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Quantum mechanics predicts microscopic phenomena with undeniable success. Nevertheless, current
theoretical and experimental efforts still do not yield conclusive evidence that there is or is not a fundamental
limitation on the possibility to observe quantum phenomena at the macroscopic scale. This question prompted
several experimental efforts producing quantum superpositions of large quantum states in light or matter. We
report on the observation of quantum correlations, revealed using an entanglement witness, between a single
photon and an atomic ensemble of billions of ions frozen in a crystal. The matter part of the state involves the
superposition of two macroscopically distinguishable solid-state components composed of several tens of
atomic excitations. Assuming the insignificance of the time ordering our experiment indirectly shows light-
matter micro-macro entanglement. Our approach leverages from quantum memory techniques and could be
used in other systems to expand the size of quantum superpositions in matter.
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Quantum mechanics has been tested in many situations with
aremarkably excellent agreement between theory and experi-
ments. There remains, however, one interesting challenge,
namely, to demonstrate quantum effects at larger and larger
scales [ 1-3]. This is a timely topic, especially with the advance
of quantum technologies that allow one to entangle many kinds
of systems involving photons, artificial solid-state atoms,
trapped ions, atomic ensembles, nanomechanical oscillators,
and large molecules, to name but a few. These approaches all
involve “individual” quantum systems (even though each
system may be composed of a large number of particles) and
should be distinguished from ensemble quantum effects such
as superconductivity [4]. These individual systems offer a
unique approach to study macroscopic quantum effects, which
raises interesting questions: How far can entanglement hold
in such systems? How can one compare different systems?

There are many approaches trying to define what
constitutes a quantum superposition of macroscopic states
[5-7]. The one we use is based on the distinguishability
between the states forming the superposition, as formalized
in Ref. [8]. More precisely, we say that two quantum states
are macroscopically distinct if they can be distinguished
with a detector that has a coarse-grained resolution, and we
use “macroscopic”’ to mean “macroscopically distinguish-
able.” This introduces some degree of arbitrariness in what
should be the minimum level of coarse-graining, which
reflects the challenge of defining such a measure. Instead of
trying to achieve this, we use a way to compare different
kinds of states to assign them an effective size, as detailed
in Ref. [9]. Consequently, the number of particles (or
photons) is not used to define the macroscopic nature of the
superposition state. Rather, the number of particle is a
property of the state that, when increasing, makes the two
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components easier to distinguish with a given coarse-
grained detector (and hence look more like distinct macro-
scopic objects). Interestingly, the more distinguishable the
states become, the more challenging it is to experimentally
reveal that they have quantum features (such as entangle-
ment in a micro-macro entangled state) [8], which explains
why we do not easily observe such kind of states.

Quantum optics offers a powerful approach to study the
quantum features of superpositions of macroscopic states.
Purely photonic experiments for example have reported
on superposition of coherent states with opposite phases
[10-14], squeezing [15,16], and micro-macro entanglement
[17-21]. Hybrid systems have also been exploited for
micro-macro entanglement where the micro part was an
atom and the macro part contained up to 4 photons [22]. It
was proposed to use mirror-Bose-Einstein condensate to
observe macroscopic quantum superpositions between
light and matter [23]. In matter, GHZ-type states have
been produced with up to 14 trapped ions [24]. Here we
report on the observation of quantum correlations between
a single photon and an atomic ensemble containing up to
47 atomic collective excitations. We give evidence that it
constitutes genuine light-matter micro-macro entangle-
ment. Hereinafter in the article the term micro-macro
entanglement is used assuming the irrelevance of the time
order of the measurements. Correctness of this approxi-
mation was recently emphasized with a delayed-choice
entanglement swapping experiment [25].

Our implementation, inspired from the proposal of
Ref. [26] and experiments [18,19], lies within this scenario.
More precisely, we start from two photons entangled in
polarization and use a local displacement operation to
displace, in optical phase space, one polarization mode of
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one photon from the pair. The displacement populates one
of the polarization modes with a large number of photons,
without affecting the amount of entanglement. The dis-
placed photon is then mapped to an atomic ensemble,
creating the light-matter micro-macro entangled state.

