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Since the discovery of topological insulators, topological phases have generated considerable attention across the
physics community. The superlattices in particular offer a rich system with several degrees of freedom to explore a
variety of topological characteristics and control the localization of states. Albeit their importance, characterizing
topological invariants in superlattices consisting of a multi-band structure is challenging beyond the basic case of
two-bands as in the Su—Schreifer—Heeger model. Here, we experimentally demonstrate the direct measurement of
the topological character of chiral superlattices with broken inversion symmetry. Using a CMOS-compatible
nanophotonic chip, we probe the state evolving in the system along the propagation direction using novel nano-
scattering structures. We employ a two-waveguide bulk excitation scheme to the superlattice, enabling the iden-
tification of topological zero-energy modes through measuring the beam displacement. Our measurements reveal
quantized beam displacement corresponding to 0.088 and -0.245, in the cases of trivial and nontrivial photonic
superlattices, respectively, showing good agreement with the theoretical values of 0 and -0.25. Our results provide
direct identification of the quantized topological numbers in superlattices using a single-shot approach,
paving the way for direct measurements of topological invariants in complex photonic structures using tailored
excitations with Wannier functions.
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1. INTRODUCTION

Since the discovery of superlattices in 1925 by Johansson and
Linde [1] in X-ray diffraction experiments, there has been a
tremendous interest in their properties in the fields of optics
and condensed matter physics [2—5], which led to the realiza-
tion of key enabling technologies such as the quantum cascade
lasers [6]. The topology of the band structure is particularly
important. It provides new means of controlling light propaga-
tion and simulating topological phases of matter in optics
[7-12]. Furthermore, edge states in topological lattices exhibit
resistance to disorder as they are protected from backscattering
on the band structure level [13,14].

A 1D lattice of dimers, famously labeled the Su—Schrieffer—
Heeger (SSH) model [15], or specifically SSH, referring to the
two lattice sites per unit cell, provides the simplest system with
topologically trivial and nontrivial edge states [16], and has
been widely studied in different physical platforms [17-21].
From a topology perspective, higher-order superlattices SSH ,
with M sites per unit cell [22—24], enable a larger parameter
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space with multi-band structure for photonic state engineering.
The SSH; model shows richer physics with the simultaneous
existence of topologically trivial and nontrivial states.
Meanwhile, directly probing the Zak phase in SSH, photonic
lattice enables designing the system parameters to tune the
number of topologically protected states, paving the way for
topologically protected and robust mode-division multiplexing
in photonic networks through manipulating the coupling
strengths between waveguides. In a series of experiments, topo-
logical invariants have been probed through several techniques
such as Bloch oscillations [25] and quantum walks [26-30].
However, a larger number of bands can limit the use of imaging
techniques to identify protected edge localized states, as topo-
logical and nontopological states can coexist in different bands
[22]. The probing of such a multi-band structure has proved to
be challenging beyond the dimer SSH, case. A more general
approach would be to infer the Zak phase of a particular band
through using the beam displacement approach, with Wannier
function input. Although this measurement scheme is general
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Fig. 1. (a) Schematic of an SSH; superlattice. The lattice consists of

four sites per unit cell, with intracell coupling amplitudes #, 5 and
intercell coupling amplitude 7. (b) Energy spectrum at different inter-
cell coupling amplitude 7. The intracell coupling amplitudes are fixed
at t; = 0.0587, r, = 0.0503, and 73 = 0.0902. As the intercell cou-
pling amplitude is increased, the first and third bandgaps never close.
The situation is different for the bandgap centered at zero energy,
where we can see the closure and reopening of the bandgap at
7o = t113/t, together with the appearance of energy-degenerate right
and left edge localized topologically protected states. Two regions are
highlighted I and II, which correspond to the topologically trivial and
nontrivial bandgap number N, respectively.

and can be applied to a superlattice with arbitrary number of
sites in the unit cell, the Wannier function excitation technique
is difficult to implement experimentally, requiring precise con-
trol of the field amplitudes and phases in each individual lat-
tice site.

