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Abstract 14 

In a uniform, source-free, and unbounded medium, Maxwell’s equations require electromagnetic 15 

waves to be purely transverse. However, when a beam of light is tightly focused or strongly 16 

confined, a longitudinal field component can emerge1–3. Strong longitudinal fields enable many 17 

novel phenomena and applications, including single molecule-detection4,5, near-field imaging6,7, 18 

and high-resolution photolithography8. Although the behavior of the longitudinal electric (LE) 19 

field component of the electromagnetic field in ordinary waveguides is well established, judicious 20 

nanostructuring offers unprecedented control over its strength as well as spatial and spectral 21 

distribution. Here, we demonstrate a full-vectorial theory and experimental results showing that 22 



for specially designed waveguides, such as one-dimensional antislot photonic crystal (PhC) 23 

waveguides, the LE field can hybridize with the transverse electric (TE) field in the waveguide 24 

and can be subsequently decomposed into independent polarizations through far field imaging. 25 

When the in-plane mirror symmetry of a PhC unit cell is broken, coupling between LE and TE 26 

modes produces two hybrid LE-TE modes and opens a new photonic bandgap. The LE–TE 27 

composition of the hybrid modes and the width of the resulting bandgap can be tuned by changing 28 

the rotation angle of the antislot within the unit cell. We show that a 45° antislot orientation with 29 

respect to the propagation direction yields hybrid modes with the largest LE field contribution and 30 

the widest geometry-induced bandgap. Such engineered PhC waveguides enable new on-chip 31 

photonic functionalities, including in-plane angle-invariant dipole coupling in quantum systems, 32 

higher-order polarization-division multiplexing, and enhanced control of light flow. 33 

Introduction 34 

A purely transverse description of electromagnetic waves is incomplete when light is strongly 35 

confined or the medium is non-uniform and bounded, such as in tightly focused beams and guided-36 

mode waveguides. In these regimes, the longitudinal electric field must also be taken into account. 37 

Longitudinal field components were first noted by Maxwell9 and were later analyzed explicitly by 38 

Rayleigh10, Heaviside11, and Sommerfeld12. The contribution of LE field components was 39 

investigated after scalar approximations were found to be inadequate for high numerical-aperture 40 

focusing13. Instead, a full-vectorial model that considers the rotation of polarization caused by a 41 

high-numerical aperture was required to accurately represent the behavior of light in this 42 

regime14,15. This vectorial description facilitated both theoretical and experimental studies of the 43 

LE field component, which demonstrated that the LE field produces an on-axis intensity 44 



distribution at the focal point1. Building on this insight, subsequent work has focused on 45 

engineering and enhancing the longitudinal field component through the use of annular apertures8, 46 

high numerical aperture focusing16 and radially polarized beams4,17, enabling novel applications 47 

such as near-field probes18 and nonlinear frequency conversion19 that otherwise would not have 48 

been possible. 49 

For guided-wave systems, similarly, a semi-vectorial approximation fails to capture the complex 50 

relationships between 𝐸௫ , 𝐸௬  and 𝐸௭  field components for a confined electromagnetic field. 51 

Consequently, guided-wave phenomena are typically analyzed using full-vectorial finite-52 

difference–based mode solvers, which accurately evaluate field distributions and modal 53 

polarization mixing in dielectric waveguides20. In particular, numerical studies of silicon nanowire 54 

waveguides revealed that the LE field component can reach a relative amplitude nearly equivalent 55 

to that of the dominant TE component3. Other studies have applied the full-vectorial framework to 56 

optical microfibers21 and nanopillars22, where the strong confinement produces substantial LE 57 

fields that influence coupling, propagation loss, second-harmonic generation and spin-orbit 58 

interactions. In traditional waveguides, the strength of the LE field component can be controlled 59 

but the spatial and spectral distribution of the LE field cannot be easily tuned; the LE field typically 60 

has maximum amplitude at the sidewalls23,24 , surfaces, or terminated end of the waveguide and is 61 

out-of-phase with respect to the magnetic field24. Thus, the LE field component within these 62 

systems only oscillates locally, which does not contribute to the net energy transport3. However, 63 

