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Continuous heralding control of vortex beams
using quantum metasurface
Hong Liang 1,3, Hammad Ahmed2,3, Wing Yim Tam1, Xianzhong Chen 2✉ & Jensen Li 1✉

Metasurfaces utilize engineered nanostructures to achieve control on all possible dimensions

of light, encouraging versatile applications, including beam steering, multifunctional lensing,

and multiplexed holograms. Towards the quantum optical regime for metasurfaces, although

significant efforts have been put into generating and analyzing specific quantum states,

control schemes to further manipulate these quantum states or information are still limited.

Here, based on a metasurface, we propose and experimentally demonstrate a continuous

heralding scheme to remotely control a vortex beam with high robustness to noise using

polarization-entangled photon pairs. Our metasurface entangles polarization and orbital

angular momentum (OAM) and the polarization selection on heralding photon erases the

which-OAM information on signal photon. It induces an interference of two different OAM

states remotely, manifesting a continuous orbital rotation. Our results show that meta-

surfaces have potential applications in quantum communication and information processing

in entangling information with increasing complexity in the content.
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Metasurfaces, with a thin layer of subwavelength struc-
tures, have the distinct capability to control wavefront
in high resolutions, thus enabling various applications

such as anomalous beam steering, multifunctional lensing, vortex
beam structuring, and multiplexed holograms generation1–6.
These demonstrations show that metasurfaces can manipulate
and hybridize nearly all degrees of freedom of light, including
amplitude, phase, polarization, diffraction order, and orbital
angular momentum (OAM). Specifically, structured beams with
tailor-made profiles of both OAM and polarizations can now be
generated using metasurfaces through spin–orbit interactions
(SOI)7–11. Various metasurfaces have been proposed for the
generation and manipulation of OAM beams. Examples include
varying OAM along the propagation direction, composite vortex
beams with multiple singularities, and asymmetric OAM dis-
tribution in multiple channels12–14. The generated beams, car-
rying different OAMs, have a great potential to enhance the
channel capacity in optical communication, leading to applica-
tions like OAM-encoded holograms15–19. Recently, there have
been tremendous efforts to extend the functionalities of meta-
surfaces into the quantum optical regime20–23. For example,
metasurfaces can be used to construct high-dimensional quantum
sources, manipulating and reconstructing quantum entangled
states24–26. Metasurfaces also enable exotic effects in optical
quantum interference, such as the control from destructive to
constructive quantum interference or the elimination of certain
states using quantum interference27,28. The multiple functional-
ities of metasurfaces induce quantum entanglements between
spin and OAM or spin and diffraction order of the incident
photons29,30. The tailor-made multichannel control of meta-
surfaces can further enhance the parallelism of quantum optical
operations. It adds extra layers in expressing the photon states
and thus can enrich the mechanisms for quantum imaging and
quantum communications31–35.

In this work, we propose and experimentally demonstrate a
continuous-heralding scheme in tuning the vortex beam gener-
ated from a metasurface with polarization-entangled photon
pairs. As we shall see, enabled by a geometric-phase metasurface
with tailor-made SOI to induce OAM interference and polariza-
tion entanglement between the photon pair (heralding and signal
photon), we can select the heralding polarization to control the
vortex structure of the signal photons remotely and continuously.
Our work shows that metasurface can also be applied in the
quantum optical regime for OAM control, including a nonlocal
control on photons’ vortex states utilizing the quantum state
manipulation empowered by metasurfaces. Once we have such an
ability, we can utilize metasurfaces for quantum encryption and
communication with enhanced degrees of freedom. Such control
may enable future developments of quantum communication
protocols. We believe that our approach using metasurface can
also be extended to more sophisticated vortex structures of the
signal photon and opens a new avenue for quantum commu-
nication with increased information capacity.

