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a b s t r a c t 

For (Cr, Ni)-codoped 4 H silicon carbide SiC, electronic/optical properties are calculated, and a ferromag- 

netic (FM) order is detected. Doping Ni at Si sites should not destroy the effective coupling of the spins 

induced by Cr, could enormously boost the quality of absorbing electromagnetic waves, and acts as resist 

coatings for Cr-doped 4 H -SiC. The metallic character shown by (Ni, Cr)-codoped 4H–SiC allow us using it 

in microwave circuits. Its FM order is mainly due to Cr impurities, so that the strong FM coupling orig- 

inates from p-d hybridization interaction. Our results show that substituting Al for Ni either in (Al, Cr) 

or (Al, Cr)-doped 4H-SiC may improve the magnetism of 4H–SiCand enhance its microwave absorbing 

properties in the mm-wave band. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Microwave (MW) circuits and wireless telecoms are rapidly de- 

eloping, [1–6] while humans are more concerned with electro- 

agnetic wave (EMW) pollution that has attracted extensive at- 

ention, due to undesirable effects on human life, biological health 

nd precise instrument [7–12] . For instance, magnetic nanomate- 

ials as EMW absorbers (EMWAs), can really delays EM pollution 

nd strengthen defense capabilities of weapon systems [13–18] . To 

void EMW pollution caused by electronic and telecom systems, 

r-doped 4H–SiC are used, where Cr behaves as donor or acceptor 

nd the dielectric properties of SiC can be changed through n - or 

 -type doping in the MW range, and enhanced dielectric loss and 

mproved EM matching (beneficial to get excellent MW absorption 

erformance) could be obtained [19] . Emerging EMWAs should ex- 

ibit thin matching thickness, lightweight, broad absorbing band- 

idth, and strong EM absorption [20] . EMWAs become important, 

nd absorption was the interest in MW absorbing materials, espe- 

ially those suitable for high frequency (Ku-band, 12.4-18 GHz) ab- 

orption, is on the rise due to a rapid progress in radar systems 

nd military aircraft [21–25] . Absorbers require wide frequency 
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ange, zero external magnetic field, thin absorption layer, that limit 

erromagnetic (FM) materials to be applied in the MW frequency 

ange above a few GHz, so that ferrites in the hexagonal crystal 

tructure cause the FM resonance shifting towards lower frequency 

26] . In EMWAs, the FM particles both reduce impedance mismatch 

t the front interface of the absorber, and increase absorption of 

MWs [27] . One of the promising MW absorbent is silicon car- 

ide (SiC); It owns wide waveband, strong absorption and thinness, 

hows good thermal stability and excellent mechanical strength 

t elevated temperature [28] . But unfortunately, SiC suffers from 

oor dielectric/magnetic properties and low conductivity that enor- 

ously limit its applications [29] . Practically, magnetic moments 

MMs) in 4H-SiC may be obtained by doping this compound in 

he process of crystal growth, and implantation-induced lattice dis- 

rder and expansion may trigger the formation of high-spin SiC- 

ransition metal (TM) systems [30] . Take for instance, Cr 4 + ions 

sed to overcome the handicap of SiC produce a spin ground state 

ith a narrow, spectrally isolated, spin-selective, near-telecom op- 

ical interface [31] . Furthermore, in systems like Cr 2 O 3 –Al 2 O 3 –SiO 2 ,

here substituting Al 3 + by Cr 3 + ions is preferential, octahedral po- 

itions as Cr 3 + is likely to substitute Al 3 + in such crystal [32] . How-

ver, Cr 4 + ions in SiC and d 2 configuration in strong tetrahedral lig- 

nd field, are promising for integrated optics of interest for in-fiber 

ong distance quantum communication, [33] and have the more 

table configuration Cr + 4 ions in monodoped 4H-SiC [34] . More- 
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Fig. 1. Optimized (Cr, Ni)-codoped 4H-SiC primitive cell, with initial Wyckoff po- 

sitions of Si/C atoms are: Si 1 (0,0,0.1875); Si 2 (1/3,2/3,0.4375); C 1 (0,0,0) and C 2 
(1/3,2/3,0.2599), and hexagonal symmetry (#P6 3 mc). Ni/Cr atoms are localized at C 

sites. Under full structural relaxation, the 72 atoms supercell structure was calcu- 

lated to take into account changes in lattice parameters and internal atomic posi- 

tions after substitution (Ni 1 ,Cr 1 )C 34 Si 36 . 

