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Abstract

A wide variety of optical applications and techniques require control of light po-
larization. So far, the manipulation of light polarization relies on components capable
of interchanging two polarization states of the transverse field of a propagating wave
(e.g., linear to circular polarizations, and vice versa). Here, we demonstrate that an
individual helical nanoantenna is capable of locally converting longitudinally-polarized
confined near-fields into a circularly polarized freely propagating wave, and vice versa.
To this end, the nanoantenna is coupled to cylindrical surface plasmons bound to the
top interface of a thin gold layer. These axis-symmetrical surface waves provide a lon-
gitudinal electric picture at focus that is similar to that of a radiating dipole oriented
orthogonal to the flat metal surface (parallel to the helix axis). Helices of constant
and varying pitch lengths are experimentally investigated. Operating non-resonantly

in the traveling-wave regime, constant and varying-pitch helical nanoantennas ensure



a degree of circular polarization of the outcoming light larger than 0.99 over a spec-
tral range of 80 nm and exceeding the 180-nm bandwidth of our laser, respectively.
Another consequence is the generation of a directional Gaussian-like beam just after
the nanoantenna which keeps its global shape upon propagation. The reciprocal con-
version of an incoming circularly wave into diverging cylindrical surface plasmons is
demonstrated as well. Interconnecting circularly-polarized optical waves (carrying spin
angular momentum) and longitudinal near-fields provides a new degree of freedom in

light polarization control.

Introduction

Controlling the polarization vector of light provides a key approach to manipulating light-
matter interaction on the nanoscale.! In turn, tailoring the local optical response of sub-
wavelength structures brings new prospects to light polarization control. Recent advances
in plasmonics and metamaterials led to numerous novel polarization systems combining the
merits of high compactness, broadband operation and new functionalities.?® So far, po-
larization control mainly refers to the transverse vector components of a propagating light
wave. At small scale however, the 3D nature of light cannot be avoided and a longitudinal

optical component arises and can even become dominant for strongly confined fields. This
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is for instance observed in tightly focused radially-polarized beams®? and surface plasmons
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tailored by plasmonic lenses,®® tapered tips and their variants.?'271® In these cases, the

perfect cylindrical symmetry of the near-fields leads to an electromagnetic picture similar to
that of a longitudinal radiating dipole (i.e., parallel to the field axis of symmetry). Such lon-

gitudinal fields play an important role in super-resolution microscopy,!® fluorescent sensing
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and imaging, particle acceleration, ' laser machining,?° material processing, optical
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spin-orbit interaction and advanced light shaping.
Longitudinal electric fields are intrinsic to small scale optics. Therefore, longitudinal-to-

transverse field conversion requires the concept of a broadband and directional nanoantenna



31,32 and fulfill the needs for interconversion

to efficiently interconnect near-fields and far-fields
between two orthogonal electromagnetic states. Common resonant nanoantennas have a
modest ability to tune light polarization and show far-field patterns of low directionality.
Spiral zone plates®? have shown the ability to convert an incoming circularly polarized
propagating light into confined longitudinally-oriented electric fields. 13437 The reciprocal

configuration has been demonstrated as well.3®

However, besides architectures much larger
than the typical size of the light confinements showing dominant longitudinal electric field,
which represents limits for small scale applications, their operation suffer from two limits.
First, their polarization properties are usually strongly wavelength-dependent. We how-
ever note that the chromatism of spiral zone plates can be relaxed using logarithmic-spiral
nanoslits of varying width3%4% or more complex architectures.*! Second, the light released in
free space by a spiral nanoslit needs substantial diffraction to acquire a Gaussian form and
propagate self-similarly. This can be an advantage if ones uses these microdevices for light
focusing,264° but it may represent a limitation in the design of a polarization optics.
Plasmonic helical nanoantennas have been recently proposed to create and tailor chiropti-
cal effects with direct implication in polarization control.??42747 So far, helical nanoantennas
were excited with transversely polarized propagating waves. Here, we study the polarization
properties of a single plasmonic helix positioned in a nonradiative plasmonic focus showing
dominant longitudinal electric field component (perpendicular to the focusing plane,®? par-
allel to the helix axis). The nano-helix is designed to operate in the traveling-wave regime,
also known as the axial-mode in the radiofrequency domain,® thereby gaining a directional
far-field pattern and a broadband operation.® Introducing tapered geometries to the heli-
cal structure is a common approach to further enhancing its spectral invariance.*® As an
alternative to nano-helix tapering,?® we show that varying the pitch length along the helix
broadens the operation bandwidth by at least 2.25 times (measurements are limited by our
laser bandwidth). The reciprocal process is verified as well, where a circularly polarized

