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Based on the spin-dependent directional coupling of surface
plasmons (SPs) by A-shaped antennas, ring-shaped struc-
tures built with such antennas have potential applications
for optical tweezers and optical switch technology. In this
Letter, we introduce an optical method for realizing a com-
plete polarization tomography of coupled SP fields by such a
chiral-planar structure. We use a far-field optical approach,
namely leakage radiation microscopy (LRM), to map the SPs
propagation and polarization. Here, we fully analyze the
polarization state of the generated SPs inside the vortex lens
structure. In addition, we provide a theoretical model which
agrees well with the experimental results. © 2018 Optical
Society of America

OCIS codes: (240.6680) Surface plasmons; (260.5430) Polarization;
(050.4865) Optical vortices.
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Optical angular momentum, including spin angular momen-
tum (SAM) associated with polarization, and orbital angular
momentum (OAM) associated with helical wave fronts, plays
an important role in optical trapping, manipulation of micro-
sized and nano-sized particles, and optical integrated devices
[1-7]. Since surface plasmons (SPs) can overcome the diffrac-
tion limit and offer a promising approach to control and
manipulate the propagation and the dispersion of light at
the nanometer scale, the study of angular momentum in
SPs becomes very attractive and important. Recently, studies
in angular momentum in SPs have mainly focused on the spin
sensitive intensity directionality (the so-called plasmonic spin
Hall effect) [8—10], the OAM beam generation and measure-
ments [11-17], as well as the desired polarization beam control
[18,19]. A less-explored path, yet particularly important for
application, is the polarization vector space character in the
SPs field, especially in the vortex beam of the SPs.

Since plasmonic vortex lenses (PVL), like the ring-shaped
structure of slit antennas [14], or Archimedean spiral groves
[11], introduce the vortex-necessary azimuthal phase profile
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by controlling the spin-orbit coupling of photons with SPs,
it becomes a typical way to generate an OAM beam in
nano-optics. Among a variety of PVL designs, A-shaped or
T-shaped slit antennas offer the possibility to set precisely
the phase delay between two fixed dipoles, which lead to a
strong spin-dependent coupling. Structures with A-shaped
or T-shaped antennas have therefore attracted a lot of
attention [8—10,14,19].

In this Letter, we show a complete polarization tomography
for SPs characterizing the Stokes vector locally in the PVL. It is
realized by means of a plasmonic imaging method called leak-
age radiation microscopy (LRM) [20] that can collect the
leaked SPs propagating through the thin metal film and the
substratum with a higher optical constant (usually glass) than
the superstratum medium. This polarization tomography
method is particularly important for applications in optical
tweezers experiments in information processing [6,7] or in
nanofluidics [4,5]. We apply the method to the A-shaped aper-
ture design. Based on the local Stokes mapping, we reconstruct
the polarization ellipses associated with the propagating SPs in-
side the structure. In addition, we provide a theoretical model
reproducing experimental results.

We have previously reported that a ring structure based on
A-shaped antenna with a 120-deg top angle between each slit is
the optimal configuration for both directional coupling and
singular SP generation [10]. Based on the A-shaped antenna’s
rotation direction, there are two types of ring-shaped PVL cor-
responding respectively to right-handed (i.e., clockwise) and
left-handed (i.e., counterclockwise) geometries. These two
enantiomers are related by in-plane mirror symmetries, which
are also visible on the optical transmission properties. In this
Letter, we restrict our investigation to the right-handed struc-
ture [Figs. 1(a) and 1(b)], which consist of 20 rotating
A-shaped holes forming a 2—pum radius ring, each A having
two 200-nm-long, 50-nm-wide rectangular slits separated
by a 120° apex angle. The structure is fabricated by a focused
ion beam (FIB) milling on a thin Au layer with 50 nm in thick-
ness, which satisfies the requirement for observing the SPs
by LRM.
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Fig. 1. (a) Electron micrograph of the right-handed geometry, with
2-pm ring radius. (b) Sketch of one A-shaped antenna with long
L =200 nm, wide W = 50 nm and apex peak a = 120°. (c) and
(d) Direct plane images under polarization excitation of (c) RCP
and (d) LCP, respectively indicated by clockwise and counterclockwise
solid arrows. (e) and (g) Signal recorded under RCP with polarization
analysis indicated by the dotted arrows. (f) and (h) Signal recorded
under LCP with polarization analysis. (i) Cross-section intensity pro-
files distribution along the horizontal line passing through the central
region [corresponding to the yellow dotted line in Fig. 1(d)] of (e)—(h).
The scale bars in (a) and (c) are 1 pm.

