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Pseudo-spin switches and Aharonov-Bohm effect for

topological boundary modes

Yuma Kawaguchi11', Daria Smirnova?t, Filipp Komissarenko’, Svetlana Kiriushechkina',
Anton Vakulenko’, Mengyao Li3, Andrea Alu"*>, Alexander B. Khanikaev'>%*

Topological boundary modes in electronic and classical-wave systems exhibit fascinating properties. In photonics,
topological nature of boundary modes can make them robust and endows them with an additional internal struc-
ture—pseudo-spins. Here, we introduce heterogeneous boundary modes, which are based on mixing two of the
most widely used topological photonics platforms—the pseudo-spin-Hall-like and valley-Hall photonic topologi-
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cal insulators. We predict and confirm experimentally that transformation between the two, realized by altering
the lattice geometry, enables a continuum of boundary states carrying both pseudo-spin and valley degrees of
freedom (DoFs). When applied adiabatically, this leads to conversion between pseudo-spin and valley polariza-
tion. We show that such evolution gives rise to a geometrical phase associated with the synthetic gauge fields,
which is confirmed via an Aharonov-Bohm type experiment on a silicon chip. Our results unveil a versatile ap-
proach to manipulating properties of topological photonic states and envision topological photonics as a power-

ful platform for devices based on synthetic DoFs.

INTRODUCTION

Topological phases in quantum materials and various wave sys-
tems—electronic (I, 2), acoustic (3, 4), mechanical (5), and pho-
tonics (6-8)—are characterized by nontrivial band connectivity in
momentum space, giving rise to topological boundary modes en-
dowed with some fascinating properties (9-12). Thus, in systems with
broken time-reversal (TR) symmetries, such as quantum Hall and
Haldane topological phases, one attains unidirectional transport with
unprecedented robustness to defects and disorder. Unfortunately,
breaking TR symmetry to attain such topological phases (9, 10) is
notoriously challenging at optical frequencies. Hence, an alternative,
symmetry-based approach has been especially fruitful in photonics
(7). The latter enables a class of symmetry-protected topological sys-
tems governed by symmetries through which modes are endowed
with spectral degeneracies that play a role of synthetic degrees of
freedom (DoFs), referred to as pseudo-spins (13, 14) and valley (15-
17) DoFs. While offering the robustness that is limited (18) to a set of
symmetry-preserving defects, these systems still exhibit unidirec-
tional boundary modes, with modes of opposite pseudo-spins prop-
agating in opposite directions.

Besides the early interest in symmetry-protected topological sys-
tems as a tabletop platform to emulate fundamental topological
phenomena, more recently focus has shifted to more applied aspect,
including for optical field trapping for lasing (19-23), nonlinear ef-
fects (24-26), and light-matter interactions (27-31). Topological pho-
tonic boundary modes have been also explored in the context of
quantum applications (32-36). However, the concept of pseudo-spin
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in light-matter interactions and quantum applications remains largely
unexplored. It only recently became clear that pseudo-spin can be
used to tune radiative leakage of modes and strength of the light-
matter coupling in topological metasurfaces (37). However, even more
exciting prospects can arise in quantum optics by using symmetry
engineered photonic pseudo-spinors as qubits for encoding quantum
information. While the polarization DoF of light has been widely lev-
eraged in quantum research in free-space experimental settings (e.g.,
polarization-entangled photons and polarization-squeezed states of
light), it was not the case for integrated photonic platforms where
other types of quantum entanglement are used (38). The reason is ob-
viously related to the collapse of the polarization degeneracy that pro-
duces generally nondegenerate TE and TM modes. In this regard, the
synthetic pseudo-spins may offer an excellent alternative to free-space
polarization on chip and exploited along with other unique features
of topological boundary modes stemming from their spin-polarized
character for quantum applications.

In this work, we experimentally demonstrate the possibility of an
ultimate control over multiple characteristics of boundary modes in
topological photonic metasurfaces. By using the modern theory of
polarization applied to photonics, we show that pseudo-spin can be
continuously tuned by unitary transformations realized via adiabatic
change in the metasurface geometry. Along with tuning the radiative
properties of the boundary modes, this allows us to realize X-gate op-
eration in the pseudo-spin space and to use the adiabatic pseudo-spin
evolution to generate the geometrical phase.

