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Coordination Thermodynamic Control 
of Magnetic Domain Configuration Evolution 
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HIGHLIGHTS

•	 A periodic coordination thermodynamical strategy is proposed to modulate magnetic domain configurations, which is visualized by 
micromagnetic simulation and off-axis electron holography.

•	 The built-in electric field at the Fe-injected Ni/N-doped carbon aerogel (NF/NCA) interface, together with magnetic coupling, sig-
nificantly enhances low-frequency electromagnetic wave absorption properties, as validated by an equivalent circuit model.

•	 NF@NCA composites offer additional radar stealth and thermal insulation performances, suitable for extreme temperature conditions; 
and a "robust" gradient metamaterial achieves 2–40 GHz absorption.

ABSTRACT  The precise tuning of magnetic nanoparticle size and spacing directly influences the alignment of intrinsic magnetic moments 
and magnetic domains, thereby shaping magnetic properties. 
However, the dynamic evolution mechanisms of magnetic 
domain configurations in relation to electromagnetic (EM) 
attenuation behavior remain poorly understood. To address 
this gap, a thermodynamically controlled periodic coordina-
tion strategy is proposed to achieve precise modulation of 
magnetic nanoparticle spacing. This approach unveils the 
evolution of magnetic domain configurations, progressing 
from individual to coupled and ultimately to crosslinked 
domain configurations. A unique magnetic coupling phenomenon surpasses the Snoek limit in low-frequency range, which is observed 
through micromagnetic simulation. The crosslinked magnetic configuration achieves effective low-frequency EM wave absorption at 3.68 
GHz, encompassing nearly the entire C-band. This exceptional magnetic interaction significantly enhances radar camouflage and thermal 
insulation properties. Additionally, a robust gradient metamaterial design extends coverage across the full band (2–40 GHz), effectively 
mitigating the impact of EM pollution on human health and environment. This comprehensive study elucidates the evolution mechanisms 
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of magnetic domain configurations, addresses gaps in dynamic magnetic modulation, and provides novel insights for the development of 
high-performance, low-frequency EM wave absorption materials. 

KEYWORDS  Thermodynamically controlled coordination strategy; Magnetic domain configuration; Low-frequency electromagnetic 
wave absorption; Electrical/magnetic coupling; Multifunction

1  Introduction

The rapid development of Bluetooth technology and 5G 
communication has substantially accelerated the adoption 
of artificial intelligence and wearable devices. However, this 
progress has also exacerbated electromagnetic (EM) inter-
ference issues, particularly in the ISM band (2.4–2.48 GHz) 
for Bluetooth devices, as well as the n77 (3.3–4.2 GHz), 
n78 (3.3–3.8 GHz), and n79 (4.4–5.0 GHz) bands for 5G 
communications. Such interference contributes to problems 
such as biological discomfort, EM signal disruptions, and 
information leakage [1–4]. Consequently, addressing EM 
interference and radiation pollution in the S-band (2–4 GHz) 
and C-band (4–8 GHz) is critical.

Magnetic materials with high permeability offer a prom-
ising solution because of their exceptional magnetic loss 
capabilities, enabling effective attenuation of low-frequency 
EM energy. Among these materials, magnetic nanoparticles 
(MNPs) exhibit superior magnetic coupling and stronger 
magnetic responses than bulk materials. However, the 
agglomeration and irregular distribution of MNPs remain 
significant barriers to achieving efficient magnetic perfor-
mance [5, 6]. Importantly, the magnetic properties of materi-
als are intrinsically linked to their magnetic structure, which 
can manifest as single-domain, vortex-state, or multi-domain 
arrangements. In particular, vortex domains, characterized 
by tilted spin states, form weak dipole–dipole interactions 
that stabilize the microstructure and prevent MNP aggrega-
tion [7]. Therefore, stabilizing the coexistence of multiple 
vortex domains is crucial for modulating magnetic domain 
configurations and achieving superior magnetic response 
characteristics.

A distinctive magnetic structure with multiple vortex 
domains can be achieved by controlling the composition, 
size, and spacing of MNPs based on the principle of energy 
minimization. This strategy enhances magnetic anisotropy 
and tunes the natural resonance frequency [8]. While pre-
vious studies have focused on developing magnetic com-
positions with high saturation magnetization, achieving 

sufficient permeability in the low-frequency range remains 
challenging owing to the Snoek limit [9, 10]. Enhancing 
magnetic coupling strength by adjusting MNP spacing offers 
a viable approach to overcoming this limitation. As MNPs 
move closer together, their external magnetic field lines 
interact, disrupting the original closed-loop structure and 
altering magnetic properties. These changes influence the 
intrinsic magnetic moments and the arrangement of mag-
netic domains, ultimately affecting macroscopic magnetic 
behavior [11]. Thus, precisely regulating MNP spacing 
presents an ideal pathway for tailoring magnetic properties 
systematically.

Various methods, such as chemical vapor deposition [12, 
13], magnetic field induction [14, 15], electrospinning [16, 
17], and Ostwald maturation [18, 19], have been explored for 
preparing highly dispersed magnetic nanostructures. However, 
these techniques often fail to achieve precise control over MNP 
spacing. To address this, a hydrogel precursor with a large net-
work and periodic structure as well as multiple metal coordi-
nation sites is employed to selectively capture magnetic metal 
ions within a coordination thermodynamical system. After 
thermal reduction, the resulting materials exhibit controllable 
magnetic domain configurations, breaking the Snoek limit and 
achieving ideal saturation magnetization along with enhanc-
ing low-frequency electromagnetic wave absorption (EMWA).

Despite notable advances in magnetic structure design, the 
metallic behavior of MNPs often results in a skin effect, which 
limits low-frequency EMWA performance. By assembling 
magnetic units with other building blocks, spatial magnetic 
coupling can be achieved, transcending size limitation and 
improving intrinsic conductivity for superior wave imped-
ance [20, 21]. The diverse electronic energy band structures 
of the two materials generate a surface work function differ-
ential, spontaneously establishing a built-in electric field. This 
enhances interfacial electron transport and facilitates charge 
migration under alternating EM fields, thereby significantly 
improving EM characteristics [22–24].

In this paper, we present a breakthrough method for con-
trolling MNP spacing, enabling precise tuning of magnetic 
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domain configurations through a novel thermodynamically 
controlled coordination strategy. This approach enhances 
magnetic coupling interactions, advancing EM attenuation and 
protection applications. Furthermore, a Fe-injected Ni (NF) 
alloy/N-doped carbon (NC) heterogeneous interface is fabri-
cated via thermal reduction, increasing the interfacial work 
function difference and inducing electron migration polariza-
tion. Micromagnetic simulations and off-axis electron holog-
raphy visualize the evolution mechanism of magnetic domain 
configurations, revealing the formation of a novel coupled 
vortex-domain state. This state effectively surpasses the Snoek 
limitation of ferromagnetic materials, significantly enhancing 
low-frequency permeability. Overall, this study advances our 
understanding of the relationship between magnetic domain 
configurations and EM characteristics; moreover, it offers a 
theoretical framework for designing high-performance low-
frequency EMWA materials.

2 � Experimental Section

2.1 � Synthesis of N‑doped Carbon Aerogel (NCA) 
Precursor

First, 46.8 mg of 1,3,5-tris(4-aminophenyl) benzene 
(TAPB), 26.8 mg of terephthaldicarboxaldehyde (PDA), and 
10 mg of scandium trifluoromethanesulfonate (Sc(OTf)3) 
salt were added into a glass bottle containing 4 mL of N,N-
dimethylformamide (DMF). The above mixed solution was 
further sonicated for 10 min using a 120 W ultrasonicator. 
After standing for several minutes, a gel formed. The gel was 
left to react for 24 h, after which the solvent was sequentially 
replaced with DMF, tetrahydrofuran (THF), acetone, etha-
nol, methanol, and water, forming a hydrogel.