according to Gauss’s law, introducing a spatially varying permittivity along the propagation 64 

direction allows LE fields to be partially in-phase with the magnetic field, which allows the LE 65 

field to propagate together with the TE field. Therefore, although LE fields in guided structures, 66 

high numerical aperture focusing, and nonuniform media are well established and extensively 67 



studied, their controlled manipulation remains an open challenge. Judicious nanostructuring of 68 

waveguides at subwavelength scale along the propagation direction provides a pathway to 69 

overcome this challenge. 70 

In this work, we demonstrate through theory, numerical simulations, and experiments that a 71 

subwavelength-engineered PhC waveguide, comprising antislot unit cells25 with appropriately 72 

designed refractive index modulation, supports both LE and TE dominated modes that can be 73 

hybridized by intentionally breaking the mirror symmetry of the unit cell by rotation (Figure 1). 74 

The coupling strength between the LE and TE modes, as well as their spatial and spectral 75 

distribution, can be tuned by changing the angle of the antislot unit cell. We demonstrate that 76 

nanostructuring of the waveguide relocates the LE field to the waveguide center and enables 77 

deterministic control of the polarization of the hybrid LE–TE mode. We believe this work can 78 

open new avenues for both fundamental research and practical applications. The in-plane 79 

polarization insensitivity of hybrid LE-TE modes provides a potential mechanism for on-chip 80 

angle-invariant coupling of 2D material emitters. Moreover, the ability to tune the coupling 81 

strength between the LE and TE modes could be exploited for high-density data transmission, 82 

enabling a novel form of polarization division multiplexing that promises to significantly increase 83 

the bandwidth of on-chip optical interconnects. 84 

Origin of the LE mode  85 

For a waveguide that is homogeneous along the propagation direction (ݔ-direction), such as a 86 

traditional ridge waveguide, the transverse fields are in-phase with respect to each other and give 87 

rise to energy transport along the ݔ-direction. However, according to Gauss’s law, as shown in 88 

Supplementary Note 1, the LE field (𝐸௫)  is out-of-phase with the TE field (𝐸௧)  and does not 89 

contribute to the time-averaged power flow, instead storing reactive electromagnetic energy. The 90 



magnitude of the LE field scales with the spatial gradient of 𝐸௧ and is generally not considered 91 

except for special cases such as nanowire waveguides that support strong transverse field 92 

gradients3. 93 

Re-examining Gauss’s law under the condition that the permittivity of a waveguide medium can 94 

vary along the propagation direction reveals a more general relationship between 𝐸௫ and 𝐸௧, as 95 

shown in Eqn. 1 and derived in Supplementary Note 1. For a homogeneous waveguide, 
డఌడ௫ = 0 96 

and 𝐸௫ is purely out-of-phase with 𝐸௧, while for a waveguide with a non-homogeneous dielectric 97 

constant along the direction of propagation, such as a PhC waveguide, డఌడ௫ ≠ 0 and 𝐸௫ is partially 98 

in phase with 𝐸௧. In this perspective, since the LE field is not completely out-of-phase with the TE 99 

field components, the in-phase LE field can contribute to the propagating mode as 100 

𝐸௫ ݔ߲ߝ߲ ∝ (∇௧ ⋅ ((𝐸௧ߝ) + ௧∇ߚߝ݅ ⋅ 𝐸௧ߝ (1) 101 

While Gauss’s law specifies the relationships between the electric field components, Ampère’s law 102 

uniquely relates the 𝐸௫ and 𝐸௬ fields to the ܪ௭ field. As shown in Supplementary Note 2 and Fig. 103 

