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Magnetic Composites for High Performance of Electromagnetic Wave Absorption
Jiang Guo*!, Yukun Sun*,Zhanhu Guo? Jianfeng Zhu*
1. School of Materials Science and Engineering, Shaanxi University of Science and Technology, Xi’an, Shaanxi,
China
2. Department of Mechanical and Construction Engineering, Faculty of Engineering and Environment,
Northumbria University, Newcastle upon Tyne, NE1 8ST, UK
Abstract: With the advent of high-power electronic devices like 5G base stations, communication satellites
and military radar systems, electromagnetic (EM) radiation results in significantly environmental pollution, which
would threaten human health, electronic device safety and the reliable operation of military equipment. In this
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work, the hollow core-shell structured Fe;O,@polypyrrole (HFO@PPy) and hollow Fe;O,@carbon (H-FO@C),
and hollow Fe;04/TisC,Ty (HFO/ TizC,Ty) composites were presented. The maximum reflection loss (RL) is
-52.01 dB in the HFO@PPy composites. The RL and effective absorption bandwidth (EAB) of H-FO@C
composites carbonized at 650 T is improved to -51.85 dB and 5.36 GHz (thickness 2.1 mm), respectively. For the
HFO/ TisC,T4 composites, the -57.17 dB is obtained at a frequency of 16.65 GHz (1.8 mm), and the EAB even
reach 4.4 GHz. The excellent EM absorption performance is mainly due to the ideal impedance matching and
synergistic effect of magnetic loss and dielectric loss caused by unique micro-structure. This work provides a new
way for advancing electromagnetic wave absorption materials.
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DR BOR R D EFH R 3 B Z B, HH Bl B H AR AN 5 2 8] (5 5 22 ok f
RAIRIM IR BETE o BlE PRI AR B PRI JE , 18 V) 75 22 BRI D B HoR AR TH 2 Bt i 22 21k
SRTT, 05 £ 22 U5 OO D 2 1 AN 22 ' 1l W ] oSS0 R A s A TR SR ) 17 BRI, JU R W] AN AL
SRR B N, RS HERDEIE BT, R HARYR R I A S ] A R, R F AR
VAR TR E 5 ) BRI PR AU IS, 2 SEEL 2 I Bl O3 o0 . A T ARl 455 WxV1,0, #AEK
FHAERRIANGK FES5 K, BEih T — Pl s vl LI BUON 2R 1) 1 38 S AV B 2 B D e bR . 26T WiXV1,0,
(IR S5 A8 T AT e PR AR SRR, SCIL T H AR R S PV I A (30-70°C) A 36 I8 FAH Sy WL S,
TELLHMRINIE BN B SR MBI AR (~100Wm®) o FIAGPRIBEIRIEI S A, 1
IR LM B S IL 14 il 55 ) AR SR BE XS EE /N (<7%) B #ivihke. ibdh, BT pr st
2 RAR I T AE 2 PR ch SR I LR D St 60 P LS D 28 o AT T T WL V1,0 HONK I S5 K D T 2 AR AL T
PR SEIUR] WA 1) B & RO R SR 7 — Rl AT R S
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FEL G YUl
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25 e Uk P [0 1 B L 3 P R e MR ORI A ) R PR R F T 5%, ARSI T 2 R Z5 %0t # SICT/SIBCN
HAEMEN S G 6 & 7 50 v iR s G RS MR . B, REUFL T SICHISIBCN & & MR
WO EER P2 O = SR G e R o R B S5 R0 T LT 245, SICT/SIBCN 8RR I T
PR TEAI FEIRIOR A B A BB IR, A ORI B 34.8 GHz (5.2~40 GHz, 78 a5 il 4 Bt
1 96.7%) , HAEM M EMRAKAET, X 540 IR B AR AR e WL 100°C~1100°Cilz FE 3t [l A
AR BE ORRE 12.5 GHz (5.5~18 GHz, 78 aaill AL 89%) o i B8 A0 v i 3R £ FE AN U R
PEJET SICF/SIBCN &AMk 5 Mg 32 R 2 RS AR R BERHT . 2 AT RIS BUR 8N . A
W5 A4 a0 G R SN A FE AN UK P v P e P RSOR R A v R
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3D BIFEITEIHUE 2K LiE 3 T N BT ST
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Bt PN

