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ABSTRACT: The spin−orbit interaction of light is a fundamental
manifestation of controlling its angular momenta with numerous
applications in photonic spin Hall effects and chiral quantum optics.
However, observation of an optical spin Hall effect, which is normally
very weak with subwavelength displacements, needs quantum weak
measurements or sophisticated metasurfaces. Here, we theoretically and
experimentally demonstrate the spin−orbit interaction of light in the
form of strong chiroptical responses by breaking the in-plane inversion
symmetry of a dielectric substrate. The chiroptical signal is observed at
the boundary of a microdisk illuminated by circularly polarized vortex
beams at normal incidence. The generated chiroptical spectra are tunable
for different photonic orbital angular momenta and microdisk diameters. Our findings, correlating photonic spin−orbit interaction
with chiroptical responses, may provide a route for exploiting optical information processing, enantioselective sensing, and chiral
metrology.
KEYWORDS: spin−orbit interaction of light, spin Hall effect, orbital angular momentum, spin angular momentum, chiroptical response

Recently, photonic angular momenta have been widely
explored for controlling the spatial distributions of

light.1−4 The spin−orbit interaction of light (SOIL) demon-
strates that the circularly polarized light with spin angular
momentum (SAM) can affect and control the intensity
distributions and propagation paths of light on an interface.
Akin to semiconductor spintronics, the spin−orbit coupling
effect with transverse spin-dependent displacement is also
dubbed the photonic version of a spin Hall effect5−9 or optical
Rashba effect.10 However, the optical spin Hall effect normally
demonstrates subwavelength displacements on an air−
dielectric interface by the transverse nature of photon
polarization.5,6 Therefore, the experimental measurements of
such a small displacement largely rely on ultrasensitive
quantum weak measurements,5 accumulation of multiple
reflections,11 or enhancement with wavelength-scale plasmonic
structures.12−19

Distinguished from the intrinsic SAM, the photonic orbital
angular momentum (OAM) has both intrinsic and extrinsic
terms. The latter is dependent on the trajectory of the light
beam by propagating at a distance from the coordinate
origin,2,20 such as the phenomena of spin−orbit coupling in an
optical spin Hall effect. The intrinsic OAM, hereafter referred
as OAM, carried by optical vortices is reflected in the
azimuthal phase distribution exp(ilφ), where the integer l is
the topological charge and its sign indicates the handedness of
helical phase wavefront.21−24 Vortex beams with theoretically

unbounded OAM states have been widely applied in the fields
of optical micromanipulation, chiroptical sensing, and optical
information multiplexing.22,25−27 In inhomogeneous media,
the vortex beams carrying opposite topological charges also
demonstrate distinct transverse deflections: namely, exhibiting
the photonic orbital Hall effect.28−30 Although vortex beams
with high-order OAM states can significantly increase the
angular momenta of photons, the observation of an orbital Hall
effect, like its spin counterpart, still needs to distinguish
wavelength-scale shifts.29

Chiroptical responses, utilizing photonic SAM or OAM, can
collect the chiroptical signals in materials with high sensitivity
by chiral light−matter interactions.31−33 For example, circular
dichroism (CD) spectroscopy, characterized by the differential
absorption between right- and left-handed circularly polarized
light, has been successfully applied in distinguishing the
chirality of molecules or nanostructures.34−38 For achiral
nanoholes, CD signals can be also achieved by oblique
incidence39 or an SAM-to-OAM transformation.36 However,
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the observation of spin−orbit coupling in the spin Hall effect
with sensitive chiroptical spectroscopy remains elusive.
Here, we theoretically predict and experimentally validate

the spin−orbit coupling in the form of chiroptical signals. As
shown in Figure 1a, electromagnetic waves induced by
circularly polarized dipoles on an air−dielectric interface
propagate along a given direction instead of the opposite
direction, resulting in the spin−orbit coupling. In the y−z
plane, two circularly polarized dipoles y zi( )/ 2| = ±±
predominately radiate to scatter in opposite directions, yielding
different scattering intensity distributions for y < 0 and y > 0
sections (Figure 1b). However, the total scattering intensities
are equal due to the spatial symmetry of the dielectric
substrate. By changing their refractive indices (nL ≠ nR), we
can break the in-plane inversion symmetry of the dielectric
substrate. For nL > nR, the total scattering intensity of the |σ+⟩
dipole substantially exceeds that with the |σ−⟩ dipole, resulting
in chiroptical responses. The sign of the chiroptical signal is
flipped for nL < nR (see Figures S1 and S2 for more
discussions).
To sustain the surface-propagating mode and circular