2.2 � Synthesis of NF@NCA

A salt solution containing nickel and iron salts (Fe/Ni molar 
ratio = 1:10) was prepared in deionized water. This solution 
was injected into the hydrogel from top to bottom, allowing 
metal ions to adsorb onto the porous structure of the NCA 
hydrogel. The resulting mixture was freeze-dried overnight 
at a freezing temperature and vacuum degree of − 66 °C and 
30 Pa, respectively, and subsequently pyrolyzed at 800 °C 
for 2 h under N2 flow to obtain NF@NCA-X. Metal salt 
concentrations of 0, 5, 10, 15, and 20% were used, and the 

corresponding materials were designated as NCA, NF@
NCA-1, NF@NCA-2, NF@NCA-3, and NF@NCA-4, 
respectively.

EM simulations were conducted using the radio fre-
quency domain module of COMSOL Multiphysics software, 
employing the finite element method. The fluctuation equa-
tion of the EM field is [25, 26]:

here εr and μr are the relative permittivity and permeability, 
E is the electric field vector, and k0, σ, ω, and ε0 represent 
the wave vector, conductivity, angular frequency, and free-
space permittivity, respectively. The electric field loss and 
power loss density of NF@NCA were examined using space 
EM field simulations.

When EMWs propagate through biological tissue (BT), 
the BT absorbs the EMW energy. The interaction of EMWs 
with BT is quantified by the SAR, which is described by the 
following expression [27]:

here σ and ρ represent the electrical conductivity and density 
of BT, respectively.

However, the average SAR is a more practical quantity 
that can be defined as the ratio of the power absorbed by 
BT to its weight. This value can be obtained by integrat-
ing the following equation:

here V is the BT volume. The mass-averaged SAR is usually 
calculated for a 1 g sample (SAR1g).

Micromagnetic simulations were performed using the 
open-source software Mumax3, which is based on GPU 
acceleration. Dynamic physical processes were modeled 
using the Landau–Lifshitz–Gilbert equation [28]:

here m is the unit vector of local magnetization, γ is the 
gyromagnetic ratio, Heff is the effective magnetic field, and 
α is the Gilbert damping parameter.
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2.3 � Characterization

The molecular structure, crystalline structure, porosity, 
surface chemical composition, magnetic properties, micro-
structure, and morphology of the prepared samples are 
characterized by Fourier transform infrared (FT-IR) spec-
troscopy (Bio-Rad FTS-40, USA), X-ray diffraction (XRD; 
Bruker D8 Advance A25), Brunauer–Emmett–Teller 
(BET) analysis (BELSORP-MAX), X-ray photoelectron 
spectroscopy (XPS; Thermo Fisher ESCALAB Xi +), 
vibrating sample magnetometry (VSM; Quantum 
Design DynaCool), transmission electron microscopy 
(TEM; Talos F200X), high-resolution TEM (HRTEM), 
energy dispersive spectroscopy (EDS), and field emis-
sion scanning electron microscopy (FE-SEM; FEI Nova 
NanoSEM450). Thermal conductivity is measured with 
HotDisk thermal conductivity meter, which is based on 
the transient plane source method. Additionally, a thermal 
imaging camera (E85, FLIR) is utilized to evaluate the 
thermal insulation performance of NF@NCA-3.

3 � Results and Discussion

3.1 � Fabrication and Characterization

The precise tuning of MNP spacing is achieved through 
a novel thermodynamically controlled coordination strat-
egy. According to thermodynamic theory, the coordination 
reaction, accompanied by an enthalpy-decreasing process, 
renders free metal cations unstable, which drives the for-
mation of coordination [29]. As ligands approach central 
transition metal ions, the static electric field disrupts the 
d-orbitals of the metal ions, causing orbital splitting. Elec-
trons preferentially occupy low-energy d-orbitals, reducing 
the energy of the overall system. Additionally, based on 
the rule of “soft and hard acids and bases,” the d-orbitals 
of Ni and Fe atoms readily hybridize with the p-orbitals of 
N atoms, forming stable coordination bonds [30]. Specifi-
cally, TAPB, with three amino groups, is selected to react 
with PDA via a simple aldimine condensation, construct-
ing a hydrogel network with fixed and periodic metal coor-
dination sites. Subsequent metal salt impregnation intro-
duces Ni and Fe ions uniformly into the hydrogel through 
bottom-up coordination strategy, further stabilizing the 
network. This directional coordination mechanism ensures 

that metal ions are introduced in a predetermined uniform 
dispersion manner, laying the foundation for precise struc-
ture control. The final products of NF@N-doped carbon 
aerogels (NCA) are obtained by further freeze-drying and 
followed by high-temperature thermal reduction (Fig. S1). 
By modulating the concentration of the magnetic metal 
salt solution, the magnetic domain configuration is pre-
cisely controlled (Fig. 1).

The morphology of the synthesized NF@NCA samples 
was characterized using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). 
Figure 2a and b shows that the NCA spheres exhibit uni-
form size, while the NF nanoparticles (Fig. 2c and d) grow 
on the NCA spheres via a spontaneous diffusion strat-
egy. High-resolution TEM (HRTEM) images and lattice 
spacing measurements (Fig. 2e and f) reveal an average 
lattice spacing of 0.216 nm, corresponding to the (111) 
plane of Ni crystals. The incorporation of Fe induces lat-
tice distortion due to its larger atomic radius compared 
to Ni, resulting in an increased lattice spacing [31]. The 
HRTEM image (Fig. 2e) also demonstrates the formation 
of a magnetic-carbon heterogeneous interface between 
NF nanoparticles and graphitic carbon, which enhances 
polarization loss. Additionally, Fig. 2g–j shows the pres-
ence of several lattice defects in the NF@NCA compos-
ites, including point defects and lattice distortions. These 
defects interact with EMWs to induce dipole polarization, 
effectively dissipating EM energy [32, 33]. Energy-disper-
sive X-ray spectroscopy (EDS) mapping (Fig. 2k) confirms 
the uniform distribution of NF nanoparticles on the N,O 
co-doped carbon substrate.

Through the thermodynamically controlled coordination 
strategy, independent control over MNP size is achieved, 
with sizes ranging from 45.62 to 279.73 nm (Fig. S4d–g). 
Importantly, the embedding of NF alloys in the NCA carriers 
prevents agglomeration, even with metal salt loadings up to 
20 wt%. As metal salt content increases, the average MNP 
size grows, while the spacing between MNPs decreases, 
enabling precise regulation of MNP spacing and magnetic 
response behavior. Figure S6a illustrates the N2 adsorp-
tion–desorption isotherms of the NF@NCA composites, 
where distinct type-IV hysteresis curves indicate a decrease 
in specific surface area and pore volume with increase in 
metal salt concentration (Fig. S6b). The incorporation of NF 
nanoparticles modulates the magnetic domain configuration, 
enhancing macroscopic magnetic coupling and resonance 
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capabilities. The resulting magnetic network interferes 
effectively with EMWs. X-ray diffraction (XRD) patterns of 
NF@NCA composites (Fig. 2l) display characteristic peaks 
at 44.3°, 51.6°, and 76°, corresponding to the (111), (200), 
and (220) planes of Ni (PDF#03–65-0380). The broad peak 
at 23.5° is attributed to the (002) plane of graphitic carbon, 
confirming the successful synthesis of NF@NCA compos-
ites. High-resolution Ni 2p XPS spectra (Fig. 2m) reveal the 
presence of Ni0, indicating the formation of Ni [34]. The O 
1s spectrum (Fig. 2n) shows a prominent peak at 532.1 eV, 
indicative of oxygen vacancies, confirming the presence of 
abundant carriers within the material, which contribute to 
enhanced conductivity [35, 36].

3.2 � EMWA Performance

The EMWA performance of NF@NCA composites was 
evaluated based on reflection loss (RL) and effective absorp-
tion bandwidth (EAB) in the 2–8 GHz range. The 3D RL 

mappings indicate that NF@NCA-1 exhibits the lowest 
EMWA performance, with an RLmin value of − 14.24 dB at 
a thickness of 3.80 mm (Figs. 3a and S8a). In contrast, NF@
NCA-2 achieves an RLmin of − 57.41 dB at 4.00 mm thick-
ness (Figs. 3b and S8b), while NF@NCA-3 shows effective 
absorption of − 31.02 dB with a reduced thickness of 3.74 
mm (Figs. 3c and S8c). Notably, NF@NCA-4 achieves the 
highest RLmin of − 63.57 dB at 5.50 mm thickness (Figs. 3d 
and S8d). The effect of MNP spacing (Fig. 3a’–d’) on EAB 
is evident, with moderate spacing improving magnetic loss 
ability and impedance matching. NF@NCA-3 demonstrates 
a maximum EAB of 3.68 GHz, covering nearly the entire 
C-band (Fig. 3c’), making it highly suitable for low-fre-
quency EMWA applications, including the mitigation of 
5G radiation pollution.