m

e
5

 

v

w

c

t

C

a

r

i

o  

n

a

t

i

s

r  

S

e

s

s

u

f

o

a

c  

S  

H

s

3

2

3

ver, Cr 4 + are detected by placing devices into a photonic cavity 

o reduce the excited state lifetime by Purcell enhancement: large 

raction of indistinguishable photons in near telecom zero-phonon 

ines would be further enhanced [35] . Hence, Cr-based absorbers 

reultrathin, broadband, and heat-tolerant, and perfectly absorb 

MW and visible light, since Cr of high T M 

of 1907 °C is inexpen-

ive and easy to fabricate [36] . In turn, Al element is also used in

oping 4H-SiC, but it helps only to stabilize the SiC crystal struc- 

ure inherent to 4H, with no FM feature was observed in the pris- 

ine 4H-SiC [37] . Song et al . [38] synthesized (Al, Cr)-codoped 4H- 

iC by solid-state reaction, reporting no obvious role of Al element 

o modulate the carrier in SiC, but a FM order that weakens with 

ncreasing Cr content. Bai et al. [39] reported Co-based compos- 

tes with impedance matching, and dielectric loss/ geometrical ef- 

ect of great potential in developing lightweight and high-efficiency 

MWAs, and described Fe/Mn-based composites with small reflec- 

ion loss, large effective bandwidth, thin thickness, low density and 

ood chemical stability as promising candidates for EMWAs [40] . 

Motivated by their work suggestions to explore new EMWAs, 

e intend here to overcame the above shortcoming through the 

Cr, Ni) codoping strategy of 4H-SiC, to boost the FM order of Cr- 

oped 4H-SiC, and wear a resistance coating with nickel (Ni) used 

s protective surface layers against oxidation and corrosion [41] . 

n addition, Lin et al. [42] have reported no spin-polarization that 

l can induce in (Ni, Al) codoped 4H-SiC, and even the FM ex- 

hange interaction is reduced due to the (Ni,Al) co-doping. Since 

iis used in self-lubricating Si/SiC composites and enhances their 

ribological properties [43] it can be selected as the toughening 

hase in coating EMWAs. Improving magnetic/dielectric proper- 

ies of materials is still very limited [44] , and a systematic inves- 

igation of Cr–Ni–Si coatings for Cr-doped 4H-SiC based EMWAs 

to limit EMW pollution) is needed. Although experiment plays 

 key role in testing EMWAs theory and provides the basis of 

heir scientific knowledge, theory is the essence of facts, and with- 

ut theory scientific knowledge would be only worthy of the mad- 

ouse (Olivier Heaviside). Besides belonging to the SiC series, 4H–

iC is of great interest, and its physical features, namely high ther- 

al conductivity thermal stability, and chemical inertness, of SiC 

MSs are excellent [45] . Although epitaxial 4H-SiC grown by Ito 

t al . [46] and Miyazawa et al . [47] by vertical hot-wall chemical

apor deposition reactor by employing an H 2 + SiH 4 + C 3 H 8 or 

n H 2 + SiH 4 + C 3 H 8 + HCl gas system, until the present time

Cr, Ni)-codoped 4H–SiC are not synthesized yet, and not predicted 

xcept by the present study. In this paper, we present ab initio cal- 

ulations results of Cr-doped and (Cr, Ni) codoped 4 H -SiC, using 

ccurate FP-LAPW calculations and performing a structural relax- 

tion of the SiC lattice with substitutional Cr/Ni impurities. The re- 

ults of densities of states (DOS)/electronic band structures (EBS), 

ielectric properties and magnetic ordering [48] , allow predict that 

odoping 4 H -SiC with Cr/Ni impurities can improve the MW per- 

ormances for EMWAs, by suggesting all magnetic impurities al- 

ernatives in the wide bandgap (E g ) SiC semiconductor host, and 

btaining metallic compounds. 

