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The aim of this article is to generate the superposition state of nonorthogonal wavelike and particlelike
states without ancillary qubits. Although it has been demonstrated that wavelike and particlelike states can be
nonorthogonal, it remains unclear whether a superposition state of the two states can be achieved without the
use of orthogonal ancillary qubits. To address this question, we employ a designed double-layer Mach-Zehnder
interferometer that could continuously morph the single-photon state from particlelike to wavelike. Through
both a theoretical analysis and experimental demonstration, we show that the nonorthogonality of wavelike and
particlelike states can be maintained without ancillary qubits. The results showed that the two states are naturally
nonorthogonal and can be directly utilized. As a variant of the delayed-choice experiment, our research will
contribute to a deeper understanding of the nature of quantum objects, and also provide a different framework

for discussions on wave-particle duality.
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I. INTRODUCTION

Contrary to classical physics, quantum physics exhibits
numerous peculiar phenomena. One characteristic that dis-
tinguishes it from classical physics is wave-particle duality.
Bohr’s complementarity principle suggests that a single
quantum system can exhibit either wavelike or particle-
like behavior, depending on the measurement apparatus [1].
This principle was subsequently demonstrated by Wheeler’s
delayed-choice gedanken experiment [2], which has been im-
plemented in a variety of systems including photons, atoms,
and superconducting circuits [3—10].

The superposition principle is another fascinating char-
acteristic of quantum mechanics. By sending a quantum
particle, such as a single photon, into a Mach-Zehnder inter-
ferometer (MZI) and controlling whether the interferometer
is open or closed by ancillary qubits [11], some researchers
have successfully prepared wave-particle superposition
states [6,12—15].

Conversely, in linear algebra and quantum physics, states
are often expanded in terms of an orthogonal set. The term
“wave-particle duality” also implies that the wave state and
the particle state are mutually exclusive. Research by Ionicioiu
et al. [11] suggests that these two states can be nonorthog-
onal. However, lonicioiu et al.’s theoretical framework [11]
and subsequent series of experiments [5,6,12—15] still use
orthogonal or nearly orthogonal ancillary qubits to generate
wave-particle superposition states.

Is it possible to prepare nonorthogonal wavelike and par-
ticlelike states, as well as their superposition states, without
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using ancillary qubits? Research by Guo et al. proposed a
theoretical scheme [16]. However, no experiments have been
done to generate such wave-particle superposition states with-
out the use of auxiliary qubits. By designing a double-layer
Mach-Zehnder interferometer (DMZI), we proposed a theo-
retical scheme to achieve the generation of a wave-particle
superposition state with adjustable expansion coefficients, and
corresponding experiments have been conducted. Theoretical
calculations and experimental results showed that nonorthog-
onal wavelike and particlelike states, as well as wave-particle
superposition states, can be generated without using ancil-
lary qubits. We also conducted a postselection experiment
to demonstrate this. As a variant of the delayed-choice ex-
periment, our scheme is compatible with the delayed choice
experiment. By constructing a larger interferometer or using
faster optical modulators, a complete delayed-choice experi-
ment can be achieved.

II. DOUBLE-LAYER MACH-ZEHNDER
INTERFEROMETER

Feynman said, “When alternatives cannot possibly be
resolved by any experiment, they always interfere [17],” in-
dicating that for a single-photon interferometer, a photon will
interfere with itself when we cannot possibly tell which path
the photon has chosen (wavelike behavior). However, when
the path choice can be determined, the photon would no longer
be able to interfere with itself (particlelike behavior).

