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HIGHLIGHTS

e This work employs a configurational-entropy control strategy to progressively enhance lattice distortion in multi-principal element

alloys, thereby reconstructing their electronic structure and balancing electromagnetic parameters under high electromagnetic loss.

e Density functional theory calculations demonstrate that entropy-induced lattice distortion further drives asymmetric electron cloud
reconstruction, thus forming numerous dipolar polarization centers, which enhances low-frequency dielectric attenuation of high-
entropy alloy (HEA).

e HEA exhibits excellent low-frequency electromagnetic absorption, radar stealth, and corrosion resistance, while metamaterial struc-

tural design further broadens its absorption bandwidth.

ABSTRACT Due to the long wavelength of L-band, the precise regulation of electromagnetic _ O
(EM) parameters to achieve efficient EM absorption in this frequency range remains a formidable % cot

challenge. Here, low-entropy, medium-entropy, and high-entropy (HEA) alloys are designed via 45’“"3}:\"
a configurational-entropy control strategy, which progressively enhances lattice distortion and g

reconstructs the electronic structure, thereby enabling precise tuning of real (¢,) and imaginary @@

parts (e,") of the complex permittivity under robust EM loss. Experiments and density functional

theory demonstrate that increasing configurational entropy intensifies lattice distortion in multi-principal element alloys, disrupts local
central symmetry within the crystal structure, induces an asymmetric reconstruction of the electron cloud, and breaks the degeneracy of
electronic states. This process establishes massive dipole polarization centers at the atomic scale. Furthermore, the rugged potential energy
surface constructed by this severe distortion imposes a higher energy barrier against the dynamic orientational relaxation of dipoles, which
prolongs polarization relaxation time and effectively amplifies the low-frequency dielectric polarization loss. Benefiting from this entropy-
driven lattice-distortion effect, the HEA achieves a minimum reflection loss of —22.7 dB at 1.7 GHz (99.46% absorption efficiency) and
an L-band coverage of 80.5% (RL < —5 dB). 3D gradient multilayer metamaterial structure broadens the bandwidth, achieving absorption
of almost 0.5 to 8 GHz (RL < — 10 dB) at 8 mm thickness. Additionally, HEA shows excellent radar stealth and corrosion resistance. This
work elucidates the mechanism through which entropy-driven lattice distortion modulates the EM response, providing a novel research

paradigm for designing low-frequency EM functional materials via micro-lattice engineering.
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1 Introduction

Against the backdrop of widespread deployment in remote
sensing radar, global navigation satellite systems (GNSS,
typically exemplified by GPS L1 =~ 1.575 GHz), and elec-
tronic warfare systems, the electromagnetic (EM) environ-
ment has become markedly more complex, which imposes
stricter requirements on high-performance EM wave absorb-
ing materials (EWAMs) for low frequencies (especially the
L-band, 1-2 GHz) [1, 2]. The wavelength of the L-band
falls within the decimeter-wave range, and thus, theoreti-
cally, EWAM s need not only to maintain sufficient magnetic-
loss capabilities but also to tune complex permittivity (g,)
to meet the "quarter-wavelength" design requirement. How-
ever, according to the principle of causality (Kramers—Kro-
nig relations) and the conductive channel percolation effect,
a significant increase in g, of dielectric EWAMs typically
accompanies a concurrent increase in €,”, which leads to a
deviation in EWAMS’ input wave impedance from the free
space impedance [3]. This results in EM waves being una-
ble to be effectively transferred into the EWAMs coating,
causing significant reflection at the surface. To overcome
this issue, the design of EWAMSs must not only maintain
a large €./ but also precisely control the increase in ¢,.” to
avoid impedance mismatch [4-7]. Therefore, the develop-
ment of efficient EWAMs for the L-band urgently requires
paradigms with programmable microstructures to achieve
an appropriate balance between energy storage and dissipa-
tion, thereby ensuring optimal impedance matching while
maintaining high loss.

In addressing the challenges associated with low-fre-
quency EWAMs, traditional magnetic materials (such
as iron, cobalt metals, and carbonyl iron) have long been
recognized for their high saturation magnetization and tun-
able initial permeability [8]. However, their inherent cou-
pling constraints become pronounced in the low-frequency
regime: the permeability declines sharply, which impedes
sufficient magnetic loss. In addition, limited polarization
pathways in single- or binary-element alloys result in weak
dielectric loss, and this in turn limits the overall EM energy
attenuation capability [9, 10]. Both factors collectively con-
strain EM absorption in L-band. To overcome these coupling
limitations, multi-principal element alloys (MPEAs) differ
fundamentally from single- or binary-element alloys. By
incorporating multiple metallic components within a single
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system, MPEAs provide a rich combination of electronic,
magnetic, and dielectric functionalities, offering an innova-
tive platform for the concurrent operation of multiple loss
mechanisms. Particularly noteworthy is high-entropy alloys,
which have since attracted substantial interest since their
report by Yeh and colleagues in 2004 [11]. Unlike conven-
tional alloys, high-entropy (HEA) stabilize their microstruc-
tures predominantly through high configurational entropy, as
opposed to enthalpy-driven interactions. Notably, configura-
tional entropy is not merely a summation of the individual
elements. Instead, it induces super-linear synergistic effects
at the microscopic level, such as enhancing local chemical
coordination differences and generating significant strain
fields within the material [12—-14]. The contributions of
individual metallic elements to EM response are comple-
mentary, such that the macroscopic properties of the system
often far exceed any single component [15]. Therefore, from
the perspective of EM absorption mechanisms, the comple-
mentary roles of elements are critical. Magnetic elements
such as Fe, Co, and Ni primarily provide tunable magnetic
responses and introduce magnetic dissipation channels such
as natural resonance and magnetic relaxation. In contrast,
elements like Cr, Al, Cu, and Mn tend to enhance dielectric
loss by modulating electrical conductivity, defect structures,
and the localized charge distribution induced by disorder,
which promotes dielectric loss [16—18]. When these ele-
ments with diverse physical properties coexist in a high-
entropy configuration, they effectively establish multi-scale
dielectric-magnetic inhomogeneities, which is the theoreti-
cal basis for implementing the “impedance matching—paral-
lel multi-channel loss” strategy required for efficient low-
frequency EM absorption.

Furthermore, in high-entropy alloys, configurational
entropy acts both as a thermodynamic stabilizing factor and
as a “precise regulator” of lattice behavior at the microscopic
scale [19-21]. Through atomic-scale strain fields and dis-
placement fluctuations, it profoundly influences electronic
structure and energy band distribution, thereby offering a
promising pathway for tailoring EM response properties
[22-24]. Specifically, the chemical disorder and size/elec-
tronegativity disparities associated with high configurational
entropy generate significant local strain and lattice distor-
tion. These distortions generate localized stress that disrupt
the homogeneity of spatial charge distribution, leading to the
formation of macroscopic electric dipole clusters originating
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from distortion centers, thereby enhancing dielectric relaxa-
tion behavior [25, 26]. More importantly, the renormaliza-
tion of electronic structure caused by these distortions ena-
bles reconstruction of the energy band structure and density
of states, along with effective regulation of charge carriers
[27]. For instance, Liu et al. utilized termination atoms with
large ionic radii to induce in-plane strain in the atomic cor-
rugated structure of Nb,CTe,-based Mxenes, effectively
tailoring electronic properties and enhancing polarization
relaxation and dielectric loss [25]. In another study, Wen
et al. employed a plasma-assisted annealing technique to
achieve precise control of lattice compressive strain in
MoTe, 5S, 5, combined with interface engineering to opti-
mize the electronic structure, which ultimately enhanced
its high-frequency EM wave absorption performance [28].
Beyond dielectric effects, lattice distortions can influence
magnetic configurations and dynamic responses in high-
entropy alloys via spin—lattice coupling, thereby regulating
the dispersion characteristics of magnetic permeability [29].
This mechanism partially mitigates the limitations imposed
by the Snoek’s limit on traditional magnetic absorbing mate-
rials in the low-frequency range [30]. Thus, lattice distortion
serves as a critical bridge connecting atomic-scale structure
with macroscopic EM functionality and thus allows syner-
gistic control of dielectric- and magnetic-loss mechanisms.
However, the cross-scale correlation mechanism, in which
configurational-entropy-driven lattice distortion maps to
low-frequency EM parameters through electronic structure
reconfiguration, remains insufficiently explored. A deeper
understanding of this relationship is essential to drive the
development of high-entropy alloys for low-frequency
EWAMs applications.

Here, the configurational entropy of MPEAs system (Fe,
Co, Ni, Cr, Cu) is rationally regulated by fixing the relative
molar ratios of Co, Ni, Cr, and Cu and varying only the Fe
content. Fe is selected as the key tuning element because it
possesses a stronger intrinsic magnetic moment and higher
saturation magnetization than the other transition metals,
thereby enabling configurational-entropy modulation while
preserving the good magnetic response of the MPEAs. This
strategy successfully designs low-entropy (LEA), medium-
entropy (MEA), and HEA. As configurational entropy
increases, the MPEAs undergo a phase evolution from a
BCC-dominated state to an FCC structure, accompanied
by more severe lattice distortion, which is quantified by
geometric phase analysis (GPA) via the strain distribution.
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Furthermore, DFT indicates that the pronounced lattice
distortion caused by the high-entropy effect in the HEA
disrupts the local charge balance, leading to the generation
of abundant dipole polarization centers, which enhances
dielectric loss and balances ¢," and ¢,”. Simultaneously, the
electron spin and lattice coupling suppress the frequency
dispersion of the real part of permeability and provides an
effective magnetic-loss channel for the HEA. Consequently,
the HEA achieves a balance between high loss and imped-
ance matching in the low-frequency L-band, reaches RLmin
of -22.7 dB at 1.7 GHz, and exhibits excellent radar-stealth
capability. In addition, a three-dimensional metamaterial
architecture further expands the effective absorption band-
width (EAB) to 7.5 GHz (0.5-8.0 GHz, RL <-10 dB). Mean-
while, entropy-induced lattice distortion suppresses Cl~ pen-
etration via a hysteretic-diffusion mechanism and promotes
Cr/Ni passivation, which improves the corrosion resistance
of the HEA. This work elucidates the cross-scale mechanism
that links configurational entropy, lattice distortion, and EM
functionality, and provides a new route for the design of low-
frequency EWAMs.

