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Topology manifesting in many branches of physics deepens our understanding on state of matters.
Topological photonics has recently become a rapidly growing field since artificial photonic structures can
be well designed and constructed to support topological states, especially a promising large-scale
implementation of these states using photonic chips. Meanwhile, due to the inapplicability of Hall
conductance to photons, it is still an elusive problem to directly measure the integer topological invariants
and topological phase transitions in photonic system. Here, we present a direct observation of topological
winding numbers by using bulk-state photon dynamics on a chip. Furthermore, we for the first time
experimentally observe the topological phase transition points via single-photon dynamics. The integrated
topological structures, direct measurement in the single-photon regime and strong robustness against
disorder add the key elements into the toolbox of “quantum topological photonics” and may enable
topologically protected quantum information processing in large scale.
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The introduction of topology into condensed-matter and
material sciences originates from the connection of integer
quantum Hall conductances with topological Chern invar-
iants [1], which greatly expands our knowledge on state of
matters. With the birth of topological insulators, searching
topological state of matters in solid state materials [2,3] and
photonic systems [4,5] has recently become a leading
research field. In contrast to the challenging experimental
requirements for realizing topological states in solid state
materials, photonic systems provide a convenient and
versatile platform to design various topological lattice
models and study different topological states, including
topological insulator states [6–10] and topological Weyl
points [11,12]. The found topological edge states and phase
transition potentially can be utilized for developing inher-
ently robust and efficient artificial photonic devices [13–20].
Although photonic topological edge states have been

extensively studied, the photonic topological invariant
defined on the bulk states, which is the seminal observable
for characterizing topological states, is still less explored. In
fermion systems, the topological invariant can be revealed
by conductance measurements, while the concept of Hall
conductance is inapplicable in photonic systems. Several
methods recently have been proposed for indirectly

detecting topological invariants, based on probing Berry
curvature [21,22], non-Hermitian photon loss [23,24],
bulk-edge correspondence [25,26], and phase spectroscopy
[27]. Nevertheless, direct measuring photonic topological
invariants remains elusive.
Waveguide lattice provides a natural platform for study-

ing photon dynamics. The reason is that the propagation of
photons in a photonic waveguide lattice is naturally
equivalent to a time evolution. However, direct measuring
topological invariants based on photon dynamics has never
been reported before in topological waveguide lattices.
Here, for the first time, we experimentally demonstrate that
both the topological invariants and the topological phase
transitions can be directly measured based on the propa-
gation of photons in the bulk of a topological waveguide
lattice. Our work generalizes the method proposed in linear
optics–based quantum walks [28,29] to use continue-time
dynamics to directly measure topology. This dynamical
method is very generic for observing topology, which
recently also has been experimentally demonstrated in
ultracold atoms [30].
To extend promised topological protection into the

quantum regime, we have to find an appropriate system
that is physically scalable and has inherently low loss when
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scaling up. Integrated photonics can meet the first require-
ment elegantly by constructing topological waveguide
lattice on a photonic chip in a physically scalable fashion
[31,32], with which topological states can be generated,
manipulated, and detected in a very high complexity
beyond that conventional bulk optics can do [28,29].
Meanwhile, realizing topological states in Hermitian sys-
tems can well meet the second requirement since the
intrinsic loss in non-Hermitian systems [24] will induce
an evolution of exponential decay for single photons and
multiplicative inefficiency for multi-photons.
Here, we integrate topological waveguide lattices on a

photonic chip and experimentally demonstrate a direct
observation of the topological invariants in the constructed
Hermitian system using bulk-state photon dynamics.
Through initially injecting photons into the middle wave-
guide to excite the bulk state, the values of topological
winding numbers can be extracted from the chiral photonic
density centers associated with the final output distribution.
We further extend the topological system and measurement
into quantum regime by observing the topological phase
transition point via single-photon dynamics. With the bulk
state excited by heralded single photons, we can success-
fully identify the topological phase transition point sepa-
rating the topological trivial and nontrivial phases, even
with artificially introduced disorder.
Topological photonic lattice.—As is shown in Fig. 1(a),

we fabricate waveguide lattices in borosilicate glass
by using the femtosecond laser direct writing technique
[31–37] (see the Supplemental Material, part A [38] for the
fabrication and measurement of the integrated topological
photonic lattices). The constructed lattices are based on the
Su-Schrieffer-Heeger model, which describes a one-dimen-
sional lattice with alternating strong and weak couplings.
The Hamiltonian of this model could be written as [39,40]

