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Controlling polarization twisting of light resulting from surface plasmon interactions
with threefold symmetric nanostructures
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The design and architecture of nanostructures for the purpose of controlling and manipulating surface
plasmon polariton (SPP) dynamics is currently a focal point of research. It is driven by the predicted impact
that plasmonic components will have on many future technologies. In this paper, we demonstrate the first
instance of plasmon-mediated polarization reorientation observed in the far field with no associated re-emission
directional change. Specifically, it is demonstrated that, as a result of the interaction between SPPs and
tailor-designed nanostructures of threefold symmetry characteristics, a polarization twisting of the SPP-
mediated reradiated light is attained. It is shown that the dynamics of such an interaction can be controlled
externally, enabling active control of the outgoing polarization orientation. In order to further understand the

origin of the processes involved, Green’s function based simulations of the interactions are presented and
confirm that the origin of the polarization twisting can be explained via asymmetrical in-plane SPP scattering.
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I. INTRODUCTION

The topic of surface plasmon polaritons (SPPs) has a re-
search history going back just over a century' but in recent
years has attracted renewed interest for a variety of reasons;
for example, as a basis for optoelectronics>® or
magnetoplasmonics.*> In conjunction with the forecasted ap-
plications of plasmonic components in technologies, the pre-
dominant driving force of the field is the current availability
of a variety of routine nanoscale fabrication techniques that
allow suitable sized structures to be made and explored as a
way of harnessing SPPs (e.g., Refs. 6 and 7).

SPPs are electromagnetic (EM) surface waves confined to
the interface of two materials with dielectric functions of
opposite signs, i.e., metal/dielectric. They occur as a result of
a resonant interaction between the illuminating wave and a
collective surface electron-density oscillation of the conduc-
tor. This light/matter interaction leads to SPP modes having
greater momentum than light of the same frequency. There-
fore, in order to excite an SPP with light of a given fre-
quency, the wave vector associated with the light must be
adapted according to the SPP dispersion relation before ex-
citation is possible. On the nanostructure arrayed surfaces
presented here, surface periodicity coupling is the dominant
excitation process while surface roughness coupling can be
predominantly neglected for this examination.® Conversely,
propagating SPP modes at a planar metal/dielectric interface
are bound and guided by it, propagating until either they are
liberated from the surface by some momentum-matching
condition,” or they are lost to the metal interface through
scattering processes and dissipated as heat.'?

In a recent letter,!! it has been demonstrated that symme-
try properties of tailor-designed nanostructures have an im-
pact on the propagation of SPPs excited on arrays of such
nanostructures. It was shown that in certain orientations,
120° symmetric (rotor-shaped) nanostructures have a
waveguiding effect on propagating SPPs. Highlighted in that
article were the SPP excitation, propagation, and waveguid-
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ing processes on the nanostructured arrays. In particular, the
primary variable explored was the illumination polarization.
In the present paper, we will focus our examination on the
interaction between the propagating plasmon and the nano-
structures, and the signature of this interaction in the outgo-
ing polarization, in the SPP re-emission channel. This allows
us to complete the examination on the ability of the rotor
nanostructures to twist the polarization of the SPP-mediated
light to emit with a predictable alteration in polarization di-
rection. We will show that the only restrictions for this po-
larization twisting effect are the SPP excitation conditions.

The experimental setup [Fig. 1(a)] for the far-field polar-
ization examination is as follows: a laser source (A
=632.8 nm) is collimated, polarized (extinction ratio of
10 000:1), and made incident on the sample which is housed
on a rotation table on a fine adjust goniometer. A Fresnel
Rhombus is positioned in the beamline between the polarizer
and the sample. This allows for polarization angle (3) varia-
tion with uniform beam intensity, independent of any funda-
mental polarization of the laser. The detector (photodiode) is
mounted on a computer controlled, highly resolving, angular
scanner which has the sample goniometer at its fulcrum. A
polarizing analyzer (rotation angle=-y) is positioned on the
semispherical scanner in front of the detector. Both polariz-
er’s (initial and analyzer) and the Fresnel Rhombus were
calibrated such that their polarization axes were aligned with
each other and to the optical axis of the experiment, to a
combined reproducible accuracy of better than 0.25°.