RESULTS

Heterogeneous topological photonic insulators

The two approaches commonly used to attain topological features in
photonic chips at optical frequencies are based on valley-Hall (VH)
(39-41) and pseudo-spin-Hall (PSH) effects (42-44), which can be
implemented in silicon-on-insulator structures (Fig. 1, C to G). The
VH systems rely on the hexagonal symmetry of a graphene-like pho-
tonic lattice (45), whose sublattice symmetry is reduced via dimeriza-
tion (Fig. 1E). In the VH picture, this symmetry reduction gives rise
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Fig. 1. Bulk states corresponding to spin, valley, and heterogeneous topological photonic insulators. (A) A rotation parameter 0 in the spin-valley phase space.
(B to E) Bulk bands around the I" point with (B) 0 =0.(C) 0 =n/4.(D) 6 =x/2.(E) 0 =3n/4.(F) 0 = =.

to an effective gauge field acting differently on the bands at the two (K
and K’) valleys in momentum space—associated with a binary syn-
thetic valley DoF (|v) = |[+) or |[v) = |-)).

To emulate the spin-Hall effect in photonics, one can rely on
pseudo-TR symmetries, typically stemming from point symmetries
of the photonic lattice. In the case of the Wu and Hu design (14), one
considers a perturbed graphene lattice with Cs symmetry such that its
unit cell contains a hexamer of dielectric scatterers, which are either
brought closer to the unit cell center (shrinking; Fig. 1C) or moved
farther apart (expanding; Fig. 1G). Because the lattice has an exact
symmetry at k = 0, the rotational symmetry generates a pseudo-spin
|sy =11, V) (the orbital momentum of the modes) in the vicinity of the
I"-point (46). Similar to the VH case, the effect of the lattice perturba-
tions can be treated as a synthetic gauge field acting on the pseudo-
spin |s), inducing a transition between topological “expanded” and
trivial “shrunken” structures.

Both VH and PSH-like systems are fundamentally based on the
same lattice geometry, they exhibit total of four bands, and hence,
their effective description of topological photonic systems can be
done in the four-dimentional Hilbert space, for instance spanned
by the two (pseudo-spin |s) and valley |v)) synthetic DoFs, i.e., with
the two sets of Pauli matrices (s and G, respectively) (14, 44). The
corresponding analytical formulation in terms of effective 4 X 4
Dirac-type Hamiltonians has been successfully adopted for both
valley and pseudo-spin types in photonic (47, 48) and mechanical
systems (49, 50). In photonics contexts, it was shown that one can
implement additional control over photonic states, including for
manipulation of bulk (47, 48) and boundary (51) states, and more
recently, for trapping light and lasing in 0D topological vortex cavi-
ties (52-55). An interesting approach to manipulate pseudo-spin
was proposed (49), where adiabatic variation of Kekulé perturba-
tions in micromechanical system was used to manipulate spin-Hall
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type boundary modes, including for flipping auxiliary orbital DoF,
i.e., pseudo-spin.

Here, we propose to leverage such adiabatic variations in a
heterogeneous topological photonic system with nontrivial VH and
PSH phases, and we realize control over synthetic optical pseudo-
spins, but we also show that distinct radiative properties of VH and
PSH boundary modes enables fine-tuning of radiative coupling of the
hybrid VH-PSH boundary modes. Moreover, the radiative nature of
the modes allows us to realize unidirectional excitation of the bound-
ary modes by circularly polarized far field and to perform a subse-
quent transformation of radiative PSH states into nonradiative VH
modes via an adiabatic geometry variation. Thus, the possibility of
having two types of gauge fields acting on different synthetic DoFs in
the same structure opens exciting opportunities for manipulating to-
pological photonic states.

