Experimental observation of a
polarization vortex at an optical bound
state in the continuum
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Linewidth narrowing and mode profiles of the TM mode

Figure S1a shows vertical crosscuts through Figure 1c in the main paper, calculated using rigorous
coupled wave analysis (RCWA)*. The TM mode linewidth decreases strongly near the BIC condition
around 720 nm wavelength. We verified that as one approaches the exact BIC condition, the quality
factor diverges. Driving the system with an x-polarized plane wave very close to the BIC condition (720



nm wavelength, k, /k, =0.446) and solving for the scattered field in a full-wave numerical simulation
(COMSOL v5.3), we find a mode profile shown in Figure S1b. For modes with very large quality factor, the
scattered field profile at the resonance condition is practically entirely determined by the contribution of
only that mode (i.e., the TM mode). We recognize that a guided mode is launched in the grating, which
decays away from the plane of the grating and shows very low leakage to propagating waves. A time-
harmonic animation of this scattered field (provided as a separate supplementary file) shows that the
wave is traveling in the backwards direction (whereas the incoming wave has positive k,).
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Figure S1: TM mode crosscuts and mode profile. (a) Calculated TM mode reflection spectra at fixed values of k, / k, (indicated
in the figure). We zoom in on a 2 nm region around the resonance wavelength 4, (also indicated). A strong decrease of
linewidth is visible when approaching the BIC condition around 720 nm wavelength. (b) Field profile of the TM mode, driven by
a plane wave with k, / kg = 0.45 at 720 nm wavelength. We plot Re{Hy} where H,, is the y-component of the scattered
magnetic (electric) field by the grating. The TM mode is strongly bound to the grating slab. Black lines indicate material
boundaries in the grating. (c) Measured reflection crosscuts at fixed wavelength, for horizontal input polarization. They
correspond to horizontal slices from (the right side of) figure 1f in the main paper. Red lines indicate the position of the TM
mode. We see a strong peak at low wavelength, which disappears around 690 nm, and reappears for higher wavelength.

Disappearance of the TM mode from the reflection

Figure S1c shows horizontal crosscuts taken from the reflection data in figure 1f in the main text,
showing the disappearance of the TM mode as a feature in the reflectance. At wavelengths far below



690 nm, the TM mode is clearly visible as a sharp feature on top of the background, showing a Fano
lineshape due to interference with this background. This feature fades out as we move towards the BIC
wavelength, and reappears again for higher wavelengths.

Constructing the data cube

Our dataset consists of data cubes in k,-k, -wavelength-space. These are built up by projecting the back
focal plane of the objective on the camera and acquiring images for a series of wavelengths. Three of
such images are shown in Figure S2. A full data cube consists of 41 or 81 images for the measurements
with y- and x-polarized input, respectively. Since the objective back focal plane is circular, the data cubes
actually assume a cylindrical shape. We refer to the supplementary videos for an animation of two entire
data cubes at x- and y-polarized inputs.
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Figure S2: Crosscuts through one of the data cubes, taken at 670, 680 and 790 nm. The images show reflectance of our sample
under x-polarized input polarization, normalized to a gold mirror. We clip the color scale for better visibility of the leaky modes.

Additional polarimetry results

Figure S3 and S4 show single-wavelength images of the reflected intensity and polarization angles for x-
and y-polarized inputs, respectively. Figure S3 demonstrates that the modes show a clear signature not
only in polarization main axis angle o, but also in ellipticity angle . In Figure S4, one can observe that

the same trends are visible if the input light is switched from x- to y-polarization: The modes are clearly



