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Abstract

As a fundamental characteristic of physical entities, wave—particle duality describes whether a microscopic entity
exhibits wave or particle attributes depending on the specific experimental setup. This assumption is premised on the
notion that physical properties are inseparable from the objective carrier. However, after the concept of the quantum
Cheshire cats was proposed, which makes the separation of physical attributes from the entity possible, the premise
no longer holds. Furthermore, an experimental demonstration of the separation of the wave and particle attributes
inspired by this scenario remains scarce. In this work, we experimentally separated the wave and particle attributes of a
single photon by exploiting the quantum Cheshire cat concept for the first time. By applying a weak disturbance to
the evolution of the system, we achieve an effect similar to the quantum Cheshire cat and demonstrated the
separation of the wave and particle attributes via the extraction of weak values. Our work provides a new perspective
for the in-depth understanding of wave—particle duality and promotes the application of weak measurements in

fundamentals of quantum mechanics.

Introduction

Waves and particles are considered two fundamental
attributes of light and matter. Based on optical phenom-
ena, such as interference, diffraction, and scattering, light
exhibits wave-like behavior, whereas according to other
phenomena, such as light traveling in straight lines and
the photoelectric effect, light behaves like a particle'. The
debate on whether light is a wave or a particle has lasted
for hundreds of years since the seventeenth century”™*,

Wave-particle duality is probably one of the most
intriguing counterfactual concepts in quantum mechan-
ics, in which the interpretation of the wave and particle
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attributes of an objective entity is quite different from
those in the classical world. In Niels Bohr’s com-
plementary principle®, detecting the wave-particle duality
of light depends on the devices. As illustrated in a tradi-
tional Mach-Zehnder interferometer (MZI), the presence
or absence of the second beam splitter (BS) will determine
whether the wave or particle attribute of light is
observed®, while two properties cannot be simultaneously
observed. However, after Wheeler's “delayed-choice
experiment””® and its recent quantum versions’, quan-
tum wave-particle superposition, in which both the wave
and particle attributes are observed simultaneously, has
been realized in experiments, including those using a
single photon'®'! and two entangled photons'?. Recently,
several outstanding works exploring profound connota-
tion in wave-particle duality have been conducted,
including the investigation of the linear form of duality
relation with asymmetric beam interference'’, the
experimental progress in the large-scale quantum
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nanophotonic chip'?, and theoretical achievements with
the electron'®. Although a series of outstanding theore-
tical and experimental works that deepen the under-
standing of wave-particle duality have been reported, it
remains unclear which path a single photon (or any other
particle) takes when it enters the MZI (double-slit setup).
Moreover, there is still considerable long-term debate
regarding this puzzle'®™'®.

In recent years, the concept of weak measurement
has provided new ideas for addressing this challenge. Due
to its characteristic of reducing the disturbance caused by
measurement, some information of a quantum state can
be extracted without collapsing the state into the eigen-
state®®, Numerous experiments based on weak measure-
ments have been carried out for various applications, such
as the observation of the spin Hall effect of light*®, direct
measurement of quantum wavefunctions®’, and testing of
the violation of Bell’s inequality®®. In particular, under the
weak measurement framework, the quantum Cheshire cat
effect”, inspired by the famous novel, “Alice in Won-
derland”*°, can be achieved through appropriate pre- and
post-selections. The quantum Cheshire cat concept
reveals an unconventional phenomenon: physical prop-
erties can be separated from the original object. In
quantum mechanics, this indicates that the intrinsic
property of a particle, such as its spin, can be disembodied
from the particle itself. Such a separation has been
demonstrated experimentally in neutron®' and optical
systems32.

During the process of proposing the quantum Cheshire
cat theory, initially regarding the strange “separation”
phenomenon as just an optical illusion® due to the
interference of measurements with each other under the
framework of measurement theory in quantum mechanics
is tempting. Consequently, the results of separate mea-
surements are inconsistent with those of simultaneous
measurements. However, weak measurement theory
proves that a paradox does exist; that is, physical prop-
erties can be separated from their carriers, which can help
explain several paradoxes in quantum mechanics®*>°,

Generally, in quantum mechanics, for both strong and
standard weak measurements, an additional auxiliary
pointer is required to read out the measurement results®.
However, as the system scales, the number of pointers
increases, significantly magnifying the overall complexity
of the system. This explains the lack of universal oper-
ability, attributed to the considerable difficulty associated
with the experiment. With progress in both theory and
experiments, a relatively simple scheme for extracting
weak values, called imaginary-time evolution (ITE), has
been proposed®="?%, In this work, we adopt this simple
method to extract the weak values.