incoming optical wave is converted into a tiny light spot of dominant longitudinal electric



field generating an axis-symmetrical diverging surface plasmons all around the nanoantenna.
Compared with microscale spiral devices, individual plasmonic helical nanoantennas offer a
much smaller footprint together with the prospect of the directional release of a circularly
polarized light directly in the form of a Gaussian-like beam.® Helical nanoantennas thus

provide a new degree of freedom in the control of light polarization at small scale.

Results and discussion

To demonstrate the concept of a converter between longitudinal electric fields and circularly
polarized waves, we positioned a helical nanoantenna at the center of a circular slit which
perforates a thin gold film on a glass substrate (Fig. 1). The nanoantenna consists of a left-
handed four-turn gold-coated carbon helix lying on a 100-nm cylindrical pedestal. First, the
skeleton of the subwavelength structure is realized by growing a 105-nm broad carbon wire
on a 100-nm thick gold layer with focused ion beam induced deposition (FIBID).**° Two
helix configurations, with a varying or constant pitch, are obtained by adjusting the FIBID
parameters (see Figs. 1(e) and (f), respectively). The graded pitch length is achieved from
the vertical gradients of both precursor concentration and decomposition rate of the FIBID
process above the substrate. The resulting helix exhibits average pitch angles of 22.3°, 20.7°,
16.0° and 12.1° from the bottom to the top turn, respectively. The constant-pitch helix (Fig.
1(f)) is obtained by increasing the dwell time by about 30% from the first turn to compensate
those gradient effects.’® We find a homogeneous pitch angle of about 19.5° along the entire
structure. The fabricated helical nanostructures are then plasma-sputtered with a 25-nm
thick gold layer via a glancing angle deposition technique:®445152 the metal target is tilted
with an angle of 80° from the helix axis and it is rotated during the deposition time at a
constant speed of 2 rev-min~—!. Finally, the gold film is milled with a focused ion beam to
form a 16-pum diameter and 200-nm wide circular slit surrounding the nanoantenna (see Fig.

1(d)). The helix pedestal coincides with the center of the circular aperture.
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Figure 1: Plasmonic helical nanoantenna as a subwavelength converter between
longitudinal electric fields and circularly polarized light waves. (a) Schematics of
the plasmonic platform used for demonstration: the helix pedestal is set at the center of
a circular slit engraved in a thin gold layer. The operation principle of the platform is
represented in a conversion from a longitudinal field to circular polarization. The radially
polarized incoming beam projected on the back of the sample is converted by the circular
slit in plasmonic focused waves. Positioned within the plasmonic focus showing a dominant
out-of-plane (longitudinal, with respect to the focusing plane) electric field component (of
zero longitudinal angular momentum), the left-handed helical nanoantenna develops vortex
surface plasmons of charge [=-1. This twisted plasmon mode is released in free space as
left-handed circularly polarized light (0=-1 per photon) owing to spin-orbit interaction.®
RP: radial polarization. LCP: left circular polarization. SP: surface plasmons. LoP: out-of-
plane/longitudinal field. (b) and (¢) Numerically predicted longitudinal (|E,|, out-of-plane)
and transverse (|F:|, in-plane) amplitudes of the electric optical field, respectively, plotted
20 nm above a 100-nm thick gold layer engraved with a 7 um diameter circular slit. The
circular slit is illuminated with a radially polarized beam from the substrate. (b) and (c) are
normalized to the maximum of the electric field amplitude /| Fy|> + |E.|?. (c) is saturated
for a better view of the field pattern within the circular slit. (d) Scanning electron micrograph
of a fabricated platform. (e) and (f) Scanning electron micrographs of two plasmonic helices
of varying and constant pitch length, respectively.



