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ABSTRACT: Metalens is one kind of two-dimensional ultrathin lenses
with subwavelength artificial structures that can focus light in a
compact, flexible way. However, most strategies for designing
metalenses only work on one specific spin state of light (i.e., either
right- or left-circularly polarized light), hindering simultaneous control
of both spins. Utilizing both the Pancharatnam-Berry phase and the
propagation phase, we can rationally control the phase for each spin
state of light. As proof-of-concept demonstrations, here we numerically
and experimentally realize the independent focusing and manipulation
of both spins of light by V-antenna metasurfaces, which can be regarded
as the demonstration of the photonic spin Hall effect. Our
multidimensional metalens is able to focus light of different spins at
designated positions along both transverse and longitudinal directions.
It can be used as a polarization analyzer to distinguish the polarization
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state of incident light. In addition, our multifunctional metalens can act either as a convex lens or an axicon, depending on the spin of
light. The demonstrated multidimensional and multifunctional metalens has versatile potentials in spin-dependent nanophotonics,
ranging from optical imaging and micro/nano-object manipulation to optical sensing.

KEYWORDS: metasurface, multifunctional lens, photonic spin Hall effect, propagation phase, Pancharatnam-Berry phase

etasurfaces, one emerging platform that allows us to

flexibly manipulate light at nanoscales,”” are composed
of arrays of subwavelength meta-atoms to interact with
incident light in a prescribed manner. Various optical
functional components can be realized by suitably designed
metasurfaces, including information encoders,’ spin selective
holograms,["5 vortex beam generators,é’7 convex lenses,® "
axicons,'>'® and polarization-selective devices,"*"> which have
advantages of substantial reduction in thickness, size, and
complexity compared with the traditional counterparts.
Metalenses can focus incident light via judicious arrangement
of meta-atoms on a flat surface for wavefront shaping like a
conventional lens. In contrast to the phase engineering
mechanism of a conventional lens, that is, accumulating
phase by varying the spatial profile of the refractive index,
material thickness, or surface curvature, metalenses may
modulate the phase together with the amplitude and
polarization of light by the subwavelength meta-atoms.'®
Compared with conventional bulky lenses, compact metalenses
show potential for integrated nano-optical applications." For
instance, achromatic metalenses have recently been demon-
strated in the visible range, while their small size may limit
their applications.”'”'® Researchers have also reported
longitudinal multifocal metalenses.'””° Simultaneous focusing
for two beams of different wavelengths was realized by one
metalens or multilayer noninteracting metalenses.”'~*’ Inter-
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estingly, metalenses with the polarization-selective function
could split cross-polarization components of a linearly
polarized light and focus them at different positions.'®"> All
these works indicate that metalenses exhibit some unique
properties compared with conventional lenses.

Metalenses with circular-polarization sensitivity have at-
tracted wide attention because of the manifestation of the so-
called photonic spin Hall effect (PSHE) involved in such
specific devices.”">**~** PSHE refers to the phenomenon that
light is split into separate trajectories for different spin states,
that is, left-circularly polarized (LCP) and right-circularly
polarized (RCP) light.ls’m’zg’g’0 Metasurfaces can exhibit
distinct PSHE by utilizing the Pancharatnam-Berry (PB)
phase. They can spatially split LCP and RCP states of light
with anomalous reflection or refraction angles. However, the
different reflection/refraction angles generated by the PB phase
hinder metalenses to realize simultaneous focusing of different
spin states. For example, the hyperbolic phase designed for a
convex metalens is valid for only one spin state of light, but not
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the other. Therefore, such a metalens has a real focus for LCP
(or RCP) light and a virtual focus for RCP (or LCP) light. In
other words, it acts as a convex lens for LCP (or RCP) light,
but a concave lens for RCP (or LCP) light.g’34 To circumvent
this limitation, recently, an integration method of optical
metalens and conventional convex lens has been proposed,
leading to PSHE-based focusing for both spin states of
light.3 3% However, the overall size of such a combined lens is
large and not suitable for device integration. So far, it still
remains challenging to realize a highly miniaturized, PSHE-
based focusing lens for arbitrary optical spins by an ultrathin
metasurface.