Based on the quantum Cheshire cat concept and the
introduced weak measurement technique, it is possible to
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separate the wave and particle attributes of a single particle,
which provides new insights for addressing several funda-
mental challenges, such as Young’s double-slit experiment
with either the particle or wave attribute. Furthermore, it is
interesting to investigate the photoelectric effect with only
the wave attribute of photons and whether interference,
diffraction, and other phenomena reflecting the fluctuation
of light can be observed with only the particle attribute. To
answer these fundamental and intriguing questions, the
prerequisite step is to successfully separate the wave and
particle attributes of a single particle.

Recently, a thought experiment was proposed to sepa-
rate the wave and particle attributes of a quantum
entity®®. Following the theoretical conception, here, we
experimentally demonstrate the separation of the wave
and particle attributes of a single photon based on the
quantum Cheshire cat concept for the first time. By
choosing proper pre- and post-selected states and
implementing the weak measurement strategy, we suc-
cessfully extract weak values of different operators, and
the results provide solid support confirming that the wave
and particle attributes have indeed been spatially sepa-
rated. Our work motivates further thought to wave-par-
ticle duality and facilitates the investigation of the
fundamentals of quantum mechanics with the weak
measurement method.

Results
Theoretical framework

The schematic of the wave-particle duality separation is
shown in Fig. 1. First, through the wave-particle tool-
box'??°, the superposition state of the wave and particle
attributes (|y) = cos a|Particle) + sina|Wave)) is pre-
pared. Next, as mentioned above, a quantum Cheshire cat
represents a counterfactual phenomenon: the separation
of the physical property from the carrier. To illustrate this
phenomenon, we employ an improved MZI with the
appropriate pre-selection and post-selection setups. It is
supposed that a cat passes through the MZI, and a sur-
prising fact emerges. The cat (wave attribute) goes
through one path of the interferometer, whereas its grin
(particle attribute) goes the other way, as shown in Fig. 1a.
By observing the weak values defined by the pre- and
post-selection states and the specific observable, A, we can
extract the weak value of this observable:

. (yylAly,)
4), = WY (1)
A =y T

Here, the pre-selection state is set as |y,) =

(|L) + |R))(cos a|Particle) + sin a| Wave))/+/2, which can
be obtained after the quantum state |y) passes BS1 (see
Fig. 1b); |L) and |R) corresponds to the two paths of the
interferometer.
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Fig. 1 Schematic for the separation of the wave and particle attributes, inspired by the quantum Cheshire cat concept. a Conceptual
diagram. A cat (wave—particle superposition state) enters the interferometer. By extracting weak values, it is surprising to find that the cat (wave
attribute) and its grin (particle attribute) have been separated spatially. b Theoretical scheme. The wave—particle superposition state, |¢), obtained
through the WP-toolbox passes the beam splitter (BS1) and is divided into the paths |L) and |R), thus achieving the preparation of the pre-selection
state, |y;). Next, a weak measurement is implemented to simulate the ITE, which leads to wave packets of |g;) with a minimal shift. The post

selection is composed of U, BS2, X and Detectors D1-D3, which achieves the projection operation to the post-selection state, |y)

In the weak measurement step, the weak values in the
quantum Cheshire cat system are extracted based on the
theoretical framework of ITE*. Under this framework,
observable A will generate a non-unitary evolution, U/
(H,t) = e ", where H = A represents the Hamiltonian of
the system, and the interaction time ¢ represents the
coupling strength. Here, we define Ny = |(1//l-|xpf>\2 and
N = (s Uly;) *, and the normalized incidence rate is
given by N = N(U) /Ny, which represents the probability
of a successful post selection after the disturbance. As
only the real part exists in this experiment, the weak value
of observable A is (A), = —(dN/dt)/2 (more details are
provided in Supplementary Material).

Regarding the post selection, the post-selection state is
set as |y;) = (|L)|Wave) + |R)|Particle))//2, which is
achieved using the quantum gates comprising the opera-
tion U, BS2, and operator X. The action of the operation
U realizes the mutual transformation between the wave
state and particle state (|Wave) — |Particle) and
|Particle) — |Wave)). Operator X plays a role in the
separation of |Wave) and |Particle), i.e., leading | Wave) to
Detector D1 and reflecting |Particle) to Detector D3. To
verify that the post-selection state projected by the
designed setup is indeed |y,), we carry out the deduction
from the opposite direction of the quantum state evolu-
tion. It is supposed that a wave state |Wave) starts from
Detector D1. Afterward, X is injected into BS2 and thus, is
naturally divided into the |L) and |R) paths. Therefore,
the quantum state can be written as (|L)|Wave)+
|R)|Wave))//2. Consequently, after the operation U is
performed on the |R) path, the wave state |Wave) on the
|R) path is transformed into the particle state |Particle),
and the state in |L) remains unchanged. Hence, through
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the above series of operations, the state [y;) =
(|L)|Wave) + |R)|Particle))//2 is post-selected with
Detector D1 clicking.

