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Orbital angular momentum associated with the helical phase-front of optical beams provides an
unbounded ‘“space” for both classical and quantum communications. Among the different
approaches to generate and manipulate orbital angular momentum states of light, coupling between
spin and orbital angular momentum allows a faster manipulation of orbital angular momentum
states because it depends on manipulating the polarisation state of light, which is simpler and gen-
erally faster than manipulating conventional orbital angular momentum generators. In this work,
we design and fabricate an ultra-thin spin-to-orbital angular momentum converter, based on plas-
monic nano-antennas and operating in the visible wavelength range that is capable of converting
spin to an arbitrary value of orbital angular momentum ¢. The nano-antennas are arranged in an
array with a well-defined geometry in the transverse plane of the beam, possessing a specific inte-
ger or half-integer topological charge g. When a circularly polarised light beam traverses this meta-
surface, the output beam polarisation switches handedness and the orbital angular momentum
changes in value by ¢ = *£2¢h per photon. We experimentally demonstrate ¢ values ranging from
*1 to =25 with conversion efficiencies of 8.6% = 0.4%. Our ultra-thin devices are integratable
and thus suitable for applications in quantum communications, quantum computations, and nano-

scale sensing. © 20714 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895620]

In addition to linear momentum and energy, light beams
also possess angular momentum.' It has been shown that in
vacuum the optical angular momentum can be decomposed
into two nominally independent terms; spin angular momen-
tum (SAM) and orbital angular momentum (OAM).>? SAM
is intrinsic and related to the vectorial nature of light. A cir-
cularly polarised beam carries SAM: +/ per photon for a
left-circularly polarised beam and —7 per photon for a right-
circularly polarised beam, where % stands for the reduced
Planck constant.* By comparison, OAM has both intrinsic
and extrinsic terms, the latter of which is coordinate depend-
ent.’ The intrinsic OAM, hereafter simply referred to as
OAM, is related to the azimuthal dependence of the optical
phase. Thus, a beam with a helical wavefront that has a
phase dependence of exp(ilg) carries OAM of ¢7i per pho-
ton, where # can take any positive or negative integer value.®
Although, SAM and OAM are two ‘“rotational” degrees of
freedom of light that are nearly independent, they can inter-
act under specific conditions such as tight focusing of a cir-
cularly polarised light beam,” light-matter interaction in
space-variant dielectric,® inhomogeneous birefringent,” or
structured media.'®!" We recently demonstrated a metasur-
face composed of an inhomogenous array of plasmonic
nano-antennas with a thickness much smaller than the oper-
ating wavelength. This metasurface can be wielded to trans-
form a circularly polarised light beam into a beam carrying
OAM. The dimension of the individual nano-antenna and the
periodicity of the array were chosen such that the array
exhibits approximately a half-wavelength, i.e., m, optical
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retardation between two plasmonic resonances.'' In the pre-
vious study, the plasmonic nano-antenna arrangement was
cylindrically symmetric, meaning that in one cycle around
the origin of the metasurface the individual nano-antennas
exhibit a single rotation, which corresponds to a unit topo-
logical charge ¢ (see ¢ =1 in Fig. 1(a)). The device’s opera-
tion principle was based on the full spin-to-orbital angular
momentum conversion. Because the metasurface was rota-
tionally symmetric, there was no exchange of angular mo-
mentum between the photons and the metasurface and this
device yielded light carrying OAM of ¢ = *=2¢gh = *=2h.
However, this symmetry is not a requirement for spin to
OAM conversion and a more general geometry of metasurfa-
ces with different g values could access a much broader
range of OAM values.