2 Experimental Section
2.1 Materials

Nickel nitrate hexahydrate (Ni(NO;),-6H,0, purity >98%)
and ferric nitrate nonahydrate (Fe(NOj);-9H,0,
purity > 98.5%) were obtained from Tianjin Damao
Chemical Reagent Factory. Cobalt nitrate hexahydrate
(Co(NO3),-6H,0, purity >99.9%) and chromium nitrate
nonahydrate (Cr(NO;);-9H,0, purity >99%) were sourced
from Shanghai Aladdin Reagent Co., Ltd. Copper nitrate
hexahydrate (Cu(NO,),-6H,0, purity >99%) and polyacrylic
acid (supplied as a 30% aqueous solution) were supplied
by Tianjin Guangfu Technology Development Co., Ltd. and
Tianjin Komiou Chemical Reagent Co., Ltd., respectively.

2.2 Synthesis of SM, LEA, MEA, and HEA

A single-metal system and three multi-principal element
metallic systems with different configurational entro-
pies were successfully synthesized through a polymer-
assisted gel method. To prepare the MPEAs, metal nitrates
(Fe(NO;3);-9H,0, Co(NO;),-6H,0, Ni(NO;),-6H,0,
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Cu(NO3),-3H,0, and Cr(NO;);-9H,0) were precisely
weighed with the Fe:Co:Ni:Cr:Cu molar ratios set to
100:0:0:0:0, 85:5.1:5.1:2.6:2.2, 60:13.5:13.5:7.1:5.9, and
35:22:22:11.5:9.5, respectively. Among them, the relative
molar ratio of Co, Ni, Cu, and Cr remains unchanged, and
the continuous and controllable regulation of the configura-
tional entropy of the alloy system is realized only by adjust-
ing the absolute molar fraction of Fe in MPEAs. The metal
salts were added to 20 mL of deionized water and stirred
at room temperature until completely dissolved. This solu-
tion was then slowly added into a 30 wt% poly acrylic acid
(PAA) solution. The resulting mixture was stirred for 24 h to
allow the carboxyl groups of PAA to chelate with the metal
cations, forming a stable polymer-metal gel. After drying
at 70 °C for 24 h, brown solid precursors were obtained,
denoted as single-metal precursor (SM-pre), low-entropy
alloy precursor (LEA-pre), medium-entropy alloy precur-
sor (MEA-pre), and high-entropy alloy precursor (HEA-pre).
Second, each precursor was calcined in a muffle furnace
at 700 °C for 6 h to yield the corresponding metal oxides.
Finally, the metallic oxides were mixed with CaH, at a mass
ratio of 1:3 and ground. The mixture was then thermally
reduced in a tubular furnace under an argon atmosphere by
heating to 700 °C at a rate of 5 °C min~! and holding for 6 h.
After cooling, the products were washed with NH,Cl solu-
tion to remove CaO and residual CaH,, thoroughly rinsed
with deionized water, and dried under vacuum at 60 °C. The
final samples were designated as single-metal (SM), low-
entropy alloy (LEA), medium-entropy alloy (MEA), and
high-entropy alloy (HEA). Among them, SM was used as
the reference sample.

3 Results and Discussion
3.1 Microstructural Characterization of MPEAs

Based on a continuous configurational-entropy tuning
strategy, a series of MPEAs with low-, medium-, and high-
entropy characteristics are successfully synthesized. As
illustrated in Fig. 1a, the experimental procedure follows a
step-by-step material design route described as “coordina-
tion crosslinking-oxidative heat treatment-CaH, mediated
reduction”. Initially, a stable ionically cross-linked network
is formed through an ion-exchange-driven coordination
chemical process, in which deprotonated -COO™ groups
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on poly acrylic acid (PAA) chains complex with posi-
tively charged metal ions (M""). Fourier transform infra-
red spectroscopy (FTIR) analysis provides direct evidence
for this coordination, as it shows a new absorption peak at
1597 cm™! that corresponds to the asymmetric stretching
vibration of -COO-M (Fig. 1b) [31]. Subsequently, to com-
pletely remove the organic template, the resulting precur-
sor is subjected to oxidative heat treatment. The thermo-
gravimetric (TG) curve indicates that mass loss essentially
plateaus beyond 500 °C (Fig. S1). Pyrolysis temperature of
700 °C for 6 h is employed to ensure complete removal of
the polymer template and carbonaceous residues while pro-
moting metal oxide formation. Finally, alloying is accom-
plished via a CaH,-mediated reduction process. CaH, acts
as a reducing agent, decomposing to generate highly reduc-
tive active H, and Ca. The standard reduction potential of
Ca metal is -2.87 V, which is far lower than the reduction
potentials of Fe, Co, Ni, Cr, and Cu metals. Ca spontane-
ously reduces metal oxides to their metallic states. The
high-temperature provides sufficient kinetic energy for
atomic migration, enabling metal atoms to overcome diffu-
sion barriers, escape their original lattice sites, and undergo
intensive interdiffusion, ultimately forming homogeneous
MPEAs phase. During this process, the entropy-increasing
effect not only drives significant crystal structure evolution
but also induces lattice distortions and defects due to static
lattice strain and local chemical bond environment fluc-
tuations caused by atomic size differences. These micro-
structural changes are anticipated to effectively tailor the
electronic properties and influence the EM response mecha-
nisms, which are discussed in subsequent characterization.

To quantitatively reveal changes in molar entropy change
(AS,.p at the composition level, inductively coupled plasma
mass spectrometry (ICP-MS) is used to precisely deter-
mine the molar percentages of Fe, Co, Ni, Cr, and Cu in
the three alloys designated LEA, MEA, and HEA (Fig. 1c
and Table S1). The calculated AS,,,; (Eq. S1) values are
0.559R, 1.152R, and 1.508R, respectively, corresponding
to the thermodynamic regimes of typical low-entropy alloys
(AS,nr < IR), medium-entropy alloys (1R <AS_ <1.5R),
and high-entropy alloys (AS,,.;> 1.5R). Therefore, this
result has thermodynamically validated the feasibility of
continuously tuning entropy through compositional design.
X-ray diffraction (XRD) analysis further revealed the regula-
tory effect of configurational entropy on phase-composition
evolution (Fig. 1d and Table S2). The semi-quantitative
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Fig. 1 a Schematic diagram of the preparation of MPEAs. b FTIR spectra of the precursors. ¢ ICP-MS analysis of elemental content of LEA,
MEA, and HEA. d XRD patterns of SM, LEA, MEA, and HEA. e FESEM image of the HEA sample. f EDS elemental mapping of Fe, Co, Ni,

Cu, and Cr in HEA. g Fe 2p spectra of LEA, MEA, and HEA

phase fractions are obtained through background subtraction
and peak-area integration of the primary characteristic dif-
fraction peaks for the BCC and FCC phases via MDI Jade 6,
followed by normalization against the total integrated area of
the characteristic peaks from both phases. The analysis indi-
cate that SM exhibits a pure BCC phase (PDF#99-0064).
With increasing configurational entropy, a small amount of
FCC phase (8.56%) emerges in the LEA, while the BCC
phase (91.44%) remains dominant. In the MEA, the phase

SHANGHAI JIAO TONG UNIVERSITY PRESS

fractions converge toward a nearly balanced dual-phase
structure (FCC: 52.17%; BCC: 47.83%). For HEA, the FCC
phase (92.13%) becomes absolutely predominant, with only
a minor residual BCC phase (7.87%), clearly indicating an
entropy-driven BCC to FCC transformation. Notably, the
(111) diffraction peak of the FCC phase progressively shifts
to lower 20 angles (43.8° — 43.7° —43.4°) with increasing
entropy, reflecting lattice expansion and pronounced distor-
tion, while the diffraction peak position of the BCC phase

