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A quantum delayed-choice experiment enabled by entanglement
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Bohr’s complementarity notion is at the heart of quan-
tum physics. It suggests that quantum systems are ob-
served as waves or particles depending on the type of mea-
surement, i.e. the experimental arrangement, they are sub-
jected to [1]. For instance (see FIG. 1), sending single
photons to an open or closed Mach-Zehnder interferom-
eter (MZI) leads to the observation of particle or wave be-
haviours, respectively [2]. In 1984, Wheeler proposed a
“Gedanken” delayed-choice experiment in which the in-
terferometer configuration is chosen at will by the experi-
mentalist only after the photon has already passed the in-
put beam-splitter (BS;,,) of the device [3]. This experiment
was realized using a single photon source and showed that
Bohr’s complementarity notion was still obeyed [4].
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FIG. 1. Setup for observing single photon wave-particle complementar-
ity based on a MZI. When the output beam-splitter (BSoyt) is absent, a
click on detector D, or Dy, reveals a particle behaviour. When BSqy¢ is
present, phase (6) dependent intensity oscillations are observed in these
detectors, revealing a wave phenomenon [3, 4]. In our quantum version
of Wheeler’s experiment, BSoy¢ is prepared in a coherent superposition
of being present and absent by exploiting entanglement, leading to the
implementation of a quantum beam-splitter (QBS) [5, 6].

It was recently proposed to take Wheeler’s experiment
one step further by employing an output “quantum beam-
splitter” (QBS), i.e. preparing BS,,t in a coherent su-
perposition of being absent and present [5]. This allows
choosing the type of measurement, i.e. wave or particle,
only after having determined the state of the QBS, which
can be (in principle) infinitely delayed. We realized such
an experiment by exploiting the resource of entanglement,
in this case pairs of polarization entangled photons. The
behaviour of one of the paired photons, called the test pho-
ton, is analysed using a MZI having a QBS at its output.
This QBS is enabled by entanglement and made of a po-

larization dependent beam-splitter (not shown). The other
photon, called the corroborative photon, allows determin-
ing the state of the QBS, and consequently, which test pho-
ton behaviour (wave, particle, or both) is observed.

By manipulating the corroborative photon polarization
state, we demonstrate a continuous morphing of the test
photon from wave to particle behaviour. This refutes
simple models of single photons behaving exclusively as
waves or particles (see FIG. 2) [6]. The state of the QBS is
determined via the measurement of the corroborative pho-
ton (not shown) only after the test photon has already been
detected. The space-like separation between the two mea-
surements invalidates local-hidden variable models associ-
ated with pre-existing information about the measurement
outcomes. In other words, when the test photon is de-
tected, no information is available about the type of mea-
surement it underwent. These results still perfectly obey
Bohr’s complementarity notion and its extension [7].
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FIG. 2. Continuous morphing from wave to particle-like behaviours
when manipulating the QBS at the output of our MZI (see FIG. 1). 6
is a tunable phase in one arm of the interferometer, while « is the polar-
ization state anlysis angle of the corroborative photon.

Entanglement is at the heart of our approach. It permits
observing genuine quantum behaviour for the test photons.
The entanglement quality is verified by the violation of the
Bell inequalities with more than 10 standard deviations [6].

Trying to explain the results of our quantum version of
Wheeler’s experiment in classical terms causes severe con-
tradictions, but the results are in perfect agreement with
quantum physics, in which the measurement timing order
does not matter. The beauty of such an experiment is that
space and time do not seem to play any role [6, 8, 9].
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