Results and discussion
Continuous-heralding scheme. The proposed continuous-
heralding scheme with a polarization-entangled photon pair
(signal and heralding photons) is shown in Fig. 1a. The signal
photon is sent to interact with the metasurface with SOI, while
the heralding photon is sent to a polarization analyzer. The
metasurface enables the entanglement between polarization and
the OAM of the signal photon. Together with the polarization
entanglement between the heralding and the signal photon, the
polarization of the heralding photon and the vortex structure of
the signal photon is entangled as a result. Thus, the heralding

detection with a rotating linear polarization will result in a
rotating vortex structure of the signal photons. The experimental
implementation of the continuous heralding control scheme is
shown in Fig. 1b. We generate the polarization-entangled photon
pair by spontaneous parametric down-conversion (SPDC) with a
405 nm pump laser (beam in blue color) on a type-II β-barium
borate (BBO) crystal. The generated photon pairs are split using a
prism into heralding and signal arms (beams in red color). Each
arm consists of a half-wave plate (HWP) with an optical axis at
45° with the horizontal axis and a BBO with half of the thickness
of the main BBO to compensate for the translational and long-
itudinal walk-off effects36. The generated state can be expressed as
1=

ffiffiffi
2

p ðjHihjVis þ jVihjHisÞ with jHi (jVi) and subscript hðsÞ
denoting, respectively, the horizontal (vertical) polarization and
the heralding (signal) photon. Through a long optical fiber, ser-
ving as a delay, the signal photon is sent to interact with the
metasurface, with a HWP and a quarter-wave plate (QWP)
placed before the metasurface to correct the polarization change
from the long fiber. After the correction, the photon pairs are in
the original state and can be rewritten as

ψ
�� � ¼ 1ffiffiffi

2
p Lj ih Lj is � Rj ih Rj is

� �
; ð1Þ

where the jLi (jRi) stands for left (right)-handed circular polar-
ization (LCP/RCP).
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Fig. 1 Remote control on the vortex beam structure. a Schematic of the
remote control. The signal photon of the polarization-entangled photon pair
is sent to the metasurface to generate a polarization-dependent OAM
state. The heralding photon is detected with selected polarization. The
polarization selection of the heralding photon determines the vortex
structure of the signal photon. b Experimental setup. The polarization-
entangled photon pair is generated in the BBO type-II β-barium borate
(BBO) crystal pumped by a 405 nm laser. The pair are separated by a prism
into the heralding arm and signal arm. There are a half-wave plate (HWP)
and BBO in each arm to compensate for the walk-off effects. The heralding
photon would be polarization-selectively detected with a quarter-wave
plate (QWP) and a polarizer (P) using a single-photon counting module
(SPCM). The signal photon is sent to interact with the metasurface (MS)
and imaged by a single-photon avalanche diode (SPAD) camera, which is
gated by the heralding detection signal.
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The metasurface is designed to introduce a change in the OAM
of the input light by Δl ¼ ± 1 (+1 for jLi and -1 for jRi
polarization) and spin flipping of Lj i $ Rj i. Such an action has
to occur at the same exit beam direction with a tailor-made SOI
profile on metasurface. Here, we use the operator M̂ ¼
R;þ1j is Lh js þ L;�1j is Rh js to denote such an action of the
metasurface. Then the signal photon after interacting with the
metasurface is transformed to a state of

jφi ¼ M̂jψi ¼ 1ffiffiffi
2

p ðjLihjR;þ1is � jRihjL;�1isÞ ð2Þ

where the number ± 1 indicates the OAM of the signal photon.
To enable the remote control of the vortex structure of the signal
photon, we choose the state of the heralding photon as
ϕ
�� �

h
¼ Lj ih þ eiϕh Rj ih

� �
=

ffiffiffi
2

p
, i.e., by a linear polarizer at an

angle ϕh=2 with the horizontal axis. Then the quantum entangled
state collapses to

jϕis ¼ hhϕjφi ¼
1
2
ðjR;þ1is � e�iϕh jL;�1isÞ; ð3Þ

indicating that the signal photon is in a vector state determined
by the polarization detection of the heralding photon. This state
comprises tensor products of polarization states and OAM states,
illustrated as a form of non-separable vector modes. To further
reveal the vortex structure of the signal photon, we project the
photon onto the horizontal polarization to retrieve the inter-
ference lobes, resulting in the final vortex state given by