@ Springer
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remains basically stable [32]. This is because BCC is a non-
close-packed structure with a large interstitial space inside
that can accommodate the mismatch of atomic size, rather
than showing a macroscopic lattice expansion [33].
Furthermore, the microstructural features of the HEA,
MEA, LEA, and SM samples are observed using field-emis-
sion scanning electron microscopy (FESEM). As shown in
Fig. le, HEA exhibits a three-dimensional interconnected
skeletal framework constructed from neck-fused micropar-
ticles. During the reduction process, the "in situ foaming"
effect from CaH, decomposition generates gases that create
initial pores within the HEA, while subsequent removal of
CaO by-products generates secondary channels, collectively
endowing the HEA with a porous character. Similar struc-
tures are observed for the MEA, LEA, and SM, indicating
the good generality and structural inheritance of the syn-
thesis method (Fig. S2a-c). Energy-dispersive X-ray spec-
troscopy (EDS) confirms the uniform distribution of Fe,
Co, Ni, Cr, and Cu across HEA, MEA, and LEA samples
without any detectable elemental segregation (Figs. 1f and
S2d, e). This has confirmed that the entropy-increasing pro-
cess effectively suppressed the element diffusion segregation
dynamics and stabilized the formation of a homogeneous
solid solution. Furthermore, the observed single-phase FCC/
BCC structure in XRD directly confirms a uniform elemen-
tal distribution, which guarantees that the EM properties
are intrinsically derived from the configurational-entropy-
regulated MPEAs alloy phase, rather than to effects arising
from compositional segregation or secondary phases. To
further elucidate the evolution of the local electronic envi-
ronment around Fe with increasing configurational entropy,
X-ray photoelectron spectroscopy (XPS) provides key
information. The Fe 2p fine spectrum shows that the Fe® 2p
peak shifts toward higher binding energy as configurational
entropy increases. Specifically, the shift is 0.27 eV from
LEA to MEA and a further shift of 0.3 eV from MEA to
HEA (Fig. 1g). The shift in binding energy reflects changes
in the electron cloud density around the Fe atoms [34, 35].
This indicates that compositional fluctuations in the MPEAs
reconstruct the electronic environment around Fe atoms,
induce the formation of local dipolar polarization centers,
and thereby facilitate the optimization of the EM parameters.
To gain in-depth insights into the impact of configura-
tional-entropy variation-driven crystal phase evolution
on the microstructure of MPEAs, this study establishes
ideal atomic models for LEA, MEA, and HEA (Fig. 2a),
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which visually illustrate the transition process of the crystal
phase from BCC to FCC. The model shows that as entropy
increases, the atomic distribution progressively evolves
from the BCC structure in low-entropy LEA to a mixed
phase with partially embedded FCC structure in MEA, and
finally forms a highly disordered FCC lattice in HEA, which
intuitively reflects the trend of high-entropy effect on crys-
tal structure regulation. Based on this model, we further
conduct systematic characterization of the samples using
aberration-corrected high-resolution transmission electron
microscopy (HR-TEM) and selected-area electron diffraction
(SAED). In Fig. 2b, the red dotted box auxiliary indicates
the arrangement correlation of some diffraction spots, which
follow the diffraction rules of BCC along the [110] zone
axis, indicating that the LEA sample is mainly composed
of BCC phase. For the MEA (Fig. 2c), calibration of the
polycrystalline diffraction rings reveals the coexistence of
BCC and FCC phases. The fast Fourier transform (FFT)
image shown in Fig. 2c2 further indicates that the increase in
configurational entropy promotes phase separation and leads
to the formation of distinct phase interfaces. The measured
interplanar spacings of 2.91 and 2.56 A correspond to the
(001) plane of BCC and the (011) plane of FCC, respec-
tively. Upon increasing entropy to the high-entropy state,
the crystal phase of MPEAs undergoes a further transition
toward the FCC structure. The electron diffraction pattern
aligns with the diffraction symmetry of an FCC crystal along
the [011] zone axis, confirming that the HEA sample is pre-
dominantly composed of the FCC phase (Fig. 2d). It should
be noted that during the progressive increase in configu-
rational entropy, FFT images reveal that the HEA exhibits
more pronounced variations in interatomic spacing across
many regions compared to LEA and MEA, and intensifies
severe lattice distortion (Fig. 2a2—c2). To quantitatively
evaluate this effect, the TEM-based geometric phase analysis
(GPA) is employed to analyze the influence of configura-
tional entropy on lattice distortion. Under the same analy-
sis conditions, the strain mapping of HEA shows a broader
distribution of tensile and compressive strains compared to
LEA and MEA (Figs. 2e—g and S3a). Furthermore, a quan-
titative verification of this phenomenon was performed by
combining the linear profile of strain magnitude and statis-
tical metrics: the linear profile reveals that the fluctuation
amplitude and absolute extreme values of the ¢, strain are
larger for HEA (Figs. 2f-h and S3b). The standard devia-
tion of &, increases monotonically from LEA to MEA to

https://doi.org/10.1007/s40820-026-02203-x
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HEA, indicating that the strain field dispersion continues
to increase and the strain distribution becomes more inho-
mogeneous, which implies that lattice distortion becomes
more widespread and severe over a larger spatial range (Fig.
S4a-c). These results collectively validate that the increase
in configurational entropy effectively enhances lattice dis-
tortion in the MPEAs. This distortion primarily arises from
atomic size mismatch and chemical disorder induced local

SHANGHAI JIAO TONG UNIVERSITY PRESS

lattice strain, which significantly disrupts the periodicity of
the lattice and the uniformity of the elastic field. Addition-
ally, during the entropy increase process, varying degrees of
defect sites are observed in Fig. 2bl1-d1. These defects act
as additional sources of lattice perturbation and couple with
atomic size mismatch strain, which further amplifies the lat-
tice distortion, thereby altering the electronic properties of
the material and modulating its EM performance.
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3.2 Role of Entropy-Driven Lattice Distortion
in Low-Frequency EM Absorption

To validate the effect of lattice distortion induced by
increasing entropy on the EM wave absorption capability,
the RL values of SM, LEA, MEA, and HEA are calculated
using transmission line theory to evaluate the EM absorp-
tion performance (Eqgs. S2 and S3). As shown in the 3D
reflection loss contour maps (Figs. 3a—c and S5a), HEA
exhibits superior EM absorption performance compared
to SM, LEA, and MEA, achieving a minimum reflection
loss (RL, ;) of -22.7 dB at 1.7 GHz (corresponding to an
absorption efficiency of 99.46%) with a matching thickness

min

of 7.18 mm. To visually demonstrate the enhancement of
low-frequency EM absorption performance by entropy-
induced lattice distortion, this study further compares the
EM absorption performance of SM, LEA, MEA, and HEA
in the L-band (1-2 GHz) at a fixed thickness of 7.84 mm.
As illustrated in Fig. 3d, e, HEA demonstrates exceptional
low-frequency absorption characteristics at this thickness,
with RLmin of -21.3 dB (absorption rate approximately
99.3%) and the EAB (defined as RL <-5 dB, representing
over 68.4% absorption) reaching 805 MHz (1.195-2.0 GHz),
which accounts for 80.5% of the L-band. Additionally, EAB
of 588 MHz is achieved at RL <-7 dB (over 80% absorp-
tion). In contrast, SM, LEA, and MEA cover ranges of
299, 522, and 701 MHz (RL <-5 dB) in the L-band, with
RLmin values also lower than that of HEA. Compared to
existing high-entropy alloy absorbers, which were predomi-
nantly concentrated in the C, X, and Ku bands, this work
has achieved 80.5% coverage in the low-frequency L-band,
which demonstrates excellent low-frequency absorption per-
formance (Fig. 3f and Table S3) [36—47]. Further analysis is
conducted on two critical parameters determining RLmin:
impedance matching (the closer 1Z; /Z| is to 1, the better
the impedance matching performance) and the attenuation
constant () ((Figs. 3g, h and S5b-d, Eqgs. S4 and S5) [48,
49]. To quantitatively assess the improvement in impedance
matching, the area of the region where 0.8 <IZ; /Z)I<1.2 is
introduced as a measure of the impedance matching win-
dow size for EM wave penetration in the L-band [50]. The
results show that the impedance matching areas for SM,
LEA, MEA, and HEA are 18.5%, 27.6%, 38.7%, and 26.4%,
respectively, indicating that MPEAs significantly expand
the matching region in the low-frequency range. It should
be noted that impedance matching is a necessary but not
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sufficient condition for strong EM absorption. Although
MEA has the largest impedance matching area, HEA still
exhibits the best EM absorption performance, primarily due
to its highest a in the L-band, while maintaining sufficient
impedance matching. This allows EM waves entering HEA
to achieve more efficient EM energy dissipation. This result
reflects the better balance achieved by HEA between imped-
ance matching and attenuation capability. This characteris-
tic originates from entropy-induced lattice distortion within
HEA, which optimizes the dielectric response of HEA,
enhancing its low-frequency EM absorption capability. The
underlying mechanisms of EM absorption are described in
detail later. These results have underscored the critical role
of configuration entropy in regulating lattice distortion to
enhance low-frequency EM absorption.

To evaluate the stealth performance of the samples in
electronic warfare, 3D radar cross-section (RCS) simulations
are performed using CST Microwave Studio [51-53]. The
simulations model structures with an ideal perfect electric
conductor (PEC) panel that is coated with SM, LEA, MEA,
and HEA composites, respectively, to quantitatively analyze
their EM wave dissipation capability under far-field condi-
tions (Fig. 3i). The 3D RCS results indicate that the PEC
panel coated with HEA exhibits lower reflection signals in
the primary scattering direction compared to the other sam-
ples, which demonstrates its superior EM absorption capa-
bility (Figs. 3j and S6a-d). Additionally, the EM energy loss
distribution shows that HEA exhibits stronger EM dissipa-
tion capability in the low-frequency region (Fig. 3k). Further
analysis of the 2D RCS angular distribution from -90° to 90°
reveals that the HEA coating achieved a peak RCS value of
-34.51 dB m?, while it maintains RCS levels below -10 dB
m? over nearly the entire angular detection range (Fig. 31).
This performance highlights its exceptional wide-angle
stealth characteristics. This simulation result aligns well
with the measured RL trends of the actual samples, which
further validates its potential for practical low-frequency EM
stealth applications.

