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Entanglement, the non-local correlations present in multipartite quantum
systems, is a key resource for quantum technologies. It is therefore a major
priority to develop simple and energy-efficient methods for generating
high-fidelity entangled states. In the case of light, entanglement can be
realized by interactions with matter but the required nonlinear interaction
isoftenimpractically weak. Here we show how a single two-level emitter det-
erministically coupled to light in ananophotonic waveguide can be used to
realize photonic quantum entanglement by excitation at the single-photon

level. Efficient optical coupling enables mediation of two-photon
interactions by the emitter, creating a strong nonlinearity that leads to
entanglement. We experimentally verify energy-time entanglement

by violating a Bellinequality in an interferometric measurement of the
two-photon scattering response. The on-chip two-level emitter actsasa
passive scatterer, so that no advanced spin control is required. As such, our
method may provide a more efficient approach to synthesizing photonic
entangled states for quantum simulators or metrology.

The interaction between a quantum pulse of light and a two-level
emitter (Fig. 1a,d) constitutes a new experimental paradigm in quan-
tum optics™* Despite its conceptual simplicity, substantial quantum
complexity can be encoded in the system since a quantum pulse
represents aninfinitely large (continuous) Hilbert space. Moreover, a
two-level emitter can implement a highly nonlinear operation on the
incoming pulse without the need for demanding and error-susceptible
emitter preparation schemes. To enhance the photon-photon non-
linearity, the main experimental challenge is to promote the radiative
coupling of the emitter, ensuring its dominance over deteriorating
decoherence processes. Considerable advancements have been made
in the past decades using semiconductor quantum dots (QDs) in
photonic crystal waveguides (PhC WGs) and cavities’ (see theillustra-
tion of aPhC WG device in Fig. 1d).

The quantum nonlinear response is the subject of an ongoing
research effort, using a variety of emitters, including QDs*, colour
centres in diamonds’, atoms® and molecules’. Experimental advance-
ments include the observation of antibunching®, quadrature squeez-
ing of light in resonance fluorescence®, and two-photon correlation
dynamics and photonic bound states" . Extending to multiple emit-
ters and/or including spin degrees of freedom will facilitate photon
sorters for deterministic Bell state analysers™, quantum logic gates™'
and single-photon transistors”. Furthermore, many-body waveguide
quantum electrodynamics may be pushed to new realms of strongly
correlated light and matter’®”, It was theoretically predicted that the
two-level nonlinear response caninduce photon-photon correlations’;
however, it has not been explored whether this nonlinearity enables
the realization of non-local quantum entanglement.
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Photon scattering on a two-level emitter Measurement via one UMZI

""""""""-""""4\- ...... Iy
A [ r
[ -l
Single-photon Two-photon Entanglement DALY e
‘ V2 V2
N\ N\ |5 A\
g sy +illy Is> - 10
------------------- V2 V2

Elastic scattering Inelastic scattering

d
O . D
- A v . -
\ =3 . <
\_‘ - * I /' ‘SEG
- Qb : /
PhC WG

Fig.1| Two-photon energy-time entanglementinduced by coherent
interaction of two photons with aQD integrated intoaPhCWG. a, The
operational principle of the photon scattering and entanglement processes.
Asingle-photon wave packet is predominantly reflected by elastic scattering
onatwo-level emitter, while the two-photon wave packet can be inelastically
scattered in the forward direction, thereby generating energy-time
entanglement. The entanglement is probed using two UMZIs (Fig. 2). Each UMZI

. o R - i
is used to realize time projections onto the superposition state lo+ell)

