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In brief

Developing high-performance
electromagnetic wave absorbents is
crucial for addressing the growing global
issue of electromagnetic pollution. Here,
we employ a lattice distortion engineering
strategy to achieve exceptional
electromagnetic wave absorption
performance in high-entropy diborides,
which is primarily attributed to three key
mechanisms involving metal vacancy-
induced dipole polarization loss and
conduction loss as well as nanocluster-
induced interfacial polarization loss. This
work presents a straightforward
approach to significantly enhance the
electromagnetic wave absorption
performance of ceramic absorbents.
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PROGRESS AND POTENTIAL

With the rapid advancement of wireless communication, electromagnetic

pollution has become a significant global concern. Exploring high-performance electromagnetic wave absor-
bents is an effective way to tackle this problem. Here, we achieve significantly improved electromagnetic
wave absorption performance in high-entropy diborides by engineering their lattice distortion. We further
identify three key absorption mechanisms responsible for this exceptional electromagnetic wave perfor-
mance, involving metal vacancy-induced dipole polarization loss and conduction loss as well as nanoclus-
ter-induced interfacial polarization loss. The developed high-entropy diboride absorbents show consider-
able potential for the electromagnetic wave absorption application.

SUMMARY

Electromagnetic pollution has emerged as a severe global issue due to the widespread use of wireless
communication, which strongly requires high-performance electromagnetic wave absorbents. Here, we
realize exceptional electromagnetic wave absorption performance with an effective absorption bandwidth
of 7.2 GHz at an ultralow thickness of 1.5 mm in high-entropy diborides through a lattice distortion engineer-
ing strategy. Particularly, we rationally tailor the lattice distortion of high-entropy diborides by manipulating
constituent metal elements, and the resultant metal vacancies and chemical nanoclusters are verified to
result in enriched electromagnetic wave absorption mechanisms, including (1) metal vacancy-induced dipole
polarization loss, (2) metal vacancy-induced conduction loss, and (3) chemical nanocluster-induced interfa-
cial polarization loss. Our work provides a simple and universal approach for effectively enhancing the elec-

tromagnetic wave absorption performance of ceramic absorbents.

INTRODUCTION

Popularization of advanced electronic devices and cutting-edge
wireless communication technologies have greatly improved so-
cial functionality and convenience in daily life. However, the
issue of electromagnetic radiation pollution not only disrupts
the function of nearby electronic equipment and compromises
information security and communication quality but also poses
risks to human health.”?> The most effective way to address
this problem is to develop advanced electromagnetic wave ab-
sorbents with features of light weight, strong absorption, thin
thickness, and wide absorption bandwidth. To this end, two
essential characteristics must be taken into account: impedance

matching and dissipation ability.*~ Impedance matching refers
to the requirement that the impedance of an absorbent should
be comparable to that of air to minimize the reflection of electro-
magnetic waves, whereas such kinds of materials are often wave
transparent with limited energy loss. Conversely, improving the
dissipation capability of materials commonly reduces imped-
ance matching.® This trade-off leads to a great challenge for
achieving exceptional electromagnetic wave absorption perfor-
mance in absorbents.

To resolve this tangled issue, structural design for absorbents
is critical, which can span three scales: microscale, nanoscale,
and atomic scale. Thus far, there has been extensive research
on structural design on the microscale and nanoscale. For
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instance, micro-sized graphene-%’ or MXene-based dielectric
skeletons® '° are often coupled with magnetic and/or dielectric
components to construct heterogeneous interfaces, giving rise
to significant attenuation of microwave energy through conduc-
tion loss, polarization loss, and magnetic loss. Additionally, nano-
scale core-shell structures, where magnetic components serve
as the core and dielectric components as the shell, are also re-
ported.”’"® The moderate impedance matching between the
core and shell components as well as the dielectric and magnetic
dissipation mechanisms contribute to improvements in electro-
magnetic wave absorption properties. Despite progress that
has been made, until now, there is limited work on structural
design for absorbents at the atomic scale, hindering the explora-
tion of high-performance absorbents with new attenuation mech-
anisms. Recently, the high-entropy concept involving four core
effects—high entropy effect, lattice distortion effect, sluggish
diffusion effect, and cocktail effect—has emerged as a promising
strategy to tailor the structure of ceramics at the atomic
scale.”*”"® These unique features make them highly attractive
for a broad range of structural applications, such as high-speed
cutting, thermal and environmental protection in hypersonic vehi-
cles, and functional applications such as thermoelectrics, batte-
ries, and catalysts.'®"?° Notably, some preliminary work has also
shown the potential of high-entropy ceramics as high-perfor-
mance single-phase absorbents due to their vast compositional
space. For example, (Ti, Zr, Hf, Nb, Ta)C high-entropy carbides
(HECs) have been shown to possess improved electromagnetic
wave absorption performance compared to their individual com-
ponents TiC, ZrC, HfC, NbC, and TaC.?® Similar findings were
also reported in the (Ti, Nb, Ta),FeC MAX phases®’ and (Ca, Sr,
Ba, La, Pb)TiO5 high-entropy oxides (HEOs).?® However, manip-
ulating the structure of single-phase high-entropy ceramics at the
atomic scale to achieve remarkable electromagnetic wave ab-
sorption performance remains challenging.

