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5
K-space polarimetry on fluorescent plasmonic
antennas

We present a new method to completely map the polarization state of light
emitted by, or scattered from, single nanostructures located in the focus
of a high NA objective as function of any emission angle in the objective
back focal plane. In particular, we use a so-called Fourier microscope
that is based on back-focal plane imaging in combination with a simple
polarimeter to measure Stokes-parameters for each point in the back-focal
plane image. We apply k-space polarimetry to measure the polarization
state of the light emitted into the far-field by fluorophores inside a so-called
bull’s eye antenna, meaning that they are located inside a nano-aperture in
a gold film, that is surrounded by a set of concentric grooves. We show that,
despite the fact that we deal with an orientationally random ensemble of
emitters, the fluorescence shows a degree of polarization, that is imparted
on it through interaction with surface plasmon polaritons that mediate the
outcoupling. In particular, we can determine the full polarization ellipse
for the fully polarized part of the emission, i.e., emission that appears in
the far field only after having been redirected by the bull’s eye structure.
We also perform numerical simulations to model the radiation patterns of
the plasmonic antennas, and present preliminary measurements on spiral
antennas.
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5 K-space polarimetry on fluorescent plasmonic antennas

5.1 Introduction
Full control over the emission of fluorophores would entail control over the rate
of emission, control over the angular distribution of emitted intensity, and control
over the relative phase and amplitude of the different vector components of the
emitter light. The first type of control requires manipulation of the local density
of states (LDOS), studied in Chapters 3 and 4, and can be reached using a variety
of narrowband strategies (notably microcavity Purcell enhancements) and broadband
structures, notably including plasmonic nanoparticles and surfaces. The second type of
control, i.e., control over angular distribution of emitted intensity relies on engineering
a geometry such that part, or all, of the emission of a point-like emitter excites a
wavelength-sized structure, that subsequently acts as a phased arrangement of secondary
sources that are mutually coherent, and coherent with the source dipole. This was
demonstrated already in 2000 for single molecules coupled to scanning probe tips [1],
and later developed into phased-array engineering as in the radio frequency domain.
This philosophy of phased-array engineering is especially evident in the famous Yagi-
Uda plasmonic array antenna proposed in Refs. [2–4] and realized in Refs. [5, 6], but
equally underlies the strong directivity obtained with diffractive plasmonic lattices [7–
9], the directivity offered by plasmonic patch antennas [10] in Chapter 4, and the
directivity of the plasmonic bull’s eye antenna pioneered by Lezec et al. [11], and in
context of fluorescence pursued strongly by the team of Wenger [12–17]. The third
type of control, i.e., complete control over the polarization state of emitted light is a
comparatively less explored field. With the advent of metasurfaces and metamaterials,
it has become evident that carefully shaped structures can simultaneously, although
not independently, control the electric and magnetic components of the near-field
around an emitter [18]. Conversely, it has also been proposed that magnetoelectric
scatterers, when excited locally by an electric dipole source, can generate handed
far-field emission [19]. Thus a new emerging field in nanophotonics is to couple
emitters to chiral and nonchiral plasmonics structures, with the desire to simultaneously
control phasefront and polarization. This corresponds to engineering the orbital
angular momentum [20] (encoded in distribution of phase) and spin angular momentum
(encoded in polarization) of directional beams emitted by single point sources [21–25].

With the efforts to control the full wavevector-resolved polarization state of light
emitted by nanoscale sources through nanophotonic structures, comes the need for
experimental techniques to resolve their performance. In chapter 4, we presented
results obtained using a technique suited for angle-resolved mapping of intensity using
back-aperture imaging, in that case in the back-aperture of a parabolic collection
mirror. This is a variant of a technique first developed in fluorescence microscopy,
where a very accurate wavevector-resolved intensity map is realized by the so-called
back-focal plane imaging, or Fourier imaging in a high NA microscope [26], which
was later used in plasmonic scattering contexts by several workers for single-antenna
fluorescence [5, 16, 17, 27] and scattering [28]. By imaging the back focal plane of an
objective onto a silicon CCD chip, the entire wavevector content of light emitted or
scattered by an object can be resolved with high angular resolution, typically of order
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5.2 k-space polarimetry principles

one degree, and over a very large solid angle, namely the entire objective NA, in a
setup without any moving parts. Due to the aplanatic design constraint on microscope
objectives, this type of back focal plane imaging provides a direct mapping of the in-
plane wavevector k||. Here we extend this technique with a Stokes polarimeter to map
the full polarization state of the light at any given emission angle. Our measurements
on fluorophores in plasmonic bull’s eye antennas highlight the capability of our method
to map all polarization degrees of freedom for a very large set of emitted wavevectors,
with sensitivity sufficient to even potentially reach to the single emitter level.

