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Abstract
Metamaterial or metasurface unit cells functioning as half-wave plates play an essential role for
realizing ideal Pancharatnam–Berry phase optical elements capable of tailoring light phase and
polarization as desired. Complex light beam manipulation through these metamaterials or
metasurfaces unveils new dimensions of light–matter interactions for many advances in
diffraction engineering, beam shaping, structuring light, and holography. However, the
realization of metamaterial or metasurface half-wave plates in visible spectrum range is still
challenging mainly due to its specific requirements of strong phase anisotropy with amplitude
isotropy in subwavelength scale. Here, we propose magnetic metamaterial structures which can
simultaneously exploit the electric field and magnetic field of light for achieving the nanoscale
half-wave plates at visible wavelength. We design and demonstrate the magnetic metamaterial
half-wave plates in linear grating patterns with high polarization conversion purity in a deep
subwavelength thickness. Then, we characterize the equivalent magnetic metamaterial half-wave
plates in cylindrical coordinate as concentric-ring grating patterns, which act like an azimuthal
half-wave plate and accordingly exhibit spatially inhomogeneous polarization and phase
manipulations including spin-to-orbital angular momentum conversion and vector beam
generation. Our results show potentials for realizing on-chip beam converters, compact
holograms, and many other metamaterial devices for structured light beam generation,
polarization control, and wavefront manipulation.

Keywords: optical vortex beam, vector beam, magnetic metamaterials, half-wave plates,
Pancharatnam–Berry phase optical elements

(Some figures may appear in colour only in the online journal)

1. Introduction

The recent discovery and development of structured light
including optical vortices and vector beams have driven a
revolutionary advance in modern optics and photonics [1, 2].
Structured light is identified by its unique spatially-inhomo-
geneous distribution of intensity, phase or polarization,

showing unprecedented potentials in quantum communica-
tion, sensing, imaging, and optical manipulation [3–9]. In
general, it is difficult to generate or manipulate structured
light using natural existing materials, especially in micro-
scopic scale, due to the lack of strong anisotropy induced
significant wavefront modulation. Such limitation has been
largely overcome by the merging of structured light with
artificially structured media [1, 2], including metamaterials
and metasurfaces which are subwavelength composite
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materials with engineered electromagnetic properties such as
negative refraction, extraordinary anisotropic dispersion,
near-zero permittivity, and optical magnetism [10–17]. With
carefully designed unit cells and array patterns, metamaterials
and metasurfaces can complexly tailor the light intensity,
phase and polarization in a desired manner for producing
structured light beams and reconstructing holographic images
[2, 9, 14–16, 18–31].

One major approach to generate and manipulate struc-
tured light is to utilize the space-domain Pancharatnam–Berry
phase [32, 33], which describes the relationship between
phase shift and polarization change while a light beam nor-
mally transmits through an anisotropic optical element
[19, 34, 35]. The phase shift of the converted orthogonal
polarization component transmitted through the Panchar-
atnam–Berry phase optical element (PBOE) originates from
the geometric phase which varies according to the orientation
of the element anisotropy. In contrast to the conventional
phase element employing a direct optical path difference, the
phase modulation from PBOE is irrelevant to the material
dispersion so that broadband operation can be realized. Var-
ious types of PBOEs such as nanorods, nano-gratings, split-
ring antennas, and V-shaped antennas arranged in certain
spatially distributed array patterns have been designed to
produce scalar or vector vortices with arbitrary orbital angular
momentum [16, 18, 22, 25, 27, 36, 37]. However, most of the
existing plasmonics based PBOEs especially working at
visible wavelength suffer from low polarization conversion
purity, defined as the intensity ratio between the converted
polarization component and the total transmitted beam, of less
than 10%, so that the generated vortex component from the
converted polarization component is overwhelmed by the
original polarization component [21, 36–38]. Although the
generated optical vortices with certain polarization can be
typically separated by applying a polarization filter [36] or
creating a diffraction grating [37, 39, 40], it is still difficult to
separate the generated vector beams with complex polariza-
tion topological structures. Therefore, an essential demand of
metamaterial or metasurface PBOEs is to increase the polar-
ization conversion purity as close to unity as possible.