In the aforementioned scenarios, the observer perceives
two distinct states of the observed photons: wavelike and
particlelike states. In the context of a Mach-Zehnder interfer-
ometer (MZI), the presence or absence of the second beam
splitter impacts the wave-particle duality exhibited by pho-
tons. The crucial differentiating factor between the wavelike

©2023 American Physical Society
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FIG. 1. Diagrams showing the DMZI under different conditions. (a) The path distribution of photons when a single-photon state is prepared
into a wave-particle superposition state. (b) The path distribution of photons when a single-photon state is prepared into a particlelike state.
Here, the MZI2 is incomplete because of the lack of the probability of photons passing along the path f. (c) The path distribution of photons
when a single-photon state is prepared into a wavelike state. Conversely, the MZI2 is complete, with a phase shift introduced by the PP2 so

that the single photon will be wavelike.

and particlelike states lies in whether the phase inside the
interferometer affects the detection probability. In previous
research [3,11], the wavelike state typically refers to the state
described by ¢'7 (cos £10) — isin £1)). In this state, the value
of the phase ¢ has an impact on the detection probabilities of
|0) and |1). On the other hand, the particlelike state refers to
the state given by \/%(|O) + €|1)). In this state, the detection
probabilities are not influenced by ¢. In particular, when the
second beam splitter is a quantum beam splitter and is in
a superposition of being present and absent, the state of a
single photon will also be in a superposition state of wavelike
and particlelike states, known as a wave-particle superposition
state [11].

We designed a type of interferometer (DMZI) to observe
the wave-particle duality of a single photon, whose diagram
is shown in Fig. 1. Notably, the DMZI is composed of two
connected MZIs, from where by adjusting the phase shift
between the two paths of MZI1, we could control whether
the single photon in MZI2 will be distributed along one or
both paths, thereby achieving a continuous morphing between
them.

The path distribution of the particlelike state is illustrated
in Fig. 1(b). By adjusting the phase shift ¢; introduced by
phase plate 1 (PP1), the photon was brought into a destructive
interference condition along the path f after passing through
MZI1. Consequently, every photon detected at detector 1 (D1)
and D2 originates from the path g, thereby preventing inter-
ference. In this case the photon state in front of D1 and D2
corresponds to the particlelike state [6,11-14],

|particle) = Lie™"*|h) + Le7|i), ey

where |h) and [i) are the final paths 4 and i in Fig. 1(a). In
previous research [6,11-14], the particlelike state exhibits a
notable feature: The single-photon detection probability re-
mains unaffected by the phase shift (denoted as ¢, in our
approach, introduced by the PP2). However, in our approach,
there is a slight difference in which the detection probabilities
of the particle state at detectors D1 and D2 are % instead of
the expected %

On the other hand, the path distribution of the wavelike
state is shown in Fig. 1(c). By adjusting ¢, the photon was in

the constructive interference condition along path f. However,
for MZI2, paths f and g were recombined after beam splitter
4 (BS4), and the subsequent detection of the photon’s which-
path information at D1 and D2 remains unknown. Thus,
similar to other research [6,11-14], the detection probability
of D1 and D2 is dependent on ¢,. In this case, the photon state
was the wavelike state:

lwave) = 1(@ie™ — D)|h) + S(e7 — i)li). )

With intermediate cases after crossing the DMZI, the pho-
ton state was as shown below:
Wiy = (i — 14 2ie)|h) + ;2™ — e — D)]i).
3)
Notably, by expanding the photon state under the basis
{|particle), |wave)}, Eq. (3) becomes

1 —ie” 1 4 ie” .
U, = T|Wave) + T|partlcle), 4
where the terms 1=¢ and ¢ are the expansion coeffi-

