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Preparation of BiFeO, doped Pb (In,,Nb,,) O,—Pb(Mg,,Nb,,) O,—PbTiO,
ceramics and investigation on their electric and magnetic property
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(1.College of Chemistry and Materials Science, Shanghai Normal University, Shanghai 200234, China;
2.College of Mathematics and Science, Shanghai Normal University, Shanghai 200234, China)

Abstract: The multiferroic composite ceramic bismuth ferrite (BiFeO,) doped lead niobate indium-lead magnesium niobate-lead
titanate (Pb (In,,Nb,,) 0,~Pb(Mg,,Nb,,) O,—PbTiO,) which had a perovskite structure as the X-ray diffraction (XRD) showed
was prepared by a solid-state synthesis. The hysteresis loop shows that its ferroelectricity performs well and the remanent

polarization (P,) reachs 18 pC+cm™. Due to the doping of BiFeO,, the electrical moment of the sample decreases, oxygen
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vacancies increase, and ferroelectric domain switching is difficult, resulting in a decrease in ferroelectric properties, but its
magnetic properties gradually increase with the increase of BiFeO, doping. In addition, the sample has a Curie temperature (T, )
of about 200 °C, and it is expected to become a multiferroic material with promising applications in the field of electromagnetics.
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0 5l 5

MR — R ] BAT 4k R Ak B b PR SRR L PR A S — R R 2 )R
BB, Z2 AR08 0 AN Ry R T 50— B P S, A 2R 0 — P A% R e 1 DR D e S L R
AT A SR I R R TS 5 — T L, 2RI B AT | L E | A A 2 B
T, 32 3 KRB TAEH B bR AE 2 BB R R b R R G DR b TR 28 R R

H TR R A P B 2 A DRI, A ) A R R S M RHRS D ISR 2 1 KR B (BiFe O,
f&] PR BFO) F4 F2 5k (ThbMnO,) . Hi 1 BikeO & 8O 22 1Y J BLIREE (T, ) w8 T 2 IR A0 SRAH 4 Fa R 5 14 )
Z— T, ik 830 °C, A /R E J 367 C.AHJE BiFeO, & LR ME , 5 7= £ 24 M, Hol it R K . s 36 3L
PERE, WF 98 5 2R B 2= 00 7k Ak 1 (Ti%) A B3 7 (2o ) DARRAR SR s 0 R Y 1845 (Ga) AR
HHE AR R B 400 7 (La™) [R) i 4 5 HL e vk RE AR PR BET. 1972 4F, VAN SUCHTELEN"" i 2 H}
2APHRRE AR, BN EAT 4k f AEk EME RE RO ARNE & T I — s (4 22 AR R FEUR A A1 L

H A& R, PERE R A (1 2k vl b R 1 it B B IR B B IR A1 (PMINT) 4K 2, L rp R B R 45— BRTR 4%
(PMN-PT )8k HL 20 5 i FL R 50 4, nTRE A 2 000 pC N7 HLELRE & 22 80 (k) KT 0.9 ZE b FERl |, =0 &
295 6 A T A5 — T 1 TR 4 — B R Y (PIN-PMIN—PT) H AT 5 4 1) Yk B2 o i 1k N S R i (B A LE T
PMN-PT, 48 (In) B I AR T, 1 150 CAE A 2200 CAE A L E. H1 2.8 kVeem ' $E= 5] 5.5 kVeem ™' M1,
AR EL T4k L B8 B e AR T2 MR B AR, I S ™2 . WANG S5 S B PIN BE IR 43 50053 5
0.36 #10.46 ) = 7T 2 45 PIN-PMN-PT, 3 = 8 45 PMN F1 PT B9 4 5 09 1 22 L, ) 4 0 PR BB 5 69 PIN-
PMN-PT i % , Horh 5 4143 K 0.36PIN-0.30PMN—0.34PT ( & 53¢ 7 BE IR 4350 ) B, 15 FL 3 5% 4, 3% 450
pC-N", T4 245 °C k7 0.49, FIRWAME (PO FNE 53514 31.6 pCremF19.8 kV-cm ™.

