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OPTICS

Direct observation of topological edge states in silicon
photonic crystals: Spin, dispersion, and chiral routing

Nikhil Parappurath’, Filippo Alpeggiani?, L. Kuipers?, Ewold Verhagen'*

Topological protection in photonics offers new prospects for guiding and manipulating classical and quantum
information. The mechanism of spin-orbit coupling promises the emergence of edge states that are helical, exhib-
iting unidirectional propagation that is topologically protected against back scattering. We directly observe the
topological states of a photonic analog of electronic materials exhibiting the quantum spin Hall effect, living at
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the interface between two silicon photonic crystals with different topological order. Through the far-field radia-
tion that is inherent to the states’ existence, we characterize their properties, including linear dispersion and low
loss. We find that the edge state pseudospin is encoded in unique circular far-field polarization and linked to
unidirectional propagation, thus revealing a signature of the underlying photonic spin-orbit coupling. We use this
connection to selectively excite different edge states with polarized light and directly visualize their routing along

sharp chiral waveguide junctions.

INTRODUCTION

The concept of topology has proven immensely powerful in phys-
ics, describing new phases of matter with unique properties. The
connection of the quantum Hall effect to band structure topology ex-
plained the emergence of topologically protected unidirectional trans-
port of electrons. These states exist at the edge of two-dimensional
systems subject to an external magnetic field that breaks time-reversal
(TR) symmetry. The prediction (1) and observation (2, 3) of the quan-
tum spin Hall effect (QSHE) unlocked a new door in the field of topo-
logical physics. This effect relies on spin-orbit coupling instead of an
external magnetic field, causing spin-up and -down electrons to prop-
agate in opposite directions in states that are protected by TR symmetry.
There has been a recent surge in attempts to implement topological
protection in the acoustic, mechanical, microwave, and optical do-
mains (4-17), owing to the application potential of robust transport.
A particular opportunity is provided by photonic spin-orbit coupling
(18, 19). Photonic analogs of QSHE were realized using arrayed ring
resonators, where the helicity of propagation in the ring takes the
role of (pseudo)spin (20-23). Crystal symmetry is known to provide
routes toward topological band structures (24). Recently, the QSHE was
predicted to occur in photonic crystals with special symmetries, with
edge-state propagation direction linked to local circular Poynting vec-
tor flows (25-27). Such states were realized in the microwave domain
(28, 29) and coupled to spin-polarized quantum dots (30). Creating
topological photonic states in the telecom domain is especially prom-
ising in view of exciting possibilities such as nanoscale routing, resil-
ience to disorder, one-way transport, and robust light emission in
integrated photonic chips. In light of these, the manipulation and im-
aging of single edge states, quantification of their losses and their topo-
logical protection, and study of traits that are unique to these states are
all important pursuits. In contrast to valley Hall topological photonic
crystals (31-33) that operate below the light line, topological pho-
tonic crystals using QSHE offer the possibility to access their prop-
erties via far-field radiation (34).
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Here, we directly observe topological photonic states at telecom
wavelengths in photonic crystals in silicon-on-insulator technology.
Through angular spectroscopy and polarimetry, we retrieve the in-
triguing properties of single edge states that appear at the interfaces
between crystals with different topological order. We reveal that the
radiation of the topological states carries their unique nature: The
states’ pseudospin is encoded in the circular polarization of their
far field, and one-to-one related to the unidirectional propagation
(Fig. 1A). Through this connection, we selectively excite modes in
opposite directions and map their propagation in real space. We de-
termine their dispersion and loss and show that the measured prop-
agation quality factors of ~450 are intrinsically limited by the very
radiation we observe. Moreover, we experimentally observe an anti-
crossing between unidirectional modes due to symmetry breaking
at the crystal edge for the first time. A tight-binding model fitted to
the measured bulk-state dispersion correctly predicts the magnitude
of this spin-spin scattering. Last, we show through direct imaging
how the pseudospin in combination with a chiral waveguide cross-
ing can be used to effectively route optical information in compact
footprints.