2. CHIRAL SUPERLATTICES WITH BROKEN
INVERSION SYMMETRY

We experimentally simplify the Wannier function excitation
and realize direct measurement of the topological character
in an engineered chiral SSH, system with broken inversion
symmetry [22]. The schematic of the designed system is shown
in Fig. 1(a). It consists of a superlattice with four waveguides
per unit cell with equal on-site potential. The Hamiltonian is
presented in Eq. (1), with only nearest neighbor coupling
between lattice sites:

3
H =" (4] a0 + 7} pyt0 + He). (1)
n [=1

le j» @y, are the creation and annihilation operators at cell 7
and lattice site /. #;_3 and 7 are the coupling amplitudes be-
tween lattice sites within each cell and between different cells,
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respectively. The topological character of the band structure is
directly related to the Zak phase y of the band. The Zak phase is
calculated by integrating the Berry connection along the wave
vector axis in the Brillouin zone. We employ S to represent
the bandgaps in a system. Our superlattice model shown in
Fig. 1(a) contains S = 3 bandgaps. The topology of the nth
bandgap, where n =1,2,...,5-1, is characterized by the
gap topological number A, which is defined as the sum of
Zak phases of all the filled bands below 7 [22,23]:

Nu=> 1 @

The Hamiltonian in Eq. (1) can exhibit topologically non-
trivial AV values in all three bandgaps for a superlattice with
inversion symmetry satisfying #; = #3. Alternatively, in the case
of broken inversion symmetry only N\, shows topologically
protected quantized values for different intercell coupling 7,
which is not the case for N'; and A3. Figure 1(b) shows a si-
mulated band structure of our superlattice with 15 cells; as the
intercell coupling amplitude 7 is tuned, the intracell coupling
amplitudes are kept constant at z; = 0.0587, #, = 0.0503,
and #; = 0.0902. We notice that the first and third bandgaps
never close, with the emergence of left and right edge nonto-
pological states within the bandgap at different energies. The
case is different for the bandgap centered at zero energy, where
we can see the closing and reopening of the bandgap at
7o = t13/1y, with the emergence of energy-degenerate right
and left edge localized topologically protected states in the
superlattice. The bandgap number N, takes quantized values
of 0 and 7, for 7 smaller and larger than #,#;/#,, respectively.
For an arbitrary input to the lattice, the beam displacement
D(2) can be utilized to quantify the deviation of the light beam
from the center point as light propagates in the lattice. D(z) can
be directly related to the Zak phase of the band using a
Wannier function. Such an input can uniformly excite the low-
est S-bands of the superlattice:

P@ = (1/2) [(de Y o @la@). @

As this is rather challenging to achieve experimentally, it was

shown in Ref. [22] that bulk excitation in a superposition state

of the first and third waveguides in the central cell 4,(0) =

(1/+/2)(1,0,6%1,0)) can predict the topological phase through

the beam displacement measurement. The beam displacement
then takes two quantized values:

0)
b= { 025,

For the superlattice parameters in Fig. 1(b), 7y = 0.106.
Figures 2(a) and 2(b) show the simulated light evolution in
two superlattices with different intercell coupling 7, = 0.052
and 7, = 0.194, respectively. Each superlattice consists of 15
cells, among which the bulk eighth cell was used for excitation
ag = (1/+/2)(1,0,1,0); only the first and third waveguides in
the central cell are excited equally and in phase. Figure 2(c)
presents the numerically calculated beam displacement using

for 7 < 1
fort > 14"

(4)
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(a), (b) Simulated light evolution pattern in superlattices. The two supetlattices have the same parameters as in Fig. 1(a) band diagram,

with7; = 0.052 (< 70) in (a) and 7, = 0.194 (> 7) in (b), corresponding to topologically trivial and nontrivial phases, respectively. Bulk excitation
is used at the eighth cell g = (1/ +/2)(1,0,1,0). (c) Beam displacement calculation of trivial superlattice (gold) and nontrivial superlattice (brown).
The numerical calculation involves summing over all the superlattice cells at different propagation distances using Eq. (3). Two quantized values of 0
and -0.25 are found in the case of trivial and nontrivial superlattices. (d) Phase difference versus beam displacement. The beam displacement (dotted
lines, left y axis) is calculated for different phases € between the two input waveguides ,,(0) = (1/ V2)(1,0,61,0), for the trivial phase (gold) and
the nontrivial lattice (brown). The difference between the two beam displacements in the trivial and nontrivial superlattices is shown by the green

solid line (right side y axis) with robustness.

