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ABSTRACT: To overcome the challenge of insufficient loss strength
in  single-phase  high-entropy  ferrites,  this  work  develops  a  novel
defect-engineering-driven  dual-phase  strategy  to  fabricate
spinel/rock-salt structured (Fe0.5Mg0.5CoNiCuMn)3O4@CuO composite
ceramics. The combination of experimental characterization and first-
principles  calculations  demonstrates  a  strong  positive  correlation
between  the  defect  concentration  and  microwave  absorption
performance.  The  optimized  material  achieves  outstanding
electromagnetic  absorption  with  a  minimum  reflection  loss  of
−48  dB  and  an  effective  absorption  bandwidth  of  3.9  GHz  in  the
X-band.  Remarkably,  this  work  obtains  70%  bandwidth  retention
after  oxidation  at  1200  °C  and  a  thermal  conductivity  of
2.154 W·m−1·K−1,  demonstrating exceptional high-temperature stability and thermal management capability.  This study pioneers a
new  pathway  for  the  development  of  oxidation-resistant  and  electromagnetic  protection  materials  through  defect-engineering-
driven synergistic modulation.
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1    Introduction
With  the  rapid  advancement  of  modern  communication
technologies,  electromagnetic  pollution  has  become  increasingly
severe,  posing  potential  threats  to  both  the  environment  and
human health  [1−4].  The  development  of  electromagnetic  wave-
absorbing  materials  characterized  by  thinness,  high  efficiency,
light  weight,  and  broad  absorption  bandwidth  has  emerged  as  a
critical direction to address this challenge [5,6].  Currently, widely
studied absorbers  mainly  include dielectric  loss  materials  such as
silicon carbide and conducting polymers, as well as magnetic loss
materials  such  as  ferrites  [7].  Through  elemental  doping  and
structural design, synergistic regulation of dielectric and magnetic
losses  has  been  achieved  to  some  extent  [8].  Although  these
materials  exhibit  relatively  good  absorption  performance,
significant  challenges  remain  in  terms  of  precise  microstructural
control, effective utilization of interface effects, and the complexity
of  preparation  processes  [9].  Furthermore,  with  the  growing
demand  for  applications  in  extreme  environments,  traditional
electromagnetic  absorbers  are  also  required  to  possess

comprehensive  properties  such  as  excellent  thermal  stability  and
high-temperature oxidation resistance [10,11].

High-entropy  ceramics  are  a  class  of  inorganic  compounds
formed  by  solid  solutions  of  five  or  more  principal  elements  in
near-equimolar  ratios  [12,13].  The  diverse  compositional  designs
and  tunable  structural  characteristics  of  these  materials
demonstrate  broad  application  prospects  in  the  field  of
electromagnetic wave absorption. Reported systems such as high-
entropy carbide, boride, and oxide ceramics have all shown good
impedance matching performance [14,15]. Owing to their unique
high-entropy  effects,  these  ceramics  combine  excellent  thermal
stability  with  relatively  high  thermal  conductivity,  making  them
particularly suitable for extreme environment applications [10]. As
an  important  category  of  high-entropy  oxide  ceramics,  high-
entropy  ferrite  ceramics  can  induce  valence  band  compensation
effects  through  disordered  multivalent  cation  arrangements,
thereby  regulating  the  defect  concentration,  band  structure,  and
chemical  disorder,  which  effectively  tunes  the  electrical
conductivity and enhances the dielectric properties. Moreover, the
incorporation  of  magnetic  ions  in  high-entropy  ferrite  ceramics 
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can  strengthen  ferromagnetic  coupling,  further  improving  the
magnetic  loss  capability.  In  recent  years,  high-entropy  ferrite
ceramics,  such  as  (Mn0.2Co0.2Cu0.2Zn0.2Mo0.2)Fe2O4 and  MFe2O4
(M  =  Mg,  Mn,  Fe,  Co,  Ni,  Cu,  Zn),  have  been  demonstrated  to
exhibit outstanding microwave absorption performance [16,17].

However,  single-phase  high-entropy  ferrite  ceramics  still  face
limitations such as poor impedance matching, often necessitating
the  introduction  of  a  second  phase  to  construct  composite
structures to optimize impedance matching and enhance interface
polarization  effects  [18,19].  For  example,  compounding  high-
entropy  ferrite  ceramics  with  highly  conductive  materials  can
effectively  modulate  their  dominant  loss  mechanism  [20].
Furthermore,  during  the  formation  of  multiphase  structures,
various  defects  (e.g.,  point  defects,  dislocations,  and  interface
disorder)  and  stress-induced  effects  are  readily  generated  within
high-entropy  ferrite  ceramics  [21−23].  These  defects  act  as  a
double-edged sword: For example, surface oxygen vacancies form
more  readily  under  thermodynamic  conditions  in  high-entropy
oxides  and  can  be  intentionally  introduced  to  enhance  the
dielectric response by increasing the free carrier concentration or
by  acting  as  polarization  centers  [14,24];  however,  randomly
distributed  or  excessively  high  concentrations  of  defects  can  also
lead  to  disordered  electromagnetic  parameters  and  impedance
mismatch,  thereby  reducing  the  wave-absorbing  performance
[25,26].  Therefore,  precise  regulation  of  the  defect  concentration
and  spatial  distribution  is  crucial  for  achieving  synergistic
optimization of impedance matching and loss mechanisms.

On  the  basis  of  defect-engineering-driven  synergistic
modulation,  this  study  successfully  prepared  composite  ceramics
of  high-entropy  ferrite  ((Fe0.5Mg0.5CoNiCuMn)3O4)  and  copper
oxide  (CuO)  through  precise  compositional  design,  achieving
controllable  construction  of  a  defect  gradient.  Combining  first-
principles  calculations  with  experimental  validation,  a  positive
correlation  between  the  defect  concentration  and  microwave
absorption  performance  was  established.  Under  conditions  of  a
lattice  distortion  rate  of  0.86%  and  an  interface  oxygen  vacancy
(VOS)  concentration  of  51.89%,  the  material  exhibited  optimal
impedance  matching  behavior.  The  optimized  composite
ceramics  demonstrated  excellent  microwave  absorption
performance: a minimum reflection loss (RLmin) of −48 dB and a
maximum  effective  absorption  bandwidth  (EABmax)  of  3.9  GHz,
outperforming most reported ceramic-based absorbers. After high-
temperature oxidation at 1200 °C, the electromagnetic absorption
performance  decreased  by  only  approximately  30%  (EABmax =
2.7  GHz),  indicating  good  oxidation  resistance.  Thermal
conductivity measurements revealed a thermal conductivity of up
to  2.154  W·m−1·K−1,  suggesting  potential  applicability  in  thermal
management  scenarios.  This  study  provides  new  insights  and  a
theoretical  basis  for  the  design  and  optimization  of  high-
temperature  oxidation-resistant  and  high-performance
electromagnetic  absorbing  materials  intended  for  extreme
environments.