Upon illumination with a radially polarized beam from the backside, the circular slit
launches cylindrical surface plasmons which converge towards the center of the slit.® We
numerically simulate the electric field distribution of the resulting near-field interference
pattern within a circular slit of outer diameter and width equal to 7 um and 200 nm,
respectively. The plasmonic focus at center is defined by an out-of-plane electric field (Fig.
1(b)) surrounded by an in-plane radially-polarized doughnut field of weaker intensity (Fig.
1(c)). The out-of-plane (longitudinal, with respect to the focusing plane) field component
(E,) interferes constructively at the focus whereas the in-plane (transverse, with respect to
the focusing plane) field component (F;) undergoes a destructive interference phenomenon
at the center of the circular slit.®? Such a 3D electromagnetic picture is similar to that of an
electric dipole oriented along 0z.* Reciprocally, a longitudinally-oriented dipole-like source of
light positioned at the center of the circular slit generates axis-symmetrical diverging surface
plasmons that are converted back into a radially polarized freely-propagating optical waves
by the slit. !

The helical nanoantenna is designed to operate in the traveling-wave regime at telecom-
munication wavelengths.® The geometrical requirements on a low-frequency helical antenna
to operate in the travelling-wave regime are a circumference that approaches the targeted
wavelength and a pitch angle value in between 12° and 14°.4® With its 505-nm outer di-
ameter, our plasmonic helical nanoantenna satisfies the condition of an outer circumference
(of 1.59 pm) matching the targeted telecommunication wavelengths. Optimum polarization
conversion has then been numerically found for pitch angles ranging from 10° to 40°. Used
as a light-plasmon coupler, the circular slit plays no role in the travelling-wave properties of
the plasmonic helix.

In travelling-wave regime, surface plasmons guided along the nanohelix and are released
in free space in the form of directional optical waves (see Fig. S1 and Movie S1 in the Sup-
porting Information). The helix can thus be interpreted as a subwavelength chiral waveguide

which propagates vortex surface plasmons carrying orbital angular momentum (OAM). The



OAM is imparted to the guided surface plasmons by the chiral nanostructure itself and is
thus independent of the excitation conditions. When circular polarization is generated by
the helical nanoantenna, its vortex guided mode (of charge +1 depending on the helix hand-
edness) is released as freely propagating waves carrying spin angular momentum (SAM) of
+1 per photon, owing to spin-orbit interaction®® (see Fig. 1(a)). Reciprocally, an imping-
ing circularly-polarized wave excites the twisted mode of the helix for only one polarization

handedness,*® a phenomenon which refers to circular dichroism 45

and chiroptical trans-
mission. 2444647 In the following, we define that a left-handed helical nanoantenna generates
a left-handed circular polarization, i.e., the electric field turns counter-clockwise when one
looks along the propagation direction of the outcoming wave. Reciprocally, a left-handed
plasmonic helical nanoantenna is selectively excited for an incoming left-handed circular
polarization.

The concept of a nanohelix as a converter between longitudinal electric fields and circu-
larly polarized waves originates from the ability of low-frequency helical antennas to inter-
connect circularly polarized freely propagating waves and the fundamental guided mode of a
metal wire.*® Such a subwavelength wire mode has been shown to exist at optical frequencies
and to match the longitudinal electric field of a confined light 1%-13:56

To demonstrate the generation of circular polarization from a longitudinal electric light
field, we project a focused radially polarized beam onto the back of our sample (Fig. 2(a)).
When crossing a rotating LP, such a doughnut beam (Fig. 2(b), left panel) is turned into
a two-lobe pattern aligned with the polarizer axis (cf. the four last images on the right of
Fig. 2(b)). We then image the overall structure in the far-field with a microscope objective
coupled to an infrared camera (cf. Methods). The polarization state of the emerging light
is analyzed either with a rotating linear polarizer (LP) or a quarter-wave plate (QWP)
followed by a linear polarizer (i.e., a circular analyzer). These polarization analyzers are

inserted before the camera. Without analyzer, the image shows an individual spot at the

center of a 16-um diameter narrow light ring (Fig. 2(c), left panel). The ring pattern



ﬂ]