In this work, we employ a lattice distortion engineering
strategy to realize exceptional electromagnetic wave absorp-
tion performance in single-phase high-entropy ceramics
through three dielectric loss mechanisms. Specifically, we
choose high-entropy diborides (HEBs) as the representative
owing to their high intrinsic conductivity (¢) for potentially
favorable dielectric loss. Then, we tailor their lattice distortion
by gradually introducing constituent metal elements to syn-
thesize 3- to 9-cation HEB (3-9HEB) samples via a simple
and universal ultrafast high-temperature synthesis (UHTS)
technique that enables the rapid and efficient synthesis of sin-
gle-phase HEBs in tens of seconds. Lattice distortion has
been shown to induce pronounced chemical fluctuations,
forming numerous “nanoclusters” to facilitate effective inter-
facial polarization loss. Lattice distortion has also contributed
to the generation of metal vacancies, leading to significant
conduction loss and dipole polarization loss. As a result, the
9HEB samples with the greatest lattice distortion can realize
an effective absorption bandwidth (EAB, with the reflection
loss [RL] less than —10 dB) value of up to 7.2 GHz at an ultra-
low thickness of 1.5 mm, outperforming previously reported
single-phase electromagnetic wave absorption materials.
This study opens a new path to improve the electromagnetic
wave absorption performance of ceramic materials.
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RESULTS

Tailoring lattice distortion in HEBs

We first predicted lattice distortion of 3-9HEBSs through density
functional theory (DFT) calculations.?® The 3HEB starts with Hf,
Ta, and V elements, and the compositions of 4-9HEBs are de-
signed to expand by progressively adding W, Ti, Zr, Nb, Mo,
and Co elements. As illustrated in Figure 1A, the additional metal
elements are expected to give rise to a significant increase in lat-
tice distortion from 0.11 to 0.36 A for 3-9HEBSs, which also indi-
cates the potential to fine-tune lattice distortion in HEBs by regu-
lating their compositions. It is worth noting that there is a leap
between the 8HEB (0.18 A) and 9HEB (0.36 A), which should be
attributed to the dramatic difference in atomic radii between Co
(1.25 ,&) and the other elements (an average of 1.46 ,&) in groups
1B, IVB, and VB. Subsequently, the as-designed 3-9HEBs were
synthesized via the UHTS technique. Based on their X-ray diffrac-
tion (XRD) patterns in Figure 1B, corresponding Rietveld refine-
ments with low fitting parameters (R.,,, and Ry) (Figure S1) and
well-refined unit cell parameters with the average values from in-
dividual diborides (Table S1), the as-synthesized 3-9HEB sam-
ples are confirmed to be single-phase solid solutions, having hex-
agonal structures with a space group of P6/mmm. This crystalline
structure can be further confirmed by the interplanar spacing
calculated from scanning transmission electron microscopy
(STEM) imaging (Figure S2). In addition, as shown in Figure 1A,
the lattice distortion of 3-9HEBs evaluated from XRD is also in
good alignment with that from DFT calculations, showing the ac-
curacy of DFT predictions. Furthermore, the energy dispersive
spectroscopy (EDS) maps in STEM (Figures 1C-11) demonstrate
uniform distributions of metal elements in the 3-9HEB samples
on the nanometer scale with nearly equal atomic ratios (taking
the 4HEB, 8HB, and 9HEB samples as examples, as listed in
Table S2). These theoretical and experimental results verify the
successful synthesis of single-phase 3-9HEB samples via the
UHTS technique with engineered lattice distortion.

Improved electromagnetic wave absorption in HEBs by
lattice distortion

To validate the electromagnetic wave absorption ability, the RL
diagrams of the representative 9HEB samples are shown in
Figures 2A and 2B (the others are provided in Figures S3 and
S4). Among all HEBs, the 3HEB samples exhibit the narrowest
EAB, covering merely 1.7 GHz at a considerable thickness of
4.6 mm. In contrast, the EAB of the 9HEB samples is the widest,
reaching 7.2 GHz at a significantly reduced thickness of 1.5 mm,
whichis roughly 4-fold wider than that of the 3HEB samples. Mean-
while, the minimum RL value of the 3HEB samples has been calcu-
lated to be —24.6 dB, whereas that of the 9HEB samples is up
to —42.6 dB. These measurements indicate that a dramatic
improvement in electromagnetic wave absorption performance
has been achieved solely by increasing lattice distortion in HEBs,
which is associated with impedance matching and attenuation of
electromagnetic waves. The impedance matching of the 3-9HEB
samples was examined first. In general, |Zin /Zo| values (where
Zin and Z are the normalized input impedance and the impedance
of free space, respectively) in the 0.8-1.2 range are considered
ideal impedance matching,” which means electromagnetic waves
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Figure 1. Lattice distortion, phase compositions, and elemental distributions of the 3-9HEB samples