Impedance matching is a critical factor for EM energy 
dissipation. An impedance matching value close to 0.8 
indicates efficient penetration of EMWs into the absorber. 
Figure 3a"–d" shows that NF@NCA-3 achieves optimal 

Fig. 1   Magnetic response modulation strategy for coordination thermodynamically controlled NF@NCA composites
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impedance matching at all tested thicknesses, surpassing 
the performance of other samples. In the Smith chart, the 
Zin within the green circle indicates that the RL values are 
below −10 dB. More points within the green region sug-
gest better impedance matching and a broader EAB. Fig-
ure 3e further confirms that NF@NCA-3 exhibits a higher 
proportion of points within the effective absorption region. 
Thus, the superior impedance matching characteristics of 
NF@NCA-3 result in a broader EAB. The attenuation 

constant, another key parameter for evaluating EM energy 
dissipation, is high in NF@NCA composites, signifying 
a strong ability to convert EM energy into other forms of 
energy (Fig. 3f). Reflection coefficients (R), calculated as 
described in Equation S8, further support the excellent 
EMWA performance. R values below 0.3 suggest effective 
EMW absorption, while higher R values (above 0.3) imply 
excessive conductivity, leading to a skin effect that hinders 
EMW absorption (Fig. 3g).

Fig. 2   Morphological and physicochemical characterization of NF@NCA composites. SEM images of a–b NCA and c–d NF@NCA-3. e–j 
HRTEM images of NF@NCA-3. k TEM and EDS images of NF@NCA-3. l XRD pattern of NF@NCA composites. m Ni 2p XPS spectra, n O 
1s XPS spectra of NF@NCA-3
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3.3 � Electromagnetic Attenuation Mechanism

To better understand the EMWA performance of NF@
NCA composites, it is crucial to analyze the loss mecha-
nisms. The real (ε’) and imaginary (ε") parts of permit-
tivity for the NF@NCA composites are shown in Fig. 4a 
and b. Both parts decrease with increase in frequency, a 
trend most pronounced in NF@NCA-1. Specifically, the 
ε’ and ε" values for NF@NCA-1 range from 11.38 to 6.59 
and from 5.72 to 4.41, respectively. As the metal content 
increases, both parts of permittivity decline. For NF@
NCA-2, NF@NCA-3, and NF@NCA-4, ε’ values reduce 

from 9.88 to 5.93, 8.39 to 5.77, and 7.78 to 5.24, respec-
tively, while ε" values decrease from 4.98 to 2.78, 4.86 
to 2.52, and 3.42 to 2.09, respectively. This phenomenon 
is attributed to MNPs overriding dipole centers, which 
shifts the polarization [37]. NF@NCA-2 and NF@NCA-4 
exhibit two prominent resonance peaks, indicating sig-
nificant internal polarization loss conducive to the strong 
EMWA. The dielectric loss capability, quantified through 
the dielectric loss tangent (tanδε = ε"/ε’), is shown in 
Fig. 4c. All samples demonstrate excellent dielectric loss 
capability. In addition, the contribution of εp" is quan-
tified, and the ratio εp"/ε" is defined as the polarization 

Fig. 3   EMWA performance of NF@NCA composites. 3D RL mappings, 2D EAB mappings, and 3D impedance matching diagrams for a–a" 
NF@NCA-1, b–b" NF@NCA-2, c–c" NF@NCA-3, and d–d" NF@NCA-4. e Smith charts at a thickness of 4.69 mm. f Attenuation constants 
of NF@NCA composites. g Complex permittivity of NCA and NF@NCA composites
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percentage [38]. As shown in Fig. 4d, NF@NCA-2 and 
NF@NCA-4 exhibit superior polarization loss capabilities.

The enhancement of polarization loss is further analyzed 
using Equation S7 to extract relaxation times for different 
polarization behaviors. The linear relationship between ε’ 
and ε"/f suggests that dielectric loss correlates with polariza-
tion relaxation. Under an external EM field, dipole orienta-
tion shifts occur. Multiple fitted lines with varying slopes in 
Fig. 4e–h confirm the existence of multi-polarization relaxa-
tion mechanisms in the NF@NCA composites [39, 40]. The 
similar physicochemical properties of Ni and Fe allow for 
adjustments to their electronic structures and dielectric prop-
erties. The high electronegativity of Ni facilitates efficient 
electron transfer from Fe to Ni, inducing dipole polarization 
[41]. As shown in Fig. 4i, density of states (DOS) analy-
sis reveals that the Ni-3d band in NF alloy is populated by 
electrons from the Fe-3d band, significantly increasing the 
electron density compared to pure Ni. This electron-rich 
Ni-3d band enhances charge transfer under EM fields. Addi-
tionally, Fe incorporation shifts the center of the D-band 
from − 1.567 to − 1.629 eV, increasing electron density and 
forming space electric dipoles, further boosting polariza-
tion loss [42]. Density functional theory (DFT) calculations 
indicate that the work function (Φ) of the NF alloy (111) 
plane is 4.957 eV (Fig. 4j), while Φ for the NCA substrate 
is 5.765 eV [43]. When NF alloy comes into contact with 
NCA, because of the difference in work function, the elec-
trons spontaneously flow from the NF alloy with low work 
function to the NCA substrate with high work function until 
the Fermi levels of both equilibrate (Fig. 4k). This charge 
transfer process forms a space charge region at the interface: 
the NF side, having lost the electrons, forms a hole accumu-
lation layer with positive charges, causing the band structure 
to bend upward; the NCA side, having gained the electrons, 
forms an electron accumulation layer with negative charges, 
causing the band structure to bend downward. The electro-
static interaction between the positive and negative charge 
layers generates a built-in electric field directed from NF 
toward NCA. Charge transferring from NF nanoparticles to 
the NCA substrate leads to an intermediate Φ value owing 
to spontaneous alignment, resulting in a space charge region 
that enhances interface polarization [44].

Interface polarization at the heterogeneous interfaces is 
visualized using COMSOL Multiphysics 6.2. The enhanced 
polarization primarily occurs at the NF–NF, NCA–NCA, 
and NCA–NF interfaces (Fig. 4l). The power loss density 

(Fig. 4m) aligns with the electric field loss region, further 
confirmed by electron holography. TEM and charge density 
maps (Fig. 4n, o) reveal a high concentration of positive 
and negative carriers around heterointerfaces, which contrib-
utes to interface polarization and improves EM dissipation 
performance.

