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Abstract
When observed, a quantum system exhibits either wave-like or particle-like properties, depending on how it is measured.
However, this duality is affected by the entanglement of the system with its quantum memory, raising a fundamental
question: how are wave–particle duality and entanglement related? Here, we broaden the scope of wave–particle duality
to include entanglement, introduce universal conservation laws for the wave–particle–entanglement triad, and perform
demonstrations on silicon–integrated nanophotonic quantum chips. Our experiments not only mark the first confirmation
of universal conservation laws but also highlight the potential of integrated photonics for exploring complex quantum
phenomena in high-dimensional systems.

Introduction
The nature of light has been a subject of debate for

centuries, with conflicting views emerging in the late 17th
century. Newton argued for a particle nature, whereas
Huygens advocated for a wave-centric perspective.
Experimental evidence, notably from Young’s double-slit
interferometer and Einstein’s photoelectric effect,
revealed the dualistic nature of light. In a broader sense,
extending beyond photons, all particles exhibit wave
properties. The more we know about the wave-like
properties of a particle, the less we know about its
particle-like properties, and vice versa. This is the essence
of wave–particle duality1–7, which has been observed
across diverse matter, such as photons8, neutrons9,
atoms10, and molecules11. The traditional view holds that
it is impossible to observe both aspects at the same time.
However, recent experiments have demonstrated that
both the wave nature and particle nature can be observed

simultaneously12–15. Therefore, further investigation on
wave–particle duality is necessary.
Heisenberg’s uncertainty principle16, another corner-

stone of quantum mechanics, limits how precisely one
can measure two incompatible observables, such as
position and momentum, of a quantum system. This
phenomenon is closely related to wave–particle duality,
as both reflect the inherent complementarity of quantum
phenomena. In fact, it has been shown that wave–particle
duality and entropic uncertainty relations are equiva-
lent17,18. Consequently, the strategies employed to study
uncertainty relations can be extended to investigate
wave–particle duality19–22. This raises intriguing ques-
tions: how does quantum memory, which can reduce
uncertainty23–25, affect wave–particle duality? Is there a
link between the entanglement of the system and its
quantum memory or the wave–particle duality exhibited
by the system26,27?
We address these questions by introducing a conserva-

tion law governing the relations among wave behaviour,
particle behaviour and entanglement (wave–particle–
entanglement triad) through resource monotones.
Through the variability of these monotones, we obtain an
array of conservation laws. Our results suggest that
increasing the entanglement between a system and its
memory will reduce the wave–particle duality that can
be observed. Additionally, we discover a threefold
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complementarity among coherence, purity, and entangle-
ment, shedding light on the interplay of these fundamental
quantum resources. Finally, we demonstrate the
wave–particle–entanglement triad in both qubit and qudit
systems via a silicon-integrated nanophotonic quantum
chip28. Our experiments address the missing piece of
wave–particle duality, entanglement, and confirm the
universal conservation laws.

Results
Universal conservation laws
To begin our investigation, we explore the particle

behaviour of a system. Consider an n-path interferometer,
where the state encountering the k-th path is represented
by kj i. For the real-valued function P to be a valid
measure of particle behaviour, it should satisfy29–31 the
following: (P1) It equals one iff a path is traversed with
certainty. (P2) It vanishes when the state is equally likely
to occur across all possible paths. (P3) It remains
unchanged by path relabelling. (P4) It can only decrease
under mixing. Given any differentiable, strictly convex,
real-valued function f, it is proven that a modification
coefficient c1 exists such that