illustrated on a Bloch sphere, where s) (|[)) corresponds to a photon taking the
short (long) path, and ¢ is the phase setting of the UMZI. ¢ = O (blue vector) and
¢ =T (red vector) refer to the two settings for datain b. b, Transmission intensity
measurements through the PhC WG and one UMZI versus QD detuning. The blue
curve indicates the transmission dip by resonant scattering of aweak coherent
state |a). Suppression of the elastically scattered laser photons by adestructive
interference phase (¢ =) reveals inelastically scattered photons |/) (red).
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¢, The measured normalized second-order correlation function g?() of the light
transmitted through the PhC WG on resonance with the QD, reaching values
above 200. d, A schematic of the QD-embedded PhC WG structure with two mode
adaptors, including shallow-etched gratings (SEGs) and nanobeam waveguides.
e, The calculated normalized joint spectral intensity for laser linewidth
I/2t =100 kHz, a Purcell enhanced QD linewidth of [/21t = 2.3 GHz, assuming
ideal coupling of QD to the PhACWG. 4,,, = w,,, — w, is the frequency difference
between output photon (w,,) and the input laser (w,). The width of the biphoton
spectrumis determined by the laser linewidth /', while each photon is broadened
by the QD linewidth I". Top right insert: spectra of the input coherent state |a)
(blue) and the output biphoton state |2,) (red). Bottom left insert: enlarged joint
spectral intensity spanning arange of 1 MHz. f, The corresponding normalized
jointtemporalintensity. The biphoton correlation time is determined by the QD
lifetime 7, (see Supplementary Note 6 for characterization).

In this Article, we demonstrate experimentally that a two-level
quantum emitter radiatively coupled to a PhC WG can induce strong
energy-time entanglement between two scattered photons (Fig. 1a).
The correlations are found to violate a Bell inequality and, therefore,
local realism under the fair-sampling assumption. The experiment cou-
ples a continuous wave (incoming light) with a discrete quantum sys-
tem (emitter), offering a pathway to non-Gaussian photonic operations
thatare highly sought after in continuous-variable quantum computing
architectures®. Previous research towards entanglement generation
withquantum emitters exploited the strong excitation (Mollow) regime
inbulk samples® or the QD biexciton radiative cascade**. In contrast,
our scheme relies on passive scattering of a weak excitation field by a
two-level QD ina PhC WG to induce genuine entanglement. This work
introduces a conceptually different and advantageous approach to
energy-time entanglement generation that may serve as an attrac-
tive alternative to four-wave mixing sources®, since it operates at the
ultralow energy consumption level of single photons and does not
require complex and decoherence-sensitive pumping schemes.

We consider asingle two-level emitter deterministically coupled
to a single propagating spatial mode in a PhC WG (Fig. 1d). A weak
coherentinputfieldis launched into the PhC WG and interacts with the
emitter of coupling efficiency = y/I', governed by the ratio between
the radiative decay rate into the waveguide mode y and the QD total
decay rate I (ref. 25). For f=1with no decoherence processes, the
single-photon componentis elastically reflected viainteraction with

The latter process can be interpreted as an emitter ‘dressing’ where
two virtual energy levels (dashed lines) act as intermediaries for the
energy exchange between two photons during their inelastic colli-
sions. The energy exchanged between the photonsis governed by the
emitter linewidth, while the total energy of the two photons is fixed
by energy conservation. An alternative interpretation is formulated
in the time domain: one photon excites the emitter and the second
photonstimulates the emission, causing accelerated decay and photon
bunching in the forward direction. Since the two outgoing photons
are correlated in both energy and time, they become entangled by
the interaction. Experimentally, the two-photon scattering process
is studied in a Franson interferometer®® with time-resolved photon
correlation measurements under the regime of weak resonant excita-
tion, thatis, far below the saturation threshold of the emitter (Fig. 2).
In this way, a Clauser-Horn-Shimony-Holt (CHSH) Bell inequality
entanglement criterion can be tested where a Bell parameter of S=2
constitutes the locality bound”. Various experimental imperfections
influence S, including the finite photon-emitter coupling efficiency
(Bfactor), pure dephasing rate (y, relative to the emitter linewidth I)
and the strength of the incoming light (mean photon number within
the emitter lifetime n). These imperfections resultin asingle-photon
component (elastic scattering) that is not fully reflected, thereby
reducing S. We find that S is sensitive to y,, I'and n to first-order but
is remarkably robust to coupling loss, with a quartic dependence in
thelimitof > 1:

the emitter, while the two-photon component can be inelastically 4
scattered into the forward (transmission) direction, as showninFig. 1a. 5B~ 22 [1 ~a-p ] ) ()
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Fig.2 | Experimental setup and characterization of two-photon energy-

time entanglement. a, Time correlation histograms of coincidence counts for
constructive (blue, ¢, + ¢, = 0) and destructive (red, ¢, + ¢, = ) interference
between two photons traversing the short (s) and long (/) paths of the UMZIs,
respectively. b, Experimental setup including the PhC WG chip (light-green area),
spectral filter (light-orange area) and the Franson interferometer (light-blue
areas). The two Bloch spheresillustrate the two independently controlled phases