Eq. (3) for different propagation lengths. The results confirm
the theoretical prediction of quantized values of the beam dis-
placement corresponding to the topological nature of the sec-
ond bandgap number N,. The dotted lines in Fig. 2(d),
corresponding to the left y axis, show calculated beam displace-
ment at propagation distance of 200 pm versus the phase differ-
ence between the two excited sites, for the two superlattices in
Figs. 2(a) and 2(b). The solid line, corresponding to the right y
axis, shows the difference between the beam displacement in
the trivial and nontrivial superlattices. The result indicates that,
even for large variations in the input phase, there is a clear dis-
tinction between the beam displacement measurement for dif-
ferent topological phases, making the experimental realization
both robust and feasible.

3. EXPERIMENTAL MEASUREMENT OF
TOPOLOGICAL INVARIANTS

A CMOS-compatible Si;Ny photonic platform [31,32] is used
to implement the engineered superlattices. Each waveguide
representing a superlattice site has a dimension of 500 nm x
250 nm, with SiO, and poly(methyl methacrylate) (PMMA)
as the bottom and top cladding, respectively. Mode simulations
are used to calculate the superlattice site spacings to satisfy the
nearest neighbor coupling amplitudes in the model [33]. Two
superlattices were fabricated with identical intracell spacings
¢,1 =230 nm, g,, = 250 nm, and g,; = 170 nm, while hav-
ing two distinct intercell spacings ¢, = 220 nm and g, =
100 nm, corresponding to the topologically trivial and nontri-
vial phases. The experimental setup is shown in Fig. 3(a).

We excite the superlattice using a continuous-wave laser source
centered at 795 nm. A lensed fiber installed on a five-axis nano-
positioning stage is used to couple the light to the nanopho-
tonic chip. A polarizing beam splitter and a fiber-coupled
three-paddle polarization controller are used to selectively excite
the transverse electric (TE) mode of the waveguide. An on-chip
Y-splitter divides the input light into two pathways. The first
leads to the superlattice, while the second acts as a monitor for
the coupling efficiency and the polarization on-chip. A charge-
coupled device (CCD) camera with a 40x objective is used to
image the evolution pattern of the light along the propagation.

It is technically challenging to detect light intensity in indi-
vidual nanosized waveguides using an optical microscope since
the superlattice dimensions and spacings are below the Abbe
diffraction limitation. Here, we deliberately introduce nano-
scattering sites, in particular 50 nm gaps in the waveguides
to scatter light upward toward the imaging system, providing
means to sample the light intensity at a specific propagation
length in the superlattice. To preserve the state fidelity in
the superlattice, the nanoscattering structures are introduced
in all the odd and even cells, separated by 5 pm, which is a
length scale well below the coupling lengths in the system.
The inset of Fig. 3(a) shows a top image of the superlattice,
where the top (bottom) row gives an intensity measurement
of the light in the odd (even) cells. Using this approach, the
beam displacement is calculated using Eq. (3) by summing over
the odd and even cell numbers. Figure 3(b) shows a false col-
ored scanning electron microscope (SEM) image of the super-
lattice (yellow), integrated with a 50:50 beam splitter (green)
to excite a superposition state at the eighth cell. A reference
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Fig. 3. Schematic of the experimental setup. A 795 nm CW laser is
used to excite the chip via a lensed fiber, and the TE mode of the wave-
guide is selected with a polarization controller. To confirm the excited
mode polarization in the superlattice, the chip’s output is free-space-
coupled to an optical power meter after a polarizing beam splitter.
A microscope equipped with a CCD camera is used to top-image
the light dispersed from the superlattice. To measure the light dynamics
in the SSHy photonic lattice, nanoscattering structures are introduced
to the odd and even cells in the lattice [34], separated by a distance of
5 pm. The inset shows the top image of the lattice, where the top and
bottom rows sample the light propagating in the odd and even cells,
respectively. In total, the device has a length of 300 pm, with five sam-
pling sections measured at distances of 40, 80, 120, 160, and 200 pm.
(b) False colored SEM image of integrated photonic chip. The input
waveguide branches to the SSHy superlattice (yellow) and the reference
port (green). A 50:50 Y-shaped beam splitter (blue) is used to excite the
superlattice in the zg = (1/+/2)(1,0,1,0) state. (c) Magnified SEM im-
age of the nanoscattering structures at the odd and even cells to sample
the light intensity in the superlattice. The dotted white boxes indicate
the location of the nanoscattering structure. The scale bars in (b) and
() correspond to lengths of 40 pm and 2 pm, respectively.

waveguide (green) is used to measure the transmitted light off-
chip using a 100x objective. Figure 3(c) shows a false colored
SEM image of different cells, and the scattering nanostructures
are highlighted in white.