PðρÞ :¼ c1ðTr ½f ðΔðρÞÞ� � nf ð1
n
ÞÞ ð1Þ

forms a metric for the particle behaviour. Here, Δð�Þ :
¼ Pn�1

k¼0 kj i kh j � kj i kh j represents the completely dephas-
ing channel. In Eq. (1), we naturally extend the
function f to Hermitian matrices. For example,
consider a matrix M with spectral decomposition
M ¼ P

kλk λkj i λkh j, where f(M) takes the formP
k f ðλkÞ λkj i λkh j. The particle behaviour essentially

measures the ability to predict the path of a photon.
From the perspective of information theory, the convex
function f can be given by any entropy functions such
as the von Neumann entropy, f ðxÞ ¼ x log x. The first
term in the right hand side of Eq. (1), up to the
constant c1, indicates the information retained by the
state after the measurement Π ¼ f kj i kh jgn�1

k¼0, and the
second term represents the maximum information
obtainable from the whole system. Thus, the particle
behaviour PðρÞ in Eq. (1) quantifies the information
accessible through the measurement Π. For example, if
PðρÞ ¼ 0, no information can be inferred from the
measurement Π, meaning that the photon path cannot
be identified at all.
Continuing our exploration, we analyse the wave

behaviour of a state, pinpointing the foundational pre-
requisites that a metric W must satisfy29–31: (W1) It
equals one when the state has an equal probability of
occurring across all pathways. (W2) It vanishes when the
state remains unchanged under a completely dephasing
channel. (W3) It remains invariant under the relabelling

of interferometric paths. (W4) It is convex. In this context,
a differentiable, strictly convex, and real-valued function g
introduces a modification coefficient c2, defining the
metric

WðρÞ :¼ c2 Tr ½gðρÞ � gðΔðρÞÞ� ð2Þ

which meets (W1) to (W3); however, to comply with
(W4), W should also fulfil (W5) for 0 ≤ λ ≤ 1, the
monotonicity WðλρÞ � λWðρÞ holds, and (W6) it is
nonincreasing under incoherent operations. Similarly,
the wave behaviour WðρÞ in Eq. (2) quantifies the
difference between the information associated with the
quantum state and the information available when the
state is measured.
Transitioning to entanglement, we focus on the case of

a pure bipartite state ψAB with dimHA ¼ dimHB ¼ n.
The reduced state ρA: = TrB[ψAB] then fully specifies the
entanglement between systems, and we can define the
entanglement monotone as

EðψABÞ :¼ c3 hð1Þ þ ðn� 1Þhð0Þ � Tr ½hðρAÞ�ð Þ ð3Þ

with h being a differentiable, strictly convex, and real-
valued function. The term h(1) + (n − 1)h(0) makes E
zero for separable states. Additionally, the coefficient c3
sets the range of E to [0, 1]. Further details on P, W, and
E are provided in Sec. I of the Supplementary
Information.
Having provided the preliminary information, we now

introduce our main results. A sketch diagram is provided
in Fig. 1.

Theorem 1. Consider a pure bipartite state ψAB. When
we assign f = g = h (see Eqs. (1), (2) and (3)), we have

Entanglement

Wave

Particle

Fig. 1 Diagrammatic sketch of the conservation laws. In the
conventional approach for exploring wave–particle duality,
predictability P (particle behaviour) and visibility V (wave behaviour)
are constrained by the inequality P2+V2≤13. Our theorem introduces a
missing element—entanglement—which leads to a more
comprehensive conservation law. By varying the resource measures of
wave behaviour, particle behaviour, and entanglement, we obtain an
infinite family of conservation laws. Hence, we refer to it as universal
conservation laws
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c1 = c2 = c3, and these metrics satisfy the following
equation:

PðρAÞ þWðρAÞ þ EðψABÞ ¼ c ð4Þ

where c depends on f and n.

Given that any single system state can be extended to a
pure bipartite state, a process known as purification,
where the additional system acts as the environment, we
can view wave–particle duality as a special case of our
conservation law when the environment is ignored.
Exploiting flexibility in selecting f, Eq. (4) yields an infinite
set of conservation laws, which are therefore called uni-
versal conservation laws. We present some examples to
demonstrate the generality of this equation.

