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Configurable Spin Orbital Interaction Utilizing
Vector Beam Interference
Wei Liu , Zhen Chai , Kebin Shi , and Ze Zhang

Abstract—Spin-orbit interaction (SOI) of light has attracted
enormous interest for its potential applications in controlling light
at nanoscale and holds promise for future optical information
technology and optoelectronics. In particular, the transverse spin in
evanescent waves is regarded as distinct manifestation of SOI and
an emerging candidate for miniaturizing optoelectronic circuits.
However, further application has been hampered by the inability
to conveniently generate light field with configurable transverse
spin. Here, we present a simple method to generate free-space
light field with arbitrary transverse spin utilizing vector beam
interference and numerically demonstrate the configurable spin
orbital coupling in nanophotonic waveguide. Chiral waveguide
with excellent extinction ratio up to 42 dB is achieved in our
simulation. The propagating direction of guided mode can be fully
controlled via tuning the ellipticity of transverse spin. The device is
compatible with existing integrated nanophotonic devices and may
find valuable applications in future optical information processing
and optical communication technology.

Index Terms—Chiral waveguide, nanophotonics, spin orbit
interaction, transverse spin, vector beam.

I. INTRODUCTION

I T IS well known that light possess intrinsic spin angular
momentum (SAM) and orbital angular momentum (OAM),

as determined by the polarization and spatial degrees of the
freedom of light [1], [2], [3], [4], [5], [6]. In traditional macro-
scopic geometrical optics, these two degrees of freedom are
usually manipulated independently and the SOI phenomena
can be neglected. However, the SOI must be considered in
modern optics dealing with nonparaxial structured light field
with sub-wavelength inhomogeneities [7], [8], [9], [10]. In par-
ticular, the spin and orbital angular momentum become tightly
coupled with each other in strongly nonparaxial regime such as
nanophotonics, near-field optics and plasmonics [11], [12], [13],
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[14]. The studies of optical SOI recently have revealed that the
spatial degrees of freedom can be affected or controlled by spin
of light via SOI phenomena [15], [16], [17]. These extraordinary
characteristics of SOI can find applications in optical diodes, chi-
ral photonics, optical communications, metrology and quantum
information processing.

The simplest example of an optical field carrying SAM is
an elliptically polarized plane wave, whose spin is proportional
to the polarization helicity and collinear with the wave vector.
Therefore, the spin of this kind of elliptically polarized light
field is also called longitudinal spin. In recent years, there
has been increasing interest in the transverse SAM of light in
the study of SOI. Transverse spin is widely found in strongly
nonparaxial regime, where the longitudinal field components
emerge due to the transversality of light [18], [19], [20]. Studies
have revealed the transverse spin in evanescent waves originates
from the SOI in laterally confined propagating modes [21], [22].
In sharp contrast with the normal longitudinal spin, transverse
spin has a spin axis orthogonal to the propagating direction
of light. More interestingly, the rotation of transverse spin can
play a key role in the process of SOI associated with near-field
optics and is directly linked to the propagating direction of
evanescent wave [23], [24]. Such intriguing physics effects of
transverse spin provides possibility for realizing controllable
spin-direction coupling between free space light field and guided
mode of nanoscale waveguide [11], [25], [26], [27], [28]. The
direction of transverse spin for evanescent wave of transverse
electric (TE) mode is perpendicular to the substrate, which
exactly matches the spin of normally incident light with circular
polarization. Therefore, previous researches on spin controlled
chiral waveguide mostly focused on coupling chiral TE mode for
the convenience to generate and modulate circularly polarized
light [11], [26], [29]. However, due to the lack of fast and tunable
methods of generating light field with configurable transverse
spin, only a few studies on coupling chiral of transverse magnetic
(TM) mode of waveguide require complicated design of nano
structures and oblique illumination [25], [26], [30]. As the
evanescent field of TM mode is located near the top surface
of the waveguide, it has significant advantages over TE mode
in applications such as on-chip sensors, interlayer coupling of
3D waveguide [36]. In order to expand the application scope
of SOI, numerous significant works have been performed to
investigate the method of generating light field with tunable
transverse spin over the past few years. However, those methods
require complex optical design and expensive phase modu-
lation equipment, and the switching speed of spin direction
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Fig. 1. The basic principle for synthesizing light field with transverse spin.
GB: Gaussian beam, RPB: radially polarized beam, ET: transverse electric field
component, EL: longitudinal electric field component.

cannot meet the application requirements of highspeed optical
information processing and communication. Developing a ro-
bust and cheap method to generate light field with tunable trans-
verse spin remains a great challenge in optoelectronic circuits
[31], [32], [33], [34], [35].