Higher spatial frequency of the nanoscattering structures
would enable higher resolution probing of the light propaga-
tion dynamics, with a compromise of faster exponential decay
of light intensity in the superlattice. The total superlattice
length is selected to be 300 pm, with five intensity samples
taken at a period of 40 pm, which provides a balance between
the resolution and efficiency. Top images of both the trivial and
nontrivial superlattices are recorded, and the intensity distribu-
tions in the odd and even cells are extracted and normalized.
Figures 4(a) and 4(b) show simulated (black dashed line) and
measured light intensity in different cells for the trivial (gold
dotted line) and nontrivial (brown dotted line) superlattices,
respectively. Larger spread can be seen for the trivial case, with
a good agreement between simulation and measurement. Note
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Fig.4. (a), (b) Lightintensity over different cells in topologically triv-

ial and nontrivial superlattices, respectively. The experimental data are
shown by the dotted lines, while the solid lines represent the numeri-
cally modeled superlattice. The coupling amplitudes in the simulated
Hamiltonian are directly determined from the chip physical dimensions
and refractive indices of different materials; no free fitting parameters
are utilized. As the propagation distance increases, the trivial superlattice
has greater spread around the input eighth cell. (c) Experimentally mea-
sured beam displacement. Measured topological invariant of the trivial
superlattice (gold) and nontrivial superlattice (brow) at different propa-
gation distances. The beam displacement is evaluated through integrat-
ing the intensity multiplied by the cell numbers over the cell numbers in
Eq. (3). In the case of the trivial photonic supetlattices, we measure a
beam displacement of 0.088, while in the case of nontrivial photonic
superlattices, -0.245. The results show good agreement with the theo-
retical values (dotted lines) of 0 and -0.25. A distinct gap can be ob-
served for the different topological phases.

that no free fitting parameters are used in Figs. 4(a) and 4(b),
and the coupling amplitudes in the Hamiltonian are directly
determined from the physical parameters of the lattice.
Figure 4(c) shows the extracted beam displacement using
Eq. (3), integrated over the cells. Using the two-waveguide bulk
excitation approach, we observe beam displacement of 0.088 in
the case of trivial photonic superlattices, and ~0.245 in the case
of nontrivial photonic superlattices. This is in excellent agree-
ment with the theoretical values of 0 and -0.25. Possible de-
viations in the measured values can be attributed to the
imbalanced splitting ratio and phase in the 50:50 beam splitter
due to fabrication inaccuracy, specifically the electron beam
lithography and reactive ion etching. The experimentally mea-
sured topologically invariant is comparable to the winding
number introduced in Ref. [35] for the SSHy system, while we
introduce an experimentally feasible approach that does not
require measuring chiral average displacements.
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Fig. 5. Refractive indices measured by ellipsometry. The measure-
ment is performed for wavelengths between 700 nm and 1000 nm, at
5 nm steps. The blue curve shows the refractive index of SizNy, while
the green curve shows the refractive index of the SiO, cladding. The
operating wavelength of the device is highlighted at 795 nm.

4. CONCLUSION

In summary, we directly probe the topology of SSH chiral
superlattices with broken inversion symmetry using a CMOS-
compatible nanophotonic device, relying on a superposition
state excitation. For the trivial and nontrivial phase photonic

(@)

Vol. 10, No. 12 / December 2022 / Photonics Research 2905

superlattices, our measurements reveal quantized beam dis-
placements in close agreement with the theoretical models.
A major goal in topological physics is relating global topological
invariants with experimentally measurable quantities. Our
method of introducing nanoscattering sites to study the light
dynamics in the superlattice, offers a novel single-shot identi-
fication of quantized topological numbers, opening the path for
direct measurements of topological invariants in more complex
photonic structures and the implementation of topologically
protected multi-band devices.

