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ABSTRACT

When a light beam hits the interface between different media, the positions of the refracted and reflected beams deviate from those
predicted by traditional geometric optics, resulting in beam shifts phenomenon. Beam shifts and manipulation technologies play
an indispensable role in precision measurement, biochemical sensing, optical switching, and photodetection. Traditional beam
shift phenomena, such as Goos-Hdnchen shifts and Imbert-Fedorov shifts, typically require oblique incidence conditions, with
the shift magnitudes often limited to the nanoscale, significantly constraining integration and reconfigurability. Moreover, these
minute shifts are susceptible to environmental noise, making it challenging to meet the demands for large-range, high-sensitivity
beam shifts. Photonic crystals offer strong light field manipulation capabilities and support a variety of polarization singularity
configurations, including bound states in the continuum and circularly polarized singularities, providing a novel platform for
the generation and control of beam shifts. This study leverages the geometric phase configuration to develop a multidimensional
control framework for Imbert-Fedorov shifts based on photonic crystal slabs, achieving continuous tuning of beam shifts on the
order of four wavelengths for a normal incident beam. This approach establishes a new paradigm for high-sensitivity optical
sensing, beam manipulation, and reconfigurable photonic switching applications.

1 | Introduction the phase gradient of Fresnel coefficients. In contrast, the I-F

shifts manifest as transverse shifts perpendicular to the plane

Beam shift phenomena are central to wave optics and spin-
orbit interaction studies, encompassing Goos-Hidnchen (G-H)
shifts [1-5], the photonic spin Hall effect (PSHE) [6, 7] and
Imbert-Fedorov (I-F) shifts [8-10]. These phenomena in vari-
ous systems have garnered significant attention due to their
intriguing physical mechanisms and potential applications [11-
13]. The classical G-H shifts describe the shifts of a beam
along the plane of incidence under total reflection, arising from

© 2026 Wiley-VCH GmbH

of incidence for circularly polarized light during reflection or
refraction, driven by the geometric phase due to spin-orbit
angular momentum coupling [14-16]. The PSHE extends the
concept to spin-locked splitting, achieving wavelength-scale lat-
eral separation by imposing opposite Pancharatnam-Berry (PB)
phases on the left-handed and right-handed spin components via
interfaces or metasurfaces [17]. Additionally, exotic shift phenom-
ena based on topological boundary states or non-conventional
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beams reveal richer momentum reconfiguration and topologi-
cally protected characteristics. Despite considerable theoretical
and experimental progress in the study of optical beam shifts,
several critical challenges persist. First, conventional interfaces or
metasurfaces typically produce only nanoscale displacements—
far smaller than the beam waist or wavelength—which severely
restricts both experimental observability and practical utility.
Second, the generation of such shifts generally requires oblique
incidence, inevitably altering the beam propagation direction
and complicating device integration. Moreover, the magnitude
of conventional beam shifts is either difficult to tune or exhibits
an extremely limited tuning range, which significantly hinders
flexible beam manipulation in integrated photonic systems.

2D photonic crystal slabs (PCSs), as versatile platforms, have
been extensively utilized for engineering optical fields in momen-
tum space [18-20], enabling the generation of various far-field
polarization singularities [21, 22], such as vortex points (V-
points) [23-27] and circularly polarized points (C-points) [28-34].
In this study, we exploit the breaking of in-plane symmetry to
transform V-point into C-points, demonstrating a PCS design that
enables momentum-space phase engineering [35]. The PB phase
gradients near I' point exhibits linear distribution in momentum
space, facilitating continuous, tunable I-F shifts on the order of
wavelengths under normal incidence.