() — / | \
(a) e u
5 Lens
g : LP .....
oBJ

N (d)
, < o n o,
x—) C% o 1Y
Y 095t p B 90
’ o 1200000000000060
Vo ot o
o 150°°° %,30
oBJ 8 0.9} 8 ?3,
o S 3
1809 g0—x
@i RWP 3 S
< | o2 0.85¢ 8, $
210°o 330
(e)
A:1.47 ~ 1.65 um Oooooooo°°°
300
0.8} 270
1. 57 1.61 1.65
A(pm)

Figure 2: Conversion of a longitudinal electric field into circular polarization from
a fabricated helical nanoantenna. (a) Schematic diagram of the experimental setup. LP:
linear polarizer, OBJ: microscope objective and RWP: radial wave-plate (cf. Methods for
details). (b) and (c) Raw and polarization-analyzed optical images at A=1.56 pum of (b) the
incident radially polarized beam and (c) the plasmonic platform in transmission. The white
arrows in the figure insets refer to the orientation of the linear polarizer used as a polarization
analyzer (called LP). (d) On-axis DOCP spectra of the outcoming optical waves obtained
with helical nanoantennas of homogeneous and varying pitches (represented with blue squares
and red circles, respectively). Inset: on-axis ellipticity analysis of the output waves at A=
1.56 pm. (e) and (f) Optical images obtained at A= 1.56 pum with the varying-pitch helical
nanoantenna after inserting (e) a left-handed and (f) a right-handed circular analyzer in
front of the camera. The circular analyzer is constituted by a quarter-wave plate followed
by a linear polarizer whose axis is at +45° with respect to the waveplate’s fast axis. Image
size: 25 x 25 um?.



corresponds to the direct transmission of the impinging light through the circular slit. When
the rotating LP is inserted, this original circular pattern breaks into two symmetric lobes
aligned with the transmission axis of the analyzer (Fig. 2(c), the four last panels on the
right), revealing that the light directly outcoupled from the circular slit is radially polarized.
The spot located at the center of the bright ring corresponds to the light released by the
helical nanoantenna. Since no light is observed in-between the two nanostructures, the
distal helix is solely excited with surface plasmons. The optical waves leaving the helix
show a constant intensity regardless the LP direction. When the LP is replaced by the
circular analyzer, the central spot is visible only when the analyzer selectively transmits
left circular polarization (see Figs. 2(e) and (f)). In contrast, when the analyzer selectively
transmits the other handedness, a faint doughnut-like pattern is observed (Fig. 2 (f) and
inset). This doughnut-like beam is known to be a second-order vortex which originates from
angular momentum conservation between the guided mode of a plasmonic structure and
freely propagating waves.!>®” This residual vortex component slightly reduces the helicity
of the off-axis outcoming waves. With our fabricated helix, the maximum intensity of this
second-order vortex-like field is 0.11 times as high as the overall beam’s whereas a ratio of
0.14 is numerically anticipated (cf. Methods and Fig. S2 in the Supporting Information).
Owing to its radial polarization, the surrounding light ring remains unchanged for the two
handedness of the circular analyzer.

The spectral properties of the helix are investigated by measuring the on-axis degree of
circular polarization (DOCP) of the leaving optical waves as a function of the wavelength.
The DOCP refers to the distribution of radiated photons prepared in the spin states +1 and
—1. Being equal to the absolute value of the normalized stokes parameter S3/Sy, the DOCP
is defined as |Ircp —ILcp|/(Ircp+ ILcp) where Igcp and I1cp are the intensities of the right
and left-handed circularly polarized components of the outcoming light, respectively.* Both
helical nanoantennas of varying and constant pitch lengths (cf. Figs. 1(e) and (f)) lead to a

maximum DOCP value exceeding 0.999 when A=1.56 pm (Fig. 2(d)). The spectral matching
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Figure 3: Conversion from circular polarization to longitudinal electric field. (a)
Schematics of the experimental setup: the left-handed helix is illuminated from the top. LP:
linear polarizer. QWP: quarter-wave plate. OBJ: microscope objective. (b—f) Five series of
optical images acquired with the varying-pitch helical nanoantenna at wavelengths ranging
from 1.47 pm to 1.62 pum by steps of 50 nm. The incoming circular polarization is left-
handed in (b—e) and right-handed in (f). (d) and (f) are acquired at the same wavelength
of 1.57 pym and with the same camera dynamics. Each series is constituted by a raw optical
image (on the left) and four polarization-analyzed images obtained when a linear polarizer
is positioned in front of the camera. Four orientations of the linear polarizer, represented
with white arrows in the figures, are considered. Intensity attenuation in the polarization-
analyzed images (induced by the presence of a polarizer in front the camera) is numerically
compensated. Image size: 25 x 25 um?.
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of the two DOCP maxima would suggest that the spectral condition for a conversion from
longitudinal electric field to circular polarization mainly scales with the helix radius, which
appears to be consistent with the design rules for radiofrequency helical antennas.*® For
the helix of a constant pitch (Fig. 1(f)), the DOCP remains larger than 0.99 within a
wavelength range of 80 nm. Although the plasmonic helix operates in the nonresonant