In this work, we design and fabricate ultra-thin plas-
monic metasurfaces with a general geometry possessing inte-
ger or half-integer topological charges. The working
principle of these devices is based on the coupling between
optical spin and OAM, an effect that occurs in inhomogene-
ous wave-plates.'? Indeed, the device flips the SAM of the
input beam and the output beam gains a nonuniform, helical
phase-front, depending on the orientation of the nano-
antenna array. Our fabricated metasurfaces are capable of
generating OAM values in the domain of {—25,..., +25}
with a conversion efficiency of about 9% at visible wave-
lengths 760 nm—790 nm. However, the metasurface has a the-
oretical conversion efficiency as high as 44%, with reduction
in efficiency originating from discrepancies between the
ideal and fabricated nano-antenna dimensions. Such an
efficiency would be suitable for performing recently
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FIG. 1. (a) Spatial arrangement of nano-antennas in the plane of the metasurfaces for generating light beams carrying OAM values of { =1, 2, £3, =20, and
+25}. (b) SEM images of the fabricated metasurfaces corresponding to the designs shown in (a). ¢ indicates the topological charge. (c) SEM image of a single
L-shaped nano-antenna with a measured dimension shown in magenta colour. Diagonal (D) and anti-diagonal (A) polarisation states excite a symmetric and an

anti-symmetric mode, respectively.

demonstrated quantum computations with photon’s SAM
and OAM.'>'*

To generate OAM through spin-to-orbital angular mo-
mentum coupling, we require a metasurface composed of
birefringent elements that exhibit a half-wavelength optical
retardation between two orthogonal polarisation states. In
our design, such birefringent elements take the form of
L-shaped gold nano-antennas with equal arm-lengths, as
illustrated in Fig. 1(c). A nano-antenna with this geometry
supports two surface plasmon resonances, associated with
polarisations aligned parallel and perpendicular to the sym-
metry axis of the nano-antenna. Diagonal (D) and
anti-diagonal (A) polarisation states, respectively, excite a
symmetric and an anti-symmetric mode (see Fig. 1(c))—
analogous to the case of coupled harmonic oscillators. The
optical retardation J between these two optical modes can be
adjusted to approximate m by choosing the appropriate
dimensions and periodicity of the nano-antennas, although
these vary for different operating wavelengths.'> The action
of this metasurface, neglecting both absorption and reflec-
tion, in the Jones calculus (omitting a global phase delay) is

given by
1 0
O-Z - <0 _1>7 (1)

where exp(in) = —1 represents the relative optical retarda-
tion of 7 between excited diagonal and anti-diagonal polar-
isation states. As can be seen, Eq. (1) represents the action of
a half-wave plate in the A-D polarization basis. Let us now
consider an array of such antennas that are rotated by an
angle o about an axis orthogonal to the plate’s surface. A
straightforward Jones calculation determines the metasurface
action as R(—a) o, R(«), which in the circular polarisation

basis is given by
0 e72io<
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where we assume |L) = ((1)) and |R) = (?) to be left-

circular and right-circular polarisation states, respectively.
Again a global phase (7/2) is omitted. As expected, in the