BEXHE K S A 2 7K _E3E 3l rh g sk it B R B R PR BF 3D 4TEIEIAR, BT IRRE A, fl&
IR BB AR AL B P vk B 26 . B2 T HERIPTRE T BiKERIA AL E SRR, FRATIEE T 58
ZHERESE LS (PDMS) FIZKER (nano-Ag) 1E A R, PDMS-Ag E-A R & HEHT el Sk B
Mo IR AR KR, FT B R R B FENLBRIN A R 47, W R I oK, P Zeak 98% LA b, BHESK
(R-a ffi: 95.649 HJ[FRINILRENEIH S 5 (600-1000Hz), 2 milFikiash i) 2 e E A Rett . 7E3E— P B SE PR
R, HI23 18 % 28 IR R DA AT TPE E AT 7K G Bl PR K AR AN IE BRI A IR, oAb AT T 7= A AR (1) 0 B
SO, AT A & AN S 5K FIEF) . XL RN T EVE 3D T ENEURAEAE Dy e e vk e A4 77 T
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BLADL e AT 1 it TR BEEE AR AN Rl it i R v % SR B 2 AR AT AN ) R ARk . SR IS Bl 2 R AL A5
RURAH AR JEEERR (1) Bauschinger RS, 25K, f£ UOE e, VR L5 m i [ S AR A7
FERR R X 38AL, £ JCOE A2 B &) i IE5Z %3 . UOE & I&LL JCOE 18RI H 535 5] (kA M
JJo X—HEMEIGER T LRI SEREM:, JhEm T EEMPURETE. AT, UOE & 1R & JE MRS ) e A
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FARRA K R T L S At SIS R, 7B S D 28 W1 38 A AU B S FIE T« SR, B-GaOs (IR T 26 T 51
AP, RS R TN, MRS EA R SRR, ™ ER L2 S
AIEEME. HAT, PR R EE R T ENER S E AL, TR RS R A R A 2
Rl  B-GaxOsDh 2R A I FVRE AT F0 A TV B SR WS S S T ] SEPE RO 2L
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2SS I B K 458 SR BE A AT s, [RINHR ST T il D)% (125 kHz, 20 W) TAEBT, #fikihZ
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ST, WMARFER B-Ga:Os D ZAAE JLFS WA B KRB, RIAESM ORI E; 2%
P IR R o A LR S5 “#5, BY B IOIRES . SR IRIIFE Ga.04 5 FE IR i S35 s, 1
IR T AR R BE AR AT S5 RS2 BN o 28R I R 5 TR B TR S P (3 I R IR 26 M BT (Jhgkig
JERRD , HATRHA SRR, RT3 o 7 S s D E K LR, ORI A 0.5 ms 14 0 #|
1.5 ms I, AN[FA R A (1) e R 25 IR 358 PRI, EL R BRI EE AR #H RIS R EOR, 5 KE5 IR,
PR R RN o B o A R RN, SRR ORI IR R, T R R B A LA SR AN R
Z KB LT, AEEAS R T 1k 2R e i A B B A )R SN A, an: NIy, BN SiC 4
3R 4L 4-5. 14-15 F 18-19 A BAE BIR2E, BRI E 508 480, 513 #1566 K; 1M Si fo JIlEAE % B
BN (20 1) KGR FIRERA . X2 EZIHF T = #2104 R T UE 208 HalE i B8
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T 55 BT A R A BB AL T i KPR, A% 8 A BR 22 73 B0A R T 7 iR AE AR BUIX SR A5y I
ERMITH AR vk, BATCIH 5 NSO 2Tk, i 2 R R R 2 (7 e R T 4G
RV BEAI O 18T LR AR G5, AT SEBRL T2 AR R AT SR Ao AEAR R R RE IS 1) o, BT AT DUESE s i 55
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Wam. BATRGEIT 7 IR IL RS B R AR I (M R R i AR KO BE IR 2R, 3878 13 57 A
FEARZ PR N P oRE VEAE o I AR G2, BATTAS DU SRR 1K LR R A AR LM N, BEIRA
PR T BN, D REIR R ISR BT R T R B HR T E RIS
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Bl IRMEN 5. AR e AR IRBIE O AL S . AR EEA R T AU
M e AT TR S 1D OtSARRIA Rk, BATHTAIT I R An AN R 4 A, BEie En] LSESEHm
| 22 SUAR S HRE IR R B REAT SEARIRAIE ;s BE—2P b, BE BRSOt BRI R A
TEAS S LA B AFAE S AMBILIRAE A ML s 20 WP FRMER il il T 63, TR0 2 3R fl s
RGBT FBRED A AR, 7R T ORI S FRVE R SR 75 3 (10 B SR AR Il B AR =X, DL AR R AR 1] I
PR B R AR T e o AT, B BRI T IR S AR AR U A Bl B R S AR T R R

