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Abstract 

Ultrathin, broadband microwave absorbing materials (MAMs) are crucial for weight-sensitive and 

space-constrained applications. This study introduces the electromagnetic frequency dispersion 

coefficient (EFDC), a synergistic dielectric-magnetic parameter that moves beyond conventional 

complex mechanisms. Our model directly links EFDC to microwave absorption (MA) 

performance, guiding the design of advanced MAMs. By optimizing EFDC, we achieved an ultra-

wide effective absorption bandwidth (EAB) of 7.04 GHz at 1 mm and 9.28 GHz at 1.3 mm. 

Moreover, the temperature invariance of EFDC ensures consistent MA performance from 298 K 

to 473 K, despite the differing thermal responses of permittivity and permeability. This principle 

outlines a systematic design strategy for fabricating ultrathin and broadband MAMs, establishing 

a robust framework for developing high-attenuation absorbers suitable for complex frequency and 

thermal environments. 
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Introduction 

With the rapid advancement of electronic information technology, the widespread application of 

electromagnetic waves (EMWs) has underscored the urgent need to address electromagnetic 

interference and compatibility issues in electronic devices1-4. This growing concern has stimulated 

increasing demand for high-performance microwave absorbing materials (MAMs)5-8. Driven by 

the ongoing integration and miniaturization of electronic communication devices and chips, 

ultrathin MAMs offer substantial advantages in terms of weight reduction and spatial efficiency, 

making them highly desirable for integrated industries such as aerospace9, automotive 

engineering10, mobile telecommunications11, and portable electronics12. These applications impose 

stringent requirements on MAMs, including minimal thickness, broad effective absorption 

bandwidth (EAB, defined as RL < −10 dB), and strong absorption intensity13,14, all of which are 

essential for ensuring optimal performance under complex frequency and temperature conditions. 

According to transmission line theory, the propagation of EMWs in a medium is strongly 

influenced by the complex permittivity (𝜀𝑟 = 𝜀𝑟
′ − 𝑗𝜀𝑟

′′) and complex permeability (𝜇𝑟 = 𝜇𝑟
′ −

𝑗𝜇𝑟
′′ ) of MAMs15-17. These parameters play a critical role in determining both the operating 

frequency and the overall absorption efficiency, making their optimization central to absorber 

design. Although significant progress has been made in developing dielectric-magnetic hybrid 

absorbers through experimental studies, the underlying physical mechanisms governing 

performance optimization remain inadequately elucidated18-20. The Planck-Rozanov limit, 

expressed as 𝛥𝜆/𝑑 < (16𝜇𝑟)/(𝑙𝑛𝜌0), where 𝛥𝜆 denotes the wavelength variation across the 

operating band, 𝑑  is the absorber thickness, and 𝜌0  is the reflection coefficient, highlights a 
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fundamental constraint in simultaneously achieving broad bandwidth and reduced thickness21. For 

instance, when the absorption intensity exceeds 90%, the corresponding 𝛥𝜆/𝑑 value is typically 

below 13.9, suggesting that thinner MAMs often suffer from insufficient EAB. While the 

introduction of multiple loss mechanisms and innovative structural designs has been shown to 

enhance absorption intensity and bandwidth, a reduction in thickness—particularly below 2 mm—

frequently leads to compromised attenuation capability22-25. Consequently, achieving high 

absorption performance and broad EAB in ultrathin MAMs remains a considerable challenge, 

necessitating precise control over the frequency dispersion of electromagnetic parameters26. 

Conventional design of microwave absorbers has largely relied on extensive experimental 

iterations to empirically adjust 𝜀𝑟 and 𝜇𝑟, due to the complex interplay and coupling between 

these parameters. From the wave nature of EMWs, it is known that interference cancellation can 

substantially enhance microwave absorption performance in a manner unparalleled by other loss 

mechanisms, and over a wide frequency range. The effective wavelength within the medium, 

𝜆𝑚 = 𝑐 (𝑓|𝜇𝑟𝜀𝑟|1 2⁄⁄ ) , depends on both the operating frequency and the electromagnetic 

parameters of the medium27. For each frequency, there exists an optimal |𝜇𝑟𝜀𝑟|  value that 

maximizes absorption. Thus, comprehending the correlation between |𝜇𝑟𝜀𝑟| and frequency is 

crucial for evaluating its influence on absorption efficiency and the corresponding absorption 

frequency. Rather than examining permittivity and permeability in isolation, this study introduces 

the Electromagnetic Frequency Dispersion Coefficient (𝐸𝐹𝐷𝐶 = |𝜇𝑟𝜀𝑟|) as a unified dielectric-

magnetic parameter for optimizing microwave absorption. The model linking EFDC to absorption 

performance provides a direct framework for tailoring MA characteristics by simultaneously 
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accounting for the contributions of both complex permittivity and permeability, thereby facilitating 

either targeted band or broadband absorption design. 