visible and we can see a switch quadrants around 690nm, the wavelength of the BIC. A notable
difference is that the TM mode signature disappears close to the x-axis, due to polarization mismatch.
The TE mode is dominant throughout most of k-space for y-polarized input, as this mode is better
matched to the input polarization and is naturally brighter due to the absence of a BIC.
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Figure S3: Zoomed-in images of the sample reflection, showing intensity and polarization angles o and y. Input polarization
was along the x-axis. The first two rows display the same data as Figure 2 in the main paper. The dashed lines indicate the fitted
dispersion of the TM (right, dashed ellipse) and TE (left, dash-dotted ellipse) modes. Both display clearly distinct features in the
maps of o and . Intensity minima (in camera counts) in the top row images are (from left to right) [5, 3, 11, 18, 16, 15, 5] and
the respective maxima are [224, 231, 268, 375, 558, 680, 155].
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Figure S4: Reflected intensity and polarization angle images, now with input polarization along the y-axis. Again, the dashed
lines indicate the fitted dispersion of the TM and TE modes. Importantly, the same dispersion relation was used for both the
data with x-polarized and with y-polarized input. In these images the TE mode dominates, and the TM mode is invisible on the x-
axis due to an orthogonal input polarization. Nevertheless, one can see the same behavior for o and y of the TM mode as for x-
polarized input: both change sign around the wavelength of the BIC, indicative of the vortex. Intensity minima (in camera
counts) in the top row images are (from left to right) [1, 1, 8, 3, 1, 3, 1] and the respective maxima are [908, 896, 1348, 1399,
1770, 1808, 850].

Figure S5 shows the collapsed-resonance images of o and y of the TM and TE modes, now for y-polarized
input light. The same dispersion relation was used to produce these plots and those in Figure 3 of the
main paper. We can see the vortex clearly in the plot of a.: e.g. in the upper left quadrant, a changes
from red to blue with increasing k,.. Note that this transition does not occur close to the x-axis, since
there the TM mode disappears and the reflected signal is dominated by the background and the TE
mode. In the y map we can see a similar crossing of nodal lines as in Figure 3 of the main paper, with the
difference that the sign of y (i.e. polarization handedness) has flipped. This is to be expected, since the
ellipticity in reflection arises from the addition of TM reflection and a background contribution. If the TM
contribution remains constant in polarization and the background changes from nearly x-polarized to y-
polarized, the sign of handedness flips. For the TE mode, we see a clear absence of a vortex in the map of
o.. We can observe a slight handedness in the ¥ map, much weaker than for the TM mode because the TE
mode reflection is far stronger than the background. A similar crossing of nodal lines as in the TM map is
faintly visible, which we attribute to the TM mode forming a very weak background to the TE mode,
leading to a trace of its ellipticity being visible in the TE map.
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Figure S5: Collapsed resonance plots tracing polarization properties over the leaky-wave dispersion surface, for y-polarized
input light. As in Figure 3 of the main paper, we show polarization angles a (Panel a and c) and x (Panel b and d) for the TM
(Panels a,b) and the TE mode..

Polarimetry obtained from RCWA

Figure S6 shows single-wavelength k-space images of the intensity and polarization of the grating
reflection, obtained from RCWA calculations. We used the same grating as for figure 1c in the main
paper, except that we added a small index difference between the top (n=1.517) and bottom (n=1.46)
medium to account for the finite background reflection in our measurements. We see very good
gualitative agreement with the experimental data in figure 2b of the main paper. The TM mode switches
polarization around 720 nm, which is the BIC wavelength here.
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Figure S6: Single-frequency shots obtained from RCWA. (a) Calculated intensity (top row) and polarization angle a (bottom
row) of the grating reflection. The dashed lines indicate the fitted dispersion of the TM (dotted ellipse) and TE (dashed ellipse)
modes. We see a switching of polarization angle around the BIC wavelength (720 nm). Note that we show the same wavelengths
as in fig. 2 of the main paper and fig. S3 and S4, except for the extra shot at 840 nm wavelength. The latter was added to show
more clearly the polarization switching, because the theoretical BIC lies at somewhat higher wavelength than the experimental.
(b) Zoomed-in images at the highest 4 wavelengths in panel a, which support very narrow TM modes. We zoom in on the region
where the TM mode crosses the x-axis, to show more clearly the switching of polarization around the BIC wavelength.

Analysis of dipole contributions to the polarization of the grating unit cell

To understand the interference that lies at the heart of the bound state in our sample, we study the
polarization induced in the unit cell of the grating. We will use this information in the next section to set
up an electromagnetic dipole model. Using full-wave numerical simulations (COMSOL v5.3), we excite
the grating at an angle and wavelength (710 nm) very close to the BIC. We then decompose the induced



polarization currents in the unit cell into their multipolar contributions. Throughout this work, we use
units for electric and magnetic fields, dipole moments and polarizabilities as defined in earlier
electromagnetic point scattering work®. This facilitates comparison between electric and magnetic
components, since in this unit system electric and magnetic dipoles have the same units and an electric
and a magnetic dipole of equal strength radiate an equal total amount of power.

