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Topological phase, possessing inherent robustness against disorder, plays a central role in understanding
matter, tailoring properties of artificial materials, and holding the promise of fault-tolerant quantum simulation
and computing. Various topological phases and accessible controllability are being enthusiastically pursued
in a wide spectrum ranging from condensed-matter to photonic systems. Recently, a topological photonic
superlattice with arbitrary number of sites in each unit cell was proposed to provide richer topological properties.
Here we successfully map such a multipartite structure into a photonic chip by using a femtosecond laser direct
writing technique and demonstrate a direct observation of topological photonic superlattices in the quantum
regime. Besides the tunable number of topologically protected edge states, we also observe stable interface
states induced by the interference of topological linear modes, which exhibits Bloch-oscillation-like breathing

dynamic behavior but free of nonlinearity.
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I. INTRODUCTION

Nontrivial properties of new artificial materials and struc-
tures are the pursuits in material science. Topological phase,
deriving from the quantum Hall effect, is found to be a
new powerful tool and plays a fundamental role in un-
derstanding matter [1-5]. In the past decades, topological
robust phases have been widely investigated in ultracold-
matter [6-8], condensed-matter [2,3], and photonic systems
[4,5,9-18]. The extraordinary robustness of the topologi-
cal phase has found promising applications for inherently
fault-tolerant quantum simulation and quantum computing
[19].

The Su-Schrieffer-Heeger (SSH) model describing a lattice
of dimers is the conceptually simplest system that can possess
topological trivial and nontrivial states [20]. In view of band
structures, the former one is described by a gapped spectrum
while there is a zero-energy edge mode in the middle of
the gap for the latter one. These two distinct states can be
conveniently tuned by the relative value between the intercell
and the intracell coupling strengths. The topological features
of the SSH model have been widely observed in experiments
[2-5,8,21-27].

For the SSH model [20] and other structures [12], there
are fixed and limited numbers of nontrivial phases in the sys-
tem. Recently, a superlattice beyond the standard SSH model
was proposed and richer topological properties were predicted
[28]. The most intriguing feature of the superlattice is the
multiple topologically nontrivial dispersion bands; further-
more, the number of edge states in the superlattice is tunable.
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Such a unique feature will allow one flexible control over the
topological states in a new domain. An interface-state-induced
oscillatory dynamic can arise due to the interference of topo-
logical linear modes. Besides the robustness against disorder,
the interface state can behave similarly to the Bloch oscillation
but without the appearance of nonlinearity.

Compared with other information carriers, a photon is
easier to be created and detected, and has been employed to
investigate topological phenomena [4,5]. The single photon,
as a promising platform for quantum simulation and quan-
tum computing [29-31], is most likely to be simultaneously
compatible for both topological physics and quantum infor-
mation [27,32]. The compatibility of a single photon between
topological states and single particles is able to extend the
topological protection into the quantum regime, which sug-
gests quantum topological photonics as a new frontier for
exploring both fundamental problems and potential applica-
tions [33-37]. Therefore, it is highly desirable to realize both
the multiple topologically nontrivial state and the interface
state in a single-photon level, which may provide an entirely
new resource and controllable degree of freedom for future
topologically protected quantum networks and quantum in-
formation processing.

In this work, we construct a multiband photonic super-
lattice and successfully observe multiple topological edge
states and the interface states via single-photon dynamic.
The single photon is strongly localized in a boundary of the
fabricated three- and four-sited unit cell superlattice chains.
The breathinglike oscillatory dynamic is observed at the inter-
face connecting two superlattices in the trivial and nontrivial
phases, respectively. We also demonstrate the interface states,
where the periodic feature of the single-photon dynamics is
maintained after introducing disorder.

©2021 American Physical Society
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FIG. 1. Structure and spectrum of the superlattice. (a) The schematic of the superlattice. The superlattice with the nearest-neighbor coupling

contains M unit cells and J sites in each cell. Therefore, there are M x J sites in the lattice. (b—e) The eigenspectra of superlattices which
contain different site numbers J = 3 and J = 4. There are J — 1 gaps in the band structure, and two edge sates in each gap for the topological
nontrivial structure (c, e) but not for the trivial cases (b, d). (f) The spatial distributions of the bulk state and edge states of the superlattice

parameters are picked as t = 0.7 and ¢ = 0.15 in the calculation.