In this work, a magnetic-dielectric composite was developed for ultrathin broadband MAMs, 

comprising carbonyl iron powder (CIP) as the magnetic component and carbon nanotubes (CNTs) 

as the dielectric phase. Using a feedforward neural network (FNN) model, optimal EFDC values 

were predicted across various frequencies and thicknesses. The refined relationship between 

EFDC and frequency significantly aids in the rational design of advanced MAMs. As a result, a 

CIP/CNTs/EP composite with a thickness of only 1 mm achieves an exceptional EAB of 7.04 GHz. 

The specific EAB efficiency (SEAB), defined as EAB per unit thickness (EAB 𝑑−1), serves as a 

key figure of merit for applications demanding thin and wideband absorption. The remarkable 

SEAB value of 7.04 GHz mm−1 demonstrated here exceeds those reported in many previous 

studies28-30. Furthermore, although both 𝜀𝑟 and 𝜇𝑟 exhibit opposing trends in their temperature 

dependence (298 K to 473 K), the collective contribution to absorption performance remains stable 

due to the consistent behavior of EFDC. This study also proposes a systematic strategy for 

decoupling microwave absorption behavior from temperature effects—shifting the focus from the 

pursuit of temperature-invariant electromagnetic parameters to an optimized model that correlates 

synergistic EM contributions with absorption metrics. The conceptual framework of the 

electromagnetic synergy strategy based on EFDC is depicted in Fig. 1. This framework not only 

facilitates the development of ultrathin, broadband MAMs, but also provides innovative insights 

for the targeted design of high-performance absorbers capable of operating across diverse 

frequency ranges and under varying thermal conditions. 
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Fig. 1 | Conceptual illustration of the electromagnetic synergy strategy based on 

electromagnetic frequency dispersion coefficient (EFDC). In this framework, the concurrent 

interactions between the electric and magnetic fields of electromagnetic waves and the medium 

result in improved absorption performance. 

 

Results 

Establishment of electromagnetic frequency dispersion coefficient models 
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Fig. 2 | Proposal and establishment of electromagnetic frequency dispersion coefficient 

(EFDC) based on the concept of electromagnetic synergistic. a Design strategy for ultrathin 

broadband MAMs. Frequency-dependent b real permittivity (𝜀𝑟
′ ), c electromagnetic frequency 

dispersion coefficient, d imaginary permittivity (𝜀𝑟
′′), and e microwave absorption performance for 
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model systems ME1–ME4 at a thickness of 1 mm. The complex permeability values (𝜇𝑟
′  and 𝜇𝑟

′′) 

for ME1, ME2, ME3, and ME4 are (1, 0), (2, 0.2), (2, 0.4), and (2, 0.6), respectively. The shaded 

region indicates the optimal range of 𝜀𝑟 for effective microwave absorption performance (RL < 

−10 dB). 

 

According to transmission line theory, achieving efficient MA performance across a broad 

frequency spectrum necessitates the coordinated optimization of both electromagnetic parameters 

and their frequency dispersion characteristics. To realize effective MA performance (RL < −10 

dB), the optimal frequency-dependent permittivity (𝜀𝑟-𝑓 ) distributions for various thicknesses (1 

mm, 2 mm, and 3 mm) were determined using a feedforward neural network (FNN) model. For a 

typically dielectric system, the relative permeability was fixed at 𝜇𝑟
′  = 1 and 𝜇𝑟

′′ = 0. As shown 

in Supplementary Fig. 1, thinner MAMs exhibit more pronounced variations in in both the real 

(𝜀𝑟
′ ) and imaginary (𝜀𝑟

′′) parts of permittivity. Specifically, at a thickness of 1 mm, the 𝜀r-f curve 

displays a steep descending profile. The material properties required for low-frequency absorption 

differ considerably from those suited to high-frequency applications, indicating that distinct 

relaxation strengths and dispersion behaviors are essential across different bands. Notably, the 

required relaxation strength (𝛥𝜀𝑟
′ ) in the range of 8–18 GHz can reach values as high as 82.6. Such 

a sharp decline in 𝜀𝑟 , coupled with high relaxation strength, poses a significant challenge for 

achieving these properties in naturally occurring or single-phase materials. 