546 jts periodic nature limits its spectral bandwidth by providing a

traveling-wave regime,
wavelength-dependent operation. By breaking the helix periodicity, i.e., by using the varying-
pitch helix (Fig. 1(e)), we extend the spectral invariance of the nanoantenna to a broader
wavelength range exceeding the 180-nm bandwidth of our laser.

By combining our experimental measurements to the theoretical prediction of the optical
properties of a nanoslit (see Section S1 of the Supporting Information), we estimate that
the efficiency with which the constant and varying-pitch helices convert incoming surface
plasmons into freely propagating waves is of 26.5% and 23.7%, respectively. Such values
represent a lower limit of the helix’s efficiency as the fabricated nanoslit is expected to be
less efficient in converting light into surface plasmons than its theoretical model. Current
nanofabrication facilities do not ensure nanoscale slits with perfectly parallel edges and sharp
corners.

In a reciprocal approach, a circularly polarized focused wave is projected onto the varying-
pitch helix and the back of the sample is imaged with a high numerical aperture microscope
objective coupled to an infrared camera (Fig. 3(a); cf. Methods). Figures 3(b) — (e) present
four series of five optical images for incoming left-handed circular polarization. Each image
series is measured at a wavelength written on the left of the figure. As in Figs. 2(b) and (c),
the first panel on the left is a direct image of the structure. The four other panels on the
right are acquired in the presence of a LP positioned before the camera, whose orientation
is represented with a white arrow. Regardless of the wavelength, the far-field diffraction
pattern projected onto the camera is constituted by a bright ring which surrounds a set of

concentric circular fringes of lower intensity. Such an optical pattern, which arises from light
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Figure 4: The helical nanoantenna converts from circular polarization to longi-
tudinal electric field. (a,b) Schematics of the diverging surface plasmons (blue arrows)
excited (a) from a left-handed helical nanoantenna upon illumination with left circular po-
larization (LCP), and (b), from an (longitudinal) electric dipole oriented perpendicular to
the top surface of the metal film (ED). (c,d) Simulated amplitude (upper panel) and phase
(downer panel) of the longitudinal electric component (F.) of the surface plasmons generated
at the metal-glass interface by the circular slit, upon the excitation conditions of (a) and (b),
respectively. The E, component is plotted 20 nm beneath the metal-glass interface. The
modeled helix has a constant pitch length. The computation parameters are detailed in the
Method section.
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diffraction by the slit, can be also found at the output of spiral-shaped structures.*® When a
LP is inserted before the camera, the original circular pattern in the images is turned into a
two-lobe distribution aligned with the LP axis, which reveals a radial polarization state of the
outcoming waves. Such an axially-symmetric optical field at the structure output originates
from an isotropic longitudinally-oriented dipole source of surface plasmons at the center of
the circular slit (i.e., at the position of the helix). When the helicity of the incident light is
flipped, the intensity of the output optical pattern decreases by 2.8 times and the outcoming
light loses its radial polarization state (see Figs. 3(f)). The residual optical pattern originates
from a direct transmission of the incident light through the slit. The chiral optical response
shown in Figs. 3 (d) and (f) evidences the central role of the helix in the light transmission
process since the rest part of the plasmonic platform is achiral. The conversion from circular
polarization to longitudinal electric field occurs when the incoming polarization handedness
is identical to the helix’s, which agrees well with past experimental observations on helical
plasmonic nanoantennas. ¢ Fig. 3 thus shows the ability of helical nanoantennas to convert
circular polarization in the far-field into a longitudinal electric field in the near-field over the
180-nm spectral bandwidth of our laser. This broadband operation is consistent with that
shown in Fig. 2.

