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Topologically protected plasmonic
phases in randomized aperture
gratings

Maayan Fox'2 & Yuri Gorodetski®23"

We experimentally show the excitation of surface plasmons by topologically protected diffraction
from gratings with randomized periodicity. The structures are designed such that the plasmonic
excitation is conditioned by the proper combination of the geometric and the dynamic phases.
Accordingly, it is possible to obtain a precise interaction of the incident light signal and a specific
plasmonic directional mode in a polarization dependent manner.

Topological plasmonics is a relatively new and promising field of research due to the unique part that topology
plays in phenomena such as polarization dependent plasmon scattering! =, plasmonic topological insulators*~7,
and more®'°. The Pancharatnam-Berry phase, or the topological phase (TP) has recently attracted a significant
interest!!-!%, with notable implications for nano-optics'*!® and specifically plasmonics!®-1%. The polarization
state-space of light is defined by the Poincaré sphere, taking on the non-trivial topology of genus zero. The TP
can be accrued by driving the light state along a closed path on this sphere!*?. The area enclosed by this path
(see Fig. 1a), which can be normalized to the solid angle subtending it in the case of a constant or slowly varying
beam magnitude, is hence topologically protected.

Light propagating in free space can undergo a continuous space variant polarization modulation in order to
achieve smoothly varying Berry phases®!. Recently, it has been shown that TP can also be introduced in the pro-
cess of surface plasmon (SP) wavefront excitation!=. A grating comprising spatially rotating apertures was used
to obtain two effects simultaneously—coupling incident light to SPs and imparting upon that light a geometric
phase. As a result, the illumination of the structure by right-handed (or left-handed) circular polarization (RCP,
LCP respectively) led to the unidirectional spin dependent excitation of the SP modes?. There the fundamental
grating periodicity and its rotation rate were constant along the structure giving rise to a periodic diffraction
pattern as could be expected from the Bloch-Floquet theorem. That resulted in the fact that both ordinary dif-
fraction (OD) and topological diffraction (TD) orders were repeated periodically in k-space. Accordingly, an
infinite number of the OD modes appeared in the far-field, each accompanied by a pair of the TD orders.

Here we propose to consider a plasmonic grating with no defined local periodicity or unit-cell rotation rate.
For this we randomize the dynamic phase (accrued by the plasmonic path between two adjacent apertures)
and the TP (arising from the relative rotation between two adjacent apertures) while maintaining one condi-
tion—that their sum equal 27 everywhere on the sample. This structure is shown to support the excitation of
unidirectional topologically protected plasmonic modes. Randomized optical structures in themselves have been
a topic of some interest over the passing decades, having been implemented among other things in suppression
of unwanted diffraction®**, generation of specific intensity distributions at optical®® and x-ray*® frequencies,
optical coding?, in one instance leveraging TP*, and optimization of solar cells*’ and light emitting diodes™®.
Additionally, theoretical and computational models®*'~** have been constructed for the understanding and pre-
diction of such chaotic or randomized diffraction sources.

Our study clearly shows that the combination of the randomized grating periodicity compensated for by a
corresponding topological phase yields one, and only one pair of non-random, topologically diffracted plasmons.
Additionally, the remaining modes diffracted from the grating are uniformly scattered into the k-space, ergo
leaving a uniform background. This de-coupling of topological and ordinary diffraction provides additional
degrees of freedom and insight into topological photonics, potentially setting the stage for both new devices
which wish to leverage purely topological states of light, and pioneering experimental concepts in analogous
topological solid state physics.
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Figure 1. (a) Visualization of the TP on the Poincaré sphere due to rotating apertures. The angle of the
anisotropy axis, 6, corresponds to the longitudinal line of the sphere with the same angle. Subsequently, the
solid angle subtended (in red) is then the topological phase accrued by coherent light passing through both
apertures. (b) Graphic presentation of the combined effect of the plasmonic grating and the topological phase.
The randomized physical medium and the topological phase apart scatter incident light in all angles, but once
coupled the light is diffracted in a topologically protected direction.

Results and discussion
Previous work? has shown that the total momentum of a topological diffraction mode from a periodic grating
with spatial rotation of the unit-cell can be described via the following equation:

ke = kin + nkg + kg (1)

wherek;, = 2)—” sin « is the incident momentum of the beam (with 4o being the wavelength and « is the incidence

angle) and k, = 27/ A is the fundamental momentum quanta imparted by the grating with a period of A. Here
we suppose that both, the actual grating periodicity and the rotation of the unit-cell are along the same axis. The
magnitude of the topological momentum kg = 2K is defined by the rotation rate of the apertures (2 = d6/dg,
where 6 is the local orientation of the unit-cell and £ is the coordinate along which the rotation is carried out)
while the incident light spin number o takes the values of 1 for RCP and —1 for LCP state.

