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O P T I C S

Selectively steering photon spin angular momentum 
via electron-induced optical spin Hall effect
Cheng Chi†, Qiao Jiang†, Zhixin Liu, Liheng Zheng, Meiling Jiang, Han Zhang,  
Feng Lin, Bo Shen, Zheyu Fang*

The development of the optical spin Hall effect (OSHE) realizes the splitting of different spin components, contrib-
uting to the manipulation of photon spin angular momentum that acts as the information carrier for quantum 
technology. However, OSHE with optical excitation lacks active control of photon angular momentum at deep 
subwavelength scale because of the optical diffraction limit. Here, we experimentally demonstrate a selective 
manipulation of photon spin angular momentum at a deep subwavelength scale via electron-induced OSHE in Au 
nanoantennas. The inversion of the OSHE radiation pattern is observed by angle-resolved cathodoluminescence 
polarimetry with the electron impact position shifting within 80 nm in a single antenna unit. By this selective 
steering of photon spin, we propose an information encoding with robustness, privacy, and high level of integra-
tion at a deep subwavelength scale for the future quantum applications.

INTRODUCTION
Quantum information with features of large capacity and high pro-
cessing speed has been successfully applied in modern signal trans-
mission, processing, memory, etc. (1–3). The evolution of quantum 
science to a practical technology promises extreme advantages for 
specific applications in computation (4), simulation (5), and cryp-
tography (6). In the development of quantum information technology, it 
is substantial to find a proper information carrier that is required to 
be highly integrated, and with a large storage capacity to satisfy 
the need of quantum information applications. Photons have been 
validated as low-noise information carriers by pioneering works of 
quantum entanglement, teleportation, and Bell nonlocality (7–10). 
As the requirement on information capacity increases, photon spin 
angular momentum was introduced to provide extra degrees of 
freedom for carrying quantum information (11–13).

The optical spin Hall effect (OSHE) provides a unique approach 
for steering photon spin angular momentum. Photon spin splitting 
was investigated with the mechanism of spin-orbit interaction (14–18) 
and has been applied for planar microcavities (19, 20), metamaterials 
(21–24), precision measurements (25–27), etc. By considering that 
the photon spin angular momentum acts as an information carrier 
with high robustness and large capacity, OSHE is predicted to have 
potential in manipulating the information carrier for quantum tech-
nology, especially in information encoding and cryptography with 
features of orthogonality and high dimensionality. Previous studies 
on steering OSHE mainly focuses on the structure design (28–30), where 
the photon spin manipulation can be realized with Pancharatnam- 
Berry and Rytov-Vladimirskii-Berry phase shift (31–33), which were 
used to explain the underlying physics of the OSHE with spin-orbit 
interaction of light. A recent study proposed an electrical tuning 
method of OSHE in a liquid crystal microcavity (34). However, this 
approach is difficult to integrate at the nanoscale. An efficient solution 

in selectively steering OSHE needs to be proposed to realize its 
potential in the quantum information technology and device appli-
cations (35), where the obstacle of the light diffraction limit should 
be solved for future device integration.

As one of the noninvasive high-resolution detection methods 
(36–40), cathodoluminescence (CL) polarimetry with precise con-
trol of the electron impact position overcomes the light diffraction 
limit (41) and has been successfully used for electromagnetic field 
investigation at deep subwavelength scale (42, 43). Under the elec-
tron beam stimulation, deep subwavelength shift of excitation posi-
tion can directly regulate the distribution of local density of states 
(LDOS) (44–46), contributing to the evolution of far-field CL emis-
sion. Angle-resolved CL polarimetry as a characterization of photon 
momentum space can effectively detect the radiation direction. Hence, 
angle-resolved CL imaging polarimetry can explore photon spin with 
far-field angular patterns and allows investigating polarization- 
dependent phenomena with high spatial and angular resolution. This 
characterization technique overcomes the light diffraction limit; thus, 
it can be used to observe the electron-induced OSHE at deep sub-
wavelength scale, which paves the way for the selective steering of 
photon spin under electron excitation.