(A) Lattice distortion calculated from DFT and XRD.
(B) XRD patterns.
(C-l) Elemental distributions of the 3-9HEB samples.

can enter the samples rather than being reflected. As illustrated in
Figure S5, the impedance matching increases from 3HEB to
6HEB, implying an optimization of electromagnetic parameters
by increasing lattice distortion. In terms of 7-9HEBS, their imped-
ance matching is at a comparable level, suggesting that imped-
ance matching is not the primary factor for the differences in their
electromagnetic wave absorption performance.

The electromagnetic wave absorption capability of an absor-
bent is predominantly dominated by the relative complex permit-
tivity (e, = ¢ — i¢”) and permeability (u, = 1’ — iu”). According to
the electromagnetic theory, the real parts ¢’ and u’ are associated
with the dielectric and magnetic storage, whereas the imaginary
parts ¢” and u” represent the dielectric and magnetic dissipation,
respectively.® Figure S6 shows that ¢’ and ¢” apparently increase
when additional metal elements are included. To more intuitively
demonstrate the dielectric loss ability of the 3-9HEB samples, their
dielectric loss tangent (tand, = €” / ¢') was calculated. As displayed
in Figure S7, the values of tand, in the 3-9HEB samples rise mono-
tonically with constituent metal elements increasing, suggesting a
key role of lattice distortion in the dielectric loss of HEBs. Moreover,
toinvestigate the reasons behind the improved dielectric lossinthe
representative 9HEB samples, their Cole-Cole diagrams with €” vs.
¢ are shown in Figure 2C. Generally, a single semicircle represents
a Debye relaxation process, indicating energy dissipation of elec-
tromagnetic waves through polarization loss. Since 9HEB exhibits
more semicircles than the other HEBs (Figure S8), it is reasonable
to speculate that polarization relaxation occurs more frequently in

the 9HEB samples. Besides, the long trailing tail observed in Fig-
ure 2C suggests that electron migration or hopping has happened
in the 9HEB samples, implying a contribution of conduction loss to
the electromagnetic wave absorption of 9HEB. It is worth noting
that, except for the 7-9HEB samples, no significant trailing tails
are found for the other HEB samples, indicating limited conduction
lossthatis closely connected to their relatively low o. Withregard to
the magnetic dissipation abilities of the 3-9HEB samples, it is
obvious that i’ and u” have no significant correlation with the con-
stituent components since their values show a fluctuation trend as
metal elements increase (Figure S9). It is also noteworthy that the
" values of these samples are all approaching zero, showing
limited magnetic dissipation. Taking into account both the electric
loss and magnetic loss, the collective electromagnetic wave atten-
uation constant («) of the 3-9HEB samples was evaluated (the de-
tails regarding the calculation of « can be found under methods).
As shown in Figure 2D, the « values increase monotonically from
3HEB to 9HEB, demonstrating the critical effects of lattice distor-
tion on the electromagnetic wave attenuation capacity in HEBs.
The EAB values of the 3-9HEB samples are presented in Figure 2E.
Particularly, the developed 9HEB materials with the most
severe lattice distortion show superior electromagnetic wave ab-
sorption performance compared to other single-component mate-
rial systems, including carbides,**°° diborides,***° oxides,**®
sulfides,®**2 HECs, 25204746 HEQs,?%“” HEBs,**°° high-entropy
sulfides (HESs),°"*> MAX phases,”’**** graphene,®>*® and
MXene,*®" as illustrated in Figure 2F and Table S3. Based on
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Figure 2. Electromagnetic wave absorption performance of the HEB samples

(A) Three-dimensional RL diagram of the representative 9HEB samples.
(B) Top view of (A).

(C) Cole-Cole diagram of the 9HEB samples with ¢ and ¢”.

(D) « as a function of frequency of the 3-9HEB samples.

(E) Summarized EAB of the 3-9HEB samples.