H ¼
X
x

ðJ1aþx bx þ J2bþx axþ1Þ þ H:c:; ð1Þ

where each unit cell in the chain consists of two sites
labeled as a and b; the terms aþx ðaxÞ and bþx ðbxÞ are the
creation (annihilation) operators for the two sites in the x
unit cell, and the coefficients J1 and J2 represent the
intracell and intercell coupling strengths, respectively. In
the waveguide lattice, the site is represented by the wave-
guide and the longitudinal direction of lattice maps the
evolution time. To study the topological feature, we rewrite
Eq. (1) in momentum space as Ĥ ¼ P

kx ĥðkxÞ, where

ĥðkxÞ¼dxτ̂xþdyτ̂y, dx¼J1þJ2cosðkxÞ, dy ¼ J2 sinðkxÞ,
and τ̂x and τ̂y are the Pauli spin operators defined in the
momentum space. The energy bands of the Hamiltonian are
characterized by the topological winding number

ν ¼ 1

2π

Z
dkxn × ∂kxn; ð2Þ

where n ¼ ðnx; nyÞ ¼ ðdx; dyÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2x þ d2y

q
. We manipulate

the coupling coefficients as J1 ¼ gþ gt cosðwπÞ and
J2 ¼ g − gt cosðwπÞ, where g > 0, 0 < w < 1, and
0 ≤ t ≤ 1. The system is in the topological nontrivial phase
with the winding number ν ¼ 1 when J1 < J2, i.e.,
w ∈ ð0.5; 1Þ. Otherwise, it is in the topological trivial
phase with ν ¼ 0 when J1 > J2, i.e., w ∈ ð0; 0.5Þ. The
topological phase transition point appears when J1 ¼ J2
(see the Supplemental Material, part B [38] for the topology
of the integrated photonic lattices).
Dynamical detection of topological winding number.—

To detect the winding number of the lattice on the
topological photonic chip, we introduce a photon popula-
tion difference center (PPDC) Pd ¼

P
xxðaþx ax − bþx bxÞ,

where the unit cell index x is shown in Fig. 1(a). We inject
photons into the middle waveguide to excite the bulk state.
With the evolution of the photons over a distance z in the
lattice, the corresponding PPDC can be denoted as P̄dðzÞ.
We find that the topological winding number ν can be
measured via the evolution distance–averaged PPDC
P̄dðzÞ, which can be expressed as

FIG. 1. Schematic of the integrated topological photonic lattice,
model, and simulation. (a) Sketch of Su-Schrieffer-Heeger
model. The unit cell label x is marked starting from the edge
of the system with 1. Every unit cell consists of two sites and
every site is implemented by a laser-written waveguide. (b),(c)
Simulated results. The values of PPDC oscillate around 0 and 0.5
for w ¼ 0.1 and w ¼ 0.9 corresponding to the systems in
topological trivial and nontrivial phases, respectively. The num-
bers on the right side of the figure present the averaged values of
PPDC. The value of g is set to 0.5.
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ν ¼ 2 lim
Z→∞

1

Z

Z
Z

0

dzP̄dðzÞ; ð3Þ

where z is the evolution distance (see the Supplemental
Material, part C [38] for the relationship between topological
winding number and PPDC). In Figs. 1(b) and 1(c), we
calculate the P̄d for different coupling coefficients and lattice
sizes. The results show that the values of PPDC P̄d keep
oscillating centered at 0 and 0.5 when the lattice is in the
topological trivial and nontrivial phases, respectively. The
topological winding numbers derived as ν ¼ 0 and ν ¼ 1 can
be directly measured from the output density distribution.
In the experiment, we implement a topological photonic

