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We measure the local near-field spin in topological edge state waveguides that emulate the quantum spin
Hall effect. We reveal a highly structured spin density distribution that is not linked to a unique pseudospin
value. From experimental near-field real-space maps and numerical calculations, we confirm that this local
structure is essential in understanding the properties of optical edge states and light-matter interactions. The
global spin is reduced by a factor of 30 in the near field and, for certain frequencies, flipped compared
to the pseudospin measured in the far field. We experimentally reveal the influence of higher-order
Bloch harmonics in spin inhomogeneity, leading to a breakdown in the coupling between local helicity and

global spin.
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Robust unidirectional transport of photonic states with
coherent and highly efficient light-matter coupling is a
luring proposition for large-scale on-chip quantum net-
works [1,2]. Unidirectional photon emission is achieved, in
general, by strong coupling of a quantum emitter support-
ing a circularly polarized dipole moment to photonic states
with a corresponding local polarization orientation (heli-
city) [3—6]. This results in a chiral quantum optical inter-
face owing to spin-momentum locking [7]. However, many
practical realizations of such chiral interfaces exhibit only a
finite spin-to-direction coupling. These realizations are
susceptible to disorder and defects [8]. More so, unam-
biguous spin-dependent transport of quantum information
from chiral emitters requires an explicit account of the local
structure of the edge state’s optical spin density profile to
achieve high directional coupling [5,9-18].

One class of systems that has been proposed in the
context of robust spin-dependent transport, is the photonic
crystal-based analog of topological insulators which
emulate the quantum spin Hall effect (QSHE) [19]. They
feature two symmetry-protected edge states at the interface
between a topologically trivial and nontrivial lattice
[20,21]. Experimental as well as numerical realizations
have shown that the two edge states each exhibit a unique
pseudospin due to the different topological invariants of the
supporting bulk bands, that makes photonic transport
robust to defects and sharp corners [17,22,23]. This trans-
port relies on pseudospin coupling to the far-field (FF)
helicity to ensure and maximize photon unidirectionality
[24]. Leveraging the helicity supported by these systems
has enriched applications for quantum entanglement [10]
and quantum spin circuits [25-29]. However, it is essential
to determine the exact relation between field helicity and
edge state pseudospin.
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In this Letter, we examine the near field of edge states in
topological photonic crystals (TPCs) to comprehensively
study the (local) chiral information. With aperture-based
phase- and polarization-resolved near-field optical micro-
scopy (NSOM) [30], we collect the orthogonal in-plane
polarization components of the electric field using a
heterodyne detection scheme and determine the underlying
spatially varying spin density. We experimentally verify
that the inhomogeneity in optical spin density follows the
Bloch periodicity of the lattice. By experimentally access-
ing the different Bloch harmonics (BHs) that together form
the symmetry-protected edge state, we show that account-
ing for the individual contribution of each higher-order BH
breaks the coupling between pseudospin and helicity of the
edge state.

Following the shrink-and-grow design [20,21,31], we
realize a TPC interface on a silicon-on-insulator platform
by deforming a graphenelike hexagonal lattice with six
equilateral triangular holes. While the unperturbed lattice
features a doubly degenerate Dirac cone at the I" point in the
dispersion diagram, this degeneracy is lifted in two ways
[see Fig. 1(a)]: on one side of the interface, the holes are
concentrically shifted inwards, called the shrunken lattice
(Lg), while on the other side, the holes are shifted
concentrically outwards, labelled as expanded lattice (Lg).
The geometrical transformations keep the global Cy sym-
metry of each lattice unaltered. The band structure of Lg
and L both reveal a direct bandgap at the I" point. For Ly,
the shape of the electric field in the lower band resembles
“p”-like orbitals and the upper band resembles “d’-like
orbitals, whereas for Lz, the mode symmetries of the upper
and lower band is inverted [20]. The different intracell and
intercell coupling strengths between neighboring sites in
the two lattices imparts a nontrivial nature to the expanded