(F) EAB vs. thickness of the representative 9HEB and other reported single-phase absorbents, such as carbides, > diborides,**** oxides,***® sulfides,****
HECs,?%03%6 HEOQs,**” HEBs,*®°° HESs,”""** MAX phases,”’**** graphene,®*°® and MXene.®" '

theseresults, it can be concluded that lattice distortion indeed pro-
motes the electromagnetic wave absorption of HEBs. This promo-
tion primarily arises from three key electromagnetic wave absorp-
tion mechanisms: lattice distortion-induced metal vacancies that
exacerbate dipole polarization loss and conduction loss as well
as lattice distortion-induced nanoclusters that enhance interfacial
polarization loss. We discuss these mechanisms in detail later.
To further verify the direct relationship between lattice distortion
and the electromagnetic wave absorption ability of HEBSs, it is crit-
ical to rule out the impact of chemical compositions in HEBs. Since
conduction loss is typically related to o of absorbents,® we de-
Signed Six types of 3HEBS, (Hf1/3Ta1/3X1/3)82 (X = Zr, Nb, Mo, Ti,
W, and V; denoted as 3HEB-Zr, 3HEB-Nb, 3HEB-Mo, 3HEB-Ti,
3HEB-W, and 3HEB-V, respectively), to eliminate the effects of
intrinsic ¢ of individual diborides on electromagnetic wave absorp-
tion abilities of HEBs. The XRD patterns (Figure S10A), Rietveld re-
finements (Figure S11), and atomic-resolution STEM imaging (Fig-
ure S12) confirm that all 3HEB samples are single-phase solid
solutions with hexagonal structures. The ¢ values of individual di-
borides (ZrB,, NbB,, MoB,, TiB,, WB,, and VB,) were also
measured (Figure S10B). Itis apparent that, among all individual di-
borides, ZrB, exhibits the highest ¢ value (4.2 x 10°S m~"), while
WB, displays the lowest one (0.7 x 10° S m~"). However, as de-
picted in Figure S10C, the 3HEB-V samples possess the best elec-
tromagnetic wave absorption ability with the widest EAB of 1.7
GHz. Conversely, the electromagnetic wave absorption perfor-
mance of the 3HEB-Mo samples is the worst, with the narrowest
EAB of 0.8 GHz (the electromagnetic parameters are provided in

4 Matter 8, 102004, March 5, 2025

Figure S13, and the RL diagrams are shown in Figures S14 and
S15). Notably, the electromagnetic wave absorption abilities of
HEBSs do not exhibit a substantial correlation with ¢ of individual di-
borides; instead, they strictly follow the trend in lattice distortion of
the 3HEBs from DFT and XRD, as illustrated in Figure S10C. This
result confirms that lattice distortion is the determinator for the
electromagnetic wave absorption abilities of HEBs rather than ¢
of their individual diborides.

To eliminate the magnetic properties of individual diborides on
the electromagnetic wave absorption abilities of HEBs, we synthe-
sized three types of 4HEBs: (Hf;/4Ta1/4V1,4X1,4)B2 (X = Cr, Fe, and
Co; abbreviated as 4HEB-Cr, 4HEB-Fe, and 4HEB-Co, respec-
tively). According to the XRD patterns in Figure S16A, Rietveld re-
finements in Figure S17, and atomic-resolution STEM imaging in
Figure S18, itis verified that single-phase 4HEBs were successfully
synthesized without the formation of secondary phases. More-
over, the magnetic properties of individual monoborides (CrB,
FeB, and CoB) were measured via a vibrating sample magnetom-
eter (VSM), and their hysteresis loops are given in Figure S16B.
Obviously, upon reaching an applied magnetic field of approxi-
mately 5,000 Oe, all samples attain saturation magnetization, indi-
cating ferromagnetic behaviors.®” In particular, the saturation
magnetization of CrB is the highest (7.1 emu g~"), followed by
FeB (4.7 emu g~ ') and CoB (3.6 emu g~ '). In terms of coercive
force, the values for CrB, FeB, and CoB are found to be 16.8,
16.9, and 17.0 Oe, respectively (Figure S16B, inset). Based on
these experimental results, CrB has been proven to possess the
strongest magnetism. Then, the Cr, Fe, and Co elements were
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Figure 3. Atomic structures and chemical maps of the 4HEB and 8HEB samples

(A and B) Atomic-resolution HAADF-STEM images along the [100] zone axis and corresponding atomic displacements of 4HEB and 8HEB samples.

(C and D) Atomic-resolution STEM-EDS elemental images and the corresponding intensity statistics in the 4HEB samples. Image intensity was normalized by the
mean value for intensity statistics in (D), where the histogram was fitted by Gaussian distribution, and the fluctuation of elements was defined by the FWHM.
(E and F) Atomic-resolution STEM-EDS elemental image and the corresponding intensity statistics in the 8HEB samples. Image intensity was normalized by the
mean value for intensity statistics in (F), where the histogram was fitted by Gaussian distribution, and the fluctuation of elements was defined by the FWHM.

(G) First nearest-neighbor «;; in 8HEB.
(H) Charge density distribution of the 8HEB model from DFT calculations.

included in the 4HEBSs, and their electromagnetic wave absorption
properties were evaluated. The electromagnetic parameters and
corresponding RL diagrams are displayed in Figures S19 and
S20, from which EAB of the 4HEB-Cr samples was measured to
be 2.3 GHz, smaller than that of the 4HEB-Co samples (3.5 GHz)
(Figure S16C). Combined with the magnetic testing results, it is
evident that there is no direct significant connection between the
electromagnetic wave absorption of HEBs and the magnetic prop-
erties of their individual components. Consequently, lattice distor-
tionin HEBs is stillidentified to be essential in their electromagnetic
wave absorption, as evidenced by the consistent changes be-
tween lattice distortion and EAB in these designed 4HEBs.