. Methodology and computational details 

The crystal lattice of 4H–SiC can be represented by a sequence 

f hexagonal close-packed silicon-carbon bilayers. DFT band struc- 

ure calculation [49] for bulk crystalline Cr/Ni-doped SiC and (Ni, 

r)-codoped SiC alloys is carried out within the Wien2K code, 

mplementing the FP-LAPW [50] and GGA-PBE approximations 

51] full relativistic effects are calculated with the Dirac equa- 

ions for core states, and the scalar relativistic approximation is 

sed for the other states [52] . The spin-orbit coupling is ignored 

ere since it has a slight effect. Our DFT calculations are per- 

ormed by using the highly accurate full-potential projector aug- 
2 
ented wave method [53] whose potentials are used to describe 

lectron–ion interactions representing ionic cores. . The orbitals of 
2 Cr: 3d 

5 4s 1 ; 58 Ni: 3d 

8 4s 2 ; 28 Si: 3s 2 3p 

2 ; 12 C: 2s 2 2p 

2 are treated as

alence electrons. Brillouin zone (BZ) integrations are performed 

ith the tetrahedron method in a Monkhorst–Pack k point mesh 

entered at high symmetry point �, inside the BZ [54] . To inves- 

igate the (Cr, Ni) effects on dielectric and magnetic properties of 

r-doped 4H–SiC and (Ni, Cr)-codoped 4H–SiC alloys ( Fig. 1 ), Cr 

nd Ni atoms substitute on the Si sites in a 72-atom supercell, cor- 

esponding to 3 × 3 × 1 supercell. Ni/Cr atoms replacing Si ones 

n such supercell are assessed for a common doping concentration 

f 2.78 %, [ 42 , 43 ] to avoid weak ferromagnetism order and mag-

etization decrease with increase in Ni/Cr concentrations [38] . We 

dopted a hexagonal P6 3 mc structure with 72 atoms in a primi- 

ive unit cell, and an FM phase with Ni and Cr both spin polar- 

zed. The unit cell is divided into non-overlapping muffin-tin (MT) 

pheres around the atomic sites and an interstitial region. The MT 

adii (R MT ) were taken to be 2.4, 2.45, 2.3 Bohr for (Cr, Ni), C and

i atoms, respectively. The R MT × k MAX parameter and separation 

nergy between valence and core states are set to8 and −8Ry, re- 

pectively. The lattice parameters a and c of 4H-SiC in the P6 3 mc 

tructure are taken to be3.081 and 10.096 Å, respectively [55] . The 

nit cell crystal structure of (Ni, Cr)-codoped 4H–SiCis generated 

rom a 3D visualization program package (XCrySDen) [56] . Wyck- 

ff sites of Si/C atoms in 4H-SiC system are such as Si or C atoms 

re respectively positioned in the 2a and 2b sites, and their atomic 

oordinates ( x, y, z ) were taken to be as follows: Si 1 (0, 0, 0.1875);

i 2 (1/3, 2/3, 0.4375); C 1 (0, 0, 0) and C 2 (1/3,2/3, 0.2599) [57] .

owever, Ni/Cr atoms in the codoped 4H–SiCoccupy optimized po- 

itions at Si sites. 

. Results and discussions 

4H–SiC (#P6 3 mc) as a null MM material with indirect E g of 

.25 eV, has a conduction band (CB) mainly contributed by Si- 

p orbitals, however the valence band (VB) is specially occupied 
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Fig. 2. Total and partial DOSs of NiSi : At E g ∼ 2.25 eV, M TM = 0μB . 

Fig. 3. DOSs of a ) Cr-doped, b ) (Cr, Ni)-codoped 4H-SiC systems. 
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y C-2p and Si-3p orbitals [57] . It has been experimentally re- 

orted that C/C composites in 4H–SiCshow high oxidative degra- 

ation and poor wear resistance at high temperature during expo- 

ure to an oxidizing atmosphere. Although EMW absorbing mate- 

ials rely in experiment on doping amount, particle size and mor- 

hology, filling ratio and effective bandwidth, [58] nothing but the- 

ry is used to evaluate the EMW absorption ability (as in worm- 

ike SiC nanowires in X-band) [59] . Let us focus on doping SiC by

M ions. Cr atoms in Cr-doped 4H–SiCbehave as donor impurities, 

nd the mechanism of bonding Cr with Si atoms is so that neutral 

r electrons become involved in forming tetrahedral bonds with 

eighboring Si atoms [60] . However, it can also behave as an ac- 

eptor depending on its charge states, forms impurity levels in the 

ap of SiC, acting as deep-level double acceptor impurities [61] . In 

urn, Ni-coated SiC can solve issues of facile oxidation and mag- 

etic aggregation, while improving the conductivity of SiC can en- 

ance its dielectric properties [62] . Since SiC is mainly used for ab- 

orption of millimeter (mm) and centimeter (cm) waves, the 1mm 

avelength (accordingly to ∼1.24 meV energy) is chosen here to 

tudy all dielectric parameters of the three compounds. 