IR
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FETE KA i B AP B FLRL A
L
Bt PN
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s FERARIEBOC SR BRE . S RARLLE S IFHRCR . IR R AR RS RIS . AUk, #
I EPAIE T SR R A, AR BN LR A 2 ol e i R 1 AR S B 3 B LN
D01-47
N-HRRB AR R R R TS iR
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PR AR
21 HZBDOK, MESREIR A H o Y, T REIRHE O BRI IR D UGE . SRR AL 5 ThRE
JsA 2 8 v g 6 )3 5 R Wt e R R DT T e R REAR IR 22 LRI BE T2 S T AR S i e B
W52 Thae — R R, X B E R TR AU A R e S 5 Ji BT B B S AFARIEMRL, Sk
BHA A& AR ELRON, R E S (e, Profditkfe. DU TEREME AT BeHE, RO EBR
W RE BN AMEIZ UG & 2 3L, EFERIRNUEATE . 12 thae 5 a5 D RExE LLPR A |
LR EIT A RES . SRS SERAE AR BTG RAS S v EMEE S E YT A Z VA A
SR R o A SRR T - B G TR AR TERE RS, BAEST OO BoREE %2, 2 F 2 1 AL,
SCHUMRL-S5 0 -TERE— AL e, S AR R MRS TR TAERN A, RTH etk B E it feds, it
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DO01-48
TR K2 BRI A EREREEAR
EEL
THETHERF

B TCZAB S BRI PRI R, RRZX — A% O IPERE SR tH 1 BT EEK . £E 5G/6G 15 RGN
PETPE ARG, REMNEAZCHT. (RRA. 5 THEBCA PRI E R . SRR, 1Fv—
ik 4 B BER RO B AR AR AR T, P DARRAE — b A BTt PR 81 o S TR R R TR P ) R
DI B2 AR LG, 3B 3K )88 3 T 5 A7 SN a7 44 o 15 L PX) 28 R SE AR IR A #E o AT S0 AE AT B R BT
Wit BEZ BT LGB AR i BEAG = AN J7 TN S SRS R R TR AL, B RN BRI, $
U B B R TR PRIV R G T B, D AR A A P B AR A5 AR 48 b 1) B AR e 77 58 B e Bl
D01-49