In this work, we propose a simple scheme to generate arbitrary
transverse spin in free-space light field utilizing vector beam
interference and numerically demonstrate a configurable spin
orbital coupling device with high extinction ratio in nanopho-
tonic waveguide. The longitudinal field component is generated
by a tightly focused radially polarized beam, while the transverse
field component is provided by another Gaussian beam. When
two beams interference at the focus and maintain π/2 phase
difference with respect to each other, the electric vector of total
field will rotate in plane parallel to the path of light beam. In
this way, free space light field with transverse spin is generated
and can be rapidly tuned by changing the amplitude and phase
of two beams. A gold nanoparticle as polarization maintaining
scatterer is placed on the surface of nanophotonic waveguide
to couple excitation light into eigenmode of waveguide through
the evanescent wave. In contrast with other sophisticated chiral
photonic devices, our proposed device is perfectly symmetric
and simple, which only consists of a nanoparticle located on
the top of waveguide. The unidirectionality can be optimized
and fully controlled by modulating the phase and amplitude of
two coherent vector beams. Such spin orbital coupling method
provides a unique way for designing chiral nanophotonic devices
and could find direct applications in integrated ellipsometry and
quantum processing and topological photonics.

II. THEORETICAL MODEL

A. Basic Principle for Generating Light Field With Transverse
Spin

The proposed scheme of generating free space light field
with transverse spin is sketched in Fig. 1. The key to generate
transverse spin with arbitrary ellipticity is to create a longitudinal
field component and another mutually orthogonal transverse
field component for which the amplitude and phase can be
tuned independently. When a vector beam is tightly focused,
the radial component of the incident beam contributes to the
transverse and longitudinal field components near the focal
plane, while the azimuthal component in the incident beam
just contributes to the transverse field component on the focal
plane. If a vector light beam with symmetric polarized field

components is focused using a high numerical-aperture (NA)
objective, the transverse component will be destructed and only
longitudinal field component left at the center of focus. Based
on the above discussion, robust longitudinal field component
can be developed with a tightly focused radially polarized beam
whose polarization distribution is perfectly centrosymmetric.
The transverse field component is provided by another indepen-
dent Gaussian beam focused by the same objective. Transverse
spin with arbitrary ellipticity can be generated by just tuning the
amplitude and phase difference of two incident beams. When
the two orthogonal field components have same amplitude and
phase difference of ±π/2 in focal volume, transverse spin with
perfect circular polarization can be obtained.

According to the Richards-Wolf vectorial diffraction theory,
the electric field of a tightly focused radially polarized beam
ERP are given on the form:

ERP (ρ, ϕ, z) =
ikf2

2ω0

√
n1

n2
E0e

−ikf

⎡
⎣ iI1 cosϕ

iI1 sinϕ
−4I2

⎤
⎦ dθ (1)

And the electric field of a Gaussian beam with polarization
along x direction ELP are given as:

ELP (ρ, ϕ, z) =
ikf

2

√
n1

n2
E0e

−ikf

⎡
⎣ I3 + I4 cos 2ϕ

I4 sin 2ϕ
−2iI5 cosϕ

⎤
⎦ (2)

where ρ, ϕ and z are unit coordinate vectors in cylindrical
coordinate system, E0 is initial amplitude of radial polarized
beam and linearly polarized beam separately. k is the wave vector
of incident beam, f is the focus length of objective, ω0 denotes
the beam waist radius, n1 and n2 are the refractive index before
and after the objective respectively. θ is the divergence angle of
the focused beam and In are abbreviations for integral functions
of Bessel function with the following expressions:
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Fig. 2. The simulation result of the generated light field with transverse spin.
(a)–(c) The electric field amplitude distribution of the total light field in x-y, x-z
and y-z planes cross the focus. (d)–(f) The spin density distribution calculated
by Ex and Ez component in x-y, x-z and y-z planes cross the focus.

Where Jn is the nth-order Bessel function. the function fw(θ)
is given by: fw(θ) = exp(−sin2θ/f02sin2θmax). Here, the f0 is the
filling factor of the objective. The interference electric field E
= ERP+ηexp(iϕ0)ELP can be calculated with (1) and (2), here
the η and ϕ0 are the additional amplitude and phase modulation
factor. The transverse field component Ex and longitudinal field
component Ez of total electric field are obtained after transform-
ing the cylindrical coordinate to Cartesian coordinates. After
the phase difference and the amplitude ratio are set to [ϕEz-Ex,
|Ez|/|Ex|] = [±0.5π, 1] by tuning the parameters ϕ0 and η at the
center of focus, free space light field with perfect transverse spin
can be generated.