Figure 4c in the main text shows the contributions from the 3 induced electric and magnetic dipoles,
evidencing that the z-oriented electric and the y-oriented magnetic dipoles p, and m,, are dominant.
Figure S7 shows the grating reflectivity, induced dipole moments p,, m,, and p, (per unit length), the
ratio between p, and m, and the phases of these dipoles and the driving fields, as k, is scanned over
the resonance condition near the BIC. We find that p, and m,, are in phase, despite the fact that the
corresponding driving fields are m out of phase, indicating that effective electric z-polarizability and

magnetic y-polarizability are m out of phase. At the resonance, we find a ratio of ¥ = 0.48. We will use

Z

this ratio and phase relation as input for the dipole model in the following section.
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Figure S7: Full-wave numerical calculations of the induced dipoles in the grating unit cell. Calculated grating reflectivity,
induced dipole moments p,, m, and py, the ratio between p, and m,, (real and imaginary parts) and the phases of these dipoles
and the driving fields, as function of in-plane momentum k, /k, of an incident plane wave. Reflectivity and dipole moments
peak as the incident wave is scanned over the resonance condition, and m,,/p, equals 0.48 here. Note that the imaginary part
of my, /p, is 6 orders of magnitude smaller than its real part. Moreover, we find that p, and m,, oscillate in phase. Dipole
moments are per unit length.

Far-field interference in an electromagnetic dipole model

We use an electromagnetic dipole model to qualitatively describe the origin of the bound state in our
grating. We first consider radiation by a constantly oscillating dipole in Figure S8, showing that the
combination of dipoles found in our grating unit cell leads to a node in the radiation pattern and a
corresponding vortex in polarization. Then, to better compare to our measurements, in Figure S9 we let
the dipole be driven by a plane wave and study the specular reflection. This allows the addition of a non-
resonant interface reflection, present in any realistic measurement. We show that the combination of



this reflection and a contribution that mimics the TE mode reflection can reproduce qualitatively the
results from our measurements. Note that these single-dipole calculations have as a major advantage
that maps like those in Figure 3 in the main paper and Figure S5 can be calculated easily without tracking
of a leaky waveguide mode, as needed in the experimental data. To facilitate comparison to our
experiment, all calculations are done for a dipole exactly at an interface (z = 0) between two media of
refractive index 1.5 (top) and 1.45 (bottom). Driving plane waves come from the top medium, and the
radiation and reflection are monitored in the top medium as well. Far-fields radiated by the dipole are
calculated according to

Eer(6,0) =G(6,0) B, (1)

where EFF = (Ex, Ey, E, Hy, Hy, HZ), GH(G, ¢) is the Green function for a dipole near an interface in the
angular spectrum representation® and p = (px,py, Dz My, My, mz) is the electromagnetic dipole
moment. The calculated far-fields are transformed to the back-focal-plane (BFP)of an ideal objective to
create images that can be compared to our measurements. We took the free-space wavelength to be
700 nm.

Figure S8 shows the radiation patterns of a z-oriented electric dipole p, (a-b), a y-oriented magnetic
dipole m,, (c-d) and the coherent sum of the two (e-f), where we have chosen p, = 1 and m,, = 0.5, in
accordance with the dipole strengths and orientations found in our grating unit cell. The individual
dipoles display a simple dipolar radiation pattern. The sum of the two shows a directional emission
pattern, and in fact combinations of electrical and magnetic dipoles have been known to show
directionality®®. The emission pattern shows a node that coincides with a vortex in polarization angle
and occurs at nonzero ky. The location of this node can be tuned using the ratio of p, and m,: a
stronger magnetic component shifts the node outward, until it reaches the edge of k-space (i.e. grazing
angles) exactly at m,,/p, = n, where n is the index of the surrounding medium. This is similar to the
famous Kerker condition®, with the exception that the dipole is at an interface. A negative ratio flips the
node location to the left half-space. Note that this behavior is reminiscent of the results of Zhen et al.’,
where it was shown that BICs in dielectric gratings shift their location if the system parameters, e.g.
grating fill fraction, are changed. Such changes would also change the relative contributions of electric
and magnetic dipole components to polarization currents.
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Figure S8: Intensity and polarization of electromagnetic dipole emission patterns. We show k-space images of the radiated
power (top row) and polarization angle a (bottom row) by a z-oriented electric dipole p, (a-b), a y-oriented magnetic dipole m,,
(c-d), and the sum of the two, with p, = 1 and m,, = 0.5. Panels e-f show a node at a non-high-symmetry point that coincides
with a polarization vortex. Radiated power maps in the top row are normalized to their maxima.