ϕ
�� �

s
! 1

2
ffiffiffi
2

p H;þ1j is � e�iϕh H;�1j is
� �

ð4Þ

for different ϕh remotely controlled by the heralding polarization.
The final signal photon is now a superposition of the two OAM
states and will display as a rotating orbital in the intensity profile.
Figure 1b shows the experimental setup for implementing our
heralding scheme (see Supplementary Note 2). The heralding
photon is projected to a certain polarization using a polarizer
before being detected by the single photon counting module
(SPCM). The output (electrical trigger) of SPCM is then used to
herald the arrival of the corresponding signal photon on the
single-photon avalanche diode (SPAD) camera to capture the
interference patterns (between the two OAMs) of the signal
photon as indicated by Eq. (4). We note that such a change of
orbital shape (rotation of orbital in our case) caused by
polarization can be interpreted as a form of spin Hall effect of
light in the classical regime9,37 either by performing two

experiments of orthogonal incident polarizations or by a super-
position of incident polarizations. Promoting the spin Hall effect
of light to the quantum optical regime by entangling with a
heralding photon allows us to select any superpositions of the
resulting orbitals by controlling the polarization state of the
heralding photon.

Metasurface design with OAM interference. The proposed
scheme requires the output beam with opposite OAMs exiting in
the same direction for interference, which can be achieved with a
geometric-phase metasurface combining a q-plate and a beam
splitter. The geometric (Pancharatnam-Berry) phase distribution,
as shown in Fig. 2a, is governed by

ϕ x; y
� � ¼ arg E1e

i lθþΔϕoff
p x

� �
þ E2e

i lθ�Δϕoff
p x

� �� �
: ð5Þ

where the two terms (with amplitudes E1 ¼ E2 for convenience)
correspond to the two transmitted split beams. Here, l ¼ Δl ¼ 1
is the topological charge of the metasurface to induce the OAM
change Δl of the input LCP beam. θ ¼ arctanðy=xÞ is the azi-
muthal angle, and Δϕoff ¼ π=5 is the phase difference between
neighboring unit cells with a period p ¼ 300 nm, which intro-
duces phase gradient in the horizontal direction and thus
deflection of the input light. It is worth noting that the off-axis
deflecting angles of the two exit beams are chosen to have the
same magnitude but opposite signs to avoid the residue beam
exiting in the normal direction (the non-converted part of the
incident beam). To experimentally realize the design, a plasmonic
metasurface (390 μm× 390 μm) consisting of planar gold nanor-
ods (200 nm long, 80 nm wide, and 40 nm thick) with spatially
varying orientations is fabricated on an ITO-coated glass sub-
strate using the standard electron beam lithography (see Sup-
plementary Note 1). The geometry of the nanorod is based on our
previous work and has a polarization conversion efficiency of 13%
at 810 nm38. To obtain the geometric phase of the output beam,
the orientation angles of the nanorods are set to be half of the
phase angles of the phase profile9. A scanning electron micro-
scopy (SEM) image of the fabricated sample is shown in Fig. 2b.

To verify the OAM interference of the metasurface first in the
classical regime, a supercontinuum laser (NKT Photonics SuperK
EXTREME) is used as the light source at normal incidence on the
metasurface with a selected wavelength at 650 nm. A linear
polarizer and a QWP are used to control the incident polarization
state. The intensity profiles of the generated optical vortex beams
are projected on a screen and then captured by an iPhone camera,
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Fig. 2 Metasurface design. a The phase profile of the metasurface for generating two off-axis optical vortex beams showing both phase gradients in the
azimuthal direction and phase variations in the horizontal direction. b SEM image of the fabricated metasurface consisting of planar Au nanorods. The
sample has a dimension of 390 μm× 390 μm. Each unicell has a size of 300 nm × 300 nm and consists of a nanorod.
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as shown in Fig. 3 for the schematic experimental setup. Upon the
illumination of LCP light, a pair of off-axis RCP centrosymmetric
vortex beams with l ¼ þ1 are simultaneously generated at angles
þ12:5� and �12:5� (as illustrated in Fig. 3a). By switching the
helicity of incident light to RCP, the propagating directions of two
generated vortex beams are swapped with respect to the axis of
incident light. Meanwhile, the sign of OAM is also flipped, i.e.,
l ¼ �1 as the sign of the phase change introduced by the
metasurface is dependent on the helicity of circular polarization
(Fig. 3b)39. As a result, the intensity shows up as a doughnut-
shaped profile since there is a phase singularity at the center of
each beam. A horizontally polarized light, which can be
decomposed into the superposition of two circularly polarized
beams with opposite helicities, after interacting with the metasur-
face, can be described as

