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ABSTRACT: The spin and orbital angular momentum (SAM and
OAM) of light is providing a new gateway toward high capacity and
robust optical communications. While the generation of light with
angular momentum is well studied in linear optics, its further
integration into nonlinear optical devices will open new avenues for
increasing the capacity of optical communications through additional
information channels at new frequencies. However, it has been
challenging to manipulate the both SAM and OAM of nonlinear
signals in harmonic generation processes with conventional nonlinear
materials. Here, we report the generation of spin-controlled OAM of
light in harmonic generations by using ultrathin photonic
metasurfaces. The spin manipulation of OAM mode of harmonic waves is experimentally verified by using second harmonic
generation (SHG) from gold meta-atom with 3-fold rotational symmetry. By introducing nonlinear phase singularity into the
metasurface devices, we successfully generate and measure the topological charges of spin-controlled OAM mode of SHG
through an on-chip metasurface interferometer. The nonlinear photonic metasurface proposed in this work not only opens new
avenues for manipulating the OAM of nonlinear optical signals but also benefits the understanding of the nonlinear spin−orbit
interaction of light in nanoscale devices.

KEYWORDS: Metasurface, plasmonics, spin angular momentum, orbital angular momentum, second harmonic generation,
optical vortex

The angular momentum of light has two freedoms, that is,
spin and orbital (SAM and OAM). SAM of light is

associated with circular polarizations; in comparison, light with
OAM has a helical phase front characterized by exp(ilφ), where
l and φ are the topological charge and azimuthal angle,
respectively.1,2 The unbounded topological charge of OAM
provides infinite freedom for encoding light information. The
combination of SAM and OAM of light promises great
potentials for both classical and quantum communications.2−7

Conventional optical components such as q-plates and spatial
light modulators have been extensively used to couple SAM
with OAM together.8,9 However, the diffraction effects of
conventional devices inevitably limit the on-chip integration of

optical functionalities, which are important for ultrahigh
capacity information processing. The fast development of
photonic metamaterials10−13 and metasurfaces14−32 offers new
solutions to circumvent these constraints. Light-matter
interactions can be manipulated by using subwavelength
meta-atoms thereby enabling the realization of various
extraordinary optical functions. While the fabrication of the
three-dimensional metamaterial operating in optical regime is
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difficult, the advent of two-dimensional metasurfaces greatly
eases this challenge.14−32 In linear optics, photonic meta-
surfaces, consisting of Pancharatnam−Berry (P-B) phase
elements,30−35 have been employed in numerous studies to
realize flat-lens imaging,19,30 optical spin Hall effect,20,21 high
efficiency holography,27,28 and so on. Recently, the optical spin-
controlled metasurfaces have received considerable interest
since they have intrinsic advantages to simultaneously control
the SAM and OAM of light.21,23,24,31,32,35 Importantly, by
simply changing the in-plane orientation angle of the spin-
active meta-atom, the scattered light from each meta-atom
experiences a phase twice its orientation angle, proving a full
phase range from zero to 2π. Moreover, the pixel size of
metasurface is at the subwavelength scale, thus eliminating the
higher order diffraction that is undesirable in many applications.
Both the subwavelength pixel size and the capability of
continuous phase manipulation endow the spin-controlled
metasurface with many advantages superior to that of
conventional diffractive optical elements.20,27,28,30−32