5.2 k-space polarimetry principles
For a transverse electromagnetic wave propagating along the z-axis, the polarization is
defined according to the relation between the transverse components of the electric field,
i.e. Ex (r, t ) and Ey (r, t ). When the light is fully polarized, this relation is well-defined
and can be described by the Jones vector J as [29, 30]:

J =
(
Ex

Ey

)
=

(
E0x e iφx

E0y e iφy

)
, (5.1)

where, E0x and E0y are the amplitude, and φx and φy are the phase of the electric
field in x and y directions, respectively. This Jones vector completely specifies the
ellipticity, handedness, and orientation of the polarization ellipse. However, when the
light is only partially polarized, meaning that the relation between the components of
the electric field is no longer fully deterministic but shows fluctuations so rapid as to
be unresolvable in measurement, the two-element Jones vector is no longer sufficient
for describing the full polarization state of the light. We note that partial polarization is
a statistical concept and arises due to incoherent superposition of different polarization
states that each individually can be described by a Jones vector [29, 30]. In other words,
one can describe partially polarized light, as random variations of the Jones vector
whose degree of polarization is characterized by its coherency (covariance) matrix c,
defined as

c= 〈J ⊗J†〉 =
(〈Ex E∗

x 〉 〈Ex E∗
y 〉

〈Ey E∗
x 〉 〈Ey E∗

y 〉
)
=

(〈|Ex |2〉 〈Ex E∗
y 〉

〈Ey E∗
x 〉 〈|Ey |2〉

)
, (5.2)

where J† is the Hermitian transpose of J and brackets denote temporal averaging.
The coherency matrix contains full information on the polarization state of the light.
However, from eq. 5.2 it is not immediately apparent what measurable physical
quantities are needed for full description of the polarization state. In order to better
visualize the coherency matrix, it is customary to decompose it into a set of Hermitian
basis matrices as

c= 1

2

3∑
k=0

Skσk (5.3)
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5 K-space polarimetry on fluorescent plasmonic antennas

where σ0 is the 2×2 unit matrix, σ = (σ1,σ2,σ3) are the Pauli matrices defined as

σ1 =
(
1 0
0 −1

)
, σ2 =

(
0 1
1 0

)
, σ3 =

(
0 −i
i 0

)
,

and S = (S0,S1,S2,S3) is the Stokes polarization vector. We can rewrite the Stokes
parameters in terms of the elements of the coherency matrix as

Sk = tr(σkc). (5.4)

This gives the Stokes vector as

S =


S0

S1

S2

S3

=


〈|Ex |2〉+〈|Ey |2〉
〈|Ex |2〉−〈|Ey |2〉
〈Ex E∗

y 〉+〈Ey E∗
x 〉

i (〈Ex E∗
y 〉−〈Ey E∗

x 〉)

 . (5.5)

We note that S0 corresponds to the total intensity of the electric field. One can show
that all the Stokes parameters presented in eq. 5.5 are directly related to measurable
physical quantities, i.e. sums and differences of the electric field intensities. To show
that, let us consider intensity measurements through a set of polarizers vectorially
defined by

PH =
(
1
0

)
, PV =

(
0
1

)
,

P+ = 1p
2

(
1
1

)
, P− = 1p

2

(
1
−1

)
,

PR = 1p
2

(
1
i

)
, PL = 1p

2

(
1
−i

)
.

(5.6)

Given the instantaneous Jones vector J = (Ex ,Ey ), the detected signal through a polarizer
P on a detector that measures intensity averaged over a time longer than the typical
fluctuation time of the field reads 〈|P∗ · J|2〉. Thereby the detected intensities will
correspond to:

IH = 〈|Ex |2〉 and IV = 〈|Ey |2〉
I± = 〈|Ex ±E y |2〉 = 1

2 [〈|Ex |2〉+〈|Ey |2〉±〈2ReE∗
x Ey 〉]

IR,L = 〈|Ex ± i E y |2〉 = 1
2 [〈|Ex |2〉+〈|Ey |2〉±〈2ImE∗

x Ey 〉]
(5.7)

Practically, these intensities I represent the detected intensity for specific polarizer
settings denoted by the subscripts: H and V for horizontal and vertical linear polariza-
tions, + and − for diagonal (45◦) and anti-diagonal (−45◦) linear polarizations, and R
and L for right-handed and left-handed circular polarizations. Using the definitions of
eq. 5.7, one can show that the Stokes parameters in eq. 5.5 can be written as sums and
differences of the electric field intensities as:

S0 = IH + IV ≡ I0,0 + I90,90

S1 = IH − IV ≡ I0,0 − I90,90

S2 = I+− I− ≡ I45,45 − I135,135

S3 = IR − IL ≡ I0,45 − I0,135

(5.8)
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5.3 Experimental setup

We note that all the quantities required to construct Stokes parameters are measurable
intensities in our experiments per wavevector in our Fourier microscope. In order to
measure the above specific intensities, we construct a polarimeter using a quarter-wave
plate (QWP) followed by a linear polarizer (LP) (section 5.3). By aligning the axes
of each element in different combinations, we can realize any required polarization
selection. This alignment combination is indicated in eq. 5.8 by the subscripts of the
intensity Iα,β, where α and β denote the rotation angle of the QWP and the LP with
respect to the x-axis.

Finally, we note that the Stokes parameters allow to retrieve many useful derived
quantities, such as the degree of polarization, the degree of linear polarization, and the
degree of circular polarization. Also, for the purely polarized contribution to the total
signal, the Stokes parameters allow to reconstruct the polarization ellipse parameters

ε= S3/
√

S2
1 +S2

2

α= 1/2arg(S1 + i S2).
(5.9)

Here, −1 ≤ ε≤ 1 represents the ellipticity as the ratio of semiminor to semimajor axis
and the helicity through the sign of ε, and −π/2 <α<π/2 represents the orientation of
the ellipse major axis relative to the x-axis. We note that this definition is equivalent to
the common literature definition of α through use of arctan rather than arg, but that in
contrast to arctan(S2/S1), the function arg(S1+ i S2) always returns angle in the correct
quadrant.