S1, for a given complex ܪ௭ distribution, the transverse and longitudinal components of the electric 104 

field can be given by 𝐸௬ = (− 1௜ఠఌ) (డு೥డ௫ ) and 𝐸௫ = ( 1௜ఠఌ) (డு೥డ௬ ), respectively. Because ܪ௭ is the 105 

unifying field component when considering both 𝐸௫  and 𝐸௬ , we analyze our PhC waveguides 106 

using band structure calculations (Fig. 1) with an ܪ௭  excitation source in MEEP26. This ܪ௭ 107 

excitation produces bands from both TE and LE modes. To understand the origin of each band, the 108 

band structure calculation was performed with a Gaussian beam source in two different 109 

polarization configurations: (i) an electric field along the ݕ direction and (ii) an electric field along 110 

the ݔ  direction. While the ܪ௭  source excites every supported mode or band, the two separate 111 

sources each only excite bands according to their supported polarizations. The bands strongly 112 



excited from an 𝐸௬  polarization are identified as TE-dominant bands, while the band that is 113 

strongly excited by the 𝐸௫ polarization is identified as the novel LE-dominant band. We note that 114 

while it is straightforward to introduce an 𝐸௫  polarized source in simulation, it is not so 115 

straightforward to introduce such an excitation light source in experiments as typical excitation 116 

sources produce light with the electric field oriented transverse to the propagation direction. We 117 

also note that in traditional one-dimensional PhC studies27, TE modes are classified into branches 118 

based on the symmetry of the field distribution with respect to the y = 0 reflection, reporting band 119 

structures similar to those shown in Fig. 1a.  Typically, only the lower two TE modes are examined, 120 

where the magnetic field exhibits even symmetry and produces a field profile similar to the left 121 

panel of Fig. 1a. In our work, we further identify a higher-order TE mode whose magnetic field 122 

exhibits odd parity under y = 0 reflection in the x-y plane, which is accompanied by a strong LE 123 

field component. Because of this notable field contribution, we therefore refer to this mode as the 124 

LE mode. Moreover, in contrast to previously reported photonic band structures, we judiciously 125 

engineer the LE band to shift downward and intersect with the conventional TE band by modifying 126 

the hole size in the PhC unit cell and waveguide width, thereby creating a crossing point in k-space, 127 

which enables coupling of these modes when the mirror symmetry across y = 0 in the PhC unit 128 

cell is broken (Fig. 1b), as described in the next section. 129 

 130 



Figure 1. TE and LE modes and their hybridization in PhC waveguides. (a) Schematic illustration and band structure 131 

of 1D PhC waveguide with mirror-symmetry in the x-y plane. Solid black lines in the band diagram are TE bands, 132 

which are strongly excited by an electric field polarized in the y-direction or a magnetic field polarized in the z-133 

direction, while the dashed purple line is an LE band, which is strongly excited by an electric field polarized in the x-134 

direction or a magnetic field polarized in the z-direction. The magnetic field (⃗⃗ܪ ) profiles of the TE and LE modes at 135 

the band edge are also shown. (b) Schematic illustration and band structure of 1D PhC waveguide without mirror-136 

symmetry across the y=0 plane. Two hybrid bands (solid red lines) are excited by any in-plane electric field 137 

polarization or magnetic field polarized in the z-direction. The corresponding magnetic field profiles of the band-edge 138 

modes are shown, revealing two distinct nonsymmetric LE -TE hybrid modes. 139 

Hybridization between LE and TE modes 140 

In conventional waveguides, symmetry breaking in the y-z cross-section couples TE and TM 141 

modes by lifting their symmetry-based orthogonality28. An analogous mechanism operates in the 142 

x-y propagation plane of a PhC waveguide, where symmetry breaking enables coupling between 143 

LE and TE modes. Such symmetry breaking in the x-y plane can be achieved through PhC unit-144 

cell design that breaks the mirror symmetry responsible for the odd- and even-parity magnetic-145 

field distributions of the LE and TE modes. Here, we implement this approach using a silicon 146 

antislot PhC waveguide, whose unit cells consist of circular air holes bridged by a silicon bar (i.e., 147 

antislot; Fig. 1b, Fig. 2a,b)25. Rotating the silicon antislot bar away from the x- or y-directions 148 

breaks symmetry in the x–y plane and induces LE–TE coupling, producing two hybrid modes with 149 

no definite ܪ௭ symmetry (Fig. 1b). This coupling process is well-described using coupled mode 150 

theory (see Supplementary Note 3, Supplementary Tables 1-2 and Figs. S2-4) and produces an 151 