Upon illumination with left circular polarization, a left-handed helix excites diverging
cylindrical surface plasmons at the metal-air interface (Fig. 4(a)). As they hit the circular
slit, these surface waves are converted into radially polarized freely propagating waves to-
gether with focused surface plasmons on the opposite metal-substrate interface. We observe
in Fig. 4 (c) the longitudinal electric component E, of these transmitted surface plasmons
(in amplitude and phase) plotted 20 nm beneath the metal layer. The phase is selectively
represented within the circular slit. Due to computation limitations, the circular slit is
shrinked to a diameter of 7 um. The transmitted longitudinal near-field within the circular
slit is constituted by concentric fringes of constant phase, which evidence a near aberration-

free plasmonic focusing on the backside of the metal layer. Similar transmitted plasmonic
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Figure 5: Broadband conversion from circular polarization to longitudinal electric
field. Simulated amplitude (upper panel) and phase (downer panel) of the longitudinal
electric field E, of the transmitted surface plasmons at the gold-glass interface, with the
setup shown in Fig. 4(a). These near-fields are plotted 20 nm beneath the substrate-metal
interface and at various wavelengths ranging from 1.0 to 2.2 ym. The modelled helix has a
constant pitch length.
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field is obtained when the circular slit is excited with a longitudinal electric dipole (i.e.,
oriented along 0z) positioned just above the slit center (see Fig. 4(d)). The good agree-
ment between the two electromagnetic pictures of Figs. 4(c) and (d) suggests that upon
excitation with left circular polarization, a left-handed helix behaves as a longitudinally-
oriented dipole source (i.e., parallel to 0z) of surface plasmons. We thus numerically con-
firm that the helical nanoantenna converts impinging circularly-polarized propagating waves
into longitudinally-oriented optical near-fields generating axis-symmetrical cylindrical sur-
face plasmons. In this reciprocal approach, the helical nanoantenna absorbs the angular
momentum from the impinging light to generate twist-free axis-symmetrical near-fields. We
predict that the above-described effect pertains in the 1.2 pm to 2.0 ym wavelength range
(see Fig. 5). Such a broadband operation is attributed to the waveguide mode nature of
the surface plasmons travelling along the helical nanoantenna. According to Fig. 2(d), a

broader operation bandwidth could be expected with a varying-pitch helical nanoantenna.

Conclusion

We demonstrate an individual helical nanoantenna to convert between the circular polar-
ization of a freely propagating wave and longitudinal electric fields in the near-field, thus
providing a new degree of freedom in light polarization control. When positioned in the
longitudinally-polarized focus of converging surface plasmons, an individual helical nanoan-
tenna is shown to radiate circularly-polarized light that is directly shaped into a Gaussian
beam. Reciprocally, upon illumination with circular polarization, the plasmonic helix gener-
ates localized longitudinal near-fields which excites axis-symmetrical diverging surface plas-
mons on a thin metal film. Being non-resonant, the helical nanoantenna operates over a
broad spectral range, which is shown to be further widened by breaking the helix periodicity
(as an alternative to the well-known tapered helices). Moreover, our fabricated nanoantennas

show excellent stability in time during acquisitions as well as unchanged optical performances
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even three years after their fabrication. As a new broadband and subwavelength polarization
optics, individual plasmonic helices hold promise for applications such as optical informa-
tion processing, polarimetry, miniaturized displays, optomagnetic data storage, microscopy,
sensing and communications. As an example, plasmonic helices may couple longitudinally
oriented quantum emitters to right- and left-handed single photons, thus paving the way
towards new architectures in polarization-encoded optics and spin-encoded photon qubits

with applications in quantum information and opto-spintronics.