To confirm that the wave and particle attributes have
been separated successfully, we need to choose different
specific observables A for the measurements. Here, these
observables are defined to observe the wave or particle
attribute constrained in only one path. For example, to
observe the particle attribute, we choose the observables
MR =T*®@Tp = |[R)(R| @ |P)(P| and TIh =TF @I =
|L)(L| ® |P)(P|. To observe the wave property, we choose
the observables IT5, = TT* ® Iy = |R)(R| ® |W)(W| and
I, =" @ My = |L)(L| ® |[W)(W/|. By applying these
operators with Eq. (1), we can obtain the corresponding
weak values:

<Hé>w = 07 <H$>w = % (2)
(M), = 0,(TMy),, = rote

cos a-tsina

The nonzero weak value of the observable suggests
that the system is indeed in a state between the pre- and
post-selection states. In contrast, when the weak value
equals zero, it reveals that the system is not in that state.
From Eq. (2), it is evident that the particle attribute is
constrained in the |R) path, where as the wave attribute
is constrained in the |L) path of the interferometer,
which indeed demonstrate the separation of the wave
and particle properties. The proportion between the
wave and particle attributes in different paths is deter-
mined by a. For example, when a = /4, <I'[§>W:
(MM}, ), = 1/2, which indicates that half of the particle
attribute is in the |R) path and half of the wave attribute
is in the |L) path.
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Experimental setup

The experimental setup is shown in Fig. 2. Initially, the
single-photon source is generated through the sponta-
neous parametric down-conversion process*’. Ultravio-
let pulses (approximately 100 mW) with a center
wavelength of 400 nm are employed to pump the type-II
B-barium borate (BBO) crystals to attain the photon
pairs. One of them is treated as the trigger photon,
whereas the other is projected into the core inter-
ferometer setup. Due to the optical path difference
between the trigger path and the core path, the delay
time between the two paths is set as 15ns, and the
coincidence detection window is 3 ns.

First, we prepare the superposition state of the wave and
particle attributes with the wave-particle toolbox before
separating the wave and particle attributes of the single
photon. In this toolbox, the photon passes through a
polarization beam splitter (PBS) and a half-wave plate
(HWP) whose optical axis is set to a/2. This leads to the
preparation of the initial state, |y,) = cosa|H) + sina|V),
where |H) and |V) represent the horizontal and vertical
polarizations of the photon, respectively. Subsequently, the
initial state, xp0>, enters a beam displacer (BD), which is a
birefringent calcite crystal separating the polarizations of the
photons in parallel, ie., dividing them into the up path with
|H) polarization and the down path with |V') polarization.
We use the polarizations in different paths to encode the
states of the wave and particle attributes. Here, |H,) and
|V.) denote the horizontal and vertical polarizations in the
up path (|H;) and | V) for the down path), respectively. The
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states of |Wave) = ei%(cos% |Hy) — isin%ﬂ/d)) and
|Particle) = (|H,) + €'?>|V,))/V/2 could be prepared with
a set of plates including an HWP and a quarter-wave plate
(QWP). These two states are called the “wave” and “particle”
states based on whether they exhibit interference with
respect to the phase parameters ¢b; or ¢»,. More details can
be found in Materials and Methods. Considering the
expression of the predicted weak value shown in Eq. (2), the
weak value is only related to the proportion between the
wave and particle states (namely, a) and independent of ¢,
and ¢,. For simplicity, in our setup, we set ¢; = ¢, = 0.
Therefore, the wave state, |Wave) = |H,), is prepared with
an HWP set at 45° and a QWP set at 0°. The particle state,
|Particle) = (|H,) + |V.,))/+/2, is prepared with an HWP at
22.5° and a QWP at 45°. Thus, we successfully prepared the
superposition  input  state,  |y) = cos a|Particle) +
sin a| Wave) using the wave-particle toolbox.