The L-band EM waves, with their decimeter wave-
length, require EWAMs to optimize impedance matching
and extend the interaction range by increasing the match-
ing thickness for efficient absorption, while also imposing
stringent demands on the low-frequency adaptability and
tunability of their EM parameters. In this context, the role
of entropy-driven lattice distortion in low-frequency EM
response is further elucidated through the modulation of EM

https://doi.org/10.1007/s40820-026-02203-x
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parameters. As shown in Fig. 4a, €.’ exhibits a significant

frequency band, which demonstrates exceptional electric
stepwise increase with increasing configurational entropy,
progressing through SM, LEA, MEA, HEA. Among these,

field energy storage and response capabilities [54, 55]. This
HEA maintains the highest €.’ value throughout the 1-4 GHz

enhancement is attributed to the increase in configurational

entropy driven by the introduction of various atomic-scale
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components, which induces severe lattice distortion, disrupts
the long-range order of the atomic arrangement, and estab-
lishes numerous non-centrosymmetric local structures. This
leads to the creation of numerous local dipoles and thereby
effectively strengthens the overall energy storage capability
[24]. Further analysis of ¢,.”, the key parameter character-
izing dielectric energy loss, reveals a similar upward trend
with increasing entropy (Fig. 4b). Notably, the HEA exhibits
not only the most robust dielectric loss capability but also a
more pronounced low-frequency dielectric dispersion rela-
tive to the other samples. In accordance with the classical
Debye dielectric relaxation theory, this behavior indicates
a significantly prolonged polarization relaxation time (7)

within the HEA. On the microscopic physical loss mecha-
nism level, the evolution of ¢," is controlled by the competi-
tion and synergy between polarization loss and conduction
loss [56, 57]. This phenomenon is clearly distinguished by
least squares curve fitting to differentiate the contributions
of different loss mechanisms (Fig. S7a-d; Eqs. S6-S9). It is
observed that in the 1-1.5 GHz frequency range, conduc-
tion loss dominated in HEA, but as the frequency increased,
polarization loss gradually becomes the dominant mecha-
nism. For MEA, LEA, and SM, polarization loss exceeds
conductive loss across the entire frequency range. To quan-
titatively elucidate the contribution of entropy-induced lat-
tice distortion to polarization loss, the integral area of the
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polarization loss component (¢,") in HEA’s ¢," is calculated
and compared with MEA and LEA. The results fully prove
that the HEA with severe lattice distortion exhibits a sig-
nificantly amplified polarization loss. This occurs because,
during the entropy increase process, the increase in alloy
composition fluctuations (namely, a decrease in Fe and an
increase in multicomponent elements) causes the electronic
structure to evolve from a “Fe-dominated localized state” to
a “multi-element hybridized delocalized state” (Fig. S8a-c)
[58]. This electron delocalization is accompanied by severe
lattice distortion. This synergistic effect not only induces
local charge fluctuations to generate abundant permanent
dipole moments but also reconstructs a highly disordered
local potential energy landscape, and thereby elevates the
energy barrier for dipole reorientation. The positive impact
of lattice distortion on dielectric loss is further validated
through charge density distributions obtained from DFT
calculations. An intuitive comparison between the chemi-
cally disordered model without explicit distortion and the
actual lattice-distorted model was made by analyzing the
charge density profiles of the (001) crystal plane in MPEAs
(Fig. 4d—f). In the ideal distortion-free state, although differ-
ences in electronegativity and valence-electron concentra-
tion among Fe, Co, Ni, Cr, and Cu induce a preliminary rear-
rangement of the electron cloud, the lattice maintains high
translational and central symmetry, with each atom occupy-
ing an ideal lattice point. The spatial overlap of positive and
negative charge centers results in negligible intrinsic dipole
moments, a condition that fundamentally constrains dipole
polarization loss. In contrast, the lattice distortion induced
by entropy increases results in the formation of multitude of
non-centrosymmetric local structures. The localized com-
pression or expansion of atomic positions alters bond lengths
and bond angles, elevates the local potential energy, and
perturbs the atomic orbital overlap. These effects break the
local inversion symmetry within the lattice. Consequently,
the coupled distortion of the geometric and electronic struc-
tures drives an asymmetric reconstruction of the electron
cloud. The charge density sections reveal a displacement
of the positive and negative charge centers, thereby con-
structing local dipole centers at the atomic scale. Under
alternating EM field excitation, these distortion-enhanced
local dipoles must overcome a higher local potential bar-
rier to complete orientational polarization in response to the
external electric field. This effect extends the polarization
relaxation time and significantly enhances the EM energy
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dissipation during the dynamic reorientation of dipoles [25,
59-61]. Thanks to this, the low-frequency dielectric polari-
zation loss performance of HEA is further enhanced. Moreo-
ver, HR-TEM images reveal that lattice distortion increases
the energy barrier for atomic migration, which reduces the
likelihood of atoms migrating to lattice vacancies or defect
sites. As entropy increases, more defects form in the lattice,
and these defects alter the symmetry of the charge distribu-
tion, which in turn triggers polarization relaxation, leading
to an increase in polarization loss. Additionally, as entropy
increases, the growing proportion of high-concentration
free-electron metals in the MPEAS raises the free-electron
concentration, which facilitates electron migration under an
external electric field and thereby enhances conductive loss.
Analysis of dielectric loss tangent (tand,) confirms HEA’s
superior dissipation capability, with values maintained at
0.27-0.3 (Fig. S9a). According to the established literature,
a tand, value in the range of 0.25-0.5, combined with high
e+ ¢€." values, optimally facilitates low-frequency EM
absorption [62]. This suggests that the ¢, of HEA provides
sufficient energy storage, while the precise control of the
growth of &,.” ensures impedance matching under efficient
energy dissipation conditions. The synergistic effect of these
two factors forms the foundation for strong low-frequency
EM absorption.

The regulatory effect of configurational-entropy vari-
ation on the magnetic properties of MPEAs is systemati-
cally investigated by vibrating sample magnetometer (VSM)
characterization and further combined with DFT calcula-
tions of the Fe 3d orbital projected density of states (PDOS)
to reveal the mechanism of the high-entropy effect on the
microscopic magnetism and electronic structure. The experi-
mental results demonstrate a progressive decrease in satu-
ration magnetization (Ms) with increasing configurational
entropy, where the HEA exhibits a value of 65.3 emu g~
(Fig. S9b). From the perspective of crystal structure, the
increase in configurational entropy drives the HEA toward
an FCC-dominated phase. Given that Ms of FCC lattice in
MPEAs is intrinsically lower than that of its BCC structure,
this entropy-driven phase transformation results in the weak-
ened magnetism of HEA. Moreover, DFT analysis reveals
that HEA displays a reduced Fe 3d density of states accom-
panied by weakened spin asymmetry, whereas MEA and
LEA maintain higher density of states with enhanced spin
asymmetry (Figs. 4g and S9c, d). This is because the multi-
element mixing in HEA redistributes the constituent PDOS,
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which diminishes the Fe 3d electron density and generates
weaker local magnetic moments. Consequently, this weakens
the overall static magnetism, leading to reduced permeability
and magnetic-loss tangent (Fig. S9e-g; Eqgs. S10 and S11).
Nevertheless, this attenuation of magnetism does not equate
to the failure of magnetic-loss mechanisms. Specifically, the
weakening of localized magnetic moments is accompanied
by enhanced electron spin scattering and localized magnetic
perturbations. This significantly increases magnetic damping
and effectively suppresses the severe frequency dispersion
of the real part of permeability (u.") in the low-frequency
band (Fig. S9h). This mechanism thereby secures a stable
magnetic-loss channel for the HEA. To further distinguish
the sources of magnetic loss in MPEAs in the low-frequency
range, the eddy current coefficient (C,) is introduced to dis-
criminate between different magnetic-loss channels. In the
GHz frequency range, the magnetic loss of ferromagnetic
materials primarily originates from eddy current loss and
natural ferromagnetic resonance [63—65]. Eddy current
loss is typically associated with induced circulating cur-
rents within EWAMs, and it is characterized by a C,, value
that remains constant within a specific frequency range, not
fluctuating with frequency. Calculations of C, (Eq. S12)
reveal that SM and LEA exhibit a continuous decrease in
C, across the 1-4 GHz frequency range, without showing an
obvious platform region, indicating that their magnetic-loss
mechanism is primarily governed by natural ferromagnetic
resonance (Fig. S10a, b). This phenomenon occurs because
the strong frequency dispersion effect generated during the
precession of magnetic moments overcoming the anisot-
ropy field masks the weak eddy current contribution [66].
In the 1-2 GHz range, the C; values of MEA show a gradual
decrease, further revealing the dominance of natural ferro-
magnetic resonance. However, in the 2-4 GHz range, the C
curve flattens with slight fluctuations, suggesting that eddy
current loss begins to contribute, working in tandem with
the residual ferromagnetic resonance loss (Fig. S10c). For
HEA, the smooth decline of the C,, curve in the 1-2 GHz
range indicates an increasing proportion of eddy current
loss, while its flattening in the 2—4 GHz range indicates that
the magnetic-loss mechanism is primarily governed by eddy
current loss (Fig. S10d). This phenomenon arises from the
atomic radius differences of elements in HEA, which lead
to a non-uniform distribution of internal magnetic anisot-
ropy fields, weakening the ferromagnetic resonance inten-
sity and enhancing the contribution of eddy current loss.