Considering the photonic system in hands, we note that for truly
distinct topological phases, the topological transition must be accom-
panied by a closing of the bandgap. It can be seen from Fig. 1 (C to G),
however, that during the transformation of the unit cell geometry
from PSH to VH type, the topological bandgap remains open, indi-
cating that these two phases are particular cases of a more general
crystalline insulator with bulk polarization. This is indeed confirmed
by calculating the locations of the Wannier function in the tight bind-
ing model for various combinations of PSH and VH perturbations
that keep the full-gap width constant (Supplementary Materials, sec-
tion H). Thus, both systems can be understood in the context of
“quantum chemistry”, which allows to interpret boundary modes as
the consequence of nonvanishing polarization of the bulk due to the
displacement of a Wannier function within the unit cell (56-59) (Sup-
plementary Materials, section H). Our calculations (Supplementary
Materials, section H, and fig. S11) imply that the system has non-
vanishing polarization for every angle of mass term except the trivial
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pure PSH phase (6 = 0). Around pure topological PSH phase (6 = ),
the Cg lattice symmetry breaking induces a shift of the Wannier center
within the unit cell from the edge into its volume. Then, the Wannier
polarization evolves into the VH and then the trivial PSH phase con-
tinuously with the rotation of the mass angle 8. We thus deduce that,
for a system with coexisting symmetry breaking mechanisms, i.e., di-
merization for VH and shrink/expand for PSH, by varying two types
of perturbations, the system undergoes a transition between the two
seemingly distinct topological phases.

This unified description of the VH and PSH topological phases
justifies their direct comparison with the VH structure with an en-
larged unit cell as in Fig. 1. Such choice of the unit cell yields an artifi-
cial folding of the valleys of the original graphene lattice into the
I'-point of the reduced Brillouin zone, just like for PSH system. We
note that because of the artificial nature of such folding, appearance of
the folded bands above the light cone does not actually result in their
radiative leakage.

Next, we leverage this connection between PSH and VH phases to
gain functionalities. First, we adopt a continuous geometry transfor-
mation of the design in Fig. 1, which was optimized to maintain a
nearly constant bandgap width between PSH and VH systems. Sec-
ond, we adopt an effective Hamiltonian pseudo-spin/valley 4 X 4 ma-
trix description, with a psy and a vu corresponding to the “pure” PSH
and VH phases. In the latter picture, the VH and PSH regimes are
connected by a unitary “gauge” transformation, Hyy = Uz Hpgy U_s
(see Supplementary Materials, section A, for the detailed description),
where U : is the matrix representation of the geometry transformation
that perff)rms a 7/2 rotation in the spin-valley parameter space sche-
matically depicted in Fig. 1A. The unitary transformation U(0), pa-
rametrized by 6 € [0,2n), and the geometric lattice perturbations
associated with it establish an infinite number of “gauge-transformed”
systems connected to the original PSH phase (Fig. 1A). In this picture,

6 = -1/6

0 =0 and 6 = = correspond to the two PSH phases with positive and
negative effective PSH mass mgy, which are commonly referred to as
trivial and topological, respectively, while @ = + g correspond to the
two distinct VH phases with positive and negative valley mass myy,
respectively.

Continuum of heterogeneous spin-valley-polarized

edge states

In accordance with the bulk-interface correspondence, interfacing
topological systems with opposite spin-Chern numbers, i.e., located
at the opposite ends of the circle in Fig. 1, © = 0 and =, yields
pseudo-spin-polarized (helical) boundary states. Similarly, a do-
main wall of two VH crystals 6 = + 72—[ on the vertical axis yields
pseudo-spin-polarized boundary states. It can thus be inferred that
the existence of boundary states is associated with a n variation of
0 across the interface between two domains (A0 = xt) [also see (49)],
even when the system is not purely PSH or VH type. Our analytical
calculations based on the effective Hamiltonian approach (Supple-
mentary Materials, section A) confirm that any gauge transforma-
tion U(0) preserves boundary states. Our first-principles calculations
further confirm that there always exist “topologically opposite” ge-
ometries (with A8 = 1) so that edge states emerge and have minimal
bandgap. [Note that an adiabatic transition from one topology to
another yields an arbitrarily small gap between the two edge states,
making them gapless in the limit of infinitely smooth transition be-
tween the two domains (37, 60)].