The attenuation of EMWs stems from the synergistic interaction between electric and magnetic 

fields. Introducing magnetic loss into dielectric composites enhances MA performance through 
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two primary mechanisms: first, by augmenting the overall attenuation capacity via multi-loss 

synergy; and second, by improving impedance matching through optimized electromagnetic 

coupling31-36. Consequently, the demanding dispersion behavior that is difficult to achieve using 

purely dielectric materials can be effectively compensated by the dispersion characteristics of 𝜇r. 

Although magnetic loss generally diminishes at high frequencies, it remains crucial for enhancing 

microwave absorption intensity and broadening the EAB. The relatively low permeability 

exhibited at elevated frequencies can be attributed to the Snoek limit—a fundamental constraint 

that governs the relationship between permeability and frequency under natural resonance 

conditions. The product of static permeability and natural resonance frequency is a constant that 

is proportional to saturation magnetization. Therefore, to operate effectively at higher frequencies, 

a compromise involving reduced permeability must be accepted. 

To illustrate the role of moderate magnetic loss in designing high-attenuation MAMs for the 8–18 

GHz band, a 1 mm-thick reference model (ME1, 𝜇𝑟
′ = 1 and 𝜇𝑟

′′= 0) was established. Reflecting 

the practical permeability ranges of natural materials, three additional dielectric–magnetic models 

(ME2, ME3, ME4) were constructed with 𝜇𝑟
′ = 2 and 𝜇𝑟

′′ values of 0.2, 0.4, and 0.6, respectively. 

A computational numerical strategy was employed to optimize the permittivity genome. As 

depicted in Figs. 2b and 2d, the ideal 𝜀𝑟-𝑓 distributions for ME1–ME4 were derived using the 

FNN model. Increasing 𝜇𝑟
′′  resulted in a clear reduction in both 𝛥𝜀𝑟

′  and 𝛥𝜀𝑟
′′ . For instance, 

compared to the purely dielectric system ME1, the value of 𝛥𝜀𝑟
′  for ME4 decreased from 82.6 to 

45.3 within the 8–18 GHz range. This moderated dispersion facilitates the practical realization of 

MAMs with target electromagnetic parameters, thereby enabling ultrathin and broadband 
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absorption. Although the electromagnetic constants and loss factors are decisive in determining 

absorption frequency and efficiency, further tuning in complex composite systems remains 

challenging26,27,37. Conventional methods often require iterative performance recalculations based 

on empirical formulas to align material parameters with optimal dispersion regions. To reduce 

design complexity, a fundamental reassessment of the relationship between intrinsic EM properties 

and macroscopic MA performance is essential. 

In accordance with Poynting's theorem (S = E × H), the flow of electromagnetic energy is 

governed by the interplay between electric and magnetic fields15. The interactions of these fields 

with various media are characterized by permittivity and permeability, which together determine 

the electromagnetic response of materials. Furthermore, within the framework of interference 

cancellation theory, the wavelength of electromagnetic waves in a medium can be expressed as 

𝜆𝑚 = 𝑐 (𝑓|𝜇𝑟𝜀𝑟|1 2⁄⁄ ), illustrating a direct correlation with operating frequency. Finally, results 

from machine learning optimization indicate a complementary relationship between the variation 

trends of permeability and permittivity. 

Rather than treating permittivity and permeability in isolation, we propose an optimized EFDC 

(𝐸𝐹𝐷𝐶 = |𝜇𝑟𝜀𝑟| = [(𝜀𝑟
′ )2 + (𝜀𝑟

′′)2]1 2⁄ [(𝜇𝑟
′ )2 + (𝜇𝑟

′′)2]1 2⁄ ) as a unified parameter to evaluate MA 

performance under the condition of RL < −10 dB. In contrast to traditional methods, EFDC 

exhibits a more direct and robust correlation with the intrinsic parameters of the medium. More 

significantly, it is capable of accurately delineating the requirements for electromagnetic frequency 

dispersion of materials within the frequency domain. The optimal EFDC-𝑓 distributions for ME1–

ME4, derived from the FNN model based on transmission line theory (see Supplementary Note 1), 
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reveal a high degree of consistency across all four models (Figs. 2b–d), despite their divergent 𝜀𝑟-

𝑓  profiles. When the optimized parameters are applied in the transmission line model 

(Supplementary Equation (1–2)), each model achieves over 99% absorption (Fig. 2e), confirming 

a robust correlation between EFDC and MA performance. This dual-dispersion fusion strategy 

provides an efficient pathway to approach theoretical performance limits in practical MAM 

designs, while addressing key challenges in accelerating the development of high-performance 

microwave absorbers. 