AR SCAEH I BiFeO, JEHLREYERE , PIN-PMN-PT #2245k f P BE , LASHBIF ] s — o 780 i B R 15 Pl s
AL T A A v ) B AH Bt (MPB) BF T, B4 RE PR B8 B 4, PRI i 3% 1% 2H 53 24 (0.24PIN-0.42PMN-
0.34PT)-xBFO(x=0,0.01,0.03,0.05) (B4 1t x JFEI/R 7340 , H: PIN-PMN-PT 41734k T MPB Fff T , 4] 1
FR.

PT

0.24PIN-0.42PMN-0.34PT \
R-phase

PMN PIN
[¥]1 PIN-PMN-PT 414>4H A



674 URRIRE R A2 4R ( H AR B2E ) . Shanghai Normal Univ.(Nat. Sci.) 20214F

1 SEEGER Ay

1.1 HREEBHNEEE

S T2 S o A b Al A AL (In,0,) VEAREE (MgO) L LA — 48 (ND,O,) . — 481k %k
(Ti0,) . VU4 1k = 4% (Pb,0,) S ALk (Fe,0,) F1 & AL 8 (Bi,0,) , 55 i I T K L BEAE A, B 20
(PVA)REEZEH] .

FE b IR AR £ 228 - FA2004 HLF R (g RAPALE A FRZA R s NDo-1L AT A BREEAL (7
SRR KREHE AR F) ; DHG-9023A 18 i T 48 ( L 4E% By e A R A F] ) s PC-24 R AL (i
BIRHE A BR A E]) s DF-101S fE IR 87 Ty fi 2% (i T 928 AT PR F] ) s KSL-1700X = il FL e (5 IER} i
AR AR A BRZA D) s MPD—1 FfL4%k 4 R B AL (- 1A B8 0 8 14 45 A BIR 28 ) ) 5 SK3200H 8 7 I8 V5 e 4%
(MRS S A R,

1.2 ZWHE

K A% G0 v 1R 11 AH 5 1 4% (0.24Pb (In, ,Nb,,) 0,-0.42Pb (Mg, ,Nb,,,) 0,-0.34PbTi0,) —xBFO (x=0,0.01,
0.03,0.05) P B AE i, S48 W 2005 G USR8 4544 Ph(Mg, ,Nb,,) —PbTiO, (PMNT) GEH il 4 AH A9 2B A, {H
FT 20 R BB, SCIFE AT A, OAS S SR B — 20 G A, B R G

1) P Ak - 22 B S 56 P B o ff B BBURH 0L 5 & 1) Ak 9, b Ph,O, M BiL,OL 75 B il T 2 #5 %, ¥t
1 3%.

2) BREE S BCLT A OB S 18 S PORR A AT R BREE AL ERES 12 h, BREEHL 5 120 remin

3) KA BREESS A T4 B T8 5 i R 4 R ELAE 40 mm IS -

4) TR B A0 JE B T D R RS 2 h, TRBEIRE K 850 °C, FHRHE R K 3 °C o min .

5) TURERES O TGS HLARRIRE , BRI 10 h.

6) b0 < BRI 4 R SE 28 50 ) R

7) R B BRI 2 5% OF i 080 (19 PVA EROR A X950, R HUSREAE 15 mm JEFE 1~2 mm [
NG

8) HEH - B AL A i BT 600 CFHEYE 2 h.

9) Besk  BEAEIRE A 1200 °C, IFE]) 2 h, FHEHE 2R H 5 °Comin

10) PR KB sb 4 AR ST EE I, U AR DAt A
1.3 SEIIMNK AR AR

{4 FH 4% [ BRUKER/AXS 2 7] 4 77 1 D8 ADVANCE X-5 £ i1 X (XRD) F1 H 4% )~ %% Hitachi 4= 7
) S—4800 2845 { F1 4l HEL T S S30B% (FE—SEM) , 43 51 X% B & 59 90 AR A 5 5 A7 03 5 78 ] aix ACCT 23 W A=
FEHI TF Analyzer 2000 FE—Module £k H 73 #7115 [E] Lakeshore7400 %Y 4 2l A i 55 3 000 B FH >f I P
BERE 0 L P RE ARG MERE 5 6 95 [ Keysight 28 7] 4 E4990A BUBH BT /M4 , 35 Fe i 2 45 , Mk e 11
A LR B R AT R A B A