We investigate beam shifts using a versatile PCS platform com-
posed of an amorphous silicon (a-Si) square lattice, focusing
on the role of C-points. For the pristine PCS system with C,,
symmetry, the far-field polarization field strictly adheres to this
symmetry. We select the polarization field corresponding to the
irreducible representation A,, which exhibits a topological charge
of +1 on the TE, band of our choice. By transforming the
square air-hole morphology into an isosceles triangular structure,
we introduce in-plane C, symmetry breaking, retaining only a
single mirror symmetry axis. The band structures before and
after symmetry breaking are shown in Figure 1la. We select the
transverse electric (TE,) mode band and compute its far-field
polarization distribution (Figure 1b), revealing a pair of C-points
with opposite chirality along the k, axis and a L-line near the I'
point exhibiting purely horizontal polarization. From the polar-
ization angle distribution in momentum space (Figure 1c), two
phase singularities with a 7 rotation correspond to C-points with
a topological charge of 1/2. This C-point configuration induces
a linear geometric phase near the I' point, enabling I-F shifts
of cross-polarized beams under normal incidence (Figure 1d).
Figure le presents the Scanning electron microscope (SEM)
image of the structure. The shifts exhibit a hyperbolic dependence
on the incident polarization angle ¢ (Figure 1f): it reaches a
minimum at +45°, diverges as ¢ approaches 0° or 90°, and
positive or negative polarization angles yield equal-magnitude
shifts in opposite directions.

2 | Results

2.1 | Relationship between PB Phase Gradient and
Beam Shifts

The quantitative relationship between beam shifts and phase
gradient originates from the modulation of wavefront distribution

by the geometric phase. Consider a Gaussian beam normally
incident along z-axis, with its momentum-space distribution
given by:

k3 +k;
E;(ky,k,) =Eyexp| — = €]
d

where k,, k, are the in-plane wavevector components, and k
is the wavevector corresponding to the divergence angle. When
a photonic crystal introduces a linear PB phase gradient along
the k. -direction, the phase is given by ®,;(k,) = (V,®)k,, where
V@ = ;T(D. The output light field after phase modulation is:

Eaut(k)u ky) = Ein(kx’ ky) exp [lq)PB(kx)] (2)

According to the Fourier transform relationship, the real-space
electric field is obtained via the inverse transform from momen-
tum space. Using the stationary phase approximation, the
extremum position is found to be x = — Wes Accounting for the

X
conversion from momentum space to real space, the I-F shifts are:

A
Xips = —EVkCD 3)

This result can also be derived from the first moment of the light
intensity in real space, as detailed in Section SI.

2.2 | Simulation Results and Discussion

PCSs provide an effective platform for realizing momentum-
space phase gradients. Within the light cone, radiative resonant
modes of a PCS corresponding to different plane-wave vectors
couple with free-space plane waves, partially converting incident
beam components with a specific polarization state into an
orthogonal polarization state. Beyond resonance-induced phase
changes, this conversion imparts a wavevector-dependent PB
phase to the cross-polarized output components. When the
incident and analyzed output polarization states are orthogonal,
the PB phase variation is governed by the eigenmodes of the PCS,
enabling different geometric phases through engineering the
eigenpolarization field and controlling the incident polarization
state. Using temporal coupled-mode theory (TCMT) [36-38],
we analytically derive the geometric phase in cross-polarization
conversion from the eigen-polarization field distribution of the
photonic crystal. The derivation of the geometric phase is
provided in Section SII.