dipoles in the y−z plane, the in-plane wavevector k∥ on the
air−dielectric interface is typically provided by an oblique
plane wave, as shown in Figure 1c. Instead of the rectilinear
boundary, we further consider a circular boundary of a
dielectric disk with diameter D. In this scenario, we can
introduce OAM beams to provide the in-plane wavevector k∥
along the circular boundary, as shown in Figure 1d. The vortex
beam has an azimuthal phase gradient ∇Φ = l/r·eφ̂, where φ is
the azimuthal angle and eφ̂ is a unit vector pointing along the

cylindrical coordinate direction (Figure 1e). When the vortex
beam impinges on the interface, the helical phase wavefront
introduces an in-plane pseudo-wavevector k∥ = l/r·k̂⊥ × r,̂
where k⊥ is the axial wavevector component. As a result, the
spin−orbit coupling in the form of a chiroptical response is
expected to be probed on the circular boundary at normal
incidence (see Section S3 and Figure S3 for more details).
To experimentally verify our predictions, circularly polarized

vortex beams with tunable topological charges are focused on a
microdisk. For simplicity, we choose an air−dielectric
boundary (nL = 1.51, nR = 1), where the chiroptical response
can still exist on the boundary (see Figure S1). Figure 2a shows
the experimental configuration for probing spin−orbit coupling
effects. A phase-only spatial light modulator (SLM) is used for
generating vortex beams with tunable topological charges. The
microdisk with a height of 2 μm and a diameter of 10.6 μm is
fabricated by two-photon direct laser writing in a photo-
polymer material, as shown in Figure 2b. The reflected light
can be collected by a charge-coupled device (CCD) camera
(see Section S1 for more experimental details).
In our experiments, we detect the reflection on the

microdisk by circularly polarized vortex beams with different
topological charges. In Figure 2c, a pronounced valley is shown
in the reflectance spectrum for topological charges in the range
of 10−25, where a microcavity resonance is excited by
illuminating the boundary of the microdisk (see Section S4
for more details). Remarkably, different reflectance can be
observed at the valleys for opposite spin states. To be more
specific, the reflectance with |σ+⟩ spin state is larger than that
with |σ−⟩ in the valley region. In contrast, the reflectance with
|σ+⟩ is smaller than that with |σ−⟩ for topological charge |−l⟩, as

Figure 1. Concept of chiroptical signals induced by spin−orbit interactions of light. (a) Schematic of |σ±⟩ circularly polarized dipoles oscillating on
an air−dielectric interface, leading to unidirectional scattering distribution. The in-plane pseudo-wavevector k∥ propagates along the boundary (y =
0). The refractive indices of y < 0 and y > 0 dielectric parts are nL and nR, respectively. (b) Simulated angle-resolved scattering intensity of |σ±⟩
circularly polarized dipoles on the symmetric (left panel: nL = nR = 3) and asymmetric (right panel: nL = 4.5, nR = 1.5) interface. The symmetry of
scattering intensity between |σ±⟩ states is broken on the asymmetric surface, resulting in chiroptical responses. (c) The in-plane pseudowavevector
k∥ can be provided by a plane wave under oblique incidence. (d) Schematic of circularly polarized vortex beams incident on a dielectric disk, where
the rectilinear boundary is changed into a circular one. (e) The vortex beam has an azimuthal phase gradient, providing the in-plane pseudo-
wavevector k∥.
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shown in Figure 2d. The chiral electromagnetic wave under
time reversal switches its propagation direction, which results
in the inversion of photonic chirality on the transverse

plane.40−42 The intrinsic angular momentum of light |±l⟩|σ±⟩
can be transformed into |∓l⟩|σ∓⟩ in free space: that is, |±l⟩ → |
∓l⟩ and |σ±⟩ → |σ∓⟩ by time-reversal symmetry breaking.