As photonic systems do not feature the Kramers doubling that
guarantees the existence of electronic states of opposite spin in crys-
tals, we follow a symmetry-based approach to topological photonics
outlined by Wu and Hu (25) and Barik et al. (26). The scheme starts
from a photonic crystal with scattering sites arranged in a honeycomb
lattice. Viewing such crystals as a triangular lattice of hexagonal unit
cells with six sites each, they exhibit a doubly degenerate Dirac cone at
the I" point. We fabricate photonic crystals with hexagonal unit cells
containing equilateral triangular holes in a silicon membrane through
electron beam lithography and reactive ion and wet etching of a silicon-
on-insulator substrate. Figure 1B shows a pseudocolored scanning
electron micrograph in top view. Preserving the Cg crystal symmetry,
each hexagonal cluster is deformed either by concentrically shifting
the holes inward (“shrunken lattice”; Fig. 1B, top) or outward (“ex-
panded lattice”; Fig. 1B, bottom), without altering unit cell size. Such
deformations open a gap at the Dirac point but qualitatively in differ-
ent ways. A continuous deformation of the lattice from shrunken to
expanded is necessarily accompanied by a closing of the bandgap,
akin to the behavior in a one-dimensional Su-Schrieffer-Heeger model
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Fig. 1. Spectroscopy of topological edge states. (A) Spin-orbit coupling in topological photonic crystals: Chirality of the radiation field is connected to propagation
direction of topological photonic crystal edge states. (B) A scanning electron micrograph of the fabricated sample. The yellow line represents the arm-chair edge between
two pseudocolored regions of differing topology. Red and blue hexagons highlight the respective unit cells. (C) Schematic diagram of the experimental setup. In the
Fourier-space spectroscopy mode (orange path), the back-focal plane (BFP) is imaged onto the spectrometer slit. A spatial filter (SF) chooses the area from which light is
collected. Quarter-wave plates (QWPs) and polarizers define input polarization (PO1) and allow polarimetry of reflected light (PO2). In the real-space imaging mode (green
path), the sample plane is imaged onto the camera without SF. See Materials and Methods for details and abbreviations. (D) Measured (top) and calculated (bottom)
dispersion of shrunken (left) and expanded (right) lattices for diagonally polarized incidence. The measured reflection intensity is normalized to the maximum pixel value
among the images. Linewidths of the calculated modes, scaled up five times, are shown as shaded regions in the bottom panels. (E and F). Measured and calculated dis-
persion of the edge states. Calculated linewidths are shown as a shaded region in (F).

(9, 35, 36). The shrunken and expanded lattices are then associated
with two different band structure topologies analogous to a Z; topo-
logical insulator. A band inversion takes place across the closing of
the gap, meaning that the nature of the states at the top and bottom
band edges is opposite for shrunken and expanded crystals. The states
of the bottom (top) bands in the shrunken (expanded) lattice, char-
acterized by the out-of-plane magnetic field H,, resemble p-orbitals,
whereas the top (bottom) bands are d-like (25, 26). Bulk-edge cor-
respondence guarantees the existence of topologically protected states

Parappurath et al., Sci. Adv. 2020; 6 : eaaw4137 6 March 2020

at the edge of two domains of different topology, such as the arm-
chair interface in Fig. 1B.

The deformation of the unit cell that opens the band gap also
couples the TE-like states in the silicon slab to far-field radiation. As
both the band edges and edge states appear close to the I point, they
are naturally phase-matched to free-space radiation. In either expanded
or shrunken lattices, the fundamental Bloch harmonic of the photonic
crystal eigenmodes can carry finite weight. Gorlach et al. have shown
how this radiation can be used to study the collective properties of
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bulk crystals and arrays of alternating strips of expanded and shrunken
lattices in nanoparticle metasurfaces (34). Building on these princi-
ples, we use the radiation to observe and characterize topological
states on single edges between crystal domains. This allows us to not
only map their energy and momentum but also study their polariza-
tion and image their localization and propagation.

RESULTS AND DISCUSSION

Bulk- and edge-state dispersion

We use the reflectometry setup outlined in Fig. 1C to directly measure
the photonic crystal band dispersion in reciprocal space. Focused,
broadband incident light excites the crystal modes. Directly reflected
and reradiated light is collected from an area of ~ 30 x 102 pm, restricted
by a spatial filter (see Materials and Methods). By imaging the objective
back focal plane onto the entrance slit of a spectrograph (37), we record
two-dimensional images of frequency versus k, wave vector of reflected
light with k, = 0 on an infrared (IR) camera at the spectrograph output.