2    Experimental

2.1    Material preparation
(Fe0.5Mg0.5CoNiCuMn)3O4@CuO  were  synthesized  via  a  solid-
state reaction using Fe2O3,  MgO, CoO, NiO, CuO, and MnO2 as
raw materials.  All  the  metal  oxide  powders,  with  purities  greater
than  99.9%,  are  supplied  by  Aladdin.  The  raw  materials  are
accurately  weighed  according  to  their  stoichiometric  ratios  and
mixed with an appropriate  amount  of  ethanol  in  a  zirconia  ball-
milling  jar.  The  mixture  was  ball-milled  for  12  h  to  ensure

homogeneity.  The  resulting  slurry  was  dried  at  60  °C  for  8  h  to
remove ethanol.  The dried powders were further ground using a
mortar and sieved through a 120-mesh screen to obtain black high-
entropy  ceramic  powders.  These  powders  are  then  uniaxially
pressed  into  black  blocks  with  dimensions  of  5  mm  ×  10  mm
under  a  pressure  of  10  MPa.  Finally,  the  blocks  were  sintered  in
air using a muffle furnace. The sintering procedure was as follows:
The samples were heated from room temperature to 1000 °C at a
rate  of  5  °C·min−1,  further  heated  to  the  final  sintering
temperatures  (ranging  from  800  to  1300  °C)  at  a  slower  rate  of
2.5  °C·min−1,  held  at  the  final  sintering  temperature  for  4  h,  and
then  allowed  to  cool  naturally  to  room  temperature  inside  the
furnace.  This  process  yielded  dual-phase  high-entropy  ferrite
ceramics  (FeCoNiCuMn)3O4 and  CuO,  designated  Mg-1.
Similarly,  (Fe0.75Mg0.25CoNiCuMn)3O4 and  CuO,
(Fe0.5Mg0.5CoNiCuMn)3O4 and CuO, (Fe0.25Mg0.75CoNiCuMn)3O4
and CuO, and (MgCoNiCuMn)3O4 and CuO are synthesized and
designated Mg-2, Mg-3, Mg-4, and Mg-5, respectively.

2.2    Characterizations
The  phase  composition  and  structural  evolution  of  the  samples
are characterized using an X-ray diffractometer (XRD; Ultima IV)
with  Rietveld  refinement.  Microstructural  features  and  elemental
distributions  are  analyzed  by  a  field-emission  scanning  electron
microscope  (FE-SEM;  HITACHI  SU8010).  High-resolution
microstructure  observations  are  performed  using  a  transmission
electron microscope (TEM; JEM-2100F, JEOL). Elemental valence
states  and  defect  characteristics  are  examined  using  an  X-ray
photoelectron  spectrometer  (XPS;  Kratos  Axis  Ultra  DLD  AXIS
SUPRA). The magnetic hysteresis loops and electrical conductivity
are  measured  using  a  vibrating  sample  magnetometer  (VSM;
LakeShore 7404) and a resistivity meter (ST2253Y, Suzhou Jingge
Electronic),  respectively.  The thermal  conductivity  was  measured
by a  laser-flash  apparatus  (LFA 457,  NETZSCH) on disk-shaped
samples  with  a  diameter  of  12.7  mm  and  a  thickness  of  3  mm.
The  high-entropy  ferrite  ceramics  were  cut  into  dimensions  of
22.8  mm  ×  10.1  mm  × 2.5  mm,  and  their  complex  relative
permittivity  and  permeability  were  measured  using  a  vector
network  analyzer  (3672B,  Ceyear)  over  the  frequency  range  of
8.2–12.4 GHz.

CST Studio Suite (CST) is employed to simulate the radar cross-
section (RCS) of the samples. The samples are modeled as squares
with  dimensions  of  100  mm  ×  100  mm,  comprising  a  bilayer
structure.  The  top  layer  consists  of  high-entropy  oxide  ceramic
material,  whereas the bottom layer is  a  perfect  electric conductor
(PEC) with a thickness of 1 mm. The simulation frequency range
is within the 8.7 GHz regime. The absorption model is positioned
on the X–O–Y plane, with microwaves incident along the negative
Y-axis  and  the  electric  field  polarized  along  the Z-axis.  The
scattering  direction  is  analyzed  in  terms  of  the  spherical
coordinate angles (θ and φ).

Density  functional  theory  (DFT)  calculations  were  carried  out
with  the  Vienna ab  initio simulation  package  (VASP).  The
exchange–correlation  functional  was  treated  within  the
generalized  gradient  approximation  (GGA)  using  the  Perdew–
Burke–Ernzerhof  (PBE)  formulation.  Electron–ion  interactions
were  described  using  the  projector  augmented  wave  (PAW)
method,  with  a  plane-wave  kinetic  energy  cutoff  set  to  400  eV.
This cutoff energy and the k-point mesh were chosen on the basis
of  comprehensive  convergence  tests.  A  Γ-centered k-point  grid
with  dimensions  of  4  ×  3  ×  3  was  adopted  for  Brillouin  zone
sampling.  The  unit  cell  volume  was  optimized  to  407.6215  Å3.
During  structural  relaxation,  all  the  atomic  positions  were  fully
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optimized. The convergence thresholds for the self-consistent field
iterations were set to 10−5 eV for energy and 0.02 eV·Å−1 for forces.

3    Results and discussion

3.1    Composition,  structure,  morphology,  and  defect
engineering design

2dsinθ = nγ

Figure 1(a) presents the XRD patterns of the Mg-1–5 systems after
calcination  at  1200  °C for  4  h.  All  the  diffraction  peaks  perfectly
match the spinel structure of Fe3O4 (PDF#75-0449) and the rock-
salt  structure  of  CuO  (PDF#89-5899),  confirming  that  the  high-
entropy  ceramic  consists  of  a  two-phase  composite
((Fe0.5Mg0.5CoNiCuMn)3O4 phase  and  CuO  phase),  named
(Fe0.5Mg0.5CoNiCuMn)3O4@CuO.  Furthermore,  to  provide
additional  evidence  for  the  successful  synthesis  of  the  high-
entropy phase, we performed configurational entropy calculations
on  the  cation  sites  of  (Fe0.5Mg0.5CoNiCuMn)3O4.  According  to
the  configurational  entropy  formula,  the  calculated  result  is
15.93 J∙mol−1·K−1.  In the field of  high-entropy materials,  1.5R (i.e.,
1.5×8.314 ≈ 12.47 J∙mol−1·K−1) is widely recognized as the criterion
threshold. Since 15.93 > 12.47 J∙mol−1·K−1, this thermodynamically
confirms that the spinel phase itself is a typical high-entropy solid
solution.  Notably,  as  the  Mg doping  concentration  increases,  the
XRD  diffraction  peaks  exhibit  a  systematic  shift  toward  lower
angles  [27].  According  to  Bragg’s  equation  ( ),  this
shift  originates  from  the  larger  ionic  radius  of  the  divalent

magnesium  ion  than  the  trivalent  iron  ion,  resulting  in  lattice
expansion [27]. To analyze the evolution of the lattice parameters
quantitatively,  Rietveld  refinement  is  performed  on  the  Mg-1–5
systems (Fig. S1 in the Electronic Supplementary Material (ESM)
and Fig.  3(c)).  The  reliability  of  the  refinement  results  is  well
supported by the Rwp values, all of which are below 10% [28]. The
refined data (Table S1 and Fig. S2 in the ESM) further reveal that
with increasing Mg concentration, the unit cell parameters, angles,
and  unit  cell  volume  of  both  phases  initially  increase  but  then
decrease, reaching a peak at Mg-3. The volume of the CuO phase
changes  little.  This  observed phenomenon is  attributed primarily
to the evolution of Mg2+ occupation. In the initial stage, Mg2+ ions,
owing  to  their  strong  preference  for  tetrahedral  coordination,
preferentially occupy the tetrahedral interstitial sites. The relatively
large  ionic  radius  consequently  induces  lattice  expansion.  As  the
Mg  content  continues  to  increase  to  the  point  where  the
tetrahedral  sites  approach  saturation,  the  additional  Mg2+ ions
begin to occupy the octahedral interstitial sites. This process likely
involves  the  displacement  of  smaller  ions.  The  resulting  lattice
contraction  effect  surpasses  the  expansion  effect  caused  by  the
ionic radius, thereby leading to a reduction in the unit cell volume.
Moreover,  the  CuO  phase  essentially  maintains  constant  lattice
parameters  because  of  its  extremely  limited  solid  solubility  for
Mg2+ within  its  crystal  structure  and  its  stable  chemical
composition.  Although the  volume of  the  copper  oxide  phase  in
Mg-5 increases, the overall volume of both phases remains smaller
than  that  of  Mg-3.  This  phenomenon  indicates  that  Mg2+

 

Fig. 1    (a) XRD patterns of Mg-1–5 and XRD magnification patterns of 35.5°–40°. (b) EPR spectra of Mg-1–5. (c, d) High-resolution XPS spectra of Fe 2p and O 1s of
Mg-1–5. (e, f) Fe3+/Fe2+ and surface VOS contents of Mg-1–5.
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substitution not only directly modulates the lattice parameters but
also  induces  lattice  distortion  due  to  ionic  radius  mismatch,
thereby  providing  a  structural  foundation  for  the  subsequent
optimization  of  electromagnetic  properties.  Furthermore,  Fig.  S3
in the ESM compares the XRD patterns of the Mg-3 system with
those  of  typical  single-component  spinel  oxides,  confirming  its
characteristic  long-range  order  and  short-range  disorder,  which
are hallmarks of high-entropy ceramics.