Our experiment is conceptually represented on Fig. 1(a).
First, an entangled photon pair is generated in the micro-
micro state

1
W) =5

where s and i subscripts are two modes corresponding to
the generated signal and idler single photon, while
11,0)5) = [H);) and |0,1),) =[V); correspond to
the horizontal polarization state of the signal (idler) photon
and the vertical polarization state, respectively. To displace
one of the polarization modes of s, the signal photon is
superimposed with a horizontally polarized coherent state
pulse (CSP) on a highly transmissive beam splitter. This
corresponds to a unitary displacement operation Dj,;(a) on
the horizontal mode of the signal photon transmitted
through the beam splitter [27]. The average number of
photons contained in the displacement pulse is given by
|a|?. After displacement, the state is written as
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This micro-macro entangled state (denoted with a capital ¥
for emphasis) contains a displaced single-photon state of
the form D(a)|1) in the first term, and a coherent state
|a) = D(a)|0) in the second. The idler photon plays the
role of the “micro” component of the entangled state.
Importantly, increasing |a| makes these two terms become
more and more distinguishable when using a coarse-
grained detector (on the signal mode) [9]. This is discussed
in detail below.

We use a quantum memory (QM) protocol to coherently
map the state of the signal mode to the collective state of an
ensemble of neodymium atoms frozen in a crystal host
[32]. This creates #7,,,|a|*> atomic excitations on average,
where 7,,, is the absorption probability of the QM. The
atomic state obtained after this linear mapping contains the
atomic equivalents of the optical states |@) and D(a)|1) [5].
These atomic states can in principle be directly distin-
guished using a readout technique that has an intrinsically
limited microscopic resolution, as it was shown experi-
mentally in Ref. [33]. Instead, here we analyze the
reemission and infer, i.e. indirectly, the atomic state from
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FIG. 1. Experimental scheme. (a) Conceptual scheme for the creation and analysis of the light-matter micro-macro entangled state | U).

First, a displacement operation D3, () is applied on the signal mode of the micro-micro polarization entangled state |y) using a beam
splitter (BS) with high transmittance. The displaced signal photon of the micro-macro state |W) is then mapped inside a solid-state
quantum memory (QM) that has a storage and retrieval efficiency 7. To characterize the state, it is first displaced back to |y) (in the ideal
case) when it is retrieved from the memory using D}, (—/7a), and is then analyzed using various entanglement witnesses. (b) Detailed
setup. A polarization entangled pair of photons is created using spontaneous parametric down-conversion from two periodically poled
nonlinear waveguides (PPLN and PPKTP) placed in the arms of a polarization interferometer [28] seeded by a continuous wave laser
(532 nm wavelength). Dichroic mirror (DM) is used to separate two photons spatially. After the spectral filtering the idler photon is

detected by one of the detectors (D(ll) or Dé’)). This event heralds a single photon in the signal mode, and it triggers the generation of a
coherent state pulse (CSP) using an electro-optical intensity modulator (EOM) that carves a pulse out of a continuous wave laser at
883 nm. The CSP is sent in the QM in a different spatial mode than the signal mode. This further allows preparing both the displacement
and back-displacement pulses with the required delay and amplitudes (see text and [29] for details). The relative phase necessary for this
is set by an electro-optic phase modulator (PM). The first displacement pulse D}, () is synchronized with the heralded single photon on
a BS that has a 99.5% transmittance. The resulting state |¥) is stored inside the QM and released after a predetermined time of
7, = 50 ns. The second displacement D}, (—, /) is then applied on the state retrieved from the QM. The state is analyzed, together with
the idler photon previously measured, using free-space polarization analyzers composed of quarter-wave (1/4) and half-wave (1/2)
plates followed by polarizing beam splitters (PBS).
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a model using independent measurements discussed in the
text. Thus, after a predetermined storage time 7z, = 50 ns,
the atomic state is mapped back to the optical signal mode.
We note that the storage time is much shorter than the 57 us
coherence time and 300 us lifetime of the optical transition.
Hence, the collective atomic state is coherent throughout
the whole process.

As part of the measurement of the light-matter entangled
state, the state retrieved from the QM is first displaced back
with D}, (—,/na), where the amplitude is reduced by /7 to
match the limited storage efficiency # of the QM. To
achieve this, an optical pulse is sent through the QM. The
timing is such that the part of this pulse that is transmitted
(i.e. not absorbed) by the QM precisely overlaps with the
displaced signal photon retrieved from the QM. This is
equivalent to overlapping them on a beam splitter that has a
limited transmittance, and thus it corresponds to a dis-
placement operation accompanied by loss (see [29] for
details). In the ideal case, the back-displacement would
entirely remove the initial displacement and yield the
original micro-micro optical entangled state |y). In prac-
tice, the displacement back is never perfect in amplitude
and phase, which creates noise that limits the maximum
size of macroscopic component that can be observed. We
note that the displacement happens after the detection of
the idler photon. This order could be reversed by using a
pulsed laser to generate the entangled photons. The
formalism of quantum mechanics indicates that this would
lead to the same results as the ones observed here (see [29]
for details). Under this natural assumption, our results
demonstrate light-matter micro-macro entanglement.