The top panels in Fig. 1D show the measured reflection as a
function of frequency and k, from shrunken and expanded lattice
crystals for diagonally polarized input. The spectrally broad fringes
are due to Fabry-Pérot-like reflections between the suspended mem-
brane and the substrate (see fig. S1). We observe sharper resonant
features interfering with this direct reflection background to pro-
duce bands with Fano lineshapes. The dispersion of these states cor-
responds well to the calculated photonic crystal band diagrams in the
bottom of Fig. 1D for both lattices, apart from an overall ~10-THz
frequency offset that is likely related to deviations of fabricated hole
size and shape from designed geometry. Bandgaps are visible around
optical frequencies of ~200 THz, with widths of 9 THz (Aw/w, =
4.4%) for the shrunken lattice and 18 THz (Aw/wy = 8.9%) for the
expanded lattice. These measured bandgaps are in good agreement
with the calculated relative gaps of 4.7 and 7.8%, respectively.

Figure 1D shows the band inversion between shrunken and ex-
panded lattice reflection, manifested in the leakiness of their upper
and lower bands (34). The p-orbitals of H, associated with the bot-
tom (top) band edge of the shrunken (expanded) lattice mean that
their in-plane electric field distributions are even with respect to the
center of the unit cell. As such, these states can couple to radiation that
is normal to the slab, whereas the d-orbital states are quadrupolar and
dark. We observe the bright spectral features of the p-orbital states at
opposite sides of the gap for the two lattices, accompanied by line-
width reduction of the other edge. The latter is confirmed by the mode
calculations in the bottom panels of Fig. 1D, where the shading widths
are proportional to the imaginary part of the eigenmode frequency.
These radiation properties thus confirm that the two lattices feature
bandgaps of different topological character.

Figure 1E shows the band diagram measured in reflection when
exciting the armchair-like edge between regions of expanded and
shrunken lattices with a diagonally polarized focused beam. The fo-
cused excitation allows the study of states that are excited locally, while
the spatial filter is chosen such as to maximize the signal-to-background
ratio of single edge states while retaining good angular resolution. We
observe two states that close the bandgap with opposite velocities,
crossing at the I point. They exhibit the characteristic linear disper-
sion of edge states in QSHE topological insulators, with a measured
group velocity that does not vary much (~c/6.3 to ~¢/5.3) over the
effective band gap. The measured band diagrams correspond well
to the calculated modes, shown in Fig. 1F.
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Detecting pseudospin

We then turn to study the polarization properties of these edge states,
modifying the setup to add the functionality of polarimetry. This al-
lows quantifying the polarization of the reflected field in terms of its
Stokes parameters (38). We first excite the edge with circularly polar-
ized (CP) light of different handedness and plot the intensity of the

polarized component of the reflected field, Ip = VSiz +852+ 852,
where S; are unnormalized Stokes parameters, in Fig. 2 (A and B).
One recognizes that the two edge states of positive or negative group
velocity are excited selectively with near-perfect contrast using either
left or right CP inputs, respectively. This selective behavior is inde-
pendent of the exact position of the excitation spot (see the section
‘Imaging propagation and topological routing’ below), indicating
that the far-field helicity probes a global property of the edge states.
This observed unique helical nature of the edge states’ far field can
be understood by considering how these states originate from the
p- and d-like orbitals in the infinite lattice unit cells. At the I point,
the bands are degenerate. In the H, field basis of | p+)=(| ps)*
ilpy))/V2 and |ds)=(|d>—y2)+i]dixy))) V2, a tight-binding model
that describes coupling between the sites results in a 4 x 4 Hamiltonian
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Fig. 2. Polarimetry results. (A and B) Total reflected intensity of the polarized field
(Ip) as a function of frequency and wave vector k, when the edge is excited with
right (A) and left (B) CP light. Images are normalized with respect to corresponding
maximum pixel values. (C) Measured circular polarization intensity (normalized
Stokes parameter S3) when the edge is excited with light that is linearly polarized
along y. A center block is placed at the real-space plane to spatially filter back-
ground reflections (see Materials and Methods). (D) Normalized S for the edge
states as predicted by the tight-binding model.
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in the approximation of nearest-neighbor coupling and linear expan-
sion in k, and k, that is block-diagonal, meaning that only states of
the same pseudospin + are coupled (25). As a result, the edge states
that connect the top and bottom bands must be associated with a
single pseudospin, admixing either |p,)and |d,)or |p Yand |d ).
Whereas the full edge state field near the nanostructured photonic
crystal is generally complex and composed of multiple orbitals, it is
the p-like component that is predominantly responsible for the plane
wave emitted to the far field. Thus, we find that the fundamental har-
monic of the Bloch mode must be CP, with handedness equal to the
pseudospin.