¢, and ¢,. SNSPD, superconducting nanowire single-photon detector; FC, fibre
collimator; PC, polarization controller; FBS, fibre beam splitter; PD, photodiode;
PID, proportional-integral-derivative. To control the phase difference between
the two interferometer paths, we actively stabilize the UMZIs with a PID module
locked by the same laser that excites the QD. ¢, Two-dimensional correlation
histogram of coincidence counts versus phase and time delay.

Thecomplete theoryis presentedin Supplementary Note 8, where the
experimental requirements for violating the Bell inequality are also
benchmarked in detail (Supplementary Fig. 7).

The quantum correlations induced by the nonlinear scattering are
illustrated by the two-photon joint spectral and temporal intensity
distributions in Fig. 1e,f. The input weak coherent state |a) resembles
aDiracdeltafunctioninfrequency, while the output entangled photon
pair |2,) is Lorentzian broadened by the QD linewidth I". It can
be expressed as |2)) = % J dAJy _a [14)11_5) (Supplementary Note 7),
whered =A,=-4,isthefrequency detuning of each outgoing photon
relative to the pump frequency, and J; _, = —4S%/[nI'(1 + 415—22)] isthe

two-photon Lorentzian spectrum?®, Energy conservation demands
2w, =W, + w,, whichintroduces anti-correlationin the two-photonjoint
spectral density (Fig. 1e). The time uncertainty of the generated photon
pairis determined by the pump laser coherence time 7, > 1 ps (inversely
proportional to the laser linewidth I /2t = 100 kHz), which is much
longer than the Purcell enhanced QD lifetime 74, = 69 ps (Fig. 1f).
Figure 1b measures the transmission intensity of scattered
photons versus the QD detuning after an unbalanced Mach-Zehnder
interferometer (UMZI) at two different phases ¢ (see the UMZI setupin
Fig.2b). This allows separate measurements of either the extinction ofa
weak coherent state (blue, ¢ = 0) or the inelastically scattered photons
(red, ¢ = ). During resonant scattering, the single-photon component
is primarily reflected due to destructive interference in the PhC WG,
while the transmitted light consists of residual coherent photons
fromthelaser and inelastically scattered photons. Upon entering the
UMZI, the laser photons interfere with themselves at a beam splitter
(BS) dependent on the interferometer phase ¢, whereas the inelastic
photons, scattered off the QD, do not (see Supplementary Note 5 for
UMZI design details). For ¢ = 0, elastic scattering dominates as the laser
photons traversing the short and long paths constructively interfere,

thereby revealing a transmission dip (Fig. 1b, blue data). Conversely,
for ¢ =, the laser photons destructively interfere, allowing direct
observation of the inelastically scattered photons (Fig. 1b, red data).

The pronounced extinction of the transmissionintensity (beyond
85%) is indicative of the efficient radiative coupling to the PhC WG
and is representative of the performance of QD PhC WG devices®.
By modelling the experimental data sets, we extract = 92% and a
Purcell enhancement from slow light in the PhC WG of F, = 15.9, which
increasesthe QD decayrateto//2m = 2.3 GHz (compared with~0.14 GHz
for QDs in bulk®). In the entanglement characterization discussed
below, a narrow bandwidth notch filter is implemented to suppress
residual laser leakage due to a non-unity B factor and minor residual
slow spectral diffusion (see Supplementary Note 2 and Supplementary
Fig. 8 for further details).