The half-wave plate (HWP) is one ideal PBOE where the
birefringent phase retardation is equal to π, so that the spin of
photon is completely inversed to achieve unity polarization
conversion purity in circular polarization (CP) basis [36].
However, it is generally challenging to realize metamaterial or
metasurface HWPs in visible spectrum range, mainly due to
the specific requirements of both strong phase anisotropy and
amplitude isotropy in subwavelength scale [41]. Here, we
propose magnetic metamaterial HWPs based on metal-di-
electric-metal three-layer structures which can simultaneously
exploit the electric field and magnetic field of light at visible
wavelength, to fit with the required phase and amplitude
manipulation at the same time. We design and demonstrate
these magnetic metamaterial HWPs in linear grating patterns
for producing half-wave phase retardation and equal trans-
mitted intensity between two orthogonal linear polarization
(LP) components around the wavelength of 633 nm, with high
polarization conversion purity of 80%. Moreover, the

magnetic metamaterial HWPs in concentric-ring grating pat-
terns are designed as unique spin-to-orbital angular momen-
tum beam converters for the generation of structured light
beams including both optical vortices and vector beams. Our
results can open new degrees of freedom for building on-chip
metamaterial beam converters and holograms to manipulate
light wavefront and polarization.

2. Magnetic metamaterials as HWP in linear grating
patterns

A typical magnetic metamaterial structure consists of two
parallel metal stripes separated by a dielectric spacer, which is
arranged in a subwavelength periodic array pattern as shown
in figure 1. Many literatures have interpreted the physical
mechanism of this structure to simultaneously exploit the
electric field and magnetic field of light [12–14, 16]. Under
transverse magnetic (TM) polarization where the incident
magnetic field is parallel with the metal stripes, a circulating
current loop surrounding the center dielectric spacer is excited
by the magnetic field of incident beam to induce a magnetic
resonance, exhibiting a transmission minimum with an abrupt
phase variation near the resonance wavelength. In the off
resonance region under TM polarization, the structure exhi-
bits a smooth variation of transmission phase. Under trans-
verse electric (TE) polarization where the electric field is
parallel with the metal stripes, the grating effect makes such
structure as a diluted metal with flat transmission profile and
continuous phase variation.

Some previous works exploit the strong anisotropic
amplitude extinction on the magnetic resonance to make
effective linear or vector polarizer [14, 16]. Here we go one
step forward to make an effective phase plate by making
simultaneous phase anisotropy and amplitude isotropy. A
desired phase shift such as half wave retardation at the spe-
cified wavelength can be realized by varying the geometry of
the structure. But, on the other hand the transmission ampl-
itude proximity between TE and TM polarizations is also
challenging. It is difficult to realize for a single-layer metal
grating, where the optical resonance will induce not only the
phase anisotropy but also the amplitude anisotropy. Here, the
magnetic metamaterial structure exhibits unique independent

Figure 1. The schematic of metal-dielectric-metal magnetic meta-
material structures and the illustration of TE and TM polarizations.
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magnetic resonance, which is under the orthogonal polariza-
tion to the electric grating effect, so that the transmission
amplitude equality can be achieved near the magnetic reso-
nance wavelength by both effects. In such a way, the func-
tionality of HWP is realized by a 1D grating pattern in the
multilayer, which gives great simplicity and convenience for
the design and fabrication processes.

It is noted that the magnetic resonance wavelength is
mainly determined by the width of metal stripes and the
thickness of dielectric spacer, which is independent on the
grating period; while the grating period will affect the grating
filling fraction and control the transmitted intensity. By
carefully designing the magnetic metamaterial structural
parameters including the thickness of metal and dielectric
layers, the width of metal stripes and the grating period, both
the desired π phase retardation and equal transmitted intensity
between TE and TM polarizations can be realized for
achieving ideal HWPs in subwavelength scale. This almost
‘mutually independent’ control over the magnetic resonance
and grating effect provides excellent freedom and con-
venience to design the magnetic metamaterials as wave plates
or other purposes, or even tunable optical devices. The pos-
sibility and principle of tunable magnetic metamaterial
waveplates will be further discussed in a later section.