XPS  was  employed  to  investigate  the  surface  chemical  states
and  electronic  structure  characteristics  of  the  etched  Mg-1–5
samples.  The  survey  spectrum  (Fig.  S4  in  the  ESM)  reveals  the
presence  of  Fe  2p,  Co  2p,  Ni  2p,  Cu  2p,  Mn  2p,  and  Mg  1s
characteristic  peaks,  confirming the  synergistic  coexistence  of  Fe,
Co,  Ni,  Cu,  Mn,  and  Mg  multimetallic  elements.  The  high-
resolution  Fe  2p  spectrum  (Fig.  1(c))  exhibits  distinct  peaks  at
binding energies  of  713.87,  726.32,  710.89,  and 723.72 eV,  which
correspond to  Fe3+ and  Fe2+,  respectively  [29].  The  coexistence  of
multiple valence states of Fe suggests strong electronic interactions
with  neighboring  metal  cations,  a  characteristic  closely  aligned
with the structural formation mechanism of high-entropy oxides.
Notably,  the  difference  in  crystal  field  stabilization  energy  drives
Fe2+ to  preferentially  occupy  octahedral  sites,  whereas  Fe3+ is
distributed  across  both  tetrahedral  and  octahedral  sites.  This
disordered  cation  arrangement  induces  significant  variations  in
the  bonding  energy  with  oxygen ions,  which  thermodynamically
favors the formation of cation vacancies.

In  general,  the  synergistic  effect  of  multiple  metal  elements
significantly  enhances  the  oxidation  reaction  kinetics,  thereby
increasing the surface VOS concentration in high-entropy systems.
The  high-resolution  O  1s  spectrum  (Fig.  1(d))  reveals  three
characteristic  components:  lattice  oxygen  (529.88  eV),  VOS
(531.21 eV),  and surface-adsorbed water  (532.82 eV).  The VOS is
regulated by adjusting the elemental  ratios,  whereas the variation
in  surface-adsorbed  water  originates  from  lattice  distortion
extending  to  the  material  surface.  This  leads  to  irregular  atomic
arrangements  and  an  increase  in  unsaturated  bonds,  thereby
resulting in increased surface energy. The elevated surface energy
makes  the  material  surface  more  inclined  to  adsorb  water
molecules  to  reduce  its  energy  and  achieve  a  more  stable  state.
Compared  with  the  other  samples,  Mg-3  exhibits  the  most
significant lattice distortion, which accounts for its highest amount
of  surface-adsorbed  water  molecules.  Under  an  alternating
electromagnetic  field,  the –OH groups,  which are  strongly  polar,
undergo  directional  reorientation,  resulting  in  orientation
polarization.  Moreover,  these  polar  groups  interact  with  defects
such  as  VOS within  the  material,  forming  many  dipoles  and
inducing  dipole  polarization.  The  synergistic  effect  of  these
multiple polarization mechanisms ultimately influences the wave-
absorbing  properties.  To  further  determine  the  relationship
between the metal valence state and surface VOS concentration, the
ratio  of  the  Fe3+/Fe2+ to  the  surface  oxygen  defect  concentration
was  estimated  by  calculating  the  ratio  of  the  area  of  the  high-
binding-energy  component  associated  with  the  Fe3+/Fe2+ and
surface  oxygen vacancies  to  the  total  area,  as  shown in Figs.  1(e)
and 1(f) and Tables S2 and S3 in the ESM. However, the approach
provides  a  relative  value  intended  for  trend  comparison  and
inherently  involves  systematic  deviations  from  the  true  absolute
concentration.

With  increasing  Mg  doping,  the  Fe3+/Fe2+ area  ratio  exhibits  a
nonmonotonic  trend,  initially  decreasing  but  then  increasing.
Notably, the area ratio of the surface oxygen vacancy characteristic
peak  exhibits  an  inverse  relationship  with  the  Fe3+/Fe2+ ratio,
suggesting  a  significant  positive  correlation  between  the  increase
in  surface  oxygen  vacancy  concentration  and  the  relative

concentration  of  Fe2+ but  a  negative  correlation  with  the  relative
concentration  of  Fe3+.  This  correlation  can  be  attributed  to  the
electronic  configuration  of  Fe2+,  which  is  more  favorable  for
surface  oxygen  vacancy  formation,  as  its  unfilled  3d  orbitals  can
stabilize surface oxygen vacancy defects through a charge transfer
mechanism.  Quantitative  XPS  analysis  reveals  that  the
concentration  of  surface  oxygen  vacancies  initially  increases  but
then decreases with increasing magnesium doping concentration.
Among all the samples, Mg-3 exhibits the highest relative surface
oxygen  vacancy  concentration,  reaching  a  peak  value  of  51.89%.
In addition, the high-resolution XPS spectra of the other elements
are presented in Fig. S5 in the ESM.

To  further  verify  the  reliability  of  this  result,  electron
paramagnetic  resonance  (EPR)  spectroscopy  was  employed  to
quantitatively characterize the oxygen-related defects. As shown in
Fig. 1(b), the g-factor (the dimensionless proportionality constant
that  scales  the  ratio  of  the  magnetic  moment  of  an  unpaired
electron  to  its  angular  momentum)  for  all  the  samples  remains
constant  at  2.003,  confirming  the  presence  of  oxygen  vacancies.
Notably,  the  intensity  of  the  characteristic  EPR  signal  first
increases but then decreases with increasing Mg doping, with the
Mg-3  sample  exhibiting  the  strongest  signal.  This  indicates  that
the highest  content  of  surface oxygen vacancies  is  present  in this
sample.

Figure 2(a) shows SEM images of the Mg-3 sample after high-
temperature  calcination.  Microstructural  analysis  reveals
significant  morphological  heterogeneity:  The  substrate  region
exhibits  a  relatively  smooth  surface,  whereas  the  protruded areas
display a strip-like structure, and the average grain size of Mg-3 is
23.87  µm (Fig.  S6  in  the  ESM).  Additionally,  micron-sized pores
are  dispersed  throughout  the  base.  To  evaluate  the  degree  of
densification of the samples, the porosity was measured using the
Archimede  drainage  method.  As  shown  in  Fig.  S7  in  the  ESM,
under  the  same  preparation  process,  the  porosity  of  the  samples
increases  with  increasing  Mg  concentration,  which  is
accompanied  by  a  corresponding  decrease  in  density.  This
phenomenon  can  be  primarily  attributed  to  the  much  higher
melting  point  of  magnesium  oxide  than  that  of  iron  oxide.  The
introduction  of  a  high  Fe  concentration  may  facilitate  the
formation  of  a  certain  amount  of  liquid  phase  during  sintering,
significantly enhancing the densification process through a “liquid-
phase  sintering” effect.  In  contrast,  systems  with  higher  Mg
concentrations  tend  to  undergo  solid-state  sintering,  which
requires  higher  temperatures  or  longer  holding  times  to  achieve
full densification. Energy-dispersive spectrometer (EDS) mapping
analysis  further  confirms  that  Fe,  Mg,  Co,  Ni,  Cu,  and  Mn  are
uniformly  distributed  within  the  substrate  phase,  collectively
forming  the  (Fe0.5Mg0.5CoNiCuMn)3O4 phase.  In  contrast,  Cu  is
significantly  enriched  in  the  strip-like  regions,  leading  to  the
formation  of  a  distinct  CuO  phase.  This  pronounced
microstructural  variation  provides  direct  evidence  of  phase
separation  among  the  multicomponent  constituents.  The
mechanism underlying this phenomenon can be attributed to the
regulation  of  the  metal  element  molar  ratio,  which  limits  the
thermodynamic  driving  force  for  the  formation  of  high
configurational  entropy.  When  the  system  possesses  sufficient
driving  force,  metal  cations  undergo  entropy-driven  cooperative
diffusion,  leading  to  the  formation  of  single-phase  high-entropy
ferrite  ceramics.  Conversely,  under  conditions  of  insufficient
driving  force,  the  individual  components  tend  to  undergo
competitive  diffusion,  resulting  in  a  multiphase  composite
structure.  This  behavior  aligns  well  with  classical  configurational
entropy regulation theory.