anti-crossing in the band structure that manifests as a new photonic bandgap. The rotation angle 152 

of the antislot directly controls the size of the resulting bandgap, as shown in Fig. 2c(ii–iv), which 153 

in turn indicates the strength of the LE–TE coupling. The coupled modes, referred to as the upper 154 



and lower hybrid band modes, exhibit a unique property that arises from their coupled nature and 155 

non-symmetric field distribution, such that both hybrid modes can be excited using light with any 156 

polarization. Importantly, this allows experimental measurement of the newly emerged photonic 157 

bandgap and hybrid LE-TE modes using excitation from a conventional laser source (analogous 158 

to an 𝐸௬ polarized source).  159 

For the symmetric antislot PhC waveguides (i.e., R0 and R90 antislot PhC waveguides, where the 160 

notation Rߠ  denotes the rotation angle ߠ  in degrees of the antislot bar with respect to the 161 

propagation direction), TE and LE modes have negligible interactions between each dominant 162 

field, as shown in Fig. 2d, e and h, i. Through subwavelength engineering and consideration of 163 

interface conditions for electric fields, we can control the LE field distribution into two branches:  164 

LE field uniform within the center of the waveguide (i.e., antislot effect, where the tangential 165 

component of the electric field, 𝐸௫, is continuous) or LE field highly localized to the air region 166 

(i.e., slot effect, where the normal component of the electric displacement field is continuous across 167 

the interface and the electric field is enhanced in the lower dielectric slot region). In contrast, for 168 

antislot PhC waveguides with an intermediate antislot rotation angle for which the mirror 169 

symmetry across y = 0 is broken (e.g., R45), hybridization occurs and two hybrid TE–LE bands 170 

appear. At the band edges, where mode coupling is maximal (see Supplementary Fig. S2-3), both 171 

upper and lower hybrid modes exhibit significant 𝐸௫ and 𝐸௬ components, as shown in Fig. 2f,g. 172 

For example, the ratio of |𝐸௫|/|𝐸௬|  for the R45 antislot PhC upper and lower hybrid mode 173 

integrated over the entire unit cell is approximately 90%, indicating a strong mixed polarization 174 

character. In contrast, there is a clear distinction between the dominant electric field components 175 

of the TE and LE modes for the R0 and R90 antislot PhC waveguides, as shown in Fig. 2d,e and 176 



Fig. 2h,i, respectively. Supplementary Table 3 highlights the key differences between LE field 177 

contributions in various free space and guided wave configurations. 178 

 179 

Figure 2. Broken mirror symmetry-enabled LE-TE hybridization and band evolution in silicon antislot PhC 180 

waveguides. (a) Schematic of R45 antislot PhC waveguide and (b) zoom-in on three unit cells. (c, i-v) Band diagrams 181 



for R0, R30, R45, R60 and R90 antislot PhC waveguides. Black solid lines are TE bands, purple dashed lines are LE 182 

bands, and red solid lines are hybrid LE-TE bands. The blue shaded region represents the fundamental photonic band, 183 

which is caused by breaking the translational symmetry of the waveguide. The yellow shaded region is the novel 184 

photonic band gap, which is generated by breaking the x-y mirror symmetry in the unit cell. (d-i) For each panel, the 185 

plots represent 2D slices of |ܪ௭(ݔ, ,ݔ)𝐸௬| , |(ݕ ,ݔ)and |𝐸௫  |(ݕ  field distributions within a single unit cell. The 186  |(ݕ

amplitude of 𝐸௫  and 𝐸௬ are normalized to the total electric field 𝐸௧௢௧௔௟ . The labeled modes correspond to the circled 187 

points in the band structures. For R0 and R90 unit cells, the circled modes lie at the band-crossing point, while for the 188 

R45 unit cell, the circled modes correspond to the band edge. 189 

New photonic bandgap from hybrid LE-TE modes 190 

To investigate the novel bandgap induced by hybridization between the LE and TE modes, we 191 

conducted finite-difference time-domain (FDTD) simulations and experimental transmission 192 

measurements on silicon antislot PhC waveguides. Fig. 3a shows a scanning electron microscope 193 