M̂jHi ¼ M̂
1ffiffiffi
2

p ðjLi þ jRiÞ ¼ 1ffiffiffi
2

p ðjR;þ1i þ jL;�1iÞ:

The superposition state can be evaluated with a polarizer, as
illustrated in Fig. 3c. The Jones matrix of the polarizer with a
transmission axis making an angle α with the horizontal axis can be
expressed as P̂ αð Þ ¼ cosα Hj i þ sinα Vj ið Þ cosα Hh j þ sinα Vh jð Þ40.
Thus, the transmitted intensity profile can be obtained by

Hh jM̂y
P̂ðαÞM̂ Hj i ¼ 2cos2 θ þ αð Þ, leading to two lobes in θ, the

azimuthal direction of the beam, where we have used jli ¼ eilθ . For

the current case, we choose α ¼ π=2 (vertical polarizer), and thus
the lobes exhibit maximum intensity at −90° and 90°, as shown in
Fig. 3c. In essence, the metasurface design guarantees that the two
generated OAM beams, l ¼ ± 1, overlap and interfere with each
other for any linearly polarized incident light.

Demonstration of orbital rotation with heralding control.
Figure 4 shows the experimental and theoretical results, corre-
sponding to the experimental setup in Fig. 1b. In the experiment,
we use polarization-entangled photon pairs at 810 nm. Only one
arm of the deflected vortex signal beams (at 15:7�) is imaged on
the SPAD camera. The heralding photons, once detected, are used
to trigger the imaging of the corresponding signal photons by the
SPAD camera. 6000 images of 100-ms-long and 8-bit resolution
are captured with background white noise subtracted for each
configuration to enhance the signal-to-noise ratio (see Supple-
mentary Note 2 for details). Here we use a polarizer, with a
tunable polarization angle, in the heralding arm to conduct
remote and continuous control of the vortex structure of
the signal photons. For demonstration purposes, the results of the
vortex structure for selected heralding polarizations, from the
horizontal, diagonal, vertical, to antidiagonal, are shown in
Fig. 4a–d, corresponding to changing ϕh from 0; π=2; π; to 3π=2,
where ϕh=2 is the linear polarization angle with respect to the

horizontal axis. Then Eq. (4) above can be rewritten as þ1j i þ
ei π�ϕhð Þ �1j i with polarization notation and normalization factor
omitted for convenience, leading to an intensity profile of

jeiθ þ eiðπ�ϕhÞe�iθj2 / sin2ðθ þ ϕh=2Þ, where θ is the azimuthal
angle of the beam profile. Thus, the final interference pattern
exhibits rotating lobes with orientations dependent on the
polarization angle ϕh=2. The maximum and minimum intensities
appear, respectively, at θmax ¼ ðnþ 1=2Þπ � ϕh=2 and θmin ¼
nπ � ϕh=2 for n ¼ 0; 1.