The sample was prepared using standard complementary
metal-oxide semiconductor fabrication processes; e-beam li-
thography, followed by etching to reveal the desired surface
profile [Figs. 1(b) and 1(c)]. In order to facilitate SPP exci-
tation, an 80 nm silver surface layer was subsequently de-
posited. For the examination presented here, we consider the
interaction of the SPPs with the rotor array from four differ-
ent orientations; with the excited SPP initially propagating in
either the +x, —x, +y, or —y directions. We label these orien-
tations using compass notation (E, W, N, and S, respectively)
as indicated in [Fig. 1(a)].
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FIG. 1. (Color online) (a) Visualization of SPP excitation,
propagation, and re-emission processes, on a nanostructure arrayed
surface. Compass notation indicates the four examined interaction
orientations; the displayed orientation in the schematic is E. (b)
Atomic force microscope image of nanostructures array. (c) Indi-
vidual rotor structure including indication of scattering points used
in the simulations.

II. RESULTS

Locating SPP resonances is achieved using angular scans.
Here, we focus on plasmon modes observable in one of the
diffraction orders (the second diffraction order in the plane of
incidence) where two SPP modes exist at 70° and 47°.!!
However, the observations we have made are not limited to
these particular SPP modes or this specific grating order.

As previously reported,'! it was observed that the orien-
tation of the plasmon/rotor-structure interaction (i.e., N, S, E,
or W) has a definite impact on the illumination-polarization
angle (B) at which SPP related minimum reflectivities occur,
as is apparent in (Fig. 2). In this plot, we see that for two
orientations where the plasmon/rotor interaction is not sym-
metric (E and W), we observe a shift in minimum reflectivity
of 30° from TM illumination polarization.

Before this illumination-polarization shift of the reflectiv-
ity minima can be confirmed to be solely a result of an in-
teraction between propagating SPPs with the rotor structures,
it must be confirmed that it is not purely a grating artifact; as
it is well known that a complex grating topography can
present changes in far-field intensity, independent of plas-
monic effects.'>!3 Therefore, we carried out a complete an-
gular and illumination-polarization characterization of the ar-
ray for all four illumination orientations. An example of such
an angular/polarization scan, for the SPP/rotor interaction in
the E orientation, is presented (Fig. 3); this demonstrates that
(a) the SPP excitations at illumination angles (6) of 70° and
47° are the only pronounced intensity variations. (b) For this
SPP/nanostructure orientation (E) both plasmon reflectivity
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FIG. 2. (Color online) Intensity of the (+2nd) diffraction order
as a function of polarization angle (B) for rotor nanostructures in
the four orientations (N, S, E, and W) at the SPP excitation illumi-
nation angle (#=70°). Intensities are individually normalized to 1.
Note: the analyzer indicated in [Fig. 1(a)] is absent for the results
displayed in this plot.

minima are shifted to a polarization angle () of TM+30°.
In order to investigate the origin and processes involved
in this polarization minimum shift, we have used a polarizer/
analyzer setup [Fig. 1(a)], which has previously been used to
examine other SPP re-emission polarization processes.!#~10
With the illumination angle set at the strong SPP excitation
angle (#=70°), and the illumination-polarization set to TM,
we have recorded the outgoing intensity monitored by the
photodiode, as a function of analyzer polarization. Such an
examination would typically present a cos® function of the
angle between the polarizer and the analyzer; and this is
exactly what is observed for illumination angles off SPP
resonance, and also for the symmetric SPP/nanostructure in-
teraction orientations (N and S). However, for such a scan in
the E and W orientations at the SPP excitation angle, we
observe a deviation from a cos” function (Fig. 4). Most no-
tably, we observe a 5° shift in analyzer angle at which we
observe a maximum. This deviation from a cos® function
indicates that the plasmon-rotor interaction is causing an ad-
ditional polarizing function. More specifically, this is proof
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FIG. 3. (Color online) Measured reflectivity for an illumination
angular range, #=40° to 80°, and illumination polarization of TM
(B=0°) to TE (B=90°). Peaks at #=70° and 47° indicate plasmon
modes. For SPP/rotor-structure interaction in the E orientation,
maxima are observed for a polarization angle (8) of TM+30°.
Note: the analyzer indicated in [Fig. 1(a)] is absent for the results
presented in this scan.
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FIG. 4. (Color online) Plot of normalized intensity as a function
of analyzer polarization (vy), for illumination polarization (8) of
TM.

that this interaction is twisting the polarization of the light
involved in the SPP excitation and re-emission process.