The tailored magnetic domain configuration of NF@NCA 
composites enables tunable magnetic response character-
istics and enhanced magnetic dissipation capabilities. The 
real (µ’) and imaginary (µ") parts of permeability represent 
magnetic energy storage and dissipation loss, respectively. 
As shown in Fig. 5a, b, µ’ increases with higher MNP con-
tent, and the magnetic performance of NF strongly depends 
on frequency. Specifically, the µ’ values for NF@NCA-1, 
NF@NCA-2, NF@NCA-3, and NF@NCA-4 range from 
0.93 to 0.89, 1.24 to 1.02, 1.69 to 1.15, and 1.85 to 0.97, 
respectively. Correspondingly, the µ" values vary with fre-
quency from 0.17 to 0.02, 0.24 to 0.02, 0.34 to 0.10, and 
0.85 to 0.01, respectively. Notably, the magnetic domain 
design enhances magnetic loss capability. NF@NCA-3 
with optimized MNP spacing breaks the Snoek limitation 
successfully and demonstrates higher permeability than 
NF@NCA-4 over a large frequency range. Figure 5c shows 
that NF@NCA-4 has the highest tanδµ value, indicating the 
strongest magnetic loss capability, consistent with µ" trends. 
Eddy current effects, though present, are overshadowed by 
multiple resonance peaks (Fig. 5d), which suggest that natu-
ral resonance is the dominant magnetic loss mechanism in 
the NF@NCA system. The imaginary permeability (µ") is 
closely linked to the intrinsic saturation magnetization (Ms) 
of magnetic absorbers. Using the S–W approximation, Ms 
values for NF@NCA-1, NF@NCA-2, NF@NCA-3, and 
NF@NCA-4 are calculated as 8.96, 13.75, 23.52, and 32.41 
emu g−1, respectively (Fig. S11a). The degree of magnetic 
exchange coupling is determined from the switching field 
distribution (SFD) curve, calculated as the first derivative of 
the demagnetization curve (Fig. S11b) [45]. A single peak at 
zero external field indicates synchronous magnetic coupling, 
suggesting well-coupled adjacent metallic MNPs. Moreo-
ver, the saturation magnetization is enhanced, forming an 
extensive magnetic coupling network. NF@NCA-4 demon-
strates the strongest exchange coupling ability. MNP spacing 
optimization enhances Ms by improving magnetic exchange 
coupling, ensuring high permeability and superior magnetic 
energy storage and dissipation in low-frequency regions.
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Magnetization behavior, exchange forces, and magnetic 
resonance of MNPs are strongly influenced by nanoscale 
particle size. Individual MNPs not only radiate flux lines for 
macroscopic magnetic coupling but also extend flux lines 
into free space for long-range magnetic diffraction [46]. The 
magnetic response behavior of NF@NCA-3 is visualized 
through off-axis electron holography. As shown in Fig. 5f 
and g, internal magnetic moments generate periodic spin 
precession under an external EM field, producing mutual 
coupling effects. Closed magnetic flux lines confirm a subtle 

magnetic coupling network among ferromagnetic NF parti-
cles, while magnetic flux lines extending into free space gen-
erate long-range diffraction resonance. This unique structure 
expands the magnetic response region, creating a magnified 
magnetic dissipation system.

The dynamic magnetic moment movement in NF@NCA 
was investigated using micromagnetic simulations to ana-
lyze the magnetic moment dynamics and coupling behaviors 
of various magnetic domain configurations under an alter-
nating magnetic field. This approach further explored the 

Fig. 4   Dielectric loss mechanisms of NF@NCA composites. a Real part and b imaginary part of permittivity, c dielectric loss tangent, d polari-
zation percentage, e–h polarization relaxation behavior of NF@NCA composites. i DOS for Ni and NF alloy. j Work function of the NF alloy 
(111) plane. k Schematic of the built-in electric field. l Electric field loss. m Power loss density. n Electron hologram with TEM inset and o 
charge density mapping
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dynamic evolution process of magnetic domains [47, 48]. 
Under an external magnetic field of 5.2 GHz, the magnetic 
response behavior of individual MNPs evolves significantly 
(Fig. 5h1). The vortex nuclei within the vortex-domain 
vibrate around their geometrical centers and transform into 
transverse domain walls at the boundaries, which subse-
quently reform vortex nuclei with opposite polarity. The evo-
lution of the magnetic moment lags behind that of the exter-
nal magnetic field vector, leading to an irreversible magnetic 

hysteresis phenomenon. The formation, migration, distor-
tion, and disappearance of magnetic vortex domains exhibit 
significant domain wall migration, facilitating magnetic 
energy dissipation. Additionally, simulations of MNPs with 
varying spacing are performed to explore the response of 
diverse magnetic domain configurations. Magnetic coupling 
is observed when adjacent MNPs have aligned or oppos-
ing magnetic moments at their boundaries. A significant 
coupling effect is evident in Fig. 5h2. Compared to other 

Fig. 5   Magnetic loss mechanism. a Real part and b imaginary part of complex permeability. c Magnetic loss tangent. d Eddy current loss value. 
e Room-temperature magnetic hysteresis loops of NF@NCA composites. f Off-axis electron holograms of sliced NF@NCA-3 and g correspond-
ing magnetic flux lines. Micromagnetic simulations of h1 individual, h2 coupled, and h3 crosslinked magnetic configurations
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models, the configuration shown in Fig. 5h3 demonstrates 
more intense magnetic moment oscillations under an alter-
nating magnetic field. Magnetic domains couple at the junc-
tions, forming new magnetic vortex states with pronounced 
magnetic coupling response behavior. Consequently, NF@
NCA-3 and NF@NCA-4, which feature moderate MNP 
spacing, form dense magnetic coupling networks that effec-
tively interact with incident EMWs. The enhanced intrinsic 
magnetic properties and increased magnetic coupling syner-
gistically improve magnetic loss capabilities. Notably, NF@
NCA-3, with superior impedance matching, demonstrates 
enhanced EMWA performance.

To systematically elucidate the EM loss mechanism, a 
detailed prototype model was developed (Fig. S12). The 
model consists of a conductive module (upper) and a ther-
mal conversion module (lower). The conductive module 
collects and converts incident EM energy into electric field 
energy, which is subsequently dissipated as electrical and 
thermal energy via the respective modules. Dielectric loss 
is represented by a parallel circuit of ideal capacitance (C) 
and effective resistance (Re), while magnetic loss is mod-
eled as a series circuit of ideal inductance (L) and effective 
resistance (Rm). These two modules are combined into a 
series circuit based on physical principles [49, 50]. Figure 
S13a–c illustrates the contributions of polarization relaxa-
tion, conduction, and magnetic loss to EM dissipation. 
As MNP spacing decreases, the number of space charges 
increases, strengthening the built-in electric field strength 
and enhancing dielectric loss capabilities. The built-in elec-
tric field also facilitates electron transfer from NF to the 
NCA substrate, suppressing metallic conduction behavior 
and mitigating skin effects. Natural resonance and MNP 
coupling enable significant magnetic energy conversion in 
the low-frequency region. Despite the absence of a signifi-
cant decrease in magnetic loss across the tested frequen-
cies, breaking the Snoek limit indicates effective magnetic 
energy dissipation. Differences in magnetic loss contribu-
tions among the samples are attributed to the influence of 
magnetic domain configurations on magnetic properties. 
The values of magnetic loss are a little lower than those of 
the dielectric loss, and the overall loss ability aligns with 
the trend in magnetic loss behavior, which demonstrates 
the important contribution of magnetic loss in the low-fre-
quency region (Fig. S13d).

Based on the above analysis, the enhanced EMWA per-
formance of NF@NCA composites is closely linked to the 

built-in electric field and magnetic domain configurations 
(Fig. 6a). The efficient conduction network, established by 
the intrinsic conductivity of the materials, facilitates elec-
tron migrating and hopping, converting EM energy into 
thermal energy and resulting in significant conduction loss. 
Furthermore, numerous electric dipoles induced by oxygen 
vacancies, N-doping, and defects rotate and vibrate in the 
applied EM field, driving polarization relaxation and further 
attenuating EM energy. A spontaneous built-in electric field 
formed at the NF/NCA interface modifies electron trans-
fer, electron density, and the energy band structure near the 
Fermi level, enhancing space charge relaxation. The built-
in electric field vector aligns with or opposes the applied 
electric field vector, eventually achieving a new dynamic 
equilibrium under the driving force. This results in effec-
tive interface polarization, significantly boosting EM energy 
attenuation. Similarly, the magnetic domain configurations 
demonstrate varied magnetic responses in the external EM 
fields due to differences in MNP spacing. A newly observed 
magnetic vortex state at the boundary strengthens magnetic 
energy attenuation. Additionally, the increased permeability 
in the low-frequency region greatly enhances magnetic loss 
and amplifies the strength and range of effective fields gener-
ated by the magnetic domain configuration.