ADpp = i[arg (S5 +i(S; sin 2¢ — S, cos 2¢)) — %] “

here, ¢ denotes the angle between the incident light and the
x-axis, which we define as the direction of symmetry breaking
in the photonic crystal, while S;, S,, and S; represent the
Stokes parameters of the eigenmode polarization field. Using
a finite-element method (FEM) solver, the transmission and
reflection responses of the studied PCS were computed for
various linearly polarized incident conditions. Figure 2a shows
the angle-resolved transmission spectra for different incident
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linear polarization angles ¢. The phase distribution of the co-
polarized component, presented in Figure 2b, is symmetric about
the I point with a PB phase gradient of zero, resulting in no beam
shifts. In contrast, the phase distribution of the cross-polarized
component, shown in Figure 2c, exhibits an asymmetric profile
about the I' point with a near-linear distribution near I" point,
driving significant beam shifts, with symmetry about ¢ = 45°
and maximum phase gradients at ¢ = 0° and 90°. As shown
in Figure 2d, the distribution of cross-polarization transmittance
T, exhibits a maximum value of 25% at an incident polarization
angle of ¢ = 45°. Similarly, Figure 2e presents the distribution of
polarization conversion efficiency 7, which reaches a peak value
exceeding 90%, demonstrating strong beam cross-polarization
conversion driven by guided-mode resonance. By extracting the
geometric phase gradient of the wavevector at the I' point under
different polarization angles ¢, the I-F shifts curve obtained from
FEM simulations show near-perfect agreement with theoretical
predictions, with a maximum relative error of less than 4%
(Figure 2f).

The propagation and shifts characteristics of a Gaussian beam
through a PCS were simulated using the finite-difference time-
domain (FDTD) method. Leveraging the hyperbolic symmetry of
the system, we investigated incident polarization anglesof ¢ =0°,
20°, and 45 °. Simulations were performed on a finite-sized sam-
ple consisting of a 100 X 100 unit cells, with a 1064 nm Gaussian
beam normally incident at the sample’s center (x =y = 0pum)
and a beam divergence angle of 3.8°. The sample is positioned
at the z = O pm plane, with a Gaussian beam incident normally
from above along the negative z-axis, and the transmitted beam is
observed at z = —9 um. Figure 3a shows the intensity distribution
of the co-polarized component of the transmitted beam with the
beam spot centered at the origin, identical to the incident beam,
indicating no beam shifts. Figure 3b,c illustrate the normalized
distribution of the cross-polarized component in the x-y plane
and the x-z plane, respectively, where the PB phase gradient
induces beam shifts in the transverse direction. At ¢ = 0° and
90°, no divergence occurs, as the finite divergence angle of the
Gaussian beam in FDTD real-space propagation simulations and
optical experiments prevents the theoretically predicted infinite
shifts. At ¢ =0° or 90 °, the cross-polarized component forms two
symmetrically positioned, equally intense Gaussian spots along
the positive and negative x-directions, resulting in a pronounced
beam splitting effect. Figure 3d shows the intensity distribution
along the x-axis, revealing that the beam shifts decrease from
¢ =0° to 45°. As ¢ approaches 0°, a secondary intensity peak
emerges, growing in strength until, at ¢ =0°, two equally intense
and equidistant split beams are formed.

2.3 | Experimental Results and Discussion

We fabricated PCS by patterning an 82nm thick «-Si thin
film on a SiO, substrate. The slab comprises 200 X 200 unit
cells, with its symmetry engineered to break in-plane inversion
while preserving a single mirror axis, enabling control over the
momentum-space polarization structure. The target wavelength
of 1064 nm was selected to excite resonant modes that induce
geometric phase gradients. Employing a real-space imaging
system, we directly observed polarization-controlled transverse

beam shifts and beam splitting, manifestation of the engineered
momentum-space phase distribution.

The experimental configuration, depicted in Figure 4a, facilitates
precise control of the incident beam polarization and divergence.
A laser beam is first collimated and its divergence angle adjusted
via a 4f optical system. The beam is then directed normally onto
the PCS surface through an objective lens. Linear polarizers,
positioned on either side of the sample plane and oriented
orthogonally, regulate the incident polarization and analyze the
emergent light. The in-plane wavevector k|, tied to the divergence
angle, is tailored in Fourier space by adjusting the aperture size
before the focusing lens. The Gaussian beam exhibits a waist
radius of approximately 3 um. The beam boundary is defined as
the position at which the intensity decays to 1/e of its maximum
value. Post-polarization analysis, the beam is imaged onto a CCD
camera using a focusing lens, with a broadband light source
facilitating spot localization.