Figure 2 shows examples of pure and mixed PSH and VH struc-
tures with a domain wall at the center, confirming the presence of
edge states localized at the interfaces in each scenario. These photonic
crystals with both PSH and VH perturbations thus can be seen as a
heterogeneous topological platform that merges the two types of to-
pological systems, which are often considered as distinct. The color
coding in Fig. 2 also clearly shows strong dependence of the radiative
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Fig. 2. Topological boundary modes for different values of PSH and VH perturbations. (A) Purely PSH boundary modes between two domains with® =0and 6’ = .
(B) Mixed PSH-VH boundary modes for 6 = n/6 and 6’ = 7n/6 (right side), 6 = —n/6 and 6’ = 57/6 (left side). (C) Mixed PSH-VH boundary modes for 6 = n/4 and 6’ = 5n/4
(right side), 6 = —n/4 and 0’ = 37/4 (left side). Insets: The far field polarization profiles for the boundary modes.
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quality factor of the boundary modes depending on the value of angle
0, with the most radiative modes corresponding to the pure PSH
boundary modes (0 = 0) with radiative quality factor Q = 10%, and the
least radiative (nonradiative, Q — o) corresponding to the pure VH
modes. For any value of 6, the presence of topological boundary
modes is insured by a generalized bulk-boundary correspondence
(AB =), and in general scenarios, the modes carry a combination of
spin and valley polarizations intermixed with one another by means
of the gauge transformation U(0) and have radiative quality factor
withing the range of pure PSH and VH modes (i.e., from ~1000 to
infinity). Thus, angle 6 can be used for tuning radiative lifetime of the
topological boundary states.

We experimentally tested heterogeneous modes in leaky metasur-
faces with patterns shown in Fig. 1. The polarization state of far-field
radiation for the PSH metasurface is known to be connected to the
pseudo-spin of boundary states due to the angular momentum con-
servation—a feature that has been extensively used to selectively ex-
cite PSH-polarized edge modes and to confirm their unidirectional
propagation. As shown in Fig. 2, the polarization state of the far-field
radiation of the heterogeneous spin-valley-polarized modes also
traces a well-defined pattern, with circularly polarized modes being
the particular case for PSH edge modes. As we vary the mix between
PSH and VH, the far-field polarization changes from circular to el-
liptical and becomes nearly linearly polarized at 45° with respect to
the unit cell axes as the modes approach of the VH regime, at which
point the modes become nonradiative.

Optical images

()]
o

y (km) ©
o

I
U1
(=]

C! ReP excitation at A = 7.2 pm

To experimentally demonstrate these heterogeneous edge states
and validate their properties, we experimentally fabricated several
photonic crystals in silicon-on-sapphire substrates (shown in
Fig. 3, A to C; see details on Materials and Methods). The samples
were optimized to work in the mid-infrared range, and real-space
and Fourier-plane (back focal plane) imaging was performed to
visualize the edge modes and extract the edge spectra. In agree-
ment with our theoretical predictions, the images in Fig. 3 confirm
the localization and propagation of edge modes along the topo-
logical interfaces. Similar to pure PSH modes, the mixed edge
modes are directionally excited with properly chosen handedness
of the incident circularly polarized light, because of their elliptical
polarization. However, the excitation of modes in both (forward
and backward) directions becomes more and more visible (Fig. 3)
for interfaces with increasing VH gauge field, because of increas-
ing mismatch of the far fields of the modes with the circularly po-
larized optical excitation.

The experimental band structure (see Supplementary Materials,
section G) confirms the nearly gapless character of the edge modes
and shows that they span almost the entire topological bandgap.
Being spin-valley polarized, the edge modes exhibit reflectionless
propagation across lattice perturbations conforming to the lattice
symmetry. For instance, similar to their pure PSH and VH cous-
ins, the hybrid PSH and VH modes (for 8 = 40°) can be routed
around sharp bends of the domain wall (Supplementary Materials,
section D).

D LCP excitation at A = 7.2 ym

G 8 =0°

-100 0
X (Um)
EE 000 ]
Min. Intensity (arb.) Max.

