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The geometric Pancharatnam-Berry (PB) phase not only is of physical interest but also has wide
applications ranging from condensed-matter physics to photonics. Space-varying PB phases based on
inhomogeneously anisotropic media have previously been used effectively for spin photon manipulation.
Here we demonstrate a novel wave-vector-varying PB phase that arises naturally in the transmission and
reflection processes in homogeneous media for paraxial beams with small incident angles. The
eigenpolarization states of the transmission and reflection processes are determined by the local wave
vectors of the incident beam. The small incident angle breaks the rotational symmetry and induces a PB
phase that varies linearly with the transverse wave vector, resulting in the photonic spin Hall effect (PSHE).
This new PSHE can address the contradiction between spin separation and energy efficiency in the
conventional PSHE associated with the Rytov-Vladimirskii-Berry phase, allowing spin photons to be
separated completely with a spin separation up to 2.2 times beam waist and a highest energy efficiency of
86%. The spin separation dynamics is visualized by wave coupling equations in a uniaxial crystal, where
the centroid positions of the spin photons can be doubled due to the conservation of the angular momentum.
Our findings can greatly deepen the understanding in the geometric phase and spin-orbit coupling, paving
the way for practical applications of the PSHE.
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The geometric phase, which arises when a classical or
quantum system undergoes a cyclic and adiabatic evolution
in its parameter space [1], is of primary importance in
modern physics [2,3]. Obviously different from its dynamic
counterpart, the geometry phase depends on the shape of
the path that is taken. In optics, there are mainly two types
of geometric phase: Rytov-Vladimirskii-Berry (RVB) [3]
and Pancharatnam-Berry (PB) phases [4]. The former is
associated with the evolution of the propagation direction
of light, whereas the latter with the polarization evolution
on the Poincaré sphere [1,5]. Spatially varying PB phases
based on anisotropic media have been widely investigated,
speeding up the development of integrated spin-photonic
devices [6–11]. Inhomogeneous liquid crystals and meta-
surfaces are frequently employed to design functional PB
optical elements with energy efficiencies as high as nearly
100% [9,12–14]. Spin photons can be manipulated flexibly
in the momentum space by arranging the optical axes of the
anisotropic unit cells. The manipulated spin photons could,
thus, be observed at a distance after the PB elements.
The RVB phase occurs in nonparaxial light beams as

well as paraxial beams in their reflection and transmission
processes [15–18]. Because of the RVB phase, a linearly
polarized light beam will undergo a transverse spin separa-
tion when reflected by or transmitted through a homo-
geneous interface, leading to the so-called photonic spin
Hall effect (PSHE) [19]. This RVB phase is momentum

dependent, and, thus, the spin separation occurs in the real
space. The RVB phase is generally small and allows the
spin separation of only a few tenths of wavelength, which is
very difficult for observation [20]. Nevertheless, a hori-
zontally polarized beam reflected near the Brewster angle
can undergo a large spin separation [21]. However, the
Fresnel reflection coefficient for pwave is near zero around
the Brewster angle, and, hence, only a small part of the
incident power will be reflected. To obtain a spin separation
of 20λ (λ being the wavelength), the reflectivity is about
−50 dB for an air-prism interface. Moreover, the larger the
spin separation, the lower the reflectivity. This is because
the reflectivity (energy efficiency) appears in the denom-
inator in the expression for the spin separation [20,22].
Taking full advantage of this fact, large spin separations
have been obtained with the assistance of lossy modes [23],
surface plasmon resonances [24], and Dirac points [25] in
the reflection scheme as well as of metamaterials [26] in the
transmission scheme. However, all of these large separa-
tions are accompanied with a low energy efficiency [27].
Although the small spin separation can be amplified by
weak measurement techniques, they suffer from the same
problem of low energy efficiency [17,28]. Besides, the spin
separation is accompanied with distortion in the beam
intensity profile. It was demonstrated that there are upper
limits for the spin separation [27,29,30], which must be
smaller than the intensity spot size. For a Gaussian, the
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limit is the incident beam waist w0 [31]. Owing to this
upper limit, the spin photons are not fully separated.
These facts severely restrict the practical applications of
the PSHE.
Here, a novel PSHE is demonstrated with a giant spatial