A far-field illumination and detection setup based on LRM
is used [9] and the images are generated by illuminating the
PVL [Fig. 1(a)] with an incoming right circularly polarized
(RCP) [Fig. 1(c)] or left circularly polarized (LCP) [Fig. 1(d)]
collimated He/Ne laser beam working at the 633—nm wave-
length. The strong discrimination existing between the images
obtained for the RCP input beam and the LCP input beam
appears. Indeed, due to the spin-orbit interaction with the
A-shaped apertures, the SPs beam is either inwardly or out-
wardly directed resulting in a very low signal inside the cavity
for a LCP input state compared to the RCP input.

In order to quantitatively measure the spin-sensitive
response of the SPs on the RCP and LCP excitations, signals
recorded under the RCP [Figs. 1(e) and 1(f)] or LCP analysis
[Figs. 1(g) and 1(h)] is performed and their cross-section pro-
files along an horizontal line through the center [corresponding
to the yellow dotted line in Fig. 1(d)] are shown in Fig. 1(i).
The extinction ratio that is used to quantify the singular SPs
generation is calculated to be 11.78 based on the central peak
values of Figs. 1(e) and 1(f). This reveals an excellent spin-
dependent directional intensity character and is consistent
with the conclusion in [10] in which the same PVL structure,
i.e., with identical geometrical parameters was used. However,
in the whole view, the SPs intensities for the LCP excitation
showed in Fig. 1(i) are relatively much weaker compared with
the coupled SPs for the RCP excitation light. This shows the
optimal outwardly directional character. As explained in [21],
the quality of the LRM images is strongly dependent on the
focusing of the oil immersion objective. Here, we carefully
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adjust the position of the oil immersion objective to make it
reaching the best focusing position it could.

In order to describe the polarization distribution of the in-
duced SPs beams, we use Stokes parameters (Sp, S, S,, S3)
[22], which are calculated at each image point by combining
six measured intensities (/ ¢, Iy, I p, Iy, I p, [ ) corresponding
to the projections of the induced SPs along six different polari-
zation analysis directions. X, ¥, P, M, R, and L are the unit
polarization vectors along, respectively, the 0°, 90°, 45°, 135°,
RCP, and LCP directions. Here, we use the notation
P=X+YV)/V2, M=X-Y)/V2, R=X-iV)/V2,
L= (X +iV)/+/2. The Stokes parameters are related to
Uz Lps Iy Ly 1, 1) are as follows:

So=Ig+Iy=1p+1y=13+1; =1, (1)
Sy =1¢-1y = pcos2¢ cos 2xI, (2
Sy =1p-1Iy = psin 2¢ cos 2x1, (3)
Sy=14-1; = psin 2, @)

where / is the total intensity of the beam, and p is the degree of
the polarization constrained by 0 < p < 1. 2¢ and 2y are the
spherical angles defining the direction of the Stokes vector on
the Poincare sphere.

In order to get the set of six required intensity maps, we
use a polarizer and a quarter wave plate located after the oil
immersion objective to set the polarization projection in the
direction of X, ¥, P, M, R, and L. Considering the strong
transmission of the incident beam near the A-shaped geom-
etries, we focus our attention on the central area of the PVL
where the SPs signature dominates. The LRM images analyzed
along various polarizations are shown in Figs. 2(a)-2(g) where
Fig. 2(a) corresponds to the total transmitted intensity, while
Figs. 2(b)-2(g) show the projected intensity distribution along
the different polarization directions: X, V,P, M, R, and .