For example, Fig. 4a shows the interference pattern captured
for the heralding photons of horizontal (H) polarization. In this
case, the vortex state of the signal photons collapses to
þ1j i � �1j i, of which the intensity drops down to zero for θ ¼
0 or π, resulting in a profile of two (bright) lobes with a horizontal
dark line in between, as shown in Fig. 4a. On the other hand,
using vertical (V) photons to herald, we get the result shown in
Fig. 4c, which is from the state þ1j i þ �1j i. This vortex state
shows up as two lobes and a vertical dark line in between.
Similarly, the results with diagonal (D) and antidiagonal (A)
heralding photons are shown in Fig. 4b, d with vortex states
þ1j i± i �1j i where the “+” (“−”) sign is for the D(A)
polarization. The experimental results align well with the theory
results (insets) except for a global shift of around 8° in the
anticlockwise direction due to small deviations in the orientations
of the sample and the polarizers. When the heralding linear
polarization rotates stepwise from jHi, Dj i, Vj i, to Aj i, the orbital
image of the signal photons rotates 45° for each step in the
clockwise direction. In fact, with the interference profile dictated
as sin2 θ þ ϕh=2

� �
, continuous change in the heralding linear

polarization angle (ϕh=2) induces the orbital image of the signal
photons to rotate clockwise with the same angle change via
entanglement. The heralding scheme can be extended to include
circular polarizations, LCP or RCP, by adding a QWP in the
heralding arm to probe the þ1j i or the �1j i state of the signal
photon, producing a doughnut-shaped orbital image as shown in
Supplementary Fig. S2a, b (see Supplementary Note 3). On the
other hand, we can also obtain a doughnut-shaped orbital image
by adding heralded images from orthogonal polarizations, e.g.,
adding Fig. 4a and c, or adding Fig. 4b and d, as shown in
Supplementary Fig. S1d, e, which is similar to the single-photon

Fig. 3 OAM interference. a The input light is prepared to be left circularly
polarized (LCP, Lj i) using a polarizer (P) and a quarter-wave plate (QWP)
and focused onto the metasurface (MS) with a lens (L). The deflected light
forms a pair of right circularly polarized (RCP, Rj i) vortex beams at angles
of ± 12:5o with l ¼ 1. b Upon the illumination of a pure RCP light beam, the
deflected light forms a pair of LCP vortex beams at angles of ± 12:5o with
l ¼ �1. c When the input light is horizontally polarized (jHi), the resultant
beam in either exit direction is a superposition of RCP and LCP beams with
opposite OAMs. The vortex structure is diagnosed with a vertical (V)
polarizer. Insets show the transmitted intensity patterns captured at
650 nm.
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intensity image without heralding mechanism (Supplementary
Fig. S1c). This is because the single-photon image captures
a mixed state of the signal photons, which can be evaluated
by tracing out the density matrix corresponding to the output
state given by Eq. (2) using two orthogonal polarizations of the
heralding photon. The density matrix can be expressed before the
horizontal polarizer in front of the SPAD camera as

ρs ¼ Trh φ
�� �

φ
	 ��
 � ¼ 1

2
R;þ1j is R;þ1h js þ L;�1j is L;�1h js

� �
;

and after the horizontal polarizer as

ρs !
1
4
H;þ1j is H;þ1h js þ

1
4
H;�1j is H;�1h js: ð6Þ

On the other hand, adding images in Fig. 4a and c means a
corresponding sum of density matrices

þ1j i þ �1j ið Þ þ1h j þ �1j ið Þ þ þ1j i � �1j ið Þ þ1h j � �1j ið Þ
/ þ1j i þ1h j þ �1j i �1h j;

which exhibits the same image profile as the one given by Eq. (6).
In other words, before heralding, the photon state is indeed a
superposition of both imaging results heralded by photons of
orthogonal polarizations. The heralding detection allows us to
post-select any vortex state using the corresponding heralding
polarization. This phenomenon can actually be understood as a
quantum eraser41,42. Without heralding, the OAM path of the
signal photon, compared to the spatial path in a conventional
quantum eraser experiment, can be identified with the corre-
sponding heralding polarization, while with a projection of the
heralding polarization, the information regarding OAM path is
erased and thus an interference between two OAM states shows
up. Another aspect related to the heralding imaging technique is
the robustness to noise43. In our measurement, the noise mainly
comes from the environmental background noise and the
electrical noise of the detectors. The heralding imaging works
in a way that when one heralding photon gets detected, an
electrical trigger is sent to the camera, and the camera exposes for
only a short period of time. In other words, instead of taking