The magnetic metamaterial structures in linear grating
patterns acting as homogeneous HWPs near the wavelength
of 633 nm are first designed and tested. The Ag–SiO2–Ag
three-layer structure is deposited on the glass slide by the
sputtering method at the deposition rates of 0.4 Å sec−1 and
0.2 Å sec−1 for Ag and SiO2 layers, respectively. The thick-
ness of each layer is 55 nm and there is an additional 5 nm
thick SiO2 surface protection layer on top. The optimized
structural parameters of the grating period of 300 nm and the
bottom width of 140 nm are used by considering the side wall

angle of the trapezoidal shape of the structure around 78°. The
linear grating patterns are then fabricated by the focus ion
beam milling and figure 2(a) shows the SEM image of the
sample. Figure 2(b) plots the magnetic field and polarization
distributions in TM polarization at the magnetic resonance
wavelength of 580 nm simulated by the finite element method
(COMSOL), where the measured permittivities of Ag and
SiO2 and the layer thicknesses from the variable angle spec-
troscopic ellipsometry are employed in simulation. According
to the previous numerical studies of the similar structure
[12, 13], we slightly adjust the loss of silver, indicated by the
imaginary part of silver permittivity, as a reflection of fabri-
cation imperfection to fit the simulated transmission spectrum
to experiment for a more accurate phase estimation. An anti-
parallel current between the two metal strips and the sand-
wiched magnetic dipole clearly indicate the excitation of
magnetic resonance.

The fabricated sample is then characterized by trans-
mission spectroscopy in the visible range with an optical
setup including a Halogen white light source and a spectro-
meter. Figures 3(a) and (c) plot the measured transmission
spectra through the linear grating patterns under both LP basis
and CP basis, showing good agreement with the simulation
results. The simulated transmission phase shifts in TE and
TM polarizations are also plotted in figure 3(b). It is shown
that near 633 nm the transmitted intensities of TE and TM
polarizations are equal to each other and the transmission
phase retardation between TE and TM polarizations is around
160° (0.9π), indicating the near-ideal HWP functionalities.
For the transmission spectrum characterization under CP basis
shown in figure 3(c), the incident beam is set to have right-
handed CP (original spin, OS) and the converted spin
component in transmission has left-handed CP (converted
spin, CS). The converted spin transmission and original spin

Figure 2. (a) The top view and cross-section SEM images of the fabricated magnetic metamaterial structures in linear grating patterns. (b) The
simulated magnetic field (color map) and electric displacement (arrow) distributions at the magnetic resonance in TM polarization. (c) The
schematic of optical setup for transmission analysis in circular polarization basis.
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transmission (OST) are defined as the intensity in OS or CS
component in the transmitted beam divided by the incident
beam intensity, respectively. The polarization conversion
purity, which can be defined as the converted spin ratio (CSR)

—the intensity of the converted spin component divided by
the total intensity of the transmitted beam, is also plotted. The
measured polarization conversion purity is around 80% at
633 nm, proving that our designed magnetic metamaterial
structures work well as decent HWPs. It is noteworthy that
the experimental OST near the designated HWP wavelength
at 633 nm is slightly larger than the simulated OST, thus
causing a smaller experimental CSR than the simulated CSR.
This is because in CP analysis we have used the set of QWP
and LP, in which the QWP (Thorlabs AQWP05M-600) is
imperfect that does not have exact 90° phase retardation. The
imperfect QWP induces an incomplete circular to LP con-
version. As a result, in OST measurement the CP analyzer
which is supposed to completely filter out OS component
instead allows a small portion of such component to leak
through, and therefore falsely suggest a higher OST and a
lower CSR in the analyzed beam in experiment.

It is also observed from figure 3(a) that the transmission
under LP from the magnetic metamaterial structure is rela-
tively low at around 25%. In order to achieve an excellent
HWP PBOE element, it is critically important to realize high
polarization conversion purity, which represents the purity of
the converted spin in the total transmitted beam with effective
phase modulation under PBOE principle. According to
figure 3(b), the simulated phase retardation between TE and
TM polarizations for the current design is around 160°, less
than 180°. In principle, the conversion purity can still be
increased by further increasing the thickness of multilayer
structure to enhance the phase anisotropy. However, due to
the loss of metal which weakens the magnetic resonance that
produces the abrupt phase change, further increasing the
metal thickness will slowly increase the phase anisotropy but
rapidly decrease the overall intensity transmission. Even-
tually, the current design shown here is optimized to balance
between the polarization conversion purity and the trans-
mitted intensity.

