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Analogue of Charge Conjugation in the Optical Spin Hall Effect
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The optical spin Hall effect, as an optical analogue of spin-orbit coupling of fermionic electrons, has
attracted increasing interest in fundamental physics and nanophotonic applications. In addition to spin,
charge of particles, as the other degree of freedom, plays a significant role in spin-orbit interaction as
well. However, the optical counterpart of charge conjugation has been absent due to the charge-free nature
of photons. Here, in a one-dimensional photonic crystal, we report reversible optical spin currents from
the opposite band edges of the photonic band gap, which can provide an optical analogue of charge con-
jugation in spin-orbit coupling. The effective magnetic field acting on the photons is controlled by the
tunable splitting of the transverse electric and transverse magnetic optical modes, which is confirmed by
both experiment and simulation. Based on the tunable effective magnetic field, the optical spin current can
be controlled by the tunable cavity length in an open cavity. Our results will facilitate the development of
optical spintronic devices and guide the understanding of analogies and generalizations involving quantum

and classical wave theories.
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I. INTRODUCTION

Due to the relativistic spin-orbit coupling effect, carri-
ers of different spins subject to impurity scattering form a
spin flow, a phenomenon known as the spin Hall effect [1].
As relativistic spin-1 particles, photons naturally exhibit
intrinsic spin-orbit interaction effects stemming from the
fundamental spin properties of the Maxwell equations [2].
Therefore, analogues of the spin Hall effect can be found
in various optical systems, such as a planar interface [3],
metasurfaces with polarization-dependent phase manipu-
lation [4—6], and waveguides with evanescent field tails
[7-9]. The increasing researches on the optical spin Hall
effect (OSHE) have also facilitated a series of applica-
tions [10] including precision metrology [11-14], ana-
log optical computing [15—17], and quantum information
technologies [18].
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Among all the systems to investigate the OSHE, a
microcavity consisting of two high-reflectance Bragg mir-
rors has drawn particular attention as it hosts massive pho-
tons with parabolic energy-momentum dispersion, light-
matter coupling, as well as optical simulations [19-22].
The OSHE in a microcavity was initially predicted by
Kavokin et al. [23], followed by experimental demon-
strations in both strong coupling regime [24] and a bare
microcavity [25-27]. Most recently, the increasing inter-
est in optical analogues of condensed matter physics is
intrigued by the interplay of the OSHE with unprecedented
flexible tunability in optical systems. These tuning sys-
tems including birefringence, non-Hermitian effect, optical
activity, and potential engineering, together with the intrin-
sic OSHE, have led to many hallmarks in optical simula-
tions varying from polariton topological insulators [28,29]
and skyrmions [30] to the photonic Rashba effect [31,32].

In electronic systems, it is known that both electrons
and holes can experience spin-orbit coupling (SOC), and
the direction of the effective magnetic field induced by
the orbital movement will be reversed for electrons and
holes. Furthermore, it has been shown that hole spins

© 2023 American Physical Society
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FIG. 1. Schematic of optical spin Hall effect in a one-
dimensional photonic crystal.

in semiconductor nanostructures can experience a spin-
orbit interaction many times stronger than that for electron
spins, which has been revealed in the band structure of
semiconductors [33-35].

However, this charge conjugation of SOC in optical sys-
tems has been absent as a result of the charge-free nature
of photons. Moreover, the small strength of optical spin-
orbit coupling is a major obstacle to extending the optical
modeling of condensed matter physics and applications of
optical spin devices [5,8].

In this paper, we revisit the OSHE in a one-dimensional
photonic crystal (PC), also known as a distributed Bragg
reflector (DBR), as schematically shown in Fig. 1. Tak-
ing advantage of the band structure of the photonic crystal
and the large splitting between the transverse electric (TE)
and transverse magnetic (TM) optical modes, we observe
a reversible OSHE of photons from two edges of the pho-
tonic stop band, e.g., the direction of the optical spin
current from the edge Bragg modes is opposite. Consid-
ering the similarity between the photonic stop band and
electronic band gap, such a spin-band locking effect pro-
vides an optical analogue of the charge conjugation effect
in an electron system. The experimental results agree well
with numerical simulations. Based on this effect, we pro-
pose an electrically controlled open cavity to generate
tunable optical spin current. Our results provide an under-
standing of the OSHE in photonic structures, and will pave
a way to mimic spin-related condensed matter physics in
optical systems.

II. BAND STRUCTURE AND TE-TM SPLITTING

The sample used in the experiment is a DBR mirror con-
sisting of 12 pairs of low-index/high-index LiF/ZnS layers
grown on a quartz substrate. The index of isotropic LiF
and ZnS is about 1.39 and 2.35, respectively [36,37], and
the high contrast of index will result in a larger TE-TM
splitting and stronger OSHE, discussed in the following

sections. Both reflectance and transmission spectra of the
structure can be obtained using spectroscopic measure-
ments (see Fig. S1 within the Supplemental Material [38]
for a schematic of the setup).