3.4 � Multifunctional Performance

Radar cross section (RCS) simulations were conducted to 
evaluate the EM attenuation capability of the NF@NCA 
composites under practical far-field conditions [51]. A two-
layer square plate model is constructed for the calculations, 
with the thicknesses of the perfect electric conductor (PEC, 
200 × 200 mm2) and coating materials (200 × 200 mm2) set 
to 2 and 5.5 mm, respectively (Fig. 6b). The simulation fre-
quency is set at 5.2 GHz. The pure PEC exhibits the strong-
est EMW scattering values, which is detrimental to radar 
stealth. Therefore, the far-field responses of the composites 
are evaluated by comparing their RCS values to that of the 
pure PEC reference. At an incident angle of 0°, the scattering 
values of all the NF@NCA samples are significantly weaker 
than those of the pure PEC, indicating superior radar wave 
absorption (Fig. S14a–d). Notably, NF@NCA-4 achieved 
the maximum RCS reduction value of 32.68 dB m2, consist-
ent with its superior EMWA performance. These findings 
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provide a solid foundation for the practical application of 
NF@NCA composites in radar stealth technologies.

Effective thermal insulation materials hold immense 
potential for applications in harsh environments [52]. To 
assess the thermal insulation performance of NF@NCA-
3, the aerogel is placed on a hot plate maintained at 120 
°C (Fig. 6c). After 10 min, the temperature of the aerogel 
increased modestly from 42 to 46 °C, reaching 54 °C after 
40 min and stabilizing at 57 °C after 60 min. Throughout this 
process, the aerogel structure remained intact, demonstrating 
high thermal stability. The absolute temperature difference 
ΔT between the aerogel and the heat source exceeds 63 °C. 
The thermal insulation mechanism of NF@NCA-3 com-
posites involves heat conduction, convection, and radiation. 
The porous structure of the aerogel significantly enhances 
its ability to trap air, while the thermal conductivity of the 
composite (0.045 W m−1 K−1) closely approximates that of 
air (0.026 W m−1 K−1), effectively reducing heat conduction. 
Additionally, the carbon network extends the heat conduc-
tion path, further decreasing thermal conductivity, while the 
curved pathways of the aerogel minimize thermal convec-
tion. The high porosity also reduces thermal radiation from 
the solid phase, collectively improving thermal insulation 
performance. These findings demonstrate that NF@NCA-3 
composites exhibit excellent thermal insulation capabilities, 
which are suited for the application under extreme condi-
tions, such as ultra-high and ultra-low temperatures.

The Planck–Rozanov limit hinders broadband absorption 
in single-layer EMWA materials, posing challenges for their 
application [53]. To address this, the most representative com-
posite of NF@NCA-3 is selected for structural optimization. 
Notably, an innovative gradient structure design can generate 
multiple EM responses, while adjusting the thickness of each 
layer in the multilayer structure can enable interferometric phase 
cancelation. This process creates multiple EMWA peaks that 
overlap, achieving ultrabroadband EMWA. Herein, a simple 
gradient metamaterial with a honeycomb-perforated design is 
devised (Fig. S16l). Consequently, ultrabroadband absorption 
is achieved, covering the 2 to 40 GHz frequency range, with 
an RLmin of − 47.09 dB at 2.76 GHz. A detailed analysis of the 
electromagnetic properties of the metamaterial reveals that the 
electric field is concentrated at interlayer edges, while the mag-
netic field localizes at the bottom layer (Fig. S17a, b). The phase 
difference of π/2 between these fields indicates the formation of 
standing waves within the material. Power loss density analysis 
further confirms that the strongest absorption peak at 2.76 GHz 

arises from the quarter-wavelength diffraction resonance of the 
bottom layer and the honeycomb structure (Fig. S17c).

In complex EM environments, robustness against varying 
angles and polarization modes of incident EMWs is crucial. 
Simulations demonstrate that the metamaterial absorber main-
tains stable performance in transverse electric (TE) polariza-
tion, with an EAB exceeding 37 GHz at incident angles below 
60°. Even at 70°, the EAB remains close to 30 GHz (Figs. 6d 
and S17d). Similarly, in transverse magnetic (TM) polariza-
tion, the metamaterial exhibits consistent absorption for angles 
up to 50°, with an EAB exceeding 28 GHz in all cases (Fig. 
S17e, f). The frustum structure reduces the effective incident 
angle between EMWs and the surface of the metamaterial, 
while the honeycomb-perforated top layer increases multiple 
EMW reflections and scatterings.

This robust metamaterial with ultrabroadband EMWA capa-
bilities is also suitable for EMWA scene. Given the prolifera-
tion of 5G and smart devices, the increasingly complex EM 
environment poses risks to human health. The average specific 
absorption rate (SARavg), a measure of EM radiation energy 
absorbed by a unit mass of material per unit time, is simulated 
by a 2.45 GHz antenna model representing Bluetooth devices 
in COMSOL software (Fig. S18) [54]. The model without 
protection (left, Fig. 6d) shows severe EM radiation near the 
antenna, indicated by the dark region. By contrast, the model 
with metamaterial protection (right) exhibits negligible radia-
tion, demonstrating its effectiveness in attenuating EM energy 
and highlighting its potential for application in EMWA.

4 � Conclusions

In summary, NF@NCA composites with controllable mag-
netic domain configurations were successfully synthesized 
using an ingenious and periodic coordination thermodynam-
ically strategy. By fine-tuning the metal ion concentration, 
the spacing between MNPs was precisely regulated, ena-
bling modulation of magnetic domain configurations. This 
resulted in superior magnetic coupling behavior, effectively 
breaking through the Snoek limitation and significantly 
enhancing the permeability and EMWA performance in the 
low-frequency range. Furthermore, the spontaneous built-
in electric field formed at the NF/NCA interface improved 
space charge relaxation in the external EM field due to the 
disparity in work functions, thereby substantially boosting 
polarization loss characteristics. The far-field EM response 
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confirmed the enhanced EM attenuation performance of 
the composites under practical conditions, while their ther-
mal insulation properties demonstrated stable functional-
ity in harsh environments. The robust gradient metamate-
rial design achieved ultrabroadband EMWA performance 

spanning 38 GHz (2–40 GHz), fully covering the Bluetooth 
and 5G frequency bands. EM simulations further validated 
the excellent EM protection properties of the metamaterial. 
This study demonstrated the precise modulation of magnetic 
properties through a macroscopic magnetic space, providing 

Fig. 6   EM loss mechanism and multifunctional performance exploration. a EMWA mechanism of NF@NCA composites. b Radar stealth prop-
erties of NF@NCA composites. c Thermal insulation performance of NF@NCA-3. d Gradient metamaterial design showcasing EMW attenua-
tion properties for Bluetooth devices
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valuable insights into the development of low-frequency 
high-performance, ferromagnetic EMWA materials.

Acknowledgements  This work was supported by the National 
Natural Science Foundation of China (22265021, 52231007, 
and 12327804), the Aeronautical Science Foundation of China 
(2020Z056056003) and Jiangxi Provincial Natural Science Foun-
dation (20232BAB212004). The authors extend their gratitude to 
Ms. Pan Yuxue (from Scientific Compass www.​shiya​njia.​com) for 
providing invaluable assistance with the thermal conductivity tests 
and MJEditor (http://www. mjeditor.com) for their linguistic assis-
tance during the preparation of this manuscript.

Author Contributions  Tong Huang was involved in investiga-
tion, conceptualization, data curation, original draft writing. Dan 
Wang helped in conceptualization, data curation, software, Fig. 
design. Xue He contributed to data curation, software. Zhaobo 
Feng was involved in conceptualization, software. Zhiqiang Xiong 
helped in data test. Yuqi Luo assisted in conceptualization. Yuhui 
Peng helped in investigation, data curation. Guangsheng Luo was 
involved in conceptualization. Xuliang Nie contributed to data 
curation, review and editing. Mingyue Yuan assisted in concep-
tualization, validation. Chongbo Liu helped in conceptualization, 
validation, review and editing, supervision, funding acquisition. 
Renchao Che was involved in conceptualization, validation.

Declarations 

Conflict of interest  The authors declare no competing interests. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s40820-​025-​01948-1.