© 2022 American Physical Society
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lattice [32]. The interface of Lg and Lg supports two
counterpropagating edge states that traverse the band gap
around the I point [20,21]. These edge states are robust
against backscattering and offer unidirectional transport,
provided no scattering between pseudospins occurs. The
TPC reported in this Letter is different from a photonic
crystal emulating the quantum valley Hall effect [33-37],
as the latter supports edge states that lie around the high-
symmetry points K and K’ of the Brillouin zone. Since the
QSHE TPC edge states traverse the I" point, the counter-
propagating modes lie above the light cone and therefore
couple to FF radiation. This makes them accessible to far-
field spectroscopic investigations [22,31,38]. Here, the
polarization of the light scattered to the FF shows a
near-unity optical spin and can be directly linked to the
state’s pseudospin [31,39,40]. However, the radiative FF
does not contain the full complex information of the
evanescent electromagnetic field since it only takes into
account the plane waves within the light cone [41,42] and a
detailed account of the full local field is imperative for
ensuring chiral light-matter interactions on the nanoscale.

To experimentally investigate the spin character of the
TPC interface rigorously, we fabricate a lattice featuring an
armchair (AC) interface. Figure 1(a) shows the unit cell
structure on both sides of the interface. We measure the
complex in-plane electric field distribution E using a
phase- and polarization-resolving near-field scanning opti-
cal microscope. The light propagation along the interface is
schematically visualized in Fig. 1(b). Here, we distinguish
the two typical evaluation regimes of the electromagnetic
(EM) field: near (NF) and radiative far (FF). The former
defines the component of the EM field directly above the
crystal surface, constituting the decaying evanescent field
as well as the radiative field (E,q) of the propagating edge
state. The latter typically forms at distances of multiple
wavelengths away from the interface and is associated with
only E,,q. In Fig. 1(c), we depict the measured electric field
amplitude at an excitation wavelength of 4 = 1520 nm. A
highly structured field is visible. The mode amplitude dimi-
nishes while propagating from left to right as shown in the
full electromagnetic field distribution in the Supplemental
Material, Fig. S1 [43] and is associated with radiative
coupling to the FF [31,39,40]. A zoom-in of the full near
and radiative field is shown in Figs. 1(c) and 1(d). The field
profile around the AC interface [indicated by the solid gray
line in Fig. 1(c)] resembles a Bloch wave [44] with pockets
of high and low field amplitude forming a hexagonal
pattern that repeats with lattice periodicity a along the
propagation direction +x. The dominant part of the field is
confined to the interface. The transverse extent of the edge
state shows that the field extends further into the Lg bulk
than in Ly (see Supplemental Material Fig. S1 [43] for
more information on longitudinal and transverse extent).
This asymmetry in evanescent tails is consistent with the
relative width of the photonic band gap of the lattices,
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FIG. 1. (a) Scanning electron micrograph (SEM) of the topo-
logical interface in the fabricated sample with the color-coded
regions depicting the shrunken Lg (red) and expanded Lj (blue)
lattices. The lattice periodicity is a = 880 nm. (b) Schematic
representation of the TPC lattice with overlaid near- and far-field
amplitudes of the electromagnetic field. Inset: Schematic repre-
sentation of the reciprocal space of an edge state (frequency
® = wg) with its typical hexagonal pattern of intensity peaks
together with the 3D light cone of air (w = ck). The dashed circle
at the intersection of the light cone and the reciprocal space of the
edge states represents the largest spatial frequencies of the edge
state that can couple to the far field. Close-up of the normalized
in-plane electric (c) near-field and (d) radiative field amplitude in
the TPC featuring an armchair interface at = 1520 nm with the
light launched into the structure from the left (indicated by the red
arrow). The dashed hexagonal pattern outlines the underlying
crystal lattice.