Development of ultrathin and broad-band microwave absorbing materials using the 

electromagnetic frequency dispersion coefficient model 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Fig. 3 | Schematic of accurate regulation of electromagnetic parameters and room-

temperature electromagnetic characteristics. a Schematic diagram illustrating the fabrication 

process of the CIP/CNTs/EP composite. b, e Real and imaginary parts of complex permeability 

(𝜇𝑟
′  and 𝜇𝑟

′′), c, f real and imaginary parts of complex permittivity (𝜀𝑟
′  and 𝜀𝑟

′′), d electromagnetic 

frequency dispersion coefficient, and g microwave absorption performance for samples S1, S2, 

and S3 at a thickness of 1 mm. The shaded region indicates the optimized range of electromagnetic 

parameters corresponding to effective microwave absorption performance (RL < −10 dB). 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Based on the preceding analysis, the electromagnetic fusion strategy can be quantitatively 

characterized through EFDC-𝑓 dispersion. The synergistic model correlating EFDC with MA 

performance provides a targeted design framework for developing high-performance MAMs. 

Given the excellent electromagnetic loss capabilities of CIP and CNTs, CIP/CNTs/epoxy (EP) 

composites were fabricated to elucidate the synergistic enhancement arising from combined 

magnetic and dielectric losses. This study aims to identify the optimal range of electromagnetic 

parameters that maximize absorption efficiency. To this end, composites with a fixed CIP content 

of 80 wt.% were selected as a model system to investigate the influence of permittivity on 

absorption intensity and absorption frequency. Three samples, designated as S1, S2, and S3, were 

prepared with CNT contents of 0 wt.%, 0.15 wt.%, and 0.2 wt.%, respectively. The compositional 

characteristics, microstructure, and electromagnetic properties (2–18 GHz) of the samples are 

provided in Supplementary Figs. 2–4. The effects of varying material parameters were 

systematically evaluated, as summarized in Fig. 3a. 

As shown in Figs. 3b and e, the real and imaginary parts of complex permeability (𝜇𝑟
′  and 𝜇𝑟

′′) 

exhibit consistent dispersion trends across all three composites, which can be attributed to their 

identical CIP content. This simplifies the tuning of permittivity and facilitates the attainment of 

optimized electromagnetic parameters over a broad frequency range. Figs. 3c and f demonstrate 

that increasing the CNT content from 0 wt.% to 0.2 wt.% allows precise modulation of the complex 

permittivity (𝜀𝑟
′  and 𝜀𝑟

′′). For the design of ultrathin and broadband MAM targeting a thickness 

of 1 mm, electromagnetic parameters were optimized using an EFDC-guided approach. As the 

relative permittivity is systematically raised, a wider frequency range falls within the optimized 
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EFDC domain. When the 𝜀𝑟-𝑓 relationship closely matches the simulated optimal dispersion 

profile, the effective absorption bandwidth (EAB) broadens, while the maximum attenuation peak 

shifts toward lower frequencies (Figs. 3d and g). These graded electromagnetic properties 

collectively enhance the attenuation capability of the MAMs while simultaneously modulating 

their impedance matching characteristics. 

The performance of MAMs depends not only on attenuation efficiency but also critically on 

impedance matching. Excessively high 𝜀𝑟  can cause impedance mismatches, particularly at 

higher frequencies. The trade-off between attenuation capacity and impedance matching can be 

quantitatively evaluated using the attenuation constant (α) and impedance matching coefficient 

(𝑀𝑧)38: 

𝛼 =
√2

𝑐
𝜋𝑓√(𝜀𝑟

′′𝜇𝑟
′′ − 𝜀𝑟

′ 𝜇𝑟
′ ) + √(𝜀𝑟

′′𝜇𝑟
′′ − 𝜀𝑟

′ 𝜇𝑟
′ )2 + (𝜀𝑟

′′𝜇𝑟
′ + 𝜀𝑟

′ 𝜇𝑟
′′)2     (1) 

𝑀𝑧 =
2𝑍𝑖𝑛

′ /𝑍0

|𝑍𝑖𝑛/𝑍0|2+1
                 (2) 

𝑍𝑖𝑛
′  represents the real part of 𝑍𝑖𝑛. 𝑀𝑧 > 0.82 corresponds to a wider EAB. Increasing EFDC 

leads to higher attenuation constants from S1 to S3, accompanied by a shift of the optimized 𝑀𝑧 

region toward lower frequencies (Supplementary Fig. 5). 