In this work, we demonstrate the selective manipulation of pho-
ton spin angular momentum via electron-induced OSHE on a plas-
monic nanoantenna with precisely engineered multipole moments. 
With an electron beam excitation position shift at deep subwave-
length scale, splitting of left-handed circularly polarized (LCP) and 
right-handed circularly polarized (RCP) photon spin components 
can be observed by angle-resolved CL imaging polarimetry with the 
electron beam impact position located at the edge of Au nanoantenna. 
The radiation pattern of LCP and RCP can be inverted by changing 
the electron beam impact position, while the nonsplitting pattern of 
spin states can be detected with the electron impinging position 
located at the center of the Au nanoantenna. The switch of photon 
spin splitting between “turn-on” and “turn-off” states can be effec-
tively achieved by altering the interference of dipole and quadrupole 
moments, leading to a selective manipulation of photon spin. Based 
on this electron-induced OSHE, we realize a spin-dependent binary 
encoding within a single Au nanoantenna. This capability of OSHE 
excitation with electron beam provides a compelling platform for 
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the manipulation of photon spin and paves the way for the future 
quantum information processing and devices design.

RESULTS
The electron-induced OSHE refers to the phenomenon of photon 
spin splitting, where asymmetrical radiation pattern is observed with 
separation of spin components under electron excitation (Fig. 1A). 
The single Au nanoantenna was fabricated at the size of 200 × 80 nm 
using electron beam lithography with the deposition of 30-nm Au 
and 2-nm Ti as an adhesive layer. To investigate the far-field behav-
ior of different spin components, the photon spin splitting schemat-
ic (Fig. 1B) is introduced to analyze Stokes parameters as S1, S2, and 
S3 on [, ] space in vector spherical harmonics (note S1), which 
is the general representation of polarization and can be used to re-
trieve polarization-related quantity (47). All CL measurements are 
performed in a scanning electron microscope (SEM; FEI Quattro C) 
equipped with a specialized CL detection system (Delmic), which 
consists of a parabolic mirror, rotating-plate polarimetry optics, 
and a highly sensitive complementary metal-oxide semiconductor 
(CMOS) array as shown in Fig.  1C. The electron beam passing 
through the pinhole of the parabolic mirror can effectively excite 
the sample, and the CL emission can be collected by the mirror and 
is measured using the CMOS array. A quarter-wave plate together 
with a linear polarizer is placed in the light path for extracting dif-
ferent spin components of the CL emission. Far-field angular patterns 
of different spin components can be acquired at target wavelength 
by the angle-resolved CL imaging polarimetry.

When the center of the upper edge was excited, the CL emission 
of the Au nanoantenna was analyzed both in spectra and far-field 
angular patterns. Circularly polarized (CP)–resolved CL spectra 
(Fig. 2A) show that LCP and RCP components exhibit comparable 
CL intensities with their emission peaks both located at the wave-
length around 630 nm, agreeing well with the simulation result (fig. 
S1), with slight red-shift compared with the LSP resonance (fig. S2). 
To characterize the difference of polarization states, the CL chirality 
is defined as |IRCP − ILCP|/(IRCP + ILCP), where ILCP (IRCP) is the CL 
intensity of LCP (RCP) emission. Around the peak wavelength of 
630 nm, LCP and RCP CL intensities are nearly equivalent with the 
CL chirality smaller than 5%, which is in accordance with the exper-
iment results of chiral LDOS distribution (fig. S3).

Far-field patterns of different spin components were acquired 
with angle-resolved CL imaging polarimetry. The angular pattern 
as shown in Fig. 2D reflects the omnidirectionality feature of the CL 
emission from the symmetrical metallic nanoantenna. However, 
analyses on different spin components of the CL emission reveal 
asymmetrical features. Although the observed symmetrical distri-
bution of IH and IV (constructed from cartesian fields of I and I; 
Fig. 2B) indicates nondirectional pattern of horizontal and vertical 
states, the far-field angular patterns of ILCP and IRCP both show 
obvious directionality, which locate at left and right halves of the 
hemisphere, respectively (Fig. 2C). To explore the far-field behavior 
of the LCP and RCP components, the angular pattern of the S3 
Stokes parameter was investigated, where direction splitting of the 
LCP and RCP components was observed (Fig. 2E), agreeing well with 
the simulation result (fig. S4). This result demonstrates the far-field 

Fig. 1. Schematic of spin component detection. (A) Schematic illustration of electron-induced OSHE. Symmetrical Au nanorectangle antenna under electron beam 
excitation at the upper edge generates asymmetrical circularly polarized radiation. (B) Schematic illustration of photon spin analyzing. (C) Angle-resolved CL polarimetry 
for measurements of the circularly polarized radiation. The quarter wave plate and linear polarizer are used to extract circularly polarized components of CL emission.
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pattern difference between LCP and RCP spin components, which 
can be applied for the manipulation of photon spin, while probing 
the same sample with a diffraction-limit optical spot will wash out 
the observed OSHE (fig. S5). By further analyzing the calculated 
near-field signal of the LCP and RCP components, distinct spatial 
separation of their near-field patterns was observed, which resulted 
in the splitting of LCP and RCP components in the far field. This 
splitting feature together with the equivalence of LCP and RCP in-
tensities indicates the existence of electron-induced OSHE.