(SEM) image of an R45 antislot PhC waveguide (fabrication details provided in Methods). Fig. 3b 194 

(i) shows the simulated transmission spectra of antislot PhC waveguides with antislot rotation 195 

angles between 0° and 90°, presented as a heat map. At 0°, the bandgap is closed. As the antislot 196 

rotation angle increases, the bandgap progressively opens and reaches its maximum at 45° before 197 

narrowing as the antislot angle continues to increase to 90° when the bandgap is closed. This trend 198 

is consistent with the band diagrams of the LE and TE modes in Fig. 2. Moreover, experimental 199 

measurement of the transmission spectra of the antislot PhC waveguides with antislot rotation 200 

angles between 0° and 90° (Fig. 3b(ii)) also shows good agreement with the FDTD simulations. 201 

Fig. 3c shows a direct comparison of selected simulated and measured transmission spectra for 202 

R90, R75, R60, and R45 antislot PhC waveguides, clearly illustrating the evolution of the new 203 

bandgap formed from the hybridization of the LE and TE modes, and the close agreement between 204 

simulation and experimental results. These results support the coupled mode theory calculations 205 



(Fig. S2-S4) showing that the antislot rotation angle can be tuned to directly control the degree of 206 

coupling between the LE and TE modes: 0° and 90° correspond to the uncoupled limits while 45° 207 

represents the condition of maximum mode hybridization.  208 

 209 

Figure 3. (a) SEM image of R45 antislot PhC waveguide and zoom in image of three unit cells. (b, i) Simulated and 210 

(b, ii) experimentally measured transmission spectra of antislot PhCs with different antislot rotation angles (R0 to R90) 211 

displayed as heat maps. (b,iii) finite element method (FEM) simulations of forward to backward scattered power based 212 

on the multipole decomposition approach.  (c) Simulated (black) and experimentally measured (red) transmission 213 

spectra of R90, R75, R60 and R45 antislot PhC waveguides. The new broken mirror symmetry-enabled photonic 214 

bandgap is centered near 1.55 m. As the PhC unit cell rotates away from the symmetric R0 and R90 configurations, 215 

the band gap opens and reaches its maximum bandwidth near R45, in good agreement between simulation and 216 

experiment. 217 

Building on the rigorous PhC analysis above, we show that the fundamental light–matter 218 

interactions in antislot PhC waveguides can also be understood intuitively by viewing the structure 219 

as a chain of coupled resonant meta-atoms, with each meta-atom corresponding to a single antislot 220 

unit cell. For nonmagnetic meta-atoms, the optical response is governed by the induced electric 221 

polarization ܲ in arising from the applied electromagnetic field. Upon the interaction of light with 222 

a meta-atom, the induced polarization is related to the field distributions within the particle via 223 



௜ܲ௡  = ௣ߝ) 0ߝ  −  ௗ are the dielectric constants of free space, the meta-224ߝ ௣ andߝ ,0ߝ ௗ)𝐸௣ , whereߝ

atom, and the surrounding medium, respectively, and 𝐸௣ is the total electric field inside the meta-225 

atom29–31. Therefore, the internal field distribution can directly change the induced polarization, 226 

which in turn alters the excited moments (i.e., dipole, quadrupole, etc.) within the scatterer (details 227 

in Supplementary Note 4). Using the multipole decomposition approach, we studied the ratio 228 

between forward and backward scattered power of a chain of seven meta-atoms as a function of 229 

wavelength and the antislot rotation angle in finite element method simulation, as shown in Fig. 230 

2b (iii). The ratio of forward-to-backward scattered light closely follows the trends observed in 231 

both the band structure calculations and transmission spectra of the antislot PhC waveguides. The 232 

slight difference in spectral position of the bandgap is attributed to including only seven silicon 233 

meta-atoms instead of a larger array and neglecting the silicon dioxide substrate due to 234 

computational limitations. The directional response of the scattered power provides additional 235 

evidence of the LE–TE hybridization and its influence on wave propagation. 236 

Far-field scattering: LE and TE field components 237 

While the experimental observation of a new bandgap confirms mode hybridization, we are still 238 

interested in understanding the composition of the electric-field polarization. Therefore, to 239 

experimentally verify and quantify the LE field component relative to the TE field component, we 240 

measured the far-field scattering from silicon antislot PhC waveguides with rotation angles 241 

between 0° and 90° and compared to far-field scattering simulations (details provided in Methods). 242 