In nonlinear optics, there have been growing interests in
manipulating both SAM36−41 and OAM42−46 of light. One
strategy is to use plasmonic metasurfaces where circularly
polarized harmonic generations follow similar selection rules as
those in optical crystals.37,38 For instance, when illuminated by
circularly polarized fundamental waves (FW) along the
rotational axis, a meta-atom with m-fold rotational symmetry
only allows harmonic generation orders of n = jm ± 1, where j
is an arbitrary integer and the ± sign corresponds to harmonic
generations with the same and opposite spins as the FW,
respectively. Later, it was verified that the nonlinear polar-
izabilities of the meta-atom can be expressed as pθ,σ,σ

nω ∝e(n−1)iσθ
and pθ,−σ,σ

nω ∝ e(n+1)iσθfor harmonic generations. Here, σ = ±1
represents the same and opposite spins as those of the FW,
respectively; θ is the in-plane orientation angle of the meta-
atom.39 Similar to the definition of a geometric P-B phase
element in the linear optics, the phase factors: (n − 1)σθ and (n
+ 1)σθ for harmonic generations can be defined as the
nonlinear P-B phase, which depends only on the orientation
angle of the meta-atoms. Therefore, third harmonic generation
(THG) from plasmonic meta-atoms with 4-fold rotational
symmetry has an opposite SAM as compared to that of FW and
experiences a phase factor of 4σθ.39 In comparison, the meta-
atom with one-fold rotational symmetry, such as split ring
resonator, has two different nonlinear P-B phases (σθ and 3σθ)
for the second harmonic generation (SHG) with different SAM
states.40,41

On the other hand, two methods for generating OAM for
harmonic signals are commonly used in nonlinear optical
processes. The first one makes use of the conservation principle
of angular momentum, where the high-harmonic wave inherits
the OAM from the FW. For instance, the FW has a topological
charge of l0 gives rise to an OAM of nl0 for the nth harmonic
generations.42 However, this method cannot be applied to high
harmonic generations in gas medium, where the conservation
law of OAM fails.43 The second approach to generate OAM
mode for high harmonic generations directly introduces phase
singularity with topological charge of q into the nonlinear
media. For example, the electric poling technique was used to
realize Fork-type binary phase modulation (0 and π) in
nonlinear crystals for the SHG process.44 In this case, the SHG
wave has a topological charge l of OAM equal to 2l0 + q.
However, the pitch size of phase pattern in the poled crystal is
usually at the scale of tens of microns, which is much larger

than the wavelength of SHG wave, and therefore inevitably
introduces multiple diffraction orders of SHG. Alternatively,
OAM of SHG and THG waves be generated via an ultrathin
Fork-type microstructure.45 More recently, OAM mode of
SHG was also successfully realized on a Fork-type metasurface
consisting of U-shaped meta-atoms with subwavelength pixel
size and binary phase modulation.46 However, this kind of
meta-atom does not have high order rotational symmetry (m ≥
3), which is difficult to allow the manipulation of SAM state of
SHG wave.
To the best of our knowledge, all the previous works on

angular momentum of light in nonlinear optics deal with either
SAM or that of OAM.42−46 None of them provide a systematic
study on how the SAM and OAM interact with each other in
the nonlinear process. Here, we propose a metasurface based
approach to simultaneously manipulate both SAM and OAM of
light in harmonic generations. The OAM information on
harmonic generations with various topological charges can be
encoded into the nonlinear photonic metasurface. The
orientation angle of the meta-atoms is defined by qθ(x, y),
where θ(x, y) = arctan(y/x); q is the topological charge of
metasurface; x and y are the coordinate axes.35 For a FW with a
SAM state of σ, the nth harmonic generations from the
nonlinear photonic metasurface acquire a SAM state of s = ±σ
and an OAM state of l = (n ∓ 1)σq owing to the nonlinear
spin−orbital interaction. Instead of using the binary phase
modulation, here we adopt a continuous control of nonlinearity
as it helps eliminate the issue of multiple diffraction orders for
the generated nonlinear signal. Although the continuous
control of nonlinearity phase can be realized by appropriately
designing the aspect ratio of gold nanoapertures47 or changing
the orientation angle of U-shaped meta-atom,40,41,48 the
magnitude of the nonlinear signal from individual nanoaperture
and U-shaped meta-atom is highly sensitive to the polarizations
of the FW. This problem limits the design of nonlinear optical
functionalities. In comparison, the amplitude of harmonic
generations from meta-atoms with high-order rotational
symmetries is robust to the FW with circular polarizations,
and only the nonlinear P-B phase varies with different
orientation angles. Therefore, the SAM states of both FW
and harmonic generations are maintained when they propagate
along the rotational axis of the metasurface.