Exacerbated interfacial polarization loss by lattice
distortion

To further elucidate the key effects of lattice distortion on the elec-
tromagnetic wave absorption performance, we investigated the
atomic structure of HEBs with high-angle annular dark field
(HAADF) imaging in STEM mode. The high-resolution HAADF-
STEM images along the [100] zone axis show similar lattice struc-

tures of the 4HEB and 8HEB samples (Figures 3A, 3B, and S21).
Lattice distortion, according to the displacement of atomic sites,
was determined using the method of displacement separation
analysis on HAADF images.®® It is found that the mean atomic
displacement is enlarged from the 3.7 pm of 4HEB to the 4.3 pm
of 8HEB, indicating the enhancement of lattice distortion by
including more elements in HEBs. Such enlarged lattice distortion
also leads to a stronger strain fluctuation (Figures S22 and S23),
where 8HEB exhibits a more pronounced strain fluctuation
compared to that of 4HEB. These observations provide direct ev-
idence of the augmentation in lattice distortion of HEBs with more
metal elements, which may be attributed to the inhomogeneous
distribution of elements on the atomic scale due to the mismatch
of element characteristics and the complex chemical bonding of
combined elements in high-entropy materials.®*®® Therefore,
atomic-resolution STEM-EDS mapping was performed on HEBs
to investigate the distributions of elements in atomic sites.
Figures 3C-3F show the atomic-resolution STEM-EDS images of
the 4HEB and 8HEB samples with clear and periodic distributions
of combined elements in lattice structure along the [100] zone axis
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(Figure S24). It is notable that the intensity of an individual spot in
the EDS image is roughly proportional to the concentration of a
specific element in the atomic column; therefore, the intensity vari-
ation of atomic-resolution EDS spectrum images can be used to
estimate the local concentration fluctuation of elements. Unlike
the uniform elemental distributions on the scale of hundreds of
nanometers (Figures 1C-1l), metal elements with similar overall
atomic ratios (Table S2) in the 4HEB samples (Figure 3C) show
the enrichment and deficiency in different atomic sites. The fluctu-
ation of each constituent element was further calculated by the in-
tensity statistics of all atomic columns in the corresponding EDS
elemental maps (Methods). As summarized in Figure 3D, the fluc-
tuations (determined by full width at half maximum [FWHM] values
inthe intensity statistics) of these elements have been calculated to
range from 0.13 to 0.21 in 4HEB. The local concentration fluctua-
tion of elements is also demonstrated in the atomic-resolution
STEM-EDS images of 8HEB (Figure 3E), where more pronounced
elemental fluctuations are found in this material with a range of
0.16-0.34 (Figure 3F). This indicates that local chemical fluctua-
tions increase with enlarged lattice distortion due to the combina-
tion of more elements in HEB systems, which can be considered
heterogeneous “nanoclusters” with coherent interfaces. This
result can be confirmed by calculating the Warren-Cowley param-
eter () in the first nearest-neighbor shell using molecular dy-
namics simulations,®® which is a statistical measure to quantify
the deviation of the actual atomic concentration in a given shell
from the bulk concentration for the selected atomic pairs i-j. The
statistics of ;j in Figure 3G prove that the Zr-Zr has the strongest
tendency to segregate at the atomic scale (with the «; value of
0.53), consistent with its highest FWHM value in the EDS maps.
By contrast, aw.w and ame-mo have relatively low values, suggest-
ing that these two elements tend to be distributed homogeneously
inthe lattice. More detailed informationis presentedin Table S4. To
clarify the effects of these nanoclusters on the interfacial polariza-
tion of HEBs, their charge density distribution was investigated us-
ing DFT. As shown in Figure 3H, for specific nanoclusters, such as
W- and Nb-rich ones, there is significant electronic charge accu-
mulation. Meanwhile, other nanoclusters (e.g., Hf-rich nanoclus-
ters), have a relatively low electronic charge density, leading to
aninhomogeneous charge density distributionin 8HEB. In addition
to the charge density, the work function is also critical for the inter-
facial polarization.® To facilitate further analyses, these nanoclus-
ters were simplified to specific individual diborides, and their
work functions were calculated. As shown in Figure S25, the
work functions are variable based on the types of diborides. In
particular, the value for HfB, is the lowest (3.1 eV for the (100)
plane), while that for WB, is the highest (4.7 eV for the (100) plane).
Such significant differences demonstrate that, upon electrons
moving to the interfaces of nanoclusters, these nanointerfaces
can serve as barriers to impede the further transport of electrons,
leading to the separation of positive and negative charges on either
side of the interfaces and, thereby, exacerbating interfacial
polarization.