Recent progress in metasurfaces opens up a new route to
simultaneously control LCP and RCP light with independent
modulation of propagation and PB phases.”>*™* It is well-
known that the propagation phase is related to the geometric
parameters of meta-atoms and is spin-independent, while the
PB phase is related to the rotation angles of meta-atoms and
imparts opposite phases to LCP and RCP light. Taking
advantage of these properties, we could convert arbitrary spin
angular momentum into orbital angular momentum.”> More-
over, chiral metasurface holograms characterized by fully
independent far fields of LCP or RCP light were reported.”” In
this paper, we develop a design method to realize multidimen-
sional and multifunctional PSHE-based metalenses for light
with arbitrary optical spin states, which have not been
demonstrated numerically or experimentally. Here, multi-
dimensional manipulation means that the metalens can
separately focus light of different spins either along the
longitudinal or the transverse direction, while multifunctional
manipulation means that the metalens can simultaneously
function as a convex lens and an axicon, depending on the
spins of light. Such novel metalenses are expected to have
many important applications, including but not limited to
polarimetric imaging, micro/nano-object manipulation, and
optical sensors.

B METHOD AND RESULTS

Figure 1 shows a schematic diagram of the proposed metalens.
For LCP light, the metalens efficiently converts its spin state to
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Figure 1. (a) Schematic of the metalens for the LCP incident light.
(b) Schematic of the metalens for the RCP incident light. (C)
Relationship between propagation, PB, and combined phases.

RCP light and focuses it at location x > 0 as shown in Figure
la. In contrast, RCP incident light will be efficiently converted
to LCP light and focused at the location x < 0 (Figure 1b).
Figure 1c presents that the metalens has a combined phase that
is a summation of propagation and PB phases. By synthetic
modulation of the two phases, independent controls for LCP
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and RCP light can be achieved, which lead to the transversely
focused beams along the x direction. Note that the designed
metalens is a cylindrical lens (i.e., focusing the incident light
into a line along the y-axis, rather than a point focusing),
because the meta-atoms are periodically arranged along the y
direction for simplification in nanofabrication.

The meta-atom used in our metalens design is a V-shaped
aperture etched through a 40 nm thick silver film, as illustrated
in Figure 2a. It has an opening angle 60°, arm width b = 100
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Figure 2. (a) Parameters of the V-shaped apertures. (b) Propagation
phase and amplitude (normalized to the incident electric field of 1 V/
m) of V-shaped apertures with length a varying from 270 to 460 nm.
(c) Phase requirement for the designed PSHE-based metalens. (d)
SEM image of the fabricated metalens. Scale bar 3 ym. (e) Schematic
of the optical setup for measurement.

nm, and a varying arm length a. The meta-atoms are arranged
with a periodicity p = 500 nm to construct the metalens. Note
that the PB phase imposes an external phase on circularly
polarized light given by ¢ cp/rcp = 206, where 6 is the rotation
angle of meta-atoms and ¢ = +1 for LCP and RCP incident
light, respectively.”* That is to say, PB phase can ensure a
phase modulation from 0° to +360° as the rotation angle
varies from 0° to 180°. On the other hand, a full modulation of
the propagation phase from 0° to 360° is also preferred in
order to realize the complete and independent phase control
for LCP and RCP light. Figure 2b shows the numerically
calculated propagation phase and transmit amplitude of light at
the wavelength of 1064 nm with arm length a varying from 270
to 460 nm for two meta-atoms: VO (6 = 0°) corresponds to the
case that the opening of V points to the right, while V90 (0 =
90°) corresponds to the case that the opening of V points
upward. In the simulation, the incident light is circularly
polarized, and the phase and amplitude are probed for the
transmitted light with the opposite spin state. Note that the
propagation phase and amplitude for one specific meta-atom
are independent of the optical spin of the incident beam. The
numerical simulation results show that the V-shaped apertures
can lead to full modulation of the propagation phase, since VO
covers propagation phase ranging from 0° to 180°, while V90
covers from 180° to 360°. Equally importantly, the amplitude
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Figure 3. (a—c) Measured intensity distribution of PSHE-based metalens for LCP, RCP, and LP incidences, respectively. (d—f) Simulated optical
images for LCP, RCP, and LP incidences, respectively. (g—i) Transverse intensity distribution in the focal plane for LCP, RCP, and LP incidences,

respectively. (a)—(f) are plotted in the logarithmic scale.

of transmission can maintain on a same level around 0.4 for VO
or V90 antennas with varying lengths.