TEM  characterization  (Fig.  2(b))  reveals  that  the  Mg-3
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composite primarily consists of a rock-salt-structured CuO phase
and  a  spinel-structured  (Fe0.5Mg0.5CoNiCuMn)3O4 phase.  The
interface  between  these  two  phases  is  well-defined,  exhibiting  a
distinct  grain  boundary  (Fig.  2(c)).  High-resolution  TEM
(HRTEM) reveals  that  the characteristic  crystal  plane spacings of
0.48  and  0.25  nm  correspond  to  the  (111)  plane  of  the  spinel
phase  and the  (002)  plane  of  the  rock-salt  phase,  respectively.  In
high-entropy  systems,  the  valence  state  differences  among
multiple  metal  ions  lead to  the  accumulation of  lattice  distortion
energy.  To  maintain  structural  stability,  [MO4]  tetrahedral  and
[MO6]  octahedral  coordination  units  undergo  cooperative
distortion. The selected area electron diffraction (SAED) patterns
(Figs.  2(b)  and 2(c))  further  confirm  the  coexistence  of  the  two
phases. Specifically, the rock-salt phase exhibits a set of diffraction
spots  forming  a  parallelogram,  attributed  to  the  (200),  ( ),
( ),  and  (020)  planes.  Moreover,  the  spinel  phase  is
characterized by diffraction rings corresponding to the (026) and
(222)  planes.  The  presence  of  point  defects  is  definitively
established  by  the  variation  in  cation  valence  states,  direct  XPS
fitting, and characteristic response in EPR spectra (Figs.  1(b) and
1(d)).  These  point  defects  are  also  manifested  in  the  magnified
HRTEM  images  (Figs.  2(f)–2(i))  as  localized  contrast  variations,
which  are  observed  alongside  discontinuous  lattice  fringes  [15].
Furthermore,  the  atomic  arrangement  along  the  lattice  planes  in
the  yellow-marked  region  (Fig.  2(g))  clearly  reveals  pronounced
lattice  distortions.  These  findings  further  verify  the  presence  of
abundant  structural  defects  in  Mg-3,  where  strong  polarization
effects induced by lattice distortions, discontinuous lattice fringes,
and  point  defects  contribute  to  enhanced  electromagnetic  wave

dissipation. The stress distribution and statistical curves along the
xx and yy biaxial directions of the Mg-3 material are quantitatively
characterized based on the GPA method (Fig. 2(j)), with a specific
focus  on  the  interface  between  the  two  phases.  The  visualized
stress field results  indicate that the red regions correspond to the
tensile  stress  zone,  the  blue  regions  represent  the  compressive
stress  zone,  and  the  green  regions  denote  the  stress-free  area.
Notably,  a  significant  stress  gradient  is  observed  at  the  material
interface  region  (upper  right  quadrant),  with  the  boundary  line
closely matching the phase interface identified by TEM analysis.

The  quantitative  statistics  further  reveal  that  the
(Fe0.5Mg0.5CoNiCuMn)3O4 phase  exhibits  a  concentrated
distribution  of  tensile  stress  (high-density  red  regions),  whereas
the CuO phase  predominantly  features  compressive  stress  (high-
density  blue  regions).  This  pronounced  heterogeneity  in  stress
distribution  highlights  the  complex  interfacial  stress-matching
characteristics within the material. In addition, the degree of stress
variation  in  the  (Fe0.5Mg0.5CoNiCuMn)3O4 phase  is  markedly
greater than that in the CuO phase. This significant variation can
be  attributed  to  the  inherent “lattice  distortion  effect” of  high-
entropy  systems:  The  substantial  differences  in  the  atomic
properties  among  the  multiple  metallic  cations  (Fe/Mg/
Co/Ni/Cu/Mn)  induce  severe  lattice  distortions  when  a  single-
phase solid solution is formed, causing individual atoms to deviate
from their original equilibrium positions.

Since the concept  of  entropy-stabilized oxides  was introduced,
high-entropy  ceramic  systems  with  diverse  structures,  such  as
spinel and rock-salt, have undergone significant development [20].
As shown in Fig.  3(a),  the spinel structure features a cubic close-

 

Fig. 2    (a) SEM image and EDS mapping of Mg-3. (b, c, g) HRTEM image. (d, e) SAED patterns of Mg-3. (f, h, i) Enlarged HRTEM images in (g). (j) Stress distribution
and statistical curves were obtained by GPA method.
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packed  arrangement  of  oxygen  ions,  with  divalent  cations
occupying  1/8  of  the  tetrahedral  interstice  and  trivalent  cations
filling  half  of  the  octahedral  interstice.  In  contrast,  the  rock-salt
structure  also  maintains  a  cubic  close-packed  oxygen  sublattice,
but all octahedral interstices are fully occupied by smaller cations.
Owing  to  its  intricate  lattice  topology  and  versatile  metal  ion
coordination,  the  spinel  structure  can  effectively  construct
multiple  scattering  and  reflection  pathways  for  electromagnetic
wave  propagation.  Moreover,  rock-salt-type  high-entropy
ceramics,  benefiting  from  their  high  dielectric  constant  and
magnetic  permeability,  exhibit  excellent  impedance  matching  for
electromagnetic  wave  absorption.  In  this  study,  Fe,  Co,  Ni,  Cu,
Mn,  and  Mg are  precisely  incorporated  into  the  A/B  sites  of  the
spinel  structure  and  composited  with  rock-salt-type  CuO  to
construct  a  multiphase  high-entropy  ceramic  system  (Mg-1–5).
This  approach  successfully  establishes  the  heterointerface  shown
in Fig.  3(e),  leading  to  outstanding  performance  in
electromagnetic wave absorption.

On the basis  of  the Rietveld refinement results  (Fig.  3(c)),  this
study  quantitatively  characterized  the  degree  of  lattice  distortion
using the evolution of the unit cell parameters from Mg-1 to Mg-5

(Table S1 in the ESM), with Mg-1 serving as the initial  reference
template. The experimental data indicate that, compared with that
of the Mg-1 sample, the total volume of Mg-3 increases by 0.86%.
Moreover, the abundant defects in high-entropy ceramics facilitate
the  construction  of  multiple  heterogeneous  systems,  thereby
enabling  a  multiscale  synergistic  effect  for  electromagnetic  wave
absorption.  Specifically,  it  is  widely  reported that  grain boundary
defects  primarily  enhance  high-frequency  electromagnetic  wave
scattering [30], whereas point defects are known to dominate low-
frequency energy dissipation via polarization relaxation processes
[31].  By  precisely  controlling  the  Mg  ion  concentration,  the
distribution of  surface VOS within the high-entropy structure can
be directionally optimized, significantly enhancing the microwave
absorbing properties.  Fine spectral  analysis  of  the O 1s core level
(Fig.  3(d)  and Table  S3  in  the  ESM) reveals  that  the  surface  VOS
concentration  initially  increases  and  then  decreases  with
increasing Mg concentration, reaching a peak of 51.89% at Mg-3
before  decreasing  to  40.54%  at  Mg-5.  The  degree  of  lattice
distortion  was  determined  by  comparing  the  volume  change  of
the  refined  sample  with  that  of  Mg-1.  On  this  basis,  a  defect
gradient control system is established, defining a lattice distortion

 

Fig. 3    (a)  Crystal  structure  of  spinel  and rock-salt  phases.  (b)  CDD plots  for  Mg-3.  (c)  XRD refinement  pattern  for  Mg-3.  (d)  High-resolution  O 1s  XPS spectra.
(e) Diagram of defects, metal vacancies, and oxygen vacancies in Mg-1–5. (f) Band structure, PDOS, and CDD plots for Mg-3.
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degree  range  from −0.15%  to  0.86%  and  a  surface  VOS
concentration modulation range of 40.54%–51.89%.

