Ultra-thin plasmonic optical vortex plate
based on phase discontinuities
Cite as: Appl. Phys. Lett. 100, 013101 (2012); https://doi.org/10.1063/1.3673334
Submitted: 19 October 2011 . Accepted: 09 November 2011 . Published Online: 03 January 2012
Patrice Genevet, Nanfang Yu, Francesco Aieta, Jiao Lin, Mikhail A. Kats, Romain Blanchard, Marlan O.
Scully, Zeno Gaburro, and Federico Capasso

ARTICLES YOU MAY BE INTERESTED IN
Polarization dependent focusing lens by use of quantized Pancharatnam–Berry phase
diffractive optics
Applied Physics Letters 82, 328 (2003); https://doi.org/10.1063/1.1539300
Ultra-thin perfect absorber employing a tunable phase change material
Applied Physics Letters 101, 221101 (2012); https://doi.org/10.1063/1.4767646
Invited Article: Broadband highly efficient dielectric metadevices for polarization control
APL Photonics 1, 030801 (2016); https://doi.org/10.1063/1.4949007

Appl. Phys. Lett. 100, 013101 (2012); https://doi.org/10.1063/1.3673334
© 2012 American Institute of Physics.

100, 013101

APPLIED PHYSICS LETTERS 100, 013101 (2012)

Ultra-thin plasmonic optical vortex plate based on phase discontinuities
Patrice Genevet,1,2 Nanfang Yu,1 Francesco Aieta,1,3 Jiao Lin,1,4 Mikhail A. Kats,1
Romain Blanchard,1 Marlan O. Scully,2 Zeno Gaburro,1,5 and Federico Capasso1,a)
1

School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, USA
Institute for Quantum Studies and Department of Physics, Texas A&M University, College Station,
Texas 77843, USA
3
Dipartimento di Fisica e Ingegneria dei Materiali e del Territorio, Università Politecnica delle Marche,
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A flat optical device that generates optical vortices with a variety of topological charges is
demonstrated. This device spatially modulates light beams over a distance much smaller than the
wavelength in the direction of propagation by means of an array of V-shaped plasmonic antennas
with sub-wavelength separation. Optical vortices are shown to develop after a sub-wavelength
propagation distance from the array, a feature that has major potential implications for integrated
C 2012 American Institute of Physics. [doi:10.1063/1.3673334]
optics. V
Traditional optical components that control the wavefront of light beams rely on the phase accumulated while
light propagates in materials.1 This concept has been extensively used to create a variety of optical components such as
lenses, prisms, gratings, and spiral phase plates. Spatial light
modulators (SLMs) are the most sophisticated devices based
on this mechanism and have found numerous applications
ranging from displays and projectors to holographic optical
tweezers.2,3 SLMs are based on the local control of the orientation of anisotropic liquid crystal molecules, which creates
a spatially varying distribution of the index of refraction. A
light beam propagating through liquid crystal cells containing molecules with different orientations will experience
spatially varying phase velocity, resulting in transverse modulation of either its phase and/or its amplitude.
Recently, a method to control the phase and amplitude of
light beams was demonstrated by using the concept of phase
discontinuities, which has led to a generalization of the laws
of reflection and refraction.4 Preliminary results on the generation of single-charge optical vortices were also shown. In this
paper we perform a detailed experimental and theoretical
study of single- and double-charged vortices and demonstrate
that their phase profile is controlled over a sub-wavelength
propagation distance. Using the concept of phase discontinuities, we have achieved independent control of the phase and
the amplitude for a state of polarization orthogonal to the incident polarization. Our experiments, in excellent agreement
with simulations, show that optical vortices with different orbital angular momentum5,6 can be created when conventional
Gaussian beams traverse an interface that imprints a screwlike phase profile on the incident beam.
Optical vortices are a peculiar type of beam that has a
doughnut-like intensity profile and an azimuthal phase dependence (exp(ilh)) with respect to the beam axis (that is a
helicoidally shaped wavefront). The number of twists (l) of
the wavefront within a wavelength is called the topological
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charge of the vortex beam and is related to the orbital angular momentum L of photons by the relationship L ¼ hl, where
h is the Planck constant.7 Optical beams with such helical
phase profile are conventionally generated using spiral phase
plates,8 spatial light modulators,9 or holograms.10 This type
of beam can also be directly generated by lasers as an intrinsic transverse mode11 or when an incident beam diffracts
from fork-shaped intensity masks.10 Optical vortices are of
great fundamental interest since they carry optical singularities5,12 and can attract and annihilate each other in pairs,
making them the optical analogue of superfluid vortices.13,14
Vortex beams are also important for a number of applications such as stimulated emission depletion microscopy,15
optical trapping,3 and in optical communication systems,
where the spiral phase can carry additional information.16,17
Fig. 1 shows the experimental setup used to generate
and characterize the optical vortices. It consists of a MachZehnder interferometer where the optical vortices are generated in one arm and their optical wavefronts are revealed by
interference with a reference Gaussian beam propagating
through the other arm. A laser beam from a distributed feedback quantum cascade laser (DFB-QCL) operating at
k ¼ 7.75 lm in continuous wave mode with power of 10
mW is collimated and separated in two parts by a beam splitter. One part of the beam is rotated in polarization using a set
of mirrors and expanded to serve as a reference beam. The
second part is focused on the thin phase plate using a ZnSe
lens (20-in. focal length, 1-in. diameter). The phase plate
comprises a silicon interface patterned with a 2D arrangement of V-shaped gold plasmonic antennas designed and
placed so that the cross-polarized scattered light from the
modulator forms an optical vortex. As described in detail in
Ref. 4, any optical element with a sub-wavelength size in the
propagation direction that can “trap and release” the electromagnetic field with a controllable phase shift can be a good
candidate for creating phase discontinuities. In the experiments reported in Ref. 4 and in the present work, the resonators are optical antennas designed to have the same
scattering cross section but a controllable phase shift ranging
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FIG. 1. (Color online) Experimental setup. A normally incident S-polarized
beam from a quantum cascade laser emitting at k ¼ 7.75 lm is separated into
two beams by a beam splitter. The first beam is focused onto the interface,
which is patterned with an azimuthal distribution of eight types of plasmonic
antennas with sub-wavelength separations compared to the free space wavelength (k). The interface generates a cross polarized beam with a screw-like
phase profile. The P-polarized scattered light, in the form of a vortex beam,
is then filtered using a polarizer and is combined with the reference beam
propagating through the second arm of a Mach-Zehnder interferometer. The
reference beam is rotated in polarization (90 ) using a set of mirrors. The interference between the vortex beam and the reference Gaussian beam is
recorded using a mid-infrared camera. After the beam splitter, the Gaussian
and vortex beams are parallel and spatially overlapped. The intersection
between their wavefronts is spiral-shaped, which gives rise to a spiral intensity pattern on the camera.