This indicates that EFDC effectively integrates contributions from both permittivity and 

permeability, thereby improving the control over electromagnetic properties during material 

preparation. In contrast to purely dielectric composites, this dual-loss mechanism reduces 

overreliance on a single loss type and more readily satisfies the optimized dispersion requirements 

over a wide band. Consequently, the microwave absorption performance of broadband MAMs can 

be effectively tailored using EFDC-based design principles. 
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As illustrated in Figs. 3d and g, the EFDC of sample S2 closely matches the simulated optimum, 

yielding a broad EAB of 7.04 GHz at a minimal thickness of 1 mm. Moreover, an EAB of 9.28 

GHz has been achieved at a thickness of 1.3 mm, which not only signifies a balanced optimization 

of both key parameters but also surpasses most current state-of-the-art materials. When compared 

to previously reported composites such as Fe3O4/MWCNTs39, RGO/Si3N4
40, ZnO@MWCNT41, 

and Co42, sample S2 demonstrates the highest specific EAB efficiency (SEAB = 7.04 GHz mm−1) 

and ranks among the top-performing absorbers, as detailed in Supplementary Table 1. These 

results confirm that an optimized EFDC- 𝑓  relationship positions magnetic-dielectric hybrid 

systems as highly promising candidates for next-generation lightweight and high-performance 

microwave absorbers. 

Development of stable microwave absorbing materials with a wide temperature range using 

the electromagnetic frequency dispersion coefficient model 
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Fig. 4 | Electromagnetic performance over a wide temperature range. a, b Real and imaginary 

parts of complex permeability (𝜇𝑟
′  and 𝜇𝑟

′′), c, d real and imaginary parts of complex permittivity 

(𝜀𝑟
′  and 𝜀𝑟

′′), e, f magnetic and dielectric loss tangents (𝑡𝑎𝑛𝛿𝑀 and 𝑡𝑎𝑛𝛿𝐸) of sample S2 at 12 

GHz; g electromagnetic frequency dispersion coefficient (EFDC) and h normalized impedance 

matching degree (Mz); i-p microwave absorption performance under varying temperatures. 

 

When deploying MAMs in high-temperature applications, it is critical that they not only exhibit 

high thermal resistance but also maintain performance stability across a broad temperature 

spectrum. Generally, as temperature increases, dielectric loss is governed by both conductive loss 
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(𝜀𝑐
′′) and polarization loss (𝜀𝑝

′′)43. Both components are functions of temperature and frequency: 

𝜀𝑟
′′ = 𝜀𝑝

′′ + 𝜀𝑐
′′ = (𝜀𝑠 − 𝜀∞)

𝜔𝜏

1+𝜔2𝜏(𝑇)2 +
𝜎(𝑇)

𝜀0𝜔
, where 𝜔 is angular frequency and 𝜏 is relaxation 

time, 𝜎(𝑇)  is temperature-dependent conductivity, 𝜀∞ , 𝜀0 , and 𝜀𝑠  represent the relative 

permittivity (𝜀𝑟) at infinite frequency, in vacuum and under static conditions, respectively44. 

Although rising temperature typically enhances conductive loss—leading to greater EMWs 

attenuation—the overall absorption performance often deteriorates due to degraded impedance 

matching45. As a result, MAMs tend to exhibit increased reflection behavior at elevated 

temperatures. Most current strategies seek to modulate conductivity and polarization to improve 

impedance matching under thermal variation; however, these approaches often come at the cost of 

reduced loss capability. Thus, an ideal MAM should simultaneously achieve good impedance 

matching and strong loss performance across a wide temperature range. 

In contrast to the generally increasing trend of 𝜀𝑟  with increasing temperature, the saturation 

magnetization of magnetic components typically declines due to the Curie temperature limit46. 

Concurrently, enhanced damping of magnetic moment precession reduces natural resonance at 

elevated temperatures, resulting in a decrease in 𝜇𝑟
′′ 47. The opposing thermal responses of 

permittivity and permeability make it challenging to achieve stable MA over a broad temperature 

span. Therefore, leveraging the complementary dispersion behavior of magnetic-dielectric systems 

offers a promising design pathway. Although magnetic loss may be relatively weak at high 

frequencies and temperatures, it still contributes critically to enhancing absorption intensity and 

widening the EAB. This approach helps stabilize the EFDC under thermal changes. A consistent 

EFDC promotes temperature-insensitive MA performance by sustaining stable EMW–matter 
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interactions and facilitating interference cancellation. Thus, properly accounting for the role of 

magnetic loss—even when modest—enables the design of ultrathin, broadband MAMs with 

reliable high-temperature performance. 