photos continuously, the camera only takes photos when there is
a heralding detection signal. Compared with classical intensity
imaging, this approach effectively reduces the exposure time,
eliminating most of the environmental noise, and can potentially
improve the SNR of the measurement, which is critical in some
photon-hungry applications such as quantum biosensing, ima-
ging, and secure communication44–46. Our heralded images (e.g.,
adding Fig. 4a and c) show an average signal-to-noise ratio
(Pearson correlation coefficient) of 8.5 dB (0.90), while it is only
up to 3.9 dB (0.71) without the heralding triggers, demonstrating
well the robustness of the heralding approach (see Supplementary
Note 4).

Now, we would like to discuss the meaning of our continuous
heralding scheme as a generic mapping between heralding
polarization and the vortex structure being remotely controlled.
Suppose the heralding photon is projected by an arbitrary
polarization analyzer, i.e., not necessarily just a polarizer but a
combination of a QWP and a polarizer, to cover any arbitrary
polarization state on the Poincaré sphere. In this case, we
introduce an additional parameter θh into the polarized heralding
detection as ϕ

�� �
h
¼ cosðθh=2Þ Lj ih þ eiϕh sin θh=2

� �
Rj ih. Then, the

signal photon, after interacting with the metasurface, becomes

jϕis ¼ hhϕjφi ¼
1ffiffiffi
2

p cos
θh
2

� �
jR;þ1is � sin

θh
2

� �
e�iϕh jL;�1is

� �
:

ð7Þ
Then the resultant vortex state in the exit beam after the

horizontal polarizer can be expressed as

ϕ
�� �

s !
1
2

cos
θh
2

� �
H;þ1j is � sin

θh
2

� �
e�iϕh H;�1j is

� �
: ð8Þ

In fact, θh and ϕh denote the polar and azimuthal angles on the
polarization Poincaré sphere for the heralding photon polariza-
tion. The resultant signal photon vortex state given by Eq. (8), in
turn, lives in a higher-order Poincaré sphere47–49. Thus, the
relationship between the heralding photon and the signal vortex
state can be visualized in Fig. 4e. Points θh; ϕh

� �
on the
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Fig. 4 Heralded images of signal vortex states shown as rotating orbitals for different heralding polarizations. a–d Results with heralding polarization of
Hj i, Dj i, Vj i, and Aj i. Lower-right insets are the theoretical predictions. e Mapping between the two Poincaré spheres for the heralding polarization and
signal vortex state. Points with the same color on the two spheres show matching pairs of the controlling polarization and corresponding vortex state.
Specific example pairs are connected using dashed arrows.
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polarization Poincaré sphere, denoted in different colors, describe
all possible heralding polarization states. According to Eq. (8), the
controlled vortex state of the signal photon, a combination of two
orthogonal OAM modes ( þ1j i and �1j i), can also be described
with a higher-order Poincaré sphere. Similarly, we can use
θs; ϕs
� �

to denote the vortex state which, in our control scheme, is
equal to θh; π � ϕh

� �
. Therefore, we can use a mirror located (the

vertical frame in Fig. 4e) in between two spheres to denote this
mapping. The points with the same color on the two spheres
denote a pair of controlling polarization and controlled vortex
states. Specific example pairs are highlighted using arrows to
indicate the corresponding mapping. The experimental results
reported above correspond to the cases located on the equator
(Fig. 4a–d) and at the two poles (Supplementary Fig. S2a, b) of
the two Poincaré spheres. On the equator, the signal orbital
orientation is controlled by the angle of the heralding linear
polarization in a continuous manner. Based on the results, any
intermediate states between the poles and the equator can also be
achieved using elliptical heralding polarizations. However, one
should note that, in our experiment, the efficiency can be further
improved by using a dielectric metasurface that can simulta-
neously combine geometric and propagation phases50,51. Such a
design can independently generate arbitrary phase profiles for the
two orthogonal spins and hence the same and only one output
direction for the two OAM states, which could potentially
enhance the SNR or reduce the number of time frames required
in the experiment. Furthermore, the current scheme can be
extended to higher dimensions (e.g., other OAM values) or with
other degrees of freedom, for example, path or holograms,
indicating more sophisticated applications in quantum commu-
nications and information processing52,53.