References

	 1.	 M. He, X. Zhong, X. Lu, J. Hu, K. Ruan et al., Excellent 
low-frequency microwave absorption and high thermal 

conductivity in polydimethylsiloxane composites endowed by 
Hydrangea-like CoNi@BN heterostructure fillers. Adv. Mater. 
36(48), 2410186 (2024). https://​doi.​org/​10.​1002/​adma.​20241​
0186

	 2.	 W. Gu, Z. Luo, J. Wang, X. Tan, Z. Tao et al., Multifunctional 
lightweight rGO/polyimide hybrid aerogels for highly effi-
cient infrared-radar-acoustic compatibility via heterogeneous 
interface engineering strategies. J. Mater. Sci. Technol. 243, 
102–114 (2026). https://​doi.​org/​10.​1016/j.​jmst.​2025.​04.​024

	 3.	 Y.-Y. Wang, J. Li, L.-C. Jia, J. Lei, D.-X. Yan et al., Recent 
progress on segregated polymer composites for functional 
applications. Prog. Mater. Sci. 155, 101524 (2026). https://​
doi.​org/​10.​1016/j.​pmats​ci.​2025.​101524

	 4.	 J. Zheng, D. Lan, S. Zhang, F. Wei, T. Liu et al., Zeolite imida-
zolate framework derived efficient absorbers: From morphol-
ogy modulation to component regulation. J. Alloys Compd. 
1010, 177092 (2025). https://​doi.​org/​10.​1016/j.​jallc​om.​2024.​
177092

	 5.	 Y. Xue, X. Liu, X. Lu, Hierarchically three-dimensional ZrO2/
Fe3O4/C nanocomposites with Janus structure for high-effi-
ciency electromagnetic wave absorption. J. Mater. Sci. Tech-
nol. 195, 126–135 (2024). https://​doi.​org/​10.​1016/j.​jmst.​2024.​
02.​031

	 6.	 Y. Xue, X. Liu, X. Cui, Y. Zhao, X. Lu, Precise magnetic tai-
loring in ZrO2/Fe3O4-Fe/C nanocomposites via electron trans-
fer modulation for enhanced electromagnetic wave absorption. 
Nano Res. 18(6), 94907387 (2025). https://​doi.​org/​10.​26599/​
nr.​2025.​94907​387

	 7.	 Z. Yang, W. You, X. Xiong, R. Zhang, Z. Wu et al., Mor-
phology-evolved succulent-like FeCo microarchitectures with 
magnetic configuration regulation for enhanced microwave 
absorption. ACS Appl. Mater. Interfaces 14(28), 32369–32378 
(2022). https://​doi.​org/​10.​1021/​acsami.​2c067​67

	8.	 N. Li, Z. Zong, F. Zhang, J.-F. Shi, Z.-Y. Li et al., Barium 
ferrite with high anisotropy for ultra-broadband microwave 
absorption. Adv. Funct. Mater. 35(5), 2414694 (2025). 
https://​doi.​org/​10.​1002/​adfm.​20241​4694

	9.	 M. Yuan, B. Zhao, C. Yang, K. Pei, L. Wang et al., Remark-
able magnetic exchange coupling via constructing bi-mag-
netic interface for broadband lower-frequency microwave 
absorption. Adv. Funct. Mater. 32(33), 2203161 (2022). 
https://​doi.​org/​10.​1002/​adfm.​20220​3161

	10.	 C. Ding, C. Shao, Z. Li, X. Ren, S. Wu et al., High anisot-
ropy 2D large-size iron-based coral for C-band ultra-wide 
microwave absorption. Chem. Eng. J. 500, 156973 (2024). 
https://​doi.​org/​10.​1016/j.​cej.​2024.​156973

	11.	 G. Chen, R. Zhang, M. Yuan, S. Xue, Y. Liu et al., Visual-
izing nanoscale interlayer magnetic interactions and uncon-
ventional low-frequency behaviors in ferromagnetic mul-
tishelled structures. Adv. Mater. 36(24), 2313411 (2024). 
https://​doi.​org/​10.​1002/​adma.​20231​3411

	12.	 H. Jiang, P. Zhang, X. Wang, Y. Gong, Synthesis of mag-
netic two-dimensional materials by chemical vapor deposi-
tion. Nano Res. 14(6), 1789–1801 (2021). https://​doi.​org/​10.​
1007/​s12274-​020-​3020-5

http://www.shiyanjia.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01948-1
https://doi.org/10.1007/s40820-025-01948-1
https://doi.org/10.1002/adma.202410186
https://doi.org/10.1002/adma.202410186
https://doi.org/10.1016/j.jmst.2025.04.024
https://doi.org/10.1016/j.pmatsci.2025.101524
https://doi.org/10.1016/j.pmatsci.2025.101524
https://doi.org/10.1016/j.jallcom.2024.177092
https://doi.org/10.1016/j.jallcom.2024.177092
https://doi.org/10.1016/j.jmst.2024.02.031
https://doi.org/10.1016/j.jmst.2024.02.031
https://doi.org/10.26599/nr.2025.94907387
https://doi.org/10.26599/nr.2025.94907387
https://doi.org/10.1021/acsami.2c06767
https://doi.org/10.1002/adfm.202414694
https://doi.org/10.1002/adfm.202203161
https://doi.org/10.1016/j.cej.2024.156973
https://doi.org/10.1002/adma.202313411
https://doi.org/10.1007/s12274-020-3020-5
https://doi.org/10.1007/s12274-020-3020-5


Nano-Micro Lett.          (2026) 18:104 	 Page 15 of 16    104 

	13.	 D. Hu, C. Ye, X. Wang, X. Zhao, L. Kang et al., Chemical 
vapor deposition of superconducting FeTe1–xSex nanosheets. 
Nano Lett. 21(12), 5338–5344 (2021). https://​doi.​org/​10.​
1021/​acs.​nanol​ett.​1c015​77

	14.	 F. Pan, M. Ning, Z. Li, D. Batalu, H. Guo et al., Sequential 
architecture induced strange dielectric-magnetic behaviors 
in ferromagnetic microwave absorber. Adv. Funct. Mater. 
33(27), 2300374 (2023). https://​doi.​org/​10.​1002/​adfm.​
20230​0374

	15.	 Y. Yang, Z. Xiu, F. Pan, H. Liang, H. Jiang et al., Tuning 
the multilevel hierarchical microarchitecture of MXene/
rGO-based aerogels through a magnetic field-guided strategy 
toward stepwise enhanced electromagnetic wave dissipation. 
Adv. Funct. Mater. 35(18), 2406133 (2025). https://​doi.​org/​
10.​1002/​adfm.​20240​6133

	16.	 C. Jin, Z. Wu, C. Yang, L. Wang, R. Zhang et al., Imped-
ance amelioration of coaxial-electrospun TiO2@Fe/C@TiO2 
vesicular carbon microtubes with dielectric-magnetic synergy 
toward highly efficient microwave absorption. Chem. Eng. J. 
433, 133640 (2022). https://​doi.​org/​10.​1016/j.​cej.​2021.​133640

	17.	 B. Yang, J. Fang, C. Xu, H. Cao, R. Zhang et al., One-dimen-
sional magnetic FeCoNi alloy toward low-frequency elec-
tromagnetic wave absorption. Nano-Micro Lett. 14(1), 170 
(2022). https://​doi.​org/​10.​1007/​s40820-​022-​00920-7

	18.	 L. Chai, Y. Wang, Z. Jia, Z. Liu, S. Zhou et al., Tunable defects 
and interfaces of hierarchical dandelion-like NiCo2O4 via 
Ostwald ripening process for high-efficiency electromagnetic 
wave absorption. Chem. Eng. J. 429, 132547 (2022). https://​
doi.​org/​10.​1016/j.​cej.​2021.​132547

	19.	 H. Ma, F. Zhao, M. Li, P. Wang, Y. Fu et al., Construction 
of hollow binary oxide heterostructures by Ostwald ripening 
for superior photoelectrochemical removal of reactive bril-
liant blue KNR dye. Adv Powder Mater 2(3), 100117 (2023). 
https://​doi.​org/​10.​1016/j.​apmate.​2023.​100117

	20.	 X. Liu, J. Zhou, Y. Xue, X. Lu, Structural engineering of 
hierarchical magnetic/carbon nanocomposites via in  situ 
growth for high-efficient electromagnetic wave absorption. 
Nano-Micro Lett. 16(1), 174 (2024). https://​doi.​org/​10.​1007/​
s40820-​024-​01396-3