To establish a reference, an unstructured «-Si window, matching
the PCS 82nm thickness, is initially placed in the sample
plane. The finite extinction ratio of polarizers permits minimal
transmission of co-polarized light, enabling identification of the
original beam position and coordinate origin. Replacing the
window with the PCS, we measured the normalized intensi-
ties of cross-polarized and co-polarized beams, as shown in
Figure 4b, c. Transverse beam shifts, consistent with theoretical
predictions driven by momentum-space phase gradients, were
directly observed. The shifts magnitude, approximately 2 um as
determined by tracking the beam center, approaches the beam
waist radius. Additionally, at incident polarization angles of 0°
or 90°, beam splitting into two symmetric spots along the +x
and —x directions was observed (Figure 4d, e), reflecting the
symmetry-induced phase engineering of PCS.

The relationship between beam shifts and incident polarization
angle, illustrated in Figure 4f, follows a theoretical framework
where an ideal plane wave at the T point yields a shifts governed

by:

0Dp; __k
ok, ~ sin2¢

®)

with x denoting the position of C-point. The physical significance
of ¥ and the detailed derivation of the phase gradient are provided
in Section SIII. At 0° and 90°, the model predicts divergence;
however, experimental shifts remain finite. This arises from the
Gaussian beam’s inherent divergence, distributing momentum
near the I" point and yielding a finite average phase gradient.
Consequently, shifts approximate the beam waist radius, align-
ing with practical observations and the PCS nonlocal resonant
effects. For the specific impact of the Gaussian beam’s inherent
divergence on the shifts, please refer to Section SIV. By tuning
the linear polarization angle, we achieve precise and continuous
control over the magnitude and direction of the shifts. Experi-
mentally, we observe significant transverse shifts, approximately
four times the wavelength, and beam splitting phenomena at
specific polarization angles. Notably, the tunable range of the
beam displacement is by no means limited to four wavelengths.
By further adjusting the divergence angle of the incident Gaus-
sian beam, the shift magnitude can be continuously extended
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Simulation results of the PCS applied to realize polarization-controlled lateral shifts. (a) Normalized intensity distribution of the co-

polarized component of the emitted light at z = —9 um for incident light polarization angles of 0°, 20 ° and 45 °. (b) Normalized intensity distribution
of the cross-polarized component of the emitted light. (c) Cross-sectional distribution of the cross-polarized component along the propagation direction

(y = 0um). (d) Normalized intensity distribution of the observed beam along the x-axis, extracted from (a) and (b) The blue and red lines represent the

normalized intensity distributions of the cross-polarized and co-polarized components, respectively.

from 2 um up to the scale of the Gaussian beam envelope itself—
far exceeding the wavelength—while still relying solely on the
incident polarization state as the single control knob. This purely
polarization-driven, large-range tunability, combined with the
strict normal-incidence geometry, is particularly advantageous
for flexible beam manipulation in integrated photonic systems.

2.4 | Control of C-Points and Beam Shifts via
Symmetry Breaking

Bound states in the continuum (BICs) are localized states coexist-
ing with extended waves inside the continuous spectrum range,
which have infinite lifetimes without any radiation. In this study,
we investigate the manipulation of C-points and V-points within
PCS by breaking the C,, symmetry of the system. Initially, the V-
point is located at the I" point, representing symmetry-protected
bound state in the continuum (BIC) with topological charge of 1.
By introducing in-plane C, symmetry breaking, while preserving
mirror symmetry along the y-axis, the V-point at the I point
splits into two C-points along the +x and —x directions. These
C-points are characterized by modes with opposite chirality: a
left-handed (LH) C-point paired with a right-handed (RH) C-