As a proof-of-concept demonstration of the PSHE-based
focusing phenomenon, we have designed a cylindrical metalens
that requires different hyperbolic phase profiles for LCP and
RCP light given by’

P = (= a1 )
trer® = ([ AP+ - ) o

Here, f is the designed focal length of the cylindrical metalens,
A is the wavelength in free space (1064 nm for this work), Ax
is the transverse offset of the focal line from the center (x = 0).
In our specific design, we consider the focal length f = 50 ym
and transverse offset Ax = 6 ym. The phase distributions along
the x direction can be obtained from eqs 1 and 2, which are
plotted in Figure 2c.

We use propagating phase (¢"™) and PB phase (¢"°) to
achieve the required phase profile. Considering that

rer(®) + dicp()

(1)

Ppep(x) = (3)
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Prep(®) = If(r:(;)(x) + ¢lf(l?P(x) (4)
and reminding that
Lo (%) = pon(x) = $T°(x) (5)
Plon(x) = —hpop(x) = 20(x) (6)
we can get
Pros N _ @1 cp(%) + Ppep(x)
_ PLep(®) = Pep(®)
0(x) = 3 (®)

Equations 7 and 8 are the design requirements for the
transverse phase of the PSHE-based metalens, which can be
readily retrieved from the phase profiles shown in Figure 2c.
Therefore, we can determine the arm lengths a(x), according
to Figure 2b, as well as the rotation angles 6(x) for all meta-
atoms at different positions. The designed metalens was
fabricated by the following steps. First, a chromium film with 2
nm in thickness was sputtered on a glass substrate to server as
the adhesion layer, followed by the deposition of a 40 nm-thick
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silver film. Then, the 40 nm thick silver film was etched by a
focus ion beam system (FEI, FIB 200) with an ion current of
35 pA and voltage of 30 kV. The scanning electron micrograph
of the fabricated sample is shown in Figure 2d. The entire
metalens has an area of 50 X 45 um?

We have experimentally characterized the performance of
the PSHE-based cylindrical metalens by the setup schemati-
cally presented in Figure 2e. The sample is mounted on a
motorized positioning system. A collimated laser beam at the
wavelength of 1064 nm is incident on the backside of the
sample. A half-wave plate (HWP) is used to adjust linear
polarization of the incident beam. The orthogonal circular-
polarization states, between the incident beam impinging onto
the sample and the transmitted light collected by a 50x (NA
0.75) objective for camera imaging, are guaranteed by rotating
two quarter-wave plates (QWP1 and QWP2) synchronously.
The polarizer before the camera ensures that the linear
polarization of the light collected by the camera is
perpendicular to that of the incident beam.

Figure 3a—c shows the measured optical microscopy images
for three polarization states of incident light, corresponding to
LCP, RCP, and linear polarization (LP), respectively. As
shown in Figure 3a, for the LCP beam, we observe a single
focal spot along the z axis that is parallel to the incident path.
Both the measured focal length f = 50 ym and transverse offset
x = +6 pm agree well with the designed parameters. Figure 3b
shows the measured focusing image for RCP incidence. We
can also observe a single focal spot with the same focal length
of f = 50 ym but an opposite transverse offset of x = —6 ym,
nicely matching our original design. It is well-known that LP
light can be regarded as a superposition of LCP and RCP light.
Therefore, the focusing image for LP in Figure 3¢ has two focal
spots with the identical focal length of f = 50 ym, but opposite
transverse offsets at x = +6 um simultaneously. The split
focusing behavior for beams with different spins manifests the
significant PSHE from our metalens. To provide a better
understanding of the PSHE-based metalens, we have
performed numerical simulations by the finite-difference
time-domain method. The results are shown in Figure 3d—f.
It is clear that simulation results in Figure 3d—f agree quite
well with the measured optical images in Figure 3a—c,
respectively. The differences between measurement and
simulation are mainly due to the imperfect sample fabrication.
In addition, we compare the measured and simulated intensity
distribution along the x axis in focal plane z = 50 ym for LCP,
RCP, and LP incidence, as shown in Figures 3g—i, respectively.
From Figure 3g, the full-width at half-maximum (FWHM) of
the focal point for LCP is 1.08 ym in experiment and is 1.13
pm in simulation. These results are in good agreement with the
theoretical values considering the numerical aperture
(NA = \/rZYTfZ = 0485, r is the width of metalens) of the
metalens. For RCP light in Figure 3h, the FWHM is 1.2 ym in
measurement and 1.1 gm in simulation. As for the LP incident
light in Figure 3i, both the left and right focal points exhibit an
FWHM of 096 pm in measurement and 1.14 uym in
simulation.