The normalized spin density σ derived from equation of
polarization ellipse was utilized to describe the ellipticity of
polarization for the transverse spin [36], which can be expressed
as:

σ =
2EzExsinδ

E2
z + E2

x

(4)

where δ is the phase difference between two electric compo-
nents.

Based on the theoretical models above, the amplitude distribu-
tion and spin characteristics of the light field generated by vector
beam Interference can be analyzed. The linearly polarized beam
with polarization along the x direction is superimposed with
another radially polarized beam coaxially in our simulation. Two
beams with the same wavelength of 532 nm and waist diameter
of 6 mm are tightly focused by an objective with NA of 0.95
and propagating along z direction in the defined coordinates.
Fig. 2(a)-(c) shows the simulated total electric field distribution
in three orthogonal planes in the confocal region when incident
beams are configured to satisfied the conditions of [ϕEz-Ex,
|Ez|/|Ex|] = [0.5π, 1]. As depicted in Fig. 2, the main lobe of
focal spot is asymmetric due to the interference of radial and
linearly polarized beam. Due to the spin density σ relays on the
electric field components Ex and Ez, the calculated spin density
distribution also shows uniformity induced by the asymmetric
of electric field in x direction. As uniformity is crucial for
many practical applications, the effective volume with high and
uniform spin density need to be located. A spherical volume with

Fig. 3. The simulated light field distribution for TM mode on the cross section
of the single mode Si3N4 waveguide on silica substrate. (a) and (b) The light field
amplitude distribution of Ex and Ez components for TM mode of the waveguide
respectively. (c) and (d) The phase difference between Ex and Ez components of
TM mode propagating along +x and -x directions respectively. (e) and (f) The
helicity distribution of polarization for the TM mode of waveguide as a guided
TM mode propagating along the +x and -x directions respectively.

spin density above 0.85 was marked in Fig. 2(d)-(f) by a dash
circle with diameter of 250 nm. To take fully advantage of the
effective spherical light field volume in applications involving
nanoantenna coupling, the size of coupling antenna should be
compactly designed and precisely align with the focus of light
field.

B. TM Mode Characteristics of a Single Mode Waveguide

To validate the spin characteristics of guided mode in
nanoscale waveguide, the eigen TM mode of a Si3N4 single
mode waveguide was simulated utilizing the finite-different time
domain (FDTD) method. The width and thickness of the Si3N4
waveguide on SiO2 substrate in our simulations are set to 250 nm
and 220 nm which are chosen via mode analysis in the planer slab
nano-waveguide to ensure no high-order guided mode allowed.
The electric field distributions of Ez and Ex for the eigen TM
mode are shown in Fig. 3(a) and (b) respectively. The phase
difference of Ex and Ez components of the eigen TM mode are
shown in Fig. 3(c)-(f). It can be seen that the phase difference
between Ex and Ez has opposite signs for upper and under
surfaces of the waveguide, and the absolute value of the phase
difference is strictly equal to 0.5π near the surface of waveguide.
The value of spin density on the cross section of waveguide
is calculated utilizing (4) and shown in Fig. 3(e) and (f). The
absolute value of spin density is 0.98 and its inhomogeneity is
less than 0.01 within height of one wavelength above the upper
surface of waveguide. The simulations above clearly prove that
the propagating direction of TM mode is strictly bounded with
spin density of evanescent wave.

C. Chiral Characteristics of The Proposed Spin Orbit
Interaction Method

The scheme of the proposed spin orbit interaction method
is shown in Fig. 4(a). A linearly polarized beam and another
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Fig. 4. The scheme of the proposed spin orbit interaction method and the distribution of electric field amplitude of chiral waveguide. (a) The scheme of the
proposed spin orbit interaction. (b) The amplitude distribution of electric field in the x-z plane passing through the central axis of waveguide illuminated by light
field with clockwise and anticlockwise transverse spin respectively. (c) The electric field amplitude profile performed along the dash lines of (b) which placed
10 nm above the upper surface of waveguide. BS: beam splitter, OBJ: objective, ML and MR: energy monitors.

radically polarized beam are combined by a non-polarizing beam
splitter and then focused by a high NA objective to generate
light field with independent longitude and transverse electric
field components. The spin density can be tuned arbitrarily by
modulating the phase and amplitude of the Gaussian beam.
Free-space light field with circular transverse spin is obtained
in the focal volume when the phase difference and amplitude
ratio are exactly set to ±π/2 and 1. A gold particle is chosen
as antenna to couple light into the guided mode of waveguide.
Comparing with antenna made of all-dielectric structure, the
gold nanoparticle with high scattering cross section can couple
light into waveguide more effectively due to its surface plasmon
resonance in visible band [37]. As the direction of transverse
spin for evanescent wave is uniquely locked with the direction
of propagation, the propagating direction of excited mode in
waveguide is determined by the spin direction of incident electric
field. We calculated the scattering cross section of gold particles
with different diameters at wavelength of 532 nm. The gold
nanoparticle with diameter of 90 nm has the largest scattering
cross section at wavelength 532 nm, which helps to achieve the
largest coupling efficiency of the transverse spin based chiral
device.