First-principles  calculations  were  conducted  to  construct  the
electronic  band  structure  of  Mg-3  (Fig.  3(f)).  Band  structure
analysis  reveals  a  significant overlap between the Fermi level  and
the  conduction  band,  along  with  a  continuous  electronic  state
distribution near the Fermi surface, confirming the metallic nature
and  excellent  electrical  conductivity  of  Mg-3.  First-principles
calculations  further  indicate  a  dual  regulatory  mechanism  of
surface  VOS on  electrical  conductivity:  (i)  Local  electronic
enrichment  at  defect  sites  significantly  increases  the  carrier
concentration, and (ii) band-gap narrowing effectively reduces the
electron  transition  barrier,  thereby  enhancing  conduction  loss.
Notably,  crystal  field  splitting  induces  d-orbital  reconstruction
(t2g–eg),  which significantly  enhances  the magnetic  loss  capability
by promoting magnetic moment coupling.

Partial density of states (PDOS) analysis reveals that the Fe 3d,
Co 3d, Ni 3d, and O 2p orbitals predominantly contribute to the
valence band formation of Mg-3. Notably, while the introduction
of  Mg2+ does  not  induce  significant  orbital  reconstruction,  its
content gradient increase serves as the primary driver for surface
VOS formation,  as  confirmed  by  quantitative  XPS  analysis  [12].
Furthermore, the charge density difference (CDD) map (Fig. 3(b))
demonstrates that the constituent cations within the high-entropy
ceramic  facilitate  charge  transfer  to  the  oxygen  coordination
environment,  resulting  in  an  asymmetric  electron  cloud

distribution.  This  charge  redistribution  effect  not  only  facilitates
localized  electron  accumulation  around  the  surface  VOS but  also
disrupts  the  lattice  symmetry,  inducing  a  high  density  of  dipoles
that enable broadband electromagnetic wave absorption.

3.2    Microwave absorption properties at room temperature
On  the  basis  of  quarter-wavelength  theory,  this  study
systematically  investigates  the  relationship  between  the  matching
thickness  (tm)  and  the  matching  frequency  (fm)  of  Mg-3  [32].
Figure  4(a)  illustrates  the  variation  in  RLmin under  different
thickness  conditions.  As tm increases  from  2.0  to  2.7  mm,  the
absorption  peak  exhibits  a  systematic  shift  toward  lower
frequencies,  closely  aligning  with  the  predictions  of  the  classical
quarter-wavelength  theory.  This  phenomenon  arises  from  the
destructive  interference  between  incident  and  reflected  waves  at
the  material  interface  when  the  absorber  thickness  satisfies  the
quarter-wavelength  condition,  ultimately  minimizing  reflection
loss.  Notably,  when tm is  optimized  to  2.2  mm,  the  material
achieves  an  RLmin of −48.0  dB  at  the  matching  frequency,
demonstrating  the  exceptional  electromagnetic  wave-absorption
performance of Mg-3.

The  electromagnetic  response  mechanism  of  the  Mg-1–5
composite  materials  is  elucidated  through  an  analysis  of  its
electromagnetic  parameters  (Fig.  4(b)).  The  experimental  results
indicate that within the X-band (8.2–12.4 GHz), Mg-1 and Mg-5
exhibit  dispersion,  with  their  real  permittivity  (ε′ )  displaying  a

 

Fig. 4    (a) RL–f curves and corresponding quarter-wavelength curves of Mg-3. (b) Real and imaginary parts of complex permittivity and permeability. (c) Electrical
conductivity of Mg-1–5. (d) Hysteresis loops of Mg-1–5. (e) Saturation magnetization and coercivity of Mg-3. (f) Cole–Cole curve of Mg-3. (g) Loss tangents of Mg-3.
(h) Comparison of absorption performance with that of other materials.
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frequency-dependent attenuation trend (Fig. S8 in the ESM). This
behavior originates from the relaxation hysteresis effect of dipoles
in response to an externally applied alternating electric field, which
directly  induces  dielectric  loss.  The ε′  value  of  Mg-3  exhibits  an
opposite trend, which is attributed to phase differences among the
different  samples.  Comparative  analysis  (Fig.  S8  in  the  ESM)
reveals  that  the ε′  value  of  Mg-3  is  between  those  of  the  other
samples,  which  is  attributed  primarily  to  its  distinct  defect
engineering  regulation.  In  a  high-entropy  ceramic  lattice  system,
differences  in the electronic  configurations of  multivalent  cations
lead  to  the  formation  of  abundant  defects.  Specifically,  lattice
distortion-induced  metal  vacancies  lead  to  the  accumulation  of
dipoles;  an  increase  in  surface  VOS concentration  significantly
reduces the band-gap width, facilitating the generation of localized
electron–hole  pairs  by  charging  compensation  mechanisms,
whereas the synergistic effect of surface VOS and lattice distortions
further  enhances  polarization  loss.  Additionally,  the  multiphase
structural  characteristics  of  the  material  further  amplify  the
polarization effect.  Notably, the heterointerface between the CuO
phase  and  the  (Fe0.5Mg0.5CoNiCuMn)3O4 phase  results  in
significant  space  charge  accumulation,  resulting  in  interfacial
polarization.

The  frequency  response  characteristics  of  the  imaginary
permittivity (εʺ) indicate that εʺ for Mg-3 tends to monotonically
increase  with  increasing  frequency,  confirming  its  excellent
broadband  loss  capability.  Typically, εʺ is  governed  by  both
polarization  loss  and  conductive  loss.  To  further  quantify  their
respective  contributions, εʺ can  be  decomposed  into
corresponding  components  using  Eqs.  (S3)–(S5)  in  the  ESM)  in
the ESM [33].

ε′′c ε′′p

ε′′c
ε′′c ε′′p

Figure S9 in the ESM shows the variation trends of  and 
in  the  Mg-1–5  systems,  which  are  derived  from  conductivity
measurements  and  theoretical  calculations.  The  conductivity
evolution  (Fig.  4(c))  reveals  an  initial  increase  followed  by  a
decrease  with  increasing  Mg  content,  where  Mg-3  exhibits  the
highest  conductivity  of  0.39  S·m−1,  whereas  Mg-5  has  a
conductivity  of  only  0.31  S·m−1.  This  phenomenon  can  be
attributed  to  the  electron  injection  effect:  The  appropriate
incorporation  of  Mg  optimizes  the  band  structure  and  carrier
concentration,  forming  a  three-dimensional  (3D)  conductive
network that enhances electron mobility. However, when the Mg
concentration  exceeds  a  critical  value,  the  space-charge  shielding
effect  becomes  dominant,  leading  to  a  decrease  in  conductivity.
This  occurs  due  to  excessive  carrier  accumulation  at  the  grain
boundaries,  which  hinders  long-range  charge  transport.
Quantitative  analysis  reveals  that  for  Mg-1–5,  the  variation  in
conductive  loss  follows  the  same  trend  as  that  of  conductivity;
therefore,  Mg-3  exhibits  the  maximum  value.  Moreover,  the
value  of  is  smaller  than  that  of ,  and  polarization  loss
remains  the  dominant  mechanism.  Therefore,  the  dielectric  loss
mechanism  of  the  synthesized  Mg-1–5  materials  is  governed
primarily  by  polarization  loss.  In  summary,  the  dielectric  loss  in
the Mg-3 system is governed primarily by interfacial polarization,
dipole  polarization,  and  conductive  loss,  with  polarization  loss
playing  a  dominant  role.  The  presence  of  a  Cole  circle  also
confirms this (Fig. 4(f)).