As the temperature increases from 298 K to 473 K, the real part of permeability (𝜇𝑟
′ ) in sample S2 

remains largely stable, while the imaginary part (𝜇𝑟
′′) slightly decreases, leading to a reduction in 

𝑡𝑎𝑛𝛿𝑀 (Figs. 4a, b and e). In contrast, the high conductivity of CNTs causes both 𝜀𝑟
′  and 𝜀𝑟

′′ to 

rise, accompanied by an increase in 𝑡𝑎𝑛𝛿𝐸 (Figs. 4c, d and f). Simulation results further confirm 

that the optimal permittivity distribution remains within an acceptable range at elevated 

temperatures. 

A crucial compensation mechanism is identified: the decline in magnetic loss from CIP is 

effectively offset by a concurrent rise in dielectric loss from CNTs. This dynamic balance 

maintains optimal attenuation (Supplementary Fig. 6) while preventing impedance mismatch 

caused by excessive losses. Furthermore, the stable EFDC across temperatures suggests a nearly 

constant microwave wavelength in the material, ensuring consistent interference cancellation. 

Thanks to the complementary thermal responses of 𝜇𝑟  and 𝜀𝑟 , both EFDC and 𝑀𝑧  show 

minimal temperature dependence (Figs. 4g and h), leading to stable microwave absorption that 

converges toward the optimum in the 11–18 GHz band (Figs. 4i–l). For instance, sample S2 retains 

an EAB above 7.04 GHz from 298 K (Fig. 4i) to 373 K (Fig. 4k). Even at 473 K (Fig. 4l), it still 

achieves an EAB exceeding 6.16 GHz, demonstrating satisfied thermal stability. 

To assess practical applicability, a square sheet (180 mm × 180 mm × 1 mm) of the CIP/CNTs/EP 

composite (sample S2) was fabricated. Its MA performance was evaluated using an in-situ arc 
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method (Supplementary Fig. 7), with reflection loss (RL) calculated as: 𝑅𝐿(dB) = 10𝑙𝑔(𝑃𝑟/𝑃𝑖), 

where 𝑃𝑟and 𝑃𝑖represent the power of reflected and incident waves, respectively48. Remarkably, 

this ultrathin (1 mm) composite achieves an EAB of up to 6.8 GHz. As evidenced by the excellent 

agreement between simulation and experiment (Figs. 4m–p and Supplementary Fig. 8), the 

designed broadband absorber successfully maintains stable microwave absorption across a wide 

temperature range. 
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Fig. 5 | Simulated electromagnetic field distribution. a Radar cross-section (RCS) of sample S2 

as a function of detection angle (−60° < θ < 60°) under various temperatures. Far-field scattering 

patterns of b perfect electric conductor (PEC), and sample S2 at c 298 K and d 473 K. Simulated 

distributions of e, f electric field intensity (|E|), g, h magnetic field intensity (|H|), i, j Poynting 

vector (S), and k, l power loss density (P) for S2 at 298 K and 473 K. 
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To further evaluate the stealth performance under far-field conditions, the radar cross-section 

(RCS) of sample S2 was simulated using CST Microwave Studio at 10 GHz, as shown in Figs. 

5a–d. In contrast to the perfect electric conductor (PEC) plate (Fig. 5b), sample S2 exhibits 

substantial electromagnetic wave (EMW) attenuation across a temperature range of 298 K to 473 

K, demonstrating stable and robust microwave absorption (MA) characteristics (Figs. 5c–d). The 

electric and magnetic field distributions of sample S2 were analyzed at 298 K and 473 K (Figs. 

5e–l). It is observed that the electric field magnitude |E| within the CIP/CNTs/EP composite 

increases with temperature, while the magnetic field magnitude |H| decreases. This suggests an 

enhanced electric response during EMWs–material interactions (Figs. 5e–f), accompanied by a 

reduced magnetic component (Figs. 5g–h). Notably, both the Poynting vector (S) (Figs. 5i–j) and 

power loss density (P) (Figs. 5k–l) remain largely unaffected by temperature, indicating excellent 

thermal stability in energy dissipation. These results are consistent with our previous conclusion 

that a well-designed magnetic-dielectric composite can maintain consistent MA performance 

despite variations in individual electromagnetic parameters. Furthermore, this study demonstrates 

that EFDC, derived through inverse design via FNN modeling, provides an effective strategy for 

developing high-performance MAMs. 