2 R 5THe

2.1 XRD¥I#E5#r

1 200 CHE4h BFO #8244 0.24PIN-0.42PMN-0.34PT Fi % H i XRD B35, G 2 7 . i & 2 v 0, B A
Shy HLTR ( B B 5 K DA QA0 R S 4 R LB E 20=45°FFF 3T, (002) fi7 414 8% 24 54 (002) AT (200)
2N, U RE b IR BE 5 = AR DU 7 A, DB BT W AH SR A7 1Y) MPB. 55 41, BFO $8 4% it 3% 1 5% B



ol A fiE, AR B, 25 BiFe0 #8325 Ph(In, ,Nb, ,)O,~Ph(Mg, ,Nb,,)0,~PbTiO, Ml 45 - 675

XRD E 3% 7E 20=29° 1 20=35°4b , 45 . B — 30055 A 240 X & /T RTE B ipe 45 T, Pb A Bi S 4%
K AR IE Y, T R AR A

[

1—x=0
s 2—x=0.01
== 3—x=0.03
B S 4—x=0.05
(= —
- —_—— — [ =1 A
: |=2 = =3 Pl e —~ =
§ |52 S e5g823 §§
- — e
EYFERNR [ A, W
g 2 A lkﬁ_“wh__dﬁ___&___memd
EEIN . o
_Jll 4‘\ J l All LL_.-)
20 30 40 50 60 70

20/(%)
[%12  [0.24PIN-0.42PMN-0.34PT ]-xBFO Fig % XRD &

2.2 WMHEER

fift FI AR RS 1, RIVFLAR AR, R A2 i 208 A iy L B2 9 S5 ) 25 ) e Lk g, e 46 T B Rt
6] 45 D 28 LR U SE T RE S SRS B9 A0 A 1 0 . 18] 3 4 BRO 484% 0.24PIN-0.42PMN=-0.34PT B %A i 1)
OWIE S B NI 3 0] LR H A b RO B 42) 48 A BFO Z )5, BU% BE B kG K, U 42 4% BFO
47 BhF 0.24PIN-0.42PMN-0.34PT Fi & (r1Be4h . B BRO BI4B 4% , 68 1 Stk RSTISA F B, RAB 4R i
RLEAEN 25 pwm £ 4T 5 84% 1% F13% () BFO J5 R FEN 23 wm 247 5 4B 28w iA 31 5% I, ik BAR 20
20 pm. FEILE A, R RGT A9 R B 5 b SR 1 24 5 A G, BT BFO BY4B A BE i i Ak H BV /N
A, HLFEE B 4t G I 0, /NBURL A Hh BB/ R TR 50 i, (R RT3 n 1 R e, AN
il T AR R

n 1.0 50.0 pm [ sa ’ Ra SE(L "50.0 im

K3 [0.24PIN-0.42PMN-0.34PT |-xBFO % FE-SEM JESi & .(a) x=0; (b) x=0.01; (¢) x=0.03; (d) x=0.05



676 URRIRE R A2 4R ( H AR B2E ) . Shanghai Normal Univ.(Nat. Sci.) 20214F

2.3 SkEMEEES

BFO $87% 0.24PIN-0.42PMN-0.34PT B Ff i FU A £ i F 308 B A A i £ 18, &l 4 i, ead 5

B R i FL [P 2R AR I3 08 K 35 kV -em I FARA . B4 DB L FEE Y P (2S5 9552 50

3R 18,13, 131 11 wCrem ™, E, (HHZ 5 HI3C 40) 7051 15.6,15.3, 155 f117.7 kV-em M B XK,

B 8 B R ARAE A P2 Bl BFO 48 2% 0 i 38 It T B, UEBH BFO 948 A BRE & o el AR 7 FRURE IR /N

Ffd B AL BRI . 55 AN FERe g ik FE T, Ph M Bi B35 K&, T R A 57 R 5 H A, B0 T TR S EL A

BT W AR B, 2K Fh I 2 o DRI , 1T EL IR G Bl 25 BFO 48 At A 386 I T A Jin ™ B, $B 4% 4K 5% K
() E SESRIGZE17.7 kV -em™ B4 J13E ]

30 ¢

20 t

10 +

Polarization / (uC-cm™)

-40 =30 -20 -10 0 10 20 30 40
Field / (kV.cm™)
K4 [0.24PIN-0.42PMN-0.34PT |-xBFO P i ¥ [n1 £k (5]