We can quantify this radiation and its polarization in the tight-
binding model by calculating the total in-plane dipole moment inside
the unit cell p o< Z?=1 ’6\,-\|1i, where éf is the azimuthal unit vector of
the ith site and | y) is a six-dimensional scalar “wave function” with
components ; corresponding to H; at site i. To also correctly pre-
dict the polarization of the bulk bands, we need to extend the tight-
binding model beyond the nearest-neighbor approximation, which
predicts degenerate bulk bands over the entire reciprocal space (26).
In contrast, we observe splitting of both upper and lower bands
away from the I point in experiment and finite element simulation,
with linear polarization (see fig. S2). By introducing additional cou-
pling terms up to third order in the tight-binding model (see fig. S3),
we retrieve the observed lifting of degeneracy, allowing the predic-
tion of the polarization of each observed state.

To assess the polarization of the edge and bulk states experimen-
tally, we excite the edge with light that is horizontally polarized and
perform full polarization tomography of the emitted radiation as a
function of frequency and wave vector along the edge. To isolate the
fields of the photonic crystal modes, the spatial filter is modified to
block direct reflection from the slab and the substrate below (see Ma-
terials and Methods). Figure 2C displays the measured Stokes param-
eter S3—which quantifies the detected CP intensity—normalized to
the maximum value of total intensity of the polarized component.
We see that only the edge states exhibit a substantial degree of CP.
Their opposing helicity is evident: The emission of the negative
pseudospin state with negative group velocity is mostly left CP and
that of the positive pseudospin state with positive group velocity is
mostly right CP. In other words, we directly observe the pseudospin of
the topological edge states, and the experiments reveal a clear signature
of the photonic spin-orbit coupling that lies at the root of the QSHE.

Symmetry breaking and spin-spin scattering
The measured far-field polarization is in good agreement with the
results of the tight-binding model, of which the parameters are fitted
to the observed frequencies. We find that, also with the inclusion of the
higher-order coupling terms, the average dipole moment remains CP.
This behavior is illustrated in Fig. 2D, which shows the Stokes param-
eter S calculated by our theoretical model for edge and bulk modes.
The inclusion of higher-order coupling terms leads to the pre-
diction of a small anticrossing between the two edge states, as can be
seen in Fig. 2D. Topological protection in these systems is linked to
a “pseudo” TR symmetry, which needs the preservation of Cg sym-
metry while deforming the honeycomb lattice unit cells (39). However,
at the interface between two deformed lattices, Cs symmetry break-
ing is unavoidable. This results in photonic spin-spin scattering—
coupling of the counter-propagating edge states that opens a small
gap around the I' point (40). We see this also in experiment as a dis-
continuity around 200 THz in Fig. 2 (A and B). The amount of spin-
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spin scattering and thus the intrinsic limit to topological protection
in photonic crystals can be recognized from this gap.

