N

N

Generation of non-classical light in a photon-number
superposition
Juan Loredo, Carlos Antén, Bogdan Reznychenko, C. Millet, Paul Hilaire,
Abdelmounaim Harouri, H. Ollivier, N. Somaschi, L. de Santis, A. Lemaitre,

et al.

» To cite this version:

Juan Loredo, Carlos Antén, Bogdan Reznychenko, C. Millet, Paul Hilaire, et al.. Generation of
non-classical light in a photon-number superposition. Nature Photonics, 2019, 13 (11), pp.803-808.
10.1038/s41566-019-0506-3 . hal-02396444

HAL Id: hal-02396444
https://hal.science/hal-02396444
Submitted on 13 Dec 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02396444
https://hal.archives-ouvertes.fr

arXiv:1810.05170v2 [quant-ph] 20 Nov 2018

Generation of non-classical light in a photon-number superposition

J. C. Lored0,17 C. Antén,l’ B. Reznychenko,? P. Hilaire," A. Harouri,! C. Millet,! H. Ollivier," N. Somaschi,?
L. De Santis,! A. Lemaitre,! I. Sagnes,' L. Lanco,"* A. Auffeves,? O. Krebs,! and P. Senellart™[f]

LCNRS Centre for Nanoscience and Nanotechnology,

Université Paris-Sud, Université Paris-Saclay, 91120 Palaiseau, France
2Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France
3Quandela SAS, 86 rue de Paris, 91400 Orsay, France
4 Université Paris Diderot, Paris 7, 75205 Paris CEDEX 13, France

The ability to generate light in a pure quantum state is essential for advances in optical quantum
technologies. However, obtaining quantum states with control in the photon-number has remained
elusive. Optical light fields with zero and one photon can be produced by single atoms, but so
far it has been limited to generating incoherent mixtures, or coherent superpositions with a very
small one-photon term. Here, we report on the on-demand generation of quantum superpositions
of zero, one, and two photons via pulsed coherent control of a single artificial atom. Driving the
system up to full atomic inversion leads to the generation of quantum superpositions of vacuum
and one photon, with their relative populations controlled by the driving laser intensity. A stronger
driving of the system, with 27-pulses, results in a coherent superposition of vacuum, one, and two
photons, with the two-photon term exceeding the one-photon component, a state allowing phase
super-resolving interferometry. Our results open new paths for optical quantum technologies with
access to the photon-number degree-of-freedom.

Controlling the photon-number in a light pulse has
been a primary task enabling progress in optical quantum
technologies [II [2]. Single-, and N-photon sources [3H5]
are at the heart of future quantum communication net-
works [0, [7], sensors [8, @], as well as optical quantum
computers [10,[11] and simulators [I2HI5]. These achieve-
ments make use of the interference of indistinguish-
able single-photons, allowing the realisation of quantum
gates [I6] 17], and protocols such as quantum telepor-
tation [I8] and entanglement swapping [19]. The one-
photon term has been exploited heretofore, and the vac-
uum component has been considered detrimental to the
overall protocol efficiency, motivating a quest for de-
terministic sources producing single-photon Fock states
with no vacuum component [20H23]—a challenging task,
to say the least. If vacuum is set instead in a quantum
superposition with the single-photon, one could use it
to encode quantum information in the photon-number—
becoming a resource for optical quantum information
processing. For instance, vacuum within a pure quantum
state can be exploited in quantum teleportation [24], or
quantum random number generators [25]. However, ob-
taining quantum superpositions in the photon-number
basis has so far demanded complex quantum state engi-
neering and conditioned state preparation [26] [27].

The text-book model of a quantum emitter is a two
level atom—a system shown to generate quantum light
in various excitation regimes. Incoherent non-resonant
excitation of natural [28] and artificial atoms [29H31] can
produce optical fields with a large single-photon compo-
nent, but without coherence in the photon-number ba-
sis due to the incoherent creation process of the atomic
population. In contrast, coherent driving of an atom can
in principle be used to transfer the coherence between

the atomic ground and excited state to the emitted light
field. This has so far been explored in the weak-excitation
regime to produce quantum light that exhibits coher-
ence with the driving laser—observed with atoms [32],
as well as semiconductor quantum dots [33H36]. This
regime has been shown to produce squeezed light where
an atomic dipole—with vanishing population—elastically
scatters a coherent superposition of vacuum and a small
one-photon term [37]. Generating a photon-number su-
perposition with large single-photon population requires
to create an atomic population—inherently coupled to
its environment—that remains insensitive to any deco-
herence until spontaneous emission takes place. To the
best of our knowledge, the generation of photon-number
quantum superpositions under strong coherent driving
has not been reported so far, neither with natural atoms,
nor with artificial ones.

In this work, we report on the on-demand generation
of quantum superpositions in the photon-number basis,
in light pulses emitted by a single artificial atom. We
observe superpositions of zero, one, and two photons
emitted from semiconductor quantum dots coupled to
optical microcavities [20, B8]. We use pulsed coherent
driving, beyond full inversion of the atomic population,
and perform interferometric measurements with a path-
unbalanced Mach-Zehnder interferometer (MZI). As sup-
ported by our theoretical calculations, phase-dependent
oscillations at the interferometer output demonstrate the
production of coherent superpositions of vacuum, one,
and two photons. Below m-pulse driving, we obtain su-
perpositions of vacuum and one-photon Fock states, with
their relative populations controlled by the driving laser
intensity. By driving the quantum dot with 27-pulses,
we obtain a state with the two-photon component larger



than the one-photon population—a state allowing phase
super-resolving interferometry, and incidentally resem-
bling a small Schrédinger-cat state.

Coherent driving and photon statistics

We investigate semiconductor devices consisting of a
single quantum dot (QD) positioned with nanometer-
scale accuracy at the centre of a connected-pillar cav-
ity [20, B9, [40]. The QD layer is inserted in a p-i-n
diode structure, and electrical contacts are defined to
control the QD resonance through the confined Stark
effect. We note that the experimental results reported
here have been observed on various QD-cavity devices.
We focus hereafter on two devices: a neutral (QD1) and
a charged (QD2) exciton coupled to the cavity mode,
see Methods. QD1 (QD2) is excited resonantly with
linearly-polarised 40 ps (15 ps) laser pulses at 925 nm,
and its emission is collected using a crossed-polarisation
scheme that separates it from the laser, see Fig. [Th. Fig-
ure [1b shows the detected countrates for QD1 as a func-
tion of the excitation pulse area A, evidencing well de-
fined Rabi oscillations. The signal is damped by sponta-
neous emission due to the relatively long 40 ps excitation
pulses [38] as compared to the measured emission decay
time of 166+16 ps. Second-order autocorrelation func-
tions g(?) (At) measured along Rabi cycles evidence a dis-
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FIG. 1. Coherent control of an artificial atom. a

Schematics of the setup. A single semiconductor QD is kept in
a cryostat at 9 K, and is excited under pulsed resonant excita-
tion. The QD emitted state |¥) is separated from the laser in
a cross-polarisation scheme, by using a polarising beamsplit-
ter (PBS), a quarter- (Q), and half-wave plate (H). b Rabi
oscillation of the QD coherent driving. The emission is col-
lected by a single-mode fibre and directly detected with an
APD. ¢ Second-order autocorrelation function g‘® (At) mea-
sured at m-pulse with QD1, and d at 27-pulse driving with
QD2.

tinct and complementary behaviour between -, and 27-
pulse driving. A pronounced antibunched photon statis-
tics at m-pulse is observed for both QD1 and QD2, with
(2) (0)=0.03710.002 for QD1, see Fig. |1 . Such observa-
tlons show light wavepackets consisting mostly of either
vacuum or one photon. However, bunched statistics is
observed at 2r-pulse for QD2, with g% (0)=2.98+0.11,
see Fig. [1 . This evidences, as recently observed [41],
wavepackets containing two-photon populations. In the
following, we investigate the nature of light in the photon-
number degree-of-freedom: whether it contains photon
Fock-states emitted in a mixture or in a pure quantum
state.
Quantum superposition of zero and one photon
The Hong-Ou-Mandel (HOM) effect [42] describes two
single-photons simultaneously impinging on a beamsplit-
ter. If the photons are polarisation, spatially, and fre-
quency indistinguishable, they bunch at the output of
the beamsplitter—a behaviour exclusively of quantum
mechanical origin. This requires that the interfering pho-
tons are in the same pure quantum state in these degrees-
of-freedom.