Enhanced conduction loss and dipole polarization loss
by lattice distortion

Besides interfacial polarization, lattice distortion may help to
improve conduction loss in HEBs. As displayed in Figure 4A,
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with the constituent elements increasing, the ¢ values of the
3-9HEB samples rise markedly from 2.3 x 10° S m™' to
12.8 x 10° S m™", indicating the advantageous influence of lat-
tice distortion on ¢ of HEBs. Combining the Cole-Cole diagrams
shown in Figure 2C and Figure S8, we speculate that the o value
of the 7HEB samples (approximately 8.7 x 10° S m~") may
represent the threshold at which significant conduction loss oc-
curs in HEB systems. Vacancy concentrations were then
measured by an electron paramagnetic resonance (EPR) spec-
trometer to increase from 7.2 x 10'® spins g~ to 23.7 x 103
spins g‘1 for the 3-9HEB samples (Figure S26), showing a
consistent change trend with ¢. To identify the specific elemental
deficiencies, the vacancy formation energy for all elements in the
8HEB system was computed. It can be seen in Figure 4B that the
Ta element is the most prone to loss owing to its lowest vacancy
formation energy (—8.3 eV), followed by the Hf, Zr, Nb, Ti, V, W,
and Mo elements. Notably, formation of the B vacancy is partic-
ularly difficult due to its highest vacancy formation energy
(1.3 eV). The atomic-resolution STEM imaging and correspond-
ing intensity measurement clearly demonstrate the presence of
vacancies in cation sites (Figures 4C and 4D), confirming the
loss of some metal atoms as a result of their low vacancy forma-
tion energy. To investigate the effects of metal vacancies on ¢ of
the 8HEB samples, the Ta element with the lowest vacancy for-
mation energy was taken as an example. To clarify the effects of
metal vacancy on ¢ of HEBs, Figure 4E illustrates the density of
state (DOS) in the 8HEB system near the Fermi level with different
Tavacancy concentrations (V1,). The DOS at the Fermi level rises
from 0.62 states eV ' atom™" to 0.84 states eV~ ' atom™" with
the V1, increasing from 0% to 3.1%, indicating an increased
metallicity that is beneficial to the improvement of ¢. It is known
that, when the electromagnetic waves travel through an absor-
bent, energy can convert into electric current. With an enhanced
g, electronic transport within the lattices can accelerate, result-
ing in the generation of additional Joule heat to consume electro-
magnetic wave energy. In addition to conduction loss, metal
vacancies can also give rise to dipole polarization loss. Figure 4F
shows the differential charge density distribution of the 8HEB
system via DFT. Clearly, a typical Ta vacancy can induce signif-
icant electronic rearrangement, leading to an uneven distribution
of positive and negative charges. As a result, when subjected to
an alternating electric field, vacancy-induced dipolar polarization
and relaxation processes can occur frequently, leading to signif-
icant consumption of electromagnetic wave energy.

Overall, these experimental and theoretical results provide
compelling evidence that lattice distortion can improve the elec-
tromagnetic wave absorption performance of HEBs through
three key mechanisms, as briefly illustrated in Figure 5. Firstly,
significant lattice distortion creates numerous metal vacancies.
In this case, Ta vacancies are energetically preferable to form,
enhancing the metallicity of HEBs by increasing the DOS at the
Fermi level. This enhancement can raise ¢ of HEBSs, thereby pro-
moting their conduction loss. Second, metal vacancies origi-
nating from significant lattice distortion result in the formation
of numerous dipoles in their vicinity. Consequently, as incident
electromagnetic waves interact with HEBs, their energy can
be substantially dissipated through frequent reorientation of
these dipoles, leading to increased dipole polarization loss.
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Figure 4. Metal vacancy measurements and overall electromagnetic wave absorption mechanisms

(A) o and vacancy concentration of the 3-9HEB samples.

(B) Vacancy formation energy of metal elements in the 8HEB system.
(C) Atomic-resolution HAADF-STEM image of the 8HEB samples.

(D) Intensity profile of the region marked in (C).

(E) DOS of the 8HEB structure with different V..

(

F) Differential charge density distribution of the 8HEB structure with a vacancy of the Ta element. The value of the isosurface level is +0.0022 e/Bohr.° Yellow and

green regions represent the decrease and increase in electronic charges, respectively.

Third, severe lattice distortion introduces substantial elemental
fluctuations at the atomic scale. For instance, the Zr element
has the strongest tendency to segregate in the 9HEB system,
as evidenced by its highest «;;. This segregation gives rise to pro-
nounced elemental fluctuations, which can be considered as
diverse heterogeneous nanoclusters with coherent interfaces.
As a result, when electrons move and encounter the interfaces
of these nanoclusters (with significantly different work functions),
they can act as barriers to impede electron transport. This phe-
nomenon results in the separation of positive and negative
charges on either side of the interfaces, therefore increasing
interfacial polarization loss.