5.3 Experimental setup
Figure 5.1(a) shows a schematic of the experimental setup, that is based on the set up
of Sersic et al [28], yet modified to deal with fluorescence rather than scattering. The
setup is composed of an imaging fluorescence microscope with an optional Fourier
transforming lens on a flip mount that images the back focal plane of the objective on
the CCD camera. As excitation light source, we used a broadband super-continuum
laser (Fianium) from which the excitation wavelength is selected through an acousto-
optical tunable filter (AOTF) followed by a cleaning bandpass filter (680±10 nm).
The excitation laser is guided to the setup using a single mode optical fiber and is
subsequently collimated through an achromatic lens. The input polarization of the light
is set by a linear polarizer and a quarter-wave plate. Using an achromatic lens, the
incoming laser light is weakly focused on the back of the sample and through the glass
substrate. The fluorescence light is then collected by a 60× objective (NA=0.7, Nikon
CFI Plan Fluor) from the other side of the sample and is guided through a telescope
equipped with a pinhole in a real space image plane to spatially select the light coming
solely from a region of interest on the sample. Given the ftelescope = 50 mm focal
length lenses of the 1:1 telescope, the 300 µm pinhole corresponds to a selected area
of about 20µm across on the sample. In order to observe the fluorescence emission,
the excitation laser light is filtered out using a 690 nm long-pass filter. A second
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5 K-space polarimetry on fluorescent plasmonic antennas

40 nm-width bandpass filter (700 nm or 750 nm) is used to select a desired part of
the broad fluorescence spectrum. Finally, a polarimeter consisting of a quarter-wave
plate and a linear polarizer is placed before the f = 200 mm tube lens and the silicon
CCD camera (Photometrics CoolSnap EZ). The Fourier lens itself has a focal length
of fFourier = 200 mm and is placed at a distance fFourier +4 ftelescope behind the back
focal plane (just after the telescope), yielding a magnification of 1 for back focal plane
imaging.

glass

dye + water

Cr
Au

ap

(c) (d) (e)

(a) (b)camera

tube lens

polarizer
wave-plate

Fourier lenspinhole

60X
polarizer

wave-plate

sample

Figure 5.1: (a) Schematic of the fluorescence Fourier microscope setup equipped with
polarimeter. (b) Schematic of the sample containing the plasmonic nano-antenna in the
flow-cell. (c-e) Scanning electron micrographs of the fabricated (c) bull’s eye, (d) left-
handed spiral and (e) right-handed spiral plasmonic nano-antennas. The micrographs
represent structures of pitch p = 600 nm. Scale bars represent 3µm. Nano-antennas
with p = 440 nm are also fabricated (micrographs not presented here).

Our sample consists of plasmonic nano-antennas of different geometries. Fig-
ure 5.1(b) schematically shows the cross-sectional structure of our sample. To fabricate
the sample, we evaporated a 5 nm thick layer of chromium followed by a 200 nm
thick layer of gold on top of a glass coverslip. The thin chromium layer is used
to improve the adhesion of the gold layer to the glass substrate. We fabricated the
antenna structures by milling ∼50 nm deep trenches into the gold layer. At the center
of each antenna, we milled a 200 nm diameter hole that passes all the way to the
glass substrate. We fabricated bull’s eye, left-handed and right-handed spiral antennas
(figure 5.1(c-e), respectively) at two different pitches: p = 440 nm and p = 600 nm.
The distance from the center of the hole to the first pitch is a, which is chosen as a
fraction of the pitch (specified below). The spiral structures are fabricated based on
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5.4 Experimental results

the equation for Archimedean spirals, which are defined in polar coordinates (r,ϕ) as:
r = a +p(n + lϕ/(2π)). Here, a is the separation of the first groove from the center
of the structure, p is the pitch, l is a fixed nonnegative integer specifying the total
number of arms in a spiral, and the formula is evaluated for n = 0,1, . . . , N −1 to obtain
N windings. We use N = 8 and l =±1 to obtain single-armed spirals with 8 windings.
For all the structures, the width of the trenches are half of the pitch. For the reference
measurement, we also fabricated single holes of the same diameter as in the antennas,
with no structures around. Finally, we built an open flow-cell on top of the structures
using a few hundred micrometer thick polymer film spacer (Parafilm) sandwiched
between the sample and another glass coverslip.

As fluorescence sources, we filled the flow cell with ‘Alexa Fluor 700’ dye
molecules dissolved in water at a concentration of 10µM. The dye has an emission
peak at 723 nm with an emission full-width at half-maximum of about 50 nm. After
filling the flow-cell with the dye solution, we illuminate the sample from behind and
through the glass substrate. The incoming laser light (with power about 10µW) excites
the dye molecules residing mainly in the hole, as evidenced by FCS studies of dyes
in nanoapertures [13, 14, 16, 27]. Part of the emitted photons from the fluorescent
molecules couple to surface plasmon polaritons (SPPs) which propagate away from the
central hole. Subsequently, the SPPs scatter out into the far-field at the edges of the
corrugated antenna structure and can be detected by the CCD camera. The exposure
time is about 40 s to 60 s depending on the structure, using approximately 10 µW of
pump power.