Fig. 3. PSH and VH (PSH-VH) heterogeneous topological boundary modes. (A, D, and G) 6 = 0°, (B, E, and H) 6 = 40°, and (C, F, and I) 6 = 60°. (A) to (C) Optical images
of the topological PSH and PSH-VH hybrid structures. (D) to (1) Real-space images of boundary modes propagating unidirectionally by right-handed circular polarized
(RCP) [(D) to (F)] and left-handed circular polarized (LCP) [(G) to (I)] excitation around the mid-bandgap. The colored arrows in the real-space images present the position
of excitation beam with the spot size ~20 pm at 7.2 pm and polarization (blue, LCP; red, RCP).
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Topological one-way pseudo-spin switches

The possibility to engineer topological edge states with any fraction of
pseudo-spin and valley DoF opens exciting opportunities to control
and manipulate boundary modes. For pure VH and PSH designs,
edge modes with either valley or pseudo-spin can propagate in a given
direction, and there is no possibility to change or reverse it due to the
pseudo-spin locking. The heterogeneous topological platform ex-
pands markedly the parameter space, implying that the pseudo-spin
and valley DoFs can be transformed into one another. As the design
of adjacent (topologically opposite) domains is slowly converted from
PSH to VH (i.e., from 0 =01t0 0 = 7, with AD = 7), the pseudo-spin is
expected to change into valley polarization. Moreover, the continuity
of the parameter 8-circle allows us to flip (reverse) the valley polariza-
tion or the pseudo-spin by slowly changing 0 by r along the interface,
without reversing the propagation direction of the boundary mode.
Thus, the heterogeneous topological interfaces enable the realization
of arbitrary unidirectional switches for synthetic DoFs via unitary
transformations, e.g., | Weqqe(0y +90)) = U(80)| Wedge(05) ), where
6y and 6 + 50 define the type of polarization of the initial and final
topological edge states.

To experimentally confirm such pseudo-spin conversion, we have
fabricated samples where the domain wall in the PSH design with
shrunken geometry on top gradually changes to the VH interface and
then back to the PSH domain wall but with shrunken geometry on
the bottom (rotated by x). The starting (1) and ending (3) regions of
the resulting structure are known to support forward edge states that
are spin-up [left-handed circular polarized (LCP) in far field] and
spin-down [right-handed circular polarized (RCP) in far field], re-
spectively, while the intermediate region (2) supports nonradiative
VH edge states (Q — o). As a whole, the structure is expected to oper-
ate as a pseudo-spin converter (a switch). In agreement with our pre-
dictions, our experiments in Fig. 4 show that LCP light incident on
the PHS region (1) excites the pseudo-spin-up |1) edge mode propa-
gating toward the right, which then darkens and disappears from the
far field in the VH region (2) due to its conversion to a K-valley polar-
ized |+) edge state, and lastly reappears in the inverted PSH region (3)

A 2t

Region (1) Region (2) Region (3)
','é LLCP 4 - Spin-Hall
s | D¢ Jalley-Hal RCP ¢

Spin-Hall c ?

0 . .
-100 0 100
X (Hm)

LCP excitation at A = 7.2 ym Without filtering

Interface

,i.

Region (3)

100

Region (1) Region (2)
-100 0
X (Um)

as spin-down-polarized |V) edge state. Polarization resolved far-field
measurements along the varying domain wall, shown in Fig. 4 (B to
D), confirm that the edge mode gradually changes its polarization
from LCP in region (1) to RCP in region (3). In the pseudo-spin sub-

space, the structure realizes an X = S, gate operation. Similarly, a

spin
transition between two topologically distinct VH phases via interme-
=35,

diate PSH structure yields the valley-flip gate operation Xvalley

Because the proposed structures are reciprocal, a reversal of propaga-
tion direction reverses the operations, i.e., it flips spin and valley from
the opposite initial state. However, because of the pseudo-spin locked
character of the boundary modes, such operations are unidirectional,
which is a unique functionality stemming from the topological nature
of the system.