Example 1. After choosing f ðxÞ ¼ x log x and applying a
scalar, PðρAÞ becomes the quantum relative entropy of
Δ(ρA) with respect to the maximally mixed state 1=n; i.e.,
PrelðΔðρAÞÞ :¼ DðΔðρAÞjj1=nÞ, where D(⋅∣∣⋅) denotes the
quantum relative entropy. Here, Prel forms a purity
monotone. Moreover, WðρAÞ corresponds to the relative
entropy of coherence32; i.e., CrelðρAÞ :¼ min

σ2I
DðρAjjσÞ,

where I represents the set of all incoherent states. In
this case, EðψABÞ is the entanglement entropy H(ρA)

33–35,
and Eq. (4) takes the form

PrelðΔðρAÞÞ þ CrelðρAÞ þ HðρAÞ ¼ log n ð5Þ

which shows that the sum of purity, coherence, and
entanglement is a constant.

Example 2. With f ðxÞ ¼ x2, PðΔðρAÞÞ :¼ ðn� 1ÞPðρAÞ=n
becomes a purity monotone for Δ(ρA), while Cl2ðρAÞ :¼
ðn� 1ÞWðρAÞ=n is the l2-norm coherence of ρA

32, and

CAðψABÞ :¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðn� 1ÞEðρAÞ=n

p
represents the concur-

rence of ψAB
33. Eq. (4) now implies

PðΔðρAÞÞ þ Cl2ðρAÞ þ
C2

AðψABÞ
2

¼ 1� 1
n

ð6Þ

Again, this indicates complementarity among purity,
coherence, and entanglement.

Here, we make two remarks: (i) Thm. 1 mainly con-
cerns bipartite pure states. For mixed states, Eq. (4)
becomes an inequality. Further details are provided in
Sec. I.C of the Supplementary Information. (ii) The
complementarity of the wave–particle–entanglement
triad is more general than Thm. 1 suggests. An alter-
native framework for the conservation laws of path pre-
dictability (particle behaviour), interference visibility
(wave behaviour), and entanglement is presented in

Sec. I.E of the Supplementary Information. Two illus-
trative examples are given below.

Example 3. In n-path interference, path predictability
indicates the accuracy of inferring the photon trajectory.
It is quantified by the optimal probability of correctly
discerning whether the photon traverses path f kj ign�1

k¼0 .
For state ρA, the particle behaviour is then quantified by
PðρAÞ :¼ 1� ðPi≠j

ffiffiffiffiffiffiffiffiffiρiiρjj
p Þ=ðn� 1Þ. Moreover, the l1-

norm coherence reflects the interference visibility36; i.e.,
the wave behaviour is characterized by WðρAÞ :¼
Cl1ðρAÞ=ðn� 1Þ. Entanglement is measured by a mono-
tone function h of I concurrence CI

37,38. These quantities
satisfy39

PðρAÞ þWðρAÞ þ hðCIðψABÞÞ ¼ 1 ð7Þ
The definitions of l1-norm coherence and I concurrence
are provided in Sec. I.E of the Supplementary Information.
Eq. (7) is not covered by Thm. 1, because h(CI(ψAB)) does
not have the form specified in Eq. (3).

Example 4. In n-path interference, path predictability is
assessed by computing the average success probability
of predicting the photon trajectory, which is expressed as
P2ðρAÞ :¼ nðPiρ

2
ii � 1=nÞ=ðn� 1Þ29. The interference

visibility is quantified by the l2-norm coherence, i.e.,
W2ðρAÞ :¼ nCl2ðρAÞ=ðn� 1Þ, along with I concurrence,
resulting in40:

P2ðρAÞ þW2ðρAÞ þ C2
I ðψABÞ ¼ 1 ð8Þ

Here, Eq. (8) is not covered by Thm. 1, as it involves a
higher-order resource monotone.