spin separation and a high energy efficiency based on a
wave-vector-varying PB phase. We find that the wave-
vector-varying PB phase is generated naturally in the
reflection and transmission processes for paraxial beams
with a small incident angle, where the polarization evolu-
tions can be well described on the Poincaré sphere. The PB
phase changes linearly with the transverse wave vector,
allowing the spin photons to be separated completely with a
high energy efficiency. Moreover, the spin-orbit coupling
and spin separation processes within a uniaxial crystal are
studied.
Assume that a paraxial light beam illuminates a spatially

homogeneous medium with a small incident angle θ; the
incident beam can be considered as a superposition of
plane waves with different wave vectors. As shown in
Fig. 1(a), the incident wave vectors ky have a spread along

the y axis. The azimuthal angle of the local wave vector is
given by [32]

ϕ ¼ atan½κy= sin θð1 − κ2yÞ1=2� ≈ κy= sin θ; ð1Þ
where κy ¼ ky=k0 with k0 being the wave number in
vacuum. The local incident plane (azimuthal angle)
increases linearly with κy when ϕ ≪ 1 for paraxial beams
(κy ≪ 1). Figure 1(b) presents the accurate and approx-
imately linear relationships between ϕ and κy for incident
angles of 1°, 2°, and 3°. It can be observed that, for a small
incident angle, a small change of the transverse wave
vector will cause a large rotation of the local incident plane.
It is also worth noting that the incident angle is identically
equal to θ regardless of the change of the local incident
plane [32].
To reveal the physical principle of the wave-vector-

varying PB phase, we assume an incident one-dimensional
(1D) paraxial Gaussian beam with an angular spectrum
of Ẽi ¼ ũ0½ajHi þ bjVi�, where a and b are the complex
coefficients for horizontal (H) and vertical (V) polariza-
tion states, respectively, and the Gaussian profile is ũ0 ¼
exp½−k2yw2

0=4�. The incident angular spectrum is first
decomposed into a superposition of parallel (p) and
perpendicular (s) plane waves prior to transmission, that
is, transforming the incident beam from local coordinates to
spherical global coordinates [20] with the transformation
matrix given by Û ¼ R̂yðθÞR̂zðϕÞR̂yð−θÞ [32]. When the
incident angle is very small, the matrix has the simple form

Û ¼
�

cosϕ sinϕ

− sinϕ cosϕ

�
: ð2Þ

The transmitted angular spectrum is connected with the
incident one by the transmission coefficients F̂ ¼ diag½tp; ts�
[20]. Under the paraxial approximation, tp and ts depend
only on the incident angle [32]. The transmitted beam in local
coordinates is therefore Ẽt ¼ ÛþF̂ Û Ẽi. In the circular
polarization bases (j�i ¼ jHi � ijVi), the complete trans-
formation matrix is in the form

T̂ ¼
�

tpþ ts ðtp− tsÞexp½−2iκy=sinθ�
ðtp− tsÞexp½2iκy=sinθ� tpþ ts

�
:

ð3Þ

The wave-vector-varying PB phases are seen to be
Φ� ¼ �2κy= sin θ. A right-circular polarization (RCP) state
will then be transformed partially to a left-circular polariza-
tion (LCP) state acquiring a phase gradient of 2κy= sin θ,
while an incident LCP state will to a RCP state with
−2κy= sin θ [34], as shown in Figs. 1(c) and 1(e). The
corresponding evolutions of the polarization states on the
Poincaré sphere are illustrated in Figs. 1(d) and 1(f),
respectively. The PB phases are associated with half of the

FIG. 1. (a) Schematic of the variation of the azimuthal angle ϕ
with the transverse wave vector κy. (b) Exact nonlinear and
approximately linear relations between ϕ and κyH. Right (c) and
left (e) circular polarization states transmitting through a slab and
acquiring spin flipping and opposite PB phase gradients. (d) and
(f) illustrate the evolution of the polarization states on the
Poincaré sphere. The cyan trajectories represent spin conversions
through different local incident planes, corresponding to (c) and
(e), respectively. Half of the solid angles encompassed by the
cyan areas is the PB phase.
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solid angles encompassed by the cyan areas. Hence, the
wave-vector-varying PB phases will lead to spin separation
in the real space. For H incident polarization, the spin-
dependent displacements can be obtained in the ideal case of
tp ¼ −ts ¼ 1 as [32]