Although in this setup we observe a twist of only 5°,
instead of the 30° twist observed for the SPP excitation con-
ditions in Fig. 2, both results are consistent with each other
as follows: (a) for the illumination-polarization rotation ex-
periment (Fig. 2), the minimum at TM +30° for E and W
orientations occurs as a result of a maximum in interference
between diffracted light and SPP re-emitted light at this illu-
mination polarization. As a grating-excited plasmon is al-
ways excited with the TM component of illumination, this
observation of maximum interference for illumination polar-
ization of TM = 30° indirectly demonstrates that the plasmon
re-emitted light is also at TM *=30°, implying that the
plasmon/structure interaction has twisted the polarization
and subsequently reradiated. (b) For the polarizer/analyzer
experiment, the same 30° twist in polarization is now di-
rectly observed. However, in this scan the detector is subject
to two light components. With an initial illumination polar-
ization of TM, we excite a plasmon with approximately 20%
efficiency, implying that the light can reach the analyzer un-
der two separate paths: (1) in the diffraction order of interest,
approximately 80% of the light is directly diffracted with no
contribution to plasmon excitation. Therefore, for this com-
ponent of light, no SPP/nanostructure interaction and hence,
no polarization twisting takes place. Naturally, when this
component of light is analyzed with a second polarizer, a
cos? function is returned, with a maximum in intensity where
the illumination polarization and analyzer polarization are
matching. (2) The approximate 20% of light that is involved
in this particular SPP excitation will interact with the struc-
tures, and under the condition of a nonsymmetric interaction
(i.e., E and W orientations) will be reradiated (neglecting
SPP losses) with a twist in polarization. Specifically, for the
structures examined here, this twist in polarization will be
30°. When this component of light is analyzed with a polar-
izer, it will also yield a cos? function but the maximum will
no longer occur for an analyzer polarization of TM but
TM = 30° instead.

In the experiment, although the light can reach the ana-
lyzer under two separate paths, these paths are indistinguish-
able to the detector and so the analyzer is subject to both
components simultaneously. Therefore, what we experimen-
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FIG. 5. (Color online) Plot of polarization twisting degree as a
function of illumination angle (6), for illumination polarization of
™.

tally measure is a function which is a combination of a 80%
cos” function with a maximum for an analyzer polarization
of TM, and a 20% cos® function with a maximum for an
analyzer polarization of TM = 30°. The outcome of this mix-
ing of light from two separate channels is twofold: (1) the
light at the detector will no longer be linearly polarized but
instead (taking additional phase shifts between the two chan-
nels into account) will be elliptically polarized. (2) There is
an apparent shift of approximately 5° in the polarizer ana-
lyzer experiment, as in Fig. 4.

This process is further confirmed by actively altering the
distribution of light following the two paths (i.e., diffraction/
SPP ratios of 80/20, 82/18,...,100/0). The variation in this
ratio can be accurately controlled by tuning the illumination
angle (6). A resultant plot of observed maxima in the polar-
izer analyzer experiment as a function of illumination angle
(Fig. 5), not only confirms the above process but also dem-
onstrates the control of polarization twisting that can be
readily achieved (steps of 0.25° twisting readily realizable).

Furthermore, the range of polarization twisting could be
greatly increased by improving both structure design and sur-
face quality, currently limiting the SPP excitation efficiency
to 20%. If this excitation efficiency is increased, for ex-
ample, to an achievable 50%, the far-field measurable polar-
ization reorientation effect would be increased to 15°, and
modifying the design of the structures to reorientate the plas-
mon more efficiently would also increase the effect.