Figure 3A shows reflected intensity normalized to that from a
silver mirror around the I point for horizontally polarized input,
showing the anticrossing. The reflectance at k, = 0 (Fig. 3B) is fitted
with two complex Lorentzians together with a slowly varying back-
ground (see Materials and Methods). The edge states are split by a
1.0-THz gap. This compares well to the 0.6-THz gap predicted by
the beyond-nearest-neighbor tight-binding model, of which the
parameters were obtained from fitting to bulk simulation data, in-
dependently of the gap. We observed a similar gap of 1.2 THz on a
zigzag edge. The finite element simulations themselves also predict
splitting of the states at the I point for both types of edges, as shown
in Fig. 3B. We do note that the bandgap predicted by the finite ele-
ment calculations was somewhat smaller (~0.1 THz) for the arm-
chair edge. As any realistic photonic crystal sample features finite
structural disorder and deviations from design, some of these im-
perfections (which break Cg symmetry) may lead to spin-spin scat-
tering in addition to the intrinsic coupling expected in the “perfect”
structures assumed by the tight-binding and finite element calcula-
tions. Given the values we report here from experiments and both
types of theoretical calculation, we conclude that it is likely that in-
trinsic spin-spin coupling contributes substantially to the observed
gaps. Further studies that systematically vary in design and disorder
should determine whether spin-spin scattering is practically limited
by fundamental symmetry breaking at the interface or by other fac-
tors and to which extent it can be mitigated. We showed here that
Fourier spectroscopy provides an effective method to probe even
small amounts of scattering and investigate the limits to topological
protection and spin-orbit coupling in photonics.

We also quantify the edge-state losses from the reflectance fit.
Shaded regions in Fig. 3B depict the fitted linewidths of the modes,
which exhibit quality factors (Q) of 413 and 486. These deviate not
far from the Q = 604 predicted by finite element method (FEM)
simulation. The difference could be due to structural disorder, devia-
tion of hole shape with respect to the designed (simulated) structure,
or interaction of the propagating mode with radiation fields reflected
from the Si substrate. Nonetheless, we conclude that the edge states
propagate over distances of many wavelengths in the photonic crystal
slab, even though their fundamental Bloch component is inherently
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Fig. 3. Quantifying spin-spin scattering in the system. (A) Measured reflectance
(left panel) showing dispersion of edge states as a function of wave vector k, and
measured intensity (right panel) along the cross-cut indicated by the white line in the
left panel (orange data). The black line shows a fit with a set of complex Lorentzians
(see Materials and Methods). Red lines and shaded areas correspond to the extracted
resonance frequencies and linewidths. (B) Splitting (red shaded region) of armchair
(top) and zigzag (bottom) edge states obtained from finite element simulations.
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phase-matched to the free-space continuum. We expect radiation
losses, as well as spin-spin scattering, to reduce further for smaller
deformation of the shrunken and expanded unit cells. However,
since that would simultaneously reduce bandgap width and increase
transverse mode extent, it would be interesting to explore how other
strategies, including design of microscopic structure, allow minimi-
zation of loss and backscattering.

Imaging propagation and topological routing

The radiation field also enables mapping edge state propagation in
real space (Fig. 4), upon locally and selectively exciting them with
polarized light. Figure 4 (B to D) shows images taken with an IR
camera using the green beam path in Fig. 1C, when polarized laser
light at 1512 nm is focused at the edge. We observe the topological
edge states, propagating out of the excitation focus along the edges
between the two lattices. They decay over distances of tens of
micrometers, in accordance with the measured linewidths. As Fig. 4
(B to D) shows, left (right) CP light excites only the positive (nega-
tive) pseudospin mode, which propagates only in the downward
(upward) direction. When the edge is excited with vertically polar-
ized light, propagation has equal preference for each direction.

To show that the directivity is independent of the position of the
laser focus, we scan the excitation spot across the armchair edge by
moving the sample in the horizontal direction and plot the differ-
ence Al between the edge-state intensities launched to the top and
to the bottom in Fig. 4E. These intensities I;y and Ip are obtained by
integrating the detected intensity in image regions that correspond
to edge states launched “up” (U) or “down” (D) from the excitation
spot, as shown in Fig. 4F. Figure 4E depicts Al = Iy — Ip for both
circular polarization handedness “L” and “R.” The constant offset to
the differential intensity (~0.4 on this scale) is due to a spatially
varying background intensity. The excitation probability for both
polarizations peaks at the position marked “0,” with smaller sidelo-
bes that must be related to the spatial overlap of the laser beam and
the edge state. We note that the direction into which topological
edge states are launched (up or down) does not depend on the exci-

A

B

tation spot position but only on the incident polarization, as either
differential intensity only deviates from the background value in a
single direction. Thus, the spin-orbit coupling as evidenced in the
far field is independent of the position in the mode field, in contrast
to the spin-orbit coupling that leads to preferential emission direc-
tions for spin-polarized quantum dots (30). The difference can be
related to the fact that the emitters act as near-field point sources,
which couple not only to the fundamental Bloch harmonic of the
edge-state field. Here, our experiments probe the global pseudospin
of either of the edge states.