Experimental setup
Figure 2 illustrates the silicon-integrated nanophotonic

quantum chip used in our experiments. This device
supports arbitrary controlled unitaries, as shown in Fig.
2a, and represents an advanced iteration of earlier
designs41,42. The chip is engineered to enable the gen-
eration of wave–particle transitions, as well as the mea-
surement of properties associated with wave–particle
behaviour and entanglement. On the chip, we first pre-
pare a maximally entangled state of the form ð 0j ic 0j it þ
1j ic 1j itÞ=

ffiffiffi
2

p
via a pair of integrated SFWM sources,

where ij ic and ij it (i=0, 1) represent the path-encoded
logical states of the control and target photons. The
control photon directs the target photon through either
the upper green or lower red circuit, creating a super-
position in two distinct waveguide layers, as shown in Fig.
2b. By either passing through an n-BS (lower red) or not
passing through it (upper green), the target photon can be
in one of two states: pj i :¼ 0j i, exhibiting a full-particle
nature, or wj i :¼ ðPi ij iÞ=

ffiffiffi
n

p
, exhibiting maximal
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wave behaviour. The resulting state is ψ0

�� �
ct :¼ð 0j ic pj it þ 1j ic wj itÞ=

ffiffiffi
2

p
. Using our chip, we generate two

families of quantum states from ψ0

�� �
ct to demonstrate

conservation laws. The first family, ψ1j ict :¼ 0j ic �
ðsin α

2 pj it þ cos α2 wj itÞ, represents a coherent (quantum)
superposition of pj i and wj i on the target system. The
second family, ψ2j ict :¼ sin α

2 0j ic pj it þ cos α2 1j ic wj it ,
represents a probabilistic (classical) mixture of pj i and wj i
on the target system. Both are controlled by the rotation
angle α. The details of the state preparation and mea-
surement methods are discussed in the Methods and Sec.
II of the Supplementary Information.

Experimental test of generalized multipath
conservation laws
We first observe the behaviour of the full-wave state at

α=π and the full-particle state at α=0 in the n-path
experiment. In the measurement apparatus M̂t , we apply
phases fθk ¼ kθgn�1

k¼0 to the target photon paths and
project them into wj i ¼ ðPi ij iÞ=

ffiffiffi
n

p
. By scanning θ, we

observe an n-path interference fringe for the full-wave and
full-particle states, shown in Fig. 3a, b.
Our first experiment investigates the complementary

nature of purity, coherence, and entanglement in qubit
cases, as detailed in Ex. 1. To demonstrate Eq. (5), we extract
the diagonal elements and eigenvalues of the reduced state
ρi :=Trc[ψi] (i= 1, 2). The diagonal elements of ρi are
obtained directly via computational basis measurements.
The eigenvalues, λ±(ρi), are calculated via the I concurrence

CI(ψi) as λ± ðρiÞ ¼ ð1±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� C2

I ðψiÞ
q

Þ=2, which can be

derived from Pauli measurements fσ0 ¼ 1; σx; σy; σzg43

directly: C2
I ðψiÞ ¼ ð1þ σzσzh i2 � σzσ0h i2 � σ0σzh i2 �

σ0σxh i2 þ σzσxh i2 � σ0σy
� �2 þ σzσy

� �2Þ=2. The experi-

mental data depicted in Fig. 3c agree with our theoretical

results.
We next illustrate how a nonhomogeneous polynomial

of path predictability, interference visibility, and con-
currence captures wave–particle–entanglement com-
plementarity (see Eq. (6)). To assess Tr ½ρ2i � for path
predictability and concurrence, we measure the Gell-
Mann matrices Λj

44 in our experiments, as described by
Tr½ρ2i � ¼ 1=nþPn2�1

j¼1 hΛji2=2. To measure interference
visibility, we use the fringe visibility Vi,jk: = 2∣ρi,jk∣/(ρi,jj +
ρi,kk) between paths j and k, which is more practical for the
experiments. By introducing an additional phase in the j-
th path and measuring the target photon in the basis
ð jj i þ kj iÞ= ffiffiffi

2
p

, we observe an interference fringe between
paths j and k. Abstracting the visibility involves fitting the
fringe with a general cosine curve, represented as
Cl2ðρiÞ ¼ n

