally applied magnetic field direction is defined as the x-axis. The QD
isembedded in a planar microcavity, formed by two Bragg-reflecting
mirrors, facilitating alight harvesting efficiency of about 20% by a 0.85
numerical aperture objective above the QD.

The experimental system is schematically described in Extended
DataFig.1. The pulsedlaser lightis resonantly tuned to the HH-excited
trion optical transition®, and its power is set to a m-area intensity. The
polarization of the light is computer-controlled using pairs of LCVRs
and PBSs. Very weak, above-bandgap continuous-wave light is also
used to stabilize the charge state of the QD?. Similar sets of LCVRs
and PBSs are used to project the polarization of the collected photons
on six different polarization bases. We use highly efficient transmis-
sion gratings to spectrally filter the emitted photons. The filtered
photons are detected using efficient (>80%) single-photon super-
conducting detectors, with temporal resolution of about 30 ps. The
photons’ detectiontimes are recorded using atime tagging correlation
module.
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Extended Data Fig. 1| Schematics of the experimental system. CW, continuous wave; DL, Delay line; M, mirror; DM, dichroic mirror; PBS, (NPBS) polarizing
(non-polarizing) beam splitter; TG, transmission grating; OBJ, microscope objective; LCVR, liquid crystal variable retarder; Dn, single-photon detector n;
TT, Time tagging correlation module.
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