Geometrical phase and Aharonov-Bohm effect for
topological edge modes

The described unitary transformations have another interesting
consequence arising in the case of the evolution of heterogeneous
edge states along the adiabatically varying interfaces. The edge
states acquire a geometric (Berry-Pancharatnam type) phase (61,
62) due to rotation along a path defined by the unitary transfor-
mation ﬁ[SG(x)] in the symmetry-engineered synthetic Hilbert
space. Considering a cyclic evolution, e.g., |1) — |[+) = [¥) = |-)
— |1), even a simple analysis based on the polarization state of the
far-field radiation, and the respective evolution of the polariza-
tion state vector over the Poincaré sphere, yields the Pancharat-

nam phase of ¢ppp = % = m, where Q is the solid angle enclosed by

the evolution path on the Poincaré sphere. The continuity of the
electromagnetic field of the modes requires that the same geo-
metrical phase is acquired by the state as a whole |1) — ¢/ A%/
|1} (including in the near field), where the first-phase factor ac-
counts for the trivial dynamic phase accumulated after the wave trav-
els the distance Ax along the domain wall and kj is the edge wave
number. Our first-principles simulations indeed confirm that the near
field of the edge states acquires the same ¢pp = n geometric phase.

LCP component

Region (1) Region (2) Region (3)
X (um)
Max.
RCP component E
L
z
w0
c
3
4 C
Region (1) Region (2) Region (3) =
-100 0 100 Min.

X (Hm)

Fig. 4. Pseudo-spin conversion of topological boundary modes. (A) Parameter 0 as a function of the x-coordinate along the adiabatically varying heterogeneous
topological domain wall. (B) Real-space image of topological boundary modes with LCP excitation at 6 = 0° without filtering. (C) LCP and (D) RCP components of the far
field of the edge modes. The blue arrows in the real-space images present the position of LCP excitation with the spot size ~20 pm at 7.2 pm.
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From this observation, we can expect that such geometric phase
characterizes the transition regardless of the closed character of the
loop. Our analytical model and numerical simulations confirm that
a ¢pp = 7 phase shift arises every time we pass the m, = 0 region.
As an example, one-half of the cyclic evolution [V) — |[+) = |1) in

the spin-flipping switch described above must yield the state e's [ 1)
(up to an irrelevant dynamic phase). Supplementary Materials, sec-
tion A, provides a detailed analytical description of the geometrical
phase duetotheevolution ofedge states on the full pseudo-spin-valley
Bloch sphere. In such effective pseudo-spin-valley description the
geometric phase can be given a different interpretation in terms of
the flux of the synthetic gauge field generated by a monopole associ-
ated with the presence of the Dirac points at the I" point in the mo-
mentum space (or K and K’ points in the unfolded Brillouin zone
picture).

Although the translational symmetry along the interface is bro-
ken by the local character of the transformation U(x), its adiabatic
character ensures that k| is still a good “quantum number,” (mixing
with the backward solution is negligible). This condition is evi-
denced by the reflectionless propagation of the edge states through
the adiabatic transition region with Ax of 80 unit cells (Fig. 4), while
reflections do arise when the transition region is too short (e.g., just
a few unit cells). The dependence of the edge transmission on the
adiabaticity of the U(x) transformation is presented in Supplemen-
tary Materials, section E.

To experimentally confirm the accumulation of geometrical
phase due to the adiabatic evolution, we carried out Young’s type
interferometry with two closely adjacent structures containing one
domain wall each (see Fig. 5), only one of which realizes a flipping

of spin state (A8 = 7). Hence, this experiment is the direct analog of
the Aharonov-Bohm effect (63) for these hybrid topological modes,
which allows us to test the effect of synthetic gauge field flux and the
geometrical phase it produces. Each domain wall in our structure
effectively works as a slit, which couples (“transmits”) a specific spin
state (|7) or |¥)) into the structure. When the linearly polarized
incident light is incident on one end of structure (input) with two
different types of domain walls (labeled as 1 and 2), it excites two—
spin-up and spin-down—edge states, respectively yi, = [1); ® [V),
in the adjacent structures. As the modes propagate, the pseudo-spin
of the second mode flips and acquires the geometrical phase /2
at the other end of the structure (output), Wou =|1); ® €2 [1),
(up to an equal and thus irrelevant dynamic phase). By collimation
light from the output region and imaging of the back focal plane
yields an interference fringe pattern in the direction perpendicular
to the domain walls, which should showcase the accumulation of
the geometric phase. (Note that the detailed profile of fringe pat-
terns as a whole is also defined by the far-field diffraction pattern of
the individual domain walls.)