At the same time, an analytical simulation for these six
intensity maps in the PVL has been obtained based on the
muld-dipolar model discussed in Ref. [10]. The in plane elec-
tric field vector near the structure center is in this model
given by

E o C et D0 ]y (kspra) E_y + D% ] (ksprp) E 1],
)

where M is the observation point expressed using polar coor-
dinates 0,, and 7ar- ksp is the wave vector of the induced SPs,

and £ | and E 1 are, respectively, the unit electric fields of the
RCP and LCP states. In addition, ¢ denotes the circular polari-
zation state of the incident beam (i.e., 6 = 1 or 6 = -1 for
LCP and RCP incident states), and C,; refers to the SPs cou-
pling efficiency, which relates to the plasmonic structure.
Meanwhile, /4 refers to the (6 & 1)™ order Bessel function.
When o = %1, the resultant SP polarization analysis intensity
could be represented by /3 and /%,

After calculating the total SPs intensity / corresponding to
an RCP incident light (i.e., 6 = -1) coupled with our struc-
ture, we project the field along the )A(, Y, P, M, f?, and
[ directions and show the theoretical intensity maps 7, I,
Iy, Ip, Iy, Iy, and 1 in Figs. 2(h)—-2(n).
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Fig. 2. Experimental results (a)—(g) and simulation results (h)—(n) for RCP incident beam with total intensity (a), (h) and X, 7, P, MR L
direction polarizations analyses (b)—(g), (i)—(n) indicated by the dotted arrows. The scale bars in (a) and (h) are 0.5 pm.

The comparison between the simulations and the experi-
ments reveals an excellent agreement demonstrating the effec-
tiveness of our approach.

Based on Eqs. (1)—(4), Stokes vectors are calculated for
both the experiment [Figs. 3(a)-3(d)] and the theory
[Figs. 3(e)-3(h)]. A good agreement is found. As it can be seen
the, S5 distributions obtained from experiment [Fig. 3(d)] and
from the theory [Fig. 3(h)] are roughly similar. Importantly, the
central zone of the S3 map reveals a maximum value while,
Sy, and S, in Figs. 3(b), 3(c), 3(f), and 3(g) show a near-zero

value in the same zone (we point out a small discrepancy
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Fig. 3. Normalized Stokes parameters (Sp, S, S,, S3) calculated

based on Fig. 2 for experimental results (a)—(d) and simulation results
(e)—(h), respectively.

Fig.4. Polarization tomography for experimental (a) and theoretical
results (b) on the §§ map of Figs. 3(d) and 3(h). In these maps, a white
(respectively black) color ellipse corresponds to the left-handed
(respectively right-handed).

between Figs. 3(b) and 3(f) attributed to an optical misalign-
ment). This implies that the SPs field is in a nearly pure RCP
state in this zone.

From the Stokes vectors and Egs. (1)—(4), we can extract the
polarization ellipse parameters p, @, and y, and thus complete
the tomography procedure for the PVL structure. For a good
comparison, we superpose for both the experiment [Fig. 4(a)]
and the theory [Fig. 4(b)] the reconstructed polarization ellipses
on the S3 maps of Fig. 3(d) and Fig. 3(h) taken as background.
Figure 4 is a spatial mapping of the local SP field. It is visible
that the polarization ellipse at the center is associated with a
quasi-pure RCP state, and this is fully consistent with the pre-
vious analysis obtained directly from the Stokes vectors.

In summary, based on a mapping of the local Stokes param-
eters with LRM, we developed a complete polarization tomog-
raphy method for SPs fields. This method allows a precise
mapping of the polarization ellipse inside any planar plasmonic
device, which could have many applications. We applied this
protocol to the ring-shaped PVL based on the A-shaped anten-
nas. The experimental and theoretical analysis demonstrate that
the right-handed structure coupling with RCP states of light
can produce a nearly pure RCP SP state in the center of the
structure. In contrast, the illumination with the LCP shows
a weak residual signal, which is a direct signature of the spin
orbit coupling of light with the SPs in such a device. We believe
that such systems coupled to the complete polarization tomog-
raphy proposed here offer interesting perspective for informa-
tion encoding using the SPs and the optical vortices.
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