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Abstract

Developing electromagnetic metamaterials that simultaneously offer broadband response, a thin profile, and multifunctional capabilities remains a key challenge in stealth technology. Based on the Pancharatnam–Berry (PB) phase principle, this study proposes a multilayer cascaded geometric phase metasurface. By rotating the meta-atoms to introduce a controllable phase gradient, the metasurface efficiently converts incident circularly polarized waves into co-polarized reflected vortex waves, while leveraging electromagnetic coupling and resonance characteristics between the multilayer structures to achieve broadband energy dissipation. Experimental results demonstrate that this merely 2.72 mm thick multilayer cascaded structure achieves an effective absorption bandwidth of 7.9 GHz (8.1–16.0 GHz), representing a threefold increase over a single-layer design, and exhibits excellent radar cross-section (RCS) reduction performance. Near field and scattering confirm vortex wave generation with specific topological charges, revealing the intrinsic physical mechanism underlying broadband absorption and stealth through energy scattering across a wide angular domain. This study provides new insights for addressing the technical challenges of broadband and multifunctional absorption materials, laying an important foundation for the development of next-generation intelligent stealth metamaterials.
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1 Introduction
The rapid advancement of modern detection technologies has established electromagnetic stealth as a critical capability for advanced equipment and platforms [1–4]. However, conventional stealth approaches, which predominantly rely on a single physical mechanism such as energy absorption to reduce backscattering, struggle to meet the challenges of complex electromagnetic environments and broadband detection [5–12]. There is a pressing need to develop intelligent stealth technologies that integrate innovative mechanisms and multifunctional capabilities [13–16]. In this context, metamaterials, leveraging the powerful electromagnetic wave manipulation abilities of their subwavelength artificial structures, offer a novel pathway to achieve this goal. They have demonstrated revolutionary application prospects, including negative refraction [17], invisibility cloaking [18], and superlensing [19].
Existing metamaterials are typically composed of single or few-layer resonant elements, with their functionalities primarily achieved through phase distributions on a two-dimensional plane. Vortex waves carrying orbital angular momentum have garnered significant attention in the field of electromagnetic stealth due to their unique helical wavefronts and phase singularities [20–22]. Metamaterials, by designing the geometry and spatial arrangement of subwavelength meta-atoms, can introduce arbitrary phase discontinuities on their surfaces, thereby efficiently converting incident plane waves into vortex waves carrying specific topological charges. However, such “quasi-two-dimensional” metasurfaces often couple phase modulation with amplitude modulation, making it difficult to achieve pure phase modulation and resulting in low mode purity [23]. Furthermore, the resonant mechanisms underpinning the operation of these metamaterial units exhibit inherent strong dispersion [24–26], causing both phase compensation and polarization conversion efficiency to vary with frequency. This significantly limits their potential in broadband applications.
To address the aforementioned limitations, researchers have drawn inspiration from multilayer thin-film systems in traditional optics and filtering theory in Fourier optics, proposing the innovative concept of multilayer cascaded metamaterials [27,28]. This architecture involves the three-dimensional stacking and spatial alignment of multiple metasurfaces, with distinct electromagnetic responses at subwavelength scales, with dielectric spacer layers separating the individual layers. The core advantage of the multilayer cascaded structure lies in its introduction of an entirely new design degree of freedom in the dimension along the wave propagation direction. By meticulously designing the structural parameters of each metasurface layer and the inter-layer spacing, the incident wave undergoes a complex, cascaded local interaction as it sequentially propagates through the stack. This interaction enables the entire structure to achieve synergistic manipulation and multidimensional synthesis of multiple wavefront degrees of freedom, including amplitude, phase, and polarization [29–30]. Its physical implications far exceed a simple superposition of single-layer functionalities, showcasing immense application potential in fields such as high-speed wireless communication [31], high-resolution imaging [32], compact optical systems [33], quantum information processing [34], and intelligent stealth technologies [35]. In particular, recent advances in microwave-frequency metamaterials have further demonstrated their capability in multifunctional wave manipulation and practical system-level integration, highlighting the growing importance of metasurface-based solutions in realistic electromagnetic environments [36].