This approach mitigates the extensive resource and time investments typical of high-throughput 

experimentation while delivering performance that surpasses conventional limits. The proposed 

methodology thus establishes an efficient and versatile pathway for designing customizable 

microwave absorbers with superior thermal adaptability. 
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Development of ultra-strong microwave absorption performance using the electromagnetic 

frequency dispersion coefficient model 

 

Fig. 6 | Guidance from EFDC for strong microwave absorption. a Electromagnetic frequency 

dispersion coefficient (EFDC), b microwave absorption (MA) performance and c normalized 

impedance matching degree (Mz) of samples S1, S2, and S3 at thicknesses of 1 mm, 1.2 mm, 1.4 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

mm, 1.6 mm, 1.8 mm and 2 mm. d–f Minimum reflection loss (RLmin) and effective absorption 

bandwidth (EAB) of S1, S2, and S3 as functions of thickness. 

 

In addition to excellent ultrathin and broadband microwave absorption (MA) performance, 

achieving ultra-strong absorption is essential for developing high-efficiency MAMs49. As 

established in the preceding analysis, the simulated optimal EFDC provides precise guidance for 

enhancing ultra-strong MA performance (orange curves in Fig. 6a), calculated here for thicknesses 

of 1 mm, 1.2 mm, 1.4 mm, 1.6 mm, 1.8 mm and 2 mm. The EFDC curves of samples S1, S2, and 

S3 exhibit multiple intersection points that align with the optimal MA positions defined by their 

electromagnetic parameters (Supplementary Fig. 4), further corroborated in Fig. 6b. Moreover, the 

optimal absorption frequency (Fig. 6b) and optimal 𝑀𝑧 (Fig. 6c) shift toward lower frequencies, 

a trend attributed to progressive increases in both the attenuation constant (Supplementary Fig. 9) 

and EFDC values. This behavior underscores a clear correlation between reduced thickness and 

elevated EFDC. As illustrated in Fig. 6b, sample S1 achieves an exceptional absorption intensity 

of -45.45 dB at a thickness of only 1.6 mm. Furthermore, as shown in Supplementary Fig. 10, each 

sample attains remarkable MA intensities of −50.84 dB, −53.36 dB, and −51.19 dB through fine-

tuned EFDC modulation. A comprehensive overview of MA intensity and effective absorption 

bandwidth (EAB) across different thicknesses is presented in Figs. 6d–f, highlighting excellent 

absorption performance. The proposed magnetic-dielectric dual-dispersion strategy successfully 

identifies electromagnetic parameters that meet the demanding requirements of advanced MAMs. 
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This approach enables the tailored design of absorbers featuring ultrathin profiles, wide bandwidth, 

and exceptional absorption strength (Supplementary Fig. 11). 

 

Fig. 7 | Schematic illustration of the microwave dissipation mechanism in the optimized 

magnetic-dielectric system. a Enhanced magnetic loss relaxes the stringent frequency dispersion 

requirement for 𝜀𝑟. b, d Design strategy for ultrathin broadband microwave absorbing materials 

guided by the electromagnetic frequency dispersion coefficient (EFDC) principle. c Synergistic 

effects between magnetic and dielectric losses under varying temperature conditions. 

 

Based on the preceding analysis, magnetic loss proves to be an indispensable factor, as it 

effectively relaxes the stringent dispersion constraints on the 𝜀𝑟 -𝑓  relationship while further 

improving MA performance (Fig. 7). Through precise regulation of EM parameters, the 
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interference cancellation of electromagnetic waves can be effectively manipulated, leading to 

enhanced MA efficiency (Fig. 7a). Furthermore, the EFDC comprehensively incorporates 

contributions from both 𝜀𝑟  and  𝜇𝑟，  thereby circumventing associated with individual EM 

parameters. This strategy offers critical insights for the tailored design of MAMs, ultimately 

achieving an ultra-wide bandwidth of 7.04 GHz at a small thickness of 1.0 mm (Fig. 7b). Moreover, 

an optimal balance between magnetic and electric components has been realized, which promotes 

efficient impedance matching while maintaining a stable dynamic equilibrium of 𝜀𝑟  and 𝜇𝑟 

across a wide temperature range. This synergy facilitates deeper penetration of electromagnetic 

waves into the absorber, where they are subsequently attenuated through combined magnetic and 

dielectric loss mechanisms, resulting in a strong absorption intensity of −53.36 dB (Fig. 7c). 