As discussed now, interference can also be used to
unravel coherences in the Fock-state basis. Consider
a beamsplitter with inputs a,b, and outputs ¢, d, onto
which pure states of photon-number superpositions im-
pinge. These are in the form |¥,)=,/po|04)+/P1"*|14),
and |Wy)=/Po|0s)+/Pre “T|1), with po+pi=1, po.
the vacuum and one-photon populations, and ¢ a rel-
ative phase between the states. When p;=1, their
quantum interference leads to the well known two-
photon output state (|2.04)—[0.24)) /v2—the HOM ef-
fect. However, as soon as p;<1, the output state shows
other photon terms that lead to a mean photon-number
Nea=p1 (1 £pocos¢) at the beamsplitter outputs, see
Supplementary Information. That is, if states are pure
in the photon-number basis, their interference leads to
oscillations measured at the output of the interferometer
device, with a visibility amplitude equal to the vacuum
population pg.

The previous example describes the idealised case
of pure states—instances non-existing in the physical
world. To account for impurity in the photon-number
basis, we consider that each light wavepacket imping-
ing on the beamsplitter is described by a density ma-
trix ps=Appure+(1—A) Pmixed, With ppure=|T;)(¥;| a pure
state (i=a,b), pmixea=diag{po,p1} a diagonal matrix,
and 0<A<1 a parameter tuning the photon-number pu-
rity. Moreover, limited purity in the frequency domain is
taken into account by the non-unity mean wave-packet
overlap M between interfering photons. It can be shown,
see Supplementary Information, that such interfering in-
put states result in

e

4= (1 +vcosd), (1)
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FIG. 2. Quantum superposition of vacuum and one photon. a Sketch of the MZI used to probe coherences in the
photon-number. The MZI delays one arm by 7=12.34 ns as to allow interference of two consecutive wave-packets in the fibre
beamsplitter FBSpom. The phase ¢ between the two arms of the MZI is not stabilised and thus it freely evolves in time. A
half-wave plate H in one arm tunes the photon distinguishability via their polarisation. b Normalised single countrates n.
(blue) and ng (red) for a pulse area A=0.61w. Light blue (light red) traces display n. (nq) for A=0.14w. Each data point
here was accumulated for ~300 ms. ¢ Measured visibility v (blue squares) as a function of the countrates detected from our
first collecting fibre. The blue solid line is a linear fit used to obtain the purity of the generated state, and the dashed blue
lines consider lower purity values. d Visibility v in terms of the photon indistinguishability M (varied via polarisation). Blue,
green, and red data points are taken for pulse areas A of 0.14w, 0.427, 0.767, respectively; and their corresponding curves
follow the theoretical model v=A%pov/M. e Blue line: theoretical prediction for the probability p1 of the QD to emit one
photon. Blue data points: experimental one-photon population. Green full line: theoretical prediction of the photon-number
coherence amplitude (|po1|=A\/pop1) assuming that the emitted state is pure (A=1). Dashed green lines same: same as before
for cases with less purity. Green data points: extracted values for |po1| deduced from the measured visibilities. Black data
points: extracted values of the purity P.

where n. =M. q/ (Ne+Ny) oscillate with a visibility Figure@b shows our measurements of n. 4 for pulse ar-

v=A2pov/M. We observe, from Eq. [1} that if the inter-
fering states are distinguishable (M=0), or if the state
is emitted in a statistical mixture of photon-numbers
(A=0), then v vanishes. Thus, observing v#0 implies
that neither case is true: the state contains quantum co-
herences in the photon-number basis.

Coherent driving of a two-level system creates a quan-
tum superposition of ground and excited state, with a
relative phase governed by the classical phase of the driv-
ing laser. If this coherence is transferred to the emit-
ted light state through spontaneous emission, we obtain
a photonic state with coherences between the vacuum
and one-photon components. We test this hypothesis by
performing the above described interferometric measure-
ments. To do so, we utilise an unbalanced MZI with a
path-length difference matching the temporal separation
of consecutive emitted wavepackets from the quantum
dot to temporally overlap them on a beamsplitter, see
Figure [2h. The free space part of the MZI leads to small
path variations in the order of the photon wavelength,
acting as the previously described phase ¢.

eas A=0.61m, and A=0.14w. The single detector counts
undergo clear oscillations with time, as the optical phase
¢ freely evolves in time within the interferometer—
evidencing quantum coherence in the photon-number ba-
sis. As predicted, the amplitude of the oscillations in-
creases with the vacuum population, controlled here by
choosing the driving pulse area. Figure shows the
extracted oscillation visibilities, obtained from maxima
and minima of n. 4 with respect to ¢, for different val-
ues of single-photon countrates (bottom axis) as the
pulse area varies within 0<A<7 (top axis). We ob-
serve the expected increase in visibility when increasing
the vacuum part. The visibility v also depends on the
mean wave-packet overlap M, which is extracted from
coincidences counts at the MZI output. We measured
M=0.903+0.008 at m-pulse excitation, a value limited
by a small residual phonon sideband [43] since no spec-
tral filtering was used. We can then tune M via the rel-
ative photon polarisation, see Fig. 2, and observe that
the oscillation visibility vanishes for distinguishable pho-
tons, as expected. We observe that v is linear in the



single-photon countrates, see Fig. 2k—accordingly, pro-
portional to vacuum—from which we deduce an average
A=0.965+0.018 for all pulse areas up to m-pulse. The
state purity in the photon-number basis P=Tr (pz) is
extracted knowing pg,p1, and A. We obtain an aver-
age value of P=0.968+0.008 in the full [0—=] pulse area
range, see Fig. 2, evidencing the high degree of purity.
These states are produced on-demand: for each excita-
tion pulse, the device emits a photon-number superposi-
tion, with pg+p1=1.

To support the model described above, we consider
the situation where a two-level system, with ground |g)
and excited state |e), is coupled to a single spatial mode
of the optical field, i.e., a one-dimensional atom [44], a
model that has been shown to account well for the system
under study [38]. We calculate the light-field generated
by the QD by solving the Lindblad equation that ac-
counts for the evolution of a two-level system—treating
the incoming laser field, the interaction unitary Hamilto-
nian, as well as the non-unitary dynamics of spontaneous
emission and pure dephasing, see Supplementary Infor-
mation. We obtain a system output state that can be
written as the density matrix pg. This matrix is time
integrated over the whole light pulse, an approach that
is valid for excitation pulses well below the spontaneous
emission time.

We theoretically obtain the population p; (respec-
tively, po), and coherences A,/pop1 of ps from parameters
within the one-dimensional atom model. Pure dephasing
contributes to reducing the mean wave packet overlap
of the emitted photons, as well as the populations. The
solid blue line in Fig. |2k shows the calculated populations
p1, and the solid green line the corresponding coherences
for the case of maximally pure states (A=1).