On the one hand, we introduce here metallic and all non-FM 

ystems NiSi compounds, [63] aiming to precipitate their proba- 

le growth on 4H–SiC. As Fig. 2 focusing on total and partial DOSs 

f NiSi can show, Ni d-DOS maximum is shifted from the Fermi 

evel (E F ), so as its distribution can occupy two energy ranges: a 

rst one poorly recovered with Si p-states, where d(Ni) max be- 

omes poor from p(Si) states, hence a d–p resonance, and a second 

egion taking part in d(Ni)–p(Si) hybridization, where p(Si) states 

ake a greater contribution near E F .NiSi studied for its unusual 

agnetic and thermodynamic properties like magnetic susceptibil- 

ty and insulator-MT with increasing temperature, is described as 

 strongly correlated system, a possible Kondo insulator [64] . 
3 
Fig. 2 ( a,b ) show partial DOSs of Cr-doped and (Cr, Ni)-codoped 

H-SiC systems, where a strong hybridization between Cr:3d/C:2p 

rbitals exists. It is worth to be noticed that the mentioned pow- 

rful FM coupling should originate from p-d hybridization inter- 

ction, CB and VB are mainly contributed by Si-3p and (C-2p, 

i-3p) orbitals respectively, and the metallic character subsists. 

ig. 2 ( b ) shows only majority-spin DOSs of (Cr, Ni)-codping in 4H–

iC,wereadjacent C spin polarized and FM coupling with Ni/Cr, due 

o the strong hybridization of Ni and Cr dopants with adjacent C 

toms. The hybridized Ni: 3d-C: 2p-Cr: 3d chain formed through 

-d coupling is responsible for the long-range FM coupling. Here, 

t is worth mentioning that the FM order do not originate from 

i but Cr atoms, since no significant change is mentioned in total 

Ms (remaining ∼ 1.98 μB) after inducing Ni atoms. 

On the other hand, and unlike (Al, Cr)-codoped 4H–SiC, where 

he key role of Al doping is to stabilize the crystal structure as 

single-phase, and the magnetic characters is ascribed to be in- 

uced by the Cr element, [65] Ni codoping may not affect the 

agnetic properties, inducing weak FM order, the magnetization 

Ni, Cr)-codoped SiC is mainly due to the Cr impurity [39] . In the

Ni, Cr)-codoped SiC system, and its FM order can be attributed to 

he strong p-d hybridization interaction between Ni and Cr atoms 

nd their closest neighbor C atoms. For (Ni, Cr)-codoped SiC sys- 

ems, the ground state should be a FM coupling between Ni and 

r atoms [66] . The CB is mainly contributed by Si-3p orbitals and 

he valence band (VB) is mainly contributed by C-2p and Si-3p or- 

itals and pure SiC material is nonmagnetic [67] . To investigate 

he electronic properties of Cr/Ni-doped SiC and (Cr, Ni)-codoped 

iC in deep, we also calculated their EBSs, as shown in Figs. 4 ( a,b )

nd 5 , respectively. The incorporated TMs in group IV compounds 

SiC here) are usually spin-polarized, and local spins on these TMs 

an couple with each other via hole mediated or double exchange 
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Fig. 4. Band structure of a ) Cr- b ) Ni-doped 4H-SiC systems. 

Fig. 5. Band structure of the (Cr, Ni)-codoped 4H-SiC system. 
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echanisms. Since Cr is mostly acceptor, its acceptor levels are ei- 

her close to the condition band(CB) maximum or deep in the gap. 

ence, Cr-doping in SiC cannot induce holes, excluding the hole 

ediated set apart coupling, while the local spins can still cou- 

led through double exchange. For the (Cr, Ni)-codoped SiC system 

ainly ( Fig. 7 ), no gap appears, while CBs crosses E F , overlapping

ith each other and proving the metallic character of this system. 