In summary, to overcome the inherent limitations of conventional single-layer metasurfaces in simultaneously manipulating multiple electromagnetic degrees of freedom and integrating diverse functionalities, this paper proposes a multilayer cascaded three-dimensional architecture. The design first achieves synergistic control over multiple degrees of freedom of electromagnetic waves, including amplitude, phase, and polarization, by manipulating the spatial arrangement and inter-layer coupling of multiple metasurfaces. This enables the integration of vortex wave generation and broadband, efficient wave absorption functionalities on a compact platform. To realize precise manipulation of the electromagnetic wavefront, we constructed a multilayer cascaded metasurface based on the PB phase principle [37,38], composed of FeCoNiSi0.3Al0.3 high-entropy alloy (HEA) strips. By precisely controlling the rotation angle of the functional meta-atoms, a complete 2π phase coverage can be provided for incident circularly/linearly polarized waves, allowing for the flexible generation of customized multi-mode vortex waves. Furthermore, the study demonstrates that the strong electromagnetic coupling and resonance effects induced by cascading not only facilitate the construction of complex helical phase fronts but also enable efficient localization and dissipation of electromagnetic energy within the structure through multiple scattering and interference. This design integrates vortex wave manipulation and microwave attenuation, confirming the significant potential of the multilayer cascading strategy for expanding the dimensions of electromagnetic control and enhancing the overall performance of devices. It thereby opens a new pathway for developing advanced electromagnetic functional materials and devices.
2 Material selection and preparation
2.1 Material selection
In this study, iron (Fe), cobalt (Co), nickel (Ni), silicon (Si), and aluminum (Al) powders were used in the melting and rapid solidification process for the preparation of the FeCoNiSi0.3Al0.3 HEA. The FeCoNiSi0.3Al0.3 HEA is a type of electromagnetic wave absorbing material that combines both magnetic loss and dielectric loss mechanisms. The complex permittivity and permeability of this alloy system have been systematically characterized in our previous work [39], and the corresponding electromagnetic parameters were directly adopted in the metasurface design and numerical simulations of the present study.
The alloy ribbons prepared via melt-spinning can be employed to construct metasurfaces, achieving favorable impedance matching and excellent microwave attenuation performance [40]. In this alloy system, Fe contributes high saturation magnetization, while Co possesses a high Curie temperature. The Ni element, characterized by low magnetocrystalline anisotropy, is typically used to reduce the high magnetocrystalline anisotropy of Fe- and Co-based alloys, thereby improving the soft magnetic properties. Consequently, FeCoNi-based multi-principal element alloys often exhibit excellent soft magnetic properties and high Curie temperatures, which contribute to strong magnetic loss capabilities and good thermal stability. The addition of Si and Al helps reduce the magnetocrystalline anisotropy of the alloy system and enhances its plasticity, respectively. Based on the above considerations, the atomic ratio of the alloy components was determined as Fe:Co:Ni:Si:Al = 1:1:1:0.3:0.3.
2.2 Material preparation
(1) The preparation of FeCoNiSi0.3Al0.3 (HEA) ribbons was conducted in two sequential stages, as illustrated in Figure S1. The initial stage involved the preparation of a bulk alloy ingot, followed by the fabrication of HEA ribbons using a single-roller melt-spinning technique. In the first stage, a zirconium block was initially melted for approximately 20 s to establish an oxygen-free atmosphere within the arc furnace. Subsequently, the alloy sample was repeatedly flipped and remelted in a copper mold to form a bulk alloy ingot. After cooling for 15 min, the ingot was extracted and cut into appropriately sized pieces for the subsequent ribbon preparation process. During the second stage, the small alloy pieces were loaded into a quartz tube with a 1 mm diameter orifice at the bottom, while the copper roller rotated at a speed of 3000 rpm. When the alloy material within the quartz tube was heated to a molten state, the gas injection switch was activated. The molten alloy compressed against the surface of the copper roller undergoes rapid solidification and was ejected along the roller to form ribbons. The resulting alloy ribbons exhibit a silver-white color, with a width of approximately 1 mm and a thickness of about 40 μm.
(2) The fabrication of the MLCGP metasurface proceeded as follows: The meta-atom had a length of P = 18 mm. The designed meta-atom pattern was printed onto a polycarbonate (PC) film, forming the geometric phase metasurface array. The fabricated FeCoNiSi0.3Al0.3 HEA meta-atoms, after being cut according to the substrate film pattern, were fixed onto the substrate using a thin layer of acrylate adhesive, resulting in the final single-layer geometric phase metasurface with a total thickness of 0.24 mm. Each metasurface layer, with dimensions of 200 × 200 mm, consisted of an 11 × 11 array of meta-atoms arranged according to the PB phase gradient. The MLCGP metasurface, composed of three stacked vortex metasurface layers, featured twist angles of 0°, 15°, and 30° from top to bottom, respectively. PC spacers with a relative permittivity (εr) of 2.95 were used between layers, with an interlayer separation (d) of 1 mm for both intervals, resulting in a total thickness of 2.72 mm. The detailed structure is illustrated in Figure 2h. As PC is a highly transparent material, the functionality of a single-layer geometric phase metasurface relies solely on the two-dimensional design of the surface meta-atoms, resulting in relatively limited wavefront control capability. In contrast, the MLCGP metasurface constitutes a three-dimensional control system. It enables electromagnetic waves to undergo multiple scattering and interference events between the vertically stacked layers, thereby providing more flexible wavefront shaping capabilities. Furthermore, the overlapping and coupling of electromagnetic fields among the three independent resonators facilitate the formation of a flat, broad absorption band, achieving efficient electromagnetic energy dissipation.