The results of these simulations and measurements are shown in Fig. 4. For the R0 and R90 antislot 243 

PhC waveguides, the far-field scattering profile is dominated by the |𝐸௬|2 (TE) component, which 244 

is consistent with the above analysis. As the rotation angle approaches 45°, the LE (𝐸௫) component 245 



becomes increasingly significant. For R45 antislot PhC waveguides, the ratio of |𝐸௫|2 |𝐸௬|2⁄  246 

integrated over the far-field profile reaches approximately 50% in both simulation and experiment 247 

(see Extended Data Fig. 1 and Method). We anticipate that this ratio can be further increased using 248 

unit-cell geometries that support stronger electric and magnetic field gradients. Most importantly, 249 

the observed far-field scattering provides direct evidence that the LE component contains a non-250 

negligible in-phase contribution. Because far-field radiation depends on both the amplitude and 251 

relative phase of the near-field components, a purely out-of-phase LE field would contribute only 252 

reactive energy and therefore radiate weakly. Instead, the pronounced far-field scattering observed 253 

for the R45 antislot PhC waveguide indicates that the LE field acquires a partial in-phase 254 

relationship with the magnetic field. Finally, our measurements show that the LE field component 255 

can be selectively decomposed from the hybrid TE–LE mode, enabling its use as an independent 256 

polarization channel. This capability opens a pathway to on-chip data communication schemes that 257 

exploit multiple in-plane polarization degrees of freedom. 258 

 259 



Figure. 4. Far-field scattering reveals the LE field contribution in rotated antislot PhC waveguides.  (a) Far-field 260 

projection obtained from FDTD simulation and (b) out-of-plane far-field scattering measured experimentally from 261 

silicon antislot PhC waveguides with rotational angles of R90, R65, R45, and R0. For the R90 and R0 structures, the 262 

far-field response is dominated by the TE component, consistent with a TE-like guided mode. As the rotation angle 263 

approaches 45 degrees, the LE field component becomes increasingly significant, leading to a pronounced 264 

modification of the far field scattering profile. Note that the simulated far-field scattering of the R45 antislot PhC 265 

waveguide is compared against the measured far-field spectra from an R44 antislot PhC waveguide device. The far-266 

field scattering observed near R45 confirms that the LE field possesses a non-negligible in-phase component and can 267 

be decomposed from the hybrid LE-TE mode, enabling its use as an independent in-plane polarization channel. All 268 

far-field intensities are normalized to the maximum value at each rotation angle of the antislot PhC waveguide.  269 

Conclusion 270 

In summary, we have demonstrated both theoretically and experimentally that a LE mode in a one-271 

dimensional antislot PhC waveguide can be made directly accessible and measurable through 272 

broken mirror symmetry-enabled hybridization with a TE mode. By breaking the in-plane mirror 273 

symmetry of the PhC unit cell, two guided hybrid LE-TE modes are formed in which the 274 

longitudinal and transverse electric field components jointly contribute to the energy flow. 275 

Moreover, these hybrid modes open a novel bandgap through their mode coupling, whose width 276 

can be continuously tuned by the antislot rotation angle. At a rotation angle of 45°, the bandgap 277 

attains its maximum width and the coupling between the LE and TE modes is strongest. Evidence 278 

for hybrid LE-TE modes was shown through band structure calculations, simulated field profiles 279 

and transmission spectra, multipole decomposition scattering simulations, and transmission and 280 

far-field scattering measurements. The hybrid LE-TE modes could enable applications ranging 281 

from new dimensions of polarization multiplexing to higher coupling efficiency of quantum 282 

emitters embedded in waveguides. More broadly, this work establishes LE engineering as an 283 



additional degree of freedom in integrated photonics, opening avenues for novel device concepts 284 

in compact planar platforms. 285 
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Methods 350 