Selective manipulation of spin angular momentum at deep sub-
wavelength scale by electron-induced OSHE is shown in Fig.  3. 
Three excitation positions were chosen to illustrate this manipulation 
at detected wavelengths of 600 and 650 nm, respectively (Fig. 3A). 
For the impinging position at the middle of the upper edge, the far-
field S3 angular pattern shows photon spin splitting with LCP and 
RCP components located at the left and right halves of the angular 
hemisphere, which demonstrates a turn-on state of OSHE. For the 
excitation position located at the center of the nanoantenna, the 
splitting between LCP and RCP components is not observed, which 
shows regression to the turn-off state of OSHE. For the excitation 
position located at the middle of lower edge, the relative location of 
LCP and RCP components inverts in the splitting pattern, which 
shows returning to the turn-on state. The switch from the turn-on 
to the turn-off state can be achieved with the electron beam shift 
within 40 nm, and the inversion of the angular pattern can also be 
realized with excitation position shift within 80 nm, demonstrating 
an efficiently selective manipulation of photon spin by electron- 
induced OSHE. As shown in Fig. 3B, simulation results reveal the 
angular pattern evolution with electron beam moving over three cho-
sen positions, which is consistent with the experiment results. For de-
tected wavelengths of 550 and 700 nm with more deviation from the 
peak wavelength (0), experiment and simulation results (fig. S6) 
both show OSHE patterns with lower S3 intensity. These results in-
dicate that in the far-field angular pattern, the S3 intensity increases as 
detected wavelength  increases, and decreases after  = 0. This obser-
vation reveals that the suitable  for detecting OSHE under electron 
excitation is around 630 nm for the studied Au nanoantenna.

To explore the directionality of spin states under different exci-
tation positions, the scattering ratio of LCP was acquired as the func-
tion of wavelength, which is defined as the intensity ratio of the half 
angular hemisphere with lower intensity to the whole angular hemi-
sphere. The experimental data show that the measured scattering 
ratio remains beyond 20% when excited at the upper or lower edge 
(Fig. 3C), which indicates the emission directionality of the LCP state 
in far-field angular pattern. To investigate the splitting feature of 
LCP and RCP components, S3 values integrated on the left and right 
halves of the angular hemisphere were acquired with error bar to 
describe the uncertainty of experiments (Fig. 3D). To quantitatively 
describe the splitting difference in angular S3 patterns, S3 ratio () is 
defined as |S3left|/S3right, where S3left (S3right) is the integrated S3 value 
of the left (right) half of the angular hemisphere. Experiment results 
show that when the electron excitation position is located at the up-
per edge,  remains around 1 at the detected wavelength range from 
550 to 700 nm, with deviation below 15%. With the stimulation po-
sition located at the lower edge,  remains around −1 at same de-
tected wavelength range with deviation below 12%. These analyses 
reflect the splitting pattern difference of LCP and RCP components 
under different impinging positions, which verifies the steering of 
electron-induced OSHE with stimulation position shift at deep sub-
wavelength scale, thus realizing the selective manipulation of the 
spin angular momentum.

To explore the mechanism of electron beam–induced OSHE, 
far-field angular patterns of different-sized Au nanoantennas were 
investigated with angle-resolved CL polarimetry. The angular pat-
terns of the S3 Stokes parameter are shown in Fig. 4A, where distin-
guishable LCP and RCP component splitting with an equivalent 
intensity (fig. S7) validates the existence of OSHE in different nano-
antennas. Experimental results show that at the detected wavelength 
of 650 nm, the S3 intensity increases as the size of the Au nanoan-
tennas increases, agreeing well with simulation results (Fig. 4B).