Fig. 4(b) shows the amplitude distribution of electric field
along the transverse xz-plane passing through the central axis
of waveguide for incident field with anticlockwise and clock-
wise circular transverse spin, respectively. To clearly show the
difference between the left and right arms, the electric field was
normalized by the maximum amplitude at the output ports of
the two arms in Fig. 4(b). We clearly see that light is coupled
to the right arm of the waveguide (left arm, respectively) for
incident light field with anticlockwise (clockwise, respectively)
circular transverse spin. In Fig. 4(c) are the amplitude pro-
files of electric field along the green and blue dashed lines of
Fig. 4(b), in which the maximum amplitude of electric field at
the excited arm is about 7.5 times larger than the other arm.
In order to quantitatively evaluate the performance of chirality

of the spin-dependent waveguide, extinction ratio is utilized
to characterize the performance of the coupler. The extinction
ratio ER is calculated using the photon fluxes at both outputs
of the waveguide, which is expressed as the form of ER =
10lg(TL/TR), where TL and TR are photon fluxes from the left
and right arm of the waveguide respectively. With the definition
of extinction ratio, the extinction ratio of our designed chiral
waveguide can be calculated by the energy output recorded by
the energy monitor M1 and M2 in Fig. 4(a), which is 17.5 dB at
wavelength of 532 nm in simulation.

III. PERFORMANCE CHARACTERIZATION

To further improve the performance of the device, we investi-
gated the effect of phase difference and amplitude ratio between
two electric field components on the chirality of waveguide.
The theoretical extinction ratio as a function of phase difference
and amplitude ratio of longitude and transverse electric field
components are shown in Fig. 5(a). The extinction ratio can
be easily switched from peak to valley by just modulating the
phase difference of 0.5π. This simple tuning method shows the
feasibility and superiority in transverse spin dependent chiral
waveguide research. Although it is theoretically predicted that
the maximum extinction ratio should present in the condition of
circular transverse spin, an appreciable deviation is found in the
simulated extinction ratio map. Fig. 5(c) and (d) shows the phase
difference and amplitude ratio dependence of the extinction
ratio respectively. The black curves are marked in Fig. 5(a)
by orthogonal black dash lines meet at the peak of extinction
ratio, while the red curves corresponding to the red dashed lines
meet at the position with circular transverse spin. The maximum
extinction ratio of the chiral waveguide can reach up to 42 dB in
our simulation when the phase difference and amplitude ratio are
set to [ϕEz-Ex, |Ez|/|Ex|] = [0.34π, 0.66], which is distinctively
deviated from circularly transvers spin ([ϕEz-Ex, |Ez|/|Ex|] =
[0.5π, 1]). To investigate the underlying physical mechanism of
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Fig. 5. The optimization process of the directionality of the designed chiral device. (a) The map of extinction ratio as a function of phase difference and amplitude
ratio of two beams. (b) The amplitude and phase distribution of tight focused linearly polarized Gaussian beam. upside: light filed without the waveguide and
substrate, downside: incident light field with the waveguide and substrate. (c) The extinction ratio as a function of the phase difference of two electric components
on focal plane when the amplitude ratio |Ez |/|Ex | equals to 0.66 (black curve) and 1 (red curve) respectively. (d) The extinction ratio as a function of the amplitude
ratio factor of two electric components on focal plane when the phase difference is set to o.34π (black curve) and 0.5π (red curve) respectively.

the deviation, the phase and amplitude distribution of generated
light field with transverse spin are simulated.