To the best of our knowledge, our observations re-
port for the first time the on-demand direct generation
of highly-pure optical quantum states in the photon-
number basis. Such photon-number quantum superpo-
sitions were demonstrated for microwave photons, us-
ing quantum feedback with Rydberg atoms [45], or
through synthesized methods using a superconducting
phase qubit [46]. Here, the quantum superposition is
directly obtained from the spontaneous emission of a
quantum emitter. This is observed not only in the weak-
excitation regime [35]—i.e., elastic scattering—where the
atomic population nearly vanishes, but also up to popu-
lation inversion. As a result, by adjusting the excitation
pulse area, we can generate quantum superpositions of
zero and one photon with controlled populations. We
note that our measurements provide information of the
purity of the quantum state at the output of the emitter.
Imperfect photon extraction from the device, or losses in
the optical setup have no impact in the presented interfer-
ometric measurements, see Supplementary Information.
In the next part, we study the case of even stronger driv-
ing, under 27-pulse area, and report on the generation of

a quantum superposition of zero-, one-, and two-photon
Fock-states.

Quantum superpositions up to two photons
Strong driving of the atom has been proposed as a mean
to generate photon-bundles [47], and evidences for two-
photon emission from an artificial atom has been re-
ported recently by coherently driving a charged exciton
at 2m-pulse [41I]. The excited state population at 2-
pulse drive is expected to be zero, unless some relaxation
process takes place during the pulse. In particular, as
long as the driving pulse duration is not infinitely short,
the atom in its excited state shows a non-zero probabil-
ity to undergo spontaneous emission during the pulse. In
such a case, a first photon is spontaneously emitted, and
the probability for a second excitation during the pulse
is non-zero, leading to the emission of a second photon
at the end of the excitation.

The pronounced photon bunching observed at 2r-pulse
excitation with our second device QD2, see Fig. [I{, quan-
tified by géi)(O):Q.%iO.ll, shows that its emission at
A=2m contains non-zero two-photon terms. The gener-
ated light wavepacket is then composed by zero-, one- and
two-photon Fock-states (higher-number terms are neg-
ligible when the excitation pulse-length is significantly
shorter than the spontaneous emission time [4I]). We
now argue that the generated state contains quantum co-
herences in the photon-number basis. Indeed, the exper-
imental setup depicted in Fig. allows to quantify the
photon-number populations—including the two-photon
component—and degree of purity in this basis.

We learned, from Eq. [} that the counts of a single de-
tector at the output of the path-unbalanced MZI inter-
ferometer carry information on the quantum coherence
between the zero and one-photon Fock states. If we now
consider the coincidence counts from the two output de-
tectors as well, we show that we can obtain information
on the purity in the number basis up to two photons.
In general, we can extend the previous analysis and con-
sider an input state pg now containing terms up to the
|m) Fock-state. We consider a state with the same gen-
eral form as before, i.e., ps=Appuret+(1—A)Pmixed, in a
simplified picture where the state impurity is described
through a single parameter A, reducing here all coher-
ences in the same way. Within such framework, it can
be shown, see Supplementary Information, that the de-
tected single-click count rates Nc,d at the interferometer
outputs ¢ and d, see Fig. 2h, read

Nea = = [(n) £ C;cos(¢)], (2)

N =

where (n)=Y"""np, is the system mean photon-number,
and C;=M\? (ZT,/npnpn_l)2 is a first-order coherence
term, with the summation indices hereafter from 0 to
m, and A accounts for the photon-number purity. The



1, 3 cl T T 'D T ¢ - 0| -
S 1 ¢=n/2
4 _Q-: 2 | _
g
S |1
: 1 L ol |
ECO00anniygl
LT[ M L]
125 -50  -25 0 25 50
Time (s) At delay (ns)
3.0 T T T T T T T 1 0 T T
2.5}d LT T ] € 0.8} | ]'—:'—l
8 2.0__ ysw&%&g\\é\\.\ 1 0.6‘
S 1oF < *5e_ 1 010 .
10_‘_,@/ '9' \\. \9\‘-
0.5p .-~ S 005 J L
0.0 ; ; ; ; : 0.00 i
0.0 0.2 0.4 0.6 0.8 1.0 po P P P
Phase ¢ (n)

FIG. 3. Quantum superposition of vacuum, one, and two photons.

a Normalised single counts n. as the phase ¢

freely evolves in time. b Coincidence rate at zero delay evolving in time (full data was taken during 1500 s), cycling twice per

unit of interferometric phase cycle A¢p=27—i.e.,
for a phase ¢=0 (blue), and ¢p=m/2 (red).

showing phase super-resolution. ¢ Normalised time-correlated coincidences
d Normalised coincidences at zero delay C(0) (red circles) as function of ¢, with

the theoretical prediction (red line) considering the extracted values of {p,, A} described in e, and the expected predictions
for the same Fock-state populations {p.} in the cases of maximally pure, i.e., A=1 (blue dashed line), and classical statistical
mixtures, i.e., A=0 (gray dashed line). e Populations {p,} and purity P of the emitted state at A=2m.

coincidence rate (at zero delay) follows

1
€(0) = g in(n—1)) — Ca cos(2¢)], (3)
with (n(n—=1))=X"""n(n—1)py the non-
normalised second-order correlation function, and
2
Cay=M\? (ZT vn(n — 1)pnpn,2) a coherence term

of second-order. In virtue of Egs. ] and [3] we ob-
tain the normalised output coincidences at zero delay
C(0)
where ¢ (0)=(n(n—1))/(n)?> is the normalised
second-order correlation function of the input state,
v1=C1/(n) is the single detector counts visibility, and

=C5/(n(n—1)) the coincidences visibility. See that
Eq. 3] shows oscillations modulated at twice the phase-
dependence of Eq. 2} coherences in the photon-number
allow phase super-resolving interferometry.

The state generated at 2w-pulse driving contains

up to two-photon terms. In which case we ob-
tain v1=A?p1 (po+2v/2pop2+2p2) / (pP1+2p2), v2=A’po,

and g(2)(0):2p2/(p1+2p2)2. Thus, by measuring v1,
vy, ¢ (0), and taking into account normalisation
Po+p1+p2=1, we univocally determine pg, p1,p2, and A.
Figures [3p, show respectively our measurements for
ne=N./(n)=(14v1 cos ¢) /2, and coincidences propor-
tional to C(0)ox (1—v2 cos(2¢)) with a rate specific to the

—C(0)/ (NoNa) =29® (0) (1—v3 cos26) / (1—v cos? ),

losses of our setup. Figure Bk shows our obtained time-
correlated coincidence measurements C(At). As pre-
dicted, the coincidences at zero delay C(0) oscillate with
2¢—with minima (maxima) of coincidences occurring for
$=0 (¢=m/2). The full phase span for C(0) (modulo )
is shown in Fig. 3. In the case of fully mixed (pure)
states in the photon-number basis, i.e., A=0 (A=1), os-
cillation visibilities in the coincidence-counts fully vanish
(maximally oscillate), see dashed grey (dot-dashed blue)
curve in Fig. [Bd.

We extract v1=0.19240.008, v5=0.45240.038, which
together with the measured value of géi)(()):2.98:t0.11,
see Fig. [Id, and the normalisation of probabilities, re-
sults in the distribution {p,, A}, with py=0.838+0.012,
p1=0.0514+0.002, p2=0.111£0.010, and A=0.73440.025.
The generation of light states with py>p; is observed with
charged excitons under a strong 27-pulse drive of the QD,
see Methods. The state p%" contains zero, one and two
photons, with a quantum state purity of P=0.870+0.024,
see Fig. e). Note that the above theoretical analysis for
2m-pulse driving does not account for the effect of limited
photon indistinguishability (M <1). Accordingly, the re-
ported purity contains both the photon-number purity
and indistinguishability imperfections, thus representing
a lower bound for the photon-number purity alone.