3 Design strategy
The PB phase operates by rotating subwavelength unit structures. This rotation enables the conversion of the polarization state of incident electromagnetic waves while simultaneously introducing a phase shift, proportional to the rotation angle of the unit, in either the co-polarized or cross-polarized channel. This mechanism facilitates wavefront manipulation and polarization control, allowing for the generation of vortex waves with specific properties.
Vortex waves carry different orthogonal components characterized by their topological charge (l). With rational design of the meta-atom dimensions and structural morphology, rotating the meta-atom through an arbitrary angle between 0 and π can induce a corresponding phase shift covering the full range of 0 to 2π. This makes it possible to design metasurfaces that generate vortex waves carrying different topological charges. The topological charge (l) of a vortex wave is expressed by the equation [41]:
[image: Mathematical equation](1)
where l is the topological charge, ∅ is the phase distribution, C is a closed path encircling a phase singularity, and dr is the infinitesimal displacement vector along the integration path. The value of l reflects the degree of phase change around a singular region in space. The phase singularity is the point where different phases converge, and the phase is undefined (or zero), implying the absence of electromagnetic energy at the singularity point [42].
The Jones matrix is an effective tool for analyzing the incident and scattered fields of anisotropic units in a metasurface, linking the reflected field to the incident field via reflection coefficients. For a reflective meta-atom rotated by an angle θ, the reflection matrix is expressed as [43,44]
[image: Mathematical equation](2)
The reflection matrix under circularly polarized wave excitation can be represented as
[image: Mathematical equation](3)
Substituting equation (2) into equation (3) yields the reflection matrix for circularly polarized incidence:
[image: Mathematical equation](4a)
[image: Mathematical equation](4b)
[image: Mathematical equation](4c)
[image: Mathematical equation](4d)
Here, rxx, ryy, rll, and rrr are the co-polarized reflection coefficients under normal incidence for x-, y-, left-hand circularly polarized (LHCP), and right-hand circularly polarized (RHCP) waves, respectively. Similarly, rxy, ryx, rlr, and rrl are the corresponding cross-polarized reflection coefficients. According to equations (4a) and (4d), a discrete phase change of e-2jθ(e2jθ) can be introduced by a meta-atom with a rotation angle θ.
For a reflective meta-atom, if it possesses mirror symmetry with respect to the xoz or yoz plane, its Jones matrix should satisfy rxy = ryx = 0. This implies that a meta-atom with this symmetric structure has no cross-polarization conversion terms. To achieve high angular momentum conversion efficiency over a broad frequency range, the meta-atom should satisfy the following conditions:
[image: Mathematical equation](5a)
[image: Mathematical equation](5b)
As shown in Figure 1d, this study is based on the spin angular momentum (SAM) to orbital angular momentum (OAM) conversion concept. Symmetric split triangular meta-atoms with a specific rotation angle θ are arranged on a flexible substrate. The geometric parameters are side length b = 9 mm, metal thickness h1 = 0.04 mm, gap width w = 1 mm, and vertex angle α = 60°. The insulating dielectric is PC (meta-atom period p = 18 mm, relative permittivity εr = 2.95).
After determining the relationship between the two-dimensional vortex phase distribution and the phase parameters, a geometric mapping program was written in MATLAB to automatically generate the layout of the geometric phase metasurface carrying different modes. The numerical results were then imported into CAD (computer-aided design) software for printing the metasurface substrate film. Finally, co-simulation using MATLAB and HFSS (high-frequency structure simulator) was employed to obtain the near-field and far-field characteristics of the vortex wave. A schematic of the simulation model and setup is shown in Figure 1f. The reflective metasurface consists of an 11×11 array of rotating meta-atoms. The corresponding topological charges are shown in Figure 1 as (a) l = 0, (b) l = ±3, and (c) l = ±5. The sign of the topological charge depends on the spin state of the incident wave. Figure 1e shows a photograph of the fabricated geometric phase metasurface.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 The layout of the proposed metasurfaces for (a) l = 0, (b) l = ±3, and (c) l = ±5 OAM modes. (d) Schematic diagram of the structural unit. (e) Optical photograph of the fabricated geometric phase metasurface. (f) Schematic of the 3D HFSS simulation model.