Antislot PhC waveguide fabrication 351 

A series of antislot PhC waveguides with rotational angles varying from 0° to 90° were fabricated on a silicon-on-352 

insulator wafer featuring a 270 nm silicon device layer and a 3 μm buried oxide layer. Standard electron beam 353 

lithography and reactive ion etching techniques were used to create these waveguides on a single chip within a single 354 

batch. The fabricated radius of the air holes of the PhC was 152 nm, the width of the antislot bar was 85 nm, the 355 

periodicity of the unit cell was 420 nm, the width and the thickness of silicon nanobeam waveguide were 740 nm and 356 

270 nm, respectively, on top of the silicon dioxide layer, and the number of unit cells in each waveguide was 25. 357 

Band Diagram Calculations (MEEP) 358 

The photonic band diagrams for the antislot unit cells were calculated with MEEP using the finite-difference time-359 

domain (FDTD) method. To excite the TE band, a Gaussian beam with electric field polarized along the y-direction 360 

was used. For the LE band, a Gaussian beam with electric field polarized along the x-direction was applied. The 361 

hybridized bands were excited using a z-polarized magnetic field. The simulations utilized a 25 nm mesh size.  The 362 

unit cell geometry consisted of a 220 nm-thick silicon layer modeled as suspended (substrate omitted to reduce 363 

computational cost), 400 nm lattice period, 150 nm radius, 700 nm unit cell height and 70 nm antislot bar width. 364 

Transmission and Far-field Simulations (Ansys Lumerical FDTD)  365 

The transmission spectra and far-field scattering patterns of the band-edge modes of the different antislot PhC 366 

waveguides were computed using 3D FDTD simulations with the same dimensions and number of unit cells as the 367 

fabricated samples. For each antislot rotation angle, both the transmission and the far-field projection profiles were 368 

obtained from a single simulation file with a simulation time of 100,000 fs. The mesh consisted of an automatic non-369 

uniform grid in the x-y plane with an accuracy factor of 1, covering a 304 nm × 304 nm square region, and a 10 nm × 370 

10 nm override mesh applied to the circular air hole region. A fundamental TE mode source was launched at the input 371 

side of each antislot PhC waveguide, and a frequency-domain power monitor was positioned on the output side in the 372 

y-z plane. To calculate the far-field properties, a near field frequency-domain field profile monitor captured the electric 373 

and magnetic field components approximately 165 nm above the antislot PhC waveguide. The recorded near-field 374 

data were then transformed into the far-field intensity distribution using the built-in far-field projection algorithm in 375 

Lumerical. The polarization-resolved far-field patterns were extracted by isolating the Ex and Ey components of the 376 

near field electric field and independently projecting them into the far field, yielding the polarization-decomposed far 377 

field intensity profiles. 378 

Multipole Decomposition Simulation (COMSOL Multiphysics) 379 

Each antislot PhC unit cell was treated as a meta-atom, and its optical response was determined using the multipole 380 

expansion method as detailed in Supplementary Information Note 4. Full-wave electromagnetic simulations were 381 

performed to obtain the forward and backward scattering power of each meta-atom. The numerical simulations were 382 



carried out using the finite element method (FEM) implemented in COMSOL Multiphysics. In particular, we used the 383 

wave optics module to solve Maxwell’s equations in the frequency domain. For the chain of finite meta-atoms, we 384 

used a spherical air-filled domain with a radius of 4λ as the background medium. At the same time, perfectly matched 385 

layers of thickness 0.6λ were positioned outside of the background medium to act as absorbers and avoid back-386 

scattering. A tetrahedral mesh was chosen to improve accuracy and facilitate numerical convergence. The meta-atoms 387 

were studied under plane wave illumination along the x-axis with an electric field pointing along the y-axis. After the 388 

calculations of the multipole moments, the scattered fields were then calculated in both forward and backward 389 

directions. 390 

Transmission Measurements  391 

Transmission measurements were performed using an edge-coupling configuration with TE-polarized light from a 392 

supercontinuum laser (NKT Photonics) covering the wavelength range of 800 to 2500 nm. The light source was filtered 393 

using an absorptive neutral density filter (NE10A-B, Thorlabs) and coupled from free space into a polarization-394 

maintaining single-mode fiber (P1-1550PM-FC-2, Thorlabs) using a plano-convex lens (LA1951-AB-ML, Thorlabs). 395 