To further understand the origin of the observed polariza-
tion twisting, numerical simulations based on elastic SPP
scattering!” have been performed. In these simulations, we
examine the interaction between the SPP-associated electro-
magnetic field with the 120° symmetric structures, repre-
sented by several scattering points [Fig. 1(c)]. To allow us to
focus solely on the origin of the polarization twisting, some
simplifications of the processes contributing to the experi-
mental observations have been deliberately made. This ap-
proach allows us to easily define and focus on the details we
are interested in—namely, the plasmon E-field scattering—
and so understand the real fundamental roots of polarization
twisting process.

In the simulations (Fig. 6), an ideal planar incident SPP
has been assumed, absorption losses have been neglected (as
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FIG. 6. (Color online) 10 X 10 micron field amplitude images of
the incident and elastic scattered lossless SPPs. Individual rotor
three-particle structures located at the corners of an equilateral tri-
angle [as in Fig. 1(c)] produce the scattering.

these are negligible on the scale of an individual rotor struc-
ture), and for simplicity multiple SPP scattering between the
structures has been omitted. Additionally, the possible local
scattering and SPP excitation by individual nanostructures
has been ignored. A scalar effective polarizability represen-
tative of the scattering strength of each nanostructure has
been used. By implementing these simplifications, a focus
can be made on the origin of the plasmon E-field reorienta-
tion, which ultimately determines the polarization
reorientation.

Figure 6 shows results obtained with an individual rotor
nanostructure oriented along the compass directions and il-
luminated by an incident SPP from below (propagating along
the N, S, E, and W directions). The result of these simula-
tions is that for the SPP incident in the E and W directions, a
change in the main E-field direction of about 3° with respect
to the direction of incidence is observed. This is caused by
the interference of the incident SPP and the asymmetric con-
figuration of the three-particle rotor model. It is this redirec-
tion of the plasmon E field that leads to the observed far-field
polarization reorientation, as follows: consider a plasmon
propagating in the positive x direction, at a planar metal/air
interface extending in the x and y directions. If such a plas-
mon interacts with a surface feature that can partially scatter
the plasmon in the x,y plane, part (or even all) of the plas-
mon will now propagate in a new direction, comprising of x
and y components (e.g., as for our structures, at an angle of
30° from the original SPP propagation direction). Consider
now that this plasmon can be liberated back to the far field,
through the SPP momentum-matching scheme. This light
will leave the sample with the following two conditions: (1)
the x and y directions will be determined by the propagation
direction of the plasmon while it was confined to the inter-
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face immediately prior to re-emission, i.e., the direction of
the plasmons E field. (2) The z direction (i.e., determining
the angle between the light and the interface—6) will be
determined by the momentum-matching condition according
to

0= sin_l kSPP + kLibemtion i (1)

kLight

where kgpp is the plasmon wave vector, kpqp, is the wave
vector of the plasmon reradiated light, and k;;p,raiion 15 the
wave vector provided by the momentum-matching scheme.

The implication of these two conditions on the polariza-
tion and free-space light propagation direction is as follows:
condition (1) determines the polarization orientation and also
defines the direction of the light projected in the x,y plane.
Condition (2) cannot influence the polarization orientation,
as a plasmon cannot have a relevant polarization component
in the z orientation (for the same fundamental reason that a
plasmon must be excited with TM polarization) and therefore
only influences the out-of-plane angle (6) at which the light
is re-emitted.

This process has been experimentally demonstrated
previously!® for a plasmon excited in the Kretschmann con-
figuration. In that article, instead of having a specific topo-
graphic feature to scatter the propagating SPP in a defined
direction, the (near isotropic) scattering of surface roughness
is used. This configuration can allow for a near uniform scat-
tering of plasmons over a full (in plane) 360°. These scat-
tered plasmons are free to couple back to propagating light,
via evanescent coupling to optical modes at the metal/prism
interface, with the out-of-plane angle () determined by the
SPP/light momentum-matching conditions, Eq. (1), and the
angle of the light in the x,y plane determined by the propa-
gation direction of the plasmon (i.e., its E-field direction)
immediately prior to reradiation. This results in the well-
known attenuated total reflection (ATR) ring. In Ref. 18, it
was demonstrated that the polarization of the plasmon rera-
diated light to the ATR ring was solely determined by the E
field of the plasmon directly before reradiation [i.e., by
condition (1) above].