From simulations, our multidimensional metalens (and
other devices shown in the following) can work well from
1000 to 1100 nm (Supporting Information, Figure S1), with a
transmission efficiency of 16% in simulation and 10% at the
wavelength of 1064 nm in experiment (Supporting Informa-
tion, Figure S2). The relatively low efficiency is mainly due to
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the Ohmic loss of the metallic structures used in the current
design. The efficiency could be further improved by optimizing
the geometries, using multilayered metallic antennas or
employing dielectric structures.

Since our PSHE-based metalens is sensitive to the
polarization of incident light, it can be used as a polarization
analyzer’” based on the fact that all polarizations of light can be
regarded as the superposition of LCP and RCP light. The
properties of our PSHE-based metalens with the identical
position of focal plane and concentrated light for each spin
state of incident light are beneficial for implementing highly
compact polarization analyzers. In our experiment, we can
achieve arbitrary polarization of incident light by rotating
QWP1 in front of the laser. Then the energy of light of
arbitrzzigy polarization can be decomposed into two compo-
nents

P(a) = cos*(a)P, + sin’(a)P; 9)

where a is the rotation angle of QWP1 that determines the
polarization state of incident light. The first term in eq 9
represents the intensity of the LCP component of the incident
light that will be focused at the position x = +6 ym in the focal
plane. Similarly, the second term represents the intensity of the
RCP component of the incident light that will be focused at
the position ¥ = —6 um. Accordingly, we can find out @ by
comparing the measured maximum intensities on positions x =
+6 ym and —6 pm in the focal plane, and thus, the metalens
can distinguish any polarization state of the incident light.
Figure 4a shows intensity mapping in the focal plane for five
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Figure 4. (a) Optical images in the focal plane of PSHE-based
metalens for incident light with different polarizations. From panel i to
panel v, the rotation angle of QWP1 is 0°, 30°, 45°, 60°, and 90°,
labeled as LCP, EP1, LP, EP2, and RCP, respectively. The intensity is
plotted in logarithmic scale. (b) Intensity difference ratio between two
focusing lines versus rotation angle of QWPI, corresponding to the
ellipticity of incident light.

polarization states of incident light. Clearly, the focusing
intensity at position x = +6 um (T cp) decreases, while
another focusing intensity at x = —6 ym (Trep) increases as
the incident polarization changes by rotating a from 0°, 30°,
45°, 60° to 90°, labeled as LCP, EP1, LP, EP2, and RCP,
respectively. The measured intensity difference ratio AT% =
(Trep — Trep)/(Ticp + Trep), corresponding to the ellipticity
of incident light, is plotted in Figure 4b (red circles). It shows
very good agreement with the theoretical curve (blue line)
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calculated by eq 9, confirming that our PSHE-based metalens
can be used as an ultrathin polarization analyzer.

In addition to the transverse focusing, a longitudinally split
bifocus metalens is also designed according to eqs 7 and 8,
demonstrating that our method can realize multidimensional
focusing manipulation. In the design, we set Ax = 0 ym, f;cp =
50 pm and frcp = 35 ym in eqs 1 and 2. Hence, the LCP and
RCP light at the wavelength of 1064 nm will show different
focal lengths after transmitting through the PSHE-based
metalens. The SEM image of this metalens is presented in
Figure Sa. As shown in Figure Sb, the transmitted light for LCP
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Figure S. (a) SEM image of the longitudinally split bifocus metalens.
Scale bar 3 um. (b) Measured intensity distribution versus z position
at ¥ = 0 um. (c—e) Measured intensity distribution of the
multidimensional metalens for LCP, RCP, and LP incidences,
respectively. The intensity is plotted in logarithmic scale.

incidence is experimentally focused at position z = 49 ym. For
RCP incidence, a focal point located at position z = 36 ym is
experimentally found in Figure Sc. In addition, for LP, the
transmitted light exhibits focusing positions of both (Figure
5d). We plot the longitudinal intensity distribution for x = 0
um for LCP, RCP, and LP in Figure Se for a better
comparison. The results show that the developed method
can be used to realize transverse, as well as longitudinal, spin-
sensitive focusing, so-called multidimensional manipulation by
our PSHE-based metalens.