from 0 to 2p by increments of p/4. With this specific antenna
design, we achieved a polarization conversion of 30% in
power while controlling the phase of the converted beam. It
is worth pointing that using phase discontinuities, one can
design a single interface that achieves the effect of several
beam shaping elements, which are normally cascaded along
the beam path, by simply superimposing the phase response
of each optical component. As an example, one can combine
the cascaded effect of a vortex plate and a lens to create a
focused vortex beam. To construct a phase plate that generates a single charged vortex l ¼ 1 (or respectively a double
charged vortex l ¼ 2), we segment the interface in 8 (or
respectively in 16) equiangular sections and each section is
packed with identical antennas separated by a distance
smaller than the vacuum wavelength (k). The set of 8 (or 16)
sections with incremental phase response is arranged into an
azimuthal pattern, which imprints a discretized spiral phase
distribution to the wavefront of the incident light. The thickness of the elements is about 60 nm which corresponds to
k/100. We chose the maximum packing density of about 1
antenna per 1.5 lm2 (k2/40) to maximize the efficiency of
the device while avoiding strong near-field interactions.
Fig. 2 shows interference fringes created by the interference between a reference beam and the beam generated by
the interface when the latter is incident on the camera with a
small but non-zero angle relative to the first beam. In this
case, interference fringes with orientation and periodicity
that depend on the tilt angle are created. As shown in Fig. 2,
a dislocation in the fringe pattern appears in the interferogram, confirming the presence of a phase defect at the core
of the beam generated by the interface. The orientation and
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FIG. 2. Experimental results. Intensity pattern obtained from the interference between a reference beam and optical vortices with different topological charges. The dislocation of the fringe pattern indicates the presence of a
phase singularity along the axis of the transmitted beam. Single (double)
charge(s) vortex beams are generated by patterning the interface with an
angular distribution ranging from 0 to 2p (4p). The azimuthal direction of
the angular phase distribution defines the sign of the topological charge also
called its chirality.