This state, with pa>pl, incidentally resembles other



quantum states of interest. The obtained pho-
ton distribution {p?™} presents a statistical fidelity
Feat=3%" \/pZps*t to {p¢'}, the probability distribu-
tion of an even “Schrédinger-cat” state |cat)oc|a)+|—a),
with |a) a coherent state, of F¢*=0.974+0.016 for a
small cat state with |a|?=0.5. Thus, by simply driving a
charged quantum dot with 27-pulses, we are able to gen-
erate other photonic states that may find applications in
coherent-state driven quantum computation [48, 49] and
quantum metrology [50].

Conclusions

Quantum states with a high degree of purity are essential
in all quantum-enhanced technologies. Optical quantum
technologies have so far exploited various degrees-of-
freedom, such as time-frequency, angular momentum,
or polarisation [I 2]; but not the photon-number due
to the absence of suitable sources. Our work demon-
strates that state-of-the-art semiconductor QD emitters
not only provide high purity in the frequency basis
but also non-classical photon-number superpositions
on-demand. We are now able to generate highly-pure
light wave-packets with tuneable zero- and one-photon
components. Other non-classical states can be also
generated by adjusting the coherent excitation pulse
duration and intensity, as shown here driving the atom
at 2mr—pulse. We believe that the generation of quantum
superpositions of photon-numbers opens new exciting
routes for optical quantum technologies. For instance,
we now can exploit the interference of these novel
photonic states, potentially impacting on the complexity
of existing quantum-enhanced protocols, such as in
quantum computing, or quantum walks.
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METHODS

Sample The microcavity samples were grown by molec-
ular beam epitaxy. A A-GaAs cavity is surrounded by a
bottom and a top mirror made of 29 and 14 pairs of
GaAs/Alg 9Gag.1 As, respectively. The mirrors are grad-
ually n-doped and p-doped in order to tune the quantum
dot transition through the confined Stark effect. The
cavities are centered on the quantum dots using the in-
situ optical lithography technique [39]. Then the sam-
ple is etched and standard p-contacts are defined on a
large frame (300x300 pm?) connected to the circular
frame around the micropillar. A standard n-contact is
defined on the sample back surface. A neutral exciton
is coupled to the cavity mode for QD1. For the op-
tical measurements, the polarisation of the laser is set
so that the fine-structure splitting results to emission in
crossed-polarisation, see ref. [38]. A positively-charged
exciton is coupled to the cavity mode for QD2, and in
this case the circular-polarisation and optical transition
rules naturally allows obtaining a signal in the crossed-
polarisation configuration. The generation of pure co-
herent superpositions of zero and one photon has been
observed for half a dozen devices, based either on neu-
tral or charged exciton transitions, when exciting below
m-pulse. The generation of light states with ps>p1, on the
other hand, is only observed with charged excitons in the
present experimental configuration. Indeed, in a crossed-
polarisation collection scheme, the neutral exciton spon-
taneous emission is time delayed by the fine structure
splitting [38], preventing an efficient re-excitation within
the same pulse.
Time-tagged correlation measurements Simulta-
neous acquisition of single counts and double coinci-
dences are recorded by measuring the photon count-rate
and photon event time-tags in the output detectors (Si
avalanche photodiodes) of the MZI, which are connected
to a computer-controlled HydraHarp 400 autocorrelator.
Under free evolution of the phase ¢ between the two
arms of the MZI, the total acquisition time per point
has been set t0 Thoq=310 ms (810 ms) for the results de-
scribed in Fig. 2 (Fig. 3), with an integration time for the
photon time-tags of Trrr=200 ms (500 ms). Given the rel-
atively fast acquisition of experimental points, the phase
¢ remains approximately unchanged during each acquisi-
tion run. The measurement protocol for each data point
runs as follows: the Hydraharp autocorrelator reads the
laser clock signal (24.6700 & 0.0026 ns), a period of time
which serves as a reference to determine the photon time
tags of the detected events (accumulated during Tr);
consecutively, during the interval T,.q—7rT, the coun-
trates in the APDs are averaged, from where the phase ¢
is eventually obtained, see Supplementary Information.
Data analysis The outcome of the time-tagged mea-



surements renders the countrates and two-photon coinci-
dences as function of time (the total integration time is in
the order of 10-15 minutes for a given pulse area and rela-
tive photon polarisation in the MZI). From the oscillation
of the single counts, an intensity-to-phase mapping or-
ganises the phase-dependent two-photon coincidences as
function of the relative phase ¢. We use the normalised
intensity counts, e.g., n., to assign a corresponding ¢
value for each given acquisition time-bin. For example,
at a given time-bin, the n. values that are maximum,
minimum, or equal to ng, are mapped to phases ¢ equal
to 0, m, or 7/2, respectively. See Supplementary Infor-
mation for further explanations.

* Equally contributing authors
juan.loredo@u-psud.fr
carlos.anton-solanas@c2n.upsaclay.fr
pascale.senellart-mardon@c2n.upsaclay.fr

[1] O'Brien, J. L., Furusawa, A. & Vuckovié, J. Pho-
tonic quantum technologies. Nature Photonics 3, 687 EP
— (2009). URL http://dx.doi.org/10.1038/nphoton.
2009.229.

[2] Erhard, M., Fickler, R., Krenn, M. & Zeilinger, A.
Twisted photons: new quantum perspectives in high di-
mensions. Light: Science &Amp; Applications 7, 17146
EP - (2018). URL http://dx.doi.org/10.1038/1sa.
2017.146.

[3] Waks, E., Diamanti, E. & Yamamoto, Y. Generation
of photon number states. New Journal of Physics 8, 4
(2006). URL http://stacks.iop.org/1367-2630/8/i=
1/a=004.

[4] Pan, J-W. et al. Multiphoton entanglement and in-
terferometry.  Rev. Mod. Phys. 84, 777-838 (2012).
URL http://link.aps.org/doi/10.1103/RevModPhys.
84.777.

[6] Wang, X.-L. et al. Experimental ten-photon entan-
glement. Phys. Rev. Lett. 117, 210502 (2016). URL
https://link.aps.org/doi/10.1103/PhysRevLett.
117.210502.

[6] Scarani, V. et al. The security of practical quan-
tum key distribution. Rev. Mod. Phys. 81, 1301-1350
(2009). URL https://link.aps.org/doi/10.1103/
RevModPhys.81.1301.

[7] Bunandar, D. et al. Metropolitan quantum key dis-
tribution with silicon photonics. Phys. Rev. X 8,
021009 (2018). URL https://link.aps.org/doi/10.
1103/PhysRevX.8.021009.

[8] Brida, G., Genovese, M. & Ruo Berchera, I. Experi-
mental realization of sub-shot-noise quantum imaging.
Nature Photonics 4, 227 EP — (2010). URL http:
//dx.doi.org/10.1038/nphoton.2010.29.

[9] Schwartz, O. et al. Superresolution microscopy with
quantum emitters. Nano Letters 13, 5832-5836 (2013).
URL https://doi.org/10.1021/n1402552m.

[10] Knill, E., Laflamme, R. & Milburn, G. J. A scheme for

—

efficient quantum computation with linear optics. Nature

409, 46-52 (2001).
[11] O’Brien, J. L. Optical quantum computing.
Science 318, 1567-1570 (2007). URL http:

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

20]

(21]

22]

23]

(24]

(25]

[26]

27]

//science.sciencemag.org/content/318/5856/1567.
http://science.sciencemag.org/content /318 /5856 /1567 .full.pdf.
Lanyon, B. P. et al. Towards quantum chemistry on
a quantum computer. Nature Chemistry 2, 106 EP —
(2010). URL http://dx.doi.org/10.1038/nchem.483.
Loredo, J. C. et al. Measuring entanglement in a pho-
tonic embedding quantum simulator. Phys. Rev. Lett.
116, 070503 (2016). URL http://link.aps.org/doi/
10.1103/PhysRevLett.116.070503.