cients. For more details, see the Supplemental Material [18]
Sec. SI. From Eq. (4) while it was evident that the photon
state was a wave-particle superposition state, by adjusting ¢;
from —%n to %7‘[, a continuous transition from the wavelike
to the particlelike state was realized. The theoretical detection
probabilities of D1 and D2 as a function of ¢, and ¢, are
shown in Figs. 2(a) and 2(b). When ¢; = —%n, the detection
probability exhibits a sinusoidal oscillation with respect to
¢, corresponding to the wavelike behavior. Conversely, when
Q= %n, the detection probability remains unaffected by
changes in ¢,, which corresponds to the particlelike behavior.
Therefore, our findings completed the generation of wavelike
and particlelike states and superposition states, as in other
research [6,12-14,19]. With DMZI, we achieved morphing
between nonorthogonal wavelike and particlelike states with-
out ancillary qubits. The nonorthogonality will be discussed
in Sec. III. Furthermore, for different ¢, the maximum and
minimum detection probabilities of D1 and D2 occurred at
different ¢,. For example, the solid red line and the solid blue
line in Fig. 2(b) were respectively ¢, = %((pl +2.57 £ ),
which are the minimum and maximum theoretical detection
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FIG. 2. Theoretical detection probability. (a) and (b) The the-
oretical detection probabilities of D1 and D2, equal to the square
modulus of the coefficient of the |#) and the |i) basis in Eq. (3). As
@1 changed from —17 to 17, a wave-particle morphing could be
observed at the two detectors. Except for the completely wavelike
state, the sum of the two detection probabilities will be smaller than
1 due to the loss of the photon controlled by ¢;. (c) The theoretical
detection probability of D2 renormalized to the sum of the two
detection probabilities with the same ¢; and ¢,. Especially, the peak

or the dip will be at different ¢, as the ¢, changing.

probabilities of D2. In previous works [6,12—-14,19], they ap-
peared at a fixed ¢,.

Notably, this DMZI is a non-Hermitian system that al-
lows for the introduction of phase-dependent losses. However,
to get a Hermitian Hamiltonian, renormalizing the detec-
tion probabilities is needed [see Fig. 2(c)]. Nevertheless,
our investigation confirms that utilizing the non-Hermitian
Hamiltonian remains a viable approach for elucidating the
nonorthogonality between the wavelike and particlelike states.
It is important to highlight that the introduction of a non-
Hermitian Hamiltonian breaks the symmetry between ¢; and
@. In our proposed scheme, when ¢, is equal to %n or —%n,
the single-photon state can be seen as a particlelike state or
wavelike state dependent on ¢,. However, it is not possible
to find a fixed ¢, that would make the single-photon state
a particlelike state or wavelike state dependent on ¢;. In
previous research, both wavelike and particlelike behaviors
could be observed along two distinct variables. However, in
our proposed scheme with a non-Hermitian Hamiltonian, the

relationship between the variables ¢; and ¢, is not sym-
metric, leading to a different behavior compared to previous
schemes. For more details about the non-Hermitian Hamilto-
nian and the asymmetry, see the Supplemental Material [18]
Sec. SII. Furthermore, we believe that the revelation of the
nonorthogonality of wave-particle duality can have an impact
on the discussion of non-Hermitian systems, as nonorthogonal
eigenstates are widely used in such discussions [20,21].

III. NONORTHOGONALITY BETWEEN WAVELIKE
AND PARTICLELIKE STATES

The generation of wave-particle superposition using DMZI
has a property: The phase rather than the polarization con-
trols the expansion coefficients of |particle) and |wave).
Most previous research has been performed with the in-
troduction of orthogonal ancillary states (e.g., orthogonal
polarization) [6,9,12—15,22,23] that correspond to the wave-
like and particlelike states. However, the DMZI controlled
the interferometer by adjusting ¢;, without introducing the
orthogonal ancillary states, indicating that when the wavelike
and particlelike states do not need to be encoded on orthogo-
nal polarizations, the nonorthogonality of the two states could
be revealed.

We obtained the scalar product of |particle) and |wave)
from Eqgs. (1) and (2):

(particle|wave) = 1 # 0. (3)

This situation is different from other research [6,12—-14,19].
In previous research, these two states were encoded on two
orthogonal states of ancillary qubits. When wavelike behav-
ior dominates, the ancillary qubit is in a specific state (e.g.,
vertical polarization), and the other orthogonal state (e.g.,
horizontal polarization) correlated with the particlelike state
disappears, and vice versa. However, our theory and the fol-
lowing experiments show that when the quantum particle is in
a wavelike state, it could be decomposed into a superposition
of particlelike states and vice versa. In other words, they are
naturally not orthogonal.