the strength of the dislocation can be used to characterize the
sign and the topological charge of the vortex beam. Because
the azimuthal phase profile is abruptly introduced through
interaction with the antennas, the screw-like phase profile
characteristic of a vortex beam can be created over a negligible propagation distance, in contrast to conventional methods
(typically several millimeters for the phase addressing elements such as SLMs or the Fraunhofer distance 2D2/k for
diffractive elements where D is the size of the element1).
Fig. 3 presents the results of a finite-domain time-difference
(FDTD) simulation of a normal incident Gaussian beam
(k ¼ 7.7 lm) traversing a 50  50 microns interface decorated with the same elements as the ones used in the experiments and designed to create a vortex beam with l ¼ 1.
To show the evolution of the vortex beam after different
propagation distances, we plot the respective intensity and
phase profiles of the cross polarized beam behind the interface. The amplitude becomes symmetric and reaches its final
distribution when all of the partial waves from all the elements have interfered, but because the screw-like phase profile is abruptly introduced, the phase dislocation is already

FIG. 3. FDTD simulation of a light beam that traverses an interface
designed to create a single charged optical vortex. The intensity crosssections in cross polarization with respect to the incident beam are shown at
difference distances away from the interface. The characteristic zero intensity at the center of the vortex beam develops as soon as the evanescent
near-field components vanish, i.e., about one wavelength behind the
interface.
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means of external excitations.19,20 Finally, it should be mentioned that such interface can combine in a single ultra thin
layer the effects of multiple and thick optical devices, which
is promising for applications such as aberration correction
and integrated optics. Reconfigurable optical phased arrays
with subwavelength control of phase and amplitude could
eventually lead to a technology that would challenge current
liquid crystal displays.

FIG. 4. (Color online) Analysis of the purity of the optical vortices based on
experimental data. (a) Measured doughnut shaped intensity profile of a vortex beam. (b) Measured interferogram of the vortex beam. The phase profile
of the vortex beam in (c) is extracted via 2D Fourier and inverse Fourier
transforms of the interferogram in (b), separating the vortex beam and the
reference beam in the Fourier space. (d) Histogram representing the decomposition of the single charged vortex beam using as the basis of LG modes
with azimuthal index l0.

observed a micron (k/8) away from the interface. The presence of such phase singularity produces the characteristic
zero of intensity at the core of the optical vortex beam less
than a wavelength away from the device.
We characterized the efficiency of our device by conducting a quantitative analysis of the phase distribution of a
single charged vortex beam. The amplitude distribution is
obtained from the measured intensity distribution of the vortex beam (Fig. 4(a)) and the phase profile of the optical vortex
is extracted from the interferogram (Fig. 4(b)). The purity of
the optical vortex is calculated by decomposing its complex
field on a complete basis set of optical modes with angular
18
The
momentum, i.e. the Laguerre-Gaussian modes (ELG
l;p ).
weight of a particular LG mode in the vortex beam is given
ÐÐ
LG
by the scalar product: CLG
l;p ¼ 1 Evortex El;p dxdy, where Evortex
is the vortex beam electric field, the integer p (l) is the radial
(azimuthal) Laguerre-Gaussian mode index, and the upper bar
denotes the complex conjugate. The relative charge distribution of an optical vortex is obtained by summing all the
modes with the same azimuthal index l0, Cl ¼ Rp CLG
p;l0 . A his0
togram representing the relative charge distribution for our
vortex beam is plotted in Fig. 4(d). The purity of the single
charged vortex (l ¼ 1) created with our technique is above
90% which is similar to the purity of vortex beams obtained
with conventional spatial light modulators, confirming the remarkable potential of these plasmonic interfaces for addressing the phase of a light beam. The ratio between the cross
polarized light generated by the interface and the amount of
light transmitted without interaction can easily be controlled
by either changing the antenna packing density or by tailoring
the scattering amplitude of each element.
In conclusion, we have proposed and demonstrated a
plasmonic phased array that creates phase changes over a
subwavelength propagation distance. The concept of phase
discontinuity introduced in Ref. 4 opens the door to the
development of ultra thin and integrated photonics devices.
We envision creating reconfigurable spatial light modulators
by using materials whose optical properties can be tuned by
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