Driven dipoles and the role of the background reflection

To better mimic the conditions in our experiment, we now drive the dipoles by a plane wave, rather than
letting them oscillate at a fixed magnitude. We consider a non-diffractive sheet of non-interacting
dipoles, in which the response of the sheet is simply given by the response of the single particle times
the particle density®. We then monitor the reflected light in the specular direction. The induced dipole
moment in the single dipole can be described as § = 4me - & - E;,, (7)), where € is the permittivity of the
upper medium, & is a 6-by-6 electromagnetic polarizability tensor [Sersic2011point], and Ein(FO) is the 6-
element vector containing the electric and magnetic fields at the location 7, of the dipole. We take & to
be a diagonal matrix, with the diagonal elements (af;x, agy, aé’z,a}c’}c,aﬁ,, ayt) determining the electric
and magnetic polarizability along each axis. The total reflected fields in the specular direction (6, ¢)
are then given as

Ey = Erpe(05,05) +p G(0s,05) B (2)

where Er‘BG(OS, ¢s) describes the background contribution due to reflection at the interface, and p
being the particle density. The second term describes the light emitted by the dipole in the specular
direction, similar to Equation 1. Driving plane waves are taken to be x-polarized in the BFP of the ideal



objective, and we subsequently transform them to waves in the sample plane. The total reflected fields
are again transformed back onto the BFP, as was also done for Figure S8.

Figure S9 shows k-space images of reflection magnitude and polarization angles a@ and y for an
electromagnetic dipole with and without background terms. For Figure S9 a-c, we use p = 100 um™?2
and take all elements of the polarizability & to be zero, except a}, = 1.5-1072nm? and aj}, =
—-0.1 aé’z , leading to induced p, and m,, dipoles only. The numbers were chosen such, that a plane wave
incident under an angle close to that of the BIC induces p, and m,, dipoles with a ratio as found in the
grating unit cell. We see a similar behavior as in Figure S8c, with a node in reflection on the positive x-
axis coinciding with a vortex in polarization angle a. However, a copy of this node can now be found on
the negative x-axis. This is because, if the driving plane wave propagation direction is mirrored in the y-
axis, the relative phase between its E, and H, components is changed from 7 to 0. This leads to a
reversed sign in the relative phase of the induced dipoles p, and m,, which, as mentioned in the previous
paragraph, puts the node in the other half-space. Figure S9b reminds strongly of the type of polarization
profile predicted by Zhen et al.” for similar structures, and is qualitatively similar to our measured
polarization profile. Also note in Figure S9c that the polarization is linear, in accordance with theoretical
predictions’.

p =
vy
added to the polarizability tensor, to qualitatively mimic the TE mode in the experiment. It was found

Figure S9d-f show the case where additional polarizability elements «a liab, and a = 0.2i af,
that illumination of the grating with an s-polarized plane wave at the TE resonance condition, led to a
dominant y-polarized electric dipole p,, and a weaker in-phase z-polarized magnetic dipole m,. It can be
seen in Figure S9d-f that the presence of the TE mode does not destroy the nodes, as it is not excitable
by x-polarized plane waves on the k, axis, and that the map of angle « is not strongly affected near the
BICs. However, the interference between the vortex contribution of p, and m,, on the one hand, and the
out-of-phase p,, and m, contributions on the other hand, lead to a non-zero ellipticity with a crossing of
two nodal lines at the vortex, as shown in Figure S9f. Such a crossing was also observed in Figure 3 of the
main paper. Note that p,, and m, do not necessarily need to be /2 out of phase with afz to achieve
this effect, as chosen here. It simply needs to have a phase difference 0 < A¢p < 7.