As shown in Fig. 1(b) a 532 nm continuous wave laser is
coherently pumping two nonlinear waveguides, which
probabilistically creates photon pairs at 883 nm (the signal
photon) and 1338 nm (the idler photon). Each photon pair
is in superposition of being created in the first waveguide
(with horizontal polarizations) and in the second waveguide
(with vertical polarizations). Recombination of the output
modes of the waveguides leads to a state that is close to the
maximally entangled state (1) [28]. The spectrum of the
idler photon (the signal photon) is filtered to a Lorentzian
linewidth FWHM of 240 MHz (600 MHz) using the
combination of a Fabry-Perot cavity (etalon) and a highly
reflective volume Bragg grating (see Ref. [28] for details).

Detection of the idler photon by detector D!” or DI’
heralds a single photon in the signal mode. The detection
signal is also used to generate a CSP using an electro-
optical intensity modulator which carves a pulse out of a
continuous wave laser at 883 nm.

The QM is based on the atomic frequency comb storage
protocol [32]. To store light with an arbitrary polarization,
we use a configuration consisting of two inline neodymium-
doped yttrium orthosilicate crystals Nd>* : Y, SiO5 separated
by a half-wave plate. This configuration was previously used
to faithfully store polarization qubits [34-36], to perform

light-to-matter quantum teleportation [37] and to store
hyperentanglement [38]. The bandwidth of the prepared
QM is 600 MHz and it stores photons for 50 ns with an
overall efficiency of n = 4.6(2)%. The back-displacement
operation is performed with an interference visibility of
99.85%, which is remarkably close to being perfect; this is
crucial to maximize the size of the displacement.

To quantify how much of the light contained in the
displacement pulse is actually displacing the single photon,
we must evaluate to what extent their modes are indis-
tinguishable [9]. This was done using Hong-Ou-Mandel
interference and measured a visibility of 74% compared to
85% expected (see [29] for details).

To reveal quantum correlations in the light-matter micro-
macro state, we use two methods: the violation of a
Clauser-Horne-Shimony-Holt (CHSH) Bell inequality
[39] and quantum state tomography.

We first performed the CHSH test without any displace-
ment operations and obtained a parameter S = 2.59(3),
which is above the local bound of 2 by 20 standard
deviations. This was then repeated with an increasing
displacement size |a|*>. The results shown on Fig. 2 are
in a good agreement with a theoretical model based on
independently measured experimental parameters (see [29]
for details). We note that the bases used for all CHSH tests
are composed of states of even superposition of |H) and
|[V). A value of § =2.099(31) is obtained for a displace-
ment containing a mean photon number of |a|* = 13.3(3)
before mapping the state in the QM. Using the absorption
probability 7,,s & 55%, this corresponds to about 7 excited
atoms (see [29] for details). Interestingly, violating the

a? (before QM)
0 10 20 30 40 50

0 5 10 15 20 25 30
Number of excitations (inside QM)

FIG. 2. Measured values of the S parameter of the CHSH-Bell
inequality (dots) as a function of the size of the displacement
before the QM (top x axis) or as a function of the average number
of atomic excitations inside the QM (bottom x axis). CHSH
violation values are above the local bound with up to 7 excitations
on average, and above the entanglement bound with up to 23
excitations on average. The error bars are estimated assuming
Poisson statistics for the detections. The solid line is obtained
from a theoretical model based on independently measured
parameters, and the shaded area represents a one standard-
deviation uncertainty on the predictions of the model.
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CHSH inequality shows that the light-matter micro-macro
state could lead to the strongest form of quantum correla-
tions, namely, nonlocal correlations. Alternatively, the Bell
inequality can be used as an entanglement witness if we find
S > /2 ~ 1.41 [40]. We measured S = 1.65(5) with a mean
photon number of |a|?> = 42(2) before the QM, correspond-
ing to ~23 excited atoms inside the QM. This is above the
separability bound by 4 standard deviations.