Comparing the performance of our transmission-type
magnetic metamaterial HWP and other published works, it is
reported that both the reflection-type plasmonic metasurface
elements and the transmission-type dielectric optical elements
[25, 27, 29, 41–45], can simultaneously achieve near-unity
polarization conversion purity and energy efficiency. First, as
a comparison to reflection-type plasmonic PBOEs, the
transmission-type optical elements are often desirable in
many circumstances since the latter generally suffers much
less beam-steering error from imperfect normal incidence.
Comparing to the reported transmission-type dielectric
PBOEs, our structure has lower polarization conversion purity
and much lower transmission; but on the other hand, it boasts
some unique merits in other aspects. Most importantly, the
magnetic metamaterials contain multilayered longitudinal
cavity that supports magnetic resonance stronger than most
resonances induced by single layer structures. The stronger
resonance facilitates our structure to realize desired phase
retardation in a thinner thickness (as about a quarter of one
wavelength). As a comparison, the reported dielectric optical
elements require the thickness usually close to one wave-
length to achieve the desired phase retardation. The

Figure 3. (a) The measured and simulated transmission spectra
through the linear grating patterns under linear polarization basis. (b)
The simulated transmission phase shifts under linear polarization
basis. (c) The measured and simulated converted spin transmission
(CST) spectra and original spin transmission (OST) spectra under
circular polarization basis, as well as converted spin ratio (CSR).
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subwavelength thickness of our structure not only boasts a
relatively easier fabrication for a smaller height-to-width
aspect ratio, but much more importantly it enables the phy-
sical approximation of our structure as an optical ‘surface’
[21]. Phase element can be perfect only from an optical sur-
face, i.e. metasurfaces, which has minimum angular disper-
sion with better tolerance in small oblique incidence [21, 22].
While, the optical ‘bulky’ materials that contain wavelength
comparable or thicker thickness suffers much greater error in
the same oblique illumination.

Another interesting topic is the potential tunability of the
magnetic metamaterials with multi-functionalities. Particular
PBOE structures can be designed to act as switchable optical
components, for example linear polarizers, vector beam
converters, and wave plates, by varying operation wave-
length, temperature, structure dimension, and other physical
parameters [46, 47]. As introduced previously, the magnetic
metamaterials studied here exhibit orthogonal-polarization
manipulation on light by both magnetic resonance and electric
grating effect which are significantly different. Then it is
possible to accordingly design the TE and TM spectra of the
structure to contain several wavelength locations where it
shows different functionalities. For example, the previous
works demonstrate that the magnetic metamaterials can be
designed as switchable linear polarizers or vector beam con-
verters [14, 16] by tuning the structure either on or off
magnetic resonance in different operation wavelengths or
structure dimensions. The similar principle can also be
applied to wave plates, by designing the spectra of the
structure under orthogonal polarizations to contain two or
more amplitude-coincident wavelengths with different phase
shifts.

3. Magnetic metamaterials as HWP in concentric-
ring grating patterns

Next, the magnetic metamaterial structures in concentric-ring
grating patterns are fabricated and characterized, where these
patterns are equivalent to the transformation of linear grating
patterns from Cartesian coordinate to cylindrical coordinate,
i.e. the pitch period between the center points in two adjacent
rings is 300 nm and the bottom width of each ring is 140 nm
on the Ag–SiO2–Ag multilayer with each layer 55 nm thick.
We assume such structure will function as the azimuthally
rotated HWPs, and this assumption will be verified by
studying both the phase and polarization manipulability from
this structure.