	21.	 M. Huang, L. Wang, K. Pei, B. Li, W. You et al., Hetero-
geneous interface engineering of bi-metal MOFs-derived 
ZnFe2O4–ZnO-Fe@C microspheres via confined growth strat-
egy toward superior electromagnetic wave absorption. Adv. 
Funct. Mater. 34(3), 2308898 (2024). https://​doi.​org/​10.​1002/​
adfm.​20230​8898

	22.	 S. Zhang, J. Zheng, D. Lan, Z. Gao, X. Liang et al., Hierarchi-
cal engineering on built-in electric field of bimetallic zeolitic 
imidazolate derivatives towards amplified dielectric loss. Adv. 
Funct. Mater. 35(3), 2413884 (2025). https://​doi.​org/​10.​1002/​
adfm.​20241​3884

	23.	 S. Zhang, J. Zheng, Z. Zhao, S. Du, D. Lan et al., New pros-
pects in built-In electric fields for electromagnetic wave 
absorption: from fundamentals to interdisciplinary applica-
tions. Adv. Funct. Mater. (2025). https://​doi.​org/​10.​1002/​adfm.​
20251​3762

	24.	 J. Zhao, Z. Wang, H. Wang, P. Liu, R. Che, Controllable 
design of “nested doll” MoS2/V2O3 heterostructures promotes 
polarization effects for high-efficiency microwave absorption. 
Adv. Funct. Mater. 35(14), 2418282 (2025). https://​doi.​org/​10.​
1002/​adfm.​20241​8282

	25.	 G. Liu, P. Zhu, J. Teng, R. Xi, X. Wang et al., Optimizing 
MOF-derived electromagnetic wave absorbers through gra-
dient pore regulation for Pareto improvement. Adv. Funct. 
Mater. 35(18), 2413048 (2025). https://​doi.​org/​10.​1002/​adfm.​
20241​3048

	26.	 G. Fang, C. Liu, X. Wei, Q. Cai, C. Chen et al., Determining 
the preferable polarization loss for magnetoelectric microwave 
absorbers by strategy of controllably regulating defects. Chem. 
Eng. J. 463, 142440 (2023). https://​doi.​org/​10.​1016/j.​cej.​2023.​
142440

	27.	 V. Stanković, D. Jovanović, D. Krstić, V. Marković, N. 
Cvetković, Temperature distribution and specific absorption 
rate inside a child’s head. Int. J. Heat Mass Transf. 104, 559–
565 (2017). https://​doi.​org/​10.​1016/j.​ijhea​tmass​trans​fer.​2016.​
08.​094

	28.	 L. Rao, Z. Liu, L. Wang, W. You, C. Yang et al., Dimen-
sional engineering of hierarchical nanopagodas for custom-
izing cross-scale magnetic coupling networks to enhance 
electromagnetic wave absorption. Adv. Funct. Mater. 33(47), 
2306984 (2023). https://​doi.​org/​10.​1002/​adfm.​20230​6984

	29.	 C.-H. Li, J.-L. Zuo, Self-healing polymers based on coordina-
tion bonds. Adv. Mater. 32(27), 1903762 (2020). https://​doi.​
org/​10.​1002/​adma.​20190​3762

	30.	 L. Wang, Y. Ni, X. Hou, L. Chen, F. Li et al., A two-dimen-
sional metal–organic polymer enabled by robust nickel–nitro-
gen and hydrogen bonds for exceptional sodium-ion storage. 
Angew. Chem. Int. Ed. 59(49), 22126–22131 (2020). https://​
doi.​org/​10.​1002/​anie.​20200​8726

	31.	 L. Král, A. Chesalkin, J. Cermak, P. Roupcova, E. Prusov, Influ-
ence of Fe on the hydrogen storage properties of LaCeNi alloys. 
Langmuir 39(17), 6061–6068 (2023). https://​doi.​org/​10.​1021/​
acs.​langm​uir.​3c000​93

	32.	 Z. Qiu, X. Liu, T. Yang, J. Wang, Y. Wang et al., Synergistic 
enhancement of electromagnetic wave absorption and corrosion 
resistance properties of high entropy alloy through lattice distor-
tion engineering. Adv. Funct. Mater. 34(33), 2400220 (2024). 
https://​doi.​org/​10.​1002/​adfm.​20240​0220

	33.	 B. Zhao, Z. Yan, Y. Du, L. Rao, G. Chen et al., High-entropy 
enhanced microwave attenuation in titanate perovskites. Adv. 
Mater. 35(11), e2210243 (2023). https://​doi.​org/​10.​1002/​adma.​
20221​0243

	34.	 X. Zhang, X. Zhang, H. Yuan, K. Li, Q. Ouyang et al., CoNi 
nanoparticles encapsulated by nitrogen-doped carbon nanotube 
arrays on reduced graphene oxide sheets for electromagnetic 
wave absorption. Chem. Eng. J. 383, 123208 (2020). https://​
doi.​org/​10.​1016/j.​cej.​2019.​123208

	35.	 M. Shi, Z. Jia, D. Lan, Z. Gao, S. Zhang et al., Enhanced 
polarization relaxation of multidimensional bimetallic sele-
nide nanocomposites for electromagnetic wave absorption. 
Adv. Funct. Mater. (2025). https://​doi.​org/​10.​1002/​adfm.​
20250​2261

https://doi.org/10.1021/acs.nanolett.1c01577
https://doi.org/10.1021/acs.nanolett.1c01577
https://doi.org/10.1002/adfm.202300374
https://doi.org/10.1002/adfm.202300374
https://doi.org/10.1002/adfm.202406133
https://doi.org/10.1002/adfm.202406133
https://doi.org/10.1016/j.cej.2021.133640
https://doi.org/10.1007/s40820-022-00920-7
https://doi.org/10.1016/j.cej.2021.132547
https://doi.org/10.1016/j.cej.2021.132547
https://doi.org/10.1016/j.apmate.2023.100117
https://doi.org/10.1007/s40820-024-01396-3
https://doi.org/10.1007/s40820-024-01396-3
https://doi.org/10.1002/adfm.202308898
https://doi.org/10.1002/adfm.202308898
https://doi.org/10.1002/adfm.202413884
https://doi.org/10.1002/adfm.202413884
https://doi.org/10.1002/adfm.202513762
https://doi.org/10.1002/adfm.202513762
https://doi.org/10.1002/adfm.202418282
https://doi.org/10.1002/adfm.202418282
https://doi.org/10.1002/adfm.202413048
https://doi.org/10.1002/adfm.202413048
https://doi.org/10.1016/j.cej.2023.142440
https://doi.org/10.1016/j.cej.2023.142440
https://doi.org/10.1016/j.ijheatmasstransfer.2016.08.094
https://doi.org/10.1016/j.ijheatmasstransfer.2016.08.094
https://doi.org/10.1002/adfm.202306984
https://doi.org/10.1002/adma.201903762
https://doi.org/10.1002/adma.201903762
https://doi.org/10.1002/anie.202008726
https://doi.org/10.1002/anie.202008726
https://doi.org/10.1021/acs.langmuir.3c00093
https://doi.org/10.1021/acs.langmuir.3c00093
https://doi.org/10.1002/adfm.202400220
https://doi.org/10.1002/adma.202210243
https://doi.org/10.1002/adma.202210243
https://doi.org/10.1016/j.cej.2019.123208
https://doi.org/10.1016/j.cej.2019.123208
https://doi.org/10.1002/adfm.202502261
https://doi.org/10.1002/adfm.202502261


	 Nano-Micro Lett.          (2026) 18:104   104   Page 16 of 16

https://doi.org/10.1007/s40820-025-01948-1© The authors

	36.	 X. Liu, X. Wang, X. Lu, L. Jiang, Localized morphological 
modulation of ultrathin magnetic nanosheets via a strategically 
designed reduction approach. Small 21(6), 2409657 (2025). 
https://​doi.​org/​10.​1002/​smll.​20240​9657

	37.	 F. Zhang, N. Li, J.-F. Shi, L. Xu, L.-C. Jia et al., Recent pro-
gress on carbon-based microwave absorption materials for mul-
tifunctional applications: a review. Compos. B Eng. 283, 111646 
(2024). https://​doi.​org/​10.​1016/j.​compo​sitesb.​2024.​111646