4 Results and discussion
4.1 Absorbing performance of the MLCGP metasurface
The reflectivity of geometric phase metasurfaces with different numbers of layers under incident wave illumination was evaluated in a microwave anechoic chamber to investigate the impact of multilayer cascading on microwave attenuation performance. Prior to this, we examined the reflection loss performance of metasurfaces without introducing a discrete phase shift (i.e., with meta-atom rotation angle θ = 0, indicating only periodic arrangement without a phase gradient) for different dielectric substrate thicknesses (d = 1, 2, and 3 mm). As shown in Figure 2a, the reflection loss performance under this condition is poor, struggling to achieve an effective absorption of −10 dB. Geometric phases corresponding to two different vortex modes (l = −3 and −5) were then introduced into single-layer metasurfaces with dielectric thicknesses of 2 and 3 mm. As shown in Figures 2b and 2c, the microwave absorption efficiency shows insignificant improvement for the 2 mm thickness case. In contrast, the microwave attenuation performance is significantly enhanced for the 3 mm thick geometric phase metasurface. Furthermore, the attenuation performance improves as the mode number (|l|) increases.
The thickness of an absorbing material is a critical parameter for assessing its application potential. Therefore, as illustrated in Figure 2f, this work cascades three geometric phase metasurfaces with different rotation angles, with the interlayer dielectric spacing reduced to 1 mm. As shown in Figures 2g and 2h, benefiting from the multilayer cascaded architecture, the structure maintains stable and efficient microwave attenuation performance even when its total thickness is reduced by approximately 30% compared to a 3 mm-thick single-layer dielectric metasurface.
It should be noted that within the 13–14 GHz frequency range, the MLCGP metasurface does not fully satisfy the −10 dB absorption criterion, and its attenuation performance in this narrow band appears slightly inferior to that of the 3 mm single-layer structure. This localized reduction can be attributed to the redistribution of resonant modes and the modified impedance matching condition induced by strong interlayer electromagnetic coupling. The introduction of multiple reflective interfaces alters the phase accumulation and interference pathways inside the structure, and constructive interference may occur at specific frequencies, partially weakening the destructive interference mechanism responsible for efficient absorption. Nevertheless, this trade-off is confined to a limited spectral region and does not compromise the overall broadband enhancement achieved through cascading.
Compared to the single-layer structure, the MLCGP architecture exhibits a significantly expanded effective absorption bandwidth, reaching 7.9 GHz (RL ≤ −10 dB, covering 8.1–16.0 GHz) under the l = −5 vortex mode. Figure 2i visualizes the comparison of effective absorption bandwidth before and after cascading. The performance advantage of the MLCGP structure is even more pronounced for the −20 dB reflection loss metric, which characterizes deep absorption. Its applicable bandwidth at this level is approximately three times wider than that of the single-layer structure. This enhancement is attributed to the strong electromagnetic field localization and interlayer interference effects induced by the MLCGP structure. The three layers of meta-atoms, combined with the PC dielectric spacers, form a sophisticated multiple-reflection system. When electromagnetic waves are incident, the reflected waves generated from each layer interfere with each other, and through precise phase design, destructive interference is achieved within specific frequency bands. This phenomenon effectively “traps” the electromagnetic energy within the structure, where it is subsequently dissipated efficiently through ohmic loss and diffraction loss in the metallic microstructures. This implies that for high-performance applications such as radar stealth and electromagnetic compatibility, multilayer cascaded metamaterials show great potential for achieving extremely low electromagnetic wave backscattering over a broad frequency band, significantly enhancing stealth or shielding effectiveness.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Electromagnetic performance of single-layer and MLCGP metasurfaces. (a) Reflection loss of single-layer metasurfaces with different thicknesses at l = 0. Reflection loss of a 2 mm-thick single-layer metasurface at (b) l = −3 and (c) l = −5. Reflection loss of a 3 mm-thick single-layer metasurface at (d) l = −3 and (e) l= −5. (f) Schematic diagram of the MLCGP metasurface structure. Reflection loss of the MLCGP metasurface at (g) l = −3 and (h) l = −5. (i) Effective absorption bandwidth before and after cascading.