The exceptional microwave absorption properties of a material
are closely linked to its magnetic loss. To investigate the influence
of  the  Mg  concentration  on  the  magnetic  properties  of  the  Mg-
1–5  systems,  magnetic  hysteresis  loops  are  measured  at  room
temperature  over  a  field  range  from −20,000  to  20,000  Oe
(Fig.  4(d)).  All  the samples exhibit  similar hysteresis  loop shapes,
characterized by narrow loops, indicative of typical soft magnetic
properties. Figure  4(e)  presents  the  variation  trends  of  the

magnetization and coercivity. As the Mg concentration increases,
the  saturation  magnetization  (Ms)  and  coercivity  (Hc)  tend  to
decrease.

tanδε tanδμ

Figure  4(b)  shows  the  frequency-dependent  variations  in  the
real  (μ′ )  and  imaginary  (μʺ)  components  of  the  permeability  for
Mg-3. The results indicate that both μ′ and μʺ exhibit a decreasing
trend with increasing frequency, with a resonance peak appearing
in the lower frequency region. This phenomenon arises from the
coupling  effect  between  the  magnetic  moment  precession
frequency  and  the  impressed  electromagnetic  field  frequency.
When the resonance conditions are met, significant damping loss
is  induced,  confirming  the  presence  of  natural  resonance  in  the
Mg-3  system.  In  addition  to  natural  resonance,  magnetic  loss
mechanisms  also  include  domain  wall  resonance,  magnetic
hysteretic loss,  and eddy current loss.  Among these,  domain wall
resonance  and  magnetic  hysteretic  loss  primarily  occur  in  the
megahertz range and are not the focus of this study. Eddy current
loss  originates  from  induced  currents  generated  within  a  sample
under  an  alternating  electromagnetic  field  and  is  typically
evaluated  using  the  eddy  current  loss  factor  (C0).  As  shown  in
Fig. S10 in the ESM, the nearly linear C0–f curve demonstrates the
dominant  role  of  eddy  current  loss  within  the  magnetic  loss
mechanisms. Furthermore, a comparative analysis of the dielectric
loss  tangent  ( )  and  magnetic  loss  tangent  ( )  reveals
that  the  loss  mechanism  of  Mg-3  exhibits  significant  frequency-
dependent characteristics.  Overall,  across the entire X-band, both
dielectric  loss  and  magnetic  loss  mechanisms  coexist  in  the
material.  However,  owing  to  its  low  saturation  magnetization,
dielectric loss predominates in most frequency regions. Notably, a
distinct  natural  resonance  peak  appears  within  the  range  of
9.5–10.5  GHz  (Fig.  4(b)).  This  resonance  effect  synergizes  with
eddy  current  loss,  collectively  enhancing  the  magnetic  loss
capability  of  the  material.  Consequently,  within  this  specific
frequency range, magnetic loss becomes the dominant mechanism
(Fig. 4(g)).

Zin/Z0From a macroscopic perspective, impedance matching ( ,
Zin and  Z0 represent  the  input  impedance  and  intrinsic
impedance, respectively) and the attenuation constant (α) are two
key  parameters  for  evaluating  the  electromagnetic  wave-
absorption  performance  of  materials  [34].Impedance  matching
reflects  the  material’s  ability  to  store  and  transmit  incident
electromagnetic  waves,  with  optimal  impedance  matching
facilitating effective absorption. By solving the relevant equations,
impedance matching analysis reveals that for a matching thickness
of  2.3  mm  (Fig.  S11  in  the  ESM),  the  normalized  impedance
values  of  the  Mg-1–5  systems  fall  within  the  theoretically  ideal
range  (0.52–1.9),  indicating  excellent  impedance  matching
characteristics (Eq. (1)).

RL = 20log |(Zin − Z0)/(Zin + Z0)| ≤ −10 (1)

This  behavior  is  attributed  primarily  to  the  synergistic
regulation  of  the  dielectric  constant  and  magnetic  permeability,
which enables effective electromagnetic parameter matching. The
attenuation  constant  quantifies  the  material’s  ability  to  dissipate
electromagnetic wave energy, with higher values corresponding to
stronger attenuation capabilities.

As shown in Fig. S12 in the ESM, the evolution of α exhibits a
nonmonotonic  trend  with  increasing  Mg  doping  concentration,
initially increasing but then decreasing. Notably, the Mg-3 system
achieves  the  highest α value,  suggesting  superior  electromagnetic
wave  attenuation  performance  within  this  system.  Therefore,
compared with  other  microwave  absorption materials  (Fig.  4(h))
and  Table  S4  in  the  ESM,  the  rational  design  of  impedance
matching  and  attenuation  optimization  based  on  defect
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engineering  effectively  enhances  electromagnetic  wave
absorption [35−37].

Figures 5(a)–5(d) show the variations in RLmin and EABmax for
the Mg-1–5 systems. The experimental results demonstrate that all
the  samples  exhibit  excellent  electromagnetic  wave  absorption
performance,  with  EABmax values  exceeding  2.6  GHz  and  RLmin
values  better  than −25.8  dB  for  thicknesses  below  2.3  mm.
Notably,  the  electromagnetic  wave-absorption  capability  first
increases  but  then  decreases  nonlinearly  with  increasing  Mg
doping concentration. Specifically, at a thickness of 2.1 mm, Mg-1
achieves an EABmax of 2.6 GHz, whereas Mg-3 exhibits an EABmax
of  3.9  GHz  at  2.3  mm,  virtually  covering  the  X-band  (8.2–
12.4  GHz).  When  the  thickness  is  further  decreased  to  2.2  mm,
Mg-3 attains an exceptional  RLmin of −48 dB, indicating superior
wave  absorption  capability.  At  a  thickness  of  2.8  mm,  Mg-5
achieves an exceptional RLmin of −56.8 dB.

Previous  studies  have  highlighted  the  critical  roles  of  lattice
distortion and surface VOS in electromagnetic wave attenuation. In
this work, we find that both the degree of lattice distortion and the
surface  VOS concentration  exhibit  a  parabolic  trend,  initially
increasing and then decreasing, whereas RLmin and EABmax exhibit
similar  phenomena.  This  behavior  can  be  attributed  to  a
synergistic  defect  effect.  A  moderate  degree  of  lattice  distortion
enhances  polarization  loss  by  introducing  metal  vacancies  and
strengthening  dipole  polarization  effects.  Nevertheless,  excessive

distortion  can  lead  to  elemental  segregation,  impeding  electron
conduction  pathways  and  degrading  the  overall  conductive
network.  Similarly,  the  introduction  of  surface  VOS lowers  the
electron  transition  barrier,  facilitating  electron  hopping  and
transport.  Additionally,  moderate  surface  VOS concentrations
serve  as  polarization  centers,  enhancing  dielectric  loss  via  dipole
polarization.  However,  excessive  surface  VOS may  induce  local
defect  overload,  disrupting  the  lattice  integrity  and  consequently
reducing  dielectric  loss.  Therefore,  optimizing  defect  engineering
requires a dynamic balance between the surface VOS concentration
and the degree of lattice distortion. When the Mg/Fe molar ratio is
optimized  to  1  :  1  (lattice  distortion  degree:  0.86%,  surface  VOS
concentration:  51.89%),  a  synergistic  enhancement  effect  is
achieved,  resulting  in  the  optimal  electromagnetic  wave
absorption performance.