Next, the obtained wave-particle superposition state is
injected into the improved MZI for further evolution. The
three operational steps to achieve the quantum Cheshire
cat, which are pre-selection, weak measurement and post
selection, are implemented in sequence in the improved
MZL. In the pre-selection stage, the superposition state, |y),
enters a BS in the left and right paths. The experimental
image of the optical modes is also shown in Fig. 2, where
R/L represents the right/left side and W/P represents the
wave/particle state. Therefore, the pre-selection state,
lw,) = (L) + |R))(cos a|Particle) + sin a| Wave))/\/2, s
obtained using a BD and a set of wave plates, which realize
the role of BS1 in Fig. 1b.

HWP ND Wave Particle PBS BD SPD

Lase, -

BBO >~
‘ w. Ve, arg (2) h \\g\& \C
\ /¢ —~ 4 o

Cle t°°/b . e W ar
: BS1
Toser &se’ection
hreasl::’::e

Fig. 2 Experimental setup for the separation of the wave and particle attributes. \Wave—particle toolbox: a single photon generated through
spontaneous parametric down-conversion enters the wave—particle toolbox. The first half-wave plate (HWP) after the polarization beam splitter (PBS)
controls the proportion of the horizontal and vertical polarization states (|H) and |V), respectively), namely the initial state, |1,//O> = cosalH) + sinalV).
A beam displacer (BD) is exploited to divide the beam into the up path (red) encoding the particle attribute and the down path (blue) encoding the
wave attribute. The blue and yellow plates comprising a set of plates (HWP and quarter-wave plate) are used to prepare the wave attribute state and
particle attribute state, respectively. Pre-selection: The input state is injected into BS1, and the pre-selection state is obtained. Weak measurement:

Neutral density (ND) filters with different transmission rates are inserted into the corresponding path to simulate the weak disturbance. Post selection:

The corresponding evolution operation U is only carried out on the right paths. Single-photon detectors (SPD; D1-D3) are used to detect the photons
(. J/
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Subsequently, in the weak measurement step, a series of
neutral density (ND) filters are inserted into different
paths of the interferometer to simulate the disturbance in
the ITE. The transmission of the ND filter is defined as
T = e %, which relates to interaction time ¢ Therefore,
by adjusting the transmission rates, the weak value can be
extracted by calculating the slope of the model

In the post-selection step, we initially exchange the
particle-like state with the wave-like state through U,
which is realized using a set of plates and two BDs to
exchange the paths and the corresponding polarization
states (different colors of light are used in Fig. 2 to
illustrate this process more clearly). Finally, a BD, an
HWP (optical axis at 22.5°), and a PBS achieve the
function of BS2. The function of X in Fig. 1b, ie,
ensuring that only the wave state |Wave) passes to
Detector D1 and that particle state |Particle) reflects to
Detector D3, is achieved naturally in our encoding. SPDs
D1-D3 are used to detect the photons, whose signals
coincide with the trigger.
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Experimental results

First, to verify the high performance of our experimental
setup and ensure that the obtained results are convincing,
quantum state tomography is performed for the output
state of BS2. The average fidelity of all the reconstructed
density matrices of the output state is 99.45 + 0.26%,
which manifests the high- interference visibility of the
employed setup. The quantum states tomography results
for all degrees can be found in Supplementary Material.

When implementing the extraction of the weak values
based on ITE, as introduced above, a series of ND filters
with different transmission rates is employed to simulate
the perturbation. A detailed illustration can be found in
Materials and Methods. After repeating this procedure
with many transmission rates, a curve can be obtained by
linear fitting based on these data points. According to the
derivation mentioned before, a minus half of the slope is
the expected weak value.

The experimental data are shown in Fig. 3 for the case
where a is ~45° (results for other degrees are shown in the
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Fig. 4 Comparison between the theoretical prediction and
experimental results. The curves with different colors represent the
corresponding theoretical weak value, and points of different shapes
represent the groups of experimental data. Error bars for a are
extremely small and near invisible

Supplementary Material), and the corresponding weak
value obtained after processing is marked in each figure.
The weak values are theoretically zero for observables IT5
and TI¥,, and the corresponding experimental results
shown in Fig. 3a, d match the theoretical predictions very
well, indicating that there are no particle (wave) proper-
ties constrained in the left (right) path. For observable 1%
with the experimental results shown in Fig. 3b, half of the
particle attribute is in the right path. The observable T},
shown in Fig. 3c demonstrates that half of the wave
property is in the left path. The experimental error bars
are the standard deviations estimated according to Monte
Carlo methods with photon counting events following the
Poisson distribution.