4.2 RCS reduction of the MLCGP metasurface
A lower reflection loss indicates that a larger portion of the incident electromagnetic energy is absorbed and converted within the structure, thereby reducing the energy scattered back into free space. This directly affects the magnitude and angular distribution of the RCS. To evaluate the scattering behavior, bistatic simulations were performed by varying the receiving angle while fixing the azimuth angle at φ = 0°. Figures 3a and 3c present the corresponding one-dimensional RCS angular distributions with θ ranging from −180° to 180° for l = −3 (9.7 GHz) and l = −5 (10.2 GHz), respectively.
These RCS fluctuations originate from the coherent interference of waves scattered by the discrete meta-atoms. Maxima in the RCS correspond to directions where constructive interference dominates, forming strong scattering directions, whereas minima arise from destructive interference and represent stealth-favorable directions. When the topological charge increases from l = −3 to l = −5, the angular fluctuation density becomes more pronounced. This behavior reflects the more rapid azimuthal phase variation associated with higher-order vortex modes, which enhances the complexity of spatial phase coupling and leads to a denser interference pattern.
Figures 3b and 3d show three-dimensional far-field scattering patterns at representative operating frequencies. Figures 3a and 3c correspond to two-dimensional angular RCS curves extracted from the φ = 0 plane of the respective 3D scattering patterns in Figures 3b and 3d. This relationship clarifies the direct correspondence between the 2D cross-sectional results and the full spatial scattering distributions.
Compared with the lower-order mode, the higher-order vortex excitation results in a more evident deviation of energy from the conventional specular reflection direction, accompanied by a broadened and partially split main scattering lobe. At higher frequencies, as shown in Figure S2, the scattered energy is mainly concentrated along the propagation axis and within a relatively narrow angular ring, with additional energy appearing along diagonal directions. This indicates a stronger axial confinement of the scattered field at elevated frequencies.
Under linearly polarized illumination, the incident field can be decomposed into two circularly polarized components with opposite handedness. Due to the geometric-phase mechanism, these two components acquire opposite phase gradients, leading to the simultaneous excitation of conjugate vortex modes with topological charges of +l and −l. The far-field superposition of these modes suppresses the ideal phase singularity at the beam center, resulting in residual on-axis scattering and a partially filled vortex core. Nevertheless, the geometric phase still effectively redistributes the scattered energy away from the mirror-reflection direction, producing the observed lobe broadening and “aperture” effect. This demonstrates that even under linear polarization excitation, the MLCGP metasurface retains its capability to manipulate electromagnetic wavefronts and steer energy flow, offering potential advantages for applications such as channel multiplexing and adaptive beam control in radar and wireless communication systems.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Bistatic RCS characteristics of the vortex metasurfaces. (a, c) Bistatic RCS patterns at an azimuth angle of φ = 0°. (b, d) Three-dimensional bistatic RCS distributions at 7.9 GHz for the l = −3 MLCGP metasurface and at 8.1 GHz for the l = −5 MLCGP metasurface.