Design of Nonlinear Metasurface. To realize simulta-
neous control of both SAM and OAM in harmonic generations,
here we study the SHG from nonlinear metasurface consisting
of gold meta-atom with 3-fold (C3) rotational symmetry
(Figure 1). From the selection rules of harmonic generations
with circularly polarized FW, only SHG with opposite SAM
state to that of FW is allowed and the nonlinear P-B phase of
each C3 meta-atom is 3σθ, where θ is the in-plane orientation
angle of the meta-atom.39,4950 Figure 2a−c shows the local
phase distributions of SHG for nonlinear C3 metasurfaces with
q = 1/3, 2/3, and 1. The states of spin and orbital angular
momenta of SHG from the C3 metasurface are s = −σ and l =
3σq, respectively. The topological charges of OAM associated
with of the circularly polarized SHG generated by these
metasurfaces should be equal to l = 1, 2, and 3 respectively. To
experimentally verify the above assumptions, three plasmonic
metasurfaces consisting of gold C3 meta-atoms are fabricated
on ITO coated glass substrate using standard electron beam
lithography technique (Figure 2d−f). The linear optical
properties of these three metasurfaces are characterized using
a Fourier transformation infrared spectrometer. We found that
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the measured transmission spectra agree well with calculated
results (Figure 2g,h). The resonant dips at the wavelength of λ
∼ 1060 nm in the transmission spectra correspond to localized
plasmonic resonance of each C3 meta-atom.

Nonlinear Optical Experiment. In Figure 2h, the spectral-
resolved SHG responses from the three metasurfaces (see
Supporting Information) are numerically calculated. The strong
field localization under plasmonic resonance conditions can be
utilized to boost the nonlinear optical efficiency, an effect
already demonstrated in previous research.37,39 It should be
noted that the SHG signals mainly come from the nonlinearity
of gold36,39,46,48 and 15 nm thick ITO layer mainly serves as a
conductive layer for electron beam lithography and its
contribution to SHG is negligible. The SHG from the C3
metasurface with q = 1/3 was characterized by using a
femtosecond laser with tunable wavelength output. The
circularly polarized fundamental wave (FW) is normally
incident onto the metasurfaces after passing through an
objective lens with NA = 0.1. The intensity of the SHG signals
with left- and right-circular polarizations (LCP and RCP) can
be measured by using a spectrometer with a photomultiplier
tube detector. For FW at wavelength of 1060, 1100, 1140, and
1180 nm, we measured the spectral response of SHG (see

Figure 1. Schematic of spin controlled generation of OAM of SHG by
using nonlinear photonic metasurface. The metasurface consists of C3
plasmonic meta-atoms with 3-fold symmetry. For an FW with two spin
states (LCP and RCP) normally incident onto the nonlinear photonic
metasurface with C3 symmetry, generation of SHG waves with
opposite handiness to that of FW are allowed. By encoding the phase
singularity into the metasurfaces, the SHG vortex beams with spin-
controlled topological charges are generated.