Starting from phase manipulation, under circular polar-
ized beam incidence, such structure is expected to act as a
spin-to-orbital converter. When a circularly polarized incident
beam normally transmits through the sample, the output beam
will contain the converted spin component with the opposite
CP. According to the PBOE principle, the transmission phase
shift difference of the converted spin component between two
tilted optical elements equals to twice of their orientation
angle [19]. In our concentric-ring grating patterns, a full 2π
rotation angle of the magnetic metamaterial HWPs along the

azimuthal circle is used so that the phase shift difference of
the converted spin component around the center will be 4π.
Therefore, an optical vortex beam with topological charge of
+2 or −2 is expected in the converted spin component for
right-handed or left-handed circularly polarized incident
beam, respectively. Figure 4(a) shows the fabricated magnetic
metamaterial structures in concentric-ring grating patterns.
The sample is divided into four sections during the fabrication
so that the section boundaries due to slight stitching mismatch
are shown in the SEM image. The consequence of the
stitching error will be discussed later in this paper. The
interferometry experiment is performed to characterize the
generated optical vortex from the sample. The input circularly
polarized beam from a HeNe laser at 633 nm is focused
through the sample by an objective lens at normal incidence.
The converted spin component in the transmitted beam is then
interfered with the spherical reference beam under the same
polarization to form an interference pattern captured by a
CCD camera. Figures 4(b) and (c) display the intensity profile
of the generated optical vortex and the corresponding inter-
ferometry pattern under incident right-handed CP. The
intensity profile gives a donut shape around the phase sin-
gularity at the beam center. The interferometry image exhibits
a double-spiral pattern following counter-clockwise helical
orientation, showing the creation of an optical vortex with
topological charge of +2 (which shows some trend of split-
ting, and we will explain this in the next section). Figures 5(a)
and (b) display the numerically simulated intensity distribu-
tion and phase profile of the converted optical vortex trans-
mitted through the 3D concentric-ring grating patterns
(containing 7 rings) under incident right-handed CP. The
phase variation from 0 to 4π indicates that the optical vortex
with orbital angular momentum of +2 is generated, which
agrees with our theory and experiment.

Furthermore, we study the polarization manipulation of
the concentric-ring grating patterned magnetic metamaterial
structure by transmitting it with a vertically linear polarized
beam. In general HWP is capable to rotate the polarization of
the incident linear polarized beam for an angle twice as the
angle between the incident LP direction and the fast-axis
orientation of the HWP, while maintaining its phase. There-
fore, for the circumstance of vertically linear polarized beam
transmitting the assumed azimuthal HWPs, the output beam is
expected to have a spatially inhomogeneous LP profile, in
which the rotated polarization angle will be 4π along the
azimuthal circle, i.e. a vector beam, with polarization topo-
logical charge 2. Figure 5(c) displays the simulated intensity
and polarization distributions of the produced vector beam
under incident vertical LP, giving the spatially inhomoge-
neous LP distribution as expected. Figures 6 and 7 show the
measured transmitted images of output vector beams under
incident vertical and horizontal LPs, respectively, by placing
a rotating LP analyzer before the CCD camera. The beam
transmission patterns always exhibit four bright outer lobes
rotating together with the analyzer, where the rotation speed
of the lobes is half as the rotation speed of the linear analyzer.
For instance, as shown in figure 6 while the linear analyzer
rotates from 0° to 90°, the bright lobes rotate from +/−45°
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directions to vertical and horizontal directions, respectively.
The lobe-patterns between the incident vertically and hor-
izontally LP cases are in a 90° rotation, which is as expected
from their geometrical rotation symmetry. Such phenomenon
demonstrates an excellent linearly polarized light locally at
the lobes, in which the polarization distribution is as predicted
in the simulation result of figure 5(c).

4. Further discussion

We made the assumption previously that the concentric-ring
grating magnetic metamaterials behave as azimuthal HWPs,
based on which we predict the polarization and phase
manipulations from this structure with almost satisfactory
experimental demonstration. However, not all features on the
experiment results shown above are perfectly fitting with this

Figure 4. (a) The top view SEM image of the fabricated magnetic metamaterial structures in concentric-ring grating patterns. (b), (c) The
captured images of the intensity profile and interferometry pattern of the generated optical vortex at 633 nm, respectively.