4.3 Analysis of the absorption mechanism in a MLCGP metasurface
Achieving high-quality OAM beams in the microwave regime presents significant technical challenges. Unlike at optical frequencies, generating ideal planar wavefronts is difficult in the microwave band. This leads to prevalent issues such as wavefront distortion and excessive divergence angles in vortex waves generated by geometric-phase-based metasurfaces, severely limiting their applicability in long-distance communication. However, these seemingly detrimental characteristics demonstrate unique value in the realm of electromagnetic stealth. The pronounced beam divergence and phase distortion facilitate the rapid dissipation of electromagnetic energy and effectively reduce the target's RCS. Based on this premise, to further validate the broadband microwave attenuation characteristics of the MLCGP metasurface, full-wave simulations were conducted to analyze the near-field and far-field vortex wave properties under LHCP wave excitation. The monitoring plane, set parallel to the metasurface (xoy plane) with dimensions of 200 × 200 mm, was positioned 100 mm above the structure. Near-field observations and mode spectrum analyses were performed for the generated l = −3 and l = −5 vortex waves under LHCP plane wave excitation with an electric field oriented along the x-direction at different frequencies. The electromagnetic simulation results, shown in Figure S3, indicate well-dispersed electric field energy across various frequencies. When the incident wave frequency was 9.7 GHz, as shown in Figure 4a, ring-like electric field amplitude patterns were observed in the LHCP field at different phases. The electric field amplitude was significantly reduced along the propagation axis (i.e., the phase singularity), while the energy was concentrated within a distinct concentric annular region. Simultaneously, the spatial distribution of the electric field phase exhibited a dynamic pattern, rotating regularly over time around the beam center. This rotation does not represent a net flow of energy but is a direct manifestation of the wavefront’s helical phase structure evolving in the time domain, with a complete rotation period corresponding to the oscillation period of the electromagnetic wave. This dynamic phenomenon confirms that the metasurface successfully converted linear momentum into orbital angular momentum, generating vortex waves in the corresponding modes.
Furthermore, this cascading configuration establishes a multi-resonant interference system. Part of the incident wave is successively reflected and re-injected between adjacent layers, forming repeated phase accumulation and multiple scattering pathways. The constructive and destructive interference among these coupled resonant modes dynamically redistributes the electromagnetic energy inside the structure. As a result, localized electric and magnetic field enhancement occurs within specific regions of the high-entropy alloy strips and dielectric layers, effectively increasing ohmic loss and dielectric dissipation.
More importantly, the geometric-phase-induced spatial phase gradient modifies the wavefront of the reflected fields at each interface, suppressing coherent specular reflection and promoting angular dispersion. The combined effects of interlayer coupling, resonance hybridization, and phase-gradient-induced wavefront distortion therefore enhance both internal energy trapping and external scattering diffusion. This synergistic mechanism explains the observed broadband reflection loss reduction and RCS suppression.
Further analysis was conducted on the three-dimensional scattered fields under LHCP wave incidence at different frequencies. The results, as shown in Figure S4, reveal that for a beam with the same topological charge, its radiation aperture angle systematically decreases with increasing frequency. The underlying reason is that the fixed phase profile introduced by the geometric phase equivalently produces a stronger local phase gradient at shorter wavelengths. This enhanced phase gradient effectively focuses the wavefront, partially compensating for the divergence effect caused by a high topological charge, thereby leading to a reduced radiation aperture at higher frequencies. As shown in Figure 4b, under a constant operating frequency, the main lobe radiation aperture angle of the l = −5 vortex wave in three-dimensional space is noticeably larger than that of the l = −3 configuration, and the main lobe radiation intensity is also significantly lower. This effectively demonstrates the propagation characteristics of vortex waves: namely, a larger magnitude of l leads to more pronounced divergence of the vortex wavefront, which is consistent with the theoretical design. As the mode number of the MLCGP metasurface increases, the electromagnetic energy at the central phase singularity correspondingly weakens. The null region at the vortex wave center progressively expands with increasing propagation distance, primarily determined by the unique phase front morphology of the vortex wave. The far-field diffusion characteristics of vortex waves prevent them from propagating over long distances. However, this very energy attenuation and dissipation are highly desirable in microwave stealth applications. If a stealth material can effectively convert incident electromagnetic waves into vortex waves, it could potentially enable perfect stealth behavior through the synergistic effects of mechanisms like polarization conversion loss and far-field diffusion attenuation.
Based on the foregoing analysis, we have elucidated the intrinsic relationship among the radiation aperture angle, frequency, and topological charge and have experimentally validated the characteristic divergence and attenuation behaviors of vortex waves during propagation. Building upon this foundation, and to further assess the feasibility and comprehensive performance of this stealth approach, a systematic comparison was conducted between the designed MLCGP metasurface and several typical absorbing materials. As summarized in Table 1, the MLCGP metasurface holds significant advantages in terms of effective microwave absorption bandwidth and overall thickness. Specifically, while ensuring highly efficient microwave absorption, the total thickness of this metasurface is effectively controlled, which is crucial for meeting the requirements of lightweight and thin designs in practical applications. Furthermore, the metasurface fabricated using FeCoNiSi0.3Al0.3 HEA ribbons exhibits an areal density of only 0.75 kg/m2. This low areal density characteristic not only reduces the overall weight of the material but also opens up possibilities for its application in fields such as aerospace, thereby further enhancing the comprehensive performance and application potential of this metasurface.
	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Near-field and far-field characteristics of the MLCGP metasurface. (a) Electric field amplitude distributions in the near-field region under different phase conditions for the MLCGP metasurfaces with l = −3 and l = −5. (b) Three-dimensional far-field radiation patterns for the MLCGP metasurfaces with l = −3 and l = −5.