circular polarisation basis, this proposed metasurface flips
the polarisation state of an input beam from left (L) to
right (R) circular polarisation or vice versa, i.e., M, -|L)
= exp(2ia) |R). However, any rotation of the metasurface
orientation does not change the output polarisation state |R),
and the output polarisation state remains right circularly
polarised (or left depending on the input handedness).
Nevertheless, the rotated metasurface introduces a uniform
phase exp(=£2ix), which depends both on the input polarisa-
tion state and the orientation of the metasurface. This intro-
duced phase, known as the Pancharatnam-Berry phase, is
equal to half of the solid angle probed by the state evolution
on the polarisation Poincaré sphere.'®!” The sign of this
phase is defined by the helicity of the input polarisation, pos-
itive for left-handed and negative for right-handed input
polarised beams, corresponding to a clockwise or a counter-
clockwise path on the Poincaré sphere. However, in general,
the orientation of the nano-antennas can be nonuniform, i.e.,
it can vary within the transverse plane. Here, we consider the
specific case where the orientation of the nano-antennas is
dependent on the azimuthal angle of the polar coordinate
system and the topological charge, i.e., a(¢) = g ¢. In fact,
the topological charge ¢ determines the amount of rotation
of the nano-antennas for a full coordinate rotation
(¢ — ¢ + 2mn). Different metasurfaces with topological
charges of ¢g=1/2, 1, 3/2, 10, and 25/2 are shown in Figs.
1(a) and 1(b). Apart from a small region very close to the
origin, where the nano-antenna orientation is undefined
(a singularity), the metasurface introduces a nonuniform,
helical staircase-like phase-front of exp(=*i2q ¢) to the cir-
cularly polarised output beam. Thus, the emerging beam pos-
sesses an OAM value of *2¢, with the sign depending on
the input polarisation state. This imposes a condition on the
value of g. Since a physical beam carries an integer OAM
value, ¢ must be an integer or half-integer. However, in prac-
tice the metasurface may not introduce a perfect phase delay
of m; thus, its action on a circularly polarised basis is more
complicated than discussed above. For such a plate, the
action can be split into two parts; a portion of the beam that
undergoes spin-to-orbital angular momentum conversion and
gains an OAM value of *2¢g and another portion that is not
affected by the metasurface, remaining in the same
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polarisation and OAM states as the input beam. These two
portions have orthogonal circular polarisation states, and
thus they can be separated by means of a quarter-wave plate
(QWP) followed by a polarising beam splitter (PBS).

The gold metasurface was fabricated on a fused silica
substrate through electron beam lithography in a positive bi-
layer resist, followed by thermal metal evaporation and lift-
off. Charge dissipation during the lithography step was
achieved through a conductive layer consisting of 23 nm
thick indium tin oxide (ITO). Typical dimensions for an indi-
vidual nano-antenna are 142—150 nm arm width, 235-242 nm
arm length, and a thickness of 90-96 nm with a periodicity of
330 nm. This design provides an optical retardation of 1.35n
radian between two linearly orthogonal polarisation states
and a conversion efficiency of about 35% at a wavelength of
780 nm. Here, we define the conversion efficiency as the ratio
of the converted power to the total power of the transmitted
beam, i.e., the sum of both the converted and the non-
converted components transmitted out of the sample.
Scanning electron microscope (SEM) images of several
metasurface plates having different topological charges are
shown in Fig. 1(b). As can be seen in Fig. 1(c), the shape of
nano-antenna does not form a perfect L-shape. Because the
individual antennas are not perfectly L-shaped, their birefrin-
gence between the resonances of the A and D polarizations is
relaxed somewhat, which affects the metasurface’s conver-
sion efficiency but does not compromise the working
principle of the device. Similarly, the small number of nano-
antennas missing from the device surface affects only the
intensity profile of the emerging beam.

The experimental setup shown in Fig. 2 is used to record
both the intensity and the wavefront of the beams generated
by the metasurfaces. Measurements are carried out using a
tunable diode laser, working in the wavelength range of
760nm-790nm. The single-mode laser beam is spatially
cleaned through coupling into a single mode optical fibre.
The beam is circularly polarised by means of a PBS followed
by a rotated QWP. The reflected beam from the PBS, which
is vertically polarised, is used as a reference beam in the
Mach-Zehnder interferometer, to record the wavefront of the
generated beam. In order to record the interference pattern,
the polarisation of the reference beam is rotated to horizontal
polarisation by means of a half-wave plate. On the sample
arm, a convex lens with a focal length of 200 mm is used to

- s
= ;W“
B QWP “plasmo
SRS OPREC S8 S BASHOniE
S S SO S geplate
SRR XX S SRS
OSSO SCS IS
BE Gt ge gt et e et

()