which is larger for L. The structured NF information is
transformed to the radiative FF of the edge state by limiting
the collected wave vector range to lie within the light cone
using Fourier filtering. This is depicted in the inset of
Fig. 1(b), which shows a schematic of the reciprocal space
of the edge state with intensity peaks in a hexagonal pattern
for an exemplary excitation frequency w,. The single peak
inside the dashed circle on the 2D projection of the light
cone for w, constitutes the radiative FF. In contrast to
Fig. 1(c), where the amplitude antinodes follow the under-
lying crystal structure, the FF amplitude is homogeneous
along the TPC interface [see Fig. 1(d)]. For a Bloch mode
propagating in the x direction, an infinite set of BHs in
reciprocal space (with spatial frequencies separated by
multiples of 2z/a, where a is the lattice periodicity)
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together form the detailed near-field structure of an edge
state in real space. Each BH contributes to the mode
amplitude with a certain weight that leads to the field
variations in each unit cell. In the y direction the periodicity
of the lattice causes peaks in reciprocal space with the same
spacing, corresponding to the lateral mode profile of the
edge state [45]. Only spatial frequencies within the so-
called light cone [dashed circle in inset Fig. 1(b)] can
couple to the FF. Here, this fundamental BH radiates to the
FF as it couples with the continuum of free-space air
modes. We obtain it by filtering to the single in-plane k
vector inside the light cone. A Fourier transform of these
spatial frequencies yields the radiative field [Fig. 1(d)].
Predictably, the dominant field energy in the FF lies more
on the shrunken side of the interface, consistent with NF
observations and the corresponding size of the bulk band
gaps. An evanescent field strongly confined to the interface,
propagating in the +x direction and decaying in the y
direction, implies the existence of transverse spin [46—49]
with positive and negative helicity mirrored at the interface.
For our Cgq symmetric lattice, this results in the dominance
of one designated helicity that is locked to the direction of
mode propagation. The calculated transverse optical spin of
the evanescent field is therefore a nonzero value. However,
the spin distribution of the mode in the NF and FF differs.

From the experimentally measured in-plane complex
electric field, we reconstruct the spin density distribution
o.(x,y) =Im[E*(x,y) x E(x,y)], [47], where E*(x,y) is
the complex conjugate of the electric NF and Im indicates
that only the imaginary part of the resultant complex vector
field is extracted. The derived quantity is visualized in
Fig. 2 which depicts the experimentally measured [(a),(b)]
and numerically calculated [(c),(d)] o.(x,y). For the
evanescent field, o, is the expectation value of the helicity
of light and it directly translates to the local field polari-
zation state of the photonic TE-like mode as a result of
spin-orbit interactions. The NF o, depicted in Fig. 2(a)
reveals a highly structured o, distribution. A periodic
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FIG. 2. (a) Experimentally measured NF spin density o, of the

AC-edge mode over two unit cells for an excitation wavelength of
A = 1520 nm. (b) Experimentally measured FF spin density over
the same extent as in (a), realized by filtering out the nonradiative
wave vectors of the field shown in (a). (c) Numerically calculated
spin density for k, = 0.16 (2z/a) with (d) displaying the spin
density for numerical simulations in the FF. The solid gray line
indicates the armchair interface while the dashed hexagonal
pattern outlines the underlying crystal lattice.

pattern of +o, and —o, is observed, that repeats with a
periodicity of a in the propagation direction and a/+/3 in
the transverse direction. Close to the center of any given
unit cell indicated by dashed lines in Fig. 2(a), antinodes of
+o, are prominent, whereas around the outlines of the unit
cell, the sign of o, flips. This spin flip within a unit cell
confirms that the local handedness of a topological edge
mode’s polarization state is non-uniform. The local inho-
mogeneity of the spin density o_(x,y) in the NF

ENF(x’y> = //00 E(kx’ky)ei[kxx+kyy]dkxdky’ (1)

which takes into account all spatial frequencies, completely
vanishes in the FF

Brae) = ([ Blk)elbolacar, 2
X y< 0

[shown in Fig. 2(b)], where ky, = w/c. For an excitation
wavelength of A = 1520 nm, only +o, is visible close to the
interface. This is in perfect agreement with reports of near-
unity spin density in FF measurements [31]. Comparing
both regimes to numerical simulations in Figs. 2(c) and 2(d)
reveals an excellent agreement of the o, distribution for the
NF as well as the FF case, respectively. To understand the
origin of the observed spatial variations and difference in NF
and FF, we undertake a detailed analysis of the edge states in
momentum space.