Based on the above findings, this article subsequently
demonstrates this nonorthogonality using a postselection op-
eration (see the Supplemental Material [18] Sec. SIII). The
|Wpost) here is |particle), and we choose the |wave) to be
the |Wpe). Then the detection probability ppos Was calculated
using the expression below:

Prost = [(Wpost| Wpre) |* = | (particle|wave) >, (6)
If ppost is not equal to zero, it proves that the |wave) and
|particle) are not orthogonal.
After parametrizing ¢,, our investigations revealed that the
particlelike and wavelike states were linearly dependent, as
proved in Supplemental Material [18] Sec. SIV.

IV. EXPERIMENT DEMONSTRATION

The experimental setup was divided into three parts: First,
a heralded single-photon source (HSPS) was used to gen-
erate single photons [shown in Fig. 3(a)], where a 405-nm
continuous-wave laser was made to go through a periodi-
cally poled potassium titanyl phosphate crystal (PPKTP) to
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FIG. 3. The experimental setup. (a) The HSPS. (b) The experimental setup for the single-photon DMZI and the unitary transformation
of the postselection operation. (c) The detection part. PBS: polarization beam splitter; LC: liquid-crystal device; HWP: half-wave plate; LP:

long-pass filter; MMF: multimode fiber; SMF: single-mode fiber.

generate a pair of entangled photons via the type-II sponta-
neous parametric down-conversion (SPDC) process. Subse-
quently, one of the photons was transmitted at the polarization
beam splitter (PBS), acting as a signal photon, and the other
photon was reflected, acting as a trigger photon.

Second, the experimental DMZI and the unitary transfor-
mation of the postselection operation, realizing the proposed
scheme of Fig. 1 and Sec. III, is displayed in Fig. 3(b). No-
tably, the signal photon was incident from the upper left. Then,
beam displacers (BDs) were used to build the DMZI, after
which two liquid-crystal devices (LCs) were used to adjust the
phase shift. While the angle of the half-wave plates (HWPs)
before the first BD was 30°, from left to right, the angles of
the three HWPs in the upper path, located between the first
and the final BDs in Fig. 3(b), were (45°, 22.5°, and 45°),
the angles of the three HWPs in the lower path were (72.4°,
45°, and 0°), and the angle of the HWP after the final BD
was 22.5°. Then, unitary transformations of the postselection
operation were done using an extra HWP at 22.5° [the ivory
part in Fig. 3(b)], which was put only when a postselection
was performed, indicating that this HWP could map |particle’)
to % |H) (the prime ’ indicates the experimental setup).

Finally, Fig. 3(c) shows the detection part of the experi-
ment. Three single-photon avalanche diodes (SPADs) were
used to receive the photons: The SPAD at the bottom of the
three was used to receive the trigger photons, the middle
SPAD corresponded to detector D}, and the top one cor-
responded to D). For more details, see the Supplemental
Material [18] Secs. SV-SVIII.

As aresult, the scalar product of |particle’) and |wave') was
obtained, as shown below:

(particle’|wave') = % 7

Evidently, the experimental setup faithfully implemented the
scheme in the theory part.

V. RESULTS

Experiments were performed on each of the two detectors
(D1 and D2) after BS4 with 20 equally spaced ¢ in [0, ]
and 40 equally spaced ¢} in [0, 2] to prove the existence
of the wave-particle superposition state. Thus 1600 results

were obtained with an average photon number about 46 000.
Furthermore, each MZI comprised two BDs carefully tuned
so that no additional phase is generated between the two paths
of the interferometer. As a result, we discovered the visibility
of the DMZI to be 99.3% at maximum.

In Figs. 4(a) and 4(b), experimental data points were repre-
sented as dots while we plotted the ideal conditional detection
probability as a function of ¢; and ¢, in the form of a color
mesh. Figure 4 shows that the photon state at D1 and D2
could simultaneously morph from a wavelike to a particlelike
behavior.