APPENDIX A: CHIP DESIGN PARAMETERS

Following the theoretical model in Section 2, we design a chip
based on the silicon nitride (Si3Ny) platform to realize our
single-shot detection method. The SizN; thickness is
250 nm, and the width of the waveguides is 500 nm. Each site
in the unit cell consists of a single Si;N4 waveguide, with SiO,
bottom PMMA top cladding. We perform ellipsometry mea-
surements to characterize the refractive index of Siz;Ny4 and
SiO, with excellent accuracy. The blue and green curves in
Fig. 5 represent the measured refractive indices for wavelengths
between 700 nm and 1000 nm. The light blue and green squares
indicate the refractive indices at the operating wavelength of
795 nm. The data were used to determine the design parameters
and engineer the coupling strengths in the photonic lattices.
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Fig. 6. Coupling strength between the waveguides. (a) and (b) show the real x component of the electric field for the odd and even TE modes
supported in a waveguide dimer. (c) Coupling strength per micrometer between two waveguides for different gaps. The simulated data are fitted

according to Eq. (A1) with a decay constant « of 0.0078 pm™.
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The PMMA cladding and the asymmetric waveguide di-
mensions in the x and y directions result in breaking the degen-
eracy between the two orthogonal modes (TE and TM) in the
waveguides. However, the TM modes for the chosen waveguide
dimensions and PMMA cladding are weakly localized. To
engineer the coupling strength between the lattice sites, we nu-
merically simulate the TE modes in a waveguide dimer,
as shown in Figs. 6(a) and 6(b), using the experimentally
measured refractive indices. The odd modes have larger refrac-
tive index than the even modes. The calculated coupling con-
stant is shown in Fig. 6(c), where C = ”T‘z)”, and 67 is the
difference of the odd and even modes effective refractive indi-
ces. The coupling constant between the waveguides decays ex-
ponentially with distance:

C(x) = Cye™, (A1)

where x is the waveguides spacing, Cy is the maximum cou-
pling strength, and « is the decay constant. It should be noted
that the fabricated Siz;Nj photonic lattice has a footprint of
hundreds of micrometers, with nanostructures fabricated and
engineered with high precision using electron-beam lithogra-
phy. The length scales in our devices are orders of magnitude
smaller than laser-written photonic lattices, which are often in
the centimeter-length scale. In such large-scale lattices several
measurements were needed to identify the central line of the
beam to probe the Zak phase [28]. This is in stark contrast
to our method, where we directly probe the topological invar-
iants in a single shot, greatly simplifying the measurement
procedure.

Funding. Vetenskapsradet (2016-03905, 2019-04821);
VINNOVA; Wallenberg Center for Quantum Technology,
Chalmers University of Technology.

Acknowledgment. A. W. E acknowledges support from
the Knut and Alice Wallenberg (KAW) Foundation through
the Wallenberg Centre for Quantum Technology (WACQT),
Swedish Research Council (VR) Starting, and Vinnova quan-
tum kick-start project 2021. S. S. acknowledges support from
VR Starting. V. Z. acknowledges support from the KAW
and VR.

Disclosures. The authors declare no conflicts of interest.

Data Availability. Data underlying the results presented
in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

REFERENCES

1. C. Johansson and J. Linde, “The X-ray determination of the atomic
arrangement in the mixed-crystal series gold-copper and palladium-
copper,” Ann. Phys. 383, 439-460 (1925).

2. I. K. Schuller, “New class of layered materials,” Phys. Rev. Lett. 44,
1597-1600 (1980).

3. A. Wacker, “Semiconductor superlattices: a model system for nonlin-
ear transport,” Phys. Rep. 357, 1-111 (2002).

4. R.V. Gorbachev, J. C. W. Song, G. L. Yu, A. V. Kretinin, F. Withers, Y.
Cao, A. Mishchenko, I. V. Grigorieva, K. S. Novoselov, L. S. Levitov,
and A. K. Geim, “Detecting topological currents in graphene superlat-
tices,” Science 346, 448-451 (2014).

‘ Research Article

5. T. Chalopin, “Optical superlattices in quantum gas microscopy,” Nat.
Rev. Phys. 3, 605 (2021).

6. J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
Cho, “Quantum cascade laser,” Science 264, 553-556 (1994).

7. L. Lu, J. D. Joannopoulos, and M. Soljacic, “Topological photonics,”
Nat. Photonics 8, 821-829 (2014).

8. T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L. Lu, M. C.
Rechtsman, D. Schuster, J. Simon, O. Zilberberg, and I. Carusotto,
“Topological photonics,” Rev. Mod. Phys. 91, 015006 (2019).

9. D. Smirnova, D. Leykam, Y. Chong, and Y. Kivshar, “Nonlinear topo-
logical photonics,” Appl. Phys. Rev. 7, 021306 (2020).