5.4 Experimental results
We measured the k-space distribution of fluorescence emission of the antennas for two
sets of structures with different pitches: p = 440 nm with a = (3/4)p = 330 nm and
p = 600 nm with a = p = 600 nm, where a is the separation of the first groove from the
center of the structure. Each set of structures consists of three different geometries:
bull’s eye (abbrev. BE), left-handed spiral (abbrev. LS) and right-handed spiral
(abbrev. RS) antennas. We measured the emission pattern of all six structures at two
emission wavelengths, 700 nm and 750 nm, selected by bandpass filters (section 5.3).
As reference, we also measured the radiation pattern of single holes with no antenna
structures. For convenience, hereafter, we refer to the structures with pitch p = 440 nm
and p = 600 nm, by numeral symbols 1 and 2, respectively (e.g. BE1 as bull’s eye with
p = 440 nm). We focus on presenting data for the bull’s eye structure first. For each
structure, we measured the k-space distribution of the fluorescence emission at the six
different configurations of the polarimeter needed to retrieve the Stokes parameters as
described in section 5.1: IH , IV , I+, I−, IR , IL .
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Figure 5.2: Measured k-space distribution of the fluorescence emission from BE2 at
emission wavelength of 700 nm for six different polarimeter settings needed to retrieve
the Stokes parameters . For this measurement circular input polarization for the pump
laser is used.

5.4.1 K-space polarimetry measurements for bull’s eye structure:
intensity S0

Figure 5.2 shows the results of a typical measurement for BE2 structure at 700 nm.
Here, each measurement corresponds to a specific setting of the polarimeter which is
labeled and depicted by an arrow in the inset of each plot. For all the measurements,
we subtracted a background measured with the input laser light being blocked. Each
radiation pattern appears as a disk in which the center corresponds to emission along
the objective optical axis, and with outer rim corresponding to the objective NA of 0.7.
The wavevector emerging from the object on the sample side in spherical coordinates
as k = |k|(cosϕsinθ, sinϕsinθ,cosθ), after the objective is mapped to the back focal
plane such that the azimuthal coordinate in the disk directly maps ϕ, while the radial
distance from center to edge corresponds to going from optical axis to edge in direct
proportion to |k|||, i.e., to sinθ. The scaling is exactly given by the objective focal
length.

For these measurements we have set the excitation polarization of the incoming
laser to circular. Given the cylindrically symmetric nature of sample plus excitation, this
input polarization ensures that we create a cylindrically symmetric spatial distribution
of pump field energy density. If one assumes that fluorophores retain no memory of their
pump polarization, one thus expects that this experiment provides a cylindrically sym-
metric fluorescence output. We return to the role of input polarization in section 5.4.3.
Importantly, through any given linear polarization setting, the radiation pattern is not
cylindrically symmetric, but rather peaks in lobes along the polarization direction. This
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Figure 5.3: K-space distribution of retrieved Stokes parameters, S0 and normalized S1,
S2 and S3, for emission patterns measured on BE1 (a-b), BE2 (c-d), and single hole
apertures (e-f) at two emission wavelengths of 700 nm (a,c,e) and 750 nm (b,d,f).

is qualitatively commensurate with the fact that the ring of the emission at k|| = 0.2
is expected to be due to fluorescence that was first captured as SPPs propagating
in the gold, and subsequently radiated out at the grooves. Out-coupled SPPs are
expected to have a p-polarized (polarization along k||) character. Commensurate
with the circular symmetry of the BE and the cylindrically symmetric distribution of
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5 K-space polarimetry on fluorescent plasmonic antennas

emitters, this non-symmetric distribution simply rotates with the linear polarizer. When
viewed through circular polarizers, the emission pattern is more strongly cylindrically
symmetric although a small asymmetry remains that we discuss below. We note that
these statements are not solely based on relative intensity distributions within measured
images, but also on the absolute count rates shown. Since Stokes polarimetry hinges
on subtracting measurements at different settings, direct comparability of polarization
settings is important.

From the six k-space distribution measurements, we can now retrieve the corre-
sponding Stokes parameters according to equation 5.8. Figure 5.3 shows the retrieved
Stokes parameters for the BE1 (a-b) and BE2 (c-d) structures at 700 nm and 750 nm
emission wavelengths. As reference, we also measured the emission pattern of a single
hole aperture and retrieved the stokes parameters as presented in figure 5.3 (e-f). In this
figure, the first column corresponds to the Stokes parameter S0 which is, in principle,
the summation of orthogonal polarization measurements, and therefore, represents
the k-space-resolved total emission intensity. The next columns represent differential
Stokes parameters S1, S2, and S3 which are all normalized to the total intensity S0. For
both BE structures at both wavelengths, S0 shows a circularly symmetric radiation
pattern with a minimum at k|| = 0. The circular symmetry of S0 arises due to the
cylindrical symmetry in the BE structure and absence of any symmetry breaking in the
pump laser spatial energy density profile in the hole, assured through the circular input
polarization.