To evaluate  the electromagnetic  loss  characteristics  of  Mg-1–5
under  far-field  conditions,  a  composite  structural  model
comprising a PEC substrate and an absorbing layer is established
using  the  CST  electromagnetic  simulation  platform  (Fig.  5(g))
[38].  The  angular-domain  response  of  its  RCS  is  systematically
analyzed [38]. The simulation results demonstrate that, compared
with conventional metallic backing, the Mg-3 composite material
exhibits  superior  RCS  suppression  across  the  0°–180°  incidence
range,  with  reflection  intensities  consistently  below −20  dB∙m2.
Notably,  at  normal  incidence  (90°),  the  RCS  value  of  Mg-3  is

 

Fig. 5    (a–c) Two-dimensional contour plots of reflection loss for Mg-1–5 in range of 8.2–12.4 GHz. (d) EABmax values of Mg-1–5. (e, f) RCS values. (g) RCS simulation.
(h–j) 3D radar scattering simulation results of PEC, Mg-1, and Mg-3.
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reduced  by  21.47  dB∙m2 relative  to  that  of  the  metallic  reference
(Figs.  5(e)–5(j)),  highlighting  its  exceptional  capability  for
broadband and wide-angle electromagnetic wave manipulation.

3.3    Microwave  absorption  properties  after  high-
temperature oxidation
To  evaluate  the  high-temperature  oxidation  resistance  of  the
material,  the  sintered  Mg-3  sample  is  subjected  to  gradient
oxidation treatments at temperatures ranging from 800 to 1200 °C
(in increments of 100 °C) for 2 h in an air atmosphere, which are
subsequently  designated  Mg-6–10.  XRD  analysis  (Fig.  6(a))
reveals  that  the  diffraction  peaks  of  the  oxidized  samples  remain
highly  consistent  with  those  of  the  unoxidized  material,  with  no
observable  shifts  in  the  crystallographic  indices  of  the
(Fe0.5Mg0.5CoNiCuMn)3O4 phase  and  CuO  phase,  indicating
excellent  phase  stability  under  high-temperature  oxidation
conditions.  The  key  regulatory  effect  of  internal  defects  on  the
microwave absorption performance is  systematically  investigated.
To characterize the evolution of the lattice distortion and surface
VOS concentration quantitatively, a comprehensive analysis of the
Mg-10  sample  is  conducted  using  Rietveld  refinement  in
conjunction with high-resolution O 1s XPS spectra (Figs. 6(b) and

6(c), Table S1 and Table S3 in the ESM). The experimental results
indicate that, compared with that of the Mg-3 sample, the surface
VOS concentration  of  Mg-10  is  significantly  reduced,  with  values
even lower than those of the Mg-1 reference sample.

δε δμ

tanδε tanδμ

Analysis  of  the  evolution  of  the  electromagnetic  parameters
(Figs. 6(d)–6(g)) reveals that both ε′  and εʺ significantly increase,
which  is  attributed  primarily  to  the  enhanced  dielectric
polarization  capability  resulting  from  the  reduced  defect
concentration.  Simultaneously, μ′  increases  while μʺ decreases,
with μʺ consistently exhibiting negative values across the entire X-
band  frequency  range.  This  suggests  that  the  radiation  effect
induced  by  charge  motion  dissipates  magnetic  energy,  thereby
weakening the magnetic loss mechanism. Additionally, a mutation
occurs at 10 GHz, which is typically associated with the dispersion
characteristics  of  ferrite  materials  at  their  resonance  frequency,
originating  from  the  relaxation  lag  response  of  dipoles  to  the
externally applied alternating electric field. Notably, C0 remains on
a  straight  line,  confirming  the  existence  of  eddy  current  loss.  A
comparative  analysis  of  tan  and  tan  further  indicates  that
dielectric loss is  the primary contributor to electromagnetic wave
attenuation.  However,  in  comparison with  the  Mg-3  sample,  the
Mg-10 exhibits increased  alongside reduced , directly
leading  to  the  deterioration  of  its  impedance  matching  and  a

 

Fig. 6    (a) XRD patterns of Mg-6–10. (b, c) Rietveld refinement and high-resolution XPS spectra of Mg-10. (d, e) Electromagnetic parameters of Mg-3 and Mg-10.
(f, g) Eddy current loss factor, loss tangent, impedance matching, and attenuation constant of Mg-3 and Mg-10. (h–j) Minimal reflection loss and maximum effective
absorption band of Mg-6–10.
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decline in the attenuation constant. Comprehensive experimental
analysis  indicates  that  the  oxidation  process  leads  to  the
degradation  of  wave-absorption  performance  through  the
synergistic  effects  of  structural  densification  and  the  annihilation
of  surface  oxygen  vacancies.  These  effects  operate  at  both  the
macroscopic  level  of  grain  growth  and  the  microscopic  level  of
depletion  of  charge  carriers  and  polarization  centers,  collectively
impairing  the  material’s  polarization  loss  and  conductive  loss.  A
detailed  explanation  is  provided  as  follows:  First,  structural
densification  serves  as  the  initial  stage  of  performance
degradation.  As  shown  in  Fig.  S13  in  the  ESM,  the  oxidized
sample  exhibits  significant  grain  coarsening,  a  more  densely
sintered  morphology,  and  a  clear  reduction  in  porosity.  This
structural  evolution  induces  two  major  effects:  (i)  Densification
markedly  reduces  the  density  of  interfacial  defects  such  as  grain
boundaries,  thereby  weakening  the  contribution  of  interfacial
polarization to dielectric loss.  (ii)  A more structurally continuous
process allows charge transport pathways to become “smoother”,
which  in  turn  reduces  the  scattering  of  charge  carriers  during
transmission—which is unfavorable for the effective dissipation of
electromagnetic  wave  energy.  Second,  the  annihilation  of  surface
oxygen vacancies  is  the  direct  cause  of  the  sharp  decline  in  both
the  conduction  and  polarization  capabilities.  XPS  analysis
confirms  a  noticeable  decrease  in  the  concentration  of  surface
oxygen vacancies after oxidation. As crucial charged point defects
and polarization centers, the reduction in surface oxygen vacancy
concentration  triggers  a  chain  of  effects:  In  terms  of  electrical
conductivity,  surface  oxygen  vacancies  are  key  sources  of  free
charge carriers; their annihilation directly leads to a decrease in the
charge  carrier  concentration.  More  importantly,  the  decreased
concentration  of  surface  oxygen  vacancies  disrupts  the  original
conductive  network,  resulting  in  a  decrease  in  electrical
conductivity.  In  terms  of  polarization  relaxation,  surface  oxygen
vacancies  act  as  dipoles  that  can  generate  dipole  polarization
under  an  alternating  electric  field.  Their  extensive  depletion
significantly  weakens  this  vital  polarization  mechanism,  thereby
reducing the material’s dielectric loss capability.

The  two-dimensional  (2D)  reflection  loss  and  effective
absorption  bandwidth  results  (Figs.  6(h)–6(j))  indicate  that
oxidation  treatment  leads  to  a  decreasing  trend  in  both  the
minimum  reflection  loss  and  the  maximum  effective  absorption
bandwidth,  with  the  degree  of  performance  degradation
intensifying as the oxidation temperature increases. Notably, after
oxidation at 1200 °C, the EABmax in the X-band sharply decreases
to  2.7  GHz,  representing  an  approximately  30%  reduction
compared with that of the unoxidized sample.

3.4    Mechanism  of  enhanced  electromagnetic  wave
absorption
The mechanism of  electromagnetic  wave absorption of  Mg-1–10
is  illustrated  in Fig.  7.  When  electromagnetic  waves  impinge  on
the material surface, a portion is reflected, whereas the remaining
portion  penetrates  into  the  material  and  is  effectively  attenuated
through  dielectric  loss  and  magnetic  loss  mechanisms.  This
performance is  due primarily  to  the  following three  mechanisms
[39−42]:

First,  structure-induced  interfacial  polarization:  A
heterogeneous  structure  is  formed  in  Mg-1–10,  consisting  of  a
bottom  (Fe0.5Mg0.5CoNiCuMn)3O4 phase  and  strip-distributed
CuO  phases.  This  structure  effectively  promotes  the  interfacial
polarization process [43].