As suggested in the previous chapter, we now randomize the grating periodicity so that Eq. (1) can be only
satisfied locally. For normal incidence (o = 0) and n = 1the local momentum delivered by the grating reads as,
ke = ZTN, +o % where the index i represents a local value. Now, by setting the coupling condition k; = ksp
(where ksp = ki, li—rgm, and &, is the real part of the dielectric constant of gold) we obtain the requirement for

the local grating period and rotation,
ksp - Ai— o0 -2A0; =27 (2)

Here A; in radians denotes the relative rotation between the ith and (i 4+ 1)th apertures (see Fig. 3). It is now
clear that Eq. (2) describes the condition for the constructive interference of plasmons at two adjacent apertures,
taking into account the optical path (first term on the left side) and the TP contribution (second term on the
left side) due to the relative rotation angle of Af;. We note that while A; and A#; are varied along the grating
the total grating momentum quanta at each period is constant which makes it possible to define the effective
grating spacing as,

Ag e D
T o B ®
where A6; takes values between — 5 and 7. This effective constant represents the distance in space between two

topologically protected phase fronts, and is set here to match that of the surface plasmon. Interestingly, one can
think about the proposed system as if the total desired phase of the beam is acquired by combining two contri-
butions (topological and dynamic phases) while each one of them is randomized. This situation is graphically
visualized in Fig. 1b as a fractured prism in two pieces representing the two aforementioned phase contributions.
Iuminating each part separately will lead to the broad scattering of light, while combining them together brings
about the correct phase front for the desired polarization.
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The randomized gratings have been designed as follows. We first created a set of 19 possible periods
(A; € [600nm, 1500nm]) and used a computer program to scramble them in a random sequence. Rectangular
apertures were distributed in a row with these distances. Then the relative rotation of the each aperture (A6;)
was applied according to the condition of Eq. (2). Each row of apertures was repeated 19 times in the y-direction
with a spacing of 14m, thereby creating a non-random grating in that direction for reference. It was also hypoth-
esized that two structures with opposite aperture rotation sense 2 would reverse the polarization dependence.
To investigate this, for every right handed (RH) structure of counterclockwise aperture rotation we fabricated a
left handed (LH) counterpart supporting clockwise rotation. Additionally, for each grating we designed a cor-
responding ordinary (O) hole array (where rectangular apertures were replaced by a circular hole while main-
taining the period sequence) to serve as a reference structure. The actual gratings were milled in a gold film by
focused ion beam (FIB) lithography in a 85 nm thick gold layer that was evaporated by sputtering on top of a 160
pwm glass cover slip. A total of 5 different randomized gratings triplets were fabricated in this way. A scanning
electron micropscope (SEM) image of one such structure is shown in Fig. 2a. The dimensions of the rectangular
aperture 150 nm x 250 nm were chosen to be sufficiently subwavelength yet anisotropic, as when the aspect ratio
approaches zero (or infinity) either one of the dimensions must approach the near-wavelength regime, or the
other must become too small to allow a significant amount of power through. The circular apertures were set to
have the same area as their rectangular counterparts, requiring a radius of ~ 100nm. The images were captured
by the leakage radiation microscopy (LRM) system***, depicted in Fig. 2b. The incident beam from the CW laser
(4o = 785nm at 20 mW), expanded by means of a telescope (L, L;), was polarized by a linear polarizer (LP)
followed by a quarter-wave plate (QWP) into a desired circular state. The objective (O ;, 20X, NA = 0.2) focused
the laser beam onto the structure and an additional, oil immersion objective (Oy,,) was placed in contact with a
substrate to extract the leakage radiation. The 100 mm tube lens (TL) was used to produce the real-space image,
and a Fourier lens (FL) (50 mm) was added to image the k-space.