The single hole aperture shows a homogenous emission pattern which does not
change by varying the wavelength, as also reported in unpolarized Fourier microscopy
by [16, 27]. Furthermore, the pattern shows little structure in the differential param-
eters S1/S0,S2/S0 and S3/S0. In other words, the fluorophores in the single hole
essentially represent an isotropic and unpolarized source. A weak residual polarization
at oblique angles may be imparted on the signal through the high-angle differences in
Fresnel coefficients of interfaces, which enter when calculating the radiation pattern
of emitters near interfaces. Compared to the single hole, BE structures show very
directional emission patterns, in accordance with previous literature [16, 17]. This
high directionality in emission, as well as in scattering studies, has been assigned to
constructive or destructive far-field interferences between the emitted light directly
from the aperture and the scattered light at the antenna edges that can be understood
in a simple grating picture, or in real space terms, as coherent addition of radiation
by concentric infinitely thin rings [16, 31]. If one considers the physics of a simple
1D grating of grooves on gold, one realizes that the grating pitch is comparable to the
surface plasmon wavelength. Correspondingly, 2nd order Bragg scattering folds the
SPP dispersion relation back onto the k|| = 0 point. At perfect matching of the Bragg
condition, the output beam would be exactly along the sample normal as observed
by Aouani et al. [16]. Instead, we find rings of emission due to imperfect matching.
We note that the two BE structures respond differently to changes in the wavelength.
While for BE1, the main emission lobe diverges from the normal direction (k|| = 0) at
longer wavelength, for BE2 the emission lobe converges on the normal direction when
increasing the wavelength. This can be explained by noting that neither of the two
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5.4 Experimental results

bull’s eyes is exactly matched to the Bragg condition, but rather that one operates above,
and the other below it. This is manifested in figure 5.4 which shows the calculated
dispersion relation of SPPs along the gold-water interface. In order to compare the
Bragg condition of the bull’s eye structures in a single diagram, we have separated the
dispersion diagram of figure 5.4 in two parts. The left (negative) and the right (positive)
parts of the diagram correspond to the first Brillouin zone of the inverse lattice of
pitch 440 nm (BE1) and 600 nm (BE2), respectively. The emission wavelengths of
700 nm and 750 nm are also indicated,which correspond to k0 ≈ 9.0 ·10−3 nm−1 and
k0 ≈ 8.4 · 10−3 nm−1, respectively. From figure 5.4, we observe that the 2nd order
Bragg condition (k|| = 0) happens above and below the the emission wavelengths for
BE1 and BE2 structures. As the wavelength increases (wavenumber decreases), the
BE1 structure (left part) diverges from the Bragg condition, while the BE2 structure
(right part) converges to the Bragg condition. This is commensurate with diverging
(converging) emission lobe of the BE1 (BE2) structure when increasing the wavelength,
as shown in figure 5.3 (a-d).

-0.004 0.000 0.004
0.000

0.004

0.008

0.012

k 0 (
nm

-1
)

kSPP (nm-1)

Figure 5.4: Calculated dispersion relation of SPPs at gold-water interface. The left
and right parts of the diagram show the folded dispersion curve over the edge of the
first Brillouin zone corresponding to p = 440 nm and p = 600 nm, respectively. The
indicated wavenumbers at k0 ≈ 8.4 ·10−3 nm−1 and k0 ≈ 9.0 ·10−3 nm−1 correspond
to wavelengths 750 nm and 700 nm, respectively.

5.4.2 K-space resolved Stokes parameters S1,S2 and S3

We continue with the other three Stokes parameters S1, S2, and S3, in figure 5.3.
According to their definition (eq. 5.8) these Stokes parameters contain complete infor-
mation about the polarization state of the emitted light. Looking at their corresponding
columns in figure 5.3, we immediately find strong structure in the maps for all the
BE structures, with comparable features for all wavelength/bull’s eye combinations.
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5 K-space polarimetry on fluorescent plasmonic antennas

Specifically, we note that for emissions outside the main lobe of the antenna, Stokes
parameters S1, S2, and S3 show values close to zero, while they all show pronounced
polarization features at the position of the main emission lobe of the antennas. The
Stokes parameters S1 and S2 relating to linear polarization, both contain patterns that
follow the orientation of the defining orthogonal polarizations of the Stokes parameters:
S1 exhibits horizontal-vertical symmetry, and S2 exhibits ±45◦ symmetry in a clover-
leaf pattern with leaves of opposing sign. The linear polarization contrast at off-angles
evidences the p-polarized nature of the redirected fluorescence light from the antenna.
In contrast, for the single hole aperture, Stokes maps do not display strong features.

The circular Stokes parameter S3 shows a small handed component to the emitted
light and features a horizontal-vertical symmetry. We note that within our experimental
geometry we would have expected no circular polarization component. Since both the
sample, the illumination wavevector and the illuminating spatial energy density set
up in the hole are cylindrically symmetric, the only two possible explanations are (1)
retention in fluorescence of the incident circular polarization, or (2) imperfect set up
alignment. We attribute the observed handedness to a alignment/waveplate inaccuracy
of the polarimeter or other misalignments in the setup. However, we note that the
cylindrical symmetry of the bull’s eye structure and spatial mode of the driving is not
enough to exclude a handed response. In particular if one would perform a scattering
experiment with linear polarization normally incident on the hole, at off-angles still
one can observe handed light with a handedness allowed due to symmetry-breaking by
viewing direction.

5.4.3 Effect of the pump polarization
As discussed earlier in section 5.4.1, in order to avoid any symmetry-breaking by the
pump-field polarization, in our measurements we set the input laser polarization to
circular. To illustrate the effect of the pump polarization on the emission symmetry
of the antenna, in figure 5.5 (c) we show polarimetry measurement results of the
BE2 structure at 750 nm, for which the input polarization is set linearly along the
x-axis. We can directly compare the effect of the pump polarization, by comparing
figure 5.5 (c) with 5.5 (b) in which the input polarization is circular. While the k-space
resolved degree of (linear) polarization is symmetric in figure 5.5 (b), we find a strong
asymmetry in the degree of (linear) polarization in figure 5.5 (c). This asymmetry
is aligned principally with the orientation of the pump polarization. Particularly, the
degree of (linear) polarization is maximum along the x-axis, while it has a minimum
close to zero along the perpendicular y-axis which is indicative of the fact that at those
angles the light is completely unpolarized.