PR G B FRR - TB) R FR A S TR - B TRT AR
[LECTRNETE SN
1. HUIH AT A NS MR R [ Bl 3t 7o e
2. RO
3. WL K

The concepts of parity-time (PT) symmetry and its conjugate, anti-PT (APT) symmetry, have led to
opportunities for studying new and captivating wave dynamics. Incorporating non-Hermitian potentials, such as
fine tailored gain/loss doping profiles and dissipative coupling, allows the establishment and observation of PT
and APT symmetries in wave propagation. In stark contrast to wave systems, macroscopic heat transfer follows
Fourier’s law and possesses inherent non-Hermitian characteristics due to its dissipative nature. This makes heat
transfer an advantageous system for exploring non-Hermitian physics, as it allows direct manipulation of
non-Hermitian potentials through diffusivity modulation. In 2019, Li et al. proposed a method for achieving APT
symmetry in heat transfer (Science, 364, 170 (2019)), this was realized by introducing wave-like fluctuations
driven by opposite convections in two counter-rotating rings, the temperature profiles show dynamic localization
with a static phase lag before the EP. Recently, Cao et al. proposed a mechanism of real coupling in heat
transfer and resolved the nontrivial puzzle of diffusive PT symmetry (Sci Adv, 10, eadn1746 (2024)), the phase
oscillation induced by real coupling was sufficiently suppressed in both the PT symmetry and PT symmetry
broken regimes. The exploration of PT and APT symmetries in heat transfer offers promising opportunities for
precise thermal management based on symmetry considerations. Heat transfer serves as a natural platform to
explore non-Hermitian physics and wave-like phenomena in diffusive systems. We anticipate that innovative
thermal phase regulation based on diffusive PT symmetry will inspire the development of novel functional
thermo-devices, such as precise sensors and robust thermal collectors.
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WEAE BRI SBEE/E 1, AR Z Mg 20 E S, M Z ARSI B Z0EE, @il
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A TG BBAR, BATBRm R, RThFE. & AP i IS, SR TR
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NI PR i, 9/ W e R0 W o R, v BELJE AR W a5 ) 1 R 2 PR MR AL iR < 5% — R ke 8 Ube (PDMIS)
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BN, TEfG R (BPEEERRM—T) ik F—)2 PDMS DLAR U JFRHRR 75 14 R A0 R AN 1 10
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BRI B AR AR B T RE, FIR PDMS ARk & 51, R R IR DAy (FCIP) fal i B E R &
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RIAPUIHEC A B, JEHAE S A B BRI S5, IR AR 2 38 A . AR SO S8 5641 9 AR sk H bR, X IR
WU B NS R AT T A, DARAIRB AR B WS o SR AN AR FERR R 1t o BT IR T IR R I8 e 3 R FH XU o P
ghH, THESE HCR 4 73 Y,  0GE BT UC FC 52 T T AR R« B 73R TR PMI A1 RL,
DASCIRZERE P840 . R T i — DR E T 58, AR U - B A VR R B T ) 43 2 S AE S T Ak 8k rR BELER
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()7 524 3.11 GHz ~18 GHz CHHXS % 4 141.1%) , % T4 (transverse magnetic, TM) #i AL Ay 2.27~18
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WL . WA, TR R T — SR s
D01-58
EARERER SR
[
P )1R 2
BRI RGO R B O R R RSN 22 06 B B, IR R AR KRR AT o B [ 45 ) (A A 1
T ARG B MM RS ALY A MR BE MU R A S8 R 2 T2, Tl P ge AN mT hn T
PPk, . FoRBAMEIN TR ALY R 20 E 2. RARBER 2 HARR ZAAENREEFE
B, R RBRKSTMRIIAEE, H B AR B LA EE R e, i A g s, 3K
ATE UK BE A MBI SOB I e BB, et T n-n JLH0E S8 PSR FE R, B

14



Hh [E 4R K 25 2025

DOL M kL5 2 Dhse# Kl

R TS A AAERGE BV RE B ORRSHFE -68.87dB, A3 R B A 5.25GHzZ. 1E x JBL, A
BEIRILF] T 47909.9 dB em?/g FaZint EMI BEIGIAEAE, fIC4H A ILIE A HUBRA R R B . BEsh, A

A m-m IEHEE SRR R B Tl IS RN, FRIL T A T L ) F R RE -

i BUBTIREE

CERERR TR, AT TIPS T PAE, B i n-n L5028 00 DA 200 f 211 A
R TR, A7 BGRB8

DO01-59

B

D01-PO1

D01-P02

D01-P03

D01-P0O4

D01-P05

PURRWRIC

D01-PO01

Fe;0, 2% DI REIR 2 HIRR 53 Bl F 1k RE
AR
EREE NS

= RE SRR 2 SR R AW S B - e R
RIEK
ZOAIPNE

T 1473 K BE T HOGR RGN RAUEFE T RN 2%

R
W IRIE a5 GERYID

P35 A LA AT RLR S 7 S BE SE IR T 9T
FICHE
I3 L X S =

FET Cu/CaCu3Ti4012 #BE AL LTS H1 A Ha me SLE AL B R A2

ik

RPN S

B ORI BR8] 5 ) 2 T ARG ) BB A 4 IR
St an
KIEH TR

BRI SR TR B BT T

15



M LK 25 2025 DO1 A kL5 Z DR s
X175
e R
D01-PO02
ETHLE % SR 3R TH B Rk 5 R 5 HEAR 5T
E—M
H R R
D01-PO03
BEEERA I =B B8R 5 R AR
B AR
[ NS
D01-PO04

PG ket NINE YA A RS VLN
e T
HLT R R

16