Δ� ¼ � ∂Φ�
∂ðkyÞ ¼∓ λ

π sin θ
: ð4Þ

A small incident angle can thus induce a giant spin
separation (Δ ¼ Δþ − Δ−). For θ ¼ 1°, the spin separation
is up to 36.4λ. The giant spin separation does not necessarily
induce energy loss. This is quite different from the conven-
tional PSHE, where a large spin separation results directly
from the small energy of the transmitted beam, as the
energy appears in the denominator in the expression for
spin-dependent separation [20,22]. Although based on the
transmission process, the above derivation can be readily
extended to the reflection process. The PSHE based on the
wave-vector-varying PB phase can occur in different optical
systems where the eigenpolarization states change with the
wave vector, such as Gaussian beams reflected by an epsilon-
near-zero metamaterial (demonstrated in Supplemental
Material [32]) and transmitted through a uniaxial crystal.
When a Gaussian beam passes through a uniaxial crystal

with its optical axis perpendicular to the interface, the
transmitted field can be readily given via Eq. (3), which,
however, cannot give the spin-orbit coupling detail within
the crystal. To this end, we exploit the two wave coupling
equations [32,35]:

2i
∂Aþ
∂z þ χ

2k0no

�
−ðk0 sin θÞ2 þ ∂2

∂y2
�
Aþ

¼ δ

2k0no

�
ðk0 sin θÞ − ∂

∂y
�
2

A−; ð5Þ

2i
∂A−
∂z þ χ

2k0no

�
−ðk0 sin θÞ2 þ ∂2

∂y2
�
A−

¼ δ

2k0no

�
ðk0 sin θÞ þ

∂
∂y

�
2

Aþ; ð6Þ

where A ¼ Aþjþi þ A−j−i is the slowly varying ampli-
tude, χ ¼ n2o=n2e þ 1, and δ ¼ n2o=n2e − 1 with no;e being
the refractive indies of the ordinary (o) and extraordinary
(e) waves, respectively. The RCP and LCP components
(Aþ and A−) are coupled to each other as a consequence
of the anisotropy δ. Interestingly, the coupling terms
∓ ½δ sin θ=2no�∂yA∓ push the RCP and LCP components
toward the �y directions, resulting in the PSHE. With the
initial field given by Ei ¼ exp½−y2=w2

0σ0 þ ixk0 sin θ�=
w0σ0½ajHi þ bjVi� with σ0 ¼ 1 − 2iðz − L=noÞ=k0w2

0

(L being the crystal length), the coupling equations can
be solved numerically. The boundary condition (initial
field) is directly given at the z ¼ 0 plane without

considering the interface effect. This is applicable when
the input and output interfaces are coated with ideal
antireflection films. Figures 2(b)–2(d) show the dynamic
evolutions of the RCP and LCP components for H incident
polarization.
A plane wave Ẽ⊥ ¼ ½EþjþiþE−j−i�exp½iðkxxþ kyyþ

kzzÞ� propagating in a uniaxial crystal follows [32,36,37]:

χðk2x þ k2yÞΨþ δðk2x − k2yÞσxΨþ 2δkxkyσyΨ ¼ EΨ: ð7Þ

Since kx ¼ k0 sin θ is fixed, 2δkx is the spin-orbit coupling
parameter. Therefore, the small incident angle beaks the
inversion symmetry of the system, which is somehow analo-
gous to the applied electric field in Rashba-Dresselhaus
spin-orbit coupling [36–38]. The eigenvectors are Ψ¼
ð�e−2iϕÞjþiþj−iwith eigenvalues ofE¼ðχ�δÞðk2xþk2yÞ,
which correspond to kez ¼ ½k20n2e − k2x − k2y�1=2no=ne and
koz ¼ ½k20n2o− k2x − k2y�1=2, respectively. For an RCP or LCP
incident state, the light field in the crystal is Ẽσ⊥ ¼ ½eikezzþ
eik

o
z z�jσiþ ½eikezz− eik

o
z z�e2iσky= sinθj− σi (σ ¼ �1). The spin

sign of the second term is flipped, while that of the first term
is kept. The spin conversion efficiency is η ¼ 0.5½1−
cosðδk0zsin2θ=2noÞ�. At an arbitrary z plane, the intesnity
centoid of the spin-unconverted photons are maintained at
y ¼ 0, while those of the converted photons are at y ¼
−σλ=π sin θ for RCP and LCP incident states. These discrete
and double-valued centroid positions of the spin photons
are protected by the conservation of the total angular
momentum [32]. For H incident polarization state, the
centroid displacements of the spin components change