Figure 3 shows k-space images of one out of the five structure triplets, comprising of the RH, LH and O struc-
tures illuminated with RCP and LCP, respectively. Hereafter we denote the RCP and LCP states as |O) and |O).
The dashed circle line depicts the location of the SP momentum ksp and panels (a,d,g) show the corresponding
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Figure 2. Randomized topological plasmonic structure. (a) SEM image of FIB milled apertures in gold. The
inset schematically depicts characteristic aperture dimensions and orientation variation. (b) Optical leakage
radiation microscopy setup. See the text for the details.
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Figure 3. Typical measured k-space distributions for three types of the proposed structures. The structure
geometries are shown in (a,d,g), (b,e;h) are the measured distributions for the incident RCP light and (c,f,i)
show the corresponding measured intensities for the LCP light. Red arrows denote the location of the TD mode,
when present. Gray dotted lines denote the plasmonic momentum kgp. Colorbar on right denotes arbitrary
intensity units.

grating geometry. As can be seen, there are three clearly distinguishable lines spanning along the k, direction
spaced according to the constant y periodicity. We note that there is no evident periodicity in the k, direction as
would be expected when the Bloch theorem holds. While the light distribution is still somewhat discrete (which
we relate to the finite nature of the random grating periods) one can, nevertheless, find this distribution rather
uniform. By an accurate inspection of the spatially varying gratings we clearly recognize a polarization dependent
intensity localization at ky, = Zksp (marked by the red arrows). Note, that for the RH structure, these modes lie
at the (£ksp, 0) coordinate of the k-space for RCP, and LCP, respectively while for the LH structure, the modes
flip their polarization dependence. For the non-rotating aperture structures, no significant localizations can be
seen at these coordinates, and indeed no notable change is seen for different polarizations.

The finite ensemble of the randomized periods and the limited nature of the grating dimensions obviously
reduce the effect of uniform smearing of OD in the k-space. In order to further improve the signal-to-noise ratio
we average the distribution measured from the five non-rotating gratings and subtract it from the average of the
five corresponding rotating gratings. We do this process separately for the RH and the LH structures and present
the distributions in Fig. 4. As a result we are now able to clearly identify the topological plasmonic mode appear-
ing at k, = tksp depending on the incident circular polarization. Also, it is evident that the opposite structure
handedness leads to reversed distributions.

Finally, we demonstrate in Fig. 5 the polarization dependence of the structures in reference to themselves.

Here we depict the local averaged circular dichroism map evaluated by CD = \/77% ng‘; where Ircp,rcp stands

for the k-space intensity distribution for RCP/LCP illumination. Figure 5a corresponds to the average CD of the
five RH structures and Fig. 5b shows the average CD of the LH structures. For comparison, Fig. 5¢ presents the
average measured CD map of the circular aperture structures where no polarization dependence is visible. We
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Figure 4. Averaged k-space distributions measured with different rotating gratings contrasted with the
averaged results from the corresponding non-rotating structures. (a,c) Correspond to the RCP illumination and
(b,d) for the LCP. Pictures (a,b) were taken from the right-handed structures and (c,d) were measured with the
left-handed structures.

also studied the SP propagation through the grating in the real space (x, ). As the local combined phase imparted
by the grating should lead to opposite propagation directions of the two circular states we expect to observe
unequal distribution of intensity for illumination with RCP and LCP light. Indeed as can be seen in Fig. 5d on
the left side of the grating (depicted by the frame) one can mostly find the LCP contribution while the right side
is dominated by the RCP state. It should be noted that this result is the average of 5 distributions measured with
different randomization sets, therefore clear plasmonic beam propagation was not expected in this experiment.
Nevertheless, the polarization dependence of the measured real space perfectly corresponds to the distributions
found above in the k-space.

Conclusions

We have shown how local topological phases in randomized gratings can protect plasmonic modes. To test this,
plasmonic structures comprised of randomly spaced and correctively rotating rectangular apertures were fabri-
cated, along with corresponding circular reference structures. It was shown that randomizing the grating period
severely reduces the Bloch effect, and that the combined dynamic and topological phases generated one, and only
one pair of non-random, unidirectional, polarization dependent plasmons at (£ksp, 0) in the x direction. We have
compared the behavior of the spatially-rotated gratings with reference structures comprising hole arrays with the
same aperture spacing to ensure that the effect is topological in nature. The measured intensity distribution in
the real space verified the unidirectional propagation of excited plasmonic waves through the grating structure.
We believe that these structures can stand as a proof of concept for decoupling topological phases from other
phases, opening the door to new applications and theoretical exploration of topological phenomena—both in
photonics and in relevant analogues of solid state physics.
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Figure 5. Measured averaged CD k-space maps for RH structure (a), LH structure (b) and the holey structure
(c). The averaged real space image corresponding to (a) is shown in (d), with the black outline denoting the
structure boundaries. Colorbar is shown in arbitrary units.
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