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We demonstrate orbital angular momentum (OAM) transfer by chiral plasmonic nanostructures

designed on both sides of a thin suspended metallic membrane. We show how far-field vortex beams

with tunable OAM indices can be tailored through nanostructure designs. We reveal the crucial role played

by the central aperture that connects the two sides of the membrane from which OAM selection rules are

derived in perfect agreement with experimental data.
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Structured light beams with phase or polarization singu-
larities have revealed unique optical properties with appli-
cations ranging from super-resolution imaging to quantum
optics [1–4]. Currently, chiral nanostructures draw
promising routes for enhancing singular optical signatures
with new functionalities in metamaterial science [5–7].
Interestingly, while the connection between optics and
chirality is well established for three-dimensional (3D)
chiral structures, the interaction of chiral light with 2D
chiral objects is a topic of ongoing debate [8–10], with
strong potential in physical chemistry for chirality
enhancement in the near field [11–13].

Recently, singular optical effects have been discussed in
the near field, in particular in relation to chiral surface
plasmon (SP) modes which have been shown to carry
orbital angular momentum (OAM) [14–17]. But until
now, singular SP modes and associated spin-orbit coupling
have only been probed in the near field [18–20]. Studies on
plasmonic beaming with OAM have been scarce [21–23]
and the relation between near-field chirality and OAM in
the far field was never addressed.

In this Letter, we demonstrate that nanostructures care-
fully designed on both sides of a thin suspended membrane
lead to tailoring optical OAM in the far field. Single and
double-sided plasmonic structures consisting of concentric
grooves periodically spaced from a central aperture—
so-called plasmonic bull’s eye (BE)—have shown extraor-
dinary optical transmission and beaming effects [24,25].
Yet, the OAM behavior of these structures was not dis-
cussed. This Letter analyzes the OAM transfer during
plasmonic incoupling and outcoupling by chiral nanostruc-
tures at each side of a membrane, stressing the role of a
back-side structure in generating vortex beams as ei‘’ with
tunable OAM indices ‘. We generate beams of light carry-
ing OAM up to j‘j ¼ 8 and reveal the fundamental role of
the central aperture through specific OAM selection rules.

Our device consists of a suspended thin (h� 300 nm)
metallic membrane, fabricated by evaporating a metal film
over a poly(vinyl formal) resin supported by a transmission
electron microscopy copper grid. After evaporation, the

resin is removed using a focused ion beam, leaving a
gold membrane freely suspended in air. Shallow plasmonic
structures are milled, in either concentric (BE) or spiral
geometry on both sides of the membrane around a unique
central cylindrical aperture acting as the sole transmissive
element of the whole device—Fig. 1. The general groove
radial path is given in the polar (�̂, ’̂) basis as �n ¼
ðn�SP þm’�SP=2�Þ�̂, with n an integer, 0 � ’ � 2�,
�SP the SP wavelength, and m a pitch number. A series
of such grooves with consecutive index n defines a spira-
ling shallow grating on the metal surface with a radial
periodicity of �SP—see Fig. 1(b). The definition of the
radial path and handedness is fixed throughout this Letter
with respect to the propagation direction of the incident
light, meaning that the sign of the pitch m does not depend
on the choice of the membrane side. With our conventions,
a right-handed spiral Rm corresponds to m> 0 and a left-
handed spiral Lm to m< 0.
The simple situation of a plasmonic BE structure

(min ¼ 0) milled on the front side of a gold membrane
and a spiral with a pitch of mout ¼ �1 on the back side is
shown in Fig. 1. The membrane is illuminated by a single
mode fiber pigtailed laser diode at �0 ¼ 785 nm. The
depth of the grooves (30 nm) is smaller than the skin depth
(�70 nm at �0) so that no light can leak through the
membrane—light can only be transmitted through the
central hole perforating the membrane. The periodicity
�SP of the spiraling groove is chosen with respect to �0

so that SP modes on the front side of the membrane are
only excited efficiently by the plane wave component of
the illumination beam normal to the membrane. The SP
field propagates toward, and is transmitted through, the
central hole. It is then decoupled to the far field by the
periodic groove at the back side of the membrane, as a
quasi-plane-wave. We start with an aperture of subwave-
length diameter 400 nm that still provides sufficient
signal-to-noise ratio when imaging the transmitted beam.
We take a paraxial incoming beam Ein�ð�;zÞe�i!t¼
�̂�Eð�Þeikzze�i!t with an incident wave vector
kz¼2�=�0, in either the right (�̂þ) or left (�̂�) circular
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polarization state. The transmitted beam is analyzed in the
same circular basis and imagesMij are recorded, with the

four ði; jÞ ¼ ð�;�Þ combinations of preparation j and
analysis i.