lattice consisting of 10 waveguides with t ¼ 1.0. To
perform the evolution-distance average, we integrate 40
such photonic lattices on a single chip with different
evolution distances varying from 20 to 30 mm with a step
size of 0.2 mm. We excite one waveguide in the central unit
cell (x ¼ 3) with a narrow-band coherent light at 852 nm,
and measure the output density from each photonic lattice.
The evolution distance–dependent PPDC is extracted and
shown in Figs. 2(a) and 2(b). The result in Fig. 2(a) shows
that, when the system is in the topological trivial phase,
the values of PPDC P̄d keep oscillating centered at
0.045� 0.090. While the system is in the topological
nontrivial phase, P̄d keeps oscillating around 0.540�
0.070 as shown in Fig. 2(b). According to Eq. (3), we
obtain the topological winding numbers ν ¼ 0.09� 0.18
and ν ¼ 1.08� 0.14 for the two phases, respectively. We
can see that the oscillation of the measured Pd values is
more irregular than that of the simulated result, but the
winding number can still be clearly extracted.
To further experimentally demonstrate the reliability and

universality of our approach, we fabricate another set of
photonic lattices consisting of 18 waveguides with t ¼ 0.5.
The evolution distance varies from 7 to 16 mm with a step
size of 0.2 mm. As is shown in Figs. 2(c) and 2(d), when the
lattices are prepared in the topological trivial and nontrivial
phases, the measured values of P̄d are oscillating around
0.095� 0.16 and 0.526� 0.014, which lead to the topo-
logical winding numbers of ν ¼ 0.19� 0.32 and
ν ¼ 1.052� 0.28, respectively. The experimental results
are well consist with the simulated results shown in
Fig. 1(c) and suggest that our proposed dynamical approach
of measuring topological invariants is insensitive to the
detailed lattice configurations. See Supplemental Material,
part D [38] for the influence of photon losses and noise on
PPDC, which includes Ref. [41].
Dynamical detection of topological phase transition.—

We have shown that the topological winding numbers
associated with bulk-state photon dynamics can be directly
observed by imaging the output density distribution of
light. In the following, by developing heralded single-
photon source and single-photon imaging technique, we are
able to push our approach into quantum regime and

demonstrate the direct observation of the topological phase
transition via single-photon dynamics.
The transition point of band structure of the photonic

lattice can be revealed by the generalized photon popula-
tion center Pc ¼

P
xx

2ðaþx ax þ bþx bxÞ, where the label x is
marked as shown in Fig. 3(a) for a concise expression. With
the bulk state excited from the central unit cell by single
photons, the value of generalized photon population center
can be derived as P̄cðzÞ for an evolution distance z. We
can further obtain the topological phase transition
signal (TPTS) St ¼ P̄cðzÞ=z2, and we find that (see the
Supplemental Material, part E [38] for the relationship
between TPTS and photon population center)

St ¼
� J2

1

2
; J1 < J2

J2
2

2
: J1 > J2

: ð4Þ

The simulated results are illustrated in Fig. 3(b). For a
continuously transitive system from topological nontrivial
to trivial, as is sketched with the red points, the TPTS value
increases firstly and then decreases, and the maximum
value arises when the system undergoes the topological

FIG. 2. Experimental results of PPDC. The measured values of
PPDC for 10-sited (a),(b) and 18-sited (c),(d) lattices, which are
found oscillating around 0 (a),(c) and 0.5 (b),(d) for the systems
in topological trivial and nontrivial phases. The averaged values
of PPDC P̄d are 0.045� 0.090 (a) and 0.540� 0.070 (b) for the
case of t ¼ 1.0, and are 0.095� 0.16 (c) and 0.526� 0.014
(d) for the case of t ¼ 0.5, respectively.
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phase transition point. Unlike the statistical measurement
of PPDC, this approach requires only single measurement
on generalized photon population center for a certain
structure; the topological transition point therefore can
be more conveniently observed in experiment. When the
dynamical TPTS value varies with the increasing of the
value of J1 and J2, the transition points as sketched with
blue points will be more distinct to be observed in the
strong interaction region.
To experimentally observe the TPTS in a continuous