We first characterize the band structure of the PC
by angle-resolved reflectance spectroscopy, as shown in
Fig. 2(a). Determined by the optical length of each dielec-
tric layer, the PC exhibits high reflectivity close to one
in the spectral range from 2.0 to 2.5 eV. The broad high-
reflectance region, also known as the optical stop band, is
an optical analogue of the electronic band gap. The stop
band is surrounded by optical modes with parabolic disper-
sion, called Bragg modes. The upper and lower branches of
Bragg modes can be regarded as the optical conduction and
valence bands of a PC, although there is no charge conju-
gation for photons. Each pair of Bragg modes is degenerate
when the incident angle 6 is zero. The degeneracy is
lifted at finite incident angles, where the splitting increases
proportionally to the incident angles. The origin of this
splitting is confirmed by the polarization-resolved spectra,
as shown in Figs. 2(b) and 2(c). Each pair of Bragg modes
consists of a pair of TE and TM polarized modes with
different dispersion, e.g., effective mass of photon. The
band structure of the PC and polarization dependence can
be well reproduced by simulation with the transfer matrix
method (see Fig. S2 within the Supplemental Material [38]
for the simulated results). This TE-TM splitting, resulting
from the Fresnel law, plays a key role in the optical spin
Hall effect, which has been explored in optical microcav-
ities [23,26,27]. For a multiple layered optical structure
with in-plane isotropy, the effective optical index to TE
and TM polarized light will be different at nonzero inci-
dent angles, resulting in the lifted degeneracy of TE-TM
mode. To investigate the TE-TM splitting quantitatively,
we extract the energies of the first upper and lower Bragg
modes at the edges of the photonic band gap, and plot them
as a function of incident angle, as shown in Figs. 2(d) and
2(e), respectively. The TE and TM polarized modes are
represented by the red solid and blue dashed lines, respec-
tively. Interestingly, the TE polarized mode is energetically
higher than the TM polarized mode for the upper Bragg
mode, and the relationship is reversed for the lower Bragg
mode. We define the TE-TM splitting as A = E1g — E1m,
which is positive for the upper Bragg modes and negative
for the lower Bragg modes.

I11. BAND EDGE DEPENDENCE OF OPTICAL
SPIN HALL EFFECT

To illustrate the impact of TE-TM splitting on the optical
spin Hall effect, the effective Hamiltonian of this system
can be expressed in the form of a Pauli matrix [23]:
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FIG. 2. Angle-resolved reflectance of the DBR. The measured reflectance (a) without polarization resolution, (b) with TE polariza-
tion, and (c) with TM polarization. The extracted dispersion of the (d) upper and (e) lower Bragg mode. The TE and TM components
are plotted as red solid line and blue dashed line, respectively. The horizontal black solid line indicates the energy of the laser used for

excitation.

The first term is the kinetic energy of the photon, where m
is the effective mass with m~! = (my} + mryy)/2. The sec-
ond term is contributed by the TE-TM splitting, where o
is the Pauli matrix vector, wp is the Bohr magneton, and g
is the g-factor. The TE-TM splitting results in an effective
magnetic field Heg = (h/upg) Ry, and £ can be further
decomposed to

sz;@, Q, =2

A (keky)
k2

Therefore, the orientation of the effective magnetic field
acting on the cavity photons is determined by the in-plane
momentum of photons, as indicated by the red arrows in
Figs. 3(a) and 3(b), corresponding to the upper and lower
Bragg modes, respectively. The opposite orientation of
the magnetic field results from the opposite sign of TE-
TM splitting of the two modes. In the presence of such
effective magnetic field, the evolution of the circularly
polarized light will be correlated with the in-plane wave
vector. The procession of the photon under the anisotropic
effective magnetic field in momentum space will result
in anisotropic distribution of circularly polarized light. To
map out this distribution and investigate its band structure
dependence, a wavelength-tunable supercontinuum laser is
used to excite the upper and lower Bragg modes separately.
The energy of the excited photon is labeled by the hori-
zontal black sold lines in Figs. 2(d) and 2(e), where the
PC modes with finite in-plane wave vector exhibit nonzero
TE-TM splitting. The incident light is linearly polarized,
and focused by an objective with numerical aperture of

)

0.5. Photons with linear polarization will occupy the full
momentum space by the resonant pump, as indicated by
the blue arrows. The polarization will process under the
effective magnetic field. We perform momentum space
imaging of the degree of circular polarization (DOCP)
defined as

15~ (ky, ky) — L+ (ky, ky)
I;- (kxa ky) + I+ (kx: ky) ’

P (ky, ky) = 3)

where /,+ and I,- represent the intensity of the trans-
mitted light with right-circular polarization (RCP) and
left-circular polarization (LCP). Figure 3 shows the exper-
imental and simulated reciprocal space images of the
DOCP for the upper and lower Bragg modes. For incident
light with polarization along the y axis and with frequency
on resonance with the upper Bragg mode [Fig. 3(c)], we
observe a quadrupole of the DOCP with RCP and LCP
symmetrically separated in different quadrants. In con-
trast, when the photon frequency is on resonance with the
lower Bragg mode, the quadupole of the DOCP exhibits
the opposite sign, as expected from the reversed orienta-
tion of the effective magnetic field. We perform simulation
using the transfer matrix method followed by a coordinate
transformation [26] (see Sec. C within the Supplemental
Material [38] for details of this simulation method). The
simulated patterns of DOCP agree well with the experi-
ments, as shown in Figs. 3(e) and 3(f). We perform the
same measurements and simulations when the incident
light is polarized along the x axis, where the spin textures
for the upper and lower Bragg modes exhibit a reversed
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FIG. 3. Band edge dependence of the optical spin Hall effect.