Figure 5. (a), (b) The simulated near-field intensity distribution and phase profile of the generated optical vortex in the transmitted beam
under incident right-handed circular polarization. (c) The simulated near-field intensity (color map) and polarization (arrow) distributions of
the transmitted vortex beam under incident vertical linear polarization.

Figure 6. The measured beam transmission images after passing through a rotating polarization analyzer under incident vertical linear
polarization. The white arrows represent the analyzer orientation angle from 0° to 150° with a rotation step of 30°.
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expectation. Mostly obvious from the polarization analysis
shown in figures 6 and 7, it is observed that the center area of
the transmitted beam, instead of being a dark spot repre-
senting the polarization singularity, is actually linearly
polarized at the same direction of the incident beam. This
observation indicates that the inner rings of the concentric-
ring grating pattern fails to act as perfect azimuthal HWPs as
the outer rings do. Indeed, the outer rings have a comparably
large radius, where the fabrication errors have negligible
impact; while the inner rings have small radius where the
fabrication errors become significant. The fabrication errors in
our samples, especially for the stitching mismatch between
adjacent fabrication sections as shown in figure 4(a), has
substantially affects the comprehensive light manipulation not
only for polarization, but for phase, i.e. vortex generation as
well. As shown in figures 4(b) and (c), not only has the
generated vortex exhibited an asymmetric intensity profile,
the interference pattern also exhibit the trend of vortex
splitting. Instead of observing perfect double-spirals in the
interference pattern, in figure 4(c) it shows a trend of two
single fork-like spirals, indicating two split charge-one vor-
tices. This phenomenon has been studied by previous litera-
tures that the structural defect in the sample will induce higher
order vortex to split into multiple fundamental charge-one
vortices and make an asymmetric profile of the transmitted
beam [48, 49].

This inefficiency of light manipulation induced by the
structural defect can be much improved by using a more
advanced fabrication tool that can read large pattern in fine
resolution without the need to section the whole pattern.
However, physically, the failure of equivalence between the
center part of the magnetic metamaterial concentric-ring
grating patterns and azimuthal HWPs is inevitable. The
equivalent HWP is an ‘effective medium’ treatment for the
macroscopic optical property of the magnetic metamaterials
with at least several unitcells. For the inner rings where their
curvature is large and the whole ring is subwavelength, they
cannot be viewed as effective linear HWPs anymore. The

center part of the concentric-ring patterns will always remain
a structural defect even by a perfect fabrication.

Lastly, we discuss the potential possibilities to improve
the performance of the magnetic metamaterial HWP. The
magnetic metamaterials here is based on Ag–SiO2–Ag cavity,
which suffers from large losses from reflection and absorption
of the metal layers. The energy efficiency will be low even if
they are perfectly fabricated. To address this difficulty, except
for using dense dielectrics as discussed previously, we noted
that some earlier researches indicate that ferrite based
magnetic material can support simultaneous magnetic and
electric responsibility at low frequency regime [50, 51]. Such
structures excel at both low loss due to impedance matching
and thin thickness at longitudinal direction, which can be an
excellent candidate to achieve HWP functionality. It is also
noteworthy that some lanthanide materials exhibit magnetic
dipole transition in optical frequencies, which support optical
magnetism [52]. Is it possible to use the intrinsic optical
magnetic materials to realize HWP functionality at sub-
wavelength scale with low loss and thin thickness? This will
be an interesting topic to be explored in the future work.

5. Conclusion

In summary, we have designed and demonstrated the magn-
etic metamaterial HWPs operating at visible wavelength with
a high polarization conversion purity of 80% and a deep
subwavelength thickness. The concentric-ring grating patterns
of HWP elements are designed as unique integrated beam
converters to produce structured light, including charge-two
optical vortices under incident CP and vector beams with
rotated polarization topological structures of charge two under
incident LP. Our proposed magnetic metamaterial HWP
structures greatly improve the polarization conversion purity
of transmission-type plasmonic PBOEs, which will contribute
as excellent building blocks for realizing ultra-compact
metamaterial devices used in structured beam manipulation,

Figure 7. The measured beam transmission images after passing through a rotating polarization analyzer under incident horizontal linear
polarization.
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complex phase and polarization engineering, optical trapping,
and on-chip optical communications.
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