The second part of our calculations were performed on opti- 

al properties of the three systems: Cr/Ni-doped SiC and (Cr, Ni)- 

odoped SiC, aiming to reduce the reflection coefficient of the in- 

erface of the proposed EMWAs, where impedance matching ma- 

erial/free space is required. MW absorption properties of EMWAs 

re obtained via relative complex permittivities ε and permeabil- 

ties μ, appearing as important parameters from strong applica- 

ions of FM metals as EMWAs [67] . In terms of impedance ( η)
4 
nd propagation constant ( γ ) for EM absorbers, the permittivity 

 ε) and permeability (μ) of materials, as functions of the angular 

requency ω, are given by ε = 

γ
jωη and μ = 

jη
jω [68] , and Kramers- 

ronig (KK) relations are formulated mainly for EM excitation [69] . 

or impedance matching requirements, the impedance η = 

√ 

μ/ε 
f EMWAs is so that the reflection of incident wave is minimized: 

ielectric and/or magnetic losses must be high to achieve better 

M absorption performance [70] . Real and imaginary parts of ε are 

lso connected by KK relations, used in nonlinear optics to cal- 

ulate refractive indexes n = 

√ 

ε 1 + i ε 2 of materials by measuring 

bsorbance, and check self-consistency of experiment or model- 

enerated data [71] . EMWs must be absorbed while energy should 

e transformed into heat, which requires high dielectric/magnetic 

osses that are determined by the complex permittivity and per- 

eability, given as ε r = ε ′ + i ε ′′ and μr = μ′ + i μ′′ [70] . For all of our

ystems both parts of ε are shown in Figs. 6 and 7. The calculated 

omplex dielectric constants of our systems at 300 GHz are found 

o be 179.1 + i 24.5,193.1 + i 21.6, and 109.7 + i 13.4 for Ni-doped SiC,

r-doped SiC and (Cr, Ni)-codoped SiC, respectively. 

It is clearly seen that the real part of ε of the Ni-doped 4H- 

iC is less than those of Cr-doped SiC and (Cr, Ni)-codoped SiC, 

nd imaginary part of ε of Ni-doped SiC is bigger than that of (Cr, 

i)-codoped SiC but less than that of Cr-doped SiC. Both parts of 

for all systems show up trends at the wavelength of 1mm,that 

ay be explained by an increased lagging near the polarization re- 

ponse on the electric-filed change [72] . Due to probable μ/ ε mis- 

atching at interface, proportional increasing of μ can compen- 

ate the reflection coefficient of the interface by the impedance 

atching material and free space. ε′ and ε′′ of MM-based SiC 

omposites, usually increase dramatically compared with those of 

iC, [70] and with no magnetic losses (μ′ ∼0 and μ′′ ∼1).It is worth 

entioning that mm waves ( ≤300 GHz), applied to radar, mi- 

rowave WiFi, high-performance5G, [73] radio astronomy, secu- 

ity screening, remote sensing, imaging, automotive radars, [74–

7] may involve our systems as promising candidates. For different 

icrowave absorption bands (application at different frequencies) 

uitable thicknesses for EMWAs should be adjusted [78] . An ap- 

ropriate (Cr, Ni) codoping in SiC can increase its dielectric loss, 

nhance the impedance matching to facilitate incident microwaves 

ntering such composites, therefore improve their performances 

or microwave absorption. MW-absorbing property of SiC can be 

nhanced by dispersing ceramic matrix with (Cr, Ni) FM-EMWAs. 

i coating on Cr-doped SiC can effectively improve absorbing prop- 

rties of SiC. The calculated absorption coefficients ( α) are so as 

hat of the Ni-doped 4H-SiC is bigger than those of Cr-doped 4H- 
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Fig. 6. Real and imaginary parts of ε for a ) Ni-doped SiC system. At 1.24 ∼meV (300Ghz), ε = 179.1 + i 24.5; α∼ 0.126 cm 

−1 ; Real part of ( n ) ∼13.4. b ) Cr-doped 4H-SiC system; 

ε = 193.1 + i 21.6; α∼ 0.11 cm 

−1 ; R( n ) = 13.9. 