The effective magnetic field in momentum space for the (a) upper
and (b) lower Bragg modes. The red arrows indicate the orienta-
tion of the effective magnetic field, and the shorter blue arrows
indicate the initial direction of the pseudospin determined by the
polarization of the pump. The polar angle is represented by ¢.
The measured spin textures [DOCP defined in Eq. (3)] of the
(c) upper and (d) lower Bragg modes. The simulated results are
plotted in (e),(f) correspondingly.

pattern [24] (see Fig. S3 within the Supplemental Material
[38] for the measured and simulated results). Interestingly,
the polarization patterns for the upper and lower Bragg
mode are squeezed in x and y directions, respectively,
which results from the TE-TM splitting of the mode as
well (see Fig. S4 within the Supplemental Material [38]
for a detailed discussion).

IV. TUNABLE OSHE IN AN OPEN CAVITY

To extend the tunability of the OSHE in the photonic
structure, we explore the TE-TM splitting in a full cavity
consisting of two DBRs. It has been shown that the cavity
mode as an optical analogue of the defect state in electronic
systems supports the OSHE as well [23]. As we sweep the
length of the cavity, the mode will shift within the stop
band [39]. To investigate the cavity length dependence of
the TE-TM splitting, we simulate the polarization-resolved
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FIG. 4. Tunable TE-TM splitting in an open cavity. (a)~(c)
The simulated angle-resolved reflectance for three different cav-
ity lengths. The color of the mapping indicates the polarization,
with red and blue corresponding to TM and TE polarization,
respectively. We define detuning § as the energy difference of the
cavity mode compared with the center of the stop band. Three
cases when (a) § > 0, (b) 6 =0, and (c) § < 0. (d) Extracted
TE-TM splitting at 20° with different detunings. The blue open
square and the red open triangle represent the cavity modes with
blue and red detuning, respectively. The blue filled square and the
red filled triangle represent the upper and lower Bragg modes,
respectively. The black open circle corresponds to the case of
zero detuning. (e¢) Schematic of an optical spin current device
that allows electrical control.

reflection spectra of a cavity corresponding to three differ-
ent cavity lengths. As shown in Fig. 4(b), when the energy
of the cavity mode (E.) is exactly at the center of the stop
band (E), the TE and TM modes overlap with each other.
When the cavity mode is detuned from Ej, the modes split
in the opposite way, as indicated by Figs. 4(a) and 4(c).
We define detuning as 6 = E. — Ey. The amplitude of split-
ting extracted at a fixed angle (20°) will increase with the
amplitude of §, as shown by the open symbols in Fig. 4(d),
where triangles and squares correspond to the negative
and positive detunings (TE-TM splittings), respectively.
As a reference, the dependence for the upper and lower
Bragg modes is also plotted by filled symbols, which can
be understood as the limit of the tunable cavity mode.
Therefore, based on this detuning dependence of the effec-
tive magnetic field, we propose that an open cavity whose
cavity length can be controlled continuously can support
tunable OSHE. The open cavity has been widely applied
in exploring solid-state light-matter interactions [40]. By
tuning the cavity length through a piezo-controlled open
cavity, both the orientation and size of the effective mag-
netic field can be controlled. Therefore the optical spin
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current can be reversed by electrical control, which can
be readily expected considering the mature open cavity
techniques [40—43].

V. CONCLUSION

In conclusion, we report the band edge dependence of
the optical spin Hall effect in a one-dimensional photonic
crystal. The orientation of the optical spin current, deter-
mined by the direction of the effective magnetic field,
exhibits strong correlation with the band structure. This
is confirmed by the spin texture obtained experimentally,
which is reproduced by simulation as well. Such a band-
edge-related spin Hall effect provides an optical analogue
of charge conjugation in spin-orbit interaction. By system-
atically investigating the mode dependence of the effective
magnetic field, electrically tunable OSHE can be obtained
in an open cavity. Our results contribute to the understand-
ing of the optical analogue of the spin Hall effect and pave a
way to improve its tunability. The Bragg modes with large
TE-TM splitting can be readily coupled with van der Waals
materials to investigate the optical spin Hall effect in the
strong coupling regime [44]. The TE-TM splitting in an
open cavity provides a tuning method for the OSHE, and
facilitates its applications in optical simulation, topological
photonics, and optical spin circuits.
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