Chen, M.-C. et al. Efficient measurement of multipar-
ticle entanglement with embedding quantum simulator.

Phys. Rev. Lett. 116, 070502 (2016). URL https://

link.aps.org/doi/10.1103/PhysRevLett.116.070502.
Santagati, R. et al Witnessing eigenstates
for quantum simulation of hamiltonian spectra.

Science Advances 4, eaap9646 (2018). URL http:

//advances.sciencemag.org/content/4/1/eaap9646.
http://advances.sciencemag.org/content/4,/1/eaap9646.full.pdf.
O’Brien, J. L., Pryde, G. J., White, A. G., Ralph, T. C.
& Branning, D. Demonstration of an all-optical quantum
controlled-NOT gate. Nature 426, 264-267 (2003).
Patel, R. B., Ho, J., Ferreyrol, F., Ralph,
T. C. & Pryde, G. J. A quantum fredkin
gate. Science Advances 2 (2016). URL http:
//advances.sciencemag.org/content/2/3/e1501531.
http://advances.sciencemag.org/content/2/3/e1501531.full.pdf.
Wang, X.-L. et al. Quantum teleportation of multiple
degrees of freedom of a single photon. Nature 518,
516 EP — (2015). URL http://dx.doi.org/10.1038/
naturel4246.

Takeda, S., Fuwa, M., van Loock, P. & Furusawa,
A. Entanglement swapping between discrete and
continuous variables.  Phys. Rev. Lett. 114, 100501
(2015).  URL https://link.aps.org/doi/10.1103/
PhysRevLett.114.100501.

Somaschi, N. et al. Near-optimal single-photon sources
in the solid state. Nature Photonics 10, 340 EP — (2016).
URL http://dx.doi.org/10.1038/nphoton.2016.23.
Ding, X. et al. On-demand single photons with high
extraction efficiency and near-unity indistinguishability
from a resonantly driven quantum dot in a micropil-
lar. Phys. Rev. Lett. 116, 020401 (2016). URL http://
link.aps.org/doi/10.1103/PhysRevLett.116.020401.
Senellart, P., Solomon, G. & White, A. High-
performance semiconductor quantum-dot single-photon
sources. Nature Nanotechnology 12, 1026 EP — (2017).
URL http://dx.doi.org/10.1038/nnano.2017.218.
Kirsanské, G. et al. Indistinguishable and efficient sin-
gle photons from a quantum dot in a planar nanobeam
waveguide. Phys. Rev. B 96, 165306 (2017). URL https:
//link.aps.org/doi/10.1103/PhysRevB.96.165306.
Lombardi, E., Sciarrino, F., Popescu, S. & De Mar-
tini, F. Teleportation of a vacuum one-photon qubit.

Phys. Rev. Lett. 88, 070402 (2002). URL https://link.

aps.org/doi/10.1103/PhysRevLett.88.070402.
Gabriel, C. et al. A generator for unique quantum ran-
dom numbers based on vacuum states. Nature Photonics
4,711 EP - (2010). URL http://dx.doi.org/10.1038/
nphoton.2010.197,

Bimbard, E., Jain, N., MacRae, A. & Lvovsky, A. L
Quantum-optical state engineering up to the two-photon
level. Nature Photonics 4, 243 EP — (2010). URL
http://dx.doi.org/10.1038/nphoton.2010.6.

Fuwa, M., Takeda, S., Zwierz, M., Wiseman, H. M. & Fu-


mailto:pascale.senellart-mardon@c2n.upsaclay.fr
http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1038/nphoton.2009.229
http://dx.doi.org/10.1038/lsa.2017.146
http://dx.doi.org/10.1038/lsa.2017.146
http://stacks.iop.org/1367-2630/8/i=1/a=004
http://stacks.iop.org/1367-2630/8/i=1/a=004
http://link.aps.org/doi/10.1103/RevModPhys.84.777
http://link.aps.org/doi/10.1103/RevModPhys.84.777
https://link.aps.org/doi/10.1103/PhysRevLett.117.210502
https://link.aps.org/doi/10.1103/PhysRevLett.117.210502
https://link.aps.org/doi/10.1103/RevModPhys.81.1301
https://link.aps.org/doi/10.1103/RevModPhys.81.1301
https://link.aps.org/doi/10.1103/PhysRevX.8.021009
https://link.aps.org/doi/10.1103/PhysRevX.8.021009
http://dx.doi.org/10.1038/nphoton.2010.29
http://dx.doi.org/10.1038/nphoton.2010.29
https://doi.org/10.1021/nl402552m
http://science.sciencemag.org/content/318/5856/1567
http://science.sciencemag.org/content/318/5856/1567
http://dx.doi.org/10.1038/nchem.483
http://link.aps.org/doi/10.1103/PhysRevLett.116.070503
http://link.aps.org/doi/10.1103/PhysRevLett.116.070503
https://link.aps.org/doi/10.1103/PhysRevLett.116.070502
https://link.aps.org/doi/10.1103/PhysRevLett.116.070502
http://advances.sciencemag.org/content/4/1/eaap9646
http://advances.sciencemag.org/content/4/1/eaap9646
http://advances.sciencemag.org/content/2/3/e1501531
http://advances.sciencemag.org/content/2/3/e1501531
http://dx.doi.org/10.1038/nature14246
http://dx.doi.org/10.1038/nature14246
https://link.aps.org/doi/10.1103/PhysRevLett.114.100501
https://link.aps.org/doi/10.1103/PhysRevLett.114.100501
http://dx.doi.org/10.1038/nphoton.2016.23
http://link.aps.org/doi/10.1103/PhysRevLett.116.020401
http://link.aps.org/doi/10.1103/PhysRevLett.116.020401
http://dx.doi.org/10.1038/nnano.2017.218
https://link.aps.org/doi/10.1103/PhysRevB.96.165306
https://link.aps.org/doi/10.1103/PhysRevB.96.165306
https://link.aps.org/doi/10.1103/PhysRevLett.88.070402
https://link.aps.org/doi/10.1103/PhysRevLett.88.070402
http://dx.doi.org/10.1038/nphoton.2010.197
http://dx.doi.org/10.1038/nphoton.2010.197
http://dx.doi.org/10.1038/nphoton.2010.6

rusawa, A. Experimental proof of nonlocal wavefunction
collapse for a single particle using homodyne measure-
ments. Nature Communications 6, 6665 EP — (2015).
URL http://dx.doi.org/10.1038/ncomms7665.
Grangier, P., Roger, G. & Aspect, A. Experimen-
tal evidence for a photon anticorrelation effect on a
beam splitter: A new light on single-photon interfer-
ences. EPL (Europhysics Letters) 1, 173 (1986). URL
http://stacks.iop.org/0295-5075/1/i=4/a=004.
Lounis, B. & Moerner, W. E. Single photons on demand
from a single molecule at room temperature. Nature 407,
491 EP - (2000). URL http://dx.doi.org/10.1038/
35035032.

Michler, P. et al. A quantum dot single-photon turnstile
device. Science 290, 2282-2285 (2000). URL http:
//science.sciencemag.org/content/290/5500/2282.

http://science.sciencemag.org/content /290/5500/2282.full.pdf.

Michler, P. et al. Quantum correlation among photons
from a single quantum dot at room temperature. Nature
406, 968 EP — (2000). URL http://dx.doi.org/10.
1038/35023100.

Jessen, P. S. et al. Observation of quantized motion of
rb atoms in an optical field. Phys. Rev. Lett. 69, 49—
52 (1992). URL https://link.aps.org/doi/10.1103/
PhysRevLett.69.49.

Nguyen, H. S. et al. Ultra-coherent single pho-
ton source. Applied Physics Letters 99, 261904
(2011). URL https://doi.org/10.1063/1.3672034.
https://doi.org/10.1063/1.3672034.