2.4 WEMERESDHT
R ANk W VR RE , R RE A G H AR B 4 RHAY o) — RRRAE . 181 5 2 BRO 42 2)% 0.24PIN-0.42PMN-0.34PT

B o i AR A Bt G 3 8 A i R L. B BT S AT DA M, Sk r M RE AR LU, it P B P BB FER B R BT

56 & MR T 2, IR B — 7 A 59V i HHEREPE TR B2 5 BFO B 2% i 9 K/ B2 TE AR DG, B Wi o 42

7% BFO 2 55 0.24PIN-0.42PMN-0.34PT B G i Mk RE A0 i T APk s

0.045

0.030

0.015 ¢

Magnetization / (emu-g ™)

—0_.8 —0l_4 0 (]|_4 UI,S
Field/ T
K5 [0.24PIN-0.42PMN-0.34PT |-xBFO & % @it AL bt 4 375 Ak Hh £k

2.5 TEMERESHT

T, A ) v A 55 0T B A R 3 AR TR B, Rk AR — T, LB B A 8 b . — IS 00 T, AR B I 45 1 T AR TR
FERNAE T, W —F LT, A, 3 SRR T A5 0 d 2 SR HUR 5 24 fi45 2% 3%BFO 1) 0.24PIN-
0.42PMN-0.34PT B A i, 76 AN [RIA3 R I32H A H i 2R BE I B9 224k, Al 6 s .

] 6 Sy SR (14 sth 75 AU R AR ) A TR L 1) A H B R (e,) AN SR — AR BRI i 2 B —



Hol] AR RE JAER G, AF BiFe0 4875 Ph(In, )Nb, ,)0,-Ph(Mg,,Nb,,)0,~PbTiO, MYl 5 677

16 000 [
14 000

12000 |

10000 |5 —x=0.03@1 0° Hz )
6 x=0.03@10° Hz

8000
6 000 +

Dielectric constant

4000
2000 |

(i Slﬂ ]{I}O ESI(] E(I]{] 250 3fl){] 350 4(I}U 45IO

Temperature T/ C
E6 AFZRF[0.24PIN-0.42PMN-0.34PT ]-xBFO [ % /i v BB B A8 1k 14
R YR DX () Py S 0, Rt 74 780 42k P A A L — NI P AT 190 27 A8 AN 2 R A AE — A TR BE A TR A — IR X i)
M ;2) e, BEATE 0 THET I RE A .o RN TREE RIR T, FEAS 256 T, RABZ% 0T, PIN-PMN-PT M %19 T, 4
202 CHiA ;3874 3% BFO J& , T, WA TR, J 198 C.ARBZAAE 3B A BFO J5 , B8 B9/ L8 BOR KR
% . LA A5 R A 10° Hz Ry ], e KA B B 13 077 FEE M S 905, 3% J& BFO 51 A% £ 4= Ji i 4
.

3 45 i

et ) vk 1 AH 16 1200 °C R 4861 45 1 T BFO #5842 0.24PIN-0.42PMN-0.34PT f4 Hofk Fig %,k
it R =07 A5 DU 5 A AR S R 25 4 P R ok RSHAE 20~25 wm ZJE] 8 A BFO J5 B
pn L RO B T B T B RS0 Bt B8 8 1 . I A P 8 A o 38 R R 1 F R [T 4, SR 4B e B R
i P A 18 nCrem ™, #8244 BFO JG WS A T [, X2 4 BFO B8 A REAK T FE AR 1 FELAR , (A5 A A
L AR [RIB, BFO 51T 38 22 4025 60 S5 BRI , 4k P I 6 FRU M, (48 20 0y 5% B B i B R 3 &2
17.7 kV=em™. BeAb 380 35 0 A o - T S S0 B A HRRE S 19 7,24 200 SCZE AT, 1 e B 2 1 L 1 48 X b
BT AR B 1975 5K L4 0.24PIN-0.42PMN-0.34PT Fij % 45 2% BFO $ii 44 T Hi—35 43 i P BE , (5 Ho w1
REBE & BRO 15 2% 5t 1Y 3G T AS W7 3 5k, 2 BRF T 20 250, A 45 TP BB A B 38 31 55 v i K o, (H RS
BFO 8 7% 0.24PIN-0.42PMN-0.34PT i % SC 3 1 4 fi AL A7 SO BE RS AR IR S 4R 1L T — A2
I

SEH

[ 1] PETRES]JJ, APACHITEI G, BBENLAND R, et al. Polarization curling and flux closures in multiferroic tunnel junctions
[J]. Nature Communication,2016,7:13484.