	38.	 Z. Feng, C. Liu, X. Li, G. Luo, N. Zhai et al., Designing elec-
tronic structures of multiscale helical converters for tailored 
ultrabroad electromagnetic absorption. Nano-Micro Lett. 17(1), 
20 (2024). https://​doi.​org/​10.​1007/​s40820-​024-​01513-2

	39.	 L. Li, F. Pan, H. Guo, H. Jiang, X. Wang et al., Tailored magnetic 
spatial confinement with enhanced polarization and magnetic 
response for electromagnetic wave absorption. Small 20(46), 
2402564 (2024). https://​doi.​org/​10.​1002/​smll.​20240​2564

	40.	 J. Lin, Y. Peng, J. Luo, Z. Xiong, J. Huang et al., One-click to 
3D: helical carbon nanotube-mediated MXene hierarchical aero-
gel with layer spacing engineering for broadband electromag-
netic wave absorption. Small Methods 9(5), 2401665 (2025). 
https://​doi.​org/​10.​1002/​smtd.​20240​1665

	41.	 L. Wang, H. Wang, S. Zhang, N. Ren, Y. Wu et al., Manipulating 
the electronic structure of nickel via alloying with iron: toward 
high-kinetics sulfur cathode for Na–S batteries. ACS Nano 
15(9), 15218–15228 (2021). https://​doi.​org/​10.​1021/​acsna​no.​
1c057​78

	42.	 K. Yao, F. Pan, H. Liang, X. Zhang, L. Li et al., Shifting d-band 
center: an overlooked factor in broadening electromagnetic 
wave absorption bandwidth. Adv. Funct. Mater. 35(3), 2413639 
(2025). https://​doi.​org/​10.​1002/​adfm.​20241​3639

	43.	 B. Wang, W. Wei, F. Huang, F. Liu, S. Li et al., Orbital hybridi-
zation induced dipole polarization and room temperature mag-
netism of atomic Co-N4-C toward electromagnetic energy atten-
uation. Adv. Funct. Mater. 34(45), 2404484 (2024). https://​doi.​
org/​10.​1002/​adfm.​20240​4484

	44.	 X. Li, X. Wang, M. Li, W. Zhu, H. Luo et al., Built-in electric 
field enhancement strategy induced by cross-dimensional nano-
heterointerface design for electromagnetic wave absorption. Adv. 
Funct. Mater. 35(18), 2407217 (2025). https://​doi.​org/​10.​1002/​
adfm.​20240​7217

	45.	 B. Cai, L. Zhou, P.-Y. Zhao, H.-L. Peng, Z.-L. Hou et al., Inter-
face-induced dual-pinning mechanism enhances low-frequency 
electromagnetic wave loss. Nat. Commun. 15(1), 3299 (2024). 
https://​doi.​org/​10.​1038/​s41467-​024-​47537-5

	46.	 P. Liu, Y. Li, H. Xu, L. Shi, J. Kong et al., Hierarchical Fe-Co@
TiO2 with incoherent heterointerfaces and gradient magnetic 
domains for electromagnetic wave absorption. ACS Nano 18(1), 
560–570 (2024). https://​doi.​org/​10.​1021/​acsna​no.​3c085​69

	47.	 M. Huang, L. Wang, K. Pei, W. You, X. Yu et al., Multidimen-
sion-controllable synthesis of MOF-derived Co@N-doped car-
bon composite with magnetic-dielectric synergy toward strong 
microwave absorption. Small 16(14), 2000158 (2020). https://​
doi.​org/​10.​1002/​smll.​20200​0158

	48.	 H. Zhang, C. Sun, Y. Jiang, Z. Fan, R. Che et al., Construction of 
chiral-magnetic-dielectric trinity structures with different mag-
netic systems for efficient low-frequency microwave absorption. 
Small 20(50), 2407176 (2024). https://​doi.​org/​10.​1002/​smll.​
20240​7176

	49.	 J.-C. Shu, M.-S. Cao, M. Zhang, X.-X. Wang, W.-Q. Cao et al., 
Molecular patching engineering to drive energy conversion as 
efficient and environment-friendly cell toward wireless power 
transmission. Adv. Funct. Mater. 30(10), 1908299 (2020). 
https://​doi.​org/​10.​1002/​adfm.​20190​8299

	50.	 R. Hu, J. Luo, H. Wen, C. Liu, J. Peng et al., Enhanced electro-
magnetic energy conversion in an entropy-driven dual-magnetic 
system for superior electromagnetic wave absorption. Adv. 
Funct. Mater. 35(14), 2418304 (2025). https://​doi.​org/​10.​1002/​
adfm.​20241​8304

	51.	 Y. Pan, L. Cheng, D. Lan, S. Zhang, M. He et al., Conductor-
semiconductor heterointerface polarization enhancement for 
superior electromagnetic wave absorption. J. Mater. Sci. Tech-
nol. 244, 129–141 (2026). https://​doi.​org/​10.​1016/j.​jmst.​2025.​
05.​021

	52.	 R.-Y. Ma, S.-Q. Yi, Z.-X. Wang, Y.-F. Lin, R.-P. Nie et al., 
Highly stretchable liquid metal/poly(urethane-urea) composite 
with self-healing ability for electromagnetic interference shield-
ing. Compos. B Eng. 306, 112808 (2025). https://​doi.​org/​10.​
1016/j.​compo​sitesb.​2025.​112808

	53.	 N. Qu, H. Sun, Y. Sun, M. He, R. Xing et al., 2D/2D coupled 
MOF/Fe composite metamaterials enable robust ultra-broadband 
microwave absorption. Nat. Commun. 15(1), 5642 (2024). 
https://​doi.​org/​10.​1038/​s41467-​024-​49762-4

	54.	 M. Zhou, S. Tan, J. Wang, Y. Wu, L. Liang et al., “Three-in-one” 
multi-scale structural design of carbon fiber-based composites 
for personal electromagnetic protection and thermal manage-
ment. Nano-Micro Lett. 15(1), 176 (2023). https://​doi.​org/​10.​
1007/​s40820-​023-​01144-z

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/smll.202409657
https://doi.org/10.1016/j.compositesb.2024.111646
https://doi.org/10.1007/s40820-024-01513-2
https://doi.org/10.1002/smll.202402564
https://doi.org/10.1002/smtd.202401665
https://doi.org/10.1021/acsnano.1c05778
https://doi.org/10.1021/acsnano.1c05778
https://doi.org/10.1002/adfm.202413639
https://doi.org/10.1002/adfm.202404484
https://doi.org/10.1002/adfm.202404484
https://doi.org/10.1002/adfm.202407217
https://doi.org/10.1002/adfm.202407217
https://doi.org/10.1038/s41467-024-47537-5
https://doi.org/10.1021/acsnano.3c08569
https://doi.org/10.1002/smll.202000158
https://doi.org/10.1002/smll.202000158
https://doi.org/10.1002/smll.202407176
https://doi.org/10.1002/smll.202407176
https://doi.org/10.1002/adfm.201908299
https://doi.org/10.1002/adfm.202418304
https://doi.org/10.1002/adfm.202418304
https://doi.org/10.1016/j.jmst.2025.05.021
https://doi.org/10.1016/j.jmst.2025.05.021
https://doi.org/10.1016/j.compositesb.2025.112808
https://doi.org/10.1016/j.compositesb.2025.112808
https://doi.org/10.1038/s41467-024-49762-4
https://doi.org/10.1007/s40820-023-01144-z
https://doi.org/10.1007/s40820-023-01144-z

	Coordination Thermodynamic Control of Magnetic Domain Configuration Evolution toward Low-Frequency Electromagnetic Attenuation
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Synthesis of N-doped Carbon Aerogel (NCA) Precursor
	2.2 Synthesis of NF@NCA
	2.3 Characterization

	3 Results and Discussion
	3.1 Fabrication and Characterization
	3.2 EMWA Performance
	3.3 Electromagnetic Attenuation Mechanism
	3.4 Multifunctional Performance

	4 Conclusions
	Acknowledgements 
	References