P
j<kðρi;jj þ ρi;kkÞ2V 2

i;jk=2ðn� 1Þ. Our experi-
ments, depicted in Fig. 3d, align with the theoretical
predictions, affirming the conservation laws outlined in
Ex.2.
We next report the complementarity of wave–

particle–entanglement by quantifying path predictability,
interference visibility, and I concurrence, as shown in
Ex. 3 for both qubit and qudit (n= 3, 4) systems. To
extend our findings to qudit systems, we present a gen-
eralized form of Eq. (7) that is applicable to any finite-
dimensional system in Sec. I.E of the Supplementary
Information. Path predictability is derived from compu-
tational basis measurements conducted on the target

control
target

a b entangled source

pump

n-BS n-MZI
off-chip
SNSPDs

quantum eraser

�+�c

�0�c

�1�c

�0�t

Mt

Mcα
Dc,0

Dc,1

D �c,0

D �c,1

M t

Mc

U c

U tQFT

�1�t

�0�t
Dt,0

Dt,1

D �t,3

Dt,3

Dt,2

Fig. 2 A silicon-integrated nanophotonic quantum chip for demonstrating universal conservation laws. a Quantum circuit for the controlled

quantum Fourier transform. The unitary operators and detectors constitute the measurement apparatuses M̂c;t . b Simplified schematic for the
quantum chip, consisting of four main components: an entangled photon-pair source, a quantum-controlled n-path beamsplitter (n-BS), n-path
Mach–Zehnder interferometers (n-MZIs), and an n-mode eraser, with off-chip detectors. Integrated spontaneous four-wave mixing (SFWM) sources
generate path-entangled signal (blue) and idler (orange) photons. The signal photon acts as the control, whereas the idler photon acts as the target.
Depending on the control photon, the target photon exhibits particle behaviour (upper green circuits), wave behaviour (lower red circuits), or a

superposition. Measurement apparatuses M̂c;t perform unitary operations to project photons onto a specific basis. The quantum eraser ensures
process indistinguishability. Single photons are detected via fibre-coupled superconducting-nanowire single-photon detectors (SNSPDs)
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system. Interference visibility, on the other hand, is
expressed as a function of the incoherence intensity Iinc: =
(∑jρi,jj)/n (ρi,jj denotes element (j, j) of the reduced state ρi)
and the maximal n-path interference fringe Imax; i.e.,
Cl1ðρiÞ ¼ ðImax � I incÞ=ððn� 1ÞI incÞ. We determine the
maximal interference fringe Imax via the measurement
apparatus M̂t . After applying phases fθkgn�1

k¼0 to the target
photon paths, we project them onto the state wj i ¼
ðPi ij iÞ=

ffiffiffi
n

p
. By scanning these phases, we observe an n-

path interference fringe, with Imax marking its peak. To
isolate a submatrix ρ jk

i in the target system, we block all
interference paths except the j-th and k-th paths.
Denoting ρ jk

i;00 and ρ jk
i;11 as its diagonal elements, we

define Cjk
I ðψiÞ as the (j, k)-concurrence of the state ψi.

Now, the entanglement monotone of Eq. (7) is expressed

as h(CI(ψi)) = ∑j≠kE
jk/(n − 1), with Ejk :¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ jk
i;00ρ

jk
i;11

q
�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρ jk
i;00ρ

jk
i;11 � 1

4 ðρ jk
i;00 þ ρ jk

i;11Þ
2ðCjk

I ðψiÞÞ
2

q
. In this case, the

(i, j)-concurrence is determined by performing Pauli

measurements on the target system, as ðCjk
I ðψiÞÞ

2 ¼ 1�
hσxi2 � hσyi2 � hσzi2. Figure 3e shows close agreement
between our experimental data and the theoretical pre-
dictions, confirming that path predictability, interference
visibility, and entanglement collectively converge to a
constant value.
In our last experiment, we investigate the impact of

noise on conservation laws. Our theoretical analysis
reveals that when the bipartite state shared between the
control system and the target system is a mixed state, the
conservation laws are violated. We take the conservation
law in Eq. (8) as an example. By adding white noise, which
is controlled by the error parameter ϵ, we obtain the state

ð1� ϵÞ ψ0

�� �
ψ0

� ��
ct þ ϵIct=ðdimHc dimHtÞ. The total

amount of path predictability, interference visibility, and I
concurrence decreases as the error increases, as demon-
strated in Fig. 4. When the state becomes a maximally
mixed state, namely, ϵ = 1, the total path predictability,
interference visibility, and I concurrence vanishes.