II. MODEL

As shown in Fig. 1(a), considering a superlattice that con-
tains M x J sites, where M is the unit cell number and J is the
site number in each cell, and only nearest-neighbor coupling
exists, the Hamiltonian of the system can be described by

M J-1

2 :2 : + +
H = tjam’jam,_,url + Ty, [Omt1,1 +H.c.,
m=1 j=1

ey

where a; ; (am, ;) is the Bosonic creation (annihilation) op-
erator at site j in the mth unit cell, #; presents the intracell
coupling strength between the adjacent sites j and j + 1, and
the 7 is the intercell coupling strength.

For j = 1 and 2, the system reduces to the homogeneous
lattices and SSH model, respectively, which have been well
studied. It is more interesting for the cases of J > 2, where
the lattice owns topologically protected multiple edge and
interface states. We show the calculated band structure of the
photonic superlattice in Figs. 1(b)—1(e) for the cases of J = 3
and J = 4. The coupling parameters in each unit cell are set to
be symmetric with respect to the center site. There are J — 1
gaps that separate the energy band. The edge states exist when

the intercell coupling t is larger than the intracell coupling
t [see Figs. 1(c) and 1(e)], but not for the inverse case [see
Figs. 1(b) and 1(d)].

We further show the spatial distribution of the bulk state
and edge states in Fig. 1(f) for the case of J = 3. It is defined
by D,(E) =), 8(E — Em)lfp,ﬁ’") |2, where E,, is the energy of
the mth eigenstate and @™ is its wave function. The single
photons distribute over all the sites in the bulk state, as shown
in Fig. 1(f-i). In contrast, the single photon is confined on the
boundary of lattice under the norm of the edge states as the
spatial distribution implied in Figs. 1(f-ii) and 1(f-iii).

III. BOUNDARY STATES

We fabricate the superlattices in borosilicate glass using
the femtosecond laser direct writing technique [38—41], which
allows us to map a three-dimensional lattice into a photonic
chip in a controllable fashion [42]. We set the parameter
M = 10 and implement two superlattices with J = 3 and 4,
respectively. Heralded single photons are injected into the
leftmost site and the rightmost site to observe the edge states
for both lattices, and the outgoing probability distributions
are captured by an intensified charge-coupled device (ICCD)
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FIG. 2. Experimental observation of edge states for superlattices. (a) The sketch of the experimental setup. Different superlattices are
fabricated in the same photonic chip. Heralded single photons generated from the periodically poled potassium titanyl phosphate (PPKTP)
crystal are injected into the lattices after being focused by a lens and collected at the output facet by an ICCD after being collimated. (b, c) The
measured edge states of superlattices. Both the left (red) and right (blue) edge states of superlattices are observed for (b) J = 3 and (c) J = 4.
The parameters picked in the experiment are the same as those in the simulation.

camera after hopping through 40 mm [see Fig. 2(a) for more
details].

The experimental results of the single-photon distribution
probability are shown in Figs. 2(b) and 2(c). From the dis-
tribution probability at the outgoing facet, one can find that
the single photons occupy the sites in the first and last unit
cells with high probability, implying the existence of both the
left and right edge states. To quantify the localization on the
edge, we calculate the generalized return probability & /r of
left and right edge states defined by &z = ZI,:’Z L/ Y\ I
which quantifies the probability of the single photon that
remains within a small distance d from the injection site k, and
the accumulated distance d = J is the width of the localized
boundary state. In our experiment, & = 0.94 and & = 0.93

for the superlattice with J = 3, while &, = 0.88 and &z = 0.98
for the superlattice with J = 4, which is a clear signature of
the existence of boundary states.