We explain this symmetry-breaking by the following reasoning. First, we note that
due to the small size and plasmonic nature of the antenna hole itself, the excitation field
for the molecules should not be identified simply with the incident focus, but rather is
dictated by the near field response of the hole at the pump wavelength. The pump field
distribution in the hole is expected to be strongly spatially dependent, with a spatial
dependence on the polarization of the incident light. As analogy to understand this
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statement, we refer to the canonical physics of the inverse of a hole in a metal film,
i.e., a metal particle, for which it is evident that field is highest at the metal interface,
in two dipolar lobes along the incident polarization. Thus, when the pump field has a
linear polarization, the resulting profile contains hot-spots mainly along the polarization
axis of the pump light, while for circular input polarization, the resulting profile is
rotationally symmetric. This spatial pump field inhomogeneity translates into an
inhomogeneity in the density of the excited molecules. Since the coupling of emission
of the molecules to SPPs depends on position in the hole with respect to the edge, a
density asymmetry of excited fluorophores can translate into an effective radiation
pattern asymmetry. This means that the polarization of the out-coupled light from the
molecules to the antenna structure can be predetermined by the pump-field polarization
without requiring that the molecules retain a direct memory of their excitation field
polarization.

We note that in principle, fluorophores could also retain directly a memory of the
direction of the linear pump light polarization in their emission [32]. Indeed, in the
solid state where molecules are fixed in a matrix, one would expect that the emission
efficiency for a molecule depends on the projection of its absorption dipole moment
on the pump field, while it emits according to its emission dipole moment. Since
these dipole moments are simply fixed to the molecular frame, ensemble fluorescence
measurements will show a degree of polarization for polarized input light. This
asymmetry is evident most when there is an orientational similarity between the
excitation and emission dipole transitions, and when the molecules are rotationally
immobile. In solution, molecules rotate on a time scales slightly faster than their
lifetime, meaning that rotational diffusion can be measured in polarized spontaneous
emission decay traces [32]. In our measurements, molecules are free to rotate in
solution. We can not quite exclude this rotation memory effect in our measurements,
since the fluorescent molecules that we used here have relatively short decay times
of about 1 ns, which may be further accelerated by plasmonic Purcell effects. The
rotational diffusion times of fluorescent molecules in water are typically in the order of
a few 100 ps. This means that a small part of the molecules may emit light preferentially
with the same polarization as the excitation light which could contribute slightly to the
observed polarization asymmetry.

5.4.4 Stokes parameters converted to other useful figures of merit
As explained in section 5.2, an important fundamental advantage of Stokes parameters
over Jones vectors is that Stokes vectors also capture the degree of polarized light.
In a scattering experiment in which one sends coherent, fully polarized light on to a
structure, scattered light will retain a degree of polarization that is equal to one. In
our fluorescence experiment, however, emission is due to an ensemble of mutually
incoherently fluorescing molecules that are only in part coupled to the structure, while
others will contribute to an incoherent and unpolarized background. In order to further
understand the polarization response of our antennas, we define three figures of merit
based on the Stokes parameters: total degree of polarization DP, degree of linear
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polarization DLP, and degree of circular polarization DCP, which are defined as:

DP =
p

S12 +S22 +S32

S0

DLP =
p

S12 +S22

S0

DC P = S3

S0

(5.10)

In figure 5.5, we plotted the three k-space-resolved degree of polarization quantities
for BE1 (a) and BE2 (b) structures at 750 nm. Since the effect of varying the emission
wavelength is reflected on the opening angle of the antenna emission lobes, for
simplicity, here we only consider emission wavelength of 750 nm. For both structures
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Figure 5.5: Total degree of polarization (DP), degree of linear polarization (DLP), and
degree of circular polarization (DCP) for (a) BE1 and (b,c) BE2 structures at 750 nm.
The input pump polarization in (a,b) is circular, and in (c) is linear along x-axis.

in figure 5.5, the maximum total degree of polarization (first column) is almost 0.25.
This degree of polarization is on one hand limited by the fraction of molecules actually
coupled to the plasmon resonance, and on the other hand by the degree to which the
plasmon structure itself has a polarization preference. Comparing the total degree of
polarization with the degree of linear polarization in figure 5.5, we find that the DP
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and DLP values are quite comparable. This means that the bull’s eye antenna mainly
emits light with linear polarization. In fact, the groove structure, but not the hole itself,
preferentially emits p-polarized light, as discussed earlier. We find similar conclusions
for the emission wavelength of 700 nm and for BE1 structure, which are not presented
here. Overall, our measurement suggests that Stokes polarimetry is a new route to
determine the fraction of molecules in an ensemble close to a plasmonic structure that
is actually coupled to the plasmonic resonance.