We investigate the dissimilarity in the NF and FF optical
spin density distribution by analysing the global optical
spin S = [[o.(x,y)dxdy of the edge state over its full band
dispersion, representing the integrated helicity of the inter-
face mode. Figure 3 shows the calculated eigenmodes of
the AC interface for both regimes. Figures 3(a) and 3(b)
both show a linear dispersion for the edge states that lie
within the band gap and cross at the I" point. The edge
states are disconnected from the top and bottom bulk bands
and recombine at the Brillouin zone edge. We notice an
anticrossing of 0.1 THz, predicted by the extended tight-
binding model [50]. This is a result of spin-spin scattering
due to coupling of the counterpropagating edge states
governed by the local C¢y symmetry breaking at the inter-
face of the TPC. For Figs. 3(a) and 3(b) the color scale
represents the sign of the optical spin S. The minimum and
maximum extent of the scale for the two subplots are
distinctly different. Figure 3(a) shows the dispersion
obtained by calculating S from the in-plane field distribu-
tions and is referred to as the NF optical spin (Syg). As
expected, the degenerate counterpropagating edge states
exhibit opposing helicity. However, we observe that this
helicity is flipped in Fig. 3(b), where we plot the FF spin
(Sgp) of the edge states. The linear state with negative
SNk possesses positive Sgp and vice versa. Moreover, the
Sgr exhibits a near-unity value, more than an order of
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FIG. 3. Numerically simulated dispersion relation where the
edge state eigenfrequencies are color coded with the estimated
(a) near-field and (b) far-field optical spin S.

magnitude larger than the maximum Syr = £0.056. The
tight-binding approach dictates that the pseudospin for each
edge state is uniquely linked to its FF helicity. On the other
hand, the much lower Syg and the spin flip suggest that the
pseudospin of the full electromagnetic mode of the edge
state is in fact not uniquely linked to a designated Syg. The
principal difference between NF and FF observations stems
from the fact that the evanescent NF contains information
from all higher-order BHs, which are unaccounted for in
the FF. To better understand this intriguing spin-flip
transition, we investigate the spin of the individual BHs.
The origin of the spatially varying spin distribution of the
Bloch periodic structure is confirmed by performing a two-
dimensional Fourier transform F (k. k,) (shown in Fig. 4)
of the measured complex field amplitude as visualised in
Supplemental Material Fig. S1 [43], for an excitation
wavelength 1 = 1560 nm. The high-intensity peaks
arranged in a hexagonal pattern in reciprocal space are
the result of the underlying C¢ symmetry. A small amount

a
w
&
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-75-50-25 00 25 50 75
k (2m/a) -10

FIG. 4. Two-dimensional Fourier representation of the exper-
imentally measured electric field amplitude of the TPC edge
mode at a wavelength of 4 = 1560 nm, with the amplitude shown
in logarithmic scale. The reciprocal lattice vectors are periodi-
cally separated in the propagation direction (k,) in units of 2z/a,
where a is the lattice constant of the armchair edge. The white
dashed circle represents the light cone in air. Right inset: Zoom-in
of momentum space restricted to show the fundamental (k5) and
first higher-order BH (k7).

of air-guided, unwanted stray light that is not part of the
edge state mode, skims along the surface of the photonic
crystal. Because it propagates in air parallel to the surface,
its spatial frequency lies exactly on the circular ring
originating from the light cone (indicated as white dashed
circle in Fig. 4) and can therefore easily be removed by
Fourier filtering. For the chosen wavelength, within this
light cone lies a central peak at k, = 0 that corresponds to
the part of the Bloch mode radiating to the FF. Along k, at
multiples of 27/a, clusters of peaks are seen that corre-
spond to the different BHs building up the intricate NF
subwavelength structure of the edge state. An excellent
signal-to-background ratio (S/B) of 40 dB is obtained in
our experiment that allows us to resolve seven different
BHs. These BHs, each contributing with different weights,
together form the edge state mode which obeys Bloch’s
theorem [45]. Individual contributions of individual BH to
S hold utmost significance in understanding the inhomo-
geneity in the underlying spin structure.