Applying this to a grating-excited plasmon is, in principle,
the same but with the exception that the grating adds addi-
tional restrictions to the channels that reradiated light can
couple to. Just as with the prism, the out-of-plane direction
() is determined by the free light channel that has the same
momentum as the plasmon. However, unlike the prism,
where a channel is available in any x,y projection, but fixed
0 (i.e., the ATR ring), the grating will also restrict light to
channels abiding by the diffraction equation. This condition
[an extension of condition (2), above] places strict restric-
tions on the direction (in all planes) at which light can leave
the grating, but as already justified, the polarization of the
re-emitted plasmon is determined by condition (1) (i.e., the
E-field direction of the plasmon immediately prior to the
reradiating process). Indeed, it is this additional condition
that enables a polarization twisting that, importantly, is not
accompanied by a emission direction change in the light.
This is typically not the case, where (as in Ref. 18 discussed
above) the spatial and polarization conditions of the light are
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solely defined by the plasmon E field prior to reradiation. In
the experiment presented here, the polarization of the reradi-
ated light is defined by the plasmon E field but the spatial
direction of the light is defined by the grating conditions. For
this reason, we can label the effect we observe as a true
polarization twisting. Conversely, in the absence of a grating
to determine the far-field location of the light, the polariza-
tion of the light in the plasmon re-emitted channel is not
twisted, it is simply viewed in a new reference frame defined
by the new direction of the light; this is comparable to the
reflection of light off a tilted mirror, where the polarization
of the reflected beam will be in a different plane from the
incident beam but its orientation will remain constant in the
reference frame of the beam itself.

Returning to the simulation results; they confirm that the
E field and polarization reorientation is a result of an asym-
metrical in-plane SPP scattering while the SPP/rotor interac-
tion is in specific orientations (E and W). The observed re-
orientation of the SPP electromagnetic-field direction can be
directly related to a polarization reorientation of the plasmon
reradiated light. The difference in the degree of polarization
twisting between the experimental observations and the
simulations is accounted for in the deliberate simplifications
made in the simulations. Indeed, a full finite-difference time-
domain calculation would demonstrate the 30° reorientation,
as observed experimentally but would present less insight
into the fundamental mechanisms involved. Regardless of
the simplifications of the presented simulations, their pri-
mary function here is to identify and understand the domi-
nating mechanisms contributing to the experimentally ob-
served polarization twisting. This has been confirmed to be
as a result of an asymmetrical in-plane SPP scattering while
the SPP/rotor interaction is in specific orientations (E and
W).
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III. CONCLUSION

Presented here is an observation of SPP-mediated polar-
ization reorientation observed in the far field, with no asso-
ciated directional change in the far-field plasmon reradiated
light. We have experimentally demonstrated how tailor-
designed topographic structures of threefold symmetry can
be used to alter the polarization of an EM wave by a selec-
tive amount. The primary process involved in this polariza-
tion twist has been isolated and confirmed as the nonsym-
metric interaction of a propagating SPP wave with the
nanostructures. Specifically, the polarization orientation of
the light is determined by the E-field orientation of the plas-
mon directly before its re-emission, and the far-field spatial
location is determined by the grating conditions, resulting in
the observed polarization twisting with no associated spatial
relocation. The only apparent restrictions on the polarization
rotation are found to be the initial plasmon excitation condi-
tions. With this in mind, the possibility for optimized struc-
tures with greater polarization reorientating ability is sug-
gested. Using Green’s function based simulations, we have
examined such an interaction between a propagating plas-
mon wave and 120° threefold symmetric structures, confirm-
ing that the origin of the far-field polarization twisting is an
asymmetrical in-plane SPP scattering occurring in the near
field.
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