FIG. 2. (a) Schematics of spin photon separation in a uniaxial
crystal for RCP, LCP, and H incident polarizations. Propagations
of RCP (b) and LCP (c) components for H incident polarization.
(d) Normalized intensity profiles at the output interface.
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gradually with z, since they contain both spin-unconverted
and spin-converted photons. Thewhole pictures of the PSHE
process are illustrated in Fig. 2(a) for RCP, LCP, and H
incident polarizations.
In the experimental setup shown in Fig. 3(a), a 632.8 nm

Gaussian beam from a He-Ne laser passed through a half-
wave plate (HWP) and was reflected by a mirror to a
polarizer P1, which then made the beamH polarized. Next,
a cylindrical lens (CL1) with a focal length of f ¼ 50 mm
focused the beam into a 4 × 4 × 10 mm yttrium vanadate
(YVO3) crystal (no ¼ 2.2154 and ne ¼ 1.9929) [39]. As
indicated in Fig. 3(b), the focal point was at the output
plane of the uniaxial crystal with an elliptical spot size of
550 × 15 μm at normal incidence. The incident angle could
be tuned by precisely rotating the crystal. The transmitted
light field at the output plane was imaged by a combination
of a cylindrical lens CL2 (f ¼ 50 mm), a spherical lens
(f ¼ 250 mm), and a CCD camera. With a quarter-wave
plate (QWP) and polarizer P2, we could select the RCP or
LCP component of the transmitted beam, as shown in
Fig. 3(a).
The theoretical and experimental results of the displace-

ments and energies of the two opposite-spin components of
the transmitted beam are compared in Fig. 4, where good
agreement is observed. The displacements oscillate with
the incident angle owing to the oscillation of the phase
difference between tp and ts, as illustrated in Fig. S1 in
Supplemental Material [32]. Displacement peaks emerge
at points with a 180° phase difference, and the peak values
follow the prediction of Eq. (4), i.e., being inversely propor-
tional to j sin θj, except for the two central ones. It is worth
noting that the spin separation at θ ¼ �1.40° could reach
jΔj ¼ 18.2 μm, which is 1.21w0 and exceeds the upper limit
in the conventional PSHE [22,24,25]. The obtained large
spin separation here is accompanied with a high energy

efficiency. As shown in Fig. 4(b), the theoretically pre-
dicted and experimentally measured total transmittances
(Wþ þW−) at θ ¼ �1.40° are 66.2% and ∼69.5%, respec-
tively. The experimentally transmitted energies are not
shown for jθj > 1.6°, since their rapid changes at jθj >
1.6° will reduce the measurement accuracy. The maximum
total transmission (Wþ þW−) obtained in the experiment is
80%, slightly smaller than the theoretical prediction of 86%.
The loss results from the reflection at the crystal surface due
to the impedance mismatch. This can be overcome by
coating the crystal with an antireflection film [32].
The spin separation with respect to the intensity spot size,

τ ¼ jΔj=w0, is a good parameter to quantify the separation
of the intensity profiles of the two opposite-spin compo-
nents; see Fig. 5(b). To make a comprehensive assessment of
the PSHE, we introduce a figure of meritF ¼ ðWþ þW−Þτ.
As shown in Fig. 4(c), the theoretically predicted maximum
F is up to 0.97 at �1.45°, whereas the experimentally
obtained maximum F is 0.77 at �1.5°. In contrast, for an

FIG. 3. Experimental demonstration of the PSHE based on the
wave-vector-varying PB phase. (a) Experimental setup. (b) A
paraxial light beam is focused obliquely into the YVO3 crystal
with the focal point at the output plane of the crystal. (c) CCD
recorded RCP and LCP components of the transmitted beam,
where a relative vertical displacement is obvious.