The interference allows us to directly observe the effect of the
geometric phase on the superposition of far fields of the two edge
states. Comparison of the interference patterns for the scenario
without adiabatic evolution (Fig. 5A), which is used as a reference,
with that corresponding to the edge state experiencing a spin flip
(Fig. 5B) showcases a shift of the interference pattern by a quarter of
the fringe pattern period (Fig. 5C), confirming the n/2 geometrical
phase. For completeness, we also carried out an additional reference
experiments with the second edge mode undergoing an adiabatic
evolution but returning to its original pseudo-spin without flipping

> Intensity (arb.)

E
3

0.2

0.4 0.6

ky/kO

Fig. 5. Aharonov-Bohm effect for topological boundary modes. (A and B) Schematics and observed real-space and k-space images for interference patterns retrieved
by the far-field diffraction patterns from two domain walls. (A) Two identical PSH domain walls, (B) a PSH domain wall, and a PSH-VH domain wall with adiabatic evolution
¥y = |+) = |1). (€) Comparison between the two interference fringe patterns. Top: PSH domain wall and PSH-VH domain wall with adiabatic evolution [V) = [+) — |1).
Bottom: Two identical PSH domain walls. T is the periodicity of interference patterns, and Ak, is the interference pattern shift.
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such that |1) = |+) — |1) (see Supplementary Materials, section G,
and fig. S9). As expected, in such a scenario no shift of the inter-
ference pattern was observed, because the geometric phase accu-
mulate in the first half of the evolution “unwinds” during its second
half (see Supplementary Materials, section G, and fig. S10).

DISCUSSION

In this work, we demonstrated that synthetic gauge fields generated
by combined spin and valley potentials in topological photonic
crystals enable a class of heterogeneous topological boundary modes
with controlled degree of pseudo-spin and valley polarizations,
which allows precise tuning of the radiative properties of the topo-
logical boundary modes. Smooth variations of the gauge potentials
along the domain walls supporting such heterogeneous boundary
modes allows the implementation of topological one-way converters
of polarization from spin to valley and vice versa, as well as reflec-
tionless flipping of either spin of valley components, thus realizing
unidirectional X-type quantum gates for either type of polarization.
In turn, the adiabatic evolution of the edge states on the combined
spin-valley Bloch sphere is accompanied by a geometric phase ac-
cumulation, which gave rise to the analog of an Aharonov-Bohm
effect revealed in an experimentally Young’s interference experi-
ment. The versatile manipulation of pseudo-spins and phases of
the edge states makes the heterogeneous topological photonic
systems introduced here a promising platform for the implementa-
tion of quantum gates based on synthetic photonic DoFs. Moving
toward experiments with quantum states of light, generated either
externally or on chip, will be an interesting direction to pursue to
unveil the potential of synthetic pseudo-spins and gauge fields for
quantum applications.

MATERIALS AND METHODS

Sample fabrication

The fabrication of samples included patterning of silicon-on-sapphire
substrates (1 pm of silicon and 500 pm of sapphire) via electron-
beam lithography (EBL) and inductively coupled plasma (ICP)
etching. A 300-nm-thick film of electron-beam resist ZEP520A7
followed by 50-nm-thick film of anticharging agent DisCharge
H20x2 was spin-coated onto the substrate. The metasurface pattern
was written into resist with EBL system Elionix ELS-G100 using
1-nA current, after which the anticharging agent was removed by
rinsing the sample with deionized water and development of the
resist was carried out in n-amyl acetate at 0°C for 1 min. Next,
the pattern was etched through the mask of developed resist via
ICP Oxford PlasmaPro System for the full depth with a recipe for
anisotropic etching based on C4Fg/SFs gases. The residue of unex-
posed resist was removed by immersing the sample in N-methyl-
2-pyrrolidone solution heated to 60°C.