To fully characterize the entanglement of the retrieved
micro-micro quantum state, we performed an overcomplete
set of tomographic measurements and reconstructed the full
density matrix. To prove that the state is still entangled we
use two criteria, namely, the positivity under partial trans-
position (PPT) [41], and the concurrence (which is based
on the concept of the entanglement of formation) [42].
Figure 3(a) shows results obtained for increasing the size
of the displacement. A negative value of —0.055(10) is
obtained for the PPT test and a positive concurrence of
0.246(41) is obtained for displacements with |a|*> = 86(3)
photons before the QM. This corresponds to ~47 excited
atoms in the atomic ensemble. These results are in a good
agreement with our theoretical model described in the SM.
We attribute the scatter of the data to the fluctuations of the
visibility of the back-displacement operation.

The reported light-matter state can be considered as a
micro-macro entangled state for the following reason. Let us
illustrate first how the size of a given state can be evaluated
from the coarse-grained measure presented in Ref. [9] by
focusing on the state (2), which can be rewritten as

(D3 (@) (10)s5 + [1)sm)](10) 5y [1.0); + [1)4v[0, 1))
= [Dy(2)([0) sy = [1)5)](10) [ 1,0); = [1) 1[0, 1)),

where the normalization is omitted. The state therefore
involves the superposition of D3 (a)(|0) +|1)) and
Dj;(a)(]0) — |1)) in the horizontal mode of the signal
photon, and one can obtain one or the other by measuring
the idler photon in the basis of diagonal polarizations.
Although these two components partially overlap in the
photon number space, the distance between their mean
photon numbers is given by 2|a|; see Fig. 3(b). For
|a|? = 2, they can be distinguished with a single measure-
ment with a probability of ~91% using a detector that has a
perfect resolution [9]. If measured with a coarse-grained
detector, this probability is reduced to 50% when the coarse
graining is of the order of |a| or more. The effective size of
the state (2) can be naturally quantified by the maximum
coarse-graining o, that allows one to distinguish the two
components Dy, (a)(|0) + |1)) and D3, (a)(|0) — |1)) with a
given probability P, where P, should be significantly above
50% to be meaningful for a single-shot measurement.
Similarly, the effective size can be evaluated by comparing
the results to an archetypical state involving the super-
position of |0) and |N) Fock states, where N is the smallest
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FIG. 3. Quantum state characterization. (a) PPT and concurrence

values (obtained from quantum state tomography) as a function of
the size of the displacement before the QM (top x axis) or as a
function of the average number of atomic excitations inside the
QM (bottom x axis). The error bars are estimated from Monte Carlo
simulations assuming Poisson noise. The PPT criteria remains
negative and the concurrence value remains positive with up to 47
excitations on average. The solid lines in all graphs are obtained
from a theoretical model based on the independently measured
parameters, and the shaded areas are the uncertainty on these
parameters. (b) Distribution of number of atomic excitations of the
two macroscopically distinguishable components D(a)|1) and |a)
when expressed in the {|0) + [1), |0) — |1)} basis.

value that allows distinguishing |0) from |N) with a
probability P, and a coarse graining ¢,,,. From our results,
which are well reproduced by our theoretical model based on
independent measurements, we can confidently give an
estimate of the size of the light-matter state from which
the entanglement is measured. For P, = 2/3, the state is
analogous to the state [1)[0) + || )|N) with N ~ 13, where
|1) and |]) represent microscopic orthonormal states.
Naturally, one must also carefully consider the effect of
loss in the signal mode before the beam splitter used for the
displacement, as well as the absorption probability in the QM.
In the SM we show that if the heralding probability to find the
signal photon at the beam splitter is #;, and the absorption in
the QM is 7., the displacement creates a mixture of the
state |W) with a displacement of amplitude /i7;psa with
probability 7,7, and a separable state with the complimen-
tary probability. In our case we have 7;,7,,s = 10%, which
makes the two macroscopic states nearly indistinguishable,
even with a detector with perfect microscopic resolution. This
exemplifies that the direct observation of macroscopic fea-
tures is a very challenging task. Nevertheless, we stress that
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the entanglement signature that we directly observe is
stemming from the micro-macro state component of the
mixture, whose effective size is defined as above. The
observation of this entanglement, and its behavior with
increasing size, is the main result of this Letter. The direct
observation of the size of the superposition with an actual
coarse-grained detector is left for future work. This would
require reduced loss and a highly efficient quantum memory.
Achieving this is certainly conceivable, given the large
storage efficiencies that can now be obtained with some
quantum memories [43] and with the progress of linear
detectors to achieve subshot-noise resolution (e.g. see [44]).
Homodyne detection could also prove useful for distinguish-
ing the states, as demonstrated in Ref. [19]. Overall, our
approach could certainly be improved with other types of
quantum memory, which has the potential to yield larger
quantum superpositions in matter.
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