© The authors

Moreover, in the 1-4 GHz frequency range, we calculated
the percentage contribution of tand, and tan, to the total
loss tangent (Fig. S10e, f). The results show that as con-
figurational entropy increases, the contribution of magnetic
loss gradually decreases, while the contribution of dielec-
tric loss increases. This is because the severe lattice distor-
tion induced by the high-entropy state not only reconstructs
the magnetic-loss mechanism but also provides favorable
conditions for polarization relaxation. Figure 4h details the
impact of entropy-induced lattice distortion on the EM wave
absorption mechanisms. Regarding dielectric loss, the lattice
distortion in HEA disrupts long-range ordering and gener-
ates numerous localized dipolar polarization centers at the
microscopic scale. Under the excitation of EM waves, these
centers sustain dynamic alternations of orientational polar-
ization and irregular thermal motions, which provides an
effective channel for low-frequency dielectric loss. Addition-
ally, the migration of free electrons in the high-entropy alloy
further enhances conduction loss and significantly ampli-
fies the efficiency of low-frequency dielectric dissipation.
In terms of magnetic loss, with increasing configurational
entropy, lattice distortion in HEA significantly disrupts
the electronic structure, weakening the localized magnetic
moments and affecting the magnetic anisotropy field. This
change suppresses the contribution of natural ferromagnetic
resonance, while the proportion of eddy current losses grad-
ually increases. Therefore, the lattice distortion induced by
entropy increase modulates the electronic structure, which
enables a dynamic regulation between dielectric and mag-
netic loss, consequently achieving stable and efficient EM
energy dissipation channels in the low-frequency band. This
has provided microscopic guidance for the design of high-
entropy alloy-based EWAMSs.

3.3 Design of the Metamaterial Absorbers

MPEAs exhibit excellent EM absorption potential due to the
significant lattice distortion induced by their high-entropy
effect. However, even with good intrinsic loss mechanisms,
MPEAs in conventional 2D planar structure cannot over-
come the bandwidth-thickness trade-off dictated by the
Planck—Rozanov limit, nor can they mitigate performance
degradation that results from sensitivity to incident angles
and polarization states [67, 68]. Therefore, relying solely
on traditional 2D planar structure has certain limitations
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in practical applications. In this context, the introduction
of 3D metamaterial structure breaks through these limita-
tions: On the one hand, 3D metamaterial structure exhibits
much less degradation in EM absorption performance with
varying incident angles and polarization states compared to
2D planar structure; on the other hand, the combination of
gradient impedance structure and multiple resonance modes
can synergistically broaden the effective EM absorption
bandwidth and achieve good matching with free space [69].
Therefore, the deep integration of MPEAs with 3D meta-
material structure not only enhances the EM loss but also
effectively broadens EAB, making it highly promising for
designing high-performance EWAMs.

To overcome these limitations, this study has designed a
multilayer metamaterial structure based on a four-layer peri-
odic unit cell, with overall dimensions of 360 mm X 360 mm,
which incorporates a periodic square-hole array at its bot-
tom-most layer (Fig. 5a). The overall unit cell is defined by
six parameters: five horizontal parameters (X1-X5) and one
vertical parameter (D). Subsequently, an optimized filling
strategy that alternates MEA and HEA in each unit layer
constructs a composite architecture with gradient imped-
ance characteristics and multiple resonance responses. This
approach has established a structural foundation to broaden
the EAB of MPEAs. Analysis of the RL curve indicates
that by tuning the unit layer thickness parameter D, this
metamaterial exhibits excellent EM absorption performance
across the 0.5-8 GHz range (Fig. 5b). When D=2 mm, its
EAB covers multiple bands including P, L, S, and C bands.
The RL values are nearly all below -10 dB across the entire
frequency range, with distinct absorption peaks appearing
in each band. This broadband EM absorption performance
primarily originates from multi-frequency local resonances
excited by the synergistic effect of the gradient layered struc-
ture and the bottom-layer periodic square-hole array. To gain
deeper insight into the underlying mechanisms of EM energy
dissipation, we analyze the EM field and power loss distri-
butions of the 3D metamaterial structure at three character-
istic frequencies (1.3, 2.8, and 6.5 GHz) when D=2 mm
(Figs. 5c, d and S11). At the low frequency of 1.3 GHz,
the electric field concentrates primarily at the bottom layer
and the corners of the units, while the magnetic field dis-
tributes around the inter-layer corners and the square-hole
regions. The coupling between the electric and magnetic
fields is relatively weak, resulting in comparatively lower
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power loss density. At 2.8 GHz, the spatial distribution pat-
tern of the EM fields is similar to that at 1.3 GHz; however,
the field intensities are enhanced across all these regions.
This enhancement promotes both dielectric and magnetic
losses, thereby increasing the overall EM energy dissipation
efficiency. At 6.5 GHz, the EM fields become highly con-
centrated at the interfacial regions between the middle and
lower layers, forming strong field localization. This indicates
significant localized electric and magnetic resonance cou-
pling, which corresponds well with the power loss regions
and further demonstrates efficient dissipation of EM energy.
These results collectively indicate that the combination of
the four-layer periodic gradient structure with the bottom
square-hole array not only enhances the local resonance
effect but also effectively strengthens EM field coupling.
This design has successfully achieved highly efficient EM
absorption across a wide frequency band.

3.4 Corrosion Resistance of MPEAs

Given the widespread application of EWAMs in harsh envi-
ronments such as naval vessel stealth and offshore platforms,
their service conditions impose stringent requirements on
corrosion resistance. To evaluate the potential of the fab-
ricated MPEAs coatings as long-term corrosion-resistant
EWAMs, we systematically investigate their corrosion
behavior in a 3.5 wt% NaCl solution (simulating seawater
conditions) using electrochemical measurement techniques.
Electrochemical impedance spectroscopy (EIS) analysis
reveals that the HEA sample has exhibited the largest capaci-
tive arc radius in the Nyquist plot, with a significantly higher
charge transfer resistance (R.) compared to other samples
(Figs. 5e and S12). This indicates strong suppression of
corrosion reactions at the HEA surface, where the surface
barrier effectively impedes the penetration of the imped-
ance medium and charge transfer, thus reducing sensitivity
to corrosion. This is primarily due to the increased surface
resistance of the HEA, which forms a denser oxide film more
readily than the SM [70]. Subsequently, Tafel polarization
curve measurements further corroborate the superior cor-
rosion resistance of the HEA (Fig. 5f). The HEA exhibits
a more positive corrosion potential (E,,,,) of -0.551 V, sug-
gesting the lowest thermodynamic tendency for corrosion
initiation. Quantitative analysis of corrosion current density

(i.orr) Shows a monotonic decrease in icorr with increasing
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configurational entropy (Fig. 5g). The icorr of the HEA
coating is as low as 2.5x 10”7 A cm~2, which is nearly an
order of magnitude lower than that of SM and confirms its
slowest corrosion rate from a kinetic perspective. Before

© The authors

the passivation zone, the anode curve of the HEA shows
a broad and stable passivation region with a relatively sta-
ble current density, which suggests that its highly stable
passivation film can effectively resist C1~ breakdown and
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inhibit metal activation dissolution. Figure 5h further elu-
cidates the corrosion resistance mechanism of MPEAs. In
the SM coating, where atomic mobility is relatively high,
elements tend to diffuse and oxidize rapidly but unevenly,
which leads to the formation of a defective “weak passiva-
tion film” that cannot effectively block the inward diffusion
of corrosive C1™ and results in continuous Fe dissolution at
the film/substrate interface. Conversely, the lattice distortion
in HEA extends the diffusion path of CI7, increasing the
resistance to ion penetration into the substrate. Furthermore,
as configurational entropy increases, the “driving force” for
atomic diffusion decreases, while lattice distortion increases
the “energy barrier” for atomic diffusion. This “hysteresis
diffusion effect” together slows down the diffusion rate of
CI” in the HEA [71]. Consequently, the oxidation of passive
elements such as Cr and Ni no longer remains dominated
by rapid diffusion. Instead, it proceeds along a more ther-
modynamically selective route. This behavior promotes the
formation of a protective passive film with a denser structure
and a lower defect density on the surface, thereby effectively
delaying corrosion of the substrate. The HEA that integrates
exceptional EM absorption performance with superior cor-
rosion resistance has provided new insights for designing
durable EWAMs suitable for extreme marine environments.

4 Conclusions

In summary, a continuous configurational-entropy con-
trol strategy produces MPEA systems spanning LEA to
HEA. As configurational entropy increases, the MPEAs
undergo a phase evolution from a BCC-dominated state
to an FCC structure, and in the high-entropy state atomic-
size mismatch and chemical disorder induce pronounced
lattice distortion. DFT calculations confirm that lattice
distortion further modulates the electronic structure, dis-
rupts uniform charge distribution, and generates numerous
dipole polarization centers, which gives the HEA superior
dielectric loss relative to the MEA and LEA. Benefiting
from entropy-induced lattice distortion, the HEA balances
high loss with impedance matching in the low-frequency
regime and achieved the RLmin of -22.7 dB at 1.7 GHz in
the L-band. RCS simulations further verify excellent wide-
angle radar-stealth performance. Moreover, an alternately

SHANGHAI JIAO TONG UNIVERSITY PRESS

stacked MEA/HEA metamaterial architecture expands the
effective absorption bandwidth to 7.5 GHz (0.5-8.0 GHz,
RL <-10 dB). The HEA also exhibits outstanding corro-
sion resistance and thereby demonstrates strong suitability
for harsh environments. For low-frequency broadband EM
absorption, entropy-driven lattice distortion serves as a
programmable microscopic knob in combination with 3D
gradient metamaterial structures. This approach enables
optimization of low-frequency broadband EM absorption,
which has opened a new path for developing next-genera-
tion, material-structure—function integrated EWAMs.

Acknowledgements This work was financially supported by the
National Natural Science Foundation of China (No. 22475057 and
No. 52373262).

Author Contributions Han Ding did conceptualization, meth-
odology, formal analysis, visualization, investigation, writing—
original draft. Yibo Li done software, validation, data curation,
visualization, and writing—original draft. Yu Wang contributed
to methodology, formal analysis, and supervision. Weikang Song
done data curation, investigation, and validation. Xuan Wang was
involved in resources and validation. Xijiang Han done conceptu-
alization, resources, and funding acquisition. Ping Xu provided
software and writing-review and editing. Yunchen Du did con-
ceptualization, methodology, formal analysis, supervision, funding
acquisition, and writing—review and editing.