Methods

To examine the optical response of the fabricated helices, our experimental setup is built
onto a Nikon TE2000 inverted microscope. In the experimental characterization of Fig. 2, a
near-infrared light (A=1.47 — 1.65 pum) emerging from a tunable laser (Yanista Tunics-T100S)
is coupled to a single-mode polarization-maintaining fiber (P3-1500PM-FC-2, Thorlabs) and
collimated with an achromatic fiber collimator (RCOSAPC-P01, Thorlabs). The output beam
passes successively through an achromatic linear polarizer (LPNIR100-MP2, Thorlabs) and a
space-variant half-wave plate (WPV10L-1550, Thorlabs) to produce radially polarized light.
The resulting doughnut beam is then focused onto the gold layer with a (4x, 0.1) microscope
objective from the backside. A piezo stage (Mad city labs) is used to align the circular slit
regarding the focused beam. The sample is imaged in transmission mode with a microscope
objective (Leitz Wetzlar NPL FL 63x, 0.9) coupled to an infrared camera (GoldEye model
G-033, Allied Vision Technologies GmbH). A proper field lens is inserted before the cam-
era. To investigate the polarization state of the transmitted light, two different analyzers
are positioned in between the objective and the field lens. These analyzers are either a ro-
tating linear polarizer (LPNIR100-MP, Thorlabs) or the same fixed linear polarizer with a
rotating quarter-wave plate (AHWP05M-1600, Thorlabs) inserted in front. In the reciprocal

configuration shown in Fig. 3, the illumination and collection benches are inverted. The
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collimated laser beam passes through the circular polarizer and it is then focused onto the
helix with the (63x, 0.9) microscope objective. The light transmitted back in the substrate
is detected with the (25x, 0.4) microscope objective coupled to the infrared camera. The
polarization state of the outcoming light is analyzed with the rotating linear polarizer. In
order to compare the transmission intensities regarding two opposite incident handedness,
the raw optical images (Figs. 3(d) and (f), left panels) are integrated over the circular area

enclosed by the slit boundary.

All the numerical simulations are carried out using the 3D Finite Difference Time Domain
(FDTD) method available on a commercial software from Synopsis. The plasmonic core-shell
nanowire forming the helical nanoantenna is modeled as a 105-nm diameter carbon cylinder
covered with a 25-nm thick gold layer. Such a wire is wound up in the form of a 4-turn helix
and is also used to terminate the structure on one end with a 100-nm long pedestal lying on
a 100-nm thick gold layer covering a glass substrate. To numerically verify the polarization
conversion principle of our nanoantennas, the simpler constant-pitch configuration of the
helix is consistently considered. The resulting helical nanoantenna has an outer diameter of
505 nm and a total height of 1.66 pm, which corresponds to a homogeneous pitch angle of
approximately 20.7°. The cylindrical pedestal is located at the the center of the 200 nm wide
circular slit of a 7 yum diameter that surrounds the nanoantenna. Due to computation limits,
the modeled circular slit has a shorter diameter than its experimental counterpart. For the
illumination from the substrate, a radially polarized beam is projected onto the circular
slit at normal incidence. The beam waist is 8 um wide, align with the symmetry axis of
the circular slit and located 350 nm away from the metal-glass interface. In the reciprocal
case, the helix is illuminated from the top with a circularly polarized Gaussian beam whose
1.5-pm waist is aligned with the helix axis and set at a distance of 0 nm from the summit
of the nanostructure. The non-uniform grid resolution varies from 30 nm for portions at

the periphery of the simulation to 5 nm within and near the helix and the circular slit.
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All field simulations are conducted in the continuous wave regime at various wavelengths
ranging from 1 pum to 2.2 pym. The total computation volume spans 10 pm in the x and y
directions. It extends 1.5 pum below the gold layer in the glass substrate and terminates 4
pum beyond the top of the helix in air. The field distributions shown in Figs. 1(c) and (d)
are calculated without the helical nanoantenna and with an illumination from the substrate
(incoming radial polarization). Being of shorter diameter than its experimental counterpart,
the modelled circular slit over-adds a stronger background to the optical signal from the
helix. In that context, the results shown in Figs. 4(d) and 5 are obtained by subtracting the
simulated fields with the helix from those anticipated without the nanoantenna to filter out

the background signal from the slit.
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Numerical analysis of the helicity of the optical waves released by an individual helical
nanoantenna positioned within a plasmonic focus. Numerical analysis of the operation prin-
ciple of the plasmonic helix, evidencing a travelling wave regime. Estimation of the efficien-
cies with which the constant and varying-pitch helical nanoantennas convert longitudinal

fields from confined surface plasmons into circularly polarized freely propagating waves.
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