10. M. Kim, Z. Jacob, and J. Rho, “Recent advances in 2D, 3D and higher-
order topological photonics,” Light Sci. Appl. 9, 130 (2020).

11. D. T. H. Tan, “Topological silicon photonics,” Adv. Photonics Res. 2,
2100010 (2021).

12. D.-W.Zhang, Y.-Q. Zhu, Y. X. Zhao, H. Yan,and S.-L. Zhu, “Topological
quantum matter with cold atoms,” Adv. Phys. 67, 253-402 (2018).

13. Z. Wang, Y. Chong, J. D. Joannopoulos, and M. Soljacic,
“Observation of unidirectional backscattering-immune topological
electromagnetic states,” Nature 461, 772-775 (2009).

14. J. Noh, S. Huang, K. P. Chen, and M. C. Rechtsman, “Observation of
photonic topological valley hall edge states,” Phys. Rev. Lett. 120,
063902 (2018).

15. W. P. Su, J. R. Schrieffer, and A. J. Heeger, “Solitons in polyacety-
lene,” Phys. Rev. Lett. 42, 1698-1701 (1979).

16. M. Parto, S. Wittek, H. Hodaei, G. Harari, M. A. Bandres, J. Ren, M. C.
Rechtsman, M. Segev, D. N. Christodoulides, and M. Khajavikhan,
“Edge-mode lasing in 1D topological active arrays,” Phys. Rev.
Lett. 120, 113901 (2018).

17. A. Blanco-Redondo, I. Andonegui, M. J. Collins, G. Harari, Y. Lumer,
M. C. Rechtsman, B. J. Eggleton, and M. Segev, “Topological optical
waveguiding in silicon and the transition between topological and triv-
ial defect states,” Phys. Rev. Lett. 116, 163901 (2016).

18. E. J. Meier, F. Alex An, and B. Gadway, “Observation of the topologi-
cal soliton state in the Su-Schrieffer-Heeger model,” Nat. Commun. 7,
13986 (2016).

19. P. St-Jean, V. Goblot, E. Galopin, A. Lemaitre, T. Ozawa, L. Le
Gratiet, I. Sagnes, J. Bloch, and A. Amo, “Lasing in topological
edge states of a one-dimensional lattice,” Nat. Photonics 11, 651-
656 (2017).

20. H. Zhao, P. Miao, M. H. Teimourpour, S. Malzard, R. El-Ganainy, H.
Schomerus, and L. Feng, “Topological hybrid silicon microlasers,”
Nat. Commun. 9, 981 (2018).

21. M. Pan, H. Zhao, P. Miao, S. Longhi, and L. Feng, “Photonic zero
mode in a non-Hermitian photonic lattice,” Nat. Commun. 9, 1308
(2018).

22. S. Longhi, “Probing topological phases in waveguide superlattices,”
Opt. Lett. 44, 2530-2533 (2019).

23. B. Midya and L. Feng, “Topological multiband photonic superlattices,”
Phys. Rev. A 98, 043838 (2018).

24. Y. Wang, Y.-H. Lu, J. Gao, Y.-J. Chang, H. Tang, and X.-M. Jin,
“Experimental topological photonic superlattice,” Phys. Rev. B 103,
014110 (2021).

25. M. Atala, M. Aidelsburger, J. T. Barreiro, D. Abanin, T. Kitagawa, E.
Demler, and I. Bloch, “Direct measurement of the Zak phase in topo-
logical Bloch bands,” Nat. Phys. 9, 795-800 (2013).

26. F. Cardano, A. D’Errico, A. Dauphin, M. Maffei, B. Piccirillo, C. de
Lisio, G. De Filippis, V. Cataudella, E. Santamato, L. Marrucci, M.
Lewenstein, and P. Massignan, “Detection of Zak phases and topo-
logical invariants in a chiral quantum walk of twisted photons,” Nat.
Commun. 8, 15516 (2017).

27. Y.Wang, Y.-H. Lu, F. Mei, J. Gao, Z.-M. Li, H. Tang, S.-L. Zhu, S. Jia,
and X.-M. Jin, “Direct observation of topology from single-photon dy-
namics,” Phys. Rev. Lett. 122, 193903 (2019).