IV. BLOCH-LIKE OSCILLATION DYNAMICS

Because the edge states in different band gaps are all lo-
calized at the same spatial sites in our system, all the edge
modes are excited in the above experimental implementa-
tion. Thus, the observed existence of the edge modes solely
cannot demonstrate the multiband feature of the superlattice.
Fortunately, another attractive phenomenon about the super-
lattice could help us to demonstrate the multiband feature:
the breathinglike oscillation induced by the interference of
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FIG. 3. Topological interface states. The propagation-constant spectrum of superlattices (left) without and (right) with disorder with J = 4
shows that there are three interface states in the gap. The band structure and the spatial distributions do not change much even after introducing
the disorder. The parameters are picked as T = 0.7, #; = t; = 0.2, and t, = 0.15. The disorder is introduced by adding uniformly distributed

random coupling strength varying from 0 to 0.1 for each coupling.
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FIG. 4. Direct observation of topological interface states. (a) The interface state forming a breathinglike oscillation owns the similar
dynamic with Bloch oscillation. We observe a complete periodical dynamic in the experiment by measuring the output distribution under
different evolution distance (1-6) varying from 20 to 45 mm with step size of 5 mm. (b) The stability of interface-state propagation against
disorder is well experimentally demonstrated (i—vi). The parameters picked in the experiment are the same as those in the simulation.

topological linear modes of different propagation constants,
which does not exist for the case J < 3.

To observe the dynamics of such a topological interface
state, a convenient way is to construct a lattice which com-
bines two subsuperlattices of different topological phases and
excite the lattice from the interface site. We set parame-
ters as Tt =0.7, ty =t; = 0.2, and f, = 0.15 and show the
band structure taking the case J = 4 for example in Fig. 3,
where three localized edge states exist in the gap. Two spatial
distributions of the edge states are shown in the insets, which
are the 13th and 37th eigenstates in the band structure. The
interference state will appear when the single photon is inter-
fered among the three different topological linear modes.

What is more, we introduce the disorder by adding uniform
distributed random coupling strength varying from 0 to 0.1 for
each coupling. The band structure and the spatial distributions
of the edge states do not change much after introducing the
disorder as shown in Fig. 3. The intrinsic interference state
promises a practical application in photonic networks and
devices for quantum information processing.

To observe and explore the breathing-like interference
states dynamics in the experiment, we fabricated six super-
lattices with different evolution distance varying from 20 to
45 mm with step size of 5 mm. As is shown in Fig. 4(a),
the simulated result shows that the heralded single photons
are stably oscillated and localized in the interface of two
superlattices. The experimental observation, as is shown in the
inset (1-6), demonstrates the Bloch-like oscillation induced
by the topological interface state. The observed Bloch-like
oscillation confirms the multiband feature of the photonic
superlattice.

We further introduce random disorder into the structure
to experimentally explore the stability of the phenomenon to
disorder. The simulated and experimental results are shown
in Fig. 4(b). The interference of topological states is found to
be very stable. It is worthwhile to mention that the oscillation
period shown here is smaller than the lattice without disorder.
It is attributed to the fact that the average coupling of the
disordered lattice is larger than that of the pure lattice, which
is related to the manner of practical disorder realization in our

work. In fact, the period of the Bloch-like oscillations is still
preserved in the presence of disorder. The detailed discussion
on oscillation period can be found in the Supplemental Mate-
rial [43].

V. CONCLUSION

In conclusion, we demonstrate the appearance of multiple
topological edge states of single photons in a superlattice
and the performance of an interface-state-induced Bloch-like
oscillation dynamic. By using a single-photon imaging tech-
nique and the femtosecond laser direct writing technique, we
are able to experimentally confirm the compatibility between
macroscopic topological states in a superlattice and micro-
scopic single photons on a photonic chip.

Our work represents an attempt to extend the topologi-
cal phase into the quantum regime, combining topological
physics and quantum information. The results presented here
show that there are richer topological properties in multi-
band superlattices and these properties are compatible with
the single-photon quantum feature, which may provide an
entirely new resource and controllable degree of freedom and
pave the way towards fundamental investigation of quantum
topological photonics and potential applications on artificial
topological devices.
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