Conclusions

We present a universal and effective lattice distortion engineer-
ing strategy to realize remarkable electromagnetic wave absorp-
tionin HEBs. Specifically, we tailor lattice distortion by incremen-
tally introducing metal elements into the 3-9HEB samples using
the UHTS technique. The experimental and theoretical results
demonstrate that lattice distortion can boost the electromag-
netic wave absorption performance of HEBs through three key
absorption mechanisms: (1) lattice distortion leads to the forma-
tion of abundant metal vacancies, dramatically increasing o of
HEBs and so facilitating conduction loss; (2) lattice distortion-
induced metal vacancies generate numerous dipoles, giving
rise to significant dipole polarization loss; and (3) lattice distor-
tion results in the formation of diverse nanoclusters functioning
as barriers to exacerbate interfacial polarization loss. Benefitting

from these unique electromagnetic wave absorption mecha-
nisms, our 9HEB materials with the greatest lattice distortion
achieve a broad EAB of 7.2 GHz at an ultralow thickness of
1.5 mm, showing superior electromagnetic wave absorption per-
formance compared to other single-phase absorbents. This
study presents an effective pathway for significantly improving
the electromagnetic wave absorption in ceramics.

METHODS

Sample synthesis

All chemicals were used as received without further purification.
Commercial metal oxides, including HfO,, Ta,Os, Nby,Os, ZrO,,
TiOQ, V205, MOO3, WO3, Cr203, F6203, and 00203 (purity,
99.9%; particle size, 1-3 um; McLean Biochemical Technology,
China), and amorphous B4C powders (purity, 99%:; particle size,
10-20 um, McLean Biochemical Technology) were used as raw
materials. First, the metal oxides were equimolarly weighed and
mixed with 30%-excess B,C powders based on the ratio of the re-
action equation for 24 h. Subsequently, the mixed powders were
pressed into pellets (16 x 16 x 3 mm®) under a pressure of 10
MPa and a holding time of 3 min. These pellets were then placed
between two pieces of the graphite heater (100 x 18 x 5 mm?;
AvCarb Felt G475, Fuel Cell Store, USA) of our self-developed
UHTS apparatus.®” Afterward, an alternating current (100-250 A)
was applied to both ends of the heater to heat the pellets to
2,000°C + 100°C under the protection of Ar gas at atmospheric
pressure. The heating rate and holding time were set to be
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50-80 K s~ and 40's, respectively. All HEBs were synthesized un-
der the same conditions. After naturally cooling down to room tem-
perature, the pellets were taken out, ground for 30 min, and sifted
through a 300-mesh sieve to obtain HEB powders. Finally, these
HEB powders were uniformly blended with paraffin with a weight
ratio of 3:7 at 85°C for 30 min. After natural cooling, the samples
were machined into concentric rings with dimensions of
3.04 mm inner diameter, 7.00 mm outer diameter, and 3 mm
thickness.

Characterization

Phase compositions of the samples were tested by XRD (X’pert
PRO, PANalytical, the Netherlands), and the resultant patterns
were further refined using a general structure analysis system soft-
ware. The electromagnetic parameters of the samples were
measured by a vector network analyzer (E5071C, Agilent Technol-
ogies, USA)inthe range of 2-18 GHz. The RL values of the samples
were calculated based on the transmission line theory as follows®:

Zin — ZO
Zin+ZO

Zin = Zo\/Leztanh {j (ﬁ)\/urs,}

where Z, and Z, are the normalized input impedance and the
impedance of free space, respectively; €, and u, are the complex
permittivity and permeability, respectively; fand c are the incident
electromagnetic wave frequency and speed of light, respectively;
and fis the thickness of the tested sample. « of the samples was
computed according to the following equation”:

V2rf

C

RL = 20 /og (Equation 1)

(Equation 2)

X \/(,LL”S” _ ,u’e’)+\/(,u”e” _ ,u’e’)2+(u’8”+u”e’)2

(Equation 3)

where f is the frequency, and c is the speed of light. ¢ of the sam-
ples (densified to 98% by a spark plasma sintering apparatus;
LABOX-225, Sinterland, Japan) was tested by a four-probe resis-
tance system (280SI, Four Dimensions, USA). The magnetization
of the samples (5 mm in width X 12 mm in length) was tested by
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a VSM (Dynacool-9, Quantum Design,
USA) under a magnetic field of 5 T. Va-
cancy concentrations of the samples
were measured by an EPR spectrometer
(EMXplus-6/1, Bruker, Germany).