Figure 2. Experimental demonstration on microdisks by circularly polarized vortex beams. (a) Optical setup. The Gaussian beam is modulated to
linearly polarized vortex beams with controllable topological charge l by fork holograms. Then the vortex beam is tailored to |σ+⟩ or |σ−⟩ circular
polarization by a polarizer and quarter-wave plate. Finally, the modulated circularly polarized vortex beam is focused on the microdisk by an optical
microscope system. The inset shows the fork hologram with topological charge l = 4. (b) Scanning electron micrograph (SEM) image of the
engineered microdisk. (c, d) Normalized reflectance of circularly polarized vortex beams as a function of topological charge |+l⟩ (c) and |−l⟩ (d).
Each curve is the average of multiple measurements shown as the mean value and standard deviation of the mean.

Figure 3. Simulated demonstrations and CDS spectra in angular momentum space. (a) Sectorial schematic of the circularly polarized vortex beam
impinging on the boundary of a microdisk. Both the vortex beam and microdisk are cylindrically symmetrical by aligning their axes. (b) Simulated
cross-sectional intensity distribution of the microdisk illuminated by a |σ+⟩ circularly polarized vortex beam with topological charge |+15⟩. (c)
Measured optical intensity (left panel) and simulated Eσ+ mode (right panel) profiles on the microdisk by the |+15⟩|σ+⟩ vortex beam. Dashed lines
indicate the position of the microdisk. (d, e) Measured (d) and simulated (e) CDS spectra as a function of topological charge |l| on the achiral
microdisk.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03266
Nano Lett. 2022, 22, 9013−9019

9015

https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03266?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Given that spin−orbit coupling is dependent on the signs of
both spin states and in-plane pseudo-wavevector k∥, which is
determined by the topological charge |±l⟩, the total system
shows time-reversal invariant by inversing the signs of σ and l
simultaneously (see Figure S4). Therefore, the characteristics
of reflectance spectra with topological charge |−l⟩ are
theoretically inverse to the situation with |+l⟩, which is
confirmed in the experimental results.
Recently, the chiroptical signals have been reported by

transferring SAM to OAM under a high-numerical-aperture
(NA) objective lens, which demonstrates SAM-dependent
intensity distributions on the focal plane.36,43,44 To decrease
the SAM-to-OAM transformation, we focus the circularly
polarized vortex beams by an objective lens with NA = 0.9 in
our experiments. The residual cross-polarization transforma-
tion (<3%) can be neglected without obvious influences on our
experimental results (see Figures S6 and S7 for more
discussions). To further understand the phenomena, the
interaction between photonic angular momenta and the
microdisk is investigated by a full-wave simulation with a
finite-difference time-domain (FDTD) method. We analyze
the vortex beam exactly impinging on the boundary of the
microdisk (Figure 3a). In this scenario, the intrinsic angular
momenta of vortex beams can strikingly affect the electric field
distribution on the achiral microdisk by spin−orbit coupling.

Due to the diffraction effect on the boundary, the donut-
shaped vortex beam is split into two ring distributions.
Presented in the cross-sectional intensity distribution on the
r−z plane, one branch propagates into the microdisk and the
other propagates into air (Figure 3b). The spin-dependent
scattering appears by matching the vortex beam and microdisk
diameter, which is also proved by the optical images of the
CCD camera (Figure 3c). The transverse electric field
demonstrates azimuthal distributions by the excitation of
vortex beams (see Figures S8 and S9).
To establish the relationship of such propagation-direction-

dependent or chiral light−matter interactions with photonic
SAM and OAM, we compare the reflectance spectra for
generating chiroptical signals. The reflectance difference
between opposite spin states can be defined as circular
differential scattering (CDS)

I I

I I
CDSl

l l

l l=
+

+

+ (1)

where Iσd+
and Iσ d−

are the reflectance of vortex beams with |σ+⟩
and |σ−⟩ spin states, respectively. As shown in Figure 3d, one
can find that a strong CDS is located in the range of 10 ≤ |l| ≤
25, where vortex beams illuminate on the boundary of the
microdisk. The following characteristic features on CDS