To elucidate the underlying physics of observed OSHE under 
electron stimulation, scattering intensity of different multipole mo-
ments was investigated with the multipolar decomposition, where 
the calculated scattered field was decomposed into vector spherical 

Fig. 2. Analyses of spin states. (A) Experimental total, LCP, and RCP CL spectra obtained from Au nanoantenna with the size of 200 × 80 nm under 30-keV electron beam 
excitation. The stimulation position is located at middle of the upper edge of the Au nanoantenna, with the measured CL chirality corresponding to the right ordinate. 
(B) Measured angular patterns of horizontal (IH on the left) and vertical (IV on the right) components for CL signals. The stimulation position is located at the middle of the 
upper edge of the Au nanoantenna, with the detection wavelength at 650 nm. (C) Measured angular patterns of RCP (left) and LCP (right) components for CL signals. The 
stimulation position and detection wavelength are the same as in (B). (D) Measured angular pattern of S0 Stokes parameter. (E) Measured angular pattern of S3 Stokes 
parameter. All patterns are normalized to 1. Axis in (C) to (E) is the same as in (B).
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harmonics according to the general multipole scattering theory  
(48–50)

	​​ I  = ​  2 ​​​ 4​ ─ 
3 ​c​​ 3​

 ​ ​∣P∣​​ 2​ + ​ 2 ​​​ 4​ ─ 
3​c​​ 5​

 ​ ​∣M∣​​ 2​ + ​ 4 ​​​ 5​ ─ 
3​c​​ 5​

 ​(P ·  T ) +  ​ 2 ​​​ 6​ ─ 
3 ​c​​ 7​

 ​ ​∣T∣​​ 2​+
​     

​​ ​​​ 6​ ─ 
5​c​​ 5​

 ​∑ ​∣​Q​ ​​∣​​ 2​ + ​  ​​​ 6​ ─ 
40​c​​ 7​

 ​∑ ​∣​M​ ​​∣​​ 2​ + O​(​​ ​  1 ─ 
5​c​​ 7​

 ​​)​​ ​
 ​​	  (1)

where P, M, T, Q, and M correspond to the electrical dipole, mag-
netic dipole, toroidal dipole, electrical quadrupole, and magnetic 
quadrupole; c is the speed of light in vacuum; ,  = x, y, z. Relevant 
components for edge excitation are Py, Pz, My, and Q, which are 
calculated with asymptotic far-field approximations for dipoles and 
quadrupoles in the presence of a substrate. Py and Pz components 
are featured by characteristic toroid shapes with significant Ez com-
ponent at the edge of the nanoantenna, which are suitable for elec-
tron beam steering. My component results in the electrical current 
loop on the xz plane. Q quadrupoles show multipole radiation lobes 
in the far-field pattern. From the finite-difference time-domain 
(FDTD) simulation data, scattering intensity of these multipole mo-
ments (Fig. 4C) is calculated, which reflects the contribution of 
P and Q moments in the far-field angular pattern. This result indicates 

that at the wavelength range from 550 to 700 nm, the interference of 
the P and Q moments leverages the far-field angular pattern, where 
the -related feature of interference mode results in the angular 
pattern evolution with the wavelength increasing as shown in 
Fig. 3A. Further calculations of the scattering intensity of electrical 
dipole moments reveal that Py is the major component in the far-
field radiation of the electric dipole (Fig. 4D), where the stimulation 
position on the symmetry axis inhibits the excitation of Px. The cal-
culation of the scattering intensity of electrical quadrupole mo-
ments shows that Qxx, Qyy, and Qzz are three major components in 
the far-field radiation of the quadrupole (fig. S8). With the exci-
tation position located at the middle of the upper edge of the Au 
nanoantenna, the contribution of the P and Q modes is dominant in 
the far-field angular pattern, where the phase difference of /2 be-
tween the quadrupole and dipole moments results in this spin split-
ting between the LCP and RCP components (notes S2 and S3). The 
size difference of Au nanoantennas results in the shift of multipole 
moment proportions, where the proportion difference between the 
P and Q moments increases as the size of nanoantenna increases 
and results in the far-field splitting pattern evolution of LCP and 
RCP states.