In the experiment, a weak non-resonant reflection from the oil-glass interface is also expected to
influence the polarization. Figure S9g-i show the case where, on top of the three dipolar contributions in

panel d-f, the non-resonant Fresnel reflection Er,BG(HS, ¢,) from the interface was added. We see that
this makes the nodes disappear, and the vortices in @ changes to a profile that strongly resembles our
results from Figure 3a in the main paper. Also, the crossings of the nodal lines in the map of y remain,
shifting slightly outward from the locations of the vortices, as was also observed in Figure 3b and Figure
S5b.

In conclusion, we have performed calculations of the radiation from and reflection of an electromagnetic
dipole. Results showed angular intensity and polarization maps that strongly resemble our experimental
results on the grating containing a BIC. This provides a novel, simple and intuitive explanation for the
presence of a BIC in these type of gratings, based on the interference between two radiation modes in



the unit cell of the grating. Moreover, through this model we were able to explain the surprising nodal
line crossings in the maps of ellipticity angle x observed in the experiment. These can arise due to the
interference of light from the TM mode, containing the vortex, with light from the TE mode and a non-
resonant background reflection.
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Figure S9: The effect of a background to the polarization feature of a BIC. K-space images of the reflected power (top row),
polarization angle a (middle row) and ellipticity angle x (bottom row) from a sheet of electromagnetic dipoles. (a-c) Dipoles with

non-zero polarizability elements aﬁz and a7}, with two BICs left and right of the origin. (d-f) Dipoles with the same non-zero

p
yy

are used to model the TE mode. (g-i) Same dipoles as in (d-f), now also including a non-resonant reflection contribution from the

polarizability elements aﬁz and aJ}, as in (a-c), but with additional non-zero elements ay,, and &}, where the last two elements

interface. Reflection maps are normalized to their maxima.

Charge bouncing

An interesting prediction by Zhen et al.” is that, since topological charge is a conserved quantity, vortices
with charges of the same sign can bounce as the geometrical parameters of the system are varied. This



effect is also visible in our simple dipole model. A change in e.g. grating thickness would lead to a change
in the relative strengths of the dipole contributions to the polarization currents in the grating. We can
mimic this by changing the relative dipole strength in our model. The vortices studied previously do not
bounce but instead slowly converge towards the origin for increasing electric dipole strength. However,
also other combinations of dipoles can show vortices. In Figure S10 we show intensity and polarization
plots for a sheet of dipoles with 3 different combination of x-oriented electric polarizability af?xand y-
oriented magnetic polarizability ay},. The dipoles are located in a medium of index 1.5. Note that this
combination of dipoles is aligned with the fields of a TM mode on the x-axis, and could thus describe
vortices in TM-like modes. For a;’;/afgx = -1.2, we see 2 polarization vortices of charge +1 on the x-axis
coinciding with nodes in reflection. As we change the relative strength, the vortices move to the '-point
and subsequently ‘bounce’ to opposite sides on the y-axis. This is exactly the type of behavior observed
by Zhen et al. for BIC’s of a TM-like mode in a 1D grating.” Also note that the coincidence of the two
vortices at the l-point is related to the Kerker condition mentioned earlier.® Based on these results, we
expect that our dipole model can be used to explain Friedrich-Wintgen BICs in other 1D and 2D
structures as well. The applicability of the dipole model would depend on what the underlying
resonators of the BIC are. We would expect that e.g. resonances in higher-order TE or TM branches,
which can support topological charges higher than 1, could be modeled by a combination of higher-
order multipoles rather than dipoles.’
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Figure S10: Charge bouncing in the dipole model. K-space images of the reflected power (top row) and polarization angle a
(bottom row) from a sheet of electromagnetic dipoles. The dipoles had a nonzero electric x-polarizability afc’x and a magnetic y-



polarizability. We consider three different ratios of these polarizability elements: a;’;/afgx =-1.2 (a-b), -1.5 (c-d) and -1.8 (e-f).

Going from low to high ratio, we can see the vortices move from the x-axis to the -point and then bouncing to opposite sides

on the y-axis.
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