Table 1 
Properties comparison between this prepared metamaterial and others.

5 Conclusion and outlook
The MLCGP metasurface achieves broadband microwave absorption performance at a thinner thickness by synergistically utilizing the polarization conversion characteristics and wavefront manipulation capabilities of electromagnetic waves. Based on the PB phase principle, this structure converts incident plane waves into co-polarized reflected vortex waves, enabling highly efficient energy dissipation. Experimental results demonstrate that the MLCGP metasurface, with a thickness of only 2.72 mm, attains an effective absorption bandwidth of 7.9 GHz (8.1–16.0 GHz). This represents a 35% increase compared to a single-layer geometric-phase metasurface with a thickness of 3.24 mm, along with excellent RCS reduction. Through OAM phase analysis and three-dimensional scattered field characterization, the successful generation of vortex waves with specific topological charges has been confirmed. Furthermore, the core mechanism of achieving broadband absorption and scattering reduction by dispersing energy across wide angular spaces has been revealed from a physical perspective. This work establishes a new paradigm for the development of novel, thin-layer absorbing materials based on wavefront shaping.
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Fig S1 Preparation of HEA ribbons.

Fig S2 Three-dimensional bistatic RCS distributions at 15.6 GHz for the l = −3 MLCGP metasurface and at 15.3 GHz for the l = −5 MLCGP metasurface.

Fig S3 Near-field characteristics of the multilayer vortex metasurface. Electric field amplitude distributions in the near-field region for the multilayer vortex metasurfaces with l = −3 and l = −5.

Fig S4 Three-dimensional far-field radiation patterns for the multilayer vortex metasurfaces with l = −3 and l = −5.
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	Material
	Structure
	Thickness (mm)
	Effective absorption bandwidth (GHz) (RL≤ −10 dB)
	References





	FCIP
	Porous coating
	6
	18
	[45]



	Fe60Co20Ni10Si6.5Al3.5
	Ribbons
	20
	5.04
	[40]



	FeCoNiSixAl0.4
	Powder
	2
	4.28
	[46]



	polymeric GN
	Multilayer
	3.5
	1.9
	[47]



	Cu
	Hybrid metasurface
	4.1
	2
	[48]



	CIP/PU
	Three biomimetic structures
	3
	6.94
	[49]



	Al/CIP
	Fractal structure
	2.24
	1.38
	[50]



	NHCS@Fe/Fe3O4-700
	multilayered open-ring configuration
	2.37
	6.59
	[51]



	Cu, FR-4
	Fractal structure
	3.2
	3.36
	[52]



	ITO dielectric
	Sandwiched structure
	3.5
	2.5
	[53]



	RGO
	Pyramid structure
	9
	10
	[54]



	HEA ribbons
	Vortex metasurfaces
	2.72
	7.9
	This work
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