Declarations

Conflict of Interest The authors declare no interest conflict. 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://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-026-02203-x.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02203-x
https://doi.org/10.1007/s40820-026-02203-x

358

Page 16 of 18

Nano-Micro Lett. (2026) 18:358

References

1.

10.

11.

X. Liu, Y. Duan, Y. Guo, H. Pang, Z. Li et al., Microstructure
design of high-entropy alloys through a multistage mechani-
cal alloying strategy for temperature-stable megahertz elec-
tromagnetic absorption. Nano-Micro Lett. 14(1), 142 (2022).
https://doi.org/10.1007/s40820-022-00886-6

. M. He, J. Hu, H. Yan, X. Zhong, Y. Zhang et al., Shape aniso-

tropic chain-like CoNi/polydimethylsiloxane composite films
with excellent low-frequency microwave absorption and high
thermal conductivity. Adv. Funct. Mater. 35(18), 2316691
(2025). https://doi.org/10.1002/adfm.202316691

W. Chen, Y. Duan, S. Gu, M. Zhang, C. Xia, Resonator-
free metamaterials based on ferromagnetic dielectrics for
mandatory microwave loss and compact stealth cloaks. Adv.
Mater. 37(39), 2507366 (2025). https://doi.org/10.1002/
adma.202507366

M. He, K. Zhang, H. Qiu, H. Guo, X. Li et al., Low-fre-
quency microwave absorption composites. Adv. Sci. 12(35),
e11580 (2025). https://doi.org/10.1002/advs.202511580

C. Xu, L. Wang, X. Li, X. Qian, Z. Wu et al., Hierarchi-
cal magnetic network constructed by CoFe nanoparticles
suspended within “tubes on rods” matrix toward enhanced
microwave absorption. Nano-Micro Lett. 13(1), 47 (2021).
https://doi.org/10.1007/s40820-020-00572-5

. H.Pang, Y. Duan, L. Huang, L. Song, J. Liu et al., Research

advances in composition, structure and mechanisms of
microwave absorbing materials. Compos. Part B Eng. 224,
109173 (2021). https://doi.org/10.1016/j.compositesb.2021.
109173

Y. Duan, C. Xia, W. Chen, H. Jia, M. Wang et al., A bio-
inspired broadband absorption metamaterial: driven by
dual-structure synergistically induced current vortices. J.
Mater. Sci. Technol. 206, 193-201 (2025). https://doi.org/
10.1016/j.jmst.2024.03.053

. F. Wang, Y. Liu, R. Feng, X. Wang, X. Han et al., A “win—

win” strategy to modify Co/C foam with carbon micro-
spheres for enhanced dielectric loss and microwave absorp-
tion characteristics. Small 19(48), 2303597 (2023). https://
doi.org/10.1002/sml11.202303597

G. Luo, Y. Zhu, P. Chen, F. Chen, X. Li et al., Electromag-
netic attenuation of Sm-doped alloys modified by interface
exchange coupling and magnetocrystalline stress anisotropy.
Adv. Funct. Mater. 35(31), 2425298 (2025). https://doi.org/
10.1002/adfm.202425298

C. Xu, P. Liu, Z. Wu, H. Zhang, R. Zhang et al., Custom-
izing heterointerfaces in multilevel hollow architecture con-
structed by magnetic spindle arrays using the polymerizing-
etching strategy for boosting microwave absorption. Adv.
Sci. 9(17), 2200804 (2022). https://doi.org/10.1002/advs.
202200804

J.W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin et al., Nano-
structured high-entropy alloys with multiple principal ele-
ments: novel alloy design concepts and outcomes. Adv. Eng.
Mater. 6(5), 299-303 (2004). https://doi.org/10.1002/adem.
200300567

© The authors

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

D.P. Singh, N. Dhariwal, P. Yadav, V. Kumar, Entropy-driven
electromagnetic interference shielding: unravelling the mecha-
nism, potential and futuristic prospects of high-entropy materi-
als. Mater Sci Semicond Process 198 109775 (2025). https://
doi.org/10.1016/j.mssp.2025.109775

X. Liu, Y. Duan, N. Wu, G. Li, Y. Guo et al., Modulating
electromagnetic genes through bi-phase high-entropy engi-
neering toward temperature-stable ultra-broadband megahertz
electromagnetic wave absorption. Nano-Micro Lett. 17(1), 164
(2025). https://doi.org/10.1007/s40820-024-01638-4

R. Hu, J. Luo, H. Wen, C. Liu, J. Peng et al., Enhanced elec-
tromagnetic energy conversion in an entropy-driven dual-mag-
netic system for superior electromagnetic wave absorption.
Adv. Funct. Mater. 35(14), 2418304 (2025). https://doi.org/
10.1002/adfm.202418304

C. Ma, Y. Zhang, Progress in high-entropy alloy-based
microwave absorbing materials. Symmetry 17(8), 1286
(2025). https://doi.org/10.3390/sym17081286

Z. Zhang, J. Yuan, G. Lian, S. Ren, Y. Du et al., Nano
FeCoNi-based high-entropy alloy for microwave absorbing
with high magnetic loss and corrosion resistance. J. Alloys
Compd. 988, 174175 (2024). https://doi.org/10.1016/j.jallc
om.2024.174175

Z. Li, Y. Duan, X. Liu, H. Pang, C. Dou et al., Strategy-
induced strong exchange interaction for enhancing high-tem-
perature magnetic loss in high-entropy alloy powders. Adv.
Funct. Mater. 35(44), 2507152 (2025). https://doi.org/10.1002/
adfm.202507152

B. Hu, Y. Chen, Y. Chen, X. Wang, X. Han et al., Theoretical
guidance for the rational design of FeCo foams toward effi-
cient electromagnetic wave absorption in 2.0-8.0 GHz range.
Acta Phys. Chim. Sin. 42(6), 100269 (2026). https://doi.org/
10.1016/j.actphy.2026.100269

P. Sharma, G. Balasubramanian, Electronic and lattice distor-
tions induce elastic softening in refractory multicomponent
borides. Chem. Mater. 35(18), 7511-7520 (2023). https://doi.
org/10.1021/acs.chemmater.3c01086

H. Li, J. Lai, Z. Li, L. Wang, Multi-sites electrocatalysis in
high-entropy alloys. Adv. Funct. Mater. 31(47), 2106715
(2021). https://doi.org/10.1002/adfm.202106715

Z. Yan, L. Wang, Y. Du, G. Chen, Y. Wu et al., Local charge
regulation in selenides via high-entropy engineering to boost
electromagnetic wave absorption. Adv. Funct. Mater. 35(17),
2422787 (2025). https://doi.org/10.1002/adfm.202422787

L. Qi, J. Guan, Electronic structure modulation of high entropy
materials for advanced electrocatalysis. Green Energy Envi-
ron. 10(5), 917-936 (2025). https://doi.org/10.1016/j.gee.
2024.07.009

C. Tandoc, Y.-J. Hu, L. Qi, P.K. Liaw, Mining of lattice distor-
tion, strength, and intrinsic ductility of refractory high entropy
alloys. npj Comput. Mater. 9, 53 (2023). https://doi.org/10.
1038/541524-023-00993-x

B. Zhao, Z. Yan, Y. Du, L. Rao, G. Chen et al., High-entropy
enhanced microwave attenuation in titanate perovskites. Adv.
Mater. 35(11), 2210243 (2023). https://doi.org/10.1002/adma.
202210243

https://doi.org/10.1007/s40820-026-02203-x


https://doi.org/10.1007/s40820-022-00886-6
https://doi.org/10.1002/adfm.202316691
https://doi.org/10.1002/adma.202507366
https://doi.org/10.1002/adma.202507366
https://doi.org/10.1002/advs.202511580
https://doi.org/10.1007/s40820-020-00572-5
https://doi.org/10.1016/j.compositesb.2021.109173
https://doi.org/10.1016/j.compositesb.2021.109173
https://doi.org/10.1016/j.jmst.2024.03.053
https://doi.org/10.1016/j.jmst.2024.03.053
https://doi.org/10.1002/smll.202303597
https://doi.org/10.1002/smll.202303597
https://doi.org/10.1002/adfm.202425298
https://doi.org/10.1002/adfm.202425298
https://doi.org/10.1002/advs.202200804
https://doi.org/10.1002/advs.202200804
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1016/j.mssp.2025.109775
https://doi.org/10.1016/j.mssp.2025.109775
https://doi.org/10.1007/s40820-024-01638-4
https://doi.org/10.1002/adfm.202418304
https://doi.org/10.1002/adfm.202418304
https://doi.org/10.3390/sym17081286
https://doi.org/10.1016/j.jallcom.2024.174175
https://doi.org/10.1016/j.jallcom.2024.174175
https://doi.org/10.1002/adfm.202507152
https://doi.org/10.1002/adfm.202507152
https://doi.org/10.1016/j.actphy.2026.100269
https://doi.org/10.1016/j.actphy.2026.100269
https://doi.org/10.1021/acs.chemmater.3c01086
https://doi.org/10.1021/acs.chemmater.3c01086
https://doi.org/10.1002/adfm.202106715
https://doi.org/10.1002/adfm.202422787
https://doi.org/10.1016/j.gee.2024.07.009
https://doi.org/10.1016/j.gee.2024.07.009
https://doi.org/10.1038/s41524-023-00993-x
https://doi.org/10.1038/s41524-023-00993-x
https://doi.org/10.1002/adma.202210243
https://doi.org/10.1002/adma.202210243

Nano-Micro Lett.