=
oS

oS

&

FIG. 2. Experimental setup. M: mirror, L: lens, HWP: half-wave plate,
QWP: quarter-wave plate, BS: beam splitter, PBS: polarising beam splitter,
and CCD: Charge-Coupled Device camera.
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reduce the beam size to be comparable with the diameter of
the patterned metasurface (~100 um). A 10x microscope
objective is used to collimate the transmitted beam. The
transmitted beam contains both the converted and non-
converted parts, with orthogonal circular polarisations, e.g.,
for a left handed circularly polarised input beam the con-
verted and non-converted beams have right- and left-circular
polarisations, respectively. A sequence of a rotated QWP at
an angle of ©/4 and a PBS is used to separate the converted
and non-converted light, for simultaneous power measure-
ments. The intensity profile of the converted beam, which
possesses OAM, is then captured by a (DCU223C) Charge-
Coupled Device (CCD) camera. Figure 3(a) shows the
intensity profile of the converted beams generated by the
plasmonic metasurfaces shown in Fig. 1(b). As can be seen,
the emerging beams possess a doughnut shape with a null in-
tensity at the origin. This null intensity, which is caused by
the phase singularity at the beam centre, is characteristic for
beams with a helical phase front. The plasmonic plate intro-
duces such a helical phase-front of exp(*i2q¢) into the
Gaussian input beam. At the metasurface exit face, this beam
is proportional to exp(—r*/w3) exp(*i2q @), where r is the
radial distance in polar coordinates and wy is the beam waist
of the input Gaussian beam. This is a subfamily of
Hypergeometric-Gaussian beams that reduce to a superposi-
tion of two Bessel-Gaussian beams'®'® and is not shape-
invariant under free-space propagation, as explained in
Ref. 18. The OAM value of the emerging beam is deter-
mined by recording the interference pattern with a reference
beam. The interference of a spherical reference wave and a
beam carrying OAM value of £ results in a helical pattern
with ¢ intertwined lobes. Switching the input polarisation
state from left-circular to right-circular polarisation does not
change the intensity profile, but changes the sign of the
OAM value /. Thus, it reverses the twisting direction of the
intertwined helices of the interference pattern, without
affecting the number of helices. Figures 3(b) and 3(c) show
interference patterns of the converted beams from the plas-
monic metasurfaces (shown in Fig. 1(b)) for both left-
circular and right-circular input polarisation states. These
confirm that the output beams possess OAM values equal to
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FIG. 3. Intensity profile and recorded interference patterns of the beam gen-
erated by the plasmonic metasurfaces for different OAM values. (a) The in-
tensity profile of the converted component of the transmitted light. The
central null field at the origin results from the phase singularity. (b) and (c)
The interference pattern of the generated beams with a spherical wave. The
(b) and (c) rows correspond to left and right-circularly polarised input
beams. The number of intertwined helices reveals that the transmitted beams
possess OAM of ¢ = *1, £2, 3, =4, 20, and *=25.
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twice the metasurface topological charge, i.e., || =2¢g as
expected from our previous discussion.

Finally, the conversion efficiency of the device is meas-
ured for the wavelength range from 760 nm to 790 nm. In our
definition, both reflections and absorptions by different opti-
cal components, including the metasurface, are not consid-
ered. This distinguishes the purity of the generated beam
from absorption and reflections off optical components in the
experimental setup, as this purity is generally the limiting
factor. Conversion efficiencies of (8.6 = 0.4)% at a wave-
length of 780nm are measured for different metasurface
plates. This conversion efficiency is reasonably spectrally
broad, for example, the ¢ =2 metasurface showed a change
of only 0.4% across the 30 nm wavelength range.

In summary, we designed and fabricated plasmonic
metasurfaces with arbitrary integer and half-integer topologi-
cal charges capable of generating beams of light carrying in-
teger magnitudes of OAM. The largest OAM value tested
was 25, but there is no fundamental upper bound on the ¢
magnitudes that could be achieved by these plasmonic meta-
surfaces. We experimentally investigated spin to OAM con-
version at various ¢ values by recording the intensity and
phase profiles of the beams generated by these metasurfaces.
About 9% of the transmitted light was converted. This tech-
nology would introduce ultra-thin OAM generators into inte-
grated devices, which could have applications for nano-scale
sensing,”” classical,?'** and quantum communications.****
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