In our experiment, we set different angles for a from 0
to /2 to show the function curve of different weak values
for the observables, and the experimental results are
shown in Fig. 4. For every data point, the acquisition
method is the same as the above-described procedure for
o =~ 45°. As mentioned earlier, a nonzero weak value of the
observable suggests that the system is indeed in the state
between the pre- and post-selection states. As shown in
Fig. 4, the weak values of the observables IT5 and ITf,
prove undoubtedly that the wave and particle attributes
have indeed been separated, and the proportion of the
wave/particle-like states is dependent on a. The obtained
experimental data are highly consistent with the theore-
tical prediction, which confirms that we successfully
separated the wave and particle attributes of a single
photon under the quantum Cheshire cat framework
experimentally.

Discussion
In this proof-of-principle work, we experimentally
demonstrate the theoretical construction of separating the
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wave and particle attributes of a physical entity for the
first time. Under the framework inspired by the quantum
Cheshire cat and with the help of ITE, weak values that
confirm the successful separation are obtained by select-
ing appropriate pre-selection and post-selection states.

Finally, our work improves the comprehesion of wave-
particle duality and will inspire numerous theoretical and
experimental works in this field. It also provides a refer-
ence for the experiment on tripartite separation: the wave
attribute, particle attribute and the physical entity itself,
i.e., the so-called quantum Cheshire “supercat”’.

For potential application prospects, our work may
provide references for quantum precision measure-
ments*' and enhance the understanding of counterfactual
communication®’. Precision measurement requires per-
forming a measurement only for one mechanical quantity
and does not disturb other variables. This could offer a
broad perspective for multiparameter estimation****
through the separation of these observables, which is a
vital problem in quantum metrology. Counterfactual
communication proposed in recent years, which describes
a phenomenon in which communication can be achieved
even without physical particle transmission, has attracted
widespread interest and has been proven experimen-
tally*>. However, its core principle remains unclear*®, and
control of the property without the particle itself has not
been experimentally achieved thus far*’. Our work pro-
vides an experimental platform for achieving this goal.

Materials and methods
Details of the encoding method for the wave—particle state

The description of the wave/particle attribute was first
proposed in Wheeler’s delayed-choice Gedanken experi-
ment’, which has been widely adopted in several influ-
ential works” ',

Here, the same encoding method for the waves/particle
attribute is implemented, as shown in Fig. 1a. For exam-
ple, |[Wave) = ei%(cos% |0y — isin% |1))and|Particle) =
(|0) + €2|1)) /+/2, where |0)/|1) represents the two paths
in the MZI. If BS2 exists, by changing the phase difference
¢, between two paths, the probability of receiving a single
photon in the detector will change with ¢; due to the
interference. This indicates that the photon has traveled
both arms of the MZI, leading to the interference phe-
nomenon with the wave attribute. If BS2 is removed, the
probability that the detector on each output receives a
single photon will always be 1/2 regardless of the phase
difference ¢, between the two paths. This indicates that
the photon must have passed one of the two paths in the
interferometer, revealing its particle nature. In our work,
the polarization degree of freedom is employed to replace
the path degree of freedom. Path states |0)/|1) are actually
converted into polarization states |H)/|V) in up or down
paths. Thus, these two states are written as |Wave) =

Light Sci Appl | 2023 | Vol 12 | Issue 1 | 133 LSA
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e (cos &t |H,) — isin%|V,)) and |Particle) = (|H,) +
¢”2|V,)) /+/2. The utilization of the polarization states for
encoding simplifies the experimental setup, where only
one path is required.

Details of the method used to extract the weak value

For the detailed process of extracting the weak value, we
need to implement the following operations. First, the total
count of the photons in Detector D1 is recorded as Ny in
the formula N = N(U)/Ny. Thereafter, we insert an ND
filter in the related arm of the interferometer to extract the
weak value of the corresponding observer. Now, the count
of the photons in D1 will change because of this operation
and is recorded as N(U). Thus, the ordinate N =N (U) /Ny
of the data point can be obtained. The abscissa t is calcu-
lated through T = e~%, where T is the transmission rate of
the ND filter, which can be measured easily in this
experimental setup. The obtained data point is the same as
that shown in Fig. 3 in the main text. After repeating the
above procedure using ND filters with different transmis-
sion rates (here, we repeat this procedure five times), a
series of data points after normalization is obtained. Finally,
by the linear fitting of these data points using the least-
squares method, a line with a specific slope is obtained.
Based on Eq. (3) in the Supplementary Material, a minus
half of the slope is the expected weak value.
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