28. Z.-Q. Jiao, S. Longhi, X.-W. Wang, J. Gao, W.-H. Zhou, Y. Wang,
Y.-X. Fu, L. Wang, R.-J. Ren, L.-F. Qiao, and X.-M. Jin,
“Experimentally detecting quantized Zak phases without chiral sym-
metry in photonic lattices,” Phys. Rev. Lett. 127, 147401 (2021).

29. V.V.Ramasesh, E. Flurin, M. Rudner, I. Siddigi, and N. Y. Yao, “Direct
probe of topological invariants using Bloch oscillating quantum walks,”
Phys. Rev. Lett. 118, 130501 (2017).


https://doi.org/10.1002/andp.19253832104
https://doi.org/10.1103/PhysRevLett.44.1597
https://doi.org/10.1103/PhysRevLett.44.1597
https://doi.org/10.1016/S0370-1573(01)00029-1
https://doi.org/10.1126/science.1254966
https://doi.org/10.1038/s42254-021-00357-8
https://doi.org/10.1038/s42254-021-00357-8
https://doi.org/10.1126/science.264.5158.553
https://doi.org/10.1038/nphoton.2014.248
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1063/1.5142397
https://doi.org/10.1038/s41377-020-0331-y
https://doi.org/10.1002/adpr.202100010
https://doi.org/10.1002/adpr.202100010
https://doi.org/10.1080/00018732.2019.1594094
https://doi.org/10.1038/nature08293
https://doi.org/10.1103/PhysRevLett.120.063902
https://doi.org/10.1103/PhysRevLett.120.063902
https://doi.org/10.1103/PhysRevLett.42.1698
https://doi.org/10.1103/PhysRevLett.120.113901
https://doi.org/10.1103/PhysRevLett.120.113901
https://doi.org/10.1103/PhysRevLett.116.163901
https://doi.org/10.1038/ncomms13986
https://doi.org/10.1038/ncomms13986
https://doi.org/10.1038/s41566-017-0006-2
https://doi.org/10.1038/s41566-017-0006-2
https://doi.org/10.1038/s41467-018-03434-2
https://doi.org/10.1038/s41467-018-03822-8
https://doi.org/10.1038/s41467-018-03822-8
https://doi.org/10.1364/OL.44.002530
https://doi.org/10.1103/PhysRevA.98.043838
https://doi.org/10.1103/PhysRevB.103.014110
https://doi.org/10.1103/PhysRevB.103.014110
https://doi.org/10.1038/nphys2790
https://doi.org/10.1038/ncomms15516
https://doi.org/10.1038/ncomms15516
https://doi.org/10.1103/PhysRevLett.122.193903
https://doi.org/10.1103/PhysRevLett.127.147401
https://doi.org/10.1103/PhysRevLett.118.130501

Research Article ) _ Vol. 10, No. 12 / December 2022 / Photonics Research 2907
i

30. J. M. Zeuner, M. C. Rechtsman, Y. Plotnik, Y. Lumer, S. Nolte, M. S. 33. L. Chrostowski and M. Hochberg, Silicon Photonics Design: From
Rudner, M. Segev, and A. Szameit, “Observation of a topological tran- Devices to Systems (Cambridge University, 2015).
sition in the bulk of a non-Hermitian system,” Phys. Rev. Lett. 115, 34. J. Gao, Z. Xu, D. Smirnova, D. Leykam, S. Gyger, W. Zhou, S.
040402 (2015). Steinhauer, V. Zwiller, and A. W. Elshaari, “Observation of

31. J.-W. Wang, F. Sciarrino, A. Laing, and M. G. Thompson, “Integrated Anderson phase in a topological photonic circuit,” Phys. Rev. Res.
photonic quantum technologies,” Nat. Photonics 14, 273-284 (2020). 4, 033222 (2022).

32. A. W. Elshaari, W. Pernice, K. Srinivasan, O. Benson, and V. Zwiller, 35. M. Maffei, A. Dauphin, F. Cardano, M. Lewenstein, and P. Massignan,
“Hybrid integrated quantum photonic circuits,” Nat. Photonics 14, “Topological characterization of chiral models through their long time

285-298 (2020). dynamics,” New J. Phys. 20, 013023 (2018).


https://doi.org/10.1103/PhysRevLett.115.040402
https://doi.org/10.1103/PhysRevLett.115.040402
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.1103/PhysRevResearch.4.033222
https://doi.org/10.1103/PhysRevResearch.4.033222
https://doi.org/10.1088/1367-2630/aa9d4c

	XML ID funding