Fig. 3. Manipulation of photon spin angular momentum. (A) Experimental normalized angular CL S3 patterns obtained from Au nanoantenna at the size of 200 × 80 nm, 
with electron stimulation voltage of 30 keV. Stimulation positions located at the middle of the upper edge, center of the antenna, and middle of the lower edge, which 
are marked with a red point on the pseudocolor scanning electron microscopy (SEM) image of the Au nanoantenna. Collected wavelengths are 600 and 650 nm, respectively. 
(B) Simulated angular CL S3 patterns of the Au nanoantenna. Electron beam excitation positions and collected wavelengths are the same as in (A). (C) Scattering ratio as 
function of wavelength for different excitation positions. The horizontal dashed line corresponds to the averaged scattering ratio. Error bar represents the uncertainty 
of scattering ratio in three experiments. (D) S3 ratio () as a function of wavelength for different excitation positions. S3 ratio () is defined as |S3left|/S3right, where S3left 
(S3right) is the integrated S3 value of the left (right) half of the angular hemisphere. The horizontal dashed line corresponds to the averaged . Error bar represents the 
uncertainty of  in three experiments.
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The steering of OSHE under electron excitation with nanoscale 
impinging position movement can be applied for a spin-dependent 
binary encoding, where the manipulation of photon spin mediated 
by beam shift at deep subwavelength scale carries information, thus 
is an advantage in module integration. The coding mode is depen-
dent on S3 Stokes parameter of the radiation, where two different 
LCP and RCP splitting patterns on the left and right halves of the 
angular hemisphere are defined as 0 and 1. Erasure code defined 
from the nonsplitting pattern is introduced to improve the infor-
mation accuracy. These three modes of 0, 1, and erasure code corre-
spond to the electron beam excitation positions on the upper edge, 
lower edge, and center of the encoding unit (Fig. 5A). The whole 
encoding process was integrated to a single unit at the deep sub-
wavelength scale.

In this spin-dependent binary encoding, the encoding unit was 
designed and fabricated with the size of 200 × 80 nm, where scan-
ning paths were designed according to ASCII (American Standard 
Code for Information Interchange) codes (Fig. 5B). With electron 
beam moving along these two paths, capital letters “P” and “K” were 
encoded and far-field detected (Fig. 5C). This binary encoding in-
troduces photon spin rather than beam intensity as the carrier to 
promote information processing ability, which increases information 

capacity on the basis of intensity measurement. The chiral LDOS 
distribution difference between the LCP and RCP components (fig. S3) 
presents the polarization-related information with different free-
electron impact position. The equivalence of LCP and RCP intensity 
prevents the information from being read out by intensity detection, 
where the dissimilarity in angular patterns of photon spin splitting is 
the key to declassify the signal. Moreover, the introduction of era-
sure code improves the robustness in the encoding process, con-
tributing to a reliable encoding solution. This spin-dependent 
binary encoding overcomes the light diffraction limit by applying 
electron excitation and realizes the deep subwavelength scale leverage 
of photon spin angular momentum that acts as the coding informa-
tion, thus benefitting the integration of future quantum devices.

Besides, the photon spin can be used for the classical binary en-
coding of information; for future work, the single-qubit quantum 
state tomography can be further used to test whether the spin de-
gree of freedom of emitted light is an actual qubit or a mixed state, 
which opens a route for studying free-electron quantum optics and 
broadening quantum technology applications. On the other side, 
recent advances in ultrafast electron microscopy also can be applied 
for an ultrafast spin-orbit-coupling modulation by using free electrons. 
If the free-electron wave packet is modulated with the femtosecond 

Fig. 4. Multipolar analysis of CP-resolved angular patterns for Au nanoantenna. (A) Experimental normalized angular S3 patterns obtained from Au nanoantennas 
at the size of 200 × 80, 200 × 70, 200 × 60, 180 × 60, and 160 × 60 nm. The stimulation position is located at the middle of the upper edge of the Au nanoantenna, with 
30-keV electron beam excitation. The collected wavelength is 650 nm. (B) Simulated angular S3 patterns of Au nanoantenna at different sizes. The Au nanoantenna size, 
excitation position, and collected wavelength are the same as in (A). (C) Simulated scattering intensity of various multipole moments in nanoantenna with the size of 
200 × 80 nm. Spectra correspond to total intensity and intensity of P, Q, and M moments. (D) Simulated scattering intensity of various electrical dipole components in the 
nanoantenna with the size of 200 × 80 nm. Spectra correspond to the intensity of Px, Py, and Pz components. Inset: axis (xyz) of the dipole orientation.
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time resolution, then this modulation speed can be transmitted to 
the photon polarization modulation, which has potential in the 
contribution to realizing high-speed quantum information transfer.