5.4.5 s-p polarization and ellipticity analysis for the bull’s eye
structure

The hypothesis that the polarized part of the emission must have been established
through the grooves, and must hence be p-polarized, can in fact be directly tested on
our data sets. For the polarized part of the light, the full field vector, up to an overall
phase, can be reconstructed as

|Ex | = √
I0,0 −S0(1−DP )/2

|Ey | = √
I90,90 −S0(1−DP )/2

δ = φy −φx = arg(S2 + i S3).
(5.11)

k

s
pkSPP
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r
φ

φ

r

Fourier space

Figure 5.6: Schematic diagram of the p- and s- polarization of the scattered light in
object space (spherical wave), which transforms into radial and azimuthal polarization
components in the cylindrical beam that is found after the objective, that is, in our
Fourier image. The ‘reference sphere’ represents the refraction by the objective lens as
defined in the lens construction appropriate for aplanatic lenses [33].

After this reconstruction, the field can be projected onto any desired polarization
analysis basis. For instance, for any point (ρ,ϕ) in the back-aperture image, the
radial component (E projected on (cosϕ, sinϕ)) respectively azimuthal component (E
projected on (−sinϕ,cosϕ)) can be reconstructed. Given that our objective is designed
according to the Abbe sine condition for aplanatic lenses, these polarizations directly
correspond to separation into the p- and s-polarized field, as referenced back to the
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spherical wave emanating from the bull’s eye in the object plane. This is schematically
depicted in figure 5.6, which shows that any p-polarized, respectively s-polarized
scattered light, as referenced to the spherical coordinates that describe the far field
concentric with the scatterer, transform into radially, respectively azimuthally polarized
light in the back focal plane, i.e., after refraction in the reference sphere that represents
the objective [33].
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Figure 5.7: k-space distribution of the retrieved p- and s- polarization components of
the intensity (Ip and Is ) and the shape parameters of the polarization ellipse (ε and α)
of the emitted light from the bull’s eye BE2 structure at the emission wavelength of
750 nm.

According to equations 5.11 and 5.9, we can retrieve the p and s intensity compo-
nents, Ip and Is , as well as the shape parameters of the polarization ellipse ε and α from
the measured Stokes parameters. We plotted the k-space resolved Ip , Is , ε and α of the
emitted light from the bull’s eye BE2 structure at 750 nm in figure 5.7. In agreement
with our expectation, we observe that the major part of the emitted light from the bull’s
eye structure is p-polarized, with intensities peaking at 1500 CCD counts, while Is is
very small, with intensities below 50 counts. This is direct additional support for the
involvement of surface plasmon polaritons in bull’s eye emission control [11, 16, 31].

Rather than plotting s- and p-components, some workers are more accustomed to
ellipticity, and polarization ellipse orientation. Throughout the ellipticity ε is close to
zero within the emission lobes of the antenna. This means that the polarized component
of the emitted light from the bull’s eye antenna is mainly linearly polarized. This
is expected since, assuming that the emitters are an isotropic random ensemble of
sources that are spatially distributed in the hole in a cylindrically symmetric manner, no
preferential handedness can be defined by symmetry. We assign the small visible
ellipticity to the measurements inaccuracies as explained earlier for the k-space
distribution of S3 parameter (section 5.4.1). In this basis for plotting, the p-polarized
emission is visible through the fact that the orientation of the polarization ellipse α
rotates monotonically from Ex to Ey which is commensurate with the symmetry of
the bull’s eye. The noise in ε and α appears where the intensity of the light is at its
minimum.
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5.4.6 K-space polarimetry measurements for spiral structure
We have also performed k-space polarimetry on left-handed and right-handed spiral
structures. Such spirals were pursued by Gorodetski et al. [34] who claimed that
such spirals add and subtract orbital angular momentum to externally incident beams.
Figure 5.8 shows, as an example, the k-space resolved Stokes parameters measured on
left-handed spiral LS2 (a) and right-handed spiral RS2 (b) structures at the emission
wavelength of 750 nm. These two structures belong to the same family as the BE2
structure (figure 5.3 (d)), in particular sharing the same geometrical parameters a =
p = 600 nm.

Comparing the spiral structures in figures 5.8 and the bull’s eye structure in
figure 5.3 (d), we find that the total emission intensity (S0) of both spiral structures
display an emission ring in k-space with the maximum at k|| = 0.2 which is the same
as for the emission of the BE2 structure. However, the normalized linear Stokes
parameters S1 and S2 of the spirals, no longer show horizontal-vertical symmetry as in
BE2 structure. We assign this to the symmetry-breaking nature of the spiral structures.
The Stokes parameter S3 of the spiral structures which contain information about the
handedness of the emitted light, exhibit handed features which are different from the
BE2 structure. Specifically, we note that by an up-down mirror transformation followed
by a sign swap, one can reasonably map the S3 parameter of the left-handed spiral onto
the right-handed spiral, and vice versa. This is commensurate with the fact that LS2
and RS2 structures are up-down mirror symmetric partners of each other (see figure 5.1
(d) and (e)) and the sign swap switches the left- and right- handedness.