Last, we study the routing of topological edge states at sharp cor-
ners formed by a junction between an armchair and a zigzag edge that
separate four distinct photonic crystal regions, as depicted in Fig. 5A.
The edges form a total of four topological waveguides emanating from
the junction, of two different classes: For positive pseudospin, the two
vertical edges support propagation toward the junction, whereas the
horizontal edges allow propagation away from the junction. For neg-
ative pseudospin, the directions are reversed.

Figure 5 (B to D) shows images taken for various excitation points
on the vertical edge marked in Fig. 5A. We can see in Fig. 5B that the
positive pseudospin edge state excited with left CP at position 1
propagates downward toward the junction, but not further, as prop-
agation in the bottom waveguide is forbidden for this pseudospin.
Had the junction been perfectly symmetric, this pseudospin could
have propagated in both the left and right horizontal waveguides.
However, the light appears to propagate only into the right wave-
guide. This is even more clear when the state is excited at position 2,
only a few micrometers from the junction (Fig. 5C). The pronounced
observed preference for taking a turn to the right waveguide must be
related to the microscopic structural asymmetry of the junction, vis-
ible in the inset of Fig. 5A. The junction exhibits a chiral character,
where we can recognize two continuous interfaces between the ex-
panded and shrunken lattice unit cells that do not cross. The light is
efficiently routed along the interface that connects the top and right
waveguides, even though it is separated from the other interface by
subunit cell distance—much smaller than the transverse extent of the

0.0 3.0

Position (um)

Fig. 4. Real-space images of edge state propagation. (A) A schematic diagram showing the edge between expanded (E) and shrunken (S) lattices where a focused
single wavelength laser excites the sample. (B to D) Real-space camera images when the incident light is left circularly, linearly, and right CP, respectively. Images are
normalized to the maximum pixel value among the three. Scale bar, 10 um. (E) Transverse dependence of excitation, showing that selectivity is independent of excitation
position. The plotted value Al shows the difference between integrated intensities in two areas U and D as defined in each panel of (F), when a right (red) and a left CP
(blue) excitation spot is moved across an armchair edge. The excitation position at 0 um corresponds to an approximate center of the waveguide. (F) Images recorded for
the excitation position 0 um. The dashed rectangles correspond to the areas under which the intensity is integrated in (E).
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Fig. 5. Routing of light around a topologically protected chiral junction. (A) A schematic diagram showing a junction formed by four topological edges. Inset shows
a zoomed-in image of the chiral junction. Real-space images (B to D) show light propagation when the sample is excited by a left CP monochromatic laser at positions 1,
2, and 3 marked in (A). All three images (B to D) are normalized to the maximum pixel value among the three. Scale bar, 10 um.

modes. In a control experiment (Fig. 5D), we see that the same pseudo-
spin excited in the bottom waveguide follows the other interface,
into the left waveguide. We also observe neither back-reflection nor
an enhancement of out-of-plane scattering at the junction. Together,
these observations suggest the important role of spin-momentum
locking in the routing of the edge states, allowing them to take sharp
corners and protect them from scattering to other modes.

Conclusions

To conclude, we have directly excited and observed topologically
protected edge states at telecom wavelengths in a silicon photonic
platform. We characterized the propagation, loss, dispersion, and
routing along sharp corners of single edge states. We demonstrated
that the pseudospin of the states is inherently encoded in the circu-
lar polarization of their far fields and used this strong spin-orbit
coupling to selectively excite the topological states with a focused
laser beam. The used Fourier spectroscopy technique makes it pos-
sible to quantify the inherent spin-spin scattering of the system, open-
ing doors to further understand and control topological protection
in QSHE systems, as well as the connections between chirality and
topology (41). This work directly enables the development of novel
photonic topological systems for a wide variety of applications. These
include components for integrated photonic chips, as well as appli-
cation that could leverage the polarized free-space radiation that is
intrinsic to these types of edge states, including chiral quantum op-
tical interfaces, enantiomeric sensing, and lasing at the nanoscale.