Customized tapered fibers (TPMJ-3U-1550-8/125-0.25-10-2.5-14-1, OZ Optics) were then used to couple the light 396 

into the antislot PhC waveguides. Polarization control was maintained by connecting the tapered fibers to single mode 397 

polarization-maintaining (PM) fibers through fiber-to-fiber U-benches (FBP-A-FC, Thorlabs). One side of the U-398 

bench was connected with the tapered fiber, while the other side was connected with the single mode PM fiber (P1-399 

1550PM-FC-2, Thorlabs). To interface with the spectrometer, a fiber adaptor (ADAFCSMA1, Thorlabs) was used to 400 

connect the PM fiber to an SMA fiber (QP1000-2-VIS-NIR, Ocean Optics) compatible with the fiber-coupled 401 

spectrometer (NIR Quest, Ocean Optics) operating over 900-1700 nm. 402 

Far-field Scattering Measurements 403 

The far-field scattered optical profile was recorded using an InGaAs camera (WiDy SWIR 640U-S, New Imaging 404 

Technologies) equipped with a 20x, long-working-distance objective (Mitutoyo Plan Apo NIR, NA=0.40, 20 mm 405 

working distance). A linear polarizer (LPNIR100, Thorlabs) mounted on a continuous rotation mount (CLR1, Thorlabs) 406 

was placed before the camera using a C-Mount to SM1 adapter (SM1A9, Thorlabs) to enable polarization resolved 407 

detection of the far-field scattered light. Measurements were conducted under consistent and controlled conditions: a 408 

fixed camera exposure time of 20 ms, an input laser power of -4 dBm, and minimized ambient illumination. For each 409 

device, far-field images were acquired at a wavelength corresponding to a band-edge mode and an off-band-edge 410 

mode identified from the transmission spectrum characterization. For polarization analysis, each band-edge mode 411 

image was captured at two orthogonal polarizations—0 degrees and 90 degrees relative to the waveguide axis (light 412 

propagation direction). The minimum step size of the rotation mount was 2°, which set the angular tolerance for 413 

polarization alignment in the measurements. To minimize the contributions of light scattering from the interface 414 

between the input waveguide and the first PhC unit cell, each band-edge mode image was subtracted from the 415 

corresponding off-band-edge mode image taken under the same polarization setting. Prior to acquiring device images, 416 

a cross-polarization calibration was performed to determine the absolute angular position of the rotation mount. 417 

Illumination from a known linearly polarized source was passed through a linear polarizer mounted on the rotation 418 



mount and imaged by the camera. For every 2 degree rotation angle, the total intensity was obtained by summing all 419 

pixel values in the recorded image under the same ambient light. The measured intensity follows a sinusoidal 420 

dependence on the analyzer angle, with the maximum intensity corresponding to alignment of the polarizer 421 

transmission axis with the incident polarization and the minimum intensity indicating the cross-polarized (orthogonal) 422 

orientation. The rotation mount readouts at these two positions define the absolute polarization reference angles. This 423 

calibration was used to analyze the far-field polarization properties of the antislot PhC waveguide. 424 
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 445 

Extended Data Fig. 1 | Ratio of the squared electric field in the ݔ-direction, |𝐸௫|2 , to the squared electric field in the ݕ-direction, 446 |𝐸௬|2, integrated over the far-field profile at the fundamental resonance wavelength of antislot PhC waveguides with different 447 

antislot rotation angles, from far-field scattering simulations and experimental measurements. Results from simulation (blue dashed 448 

line, guide to the eye) and experiment (orange dashed line, guide to the eye) are in good agreement. For the R45 antislot PhC 449 

waveguide, the ratio reaches approximately 50%. 450 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

naturesupplementaryMarch022026.docx

https://assets-eu.researchsquare.com/files/rs-9022940/v1/bf8d18f3766d8503f8a477f6.docx