Matthiesen, C., Vamivakas, A. N. & Atatiire, M. Sub-
natural linewidth single photons from a quantum dot.
Phys. Rev. Lett. 108, 093602 (2012). URL https://
link.aps.org/doi/10.1103/PhysRevLett.108.093602.
Matthiesen, C. et al. Phase-locked indistinguishable
photons with synthesized waveforms from a solid-state
source. Nature Communications 4, 1600 EP — (2013).
URL http://dx.doi.org/10.1038/ncomms2601.

Proux, R. et al. Measuring the photon coalescence time
window in the continuous-wave regime for resonantly
driven semiconductor quantum dots. Phys. Rev. Lett.
114, 067401 (2015). URL https://link.aps.org/doi/
10.1103/PhysRevLett.114.067401.

Schulte, C. H. H. et al. Quadrature squeezed photons
from a two-level system. Nature 525, 222 EP — (2015).
URL http://dx.doi.org/10.1038/nature14868.

Giesz, V. et al. Coherent manipulation of a solid-state ar-
tificial atom with few photons. Nature Communications
7, 11986 EP — (2016). URL http://dx.doi.org/10.
1038/ncomms11986.

Dousse, A. et al. Controlled light-matter coupling for
a single quantum dot embedded in a pillar microcav-
ity using far-field optical lithography. Phys. Rev. Lett.
101, 267404 (2008). URL https://link.aps.org/doi/
10.1103/PhysRevLett.101.267404.

Nowak, A. K. et al. Deterministic and electrically tunable
bright single-photon source. Nature Communications 5,
3240 EP — (2014). URL http://dx.doi.org/10.1038/
ncomms4240.

Fischer, K. A. et al. Signatures of two-photon pulses from
a quantum two-level system. Nature Physics 13, 649 EP
—(2017). URL http://dx.doi.org/10.1038/nphys4052.
Hong, C. K., Ou, Z. Y. & Mandel, L. Measurement
of subpicosecond time intervals between two photons by
interference. Phys. Rev. Lett. 59, 2044-2046 (1987).

[43] Grange, T. et al. Reducing phonon-induced deco-

herence in solid-state single-photon sources with cav-
ity quantum electrodynamics. Phys. Rev. Lett. 118,
253602 (2017). URL https://link.aps.org/doi/10.
1103/PhysRevLett.118.253602.

Auffeves-Garnier, A., Simon, C., Gérard, J.-M. & Poizat,
J.-P.  Giant optical nonlinearity induced by a single
two-level system interacting with a cavity in the purcell
regime. Phys. Rev. A 75, 053823 (2007). URL https:
//1link.aps.org/doi/10.1103/PhysRevA.75.053823.
Sayrin, C. et al. Real-time quantum feedback pre-
pares and stabilizes photon number states. Nature 477,
73 EP - (2011). URL http://dx.doi.org/10.1038/
naturel0376.

Hofheinz, M. et al. Synthesizing arbitrary quantum
states in a superconducting resonator. Nature 459,
546 EP — (2009). URL http://dx.doi.org/10.1038/
nature08005.

Mutioz, C. S. et al. Emitters of n-photon bundles.

Nature Photonics 8, 550 EP — (2014). URL http:

//dx.doi.org/10.1038/nphoton.2014.114.

Ralph, T. C., Gilchrist, A., Milburn, G. J., Munro, W. J.
& Glancy, S. Quantum computation with optical coher-
ent states. Phys. Rev. A 68, 042319 (2003). URL https:
//link.aps.org/doi/10.1103/PhysRevA.68.042319.
Lund, A. P., Ralph, T. C. & Haselgrove, H. L.
Fault-tolerant linear optical quantum computing with
small-amplitude coherent states. Phys. Rev. Lett. 100,
030503 (2008). URL https://link.aps.org/doi/10.
1103/PhysRevLett.100.030503.

Gilchrist, A. et al Schrodinger cats and their
power for quantum information processing.
Journal of Optics B: Quantum and Semiclassical Optics

6, S828 (2004). URL http://stacks.iop.org/
1464-4266/6/1=8/a=032.


http://dx.doi.org/10.1038/ncomms7665
http://stacks.iop.org/0295-5075/1/i=4/a=004
http://dx.doi.org/10.1038/35035032
http://dx.doi.org/10.1038/35035032
http://science.sciencemag.org/content/290/5500/2282
http://science.sciencemag.org/content/290/5500/2282
http://dx.doi.org/10.1038/35023100
http://dx.doi.org/10.1038/35023100
https://link.aps.org/doi/10.1103/PhysRevLett.69.49
https://link.aps.org/doi/10.1103/PhysRevLett.69.49
https://doi.org/10.1063/1.3672034
https://link.aps.org/doi/10.1103/PhysRevLett.108.093602
https://link.aps.org/doi/10.1103/PhysRevLett.108.093602
http://dx.doi.org/10.1038/ncomms2601
https://link.aps.org/doi/10.1103/PhysRevLett.114.067401
https://link.aps.org/doi/10.1103/PhysRevLett.114.067401
http://dx.doi.org/10.1038/nature14868
http://dx.doi.org/10.1038/ncomms11986
http://dx.doi.org/10.1038/ncomms11986
https://link.aps.org/doi/10.1103/PhysRevLett.101.267404
https://link.aps.org/doi/10.1103/PhysRevLett.101.267404
http://dx.doi.org/10.1038/ncomms4240
http://dx.doi.org/10.1038/ncomms4240
http://dx.doi.org/10.1038/nphys4052
https://link.aps.org/doi/10.1103/PhysRevLett.118.253602
https://link.aps.org/doi/10.1103/PhysRevLett.118.253602
https://link.aps.org/doi/10.1103/PhysRevA.75.053823
https://link.aps.org/doi/10.1103/PhysRevA.75.053823
http://dx.doi.org/10.1038/nature10376
http://dx.doi.org/10.1038/nature10376
http://dx.doi.org/10.1038/nature08005
http://dx.doi.org/10.1038/nature08005
http://dx.doi.org/10.1038/nphoton.2014.114
http://dx.doi.org/10.1038/nphoton.2014.114
https://link.aps.org/doi/10.1103/PhysRevA.68.042319
https://link.aps.org/doi/10.1103/PhysRevA.68.042319
https://link.aps.org/doi/10.1103/PhysRevLett.100.030503
https://link.aps.org/doi/10.1103/PhysRevLett.100.030503
http://stacks.iop.org/1464-4266/6/i=8/a=032
http://stacks.iop.org/1464-4266/6/i=8/a=032

SUPPLEMENTARY INFORMATION

SIMULATION OF THE EMISSION PROCESS

Here we present the model used to compute the quan-
tum state of the emitted field. For the device used in
the experiment, the cavity relaxation rate reads x =
400 + 100 peV while the light-matter coupling constant
equals g = 20 &£ 5 peV (Weak coupling regime). In this
case the cavity mode can be adiabatically eliminated and
the medium is modeled as a two-level system (TLS) cou-
pled to a waveguide, a 1D atom [44]. The TLS sponta-
neous emission rate v accounts for the Purcell enhance-
ment induced by the weak coupling to the cavity. Due
to the interaction with the solid-state environment, the
TLS also undergoes pure dephasing with a typical rate

*

~*.