We restrict our analysis in building up BH contributions
by increasing the Fourier filter width in momentum space
along k.. In Figures 5(a) and 5(b), the first column
represents the S originating from the fundamental BH
(kg) which extends from k, =[-0.5,0.5] in units of
(27/a), while the consecutive columns represent to S
corresponding to all higher-order BHs up and including
the BH indicated in the horizontal axis label, i.e., the wave
vector range k;Z[—1,1] * (n + 0.5) in units of (27/a) (see
right inset of Fig. 4). The position of the I'-point crossing
differs in Figs. 5(a) and 5(b) due to slight variations in
geometric parameters of the fabricated photonic crystal
device. The quantitative analysis of the BH contribution to
the optical spin is performed by first isolating BHs of
certain width along k,, applying an inverse Fourier
transform to obtain the real-space field amplitude and

(a) Experiments (b) Simulations
S S S
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FIG. 5. Buildup of spin-dependent contributions of the BHs
from (a) experiment and (b) numerical simulations, evaluated
over several higher-order BH ranges. Right inset: Spin-dependent
contribution for the largest evaluated BH range which extends
from &, = [-6.5,6.5] with a saturated color scale. The gray
dashed line indicates the frequency of the I"-point crossing. The
grayed out region extending below 184.4 THz depicts the lower
band edge.
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subsequently calculating S. For kg, S reflects the near-unity
value that has been previously reported in FF measure-
ments [31]. Taking an exemplary frequency of 188.92 THz
in simulations, the radiative FF helicity S;, = 0.53. As
the filter width in k, increases along the x axis in Fig. 5,
the optical spin S of the edge state reduces drastically
(at exemplary frequency the integrated NF spin
Sp. = —3.931 x 10~*). We acknowledge that the distinct
difference between exact values of S for experiment and
numerical calculation arise partly by the polarization
sensitivity of the NF probe [51]. Nevertheless, S under-
goes a clear reduction from the fundamental BH column
represented as kg to the first higher-order BH represented as
ki, as shown in Fig. 5. For simulations, the calculated
average reduction factor of S in the near field is 30. This
means that S cannot be a deterministic helicity parameter of
the edge interface when including more than the funda-
mental BH since a one-on-one relation between local spin
and helicity is no longer valid. For every additional higher
BH contribution starting at k; and above along the x
direction, the spin-momentum coupling breaks down to
such an extent that it results in a sign flip as is evident from
the sign switch (positive to negative value) with increasing
frequency in the right inset of Fig. 5(b). It is important to
note that the color bar for the inset was saturated to £0.1 to
make the sign flip for k7 and above visible. The extrema of
the numerically simulated S is £0.57. Therefore, we
observe that already the first higher-order BH contribution
to the global optical spin completely breaks down pseu-
dospin-momentum coupling.

In summary, we experimentally visualize the intricate
spin density distribution of symmetry-protected edge states
in topologically nontrivial photonic crystals that lie above
the light line, using a NF microscope. We demonstrate that
spin in such photonic systems no longer retains its unique
handedness in comparison to electronic systems, where s
must always be a good quantum number. We report that
even the contribution of the first-order BH unambiguously
flips the sign for certain excitation frequencies.
Consequently, a priori knowledge of detailed high spin
density locations obtained from NF information will
improve chances of precise positioning of quantum
emitters along chiral interfaces. Without this knowledge,
spin-polarized emission will result in mixing of pseu-
dospin edge states, and therefore reduce the desired
network efficiency. Thus, this finding needs to be
accounted for in the architectures of future topological
photonic quantum networks and it provides a pathway
towards engineering truly robust topologically protected
chiral interfaces.
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