[2] ®WEX. ZHuMBamE#ERERETE[J]. FERF: AR ¥,2015,45(4):339-357.
NAN C W. The research progress and development direction of multiferroic material [J]. Scientia Sinica Techologica,
2015,45(4) :339-357.

[3] PALNEEDI H, ANNAPUREDDY V, PRYIA S, et al. Status and perspectives of multiferroic magnetoelectric composite
materials and applications [J]. Actuators,2016,5(1):9-39.

[4] EERENSTEIN W, MATHUR N D, SCOTT J F. Multiferroic and magnetoelectric materials [J]. Nature, 2006, 442



678

URRIRE R A2 4R ( H AR B2E ) . Shanghai Normal Univ.(Nat. Sci.) 2021 4F

[6]

(7]

(11]

[12]

[13]

[14]

[15]

[16]

(7104) :759-765.

KIMURA T, SHINTANI H, ISHIZAKA K, et al. Magnetic control of ferroelectric polarization [J]. Nature, 2003, 426
(6962) :55-58.

DAIHY, GULT, XIE X Y, et al. The structure, defects, elecirical and magnetic properties of BiFe, Zr O,
multiferroic ceramics [J]. Journal of Materials Science : Materials in Electronics ,2018(3) :2275-2281.

KADERSM A, RUTHD E J, BABU M V G, et al. Investigations on the effect of Ba and Zr co-doping on the structural
thermal, electrical and magnetic properties of BiFeQ, multiferroics [J]. Ceramics International , 2017, 43 (17) : 15544~
15550.

IVANOV M S, KHOMCHENKO V A, SILIBIN M V, et al. Investigation of local conduction mechanisms in Ca and Ti—
doped BiFeO, using scanning probe microscopy approach [J]. Nanomaterials, 2020, 10(5) : 940.

SINGH V, BRAJESH K, SAHU S, et al. Control of electrical leakage in magneto-electric gallium ferrite via aliovalent
substitution [J]. Journal of the American Ceramic Society,2019,102(12) :7414-7427.

LIN Y H, JIANG Q H, WANG Y, et al. Enhancement of ferromagnetic properties in BiFeO, polycrystalline ceramic by
La doping [J]. Applied Physics Letters,2007,90(17) : 172507.

VAN SUCHTELEN J. Product properties : a new application of composite materials [J]. Philips Research Repoort, 1972,
27(1):28-37.

B, AT, T4, % RERGFAMBGE RGN ARS LA [J]. Ed S FH5,2021,43(3):406-412.
TANG H, LONG Y, LI J, et al. The development and application of relaxor—PMNT single crystals [J]. Piezoelectrics
and Acoustooptics,2021,43(3) :406-412.

WANG Y K, FANG B J, LU X L, et al. Effects of nano-sized In,0, on sintering behavior and electrical properties of
0.28Pb(In,,Nb,,)0,~0.40Pb(Mg, ,Nb,,)0,-0.32PbTiO, ceramics [J]. Integrated Ferroelectrics,2020,211(1):1-17.
ZHANG S J, LI F. High performance ferroelectric relaxor—PbTiO, single crystals: status and perspective [J]. Journal of
Applied Physics,2012,111(3) :31301.

HOSONO Y, YAMASHITA Y, SAKAMOTO H, et al. Large Piezoelectric constant of high-curie-temperature Ph(In,,Nb,,)
0,-Pb(Mg,,Nb,,,)~PbTiO, ternary single crystal near morphotropic phase boundary [J]. Journal of Applied Physics, 2002,
41(11A):1240-1242.

WANG D W, CAO M S, ZHANG S J. Phase diagram and properties of Pb (In,,Nb,,) O,~Pb (Mg, ,Nb,.) 0,~PbTiO,
polyerystalline ceramics [J]. Journal of the European Ceramic Society,2012,32(2) :433-439.

(AL AR B R)