In contrast to non-magnetic composites (Fig. 7d), materials incorporating magnetic components 

significantly broaden the acceptable range of 𝜀𝑟 - 𝑓  dispersion, enabling performance that 

approaches theoretical limits. This is demonstrated through an optimal integration of minimal 

thickness, broad bandwidth, excellent thermal stability, and strong absorption. A detailed 

comparison of the MA performance with previously reported absorbers is provided in 

Supplementary Table 1. Thus, the EFDC-guided approach not only identifies optimal EM 

parameter windows but also achieves target-specific MA performance under given constraints, 

offering a valuable design paradigm for developing advanced broadband microwave absorbers. 

Discussion 

In conclusion, this study proposes an EFDC-based strategy that constructs a quantitative 

relationship between intrinsic electromagnetic parameters and macroscopic MA performance. The 
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FNN model validates the role of EFDC as a pivotal design metric, enabling optimized coordination 

between complex permittivity and permeability. By enhancing magnetic loss, this method 

alleviates the stringent frequency dispersion requirements traditionally imposed on 𝜀𝑟 , thus 

streamlining the parameter design process for broadband MAMs. Moreover, the stability of EFDC 

ensures effective MA performance over a wide temperature range (298–473 K), even as the electric 

and magnetic properties exhibit divergent trends under thermal variation. The proposed 

methodology adopts an efficient two-step calibration process: initial coarse adjustment of 

electromagnetic components followed by EFDC-guided fine-tuning, which collectively enhances 

wave absorption through optimized interference cancellation. This approach enables the 

development of an ultrathin absorber (1 mm) with an ultra-wide bandwidth of 7.04 GHz, a 

remarkable absorption intensity of −53.36 dB, and excellent thermal stability. Overall, this work 

establishes a comprehensive and systematic framework for designing high-performance MAMs 

with customizable absorption properties, offering valuable insights into the targeted development 

of advanced electromagnetic functional materials for complex operational environments. 

Methods 

Materials 

To achieve tailored electromagnetic properties—specifically, tunable complex permeability (𝜇𝑟) 

and permittivity (𝜀𝑟)—along with precise regulation of EFDC, magnetic-dielectric composites 

were fabricated using carbon nanotubes (CNTs, Qianying New Materials Technology Co., LTD) 

as the dielectric loss component and carbonyl iron powder (CIP, Jiangsu Shisong New Materials 
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Technology Co., LTD) as the magnetic loss component. Epoxy resin (EP, Nantong Xingchen 

Synthetic Materials Co., LTD was chosen as the matrix material owing to its stable permittivity. 

Preparation of CIP/CNTs/EP composites 

CIP/EP composites are prepared by incorporating 80 wt.% CIP into the EP matrix along with a 

curing agent, followed by mixing at 2000 r min–1 for 5 minutes. The homogeneous mixture was 

then poured into a mold and cured at 80 °C for 8 hours, yielding sample S1. Using the same 

procedure, CNTs were introduced into the CIP/EP composite at mass fractions of 0.15 wt.% and 

0.2 wt.%, producing samples S2 and S3, respectively. The final samples were processed into 

coaxial rings with an inner diameter of 3.04 mm, an outer diameter of 7 mm, and a thickness of 2 

mm. 

Characterization 

The composition of CIP and CNTs was characterized by X-ray diffractometry (XRD, D8-Advance, 

Bruker) and Raman spectroscopy (Raman, RM-1000, 532 nm, Renishaw), respectively. 

Morphological analysis was performed using scanning electron microscopy (SEM, Carl Zeiss 

Gemini 500). The electromagnetic parameters of the CIP/CNTs/EP composites were measured 

from 298 K to 473 K using a vector network analyzer (VNA, 3672B-S, Ceyear). Finally, sample 

S2 was processed into a film with dimensions of 180 mm × 180 mm × 1 mm, and its microwave 

absorption performance was evaluated over the same temperature range using an arch reflection 

test system. The temperature was ramped at a constant rate of 10 K min−1 throughout the tests. At 

each target temperature (298, 323, 373, 423, and 473 K), a 10-minute isothermal hold was applied, 

and measurements were taken upon stabilization after this period. 
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Electromagnetic simulations 

Electromagnetic simulations are described in Supplementary Notes 1 to 4. 

 

Data availability 

The data that support the findings of this study are provided in the main text and the Supplementary 

Information. Source data are provided with this paper. 
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Editorial Summary 

The authors introduce the Electromagnetic Frequency Dispersion Coefficient (EFDC), a unified parameter 

linking material properties to microwave absorption. It enables ultra-thin, broadband absorption with 

record performance and stable operation across temperatures, simplifying the design of advanced 

absorbing materials. 
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