Figure 2. Design and optical properties of nonlinear photonic metasurface. (a−c), real space phase distribution of SHG from the nonlinear photonic
metasurface with various phase singularities Q = 1, 2, and 3. (d−f), scanning electron microscope images of gold plasmonic metasurface with q = 1/3,
2/3, and 1. The gold meta-atom with C3 symmetry is fabricated on ITO-coated glass by using electron beam lithography and metal lift off process.
The thickness of gold is 30 nm, scale bar: 600 nm. (g−i) Characterization of second harmonic generation from the nonlinear photonic metasurface.
(g) Measured transmission spectra of photonic metasurfaces with q = 1/3, 2/3, and 1, the transmission dips represent the plasmonic resonant
wavelengths. (h) Calculated SHG efficiency from the three kinds of metasurfaces for the circularly polarized FW. (i) Characteristics of SHG from
nonlinear metasurface with q = 1/3. At wavelength of 1100 nm, the spectra of SHG with both same (LCP−LCP) and opposite polarization states
(LCP−LCP) compared to that of the FW are measured. It can be found that the SHG_RCP signal is much stronger than SHG_ LCP.
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Supporting Information). The maximum efficiency of SHG
appears at fundamental wavelength of 1100 nm, which agrees
well with the calculation (Figure 2h). Figure 2h shows that
SHG signal with the same SAM state as that of the FW (LCP−
LCP) is much weaker than that with opposite SAM state
(LCP−RCP). Ideally, the LCP−LCP component should be
forbidden according to the selection rules of circularly polarized
harmonic generations.37,38 However, due to the sample
imperfection coming from the nanofabrication process, the
C3 meta-atoms do not have perfect rotational C3 symmetry
which is why we can observe the SHG for LCP−LCP
measurement scheme. For the LCP−RCP measurement, the
power dependence of SHG at wavelength of 550 nm has a
slope value of 2.03, which agrees well with the theoretical value
of 2.0 for SHG process (see Supporting Information). The
absolute SHG conversion efficiency at wavelength of 550 nm is
∼4.51 × 10−9.
Consequently, the far-field imaging of SHG radiations is

characterized at the fundamental wavelength of 1100 nm for all
the three metasurfaces. The SHG beams are collected by a
second objective lens with NA = 0.3 with its Fourier plane
imaged onto a charge coupled device camera after filtering out
the FW by using band-pass filters (see Supporting Informa-
tion). As shown in Figure 3, SHG beams with RCP SAM state
have donut shapes while the ones with LCP state have very low

intensity, which is close to the background noise. On the basis
of our theoretical predictions, the donut beams of SHG at far
field in Figure 3 are optical vortices with different topological
charges. To quantify the topological charges associated with the
OAM of SHG waves, the conventional method such as Mach−
Zehnder interferometry is usually used. This technique involves
both the spatial and temporal overlaps of optical signals from
two arms of an interferometer, which is usually challenging for
ultrafast laser beams. To circumvent this constraint, we
proposed a different approach and used the coaxis metasurface
interferometry. For linear polarized FW with both LCP and
RCP components, the topological charge of SHG vortex beams
radiated from the C3 nonlinear metasurfaces should be l and
−l, respectively. The SAM states of the SHG vortexes are RCP
and LCP, which are opposite to those of the FW. By choosing
the linear polarized components from the two SHG vortices,
we are able to observe the interference patterns of the two
counter-handed OAM modes with topological charge: ±l. The
interference pattern is expected to be the Hermite−Gaussian
(HG) mode of light with a petal number of 2l.9 In this way, one
can quantify the topological charge of the OAM mode of SHG
wave. As shown in third and fourth rows of Figure 3, the petal
number of the HG modes for the three nonlinear metasurfaces
equals to 2l = 2, 4, and 6. Thus, we can experimentally retrieve
the topological charge of the OAM of SHG vortices with l =
±σ, ±2σ, and ±3σ. We also performed numerical calculations
of the SHG radiations to verify our experimental observations.

Numerical Simulations of SHG on Metasurfaces.
Figure 4 shows the calculated results, in which the far field

Figure 3. Measurement intensity distributions of SHG from
metasurfaces with q = 1/3, 2/3, and 1. Under pumping of left
circularly polarized FW, the SHG radiation with RCP- and LCP-
components (first and second rows) are measured in the far field. For
the LCP(FW)−RCP(SHG) measurement, SHG vortex beams with
increasing radiuses are observed. In comparison, no obvious SHG
signals are found for LCP(FW)−LCP(SHG) measurement. The third
and fourth rows show the results for FW with horizontal polarization
(H), the SHG signals with horizontal (H) and vertical (V)
polarizations were recorded by using CCD camera. From the petal
numbers of SHG interference pattern, the absolute value of the
topological charge of SHG vortex can be identified.