(2026) 18:358

Page 17 of 18 358

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

M. Liu, L. Yang, Z. Wu, G. Chen, X. Wang et al., Entropy-
modulated atomic ripple texturing in two-dimensional tran-
sition metal carbonitrides. Nat. Commun. 16, 5633 (2025).
https://doi.org/10.1038/s41467-025-60890-3

L.-Y. Li, M. Zhang, M. Jiang, L.-H. Gao, Z. Ma et al., High
entropy ceramics for electromagnetic functional materials.
Adv. Funct. Mater. 35(10), 2416673 (2025). https://doi.org/
10.1002/adfm.202416673

C. Xu, K. Luo, Y. Du, H. Zhang, X. Lv et al., Anisotropic
interfaces support the confined growth of magnetic nanometer-
sized heterostructures for electromagnetic wave absorption.
Adv. Funct. Mater. 33(47), 2307529 (2023). https://doi.org/
10.1002/adfm.202307529

J. Wen, Y. Liu, S. Hui, L. Deng, L. Zhang et al., Lattice com-
pressive strain-controlled electromagnetic wave absorption
in TMDs by plasma-assisted rapid annealing. Matter 8(9),
102151 (2025). https://doi.org/10.1016/j.matt.2025.102151
G.H.J. Johnstone, M.U. Gonzalez-Rivas, K.M. Taddei, R.
Sutarto, G.A. Sawatzky et al., Entropy engineering and tun-
able magnetic order in the spinel high-entropy oxide. J. Am.
Chem. Soc. 144(45), 20590-20600 (2022). https://doi.org/
10.1021/jacs.2c06768

N. Wang, X. Kou, L. Zhong, G. Zeng, A. Farid et al., Geom-
etry-defect-spin coupling in chiral high-entropy systems:
Multiscale mechanisms of GHz electromagnetic dissipation.
Sci. Adv. 11(41), eadz2218 (2025). https://doi.org/10.1126/
sciadv.adz2218

Y. Bai, J. Zhang, D. Wen, B. Yuan, P. Gong et al., Fab-
rication of remote controllable devices with multistage
responsiveness based on a NIR light-induced shape memory
ionomer containing various bridge ions. J. Mater. Chem. A.
7(36), 20723-20732 (2019). https://doi.org/10.1039/CITAO
5329H

Q. He, Y. Yang, On lattice distortion in high entropy alloys.
Front. Mater. 5, 42 (2018). https://doi.org/10.3389/fmats.2018.
00042

K. Ma, S. Cheng, X. Ma, T. Blackburn, A.J. Knowles et al.,
Lattice misfit design and characterisation in BCC superalloys.
Scr. Mater. 267, 116802 (2025). https://doi.org/10.1016/j.scrip
tamat.2025.116802

J. Hao, Z. Zhuang, K. Cao, G. Gao, C. Wang et al., Unraveling
the electronegativity-dominated intermediate adsorption on
high-entropy alloy electrocatalysts. Nat. Commun. 13, 2662
(2022). https://doi.org/10.1038/s41467-022-30379-4

Y. Wan, W. Wei, S. Ding, L. Wu, H. Qin et al., A multi-site
synergistic effect in high-entropy alloy for efficient hydrogen
evolution. Adv. Funct. Mater. 35(5), 2414554 (2025). https://
doi.org/10.1002/adfm.202414554

L. Jia, L. Jiang, J. Yang, J. Liu, A. Wu et al., Tunable elec-
tromagnetic properties via dealloying in FeCoNiCuAl high-
entropy alloys for efficient electromagnetic-wave absorption.
Appl. Phys. Lett. 124(9), 092404 (2024). https://doi.org/10.
1063/5.0193890

W. Fan, Z. Li, J. Zhang, Y. Song, S. Zhang et al., Flash Joule
heating-enhanced in-situ synthesis of 3D graphene/high-
entropy alloy composites for efficient electromagnetic wave

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

absorption. Carbon 243, 120561 (2025). https://doi.org/10.
1016/j.carbon.2025.120561

J. Hu, L. Jiang, L. Jia, J. Jin, A. Wu et al., Novel carbonitrid-
ing process of high-entropy alloys using mechanochemical
process for obtaining excellent high-frequency electromag-
netic properties. Carbon 228, 119406 (2024). https://doi.org/
10.1016/j.carbon.2024.119406

S. Wang, Q. Liu, S. Li, F. Huang, H. Zhang, Joule-heating-
driven synthesis of a honeycomb-like porous carbon nanofiber/
high entropy alloy composite as an ultralightweight electro-
magnetic wave absorber. ACS Nano 18(6), 5040-5050 (2024).
https://doi.org/10.1021/acsnano.3c11408

H. Zhou, L. Jiang, S. Zhu, L. Jia, A. Wu et al., Structure evo-
lution and electromagnetic-wave absorption performances of
multifunctional FeCoNiMnVx high entropy alloys with harsh-
environment resistance. J. Alloys Compd. 946, 169402 (2023).
https://doi.org/10.1016/j.jallcom.2023.169402

J. Yang, Z. Liu, H. Zhou, L. Jia, A. Wu et al., Enhanced
electromagnetic-wave absorbing performances and corrosion
resistance via tuning Ti contents in FeCoNiCuTi, high-entropy
alloys. ACS Appl. Mater. Interfaces 14(10), 12375-12384
(2022). https://doi.org/10.1021/acsami.1c25079

Y. Duan, M. Li, Y. Guo, N. Zhu, H. Pang et al., Improving
electromagnetic wave absorption performance by adjusting
the proportion of brittle BCC phase in FeCoNiCr, ,Mn, high-
entropy alloys. Mater. Today Phys. 49, 101596 (2024). https://
doi.org/10.1016/j.mtphys.2024.101596

J. Hu, L. Jiang, H. Liu, J. Jin, L. Jia et al., Sulfur-dissolved
high-entropy alloys with ultrawide-bandwidth electromag-
netic-wave absorption properties synthesized via a mechano-
chemical process. J. Mater. Chem. C 12(39), 16015-16024
(2024). https://doi.org/10.1039/DATC03141E

P. Yang, Y. Liu, X. Zhao, J. Cheng, H. Li, Electromagnetic
wave absorption properties of FeCoNiCrAl, ¢ high entropy
alloy powders and its amorphous structure prepared by high-
energy ball milling. J. Mater. Res. 31(16), 2398-2406 (2016).
https://doi.org/10.1557/jmr.2016.257

J.Jin, Y. Zheng, J. Hu, L. Jiang, L. Jia et al., Surface phosphat-
ing modification of FeCoNiMn high-entropy alloys for effi-
cient electromagnetic-wave absorption performances. J. Alloys
Compd. 1005, 175980 (2024). https://doi.org/10.1016/j.jallc
om.2024.175980

G. Li, H. Zhao, H. Wang, Z. Zhou, L. Gao et al., Enhanced
microwave absorption performances of FeCoNiCuCr high
entropy alloy by optimizing particle size dehomogenization. J.
Alloys Compd. 941, 168822 (2023). https://doi.org/10.1016/j.
jallecom.2023.168822

B. Lei, C. Zhou, K. Zhang, J. Li, H. Miao et al., Plasma-
induced geometry engineering in high-entropy oxide com-
posites for superior electromagnetic absorption. Adv. Funct.
Mater. 35(27), 2425262 (2025). https://doi.org/10.1002/adfm.
202425262

H. Zhao, X. Xu, Y. Wang, D. Fan, D. Liu et al., Heterogene-
ous interface induced the formation of hierarchically hollow
carbon microcubes against electromagnetic pollution. Small

@ Springer


https://doi.org/10.1038/s41467-025-60890-3
https://doi.org/10.1002/adfm.202416673
https://doi.org/10.1002/adfm.202416673
https://doi.org/10.1002/adfm.202307529
https://doi.org/10.1002/adfm.202307529
https://doi.org/10.1016/j.matt.2025.102151
https://doi.org/10.1021/jacs.2c06768
https://doi.org/10.1021/jacs.2c06768
https://doi.org/10.1126/sciadv.adz2218
https://doi.org/10.1126/sciadv.adz2218
https://doi.org/10.1039/C9TA05329H
https://doi.org/10.1039/C9TA05329H
https://doi.org/10.3389/fmats.2018.00042
https://doi.org/10.3389/fmats.2018.00042
https://doi.org/10.1016/j.scriptamat.2025.116802
https://doi.org/10.1016/j.scriptamat.2025.116802
https://doi.org/10.1038/s41467-022-30379-4
https://doi.org/10.1002/adfm.202414554
https://doi.org/10.1002/adfm.202414554
https://doi.org/10.1063/5.0193890
https://doi.org/10.1063/5.0193890
https://doi.org/10.1016/j.carbon.2025.120561
https://doi.org/10.1016/j.carbon.2025.120561
https://doi.org/10.1016/j.carbon.2024.119406
https://doi.org/10.1016/j.carbon.2024.119406
https://doi.org/10.1021/acsnano.3c11408
https://doi.org/10.1016/j.jallcom.2023.169402
https://doi.org/10.1021/acsami.1c25079
https://doi.org/10.1016/j.mtphys.2024.101596
https://doi.org/10.1016/j.mtphys.2024.101596
https://doi.org/10.1039/D4TC03141E
https://doi.org/10.1557/jmr.2016.257
https://doi.org/10.1016/j.jallcom.2024.175980
https://doi.org/10.1016/j.jallcom.2024.175980
https://doi.org/10.1016/j.jallcom.2023.168822
https://doi.org/10.1016/j.jallcom.2023.168822
https://doi.org/10.1002/adfm.202425262
https://doi.org/10.1002/adfm.202425262

