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Fig. 1. Intrinsic phase vortex fields in momentum space: (a), (b) Phase distribution field of the quasi-mode coupling strength W [%0];

(c) schematic illustration of the intrinsic relationship between bound states in the continuum and spatial spiral phase; (d) schem-

atic illustration of the intrinsic relationship between BICs and the winding number of momentum-space phasel®; (e), (f) low-order

phase vortex fields of the circular-polarization component; (g), (h) high-order phase vortex fields of the circular-polarization com-

ponent /s,
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Fig. 2. Momentum-space phase vortex fields induced by polarization conversion: (a) Schematic of extrinsic spin-orbit interaction®;
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(b), (c) momentum-space phase distribution of transmitted circularly polarized light®®; (d) mechanism of mode selection for redu-
cing material absorption loss!'”’; (e)—(g) transmission- and reflection-type momentum-space phase vortex fields based on Janus
bound states in the continuum®); (h) relationship between polarization conversion efficiency and material loss 7; as well as radi-
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Fig. 3. Phase gradient fields and phase difference fields in momentum space: (a), (b) Pancharatnam-Berry phase distribution in mo-

mentum space under broken inversion symmetry; data marked by orange and gray lines are plotted in (e), (f), respectively!%;
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Fig. 4. Phase fields in momentum-frequency space: (a)-(d) Schematic of a bilayer photonic crystal slab with in-plane offset (a), and
the corresponding cross-polarization conversion phase field distributions in momentum space (b) as well as in the momentum-fre-
quency synthetic space (c), (d)); (e) schematic of a one-dimensional reflective photonic crystal slab; (f), (g) phase eigenvalue sur-
faces of the scattering matrix near a bound state in the continuum in momentum-frequency spacel'?!; (h) schematic of a printed cir-
cuit board-based photonic crystal slab; (i) relationship between the cross-polarization scattering phase vortex and the nodal chain

near a bound state in the continuum!!; (j), (k) introduction of material loss leads to the transformation of diabolic points into ex-
ceptional points in the scattering matrix(*9.
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Fig. 5. Phase fields in parameter-momentum synthetic space: (a) Two phase vortices carrying opposite-sign topological invariants in

momentum-parameter spacel®’; (b), (c) interaction between phase singularities and bulk Fermi arcs in momentum-parameter spacel®!;

(d) interaction between phase singularities and symmetry-protected degenerate points in momentum-parameter spacel®; (e) sche-

matic of a two-dimensional array formed by one-dimensional photonic crystals; (f) schematic of a bilayer Fock-state lattice; (g), (h) phase

vortices in the parameter synthetic space (p, q) **); (i) two phase-space circular trajectories!'?.
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Fig. 6. Generation of orbital angular momentum: (a) Interference patterns between a vortex beam and a reference beamf; (b) ul-
trafast modulation of a vortex beaml®!; (c) self-assembled photonic lattice structurel®”; (d) schematic of momentum-space geomet-
ric phase field formation via cross-polarization conversion; (e) self-interference patterns of a vortex beaml; (f), (g) vortex beams
generated via high-order harmonic waves['?®; (h) generation efficiency of vortex beams based on cross-polarization conversion!'%};
(i) modulation of a spatiotemporal optical vortex®); (j), (k) far-field phase and amplitude distributions of the spatiotemporal opti-

cal vortex[3,
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Fig. 7. Optical state manipulation via momentum-space phase fields: (a), (b) Topological spin textures in momentum spacel*’);
(¢), (d) Goos-Hinchen shift under broken inversion symmetry!"'; (e) Goos-Hinchen shift assisted by a bound state in the con-
tinuum under oblique incidencel'®; (f) Goos—Hinchen shift assisted by a unidirectional guided resonance™; (g) Goos-Hinchen shift
assisted by a momentum-mismatched bound state in the continuum/®?; (h) full conversion from arbitrary input polarization to arbit-
rary output polarization!'*¥; (i), (j) topological robustness against material loss!!'?l (i) and spectral scalability!'* (j) of polarization
conversion based on momentum-space phase-difference fields; (k) complete polarization conversion based on the critical coupling

condition with coherent excitation!'*; (1) perfect coherent absorption assisted by tuning the phase difference between upward and
downward radiation®¥.
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Abstract

Optical phase modulation is of great significant importance in fields such as optical communication,

information processing, and precision measurement. Compared with real-space modulation, momentum-space

phase modulation has distinct advantages: it is free from structural center constraints, supports unlimited mode

capacity, and possesses intrinsic topological protection. This inherent flexibility and scalability allow practical

applications systems to operate without stringent optical alignment while providing a large number of

independent control channels, thereby advancing the development of high-performance, highly integrated optical
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systems. Photonic crystal slabs, with their open boundary periodicity and capabilities for momentum-space
optical field manipulation, have become a crucial platform for research on momentum-space phase fields. Based
on polarization orthogonal decomposition and the scattering matrix within temporal coupled-mode theory, this
paper systematically elucidates the generation mechanisms of both two-dimensional momentum-space phase
fields, including phase vortices, phase gradients, and phase difference, and multidimensional synthetic
momentum-space phase fields in photonic crystal slabs, and reviews recent research and application progress in
this area. Finally, the development status, advantages, and possible breakthroughs in the field of momentum-

space phase fields are summarized and prospects for future work are discussed.
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