Similar to the s- and p- polarization analysis for the bull’s eye structure in sec-
tion 5.4.5, in figure 5.9 we present the retrieved k-space resolved radial and azimuthal
intensities Ip , Is along with the shape parameters of the polarization ellipse, ε and α
for the emitted light from (a) LS2 and (b) RS2 structures at the emission wavelength of
750 nm. Similar to the bull’s eye, here we observe that the major part of the emitted
light from the spiral structures is also p-polarized, as in the case of the concentric bull’s
eye from which the spiral derives. However, for the spirals, the ratio of Ip to Is is
maximally about 3 to 1, rather than in excess of 10 to 1 which indicates that the spirals
scatter significantly more light in s-polarization than the bull’s eye structure. This is
a direct consequence of the breaking of the cylindrical symmetry around the central
aperture. The k-resolved ellipticity ε in spirals, indicate mainly linearly polarized light,
although now the orientation of the polarization ellipse α exhibits non-monotonous
angle changes for the lights emitted at different k|| directions. While in this initial
study we do not have a full picture for the physics of spirals, it is clear that k-space
polarimetry applied to both fluorescence as in this work, and to transmitted light, should
greatly aid to unravel the current discussion on whether spirals mainly result in orbital
angular momentum effects (phase gradients over the beam, without polarization effects)
or chirality (handedness in polarization) [34].
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Figure 5.8: K-space distribution of retrieved Stokes parameters, S0 and normalized
S1, S2 and S3, for emission patterns measured on (a) left-handed spiral LS2, and (b)
right-handed spiral RS2 structures at the emission wavelength of 750 nm.
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5.5 Numerical and analytical calculations
In order to better understand the response behavior of our antennas, we finally report
on numerical calculations.
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5.5.1 COMSOL simulation on bull’s eye structures
For our numerical calculations, we used the commercially available software COMSOL
(version 4.3b). We modeled the bull’s eye structure according to the geometrical
parameters given in section 5.4, using optical constants of Etchegoin [35], and using
a scattering boundary condition at the edges of the simulation domain. As for the
emitter, we modeled an in-plane dipole source as a small (nm-sized) current carrying
wire located in the middle of the hole. We note that the very large size of the entire
structure, yet narrow features of the grooves, make this simulation computationally
highly demanding, for which reason we used symmetry reduction of the computational
domain, to be left with about 2 · 106 elements, or > 107 degrees of freedom. We
then recorded the tangential E and H field components on a spherical cap (radius
exceeding the spiral size by about a micron) located in the water above the structure
and concentric with the hole as input for a near-to-far-field transformation to obtain
predicted far fields at the back aperture of a light collecting element (objective) of
NA=0.7. We note that this procedure is not rigorous: the Stratton-Chu near-to-far-
field transform theorem that is used rigorously only holds for closed observation
surfaces in homogeneous space [36]. When viewed as a truncated approximation
to an angular spectrum integration to retrieve far field [33], it is evident that the
truncation causes unphysical fringes in the final result, corresponding to diffraction
by the artificial truncation bound of the Fourier integral. Unfortunately, there is
no better solution available to our knowledge. Langguth et al. [27] benchmarked
this procedure to have approximately 20% accuracy for emitting dipoles in a similar
gold/water geometry. Given the calculated far field, we used the same set of formulas
as in equations 5.5 and 5.8 to calculate the Stokes parameters. In order to simulate
incoherent superposition of all in-plane dipole moments, before calculating the Stokes
parameters, for each polarized detector signal we sum the corresponding intensity
components (i.e., incoherent addition) of a set of dipole moments whose orientations
are isotropic, as we believe is appropriate for experiments with circularly polarized
pump light.

Figure 5.10 shows the results of the simulated Stokes parameters for the BE2
structure at two emission wavelengths of 700 nm (a) and 750 nm (b). Comparing the
simulation results with experimental measurements of figure 5.3, we find similarities
in gross features. These are (1) that the ring-shaped emission pattern in S0 widens on
red-shifting, (2) that the S1 and S2 pattern are 45 degree rotated versions of each other,
with four nodal lines that separate lobes of alternating sign, and (3) that the degree
of polarization is only partial. Also, in our simulation we did not find any circular
component for the Stokes parameter S3 beyond the computational errors, and therefore,
we did not present it in figure 5.10. However, more detailed analysis shows significant
differences, in particular including the multi-ring structure in S0, an associated nodal
circle in S1 and S2, and the occurrence of much stronger polarization at larger angle
than in the data. We note that arriving at a truly comparable model is a formidable
challenge: first, in any volume-discretization method, the near-to-far field transform
approach fails for lack of sufficient lateral dimension of the integration surface. This
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Figure 5.10: Simulated Stokes parameters of the BE2 structure at emission
wavelengths of (a) 700 nm and (b) 750 nm. The values of the Stokes parameter S3 is
negligible and therefore is not presented here.

leads to unphysical ringing in the calculated result. Second, a frequency averaging,
and a fluorophore position averaging over the entire hole is required. As symmetry-
reduction arguments to reduce computation time fail for general dipole positions, this
leads to unfeasible computation times.

5.6 Conclusion
To conclude we have presented a novel experimental technique for the study of
plasmonic nanoantennas, namely Stokes polarimetry of wavevector images. While our
work is simply a first exploratory study, taking bull’s eye antennas as an example, it
is evident that our technique has large potential. Mapping Stokes parameters allows
new insight in the strength of antenna coupling to molecules by rigorously separating
out the polarized and unpolarized part of emission. Moreover, the resulting polarized
signal can be cast in any polarization analysis basis after performing six measurements
with two simple elements. We have demonstrated this capability by showing that the
fully polarized, i.e., plasmon-mediated, emission is p-polarized to a very large degree
at all emission angles in the microscope back-aperture. Further we have shown that
the polarization ellipse orientation can be a sensitive probe of the effect of structural
handedness on emission. Since our powerful technique is very easily implemented, we
envision an important role in studies of chiral plasmon antennas, metasurfaces, and
nanostructures.
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