Figure 2 displays such transmission images for mem-
branes comprising a BE in the front side and alternatively
L1 and R1 spirals on the back side. The spiraling structure
of the images can be understood as a Fano-type interfer-
ence between the spherical wave front of the light directly
diffracted through the hole and the quasiplanar wave front
of the vortex beam decoupled from the plasmonic nano-
structure on the back side of the membrane [26,27]. Our
system has, therefore, a built-in reference wave that gen-
erates interferograms imaged with the setup described in
Fig. 1 [28]. The number of arms and handedness of the
interferograms directly give the OAM index and sign �‘
of the vortex beam [29,30]. OAM values of ‘þþ ¼ ‘�� ¼
�1 and ‘�þ ¼ 1 and ‘þ� ¼ �3 are measured for the
crossed terms shown in Fig. 2 for the BE-R1 configuration,
with signs merely reversed when a L1 spiral is milled on
the back side—Fig. 2(b).

Near-field generation of the OAM at the front side
(z ¼ 0þ) of the structured membrane can be modeled by
considering that each point �n of the groove illuminated
by the incoming field is a SP point source, launching a SP
wave perpendicularly to the groove. With groove widths

much smaller than the illumination wavelength, the in-plane
component of the generated SP field in the vicinity of
the center of the structure is ESPð�0;z¼0þÞ/
G � ½Einð�n;z¼0þÞ� n̂n�n̂n, where G¼ eikSPj�0��nj=ðj�0 �
�njÞ1=2 is the Huygens-Fresnel plasmonic propagator
[31,32] and n̂n ¼ ��1ðd2�n=ds

2Þ the local unit normal
vector determined from the curvature � and the arc length
s of the groove.
The resultant SP field is the integral of elementary point

sources over the whole groove structure. As indicated by a
full evaluation, we can conveniently limit the integration to
radial regions �n � �0, where the grooves become almost
annular (see the Supplemental Material [33]). This leads
to n̂n ���̂ and therefore to a simple expression of the
integrated SP field ESP / P

n

ffiffiffiffiffiffiffiffiffiffi
n�SP

p R
2�
0 d’eim’�

e�ikSP�0 cosð’�’0Þ½Ein� � �̂��̂. By rewriting the polarization
coupling term ½Ein� � �̂��̂ ¼ ½�̂ 	 �̂� � Ein�, the 	 symbol
denoting a dyadic product [34], the in-plane radially po-
larized SP near field is connected to the incoming field as
ESP ¼ Cin � Ein by an incoupling matrix

CinðmÞ / eim’0

Z 2�

0
d’eim’e�ikSP�0 cos’�̂ 	 �̂: (1)

The ’ dependency of the circularly polarized illumina-

tion �̂� ¼ ð�̂� i’̂Þe�i’=
ffiffiffi
2

p
that makes the integration

(1) spin dependent is crucial. The excited SP field hence
corresponds to a plasmonic vortex carrying OAM of ‘SP ¼
m� 1, depending on the incident ’̂� polarization, reveal-
ing spin-orbit coupling due to a radial plasmonic structure.
In contrast with recent studies confined to the near field

[18–21], a new possibility is given here to decouple the
singular near field into the far field with an additional
structure on the back side of the suspended membrane

FIG. 1 (color online). (a) Experimental setup: the expanded
incoming laser beam is circularly polarized using half-
(HWP) and quarter-wave (QWP) plates. It is weakly focused
on the nanostructured suspended membrane (SM) by a micro-
scope objective (MO, 4�, NA ¼ 0:13). The transmitted light is
collected by a second objective (40�, NA ¼ 0:60). A lens tube
(LT, f ¼ 200 mm) images the collection objective object plane
(OP, dashed line) on a CCD camera, after additional HWPs
and QWPs have analyzed the transmitted light in the circular
polarization basis. (b) Scanning electron microscope image
of a R1 spiral milled on the Au membrane, with m ¼ 1
and for �SP ¼ 768 nm. Inset shows the central hole (scale bar
is 1 �m). (c) Intensity distribution imaged through a BE-R1

structure illuminated with a right circular polarization and
analyzed with a left circular polarization. To image the interfero-
grams (see main text), the OP is �z ¼ 20 �m behind the
membrane [28].