MATERIALS AND METHODS

Experimental design

This work aimed to observe and study the properties of topological
states in silicon photonic crystals. Sample design was assisted by nu-
merical simulations, and samples were fabricated using lithographic
nanofabrication techniques. A setup was constructed that facilitates
focused far-field excitation with narrow- and broadband light and
detection of reflected radiation. Full polarization control of incident
and reflected light was implemented. Real-space imaging and Fourier
spectroscopy was used to study the photonic crystal radiation fields.
Analyzed data were compared to an analytical tight-binding model.

Sample design and FEM simulations

We used FEM simulations (COMSOL) to optimize the design param-
eters such that the system can offer topological protection at telecom
wavelengths, with both expanded and shrunken lattices exhibiting
bandgaps around 1550 nm. A fillet with a radius of 25 nm was added
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to the triangular corners to account for the roundedness of holes in
fabrication. The periodicity of the photonic crystal was 800 nm. As
indicated in fig. S4, equilateral triangles with a side of 250 nm were
arranged in hexagonal clusters, with the distance from the center
of cluster to the center of triangle being 243 nm for shrunken and
291 nm for the expanded lattice. Simulations were done for a 220-nm
slab with a silicon refractive index of 3.48. Perfectly matched layers
were added above the simulation box so that simulations of the (qua-
sinormal) eigenmodes also yield their linewidth, which we define as
two times the imaginary part of the complex eigenfrequency.

Sample fabrication
The samples were fabricated from a silicon-on-insulator wafer with a
220-nm Si device layer on top of a 3-um buried oxide layer, which sits
on a 700-pum-thick substrate. A positive-tone electron beam (e-beam)
resist, AR-P 6209, was spin-coated on top of the waferchips to form
a 250-nm-thick resist layer. The photonic crystal designs were pat-
terned in the resist using e-beam lithography (Raith Voyager, 50 kV).
The resist was developed with pentyl acetate/O-xylene/MIBK(9):
IPA(1)/IPA. The designed pattern was transferred into the Si device
layer using HBr/O2 inductively coupled plasma etching (Oxford In-
struments PlasmaPro 100 Cobra). Anisole (5 min) was used to remove
the leftover resist, and the sample was cleaned using base piranha
[H,O(5):NH,OH(1):H,0,(1)] treatment for 15 min at 75°C. To ob-
tain freestanding photonic crystal membranes, the oxide layer was
wet-etched with hydrogen fluoride, followed by critical point drying.
The main sample had an armchair-like edge with a length of
~380 um, which separates shrunken and expanded lattices having
widths of ~196 um each. Figure S1c shows an optical micrograph of
this sample. The sample used for the experiment laid out in Fig. 5
contained two armchair-like edges of ~55 um and two zigzag-like
edges of ~80 um forming a four-way junction, separating two sets of
expanded and shrunken lattices.

Experimental details

Dispersion measurements

A 200-mW supercontinuum source (Fianium WhiteLase Micro) gen-
erates light with a broadband spectrum. Its output is filtered by a long
pass filter with a cutoff wavelength of 1150 nm and coupled into a
single-mode optical fiber. The IR light from the fiber is collimated by
an achromatic lens and passed through an OD:1 neutral density filter,
linear polarizer (LP), and an achromatic quarter-wave plate (QWP),
which together define the polarization of the input beam. A beam
splitter (BS) steers the input light to an aspheric objective (Newport
5721-C-H, 60x, numerical aperture = 0.6), which focuses light on the
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sample. Reflected light is collected by the same objective and passed
through the BS to the Fourier lens (FL) placed in the output path. This
lens, together with a tube lens (TL), images the objective back focal
plane onto the entrance slit of a spectrometer (Acton SpectraPro
SP-2300i). Optional custom spatial filters (SFs) are placed in the im-
age plane between the FL and TL to define the sample area, from
which light is collected. The (vertical) entrance slit of the spectrom-
eter, aligned with the optical axis, chooses k, = 0 in the reciprocal
plane, confirmed using a test grating sample. With the help of two
parabolic mirrors (PMs) for focusing and collection, the spectrometer
grating then disperses the broadband IR light orthogonal to the slit,
such that the InGaAs IR camera (AVT Goldeye G-008 SWIR) placed
at the spectrometer output records images of frequency versus k,/kq,
where kg is the free-space wave vector. The spectral resolution is
81.5 GHz, and the wave vector resolution Ak,/ky =~ 0.011. The wave
vector axis was calibrated by observing the diffraction of a gold trans-
mission grating with known pitch placed at the sample position. The
frequency axis was calibrated using laser sources of known wave-
length. Reflectometry images taken at different center frequencies of
the grating are stitched together in postprocessing to plot dispersion
over a wide range of frequencies.