The QD is pumped with a pulsed laser, resonant with
the QD transition. The pump is modeled by a classical
field containing n;, photons per pulse on average. The
Hamiltonian of the system in the referential rotating at
the pump frequency writes

H = ihQ(t)(o — o) (4)
where Q(t)=/ninv(t) is the classical Rabi fre-
quency and the temporal profile of the pulse

&(t) is a normalized Gaussian function: &(t) =
41n(2)\ ' 0 s .
p exp(—t*/7°81n(2)). The lowering operator
is denoted o=|g){e|. The dynamics of the QD is ruled
by the Lindbladt Master equation:

. i A
p=—1 [H:p| + Doslpl + Dy pole)  (5)
where o,= [O’T, cf} and D are super-operators defined as

Daalp] = 5 (24pA — AT4p— pat4)  (6)

Finally, the polarization of the collected light is orthog-
onal to the polarization of the the incident laser light,
such that the output field a,,; solely depend on the TLS

dipole:
Aout = ﬁO’ (7)

The Lindbladt equation is time-integrated, giving ac-
cess to the total number of emitted photons N,,; during

the process and the second-order autocorrelation func-

tion C(0):
Nout = /dtTr {p(t)alutaout} (8)
C(0) = / dtdr T [p(t,7)ab 0] )

with:

pt,7)

where Ul(t1,t2) is an evolution operator, that satisfies
p(t) = U(to, t)p(to)U" (to, 1).

From these parameters we easily deduce the Fock
states populations:

= U(t,t + T)aouwp(t)al,, Ut t +7) (10)

pozlfNout‘i’@a (11)
b1 = out - C(O) (12)
n= (13)

The description of the eventual loss of purity induced
by pure dephasing would require to model the complete
1D atom (i.e., the TLS coupled to an infinite amount of
photonic modes) coupled to a pure dephasing reservoir,
which is beyond the scope of the present paper. Instead,
we make the assumption that the QD emits pure pho-
tonic states |1,) and |1y) (See main text and below). In
this simplified model, the pure dephasing events mostly
impact the time evolution of the TLS population, hence
the relative populations of the Fock states.

Experimental imperfections are modeled in an effective
manner. Reduced indistinguishability between the inter-
fering photons due to pure dephasing and/or differences
in the temporal profiles of the emitted photons give rise
to a reduction of the overlapping factor M (See main text
and below). Reduced purity due to decoherence in the
Fock space basis is taken into account by the factor A
(See main text and below).

MODELLING INTERFERENCES FOR PURE
INDISTINGUISHABLE SUPERPOSITIONS OF
FOCK-STATES

In this section we present a simple model describing
the photon interference taking place in the FBSyom (de-
fined in the Fig. 2 of the main text) of the MZI between
quantum states of light in a coherent superposition in the
photon-number basis. Here we ignore the temporal struc-
ture of the field emitted by the QD and treat the input
and output ports of the BS as effective modes a, b, ¢, d,
respectively. This allows to directly calculate the inter-
ference of the two input states, |1,) and |¢), according
to the beam splitter transformations.

This basic model allows in principle computing N, 4
and C(0) between arbitrary photon-number superposi-
tion input states |¢,) and |i3), directly interfering in
a beam-splitter. The general expression of the two dif-

Tyn
ferent pure states is [1q)=> 1, pnew‘"%m ) and

bhH" a
)=S0 /PR P L |0), with ST pb=
conmdermg different maxnnal number of photons ma,b



and different relative phases among Fock terms «, and
By, for each input state. Note that the [¢,) state acquires
an additional phase ¢, emulating its passage through one
of the arm of the MZI. Assuming that the QD is emitting
for each laser pulse the same kind of state [i)), we take
mg = myp and a,=0,.

Under such conditions, we write the initial input state
as |tin)=|1va) ® |tp) and we apply the transformation
of a balanced beam splitter on the creation operators
at, b following af= (CT—‘rdT) /\/ﬁ and bf= (cT—dT) /\/Q
The final output state |t)ous) contains all the information
to calculate the AV, 4 and C(0). The expressions for single
detector counts, simultaneous two detector coincidence
counts and visibility of single detector counts read,

N d — Z nc,d|<nc,d|¢out>‘2 (14)

= Z ncTndl<nc7nd|’(/}0ut>|2 (15)
NN

v = maXJ\/. —|—Nd (16)

Then, the normalised simultaneous two detector coin-
cidence counts that we measure after the MZI, C(0), is
obtained following C(0)=C(0)/(N.Ay). The normalised
single counts in detectors ¢, d will be obtained by simply
dividing each expression by the total amount of single
detector counts N.+Nz. We now restrict the study to
the N=1,2 cases describing our experiments, for an ar-
bitrary relative phase «a,, between the Fock terms in each
input state.

Vacuum and one-photon

In the first case up to N=1 photons, the two input
states take the form |¢4)= (\/po+,/P1e"**a’) [0,) and
[p)y= (y/Po++/Pre @+ ®bl) |0y). The expression of the

J

|’(/}out> :P0‘0,0> + 2170]71@ (a1+ ) (|17O>

¢

— —1/0,1) si
€08 o i]0, 1) sin
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output state resulting from the interference of |¢,) and
|tp) is explicitly written in the next equation:

P11 i(2a,
[Yout) = pol0,0) + 7@““ ) (12,0) - 10,2))

2popret(@ts) <cos §|1, 0) — isin %0, 1>> (17)

For the sake of clarity, we have removed the explicit
indication of the output modes ¢ and d in the Fock-
states, so that |n.,mg)=|n,m). It is worth mentioning
that the well known NOON state, 1/v/2(|2,0) — [0,2)),
is retrieved when pg = 0. Instead, if py # 0 a term with
photon states |1,0) and |0,1) appear (see second line in
Eq. , which produces the oscillation of single counts
as function of the MZI phase ¢, reported in Fig. 2 of the
main text. In this case, and following Eq. the visibil-
ity of the normalised single detector counts n.q4 is v=po,
(where obviously C(0)=0) and, as we can see, there is no
influence of a1 in the observed oscillation of the single de-
tector counts. For this reason, our measurements of sin-
gle detector counts and two detector coincidence counts
at the output of the MZI do not allow to retrieve infor-
mation about the a; phase value of the emitted states of
light.

In the particular case of interfering two states of su-
perposition of vacuum and one photon, but with differ-
ent phases a1, 1, then the normalised single detection
counts read n. q=(1£pg cos(an —B1—¢))/2. Therefore, a
finite relative phase oy —f; would be observed as an ad-
ditional phase in the oscillation of n. 4 as function of ¢.

Vacuum, one, and two photons

In a second case regarding up to N=2 pho-
tons, we consider two input states given by
[tha)= (\ﬁ—l—femlaT—i—\ﬁem?(aT) /\f) |0a) and
[n)= (VBor+/Prel @+ OB Byei(229) ()2 /1/3) [05),
which have identical {p,} distributions. The resulting
state |Yout) of the interference takes a expression given
by:

P\ L PLiait) _
2) o+ Do 2,0) - .2)

+pope’ @) ((0,2) + [2,0)) cos 6 — V1, 1) sin

)
+\/?ei(al+a2+32¢) ((\/§|3,0> - |1,2>)cosf +i(V/3]0,3) — [2,1)) sin = >
)

Let us consider first that as=2a;; this renders a visi-

+E2e2erte) ) (V610,4) — 212.2) + V6]4,0) (18)

(

bility and double coincidence rate of:



2 2+/2
o =p1p0+ D2 + 24/ ]?01027 (19)

p1 + 2p2

C(0) = B2 (1= po cos(2)). (20)

It is worthy to note that in this case, the oscillation
of the single detection counts will be observed (v; # 0)
only if p; > 0. The overall behaviour of v; shows that
the increase of vacuum is transformed in an increase of
the oscillation visibility. It can be shown that in the par-
ticular case of up to two photons, and in the generalised
case of up to m photons, one can rewrite N, 4 and C(0)
in the form of Eqgs. 2,3 in the main text.