FIG. 2 (color online). Intensity distributions of the beam
emerging from (a) BE-L1, (b) BE-R1, (c) R1-BE, and
(d) L1-BE structures, respectively. The hole diameter used in
all the structures is 400 nm. Labels (�, �) correspond to the
combination of circular polarization preparation and analysis.
The numbers give the corresponding OAM indices.
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connected to the front side by the central hole. By symme-
try (assuming loss-free unitarity) the outcoupling matrix
is simply given as the Hermitian conjugate of the incou-

pling matrix, i.e., Cout ¼ Cy
in, corresponding to a surface

field that propagates away from the central hole on the
back side.

The incoupling-outcoupling sequence corresponds to
the product T ¼ CyðmoutÞ � CðminÞ which, in the circular
polarization basis, writes explicitly as

T / eiðmin�moutÞ’ tþþ tþ�e�2i’

t�þe2i’ t��

" #
; (2)

with tij radial functions (see the Supplemental Material

[33]). This expression reveals two contributions: a polar-
ization dependent geometric phase, within the matrix, that
stems from the spin-orbit coupling at the annular groove,
and a factorized dynamic phase that arises due to the spiral
twist of the structure [20]. Note, that formout ¼ min ¼ 0, T
describes a pure spin-orbit angular momentum transfer,
conserving the total angular momentum [20,34–36]. We
can cast in Table I these results as OAM summation rules.
Remarkably, the measurements presented in Fig. 2 are in
agreement with this table, demonstrating experimentally
OAM transfer to the far field from the excitation of a chiral
plasmonic near field at the back side of the membrane.

This analysis, however, does not exhaust the OAM
generation process as it can be plainly seen when flipping
the membrane. The OAM measurements obtained with a
BE-ðL; RÞ1 structures and the (flipped) ðR; LÞ1-BE ones do
not coincide, in contradiction with reciprocity operating on
T. The OAM data obtained, e.g., for the L1-BE configura-
tion are shown in Fig. 2(d) and turn out inconsistent with
the expectation values of Table I. Surprisingly since L1

means min ¼ �1, the agreement is reached only when
fitting min 
 0 in the table. This discrepancy points to
the pivotal role of the aperture in the process of OAM
conservation.

As it is well known, a waveguide mode inside a hole of
radius �h and symmetry axis along the z direction is one
term J‘ðk‘n�hÞe�i‘’e�i�‘nz of a multipolar expansion,
where J‘ is the ‘-order Bessel function of the first kind
and �‘n is the waveguide propagation wave vector [37].
This expansion shows that each ‘n waveguide mode
carries an angular momentum �‘. Boundary conditions,
for transverse electric (TE) and transverse magnetic (TM)
polarizations, fix cutoff hole diameters dc‘n at which the

field propagates through the hole with a �‘ OAM (see the

Supplemental Material [33]). This aspect, so seldomly
discussed in relation with the far-field transmission prop-
erties of cylindrical apertures [38], becomes central in our
experiments.
Such OAM cutoff conditions mean that the hole only

sustains waveguide modes excited by an incoming field
carrying an angular momentum ‘0 that falls within the
allowed OAM values ‘ determined by dc‘n. The excitation
field can either be Ein� or the SP field launched by the
grooves with ESP ¼ CinðmÞ �Ein�. With Ein

z ¼ 0, Ein� only
excites a TE11 mode (higher modes can be excited under
normal incidence only radial or azimuthal polarizations)
[39,40]. In contrast, the launched SP field, scattered on the
hole edges, can excite both TE and TM waveguide modes.
The angular momentum ‘0 carried by Ein� is determined

from the spin of light ‘0� ¼ �1. The SP field ESP carries
‘0SP ¼ m� 1 from the near-field spin-orbit coupling

described in Eq. (1). Accordingly, an OAM selection rule
can be derived from an overlap integral between the
excitation and the waveguide fields as