Discussion
Wave–particle duality reveals the distinctive nature of

quantummechanics, demonstrating that classical concepts
such as particles and waves cannot fully describe quantum
entities13,45,46. However, our exploration has shown that
this model is incomplete. When a target system is entan-
gled with a control system, the entanglement between
them is the key missing element, complementing the
wave–particle duality to yield a comprehensive framework:
conservation laws for the wave–particle–entanglement
triad. Rather than presenting a single conservation law, we
adopt a resource-theoretical approach, introducing general
resource monotones for wave-like and particle-like beha-
viours, as well as for quantum entanglement. This
approach enables us to determine the overarching con-
nections among these elements and derive a family of
conservation laws that govern the wave–particle–
entanglement triad.
We tested our findings on a nanophotonic chip and

verified the related conservation laws. In addition to
conventional qubit-based quantum systems, the highly
controllable multidimensional quantum devices and sys-
tems on large-scale integrated quantum photonics plat-
forms enable us to extend our experiments to qudit
systems. Furthermore, we examined the effect of noise on
these conservation laws, showing that increased error
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leads to a decrease in path predictability40, interference
visibility36, and I concurrence.
This work not only deepens our understanding of

quantum theory but also highlights numerous avenues for
future inquiry. For example, it prompts exploration into
the way wave–particle behaviours correlate with quantum
system interactions when multiple systems are considered.
Moreover, in dealing with mixed states, there is a need to
devise inequalities that describe wave–particle duality,
particularly in the presence of quantum memory23,47.
Entanglement is pivotal in advancing communication48,
cryptography49, and quantum computing50. Its connection
to wave–particle duality raises questions about practical
applications. Bridging theoretical developments with
experimental realizations holds promise for advancing
quantum information science and technologies.

Materials and methods
Device fabrication
The silicon nanophotonic quantum chip is fabricated

with 180 nm standard complementary metal-oxide-
semiconductor (CMOS) processes on a 200 mm silicon-
on-insulator (SOI) wafer with a 3 μm-thick buried oxide
layer and a 220 nm-thick top silicon layer. The waveguide
circuit patterns are defined by 248 nm deep ultraviolet
(DUV) photolithography and then transferred by double
inductively coupled plasma (ICP) etching processes from

the photoresist layer to the silicon layer. Above the
waveguide layer, a 1 μm-thick silicon dioxide (SiO2) layer
is deposited via plasma-enhanced chemical vapour
deposition (PECVD) to isolate the resistive heaters and
optical waveguides. Finally, a 50 nm-thick titanium nitride
(TiN) layer is deposited, patterned, and etched to form
resistive thermal–optic phase shifters. Single photons are
generated and guided in silicon waveguides with a cross-
section of 450 × 220 nm and propagation loss of 1–2 dB/
cm. As the optical input/output (I/O), the grating cou-
plers consist of shallow etching waveguides with an
etched depth of 70 nm and a coupling loss of approxi-
mately 3–4 dB/facet.

Experimental setup
The chip is injected by a tuneable continuous-wave (CW)

laser (EXFO) at a wavelength of 1550.11 nm, which is
amplified to approximately 100mW by an erbium-doped
fibre amplifier (EDFA). Before injection, a fibre-based
polarization controller (PC) is adopted to optimize the
polarization of the pumped light in the fibre and ensure
transverse electric mode excitations in the silicon wave-
guides. Entangled photon pairs (signal photons at a wave-
length of 1545.32 nm and idler photons at a wavelength of
1554.94 nm) are generated in integrated sources through
the spontaneous four-wave mixing (SFWM) process and
then spatially separated by asymmetric Mach–Zehnder
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Fig. 4 Impact of noise on conservation laws. The sum of wave, particle, and entanglement properties equals one for Ex. 4 (with mixture ratio ϵ=0),
and this sum gradually decreases as the noise increases. When the system becomes completely noisy (with mixture ratio ϵ=1), their combined total
diminishes to zero. The theoretical predictions and observed data are indicated in orange. The inset diagram displays the measured density matrices
for the pure state ψ0j ict and for the state subjected to white noise. These matrices are reconstructed through quantum-state tomographic
measurements. The heights and colours of the bars represent the absolute values and phases of the matrix elements, respectively. The quantum state
fidelities are calculated as 0.977(8) for the pure state (ϵ=0) and 0.994(1) for the noisy state (ϵ=1). Here, fidelity is quantified by the formula