The successful preparation of atwo-photon component is quantified
by second-order photon correlation measurements. In a recent study
of atomic resonance fluorescence, the photon statistics were found to
transition from antibunching to bunching by spectral filtering". Our
QD-WG device exhibits bunching statistics in resonance transmission
evenwithoutfiltering, but the bunchingis further enhanced by applying
asimilar filter (see Supplementary Note 2 for details). We observe a pro-
nounced photonbunching ofg®(0) = 210 (Fig. 1c), which explicitly demon-
strates that theincoming Poissonian photon distributionis substantially
altered by the strong nonlinear interaction with the QD*. The theoretical
model does not explicitly include the filter yet accurately describes the
experimental data of Fig. 1c, by adjusting the input model parameters
(see Supplementary Notes 4 and 8e for the full details on data modelling).

Figure 2b illustrates the experimental setup. The scattered light
from the QD PhC WG is spectrally filtered and directed by a non-
polarizing fibre BS to two identical UMZIs for entanglement analysis.
The time difference between the two paths of each UMZI is set to
7,=3.6 ns, which is shorter than 7, and longer than the two-photon
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Fig.3|Two-photon Fransoninterference measurements and observation
of aviolation of the CHSH inequality. a, Interference curves as a function of ¢,
with ¢, fixed at O (red) and -1t/2 (blue). The data are fitted to a sinusoidal model
fromwhich a visibility of 95(4)% is extracted. b, Measured correlation functions
fromwhich §=2.67(16) is recorded. ¢, S parameter versus n (bottom x axis) or the
corresponding pump power in the PhnC WG (top x axis). n and pump powers are
calibrated by fitting the full set of transmission intensity data (Supplementary
Note 3). The solid curve is the theoretical model (Supplementary Note 8e)

with parameters taken from the filtered power saturation g measurements in
Supplementary Note 4, that is, no additional fitting was performed. The dashed
black line represents the locality bound. The datainaand b are recorded for the
lowest n(0.0024) or pump power (7.2 pW) in c. As we have performed single-shot
measurements, the error bars shown are standard deviations obtained from
Monte Carlo simulations with 1,000 samples, assuming a Poisson distribution
withamean given by the measured value (shown as markers).

correlation time set by 7,,. Weimplement two-photon Franson interfer-
ence measurements by recording time-resolved correlations between
photon pairs while controlling the interferometric phases (¢, and ¢).
Figure 2a reveals three distinct correlation peaks, corresponding
to every possible path that the two photons can take separately: long-
short |/, s) (left peak), short-short |s, s) or long-long |/,{) (central
peak), and short-long |s, ) (right peak). For the central peak, the
two paths [s,s) and |/, ) cannot be distinguished, due to the long
coherence time of the pump laser shared by the entangled pair (7, » ;)
and the erased which-path information. Effectively, the UMZIs project
the two-photon energy-time entangled state into two discrete time
bins (early and late) separated by 7,, When two photons scatter off
the emitter in the same time bin, the first photon saturates the emitter,
whereas the second can be transmitted by stimulated emission, causing
two-photon bunching in the forward direction. This process induces
time and energy correlation between the two photons. Using
two UMZIs, photons in the early time bin taking the long paths
will interfere with photons in the late time bin taking the short paths.
This equivalently projects the state onto the path entangled state
Is, s) + ei@a+®o) |[ ). By tuning UMZIs’ phases such that ¢, + ¢, = (1),
we observe constructive (destructive) interference of the central peak
(Fig. 2a), stemming from the two-photon energy-time entanglement.
By further measuring a two-dimensional histogram shown in Fig. 2c,
almost background-free quantum interference is observed as a testi-
mony of the highly efficient spectral selection of the two-photon scat-
tering component (see Supplementary Note 5 for background noise
comparison between filtered and unfiltered data).

In Fig. 3a, we scan the phase ¢, for two different phase settings
of interferometer a (¢, = 0, —1/2). The Franson interference visibility
is defined as V = (Rnax — Rmnin)/(Rmax + Rmin), Where Ry (Rimay) is the
coincidence rate of the central peak at the minimum (maximum) of
theinterference curve. To obtain higher count rates with smaller fluc-
tuations (error bars), the coincidence time window is increased to
0.512 ns compared with its counterpart (0.064 ns) in Figs. 1and 2.
Fitting the datawithasinusoid, we extractaninterference visibility of
V=95(4)%, which indicates the presence of entanglement’°.