Experimental setup

To perform optical characterization of fabricated structures, we
used a mid-infrared-operating custom-built setup equipped with
a quantum cascade laser (QCL) Daylight MIRcat-1400 and a
microbolometer camera INO MicroXcam-384-i. The scheme of the
experimental setup is presented in Suppementary Materials, section
I. The setup was designed for both real-space and Fourier-space
imaging of a sample in reflection geometry at fixed wavelengths of

Kawaguchi et al., Sci. Adv. 10, eadn6095 (2024) 12 April 2024

QCL within the spectral range from 6.6 to 7.6 pm with a 5-nm fine
step. The QCL beam was collimated, directed through a 50/50 CaF,
beam splitter and focused on the sample surface by a refractive
objective. We used a 0.56-numerical aperture Thorlabs Black Dia-
mond molded aspheric lens (Thorlabs C028TME-F) as an objective,
and excitation spot size was 20 pm. The collection path consisted of
a set of two CaF; lenses with f = 20 cm. The position of the second
lens determined what plane is imaged onto the camera’s sensor: real-
space or Fourier. Direct real-space imaging configuration of setup
was used for visualization of topological boundary modes of fabri-
cated photonic crystals, while interference patterns from edge states
and band diagrams were extracted from Fourier-space configura-
tion of the setup.

Experimental probing of band structures

For obtaining band structures of fabricated photonic crystals (Sup-
plementary Materials, section G), we used Fourier-space imaging
configuration of the experimental setup. Fourier-space imaging
was implemented by so-called back focal plane imaging technique.
Because the back focal plane of objective contains angular distribu-
tion of collected radiation, which is related to its momentum, the
image of this plane recorded at a fixed wavelength represents in-
plane momentum pattern or iso-frequency contour of fabricated
structure. In the experimental setup, the back focal plane of operated
objective was imaged on the camera’s sensor in 4f configuration. By
acquiring iso-frequency contours along with sequential tuning of
the wavelength of the QCL, we reconstructed band diagrams from
bulk and interface areas of fabricated photonic crystals.

Visualization of topological boundary modes

For direct imaging of localization and propagation of boundary
modes along the topological interfaces, we used real-space configu-
ration of the experimental setup with excitation by circularly polar-
ized light focused on the domain wall of fabricated structures.
For circularly polarized light excitation of edge modes, a tunable
quarter-wave plate Alphalas PO-TWP-L4-25-IR was placed into the
incident beam path right after the exit port of the QCL. Excitation
of edge modes was performed around the mid-gap of fabricated
structures at wavelength 7.20 pm. In experiments on topological
one-way pseudo-spin switches, we implemented filtering of LCP
and RCP components of the collected light by placing before the
camera’s sensor an additional quarter-wave plate paired with a BaF,
holographic wire grid polarizer (Thorlabs WP25H-B). While the
quarter-wave plate in collection path converted LCP and RCP light
to linearly polarized light with orthogonal polarization angles,
corresponding LCP and RCP components were filtered out by rotat-
ing the following polarizer by 90°.

Interferometry experiments

For interference experiments, the incident beam was expanded to
120 pm to cover a section of sample with two domain walls from
two adjacent photonic crystals. It has been done by placing an
additional CaF, lens with f = 20 cm in the excitation beam path
before the beam splitter. Two edge states of adjacent structures were
simultaneously excited with linearly polarized light with a wave-
length 7.20 pm. Spatial filtering was implemented in the collection
optical path to filter out the incident beam and keep the signal
only from the region of structure where boundary modes of the
structure with spin evolution experienced the spin flip and acquired
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additional geometric phase. Because the real-space image of two
propagating boundary modes in our experiments works as a plane
with slits in Young’s interference experiment, the interference pat-
tern appears on Fourier plane, and it can be extracted from the back
focal plane of operated objective. We used the Fourier-space imag-
ing configuration of the experimental setup to record interference
patterns for the same spatial positions of pairs of domain walls with
various scenarios of spin evolution. By measuring the relative shift
of interference fringe pattern for cases with and without spin flip,
we were able to determine the presence of acquired additional
geometric phase.

Supplementary Materials
This PDF file includes:

Sections Atol

Figs.S1to S13
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