Finally, to achieve multifunctional manipulation of light by
the PSHE-based metalens, we experimentally demonstrate a
metalens working as an axicons for LCP light but a convex lens
for RCP. In contrast to the multidimensional metalens
demonstrated earlier as a cylindrical lens (ie., only one-
dimensional phase gradient modulation along the x axis but
not along the y axis), the multifunctional metalens is designed
to be of two-dimensional phase gradient modulation, so that
we can expect a better Bessel-beam demonstration of axicons.
The SEM image of fabricated multifunctional PSHE-based
metalens is presented in Figure 6a, with a metasurface size of
14 X 14 um® The designed function of convex lens for RCP
light is set to have a focal length of fycp = 30 pm, while the
axicons designed for LCP light is to %enerate the Bessel beam
with the phase distribution given by'
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Figure 6. (a) SEM image of the multifunctional PSHE-based
multifunctional metalens. Scale bar 2 ym. (b—d) Optical images of
measured intensity in the x—z plane (y = 0 ym) for LCP, RCP, and
LP incidences, respectively. (e—g) Optical images of measured
intensity in the x—y plane (z = 8 um) for LCP, RCP, and LP
incidences, respectively. (h—j) Optical images of measured intensity
in the x—y plane (z = 30 um) for LCP, RCP, and LP incidences,
respectively. (b)—(j) are plotted in logarithmic scale.

where the NA of designed axicons is set to be 0.5. Figure 6b—;j
depicts the measured results for the multifunctional metalens.
Obviously, the function of axicons is realized for LCP
incidence, producing a nondiffracting Bessel beam from z =
3 to 12 um, as shown in Figure 6b. The measured xy-plane
intensity at position z = 8 pm (Figure 6e) matches the
intensity profile of a zero-order Bessel beam and there is no
obvious intensity distribution at position z = 30 um (Figure
6h). For the RCP incidence, we can experimentally observe a
focal point at z = 25 um as demonstrated in Figure 6¢c. The
difference between the measured focal point and the expected
one is caused by the fabrication imperfection and small size of
our multifunctional metalens. From Figure 6f, we can see that
no Bessel beam exists at position z = 8 ym for RCP incidence.
However, in the focal plane z = 30 ym for RCP incidence, a
single bright point is observed, as shown in Figure 6i, which
proves its function as a convex lens rather than an axicons.
Moreover, we have measured intensities for LP incidences as
plotted in Figure 6d, g, and j. The light intensity in the plane z
= 8 um (Figure 6g) shows Bessel-like beam shape and a focus
point is observed at the position z = 30 um (Figure 6j).
However, the intensity distribution is somewhat irregular
because the interference of the focal point for RCP from the
Bessel beam for LCP, due to the overlap of two beams. We
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have performed numerical simulations on the multifunctional
metalens (see section 3 in the Supporting Information). The
simulation results are in good agreement with the experimental
results presented in Figure 6.

B CONCLUSION

In conclusion, we have developed a method to realize PSHE-
based metalenses with multidimensional and multifunctional
manipulation capabilities. First, we propose a PSHE-based
metalens with different transverse split focal lines for LCP and
RCP light. This metalens can work as an ultrathin polarization
analyzer, allowing us to distinguish the polarization states of
incident light by monitoring the transverse intensity difference
in the focal plane. Second, using the same method we also
design a metalens with different longitudinal focal lines for
LCP and RCP light. Third, we demonstrate a multifunctional
metalens acting as an axicon for LCP light and meanwhile a
convex lens for RCP light. The three distinct metalenses
confirm that our method is able to realize novel PSHE-based
metalens with multifunctional and multidimensional light
manipulation. It is worth noticing that the method developed
here is suitable for one-dimensional or two-dimensional planar
metalens, not only for metallic but also for dielectric
metalens.”>”?%** We believe that our approach provides a
flexible way to design other spin-dependent meta-devices for a
variety of potential applications, including polarimetric
imaging, optical manipulation, holograms, and sensing.
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