Fig. 7. a ) Real and imaginary parts of the dielectric function b ) Absorption coefficient of (Cr, Ni)-codoped SiC, with : ε = 109.7 + i 13; R( n ) = 10.5, and α= 0.094 cm 

−1 at 

∼1.24 meV (300Ghz). 
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iC and (Cr, Ni)-codoped SiC, and imaginary part of ε of Ni-doped 

iC is bigger than that of (Cr, Ni)-codoped SiC but less that of Cr- 

oped SiC. For comparison purposes, Kuang et al . [79] reported ex- 

erimentally that dielectric properties (in the 8.2–12.4 GHz range) 

f Ni x Si 1- x C are slightly higher than those of undoped SiC for 

 = 05%, however by increasing the doping to x = 1%, the dielec-

ric properties were boosted as follows: dielectric loss from1.75 to 

.99, and ε from 8.13 to 8.53. Majid et al. [80] verified theoretically 

hat in 8.2–12.4 GHz range, but reported via X-rays analysis that 

ith increasing Ni a shrink in SiC lattice is caused. Moreover, for 

r doping in SiC (Cr x Si 1- x C), Lu et al . [81] reported that in that fre-

uency range, ε of SiC was slightly improved after doping Cr, but 

he effect is not as remarkable as Al doping, ε = 75.593 + i 24.515.

ur results are comparable with those mentioned above, provided 

hat the chosen 300Ghz frequency is lower compared to the 8.2–

2.4 GHz range. The real ε of Cr-doped SiC is slightly higher than 

hat of Ni-doped SiC, but inversely for the imaginary parts. The un- 

oped SiC compound remains with the lowest ε of 5.10 [79] . Al- 

hough (Ni, Cr) codoping decreases slightly ε of SiC, this appears 

ignificantly much better than that of SiC undoped. It is clear that 

y optimizing the doping amount of Cr/Ni TMs, the MW absorp- 

ion ability of the undoped SiC compound has been effectively im- 

roved, due to enhancement in ε. 

As well known, the relationship between the refractive index 

nd reflectivity has practical significance in that it may allow esti- 

ating the severity of clear air turbulence from MW devices reflec- 

ivity. Moreover, highest refractive indexes as a negative feature in 

W devices, raise significantly absorption losses and could be ben- 

ficial for EMWAs. Orders of magnitude of such indexes (at ∼1.24 

eV) are given in captions of Figs. 6 and 7. a , showing a higher

alue of 13.9for the Cr doped system, compared to those of Ni-SiC 
e

5 
nd (Ni, Cr)-SiC found to be 13.4 and 10.5 respectively, may al- 

ow it when codoping Ni-SiC to be a good candidate for EMWAs. 

ig.7. b shows a weak α for (Ni,Cr)-SiC that may convert EMWs 

nto heat, and these must be attenuated. Our results suggest that 

hough a compromise between Cr and Ni-performances doping SiC 

eparately, (Ni, Cr)-SiC coated with Ni should exhibit better fea- 

ures as a good candidate for mm-waves applications. It has been 

hown that adding small amounts of Cr and Ni in SiC can affect the 

ielectric and magnetic losses, and enhance microwave absorption 

erformances of the (Cr,Ni)-SiC composite. 

. Summary 

We have calculated electronic/optical structures of (Ni/Cr)- 

oped SiC systems separately, by using the accurate ab initio FP- 

APW technique. The results show a more favorable FM state in 

he (Cr, Ni/Cr)-based systems, that originates from a strong p-d 

ybridization interaction between Cr and nearest C neighbors(3d- 

/2p-Cr), giving rise to enhanced dipole polarization intensities 

nd electronic polarizations, while the Ni-based system is NM. 

his can provide a new route for potential applications of (Cr,Ni)- 

odoped SiC system in MW devices. Dielectric and magnetic prop- 

rties of Cr-doping in SiC should be boosted by adding Ni dopant 

coating) for success in enriching such properties. (Cr,Ni)-codoping 

n SiC is be predicted to be applied as an excellent EMWA, with 

ood thermal stability, excellent mechanical strength at elevated 

emperature, lightweight, special dielectric and electrical proper- 

ies, and many practical and potential applications. (Cr, Ni)-SiC sys- 

em can overcome SiC shortcomings, such as poor dielectric prop- 

rties resulting from single polarization, low conductivity and poor 
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agnetic properties. Such doping approach shed light on synthe- 

izing EMWAs with strong dielectric attenuation performance. 
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