transitive system, we fabricate 11 set of photonic lattices
with lattice constant d ¼ 20 μm and different intracell (d1)
and intercell (d2) space. The dimerization Δd ¼
ðd2 − d1Þ=2 varies from −2 to 2 μm in a step of 0.5 μm
for nine lattices, and two more lattices are designed near the
transition point with the dimerization values of −0.2 and
0.2 μm. The coupling strength is modulated by the sepa-
ration between adjacent waveguides, which is not linear
according to coupling mode theory [see Fig. 4(a)]. The
corresponding coupling strength of J1 and J2 defined by
the dimerization values in 11 lattices are marked with red
squares in Fig. 4(b). All the lattices consist of 42 sites (21
untie cells) and have an evolution distance of 18 mm to
ensure that the photons will not evolve to the edge. We
prepare heralded single photons at 810 nm via spontaneous
parametric down-conversion (see the Supplemental
Material, part F [38] for the generation and imaging of
the heralded single photons) and excite the bulk state from
one of two sites in the central unit cell (x ¼ 0).

We show the experimental results in Figs. 4(c) and 4(d).
Directly from the evolution probability distribution of
single photons, we cannot find distinct criteria to distin-
guish when the lattice is in topological nontrivial phase,
transition point, and trivial phase [see Fig. 4(c)]. In
Fig. 4(d), we plot the experimental (red dots) and theoretical
(black dash line) results of TPTSSt varyingwith the coupling
strength ratio J1=J2 (and dimerization Δd). The values of St
increase with the square of J1 when J1=J2 < 1 and decrease

FIG. 3. Theoretical results of TPTS. (a) The Su-Schrieffer-
Heeger model with the labels marked starting from middle of the
system for a concise expression of the photon population center.
(b) The simulated results of TPTS. The dynamical TPTS value
increases and then decreases for a continuous transitive system
(red point), and the transition point will be more distinct in the
strong interaction region (blue point).

FIG. 4. Experimental results of TPTS. (a) The relation between
the coupling strength and the separation between adjacent
waveguides. The blue dash lines mark the experimentally
accessible range of d1 and d2. (b) The coupling strength of J1
and J2 of the 11 lattices used in experiment (red squares). (c) The
evolution probability distribution of single photons in topological
nontrivial phase, transition point, and trivial phase. The blank
arrows mark the excited sites in experiment. (d) The measured
results of TPTS. The topological transition point appears when
the system undergoes the phase transition from the topological
nontrivial to trivial phase (red circles), even with artificially
introduced disorder (black and blue circles). Error derivation can
be found in the Supplemental Material, part G [38].
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with the square of J2 when J1=J2 > 1. As a result, the signal
of the topological transition point appears very clearly when
the J1=J2 ¼ 1, corresponding to the Δd ¼ 0.
Besides the advantage of directly observing topological

transition point, it would be also interesting to test the
robustness of this approach. We manage to introduce the
disorder into the system by adding random fluctuation of
�0.1 μm to d1 and d2 in the laser writing process. We
fabricate 11 set of such disorder-embedded lattices and
repeat the experiment twice. As is shown in Fig. 4(c), the
experimental results retrieved from the 22 lattices indicate
that while the measured values of St randomly deviate from
the theoretical curve assumed for the ideal case, the
topological transition point still can be clearly identified
around J1=J2 ¼ 1.
In summary, we have experimentally demonstrated

direct observation of the photonic topological invariants
and topological phase transition through the photon
dynamics in the bulk state of topological waveguide lattice.
This approach based on single-particle dynamics in the real
space provides a new route for direct measurement of
topology [28–30], which complements the approach in
ultracold atomic systems using Bloch state dynamics in the
momentum space [42,43].
Direct observation of topology in higher-dimensional

system via single-photon dynamics is of great interest and
is more experimentally challenging. It is possible to general-
ize our approach to detect the topological phase transition in
two-dimensional lattices such as photonic graphene, since
the photonic dynamics in the gapless phase is distinctly
different from the one in the gapped phase. For example, the
topological transition point can be clearly manifested by
measuring TPTS in two-dimensional lattices.
The demonstrated key elements, including integrated

topological structures, direct measurement in single-photon
regime and strong robustness against disorder, can enrich
the emerging field of “quantum topological photonics.”
With the primary attempt to combine topology with
quantum integrated photonics [31,32,44], it is promising
to explore scalable topologically protected quantum infor-
mation processing on topological photonic chips beyond
classical topological photonics. The prompt questions, but
remain open, will be whether we can directly observe
topology with multiphoton dynamics and how qubit and
entanglement behave.
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