The energy-time entangled photon pair induced by the non-
linear interactionis thoroughly certified with a CHSH Bellinequa-
lity test”. The CHSH S parameter is defined as S = |E(¢p,, Pp)
+E(Pa, Por) — E(@ar, Pp) + E(@ar, Py )|, Wwhere E(,, ¢,) denotes the cor-
relation function required for the CHSH inequality, which is a

combination of four unnormalized g after the UMZIs at different
phasesettings (Supplementary Note 8d). Figure 3b shows the strongest
correlations measured at the lowest value of nin Fig. 3c, which corre-
sponds to a pump power of 7.2 pW at asingle-photon level. We record
apronounced violation of the CHSH Bell inequality S =2.67(16) > 2 by
morethanfour standard deviations. This validates that non-local quan-
tum correlations can be induced by two-photon inelastic scattering
off a deterministically coupled two-level emitter. Figure 3c explores
the power dependence of the S parameter, and the experimental data
agree wellwiththe theoretical model detailed in Supplementary Note
8e. The entanglement quality is primarily limited by photon distin-
guishability contributions from pure dephasing, as well as multi-photon
scattering processes from finite n.

We have experimentally demonstrated the violation of the CHSH
Bellinequality by weak scattering of a single two-level emitter deter-
ministically coupled to light in a PhC WG. While spin-based systems
canbe more versatile in generating entangled states, our passive scat-
tering approach offers ease of operation, as it requires no elaborate
excitation or active spin control, and spin decoherence processes do
notplayarole. This could reduce the appreciable overhead for future
up-scaling of entanglement generation schemes. Compared to tra-
ditional y*and x* nonlinear parametric processes that require strong
pump fields, our approach exploits a saturable two-level emitter
operating at the single-photonlevel, resultinginamuch higher power
efficiency. The single-photon nonlinearity is enabled by waveguide
interference, which ideally reflects single photons and transmits
photon-bound states responsible for time-energy entanglement’.
This allows the realization of an entanglement source with a spectral
brightness far beyond the capabilities of most parametric sources (see
Supplementary Note 9 for further comparison), and the approach
offers a route to non-Gaussian photonic quantum operations®"*%,
These unique attributes hold a promising alternative for efficiently
generating on-chip energy-time entangled photons with high fidelity.
Future experiments could exploit the creation of high-dimensional
entanglement® and the synthesis of photonic quantum states useful
for quantum optics neural network®. Another promising direction
is to engineer the inelastic scattering processes by many-body sub-
radiant states using coupled QDs**, Waveguide-mediated quantum
nonlinear interactions will prove essential to applications within
photonic quantum computing®, quantum communication® and
quantum sensing>*°,
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Methods

Sample information

Theused PhAC WG deviceis fabricated onasuspended GaAs membrane
of thickness 180 nm, forming a p-i-n diode heterostructure where
InAs QDs are embedded. Two mode adaptors are designed to guide
lightin and out of the PhC WG, with the sample mounted in a cryostat
operating at 4 K. More details can be found in Supplementary Note 1.

Phase locking of UMZIs

InFig. 2b, the beam from another laser is introduced in each UMZI for
phase stabilization. The stabilization beam with horizontal polarization
issplitinto two paths by the BS and then recombined at the polarizing
beamsplitter (PBS) with linear cross-polarization due to the half-wave
plate (HWP) at45°in the long path. After the quarter-wave plate (QWP)
at45°, the stabilization beam becomes circularly cross-polarized and
then interferes with itself at the linear polarizer (LP). The interfero-
metric phase can be projected to the entangled beam and tuned by
rotating the angle of the LP. Meanwhile, aphotodiode, a piezo-mounted
mirror and a PID module constitute the real-time negative feedback
loop, which allows each UMZI to be locked stably and long enough for
dataacquisition.

Data availability

Source data are provided with this paper. Other data that support the
findings of this study are available from the corresponding authors
uponreasonable request.

Code availability
The code used for data analysis and simulated results is available from
the corresponding authors upon reasonable request.
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