Fðρ; ρ0Þ :¼ Tr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ0

p
ρ

ffiffiffiffiffi
ρ0

pp� �2
, where ρ denotes the reconstructed state and ρ0 denotes the ideal state
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interferometers (AMZIs). Single photons are routed off-
chip and detected by an array of fibre-coupled super-
conducting nanowire single-photon detectors (SNSPDs)
with an average efficiency of 85%. Twofold photon coin-
cidence counts are recorded by a multichannel time
interval analyser (TIA). The quantum chip is packaged on a
printed circuit board (PCB) and wire bonded. All phase
shifters can be accessed and controlled individually by
multichannel electronic drivers with 16-bit precision and
kHz speed. To stabilize the quantum operations and sup-
press thermal noise and thermal crosstalk, the chip is
temperature monitored and stabilized.

General measurements of wave–particle transitions
Our quantum photonic chip incorporates an entangled

photon source, a controllable n-BS, measurement appara-
tuses denoted as M̂c;t , an n-mode quantum eraser, and a
control qubit projector. This configuration facilitates the
preparation and measurement of states that exhibit
wave–particle duality transitions. The initial Bell state
ð 0j ic 0j it þ 1j ic 1j itÞ=

ffiffiffi
2

p
is prepared through the coherent

excitation of a pair of SFWM sources at a two-photon
coincidence count rate of approximately 100/s. Following
generation, the signal and idler photons are separated by an
on-chip AMZI and directed along distinct paths, serving as
control and target photons, respectively. The subsequent
operation of a controlled n-BS leads to the maximally
entangled wave–particle state ð 0j ic pj it þ 1j ic wj itÞ=

ffiffiffi
2

p
. The

measurement apparatuses M̂c;t implement state-dependent
unitary matrices Uc,0/1 and Ut,p/w on the control and target
photons, respectively. Notably, when the control photon is
injected into the first port of M̂c, an additional Pauli gate σx
is necessary for the state 1j ic, completing the overall state

1ffiffiffi
2

p Uc;0 0j ic � Ut;p pj it þ Uc;1 � σx 1j ic � Ut;w wj it
� � ð9Þ

The control photon is projected and measured in the basis

sin
α

2
0j i þ eiδ cos

α

2
1j i; cos α

2
0j i � eiδ sin

α

2
1j i

n o

ð10Þ
and the target photon is symmetrically partitioned by the
quantum eraser. The coincidences recorded between
detectors {Dc,0, Dc,1} and fDt;jgn�1

j¼0 indicate the state

sin
α

2
Uc;0 0j ic �Ut;p pj it
� �þ eiδ cos

α

2
Uc;1 0j ic � Ut;w wj it
� � ð11Þ

and the coincidences between {Dc,0, Dc,1} and fD0
t;jgn�1

j¼0
correspond to the state

sin
α

2
Uc;0 0j ic �Ut;p pj it
� �� eiδ cos

α

2
Uc;1 0j ic � Ut;w wj it
� � ð12Þ

We obtain a wave–particle transition by systematically
varying the parameters {α, δ}. The quantum properties

inherent in the control–target system can be experimen-
tally extracted through the strategic selection of the
unitary matrices Uc,0/1 and Ut,p/w. The extraction of most
properties can be reduced to the measurement of an
expectation value hOsOii. By choosing appropriate uni-
tary matrices, each expectation value measurement takes
20 seconds at the given counting rate.
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