point. The separation between these C-points and the I' point
in momentum space can be precisely controlled by tuning the
symmetry-breaking factor, denoted as a. The symmetry-breaking
factor o is mathematically defined as a = # where | denotes
the length of the base of an isosceles trapezoid, I’ represents
the length of its top, and the height of the trapezoid is fixed
at I. To isolate the effect of symmetry breaking, the area of the
trapezoid is kept constant while « is varied. The parameter o
ranges from O to 1: at « = 0, the system retains its original C,,
symmetry (with the etched central region forming a square),
whereas at o =1, the structure transitions into a triangular
configuration. As « increases, the C-points exhibit progressive
shifts from the I point in momentum space. In the regime of weak
symmetry breaking, the geometric symmetry-breaking factor o
serves as an effective first-order approximation for the dipole
moment perturbation. In this linear regime, the perturbation
term within d,—defined as the x-component of the far-field
polarization vector in momentum space—is linearly proportional
to a, resulting in a linear scaling of the separation between the
C-point and the I" point as a increases. However, as a increases
further, the error associated with the first-order approximation
grows, and higher-order effects become significant, leading to
a deviation from the linear region. For a detailed derivation
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regarding the impact of a on the Stokes parameters and the
resulting PB phase distribution, please refer to Section SIII.

To illustrate these effects, Figure 5a depicts the relationship
between the positions of the C-points and the symmetry-breaking

factor a following the disruption of C,, symmetry. Theoretical
analysis indicates that the distance between the C-points and the
I' point is inversely proportional to the phase gradient at the T
point. Further, Figure 5b elucidates the dependence of beam shifts
magnitude on o when the polarization angle of the incident light
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is fixed at 45 °. Finally, Figure 5c provides a comparative analysis
of the theoretically predicted beam shifts against experimentally
measured values. These findings underscore that the modulation
of the symmetry-breaking factora not only governs the spatial
distribution of C-points in momentum space but also plays a piv-
otal role in determining the characteristics of beam shifts. Such
insights are invaluable for advancing both theoretical frameworks
and experimental methodologies in photonic crystal research.

3 | Conclusion

In conclusion, this study demonstrates a novel approach to
achieve continuous tuning of beam displacement for normally
incident light on the wavelength scale by controlling the polar-
ization state of the incident light. At a wavelength of 1064 nm,
we achieved beam displacements ranging from 2 um to 6 um, sur-
passing the beam spot radius. The displacement originates from
the geometric phase induced by cross-polarization conversion in
the guided-mode resonance of photonic crystal slabs. In contrast
to traditional beam displacement techniques, our method enables
arbitrary displacement at any position on the photonic crystal slab
without altering the beam’s propagation direction. Furthermore,
the ability to adjust displacement magnitude solely through
polarization state modulation provides new degrees of freedom
for designing compact and reconfigurable optical systems, paving
the way for applications in high-sensitivity optical sensing and
photonic switching.

4 | Methods
4.1 | Theoretical Analysis

Please see the Supplementary Information for the detailed
derivations and discussions.

4.2 | Numerical Simulations

Eigenmode simulations for the PCS structures in Figures 1, 2, and
4 are performed using a finite-element eigenfrequency solver. The
simulations of the beam lateral shifts in Figure 3 were performed
by the finite-difference time-domain method.

4.3 | Sample Fabrication

First, a homogeneous «-Si layer with a thickness of 82nm
was deposited onto a 500-um-thick fused silica substrate using
chemical vapor deposition (PECVD). Following pre-treatment
with hexamethyldisilane (HMDS), the substrate undergoes spin-
coating with a positive E-beam resist (AR-P200) that was 200-
nm-thick. Subsequently, a water-soluble conductive polymer was
applied to the E-beam resist layer to facilitate the removal of
excess electrons during the E-beam writing process. The photonic
crystal pattern was inscribed on the E-beam resist utilizing E-
beam lithography (Elionix ELS-F125). Afterward, the conductive
polymer was dissolved in water, and the resist undergoes develop-
ment. Upon completion of this development phase, the pattern
was transferred onto a 20-nm-thick chromium layer through

electron beam evaporation (EBE) technology. The patterned
chromium served as a hard mask for dry etching of the alpha-
Si layer within a CHF; and SF, mixed plasma environment
(ULVAC CE300I). Finally, the hard mask was removed using an
ammonium cerium nitrate solution.
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