The images in Fig. 5(b) compared the amplitude and phase
distribution of Ez component for tightly focused radially po-
larized beam with and without considering the scattering of
the waveguide respectively. It is clear that the phase and am-
plitude distribution of the incident light field can be modified
enormously by scattering of waveguide and the reflection of
substrate. The initial phase difference and the amplitude ratio
at the center of focus modulated from [ϕEz-Ex, |Ez|/|Ex|] =
[0.5π,1] to [ϕEz-Ex, |Ez|/|Ex|] = [0.68π,1.4]. The scattering of
waveguide causes a phase shift of 0.18π and amplitude ratio
Enhancement of 1.4. To compensate the light field modulation
induced by the scattering of waveguide, the initial phase differ-
ence and amplitude ratio of incident light field should be set to
[0.5π-0.18π,1/1.4], which equals to [0.32π,0.71], respectively.
The residual deviation of phase and amplitude ratio from the
peak of extinction ratio shown is Fig. 5(a) becomes relatively
small (Δϕ= 0.02π,Δ|Ez|/|Ex|= -0.05) after compensation. The
small residual deviation after the compensation may be induced
from the coupling efficiency difference of gold nanoparticle for
Ez and Ex components of light field, which can be completely
eliminated by simply tuning the phase difference and amplitude
ratio of two incident beams.

As the chirality of the spin dependent device originate from
the symmetry-breaking of light field, rather than the geometry of
the coupling antenna, the proposed chiral device is intrinsically
insensitive to the wavelength of incident light. We characterized
the broadband performance of the design chiral coupler by
sweeping the wavelength of incident light in the simulations.
By varying the wavelength of incident light from 475 nm to
875 nm, the extinction ratio as a function of wavelength is
calculated from the simulation results and shown in Fig. 6(a).
The minimum extinction ratio in the wavelength range from
500 nm to 875 nm is 36.2 dB, which is 1 to 2 orders of magnitude

Fig. 6. The broadband performance of the chiral waveguide based on SOI.
(a) The extinction ratio as function of the wavelength of incident light. (b) The
coupling efficiency and normalized scattering cross section of the nano-antenna
as function of the wavelength of incident light.

higher than the transverse spin dependent chiral device of same
type reported in former works [11], [13], [26]. It should be noted
that there is a sharp decrease of the chirality when the wavelength
of incident light is shorter than 500 nm from Fig. 6(a). The
decrease of chirality may result from the multimode excitation of
the waveguide at shorter wavelength. For multimode excitation,
the energy flow is no longer confined to the x direction in the
waveguide, which will destroy the simple spin-direction bound-
ing relation for the evanescent wave of single mode waveguide.
The coupling efficiency and scattering cross section of the gold
nanoparticle with diameter of 90 nm as function of wavelength of
incident light are calculated by FDTD and shown in Fig. 5(b).
It can be clearly seen that the coupling efficiency is directly
dependent to the scattering cross section of the antenna, which
will decrease as the wavelength of incident light increases. The
positions of peaks of coupling efficiency and the scattering cross
correspond to wavelength of 535 nm and 545 nm respectively,
which ensures high coupling efficiency of the proposed chiral
device at the designed wavelength of 532 nm. As the background
noise is unavoidable for real word experiment, the chirality of the
proposed device is associated with the coupling efficiency and
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will decrease due to the degradation of coupling efficiency. The
upper and lower limits of the operating bandwidth of the device
are only determined by the number of eigenmodes of waveguide
and the scattering cross-section of the antenna respectively.
Therefore, the device proposed above can be applied to the
infrared band by simply modifying the material and size of the
waveguide and scatterer without redesigning the structure of
the device.

IV. CONCLUSION

We have theoretically demonstrated a novel and configurable
method to generate light field with transverse spin and nu-
merically demonstrate its application in spin-dependent chiral
nanophotonic waveguide. The key of this method is generating
independent longitude and transverse electric field components
in the focal volume by vector beam interference. The spin
density of transverse spin in focal region is calculated using
Richard-Wolf vectorial diffraction theory. A spherical valid
volume of free-space light field with diameter of 250 nm in
the focal volume has uniform a spin density above 0.85. A gold
particle with diameter of 90 nm was utilized as antenna and
placed in the valid volume to couple light into guided mode
of a single mode Si3N4waveguide. The propagating direction
of guided mode in the waveguide was controlled by tuning
the handedness of transverse spin. Ultrahigh extinction ratio
up to 42 dB was demonstrated numerically at wavelength of
532 nm after compensation of scattered field of waveguide.
The underlying physical mechanism of phase difference and
amplitude ratio deviation was studied via scattered field analysis.
Our method has proven to be convenient for compensation
of the deviation induced by the scattering of waveguide. The
broadband performance of the chiral waveguide was also stud-
ied by varying the wavelength of incident light from 475 to
875 nm. Excellent broadband performance of the chirality for
the designed transverse spin-dependent device was proven. The
designed device process high extinction ratio above 36.2 dB
in a fairly large wavelength range from 500 nm to 875 nm. The
proposed configurable spin orbital coupling method in nanopho-
tonic waveguide will find important applications in nanoscale
optical router, quantum information processing, field mapping
and novel spin controlled photonic devices.
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