Figure 4. Calculated intensity distributions of SHG from metasurfaces
with q = 1/3, 2/3, and 1. For FW with LCP state, the far field SHG
radiation with RCP- and LCP- components (first and second rows)
are plotted. In the first row, SHG vortex beams with increasing radius
are observed. In comparison, SHG signals with LCP state cannot be
obtained. For FW with horizontal polarization (H, α0 = 0°), far field
SHG signals with both H- (φ = 0°) and vertical (V, φ = 90°)
polarizations are also calculated (third and fourth rows). It can be
found that all the calculated results agree well with the experimental
results in Figure 3.
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radiation of the SHG from the metasurfaces for various
polarizations of FW are summarized. In the calculation, we
considered the SHG from 10 concentric rings in each of the
three metasurfaces. For each C3 meta-atom, SHG with RCP
and LCP states have relative nonlinear P-B phases of 3θ and
−3θ, respectively. By integrating the right- and left- circularly
polarized SHG in the far field, we observe donut beams with
increasing radiuses for q = 1/3, 2/3, 1 (Figure 4). For the
vertically polarized FW, the far field radiation pattern for
horizontally (H-) and vertically (V-) polarized SHG have petal
numbers of 6q. It can be found that the numerical simulations
agree well with experimental results. The polarization property
of the SHG wave can also be understood using the analytical
methods. Assuming the linear polarization of FW, which can be
decomposed to LCP and RCP states, |L⟩ and |R⟩, has an
orientation angle of αo with respect to x-axis, the electric field of
SHG with RCP and LCP states are given by |R⟩eo

−i2αei3qθ and |
L⟩eo

i2αe−i3qθ, where θ is the polar angle. Adding the two SAM
states of SHG waves together, the total electric field of SHG
from the metasurfaces is then described by a jones

matrix:
θ α
θ α∼ −

−
⎛
⎝⎜

⎞
⎠⎟E q

q
cos(3 2 )
sin(3 2 )

o

o
SHG . Then we know that the

SHG beam has a donut shape with vector polarization
distribution. As shown in third and fourth rows of Figure 4,
the vector polarization distribution of SHG wave can be
characterized using the linear analyzer with polarization angle of
φ (H/V: 0 and 90°). In addition, the vector distribution of
SHG vortex wave also depends on the topological charges of
the plasmonic metasurfaces (see Figure S4). Moreover, the in-
plane mode rotation of the HG beam can be arbitrarily
controlled by rotating the polarization angles of both FW and
SHG waves (see Supporting Information).
Conclusion. We have demonstrated a nonlinear metasur-

face for generating SHG signals carrying OAMs. Our work not
only opens new avenues for increasing the freedom of SAM−
OAM modes in harmonic generations by using geometric Berry
phase controlled nonlinear metasurfaces but also demonstrates
a new methodology to measure the SAM−OAM mode of
nonlinear optical signals through on-chip metasurface inter-
ferometry. For the first time, we can simultaneously control
both the spin and orbital angular momentum of light in
nonlinear optical processes. Our findings are expected to
benefit the understanding of physics behind the nonlinear
spin−orbit interaction of light on nanoscale devices. The low
SHG conversion efficiency from plasmonic metasurfaces could
be greatly improved by combining metasurface with the
semiconductor, conventional nonlinear optical crystals and so
on. For example, the SHG efficiency could be improved by
several orders by aligning the optical resonances of
metasurfaces with intersub-band transitions of quantum
wells.51 Mediated by the high sensitivity of the state-of-the-art
photodetectors, nonlinear photonic metasurfaces, as a comple-
mentary alternative to convention nonlinear optical crystals,
may find the wide range applications in optical switching or
frequency conversions.
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