Polarimetry measurements

We use the “rotating QWP” scheme outlined in (38) to measure the
Stokes polarization parameters. We place a QWP and LP after the
FL so that the reflected beam passes through them sequentially. For
a given rotation angle 6 of the QWP, the detected intensity can be
written in the form of a truncated Fourier series

1(8)= (A + Bsin 20 + Ccos 40 + Dsin 46) (1)

where the Fourier coefficients A, B, C, and D are related to the mea-
sured Stokes parameters as S = A—-C, S| = 2C, S5 = 2D, and
S35 = B. For our polarimetry measurements, we take 12 successive
measurements rotating the QWP from 6, = 0° to 8;, = 165° in steps
of 15° to find these coefficients as
5 L 4 L2
A =5 Y16, B =15 X 1(6,)sin 20,
n=1 n=1
. (2)
4 4 2 .
C :EZI(G,,)COS49,1, D =EZI(9n)sm49n
n=1 n=1

The LP after the QWP is fixed at 0° with respect to the % axis in
all these measurements.
The collected light is not fully polarized. The polarized compo-

nent for a given output is defined as Ip = $;2 + S4% + S4%. We nor-
malize the measured Stokes parameters to the maximum value of
the polarized component in the output as S; = S{/max(ly) for i =
1,2,3. Results of full polarization tomography of the edge states are
given in fig. S5.

Contributions from background reflections can be important while
studying the Stokes parameters of a resonant mode radiation, as the
observed polarization of the superposition of both fields can depend
strongly on their (uncontrollable) relative phase. We isolate the edge-
mode radiation in the far field from the direct reflection components
by altering the SF. Figure S6 shows a sketch of the used SFs, determin-
ing the collection area during edge-state dispersion measurements
without and with a center block. With the latter, collection of direct
reflections from the illumination spot is prevented, but radiation from
edge states that propagate out of the center spot is detected.
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Real-space imaging

To visualize the propagation of edge modes in real space, we take out
the FL, SF, and polarimetry optics in the output path. Fiber-coupled light
at 1512 nm from a single-wavelength CW tunable laser (TOPTICA
CTL) is delivered through the same IR fiber. The QWP and LP in the
input path control polarization. In this case, the collected light is
steered to a different path after the BS, and the sample is imaged onto
an IR camera (AVT Goldeye P-008 SWIR) using another TL.

Extraction of modes from dispersion cross-cut
To the normalized reflection obtained from the cross-cut in Fig. 3A,
we fit a set of complex Lorentzians of the form

v

3
— i)
R@)=]Ao+ X Aje ]m—wo,+in

j=1

(©)

where Ay is a constant background amplitude; A, ¢, and o, — iy are
the amplitude, phase, and complex frequency of three individual
Lorentzians. Quality factors are defined as Q; = wg/(2y;). Two of
these Lorentzians model the edge modes, while the third (broad)
Lorentzian accounts for the slowly varying background reflection.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/10/eaaw4137/DC1

Fig. S1. Fabry-Pérot background reflection.

Fig. S2. Dispersion of bulk modes for orthogonally polarized incidences.

Fig. S3. Comparison of band structure calculations for bulk lattices: FEM versus tight-binding
model.

Fig. S4. Polarization tomography of the edge states.

Fig. S5. A cartoon depicting modification of the spatial filter placed in a real-space image plane
in the detection path to isolate contribution from the edge modes for S3 measurement.

Fig. S6. Design parameters for shrunken and expanded lattices.
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