Second,  defect  engineering-enhanced  dielectric  loss:  Through
precise  regulation  of  the  defect  concentration  gradient,  defect
engineering  plays  a  key  role  in  optimizing  various  dielectric  loss

mechanisms,  including  dipole  polarization,  interfacial
polarization,  and  conduction  polarization,  specifically  manifested
as follows [44−46]:

(1)  Lattice  distortion  modulation:  The  significant  radius
differences  among  multiple  principal  ions  (Fe,  Mg,  Co,  Ni,  Cu,
and Mn) induce strong local stress fields, leading to notable lattice
distortions  and  thereby  facilitating  the  formation  of  metal
vacancies.  These  vacancies  act  as  high-density  defect  dipoles,
enhancing the dipole polarization response.

(2)  Dual  role  of  surface  oxygen  vacancies:  Surface  oxygen
vacancies with varying concentrations are introduced through the
Fe/Mg  composition  design.  Under  an  alternating  electric  field,
surface  oxygen  vacancies  serve  as  polarization  centers,  forming
defect-induced dipoles by trapping and releasing carriers, thereby
enhancing  polarization  loss.  Simultaneously,  intrinsic  surface
oxygen  vacancies  introduce  defect  levels  within  the  band  gap,
reducing the energy barrier for electron transitions and promoting
electron hopping, thus improving conduction loss.

(3) Synergistic effect of interfacial defects: Grain boundaries and
discontinuous  lattice  fringes  generated  in  Mg-1–10  act  as
polarization  centers,  causing  interfacial  charge  redistribution  and
generating  additional  dipole  moments,  synergistically  enhancing
polarization loss and further improving the electromagnetic wave-
absorption capability.

Third,  synergistic  magnetic  loss  mechanism:  Multivalent
cations (e.g.,  Fe2+/Fe3+) occupy different lattice sites, regulating the
arrangement  of  spin  magnetic  moments  through  superexchange
interactions  and  inducing  magnetic  loss  under  an  alternating
magnetic field. Notably, in this spinel/rock-salt composite system,
the constrained electrical conductivity allows eddy current loss to
replace natural  resonance as the dominant magnetic mechanism.
This  conductivity  constraint  further  optimizes  the  magnetic  loss
process,  endowing  the  material  with  excellent  microwave
absorption performance.

Ultimately,  by  precisely  regulating  the  Fe/Mg  ratio,  combined
with  dual-phase  structure  design  and  defect  engineering,
synergistic  control  of  the  lattice  distortion  and  surface  oxygen
vacancy  concentration  is  achieved.  This  effectively  tunes  the
dielectric  and  magnetic  loss  characteristics  of  the  material,
optimizing its electromagnetic wave absorption performance.

3.5    Thermal transport properties of high-entropy ceramics
To  meet  the  increasing  demand  for  multifunctional  materials  in
aerospace  thermal  management  applications,  this  study
systematically  evaluates  the  thermal  transport  properties  of
Mg-1–5 (Figs. 8(a)–8(c)). The results reveal that as the Mg content
increases,  a  three-dimensional  thermal  conduction  network  is
progressively formed, leading to a significant increase in both the
thermal  conductivity  (α)  and  the  thermal  diffusivity  (k).  Among
the  investigated  samples,  Mg-5  exhibits  an  outstanding  thermal
conductivity  of  2.154  W·m−1·K−1,  surpassing  typical  thermally
conductive  microwave  absorbing  materials  such  as
SiBCN/SiBCNnf,  BN@C,  CNTs@PEG,  BN0.66/Ni0.33/CNT7/WPU,
and  r-GO@Fe3O4 [47−50].  Furthermore,  the  strong  positive
correlation  between  the  thermal  conductivity  and  thermal
diffusivity  (Eq.  (S7)  in  the  ESM)  further  validates  the  synergistic
enhancement  of  the  thermal  transport  properties  induced by  the
three-dimensional  thermal  conduction  network.  The  observed
thermal  conductivity  is  governed  by  the  synergistic  effect  of  two
primary  mechanisms:  phonon  conduction  and  ion  conduction
[51].  Phonon  conduction  serves  as  the  dominant  mechanism
establishing  the  thermal  conductivity,  whereas  ion  conduction
provides  an  additional  contribution  that  further  enhances  its
value.  Specifically,  the  characteristic “long-range  disorder  and
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short-range  order” structure  of  the  high-entropy  system  leads  to
internal  momentum  balance  within  the  framework  of  the  dual-
phonon  scattering  model,  which  is  key  to  its  intrinsic  thermal
conductivity  [52].  From  the  perspective  of  ion  transport,
variations  in  the  Mg2+ concentration  induce  changes  in  the
concentration of internal defects, such as surface oxygen vacancies
and  lattice  defects.  These  defects  provide  numerous  low-energy-
barrier  pathways  for  rapid  Mg2+ hopping,  thereby  enhancing  the
contribution of ion transport to the overall thermal conductivity.

From  the  standpoint  of  practical  application  requirements,
traditional  functional  fillers  often  face  the  limitation  of  serving  a
single  purpose.  For  example,  although high-thermal-conductivity
fillers such as aluminum nitride significantly increase the thermal
conductivity  of  composite  materials,  their  inherent
electromagnetic  properties  result  in  a  general  lack  of  wave-

absorption ability. On the other hand, most carbon materials used
for  wave  absorption  exhibit  low  degrees  of  graphitization  and,
consequently,  poor  thermal  conductivity  [53].  In  contrast,  the
high-entropy  material  developed  in  this  study  demonstrates
unique  comprehensive  advantages.  Its  thermal  conductivity  of
2.154  W·m−1·K−1 not  only  far  exceeds  that  of  traditional  wave-
absorbing  fillers  but  also,  through  defect  engineering  and  dual-
phase regulation, equips it with considerable electromagnetic wave
dissipation capability.  This enables a single filler to synergistically
perform  the  dual  functions  of “wave  absorption” and “thermal
conduction”.

To  further  validate  the  thermal  transport  capability  of  the
Mg-1–5 composite,  a thermal transport experimental system was
established. During the experiment, samples (diameter: 11.0 mm,
thickness: 1.5 mm) are placed on a heating platform and subjected

 

Fig. 7    Electromagnetic wave-absorption mechanism of Mg-1–10.
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to  continuous  heating  at  100  °C  for  60  s.  A  thermal  infrared
imaging  system  is  employed  to  monitor  the  spatiotemporal
evolution  of  the  surface  temperature  distribution  in  real  time
(Figs.  8(d)  and 8(e)).  The  experimental  results  reveal  that  all  the
Mg-1–5 samples  exhibit  a  typical  radial  heat  conduction pattern,
with  Mg-5  demonstrating  the  best  heat  transfer  dynamics.
Specifically,  its  thermal  disturbance  front  propagates  from  the
edge  to  the  center  within  20  s,  indicating  an  increase  in  heat
transfer efficiency compared with that of Mg-1.

4    Conclusions
In summary, a defect-engineering-driven dual-phase strategy was
successfully  implemented  to  design
(Fe0.5Mg0.5CoNiCuMn)3O4@CuO  composite  ceramics  with
tunable  microwave  absorption.  The  lattice  distortion  and  surface
oxygen vacancy concentration were positively correlated with the
absorption  performance.  The  optimized  material  exhibited  a
minimum  reflection  loss  of −48  dB  and  an  effective  absorption
bandwidth of 3.9 GHz in the X-band, attributed to the frequency-
dependent  synergistic  effect  between  the  dielectric  and  magnetic
loss  mechanisms.  Moreover,  the  ceramic  demonstrated
remarkable structural and functional stability, retaining 70% of its
absorption  bandwidth  after  oxidation  at  1200  °C,  along  with  a
thermal  conductivity  of  2.154  W·m−1·K−1.  This  work  provides  an
effective  defect-mediated  approach  for  developing  high-
performance electromagnetic  absorbing materials  with integrated
temperature resistance and thermal stability.
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