Conclusion
In conclusion, based on a geometric-phase metasurface, we
experimentally demonstrate a heralding scheme, with great
robustness of noise, to control vortex structures of OAM inter-
ference remotely and continuously using polarization-entangled
photon pairs. Through this work, multifunctional metasurfaces
further extend their applications in the quantum optical regime,
providing a platform to implement quantum information pro-
cessing with tailor-made vortex structures or to develop more
sophisticated quantum eraser experiments. Importantly, such a
continuous heralding control of rotating orbitals provides addi-
tional dimensions in the quantum state manipulation that could
benefit future quantum communication protocols. With more
complex metasurfaces, further extensions to higher OAM values,
structured beams, and other degrees of freedom of light will be
possible in enhancing the associated information capacity in
quantum communication.

Methods
Sample fabrication. The geometric-phase metasurface consists of planar gold
nanorods with spatially variant orientations sitting on an ITO-coated glass sub-
strate. First, the substrate is cleaned with acetone for 10 min in an ultrasonic bath,
followed by isopropyl alcohol (IPA) for 10 min. Then, a photoresist poly (methyl
methacrylate) (PMMA) 950 A2 resist is spin-coated on the substrate at 1000 rpm
for 60 s, producing a 100 nm-thick film. After that, the sample is baked on a
hotplate at 180 °C for 5 min. Electron beam lithography (Raith PIONEER, 30 kV) is
used to direct-write the nanorod pattern, which is then developed in MIBK:IPA
(1:3) for 45 s and rinsed IPA for 45 s. Then an electron beam evaporator is used to
deposit a 40 nm-thick gold film on the sample. Finally, the metasurface is ready for
characterization after a lift-off process.

Quantum optical measurement. In the experiment, we use a 2-mm-thick type-II
BBO and a 200 mW 405 nm laser (CrystaLaser DL-405-400) to generate the
polarization-entangled photon pairs in a state of 1=

ffiffiffi
2

p ðjHVi þ jVHiÞ, with a
fidelity of 91.2% and a Bell parameter of 2.54 > 2 (see Supplementary Note 6). The
half-opening angle of the generated photon pairs is designed to be 3°. The photons

are split into the signal arm and heralding arm using a prism. The photons in the
heralding arm are detected with polarization selection using a single photon
counting module (SPCM) (Excelitas-SPCM-800-14-FC), and the detection signals
are sent to herald signal photons’ arrival on the SPAD camera. Meanwhile, the
signal photons are sent through a 10-m-long single-mode fiber to the imaging
setup. A lens (focal length 100 mm) and a ×10 objective are used to focus the signal
beam onto the metasurface. The vortex beam generated from the metasurface is
imaged by the SPAD camera (SPAD512S) using a lens with a focal length of
45 mm. The heralded image of the signal photons in Fig. 4a–d are all retrieved
using 6000 frames with external triggers from SPCM and with background white
noise subtracted. The background is measured using the same triggering setting
with blocked signal photons. Each time frame spans 100 ms with a maximum of
255 photon counts in each pixel. Each trigger from the SPCM would turn on the
camera for a detection window of 10 ns. With heralding photon counting rate up to
300 kHz, there would be multiple triggers in one frame, and the detection events in
each triggered window would accumulate into one frame. The polarization con-
version efficiency of the gold nanostructure is around 13% at 810 nm, and other
information related to the experimental efficiency is in Supplementary Note 5.

Data availability
All the data supporting the conclusions are reported in the manuscript. Additional data
are available from the corresponding author upon reasonable request.
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