Finally, let us consider that oy and as have nonzero
values in the states with up to N=2 photons. Now the
visibility v takes a modified form from that given in Eq.
(in particular, note the new term cos(2a; — @3)):

o _ o PO + 2ps + 24/2pop2 cos(2a1 — az)

V] = 21
Lep p1+ 2po 1)

Equation shows that as#2a; reduces the visibility.
It can be demonstrated that, in this case, C(0) takes the
same form as the one shown in Eq. 20Junder the condition
a9 :2a1.

EXPERIMENTAL IMPERFECTIONS

As mentioned above, two kinds of experimental imper-
fections are considered: decoherence in the Fock-state
basis or in the spectral basis, that are respectively quan-
tified by the coherence damping factor A<1 and the finite
overlap between photonic states M <1. This finite over-
lap can be due to spectral decoherence (pure dephasing)
or to the emission of wave-packets that are not identical.

0 4+ 1 photons decohering in the Fock states basis

It is useful to rewrite Eqgs. as M. = (Yout|clc|out)
as a function of the input state. Introducing the unitarity
matrix U that transforms the input modes «a, b into the
output modes ¢, d of the BS, we have ¢ := a = UtalU =
(a+0)/v2 (vesp. d :=b = UtbU = (—a + b)/+/2) and
|wout> = U|wzn> FinaHyv

Denoting as Y8 )=1/P0l0a)++/P1]1a) (resp.

[W8 . )=1/Po|0b)+/P1€'?|15)) the input state in the
a (resp. b) input port, the global input state is a
product [t )=[1% )@yl ). By developing, e.g., the
product a'a, the interference terms in N, and Ny (i.e.,
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oscillating as a function of ¢) are found proportional
to Z = (Yin|a'b|thin) + cc, where cc stands for complex
conjugate.

The interference term can thus be rewritten as 7 =
(g lalpd Yl b7 ) + cc. In view of modeling the
decoherence in the Fock state basis, we now rewrite
(W3, |olws,y=Tr[pS o], where Tr stands for the trace op-
eration, and pg, =g, ) (¥¢,] is the density matrix repre-
senting the quantum state in the input port o=a, b:

Pin = P0]0a)(0a| + p1[la)(la| + \/popl)‘|0a><1a|

+ h.c. (24)
P2, = pol0p) (0p] + p1[16) (1p] + /Pop1Ae™®|0p) (15|
+ h.e, (25)

where h.c. stands for hermitic conjugate.

Let us consider the term Tr[p¢,a]. It reduces to
Tr[p?,al=(1a|p%,alle)=(14|p%,|04) and is damped with
respect to the ideal case of a pure superposition by a
factor A. In the same way, the term Tr[p? b] is damped
by a factor A. The decoherence in the Fock state basis
thus leads to a damping of the interference term by a
factor |A|?, such as v — |A|?v. The same reasoning can

be extended to superpositions of 0, 1 and 2 photons.

Distinguishable photons

We now model the effect of the distinguishability
of the photons impinging on the BS. Supposing that
the quantum states sent in a and b are pure but
have a temporal structure and correspond to differ-
ent wave packets. The interference term now reads
T= [ dt(tin|a’ (t)b(t)|1in)+ce, where we have introduced
o(t) the annihilation of a photon at time ¢ in the
mode o, verifying [o(t),of(t')]=6(t—t). One photon
in the mode o now writes |1,)= [ dtf:(t)o'|0), where
[ dt|f,(t)]*=1. With these notations, the interference
term can be rewritten Z= [ dtf,(t)f;(t) + cc. Denot-
ing M=| [ dtf,(t)f;(t)|* the real number quantifying the
overlap between two photons, we simply find that the dis-
tinguishability of the impinging photons leads to a damp-
ing of the interference term by a factor v/M, such as
v — v/ Mv. The same effect is reached when the spectral
purity of the two photons is reduced by pure dephasing.

In our experiment, we measured a degree of indis-
tinguishability M/=0.903+0.008, see Fig. [dh, for single-
photons emitted ~12 ns appart from the QD, and when
they are indistinguishable in all other degrees-of-freedom
(polarisation, time of arrival) upon impinging at a beam-
splitter. From this point, we vary their distinguishabil-
ity via tuning their relative polarisations. We measured
the visibility v, as well as the indistinguishability M, as
function of the angle # between the interfering polari-
sations (#=0 for parallel, and 8==/2 for orthogonal po-
larisations) for various pulse areas, see Fig. ,c. These
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FIG. 4. Probing photon distinguishability. a Indistinguishability, M =0.903+0.008, measured in a Hong-Ou-Mandel setup,
as explained in the main text, for single-photons emitted with ~12 ns separation. b Single detector countrate visibility in terms
of the polarisation angle 6 of interfering photons, measured for pulse areas A=0.147,0.397,0.617,0.767. ¢ Indistinguishability
measured for the same values of 6 and pulse areas used in b. Note that, for a given angle 6, the indistinguishability remains
the same across all pulse areas. In b, ¢, the solid lines are fits to the experimental data according to the equations described

in the main text.

measurements are used for displaying the behaviour of v
in terms of M shown in Fig. 2d of the main text.

ROLE OF OPTICAL LOSSES

Here we show that optical losses in the experimental
setup have no impact on the observations reported in
the main text. To illustrate this, we drive the QD with a
pulse area of A=0.77, and compare measurements with
different amounts of losses.

Figure[Sh shows the single detector counts A, (red) and
Ny (blue) measured through our MZI interferometer with
its nominal optical transmission, leading to ~300kHz of
total single-photons (black). At this point, we intro-
duce extra losses to modify the measured countrates for
at least one order-of-magnitude, resulting in about ~10
times less signal. Figure [5b displays the normalised sin-
gle detector counts n. before and after the extra losses
are introduced, thus evidencing that optical losses have
no impact on the observed visibilities.

From this, we deduce that our measurements contain
information on the photonic state prior to any element
acting as optical loss, thus at the level of the emitter.

TIME-TO-PHASE MAPPING

Here we describe how we obtained the interferometric
phase ¢ from the raw measured countrates freely evolv-
ing in time. As an example, we take the measurements
of n¢ 4 for a pulse area A=0.397, see Fig. @a,b. An inten-
sity binning of the data, see Fig. Bk, d, allows to assign
a one-to-one correspondence between intensity bins and
phase bins, thus obtaining the corresponding values of ¢
(modulo 7) at each instant of time.

Similarly, the raw measurements taken at 2m-pulse
area follow the same analysis, see Fig.[7] Here, we moni-
tor single detector, see Fig. [7h,b, and coincidence counts
simultaneously, see Fig. [7k. Each time-bin obtained from
the single counts is assigned to one phase-bin. Finally,
this information is used to obtain the phase-resolved co-
incidence measurements, see Fig. [7d.
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FIG. 5. Role of losses. a Countrates in each detector (red, blue), and their sum (black) as function of time for a pulse area
A=0.77. The countrates evolve in time as they depend on a freely evolving phase ¢(t). b Normalised single detector counts
ne, with its oscillation visibility remaining unchanged when introducing extra optical losses.

i 'W» i ﬁ” ik §§>@n’}i§ﬁ:&f§
mﬂ i ilWl |Nl| l‘M'M | mmm MUWN 'l' [ ; |

FIG. 6. Retrieving phase values. a Single detector countrates N. (blue), Ay (red), and their sum (black) for a pulse area
A=0.397, used to obtain the normalised counts n.q shown in b. We select 20 intensity bins (c), and assign to each a phase
value between ¢=0 and ¢=m (d).
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FIG. 7. Phase-resolved coincidence detection. a Single detector countrates (blue, red), and their sum (black) for a pulse
area A=27m. b The corresponding normalised 7.. ¢ Two-photon countrates accumulated in a 2 ns window for multiple 7 delays
between detected events, evolving during the same time-lapse in a. d Phase-resolved normalised coincidences obtained from
the time-to-phase mapping described in Fig. @
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