358

Page 18 of 18

Nano-Micro Lett. (2026) 18:358

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

16(43), 2003407 (2020). https://doi.org/10.1002/sm11.20200
3407

Y. Liu, F. Wang, Y. Wang, B. Hu, P. Xu et al., A combined
engineering of hollow and core-shell structures for C@MoS,
microcapsules toward high-efficiency electromagnetic absorp-
tion. Compos. B Eng. 273, 111244 (2024). https://doi.org/10.
1016/j.compositesb.2024.111244

L. Song, F. Hu, Y. Chen, L. Guan, P. Zhang et al., Heteroin-
terface-engineered SiC@SiO,@C nanofibers for simultane-
ous microwave absorption and corrosion resistance. Adv. Sci.
12(37), 09071 (2025). https://doi.org/10.1002/advs.20250907 1

Y. Chen, L. Gai, B. Hu, Y. Wang, Y. Chen et al., Directional
three-dimensional macroporous carbon foams decorated
with WC,_, nanoparticles derived from salting-out protein
assemblies for highly effective electromagnetic absorption.
Nano-Micro Lett. 18(1), 71 (2025). https://doi.org/10.1007/
$40820-025-01920-z

J. Lin, H. Wen, Z. Feng, R. Hu, L. Wu et al., Anion injection in
dielectric ecosystems to construct dual built-in electric fields for
efficient electromagnetic response. Adv. Funct. Mater. 35(37),
2505381 (2025). https://doi.org/10.1002/adfm.202505381

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
L. Gai, Y. Wang, P. Wan, S. Yu, Y. Chen et al., Composi-
tional and hollow engineering of silicon carbide/carbon micro-
spheres as high-performance microwave absorbing materials
with good environmental tolerance. Nano-Micro Lett. 16(1),
167 (2024). https://doi.org/10.1007/s40820-024-01369-6

Y. Peng, J. Liu, Z. Feng, J. Peng, Y. Guo et al., Multi-com-
ponent heterogeneous interface engineering and magnetic
domain evolution for broadband electromagnetic wave attenu-
ation. Chem. Eng. J. 524, 168991 (2025). https://doi.org/10.
1016/j.cej.2025.168991

H. Ding, W. Song, Y. Chen, Y. Wang, Y. Wang et al., Hollow
engineering of carbon-based microspheres: microstructural
modulation for advanced electromagnetic wave absorption.
Carbon 244, 120621 (2025). https://doi.org/10.1016/j.carbon.
2025.120621

Y. Wang, X. Han, P. Xu, D. Liu, L. Cui et al., Synthesis of
pomegranate-like Mo,C@C nanospheres for highly efficient
microwave absorption. Chem. Eng. J. 372, 312-320 (2019).
https://doi.org/10.1016/j.cej.2019.04.153

S. Tao, I. Schmidt, G. Brocks, J. Jiang, I. Tranca et al., Abso-
lute energy level positions in tin- and lead-based halide per-
ovskites. Nat. Commun. 10, 2560 (2019). https://doi.org/10.
1038/s41467-019-10468-7

B. Yang, Q. Zhang, H. Huang, H. Pan, W. Zhu et al., Engineer-
ing relaxors by entropy for high energy storage performance.
Nat. Energy 8(9), 956-964 (2023). https://doi.org/10.1038/
s41560-023-01300-0

Z. Tian, F. Hu, P. Zhang, Y. Fan, A.S. Shamshirgar et al.,
High-entropy engineering of A-site in MAX phases toward
superior microwave absorption properties. Matter 8(12),
102367 (2025). https://doi.org/10.1016/j.matt.2025.102367

© The authors

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

M. Yuan, B. Li, Y. Du, J. Liu, X. Zhou et al., Programmable
electromagnetic wave absorption via tailored metal single
atom-support interactions. Adv. Mater. 37(8), 2417580 (2025).
https://doi.org/10.1002/adma.202417580

Z.Gu, N. Liu, Y. Cheng, Y. Wu, C. Sun et al., Atomic ordered
array and vacancy defect codependences of electromagnetic
response in nanocarbon bridged-MXene superlattices absorb-
ers. Adv. Funct. Mater. 36(6), €16459 (2026). https://doi.org/
10.1002/adfm.202516459

C. Xu, K. Luo, Y. Du, X. Lv, C. Zhang et al., Nano-heter-
ointerface coupling engineering induced electromagnetic
response by tailored spindle arrays for microwave absorption.
Adv. Funct. Mater. 35(52), €12806 (2025). https://doi.org/10.
1002/adfm.202512806

F. Hu, P. Zhang, P. Ding, S. Zhang, B. Fan et al., Magnetic—
dielectric synergy in one-dimensional metal heterostruc-
tures for enhanced low-frequency microwave absorption.
Nano-Micro Lett. 18(1), 155 (2026). https://doi.org/10.1007/
540820-025-01995-8

Y. Peng, J. Liu, A. Ni, L. Wu, C. Liu et al., Nitrogen-doped Co/
carbon nanosheet composites with accordion-like structures
and superior magnetic resonance for broadband electromag-
netic wave absorption. Carbon 234, 119965 (2025). https://
doi.org/10.1016/j.carbon.2024.119965

X.Zhou, Y. Du, H. Zhang, B. Li, X. Xiong et al., High-entropy
nanoalloys anchored on entropy-compensating two-dimen-
sional oxides for enhanced nanomagnetism. Sci. Adv. 11(47),
eadv8411 (2025). https://doi.org/10.1126/sciadv.adv8411

N. Qu, H. Sun, Y. Sun, M. He, R. Xing et al., 2D/2D coupled
MOF/Fe composite metamaterials enable robust ultra—broad-
band microwave absorption. Nat. Commun. 15, 5642 (2024).
https://doi.org/10.1038/s41467-024-49762-4

G. Feng, L. Guo, H. Yu, Y. Li, B. Ren et al., Uniting superior
electromagnetic wave absorption with high thermal stability in
bioinspired metamaterial by direct ink writing. Adv. Funct. Mater.
35(36), 2424499 (2025). https://doi.org/10.1002/adfm.202424499

L. Gai, H. Zhao, X. Li, P. Wang, S. Yu et al., Shell engineering
afforded dielectric polarization prevails and impedance ame-
lioration toward electromagnetic wave absorption enhance-
ment in nested-network carbon architecture. Chem. Eng. J.
501, 157556 (2024). https://doi.org/10.1016/j.cej.2024.157556

B. Xing, S. Nie, B. Jin, X. Zuo, H. Yu et al., Corrosion behav-
ior of AICrVTi light-weight high-entropy alloy coating in dif-
ferent corrosion environments. J. Surf. Sci. Technol. 1(1), 18
(2023). https://doi.org/10.1007/s44251-023-00020-7

Z.Qiu, X. Liu, T. Yang, J. Wang, Y. Wang et al., Synergistic
enhancement of electromagnetic wave absorption and corro-
sion resistance properties of high entropy alloy through lattice
distortion engineering. Adv. Funct. Mater. 34(33), 2400220
(2024). https://doi.org/10.1002/adfm.202400220

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

https://doi.org/10.1007/s40820-026-02203-x


https://doi.org/10.1002/smll.202003407
https://doi.org/10.1002/smll.202003407
https://doi.org/10.1016/j.compositesb.2024.111244
https://doi.org/10.1016/j.compositesb.2024.111244
https://doi.org/10.1002/advs.202509071
https://doi.org/10.1007/s40820-025-01920-z
https://doi.org/10.1007/s40820-025-01920-z
https://doi.org/10.1002/adfm.202505381
https://doi.org/10.1007/s40820-024-01513-2
https://doi.org/10.1007/s40820-024-01369-6
https://doi.org/10.1016/j.cej.2025.168991
https://doi.org/10.1016/j.cej.2025.168991
https://doi.org/10.1016/j.carbon.2025.120621
https://doi.org/10.1016/j.carbon.2025.120621
https://doi.org/10.1016/j.cej.2019.04.153
https://doi.org/10.1038/s41467-019-10468-7
https://doi.org/10.1038/s41467-019-10468-7
https://doi.org/10.1038/s41560-023-01300-0
https://doi.org/10.1038/s41560-023-01300-0
https://doi.org/10.1016/j.matt.2025.102367
https://doi.org/10.1002/adma.202417580
https://doi.org/10.1002/adfm.202516459
https://doi.org/10.1002/adfm.202516459
https://doi.org/10.1002/adfm.202512806
https://doi.org/10.1002/adfm.202512806
https://doi.org/10.1007/s40820-025-01995-8
https://doi.org/10.1007/s40820-025-01995-8
https://doi.org/10.1016/j.carbon.2024.119965
https://doi.org/10.1016/j.carbon.2024.119965
https://doi.org/10.1126/sciadv.adv8411
https://doi.org/10.1038/s41467-024-49762-4
https://doi.org/10.1002/adfm.202424499
https://doi.org/10.1016/j.cej.2024.157556
https://doi.org/10.1007/s44251-023-00020-7
https://doi.org/10.1002/adfm.202400220

	Entropy-Mediated Lattice Distortion for Tailored Dielectric Polarization to Improve L-Band Electromagnetic Wave Absorption
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Synthesis of SM, LEA, MEA, and HEA

	3 Results and Discussion
	3.1 Microstructural Characterization of MPEAs
	3.2 Role of Entropy-Driven Lattice Distortion in Low-Frequency EM Absorption
	3.3 Design of the Metamaterial Absorbers
	3.4 Corrosion Resistance of MPEAs

	4 Conclusions
	Acknowledgements 
	References