Next, we used one more parameter to demonstrate this
morphing. Since the visibility (Vis) and the path distinguisha-
bility (Dis) are often discussed in the study of the wave-
particle superposition state, and Bohr’s complementarity

(@)
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27 0.57

FIG. 4. Experimental results of the detection probability at (a) D}
and (b) D). While the color mesh shows the theoretical results, the
points are the experimental results. For clarity, the horizontal and
vertical coordinates were denoted ¢, and ¢,, where the correspon-
dence between ¢| ¢5 and ¢; ¢, could be seen in the Supplemental
Material [18] Sec. SVII.
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FIG. 5. (a) The relationship between visibility and ¢;. The or-
ange line shows the theoretical curve, and the blue circles denote
the result of the experiments. (b) ppos obtained from the experiment
results with different ¢,. According to Eq. (6), the theoretical ppo
was always equal to i for the |wave) with a different ¢,, where,
for clarity, the horizontal and vertical coordinates were denoted ¢,
and ¢;,.

principle gives an inequality relation satisfied between the Vis
and the Dis [24,25], the inequality relation has been further
investigated in many studies [23,26-29]. Hence, we choose
Vis from our findings to indicate how wavelike is a photon
state. As shown in Fig. 5(a), by varying ¢;, Vis changed from
1 to 0, showing the photon’s wave-to-particle transition, indi-
cating that wavelike behavior was fading as the ¢; changed
from —%JT to %n.

The detection probability after postselection is shown in
Fig. 5(b). Investigations revealed that pp. was significantly
not equal to 0, indicating that our experimental device en-
coded the states of wavelike and particlelike behavior states
into nonorthogonal states without ancillary states, and the
orthogonal coding of wavelike and particlelike behavior states
was unnecessary.

VI. DISCUSSION

The wave-particle duality has sparked widespread discus-
sion [14,19,30-33]. The theoretical scheme for generating
wave-particle superposition states using an MZI and ancillary
qubit has been proposed [11]. Several experiments have been
conducted based on this scheme [5,6,12—15]. In addition, the-
ories based on wave-particle superposition states have been
widely discussed, including the relationship between wave-
particle duality and hidden variable theory, the retrocausality,
and the entanglement [23,29]. In particular, by introducing
the prepare-and-measure scenario, a modified Wheeler ex-
periment can rule out the classical two-dimensional hidden
variable theory in a device-independent way [34], and exper-

iments based on this theory have been done [35,36]. Overall,
the generation of wave-particle superposition states provides
a means to investigate the fundamental quantum mechanical
problem of wave-particle duality.

We present a method for generating wave-particle su-
perposition states, without the use of ancillary qubits, and
experimentally implement it. In addition, we demonstrate the
nonorthogonality of the generated wavelike and particlelike
states through a postselection experiment. Our approach offers
a more comprehensive manifestation of the nonorthogonality
between wavelike and particlelike states by eliminating the
need for orthogonal auxiliary qubits. This absence of or-
thogonal auxiliary qubits enables a more direct and focused
exploration of the relationship between the two states. We
believe that our method can be combined with the prepare-
and-measure scenario to obtain a modified DMZI that can
enrich the discussion on wave-particle duality and hidden
variable theory. Notably, our approach, which incorporates
DMZI, produces differences in the properties of wave-particle
superposition states that contrast with previous theoretical
results [11], including a distinct relationship between the
maximum detection probability and phase. In the context of
wave-particle duality, it is essential to exercise caution due
to the presence of nonorthogonality, since, depending on the
measurement apparatus, one of the wavelike or the particlelike
nature will dominate. Still, this event does not mean that the
other one disappears. Hence, the wavelike and the particlelike
natures as intrinsic properties of quantum particles are consis-
tent with the existence of quantum particles.

It is worth noting that our DMZI is a non-Hermitian sys-
tem. Unlike other research, the symmetry of the two parame-
ters that enable the continuous morphing between wavelike
and particlelike states is broken. Given the widespread use
of nonorthogonal eigenstates in non-Hermitian systems, we
are curious as to whether wave-particle duality can be proven
to be a fundamental characteristic in non-Hermitian systems.
As the MZI has already been widely applied in different
systems [37-41], we hope that our approach can serve as a
basis for future research on wave-particle duality and non-
Hermitian physics in various systems.
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