DISCUSSION
In summary, we have demonstrated a unique approach for selec-
tively steering photon spin angular momentum at deep subwave-
length scale via electron-induced OSHE. The switch between the 
“on” and “off” states of OSHE was realized with electron beam shift 
within 40 nm, and the far-field radiation pattern inversion was ob-
served with the impact position moving within 80 nm, where mul-
tipole moments excited by electrons leveraged the pattern evolution 
of photon spin splitting. Furthermore, as spin angular momentum 
can act as an excellent information carrier for quantum information 
applications, we demonstrate a spin-dependent binary encoding 
within a single unit. Features of deep subwavelength scale steering, 
large information capacity, and high privacy make it a promising 
candidate for quantum information storage and processing, where 
high integration and robustness raise this design practicability in 
devices. Our work provides a demonstration and experimental config-
uration of steering photon spin via electron-induced OSHE, which 
can inspire research on modern interdisciplines in spin-orbit inter-
action, chiral quantum optics, and related applications in quantum 
information technology in combination with single emitters.

MATERIALS AND METHODS
Some of following methods are similar to those previously pub-
lished in (44).

Sample fabrication
Au nanostructures were fabricated on a Si/SiO2 substrate with a 
standard EBL (electron beam lithography) process followed by a 
lift-off process and Ar ion irradiation. A positive resist {MircoChem 
PMMA [poly(methyl methacrylate)], A2 950} was spin coated 
onto the substrate with the thickness of ~60 nm. Structures were 

patterned by using a focused 30-keV electron beam controlled by 
the Nano Pattern Generation System module, which is equipped on 
the SEM (FEI Quanta 450 FEG). A 30-nm Au layer was deposited on 
the substrate by using an electron beam evaporator (LJUHV E-400 
L). Ar ion irradiation was performed for 1 min to clean up the resid-
ual PMMA in the final process.

CL measurements
CL angular patterns were acquired by a CL detector system (Delmic 
SPARC), which is mounted on the SEM (Thermo Fisher Scientific 
Quattro C). The emission was collected by a highly sensitive CMOS 
to characterize the far-field angular pattern. Angular collection range 
is up to 1.49 sr, with angular resolution <10 mrad. For detecting 
specific wavelengths of the CL emission, different bandpass filters 
were placed in the optical path. For CP-resolved CL detection, quarter-
wave plate and linear polarizer combinations were used in the polar-
ization analyzer module for different detection wavelength ranges. 
Specifically, the LCP and RCP CL emissions can be selectively col-
lected by orienting the fast axis of the wave plate by ±45° with re-
spect to the polarization axis of the polarizer.

Numerical simulations
All simulation results in this report were all accomplished by com-
mercial FDTD methods solver (FDTD Solutions, Lumerical). The 
simulation domain included the structure with perfectly matched 
layers in all directions. For the calculation of scattering, total-field 
scattered-field sources with linear and circular polarization were 
used to illuminate the structure along the −z axis. In the calculation 
of CL emissions, the electron beam moving along the −z axis was 
regarded as a linear current density J(r, t) = v(z + vt) (x − x0) 
(y − y0) nz, where  is the electron charge, v is the velocity of elec-
tron, r = (x0, y0, z) is the position of electron beam, and nz is the unit 
vector along the +z direction. In the frequency domain, it corre-
sponds to a current density as J(r, ) = e−iz/v(x − x0) (y − y0) nz, 
the current density was modeled as a series of dipoles with a tempo-
ral phase delay (−z/) related to the electron velocity,  = 0.34c, cor-
responding to 30-keV electron energy (c is the velocity of light in a 
vacuum). A reference simulation (without the nanostructure and 
substrate) was also run to subtract any background signal created 
by the electron beam that could obscure the signal from the nano-
structure. CL spectra were calculated in the far field by integrating 
the Poynting vector normal to an arbitrary surface in the upper z 
half-plane for wavelengths ranging from 400 to 1000 nm. In the far-
field region, the time-averaged magnitude of the Poynting vector in 
spherical coordinates can be expressed as Ptotal = 0c(|E|2 + |Eφ|2)/2, 
PLCP = 0c(|E − iEφ|2)/4, and PRCP = 0c(|E + iEφ|2)/4 for the total, 
LCP, and RCP CL spectra calculation. The far-field region was set as 
a vacuum. In simulations, Palik data for the Au (gold), Si (silicon) 
complex refractive indices were used. The refractive index of SiO2 
was taken as 1.5.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabf8011/DC1
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