O n‘‘0 ¼ �‘ðk‘nÞ�‘;‘0 ; (3)

where �‘ðk‘nÞ equals the radially integrated value (see the
Supplemental Material [33]).
The discussion leads to the definition of an effective

matrix H‘n for the hole that connects the front side
(z ¼ 0þ) and the back side (z ¼ h) of the membrane while
simultaneously accounting for OAM transfer from one side
to the other (see the Supplemental Material [33]). Because
the hole is the only optical element in the system that
connects both the far and near fields from both sides of
the membrane, the whole OAM generation in the far-field
transmission process is described through a product
matrix T ¼ ½CðmoutÞ þ Iout�y � H‘n � ½Iin þ CðminÞ�. With
I proportional to the identity matrix, the Iout � H‘n � Iin
channel corresponds to the direct path yielding the Fano-
type far-field interferograms. As usual, we will assume that
when they can be excited, the channels that involve C
operators are resonantly enhanced over the direct illumi-
nation Iin or direct diffraction Iout ones.
Let us analyze precisely the OAM cutoff conditions

corresponding to our experimental conditions. The funda-
mental waveguide mode in the central aperture is the TE11

mode at which the hole sustains an OAM index j‘j ¼ 1. At
�0, we evaluate the cutoff diameter for the TM01 as d

c
01 ¼

580 nm. For a diameter dh � dc01, the hole can thus sustain,
in addition to j‘j ¼ 1, another OAM index of 0. An OAM
index of �2 will be allowed above the TE21 cutoff diame-
ter found at dc21 ¼ 740 nm. A full agreement between
Table I and the experimental results is reached when
combining this dimension analysis with the selection
rules derived above.
This is seen in the data gathered in Fig. 3 for the L1-BE

structure. The (i, j) interferograms monitor the evolution
of the OAM generation as a function of cutoff conditions.

TABLE I. Far-field summation rules for OAM generated
through the membrane.

þ �
þ min �mout min �mout � 2
� min �mout þ 2 min �mout
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For dh ¼ 400 nm, the hole only sustains ‘ ¼ �1, while,
with the given min ¼ �1, the SP topological index ‘SP ¼
min � 1 will be equal to 0 or �2. In this case, the OAM
transmission is a ½CðmoutÞ þ Iout�y � H‘n � Iin process which
corresponds to a summation rule in Table I with min ¼ 0
and with mout ¼ 0 (the latter being consistent with the
BE on the back side). This analysis solves the early para-
doxical observations when flipping the BE-R1 structure.

When dh reaches 600 nm, the TM01 mode is allowed, in
addition with the TE11 mode. This TM mode can only be
excited by the SP field and this time, the selection rule can
be fulfilled when ‘ ¼ min þ 1 ¼ 0, i.e., when the incident
light is �̂þ polarized. In this case, we expect transmitted
�1 OAM indices in the (�, þ) subspace. When the
incident light is �̂� polarized, ‘ ¼ min � 1 ¼ �2 is not
yet supported by the hole. This makes the interferograms
(� , �) exhibit indices of �2 and 0 which is, again,
expected from min ¼ mout ¼ 0 situation.

However an ‘ ¼ �2 value is allowed once dh �
740 nm. The last two columns of Fig. 3 for dh ¼ 800 nm
and 1 �m correspond to holes where TE21 can be excited.
The OAM measurements are fully compatible with Table I
with min ¼ �1 and mout ¼ 0. In short, the OAM cutoff
conditions imposed by the central hole take an active part
in the far field OAM process we have been describing. In
this sense, the relation between the hole and the singularity
of the coupled near field evidences the importance of
spin-orbit interaction at the level of single apertures [38].
These conditions can be exploited to get a further control
over OAM generation as they imply specific designs for the
front-side structures. To illustrate this most dramatically,
we have prepared an (L1 � R5, dh ¼ 800 nm) structure.
As shown in Fig. 4(b), the L5 chiral structure consists of
five intertwined Archimedean spirals. This suspended
structure allows generating, through a TE21 waveguide
mode, OAM in the far field up to j‘j ¼ 8, again in perfect

agreement with the expected OAM summation rules.
This value is in strict relation with the chosen structures
and is not a limit to our device.
These experiments have revealed important properties

of singular plasmonic interactions in the near field. The
OAM cutoff conditions related to the aperture are essential
in understanding the relation between OAM evolutions and
reciprocity, our devices working like plasmon-based OAM
optical diodes [41]. Also their versatility makes them
easily integrable in 2D plasmonic systems as optical vortex
generators useful for optical communication [42]. We thus
believe that the concepts discussed here bear a fundamental
importance in plasmonics and nanophotonics as well as
provide a basis for novel applications in nanotechnology.
The authors acknowledge support from the ERC (Grant
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(Equipex Union).
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