STEM measurements of the as-synthesized HEB materials were
performed on a double Cs-corrected TEM (Titan Themis G2, FEI,
USA) with a Super-X EDS detector operated at 300 kV. Atomic
structures of the samples were investigated by HAADF imaging
in STEM mode with a probe convergence angle of 25 mrad and
a collection angle of 61-200 mrad. To accurately determine the
atomic displacement of lattice structures in HEB samples, the drift
distortion of high-resolution HAADF-STEM images was corrected
by orthogonal image pairs.® The center of atomic sites (with a
number of approximately 600) in the STEM images was deter-
mined by a 2D Gaussian fitting algorithm in the CalAtom soft-
ware.®® The atomic displacement was determined by displace-
ment separation analysis, which can directly separate atomic
displacements from the lattice structure without prior knowledge
based on Fourier space filtering.®® The geometric phase analysis
was used to obtain the strain maps of atomic-resolution STEM im-
ages with a commercial plugin (HREM Research). Atomic-resolu-
tion EDS maps (400 x 400 pixels) of HEB samples were acquired in
the STEM mode with a dwell time of 8 us and a pixel size of 25.65
pm. The total acquisition time was around 35 min. The beam cur-
rent was roughly 50 pA for both HAADF images and EDS maps.
The raw EDS spectrum images were generated in Velox software
(v.3.9) with the characteristic X-ray signals of each element (Ti Ke,
VKo, Zr Ko, Nb Ka,, Mn Ke, Hf La, TaLa, and W La). Then, these raw
EDS maps were denoised using non-local principal-component
analysis (the detailed denoised procedure has been described
previously®®), which enabled the accurate determination of the
atomic position and intensity in denoised EDS images. The inten-
sity of atomic sites (with a number of approximately 1,000) in
denoised EDS images was determined by CalAtom software
with the same fitting algorithm as used in atomic-resolution
STEM images.

Calculation
The chemical frustration was evaluated by the «;; at the first near-
est-neighbor shell using molecular dynamics simulations®®:

Py — G

- (Equation 4)

Q=

where p; is the average probability of finding a type j atom
around a central j-type atom, ¢; is the average concentration of
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j-type atoms in the system, and ¢; is the Kronecker delta func-
tion. A near-zero «; suggests a random solid solution. For the
same species pairs (i.e., i =), a positive «;; indicates attractive in-
teractions of i-type atoms (segregation) in the first nearest-
neighbor shell, while a negative value means repulsion. In
contrast, for pairs of different elements, a negative o suggests
the tendency of j-type atoms to cluster around type i atoms,
while a positive value means the opposite.

First-principles calculations were adopted via the Vienna Ab
initio Simulation Package based on the DFT with the projector-
augmented wave pseudopotentials’® and the Perdew-Burke-
Ernzerhof’' version of the generalized gradient approximation.”®
According to the TiB, conventional cell with a space group of
P6/mmm, the chemically disordered HEB models were gener-
ated by the special quasi-random structure” approach in the
Alloy Theoretic Automated Toolkit,”* while the HEB models
with metal nanoclusters were generated intentionally. The cutoff
energy for all calculations was set to 420 eV. The energy conver-
gence criterion of the electronic self-consistency cycle was 107°
eV, and the atomic structure relaxed until the force on each atom
was less than 0.01 eV/A. In addition, a spacing of 0.3 A~ with the
I'-centered mesh was used in Brillouin zones. Lattice distortion
was calculated as follows”:

2\/i (ac — a)2+\/i (et — o)
= 3 : (

Equation 5)

where a°f and ¢ are the effective lattice constants of the i-th
element, a and € are the average interatomic distances of n con-
stituent diborides, and n is the number of constituent metal ele-
ments in the HEBs. The effective interatomic distances of the a®'
and c® were obtained by

n AV 1/3
af = °f ( +7”> a
j I

n '\ 1/3
= (1) e
j I

(Equation 6)

(Equation 7)

where f; is the atomic fraction, V; is the volume of the j-th dibor-
ide, a;j and c; are the lattice constants of the individual diboride
corresponding to the j-th element, and AVj; is the change of
the lattice volume of the i-th element dissolving into the j-th
element, which can be expressed as’®

Vaﬂer solid solution — Vbefore solid solution

N

AV = (Equation 8)

where the Vbefore solid resolution and Vafter solid resolution aré SUperCG‘”
volumes of i-th diboride before and after optimization, respec-
tively, and the N is the number of solvable elements correspond-
ing to the half number of metal atoms in the diboride supercells.
can also be obtained from XRD refinement by replacing a and ¢
with the corresponding analyzed lattice parameters. The forma-

¢ CellP’ress

tion energy of a defect X in the HEB model was calculated by the
following equation’”:

Ef[X] = Etot[X} — Etot[bulk]"'EX (Equa“on 9)

where Eit[X] and Eiqt[bulk] are the total energy derived from
defective and perfect HEB models, respectively. Ex refers to
the energy of the X atom in its ground state. In addition, the
charge density difference was computed via the following
equation’®:

Ap = pibulk] — pii[Me] — pye (Equation 10)

where py; [bulk] stands for the charge density of the perfect HEB
models, and p,;[Me] and py are the charge densities derived
from the defective HEB model and the defective metal atom,
respectively.
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