Figure 4. Chiroptical properties on varying microdisk diameters. (a) 3D mapping graph of simulated CDS spectra related to topological charge |l|
and microdisk diameters. (b) Measured CDS spectra for varying microdisks (diameters: 5.4, 10.6, and 16.0 μm). The top CDS spectrum indicates
the sample without a microdisk. (c) The corresponding topological charge |±l⟩ of peaks or valleys on CDS spectra for varying microdisk diameters.
The gray dots and line indicate the simulated data and theoretical analysis, respectively. (d) Experimental (dots) and simulated (lines) dependences
of the extreme CDS values on the microdisk diameters.
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spectra can also be observed in our experiments. First, no
obvious CDS signal is observed by illuminating on the sample
away from boundary area (|l| < 10 or |l| > 25). Second, the
CDS spectra of circularly polarized vortex beams are mirror-
symmetric for CDSl = −CDS−l with respect to the zero line.
Third, distinguished from traditional chiroptical phenomena
caused by chiral materials, the chiroptical signals on achiral
microdisks are induced by the intrinsic chirality of light. The
simulated CDS spectra are in good agreement with the
experimental measurements (Figure 3e). Due to the
orthogonality between SAM and OAM, the CDS spectra can
be also defined as the chiroptical signals between |+l⟩ and |−l⟩
vortex beams.
To investigate the robustness of chiroptical responses, we

further analyze microdisks with different diameters. The
simulated results demonstrate robust mirror-symmetric CDS
values for vortex beams with opposite topological charge |±l⟩,
as shown in Figure 4a. The sign of CDS is exclusively
determined by the topological charges and is independent of
the microdisk diameters. By varying the microdisk diameter
from 5.4 to 16.0 μm, the mirror-symmetric property of CDS
spectra is also confirmed in our experiments (Figure 4b). As a
control sample, no remarkable chiroptical signal is observed on
the substrate without a microdisk.
In our experiment, the microdisks are located at the

defocused plane of objective, where the diameter of vortex
beam is proportional to l| | .45 As the chiroptical signals are
generated at the boundaries of microdisks, the extreme CDS
values can be achieved by vortex beams with topological charge
|l| = αD2, where the constant α is dependent on the
experimental configurations (Figure 4c). By tailoring the
microdisk diameters, a strong CDS signal can be induced by
spin−orbit coupling, as shown in Figure 4d. The simulated
extreme CDS values for different microdisk diameters are in
good agreement with the measured results. The small
deviations for larger microdisk diameters can be attributed to
the radiation leakages at the edge of the CCD and the defective
fabrication of microdisks. Moreover, the extreme values of
CDS spectra could be further increased by tuning the refractive
indices of dielectric materials to improve the asymmetric
distributions beside the boundary. The proposed chiroptical
properties provide a versatile method to probe the spin−orbit
coupling effect for different structural and material parameters.
In conclusion, we have proposed a scheme to measure the

spin−orbit coupling effect by chiroptical signals. The tunable
chiroptical responses are experimentally observed on the
microdisks by circularly polarized vortex beams. Our method,
combining the intrinsic photonic angular momenta (SAM and
OAM), is convenient and versatile to allow the realization of
the spin−orbit coupling effect even at normal incidence.
Moreover, the adjustability of photonic angular momenta can
be predominantly improved by introducing theoretically
unbounded topological charges of vortex beams. The sensitive
chiroptical spectroscopy technique makes it possible to
quantify the inherent spin-dependent scattering of light−
matter interactions, opening doors to further understand and
control spin−orbit coupling effects, as well as the connections
between spin−orbit coupling and chiroptical responses. The
sensitivity of chiroptical signals can be further increased by
orders of magnitude for precision metrology, by commercial
CD instruments that are widely used for probing chiral
molecules or nanostructures. Moreover, we may extend the
concept from a single microdisk to a large array of microdisks

to achieve strong coupling between incident vortex beams and
the microdisks with small beam divergence.46 This work,
utilizing variable superposition of SAM and OAM, may find
applications in spin-based nano-optics and next-generation
chiroptical spectroscopy.47 In addition, we expect that the
strong chiroptical responses generated by spin−orbit coupling
effects can provide a new physical insight into the origin of
chiroptical activity.
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