FIG. 4. Spin-dependent displacements (a), energies (b), and
figures of merit (c) of the transmitted beam. Lines stand for
theoretical prediction, whereas dots represent experiment results.
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air-prism interface, F is only ∼10−5 for H polarized
Gaussian incident beams near the Brewster angle.
Figure 5(a) presents the phase and amplitude of the angular

spectrum of the transmitted RCP andLCP components when
w0 ¼ 7.5 μm and θ ¼ 1.40°. The spin-dependent linear PB
phase can be clearly seen within the transverse wave vector
range of jκyj < 0.0065, i.e., ϕ̃� ¼∓ 2κy= sin θ − 1.62.
The wave-vector-varying PB phase shifts the RCP and

LCP components toward opposite directions. In coinci-
dence with the prediction of Eq. (4), the spin-dependent
displacements are Δ� ¼ �8.3 μm, leading to a spin sep-
aration of 16.6 μm, which is 2.2 times the incident beam
waist. This large spin separation can split the two oppo-
site-spin components completely, as shown in Figs. 5(b)
and 5(c). The complete spin separation causes a theoretical
dip of 0.19 at the middle of the total intensity profile in
comparison with the experimental value of 0.39. The
energy efficiency (total transmittance) reaches 70% with
the figure of merit being F ¼ 1.54.
Finally, we investigated the novel PSHE for two-dimen-

sional (2D) Gaussian beams. For 2D beams, the angular
dispersion of the transmission coefficients must be con-
sidered, which is supposed to reduce the spin separation
compared with the 1D case. By replacing the cylindrical
lens pair by a spherical lens pair with the same focal length
(f ¼ 50 mm), we measured the spin-dependent displace-
ments, and the results are shown in Fig. 6(a). The maximum
spin separation 12.0 μm is obtained at θ ¼ �1.1°, which is
smaller than that for the 1D incident beam.F is measured to
be ∼0.42. The theoretical and experimental intensity
profiles are shown in Fig. 6(b) for incident angles of
θ ¼ 0, �0.6°, and �1.2°. The spin-dependent movements

are along the y axis, in addition to the spin-independent
movements along the x axis.
The PSHE was also examined by propagating RCP and

LCP light beams into the crystal subsequently. As shown in
Fig. S6 in Supplemental Material [32], the intensity profiles
of the total transmitted fields are in “u” and “n” shapes for
RCP and LCP incident states, respectively, revealing the
spin-dependent centroid movements. The change of the
intensity profiles with the incident polarization state is
visualized in the supplemental video.
Bliokh et al. [40] studied the PSHE of transmitted light

beams through a tilted half-wave plate, an optical system
having strong in-plane anisotropy. They attributed the
PSHE to the “circular birefringence” of the crystal plates
and measured the nanoscale spin-dependent displacements
by a weak measurement technique [40]. Here, we have
achieved larger spin separations with high energy efficien-
cies with the assistance of the novel wave-vector-varying
PB phase, which arises when light beams are launched
almost normally to a uniaxial crystal with its optical axis
perpendicular to the interface.
In conclusion, a novel PSHE based on the wave-vector-

varying PB phase has been proposed and demonstrated.
This PB phase is shown to arise naturally in the reflection

FIG. 5. (a) Phase and amplitude of the angular spectrum of the
transmitted RCP and LCP components for a beam waist of 7.5 μm
and θ ¼ 1.40°. Theoretical (b) and experimental (c) normalized
intensity profiles of the RCP and LCP components, and the total
transmitted light field.

FIG. 6. (a) Change of spin-dependent displacements with the
incident angle for 2D paraxial light beams. (b) Comparison of
theoretical and experimental intensity profiles for different incident
angles.
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and transmission processes for paraxial beams with a small
incident angle without the need for spatially inhomo-
geneous anisotropic media. By transmitting a 1D paraxial
Gaussian beam through a uniaxial YVO3 crystal at
θ ¼ 1.40°, the opposite-spin photons can be completely
separated with a spin separation of 16.6 μm (2.2w0) and a
high energy efficiency of ∼70%, breaking the upper limit
of the spin separation in the conventional PSHE. The figure
of merit of the novel PSHE can reach 1.54, 5 orders of
magnitude larger than that of the conventional PSHE. For
2D incident beams, the figure of merit can be 0.58. The
dynamic of spin separation in the uniaxial crystal is
analyzed with wave coupling equations. For RCP and
LCP incident states, the centroid positions of the spin
photons can be doubled. These findings not only deepen
our understanding in the geometric phase and spin-orbit
coupling, but also open a new avenue to manipulate spin
photons by the wave-vector-varying PB phase.
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