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Magnetoelectric effect of (1-x)[0.5PbZrTiO3 -
0.5{Pb(Ni,Zn)1/3Nbg/303}] — x(Nip9Zno.1Fe204) Ceramics

Park Young Kwon

Department of Electronic and Telecommunication Engineering,
The Graduate School of Industry,
Pukyong National University

Abstract

In this paper, (1-x)[0.5PZT-0.25PNN-0.25PZN ]+ x[Nig.9Zno.1
FeoO4] particulate ceramic composites(x=0, 0.1, 0.2, 0.4, 0.6,
0.8, 1.0)were synthesized by conventional solid-state reaction
method. The sintering, ferroelectric, piezoelectric, magnetic
and magnetoelectric properties of particulate ceramic composites
were investigated.

The sintered composites exhibited rather hemogenous
microstructure. Two distinct phases, the piezoelectriec. phase
with large ‘grains and the_ferrite phse with small grains, were
clearly seen in the composites by XRD and SEM.

The (1-x)[0.5PZT-0.25PNN-0.25PZN] + x[NiogZno1Fe204]
composites exhibit typical P-E hysteresis loops accompanied
by the decrease of remnant polarization and coercive field.

The piezoelectric property of the (1-x)[0.5PZT-0.25PNN-
0.25PZN] ‘+ x[NipgZno1Fes0s] composites deteriorates greatly
with the increase of ferrite content.

The (1-x)[0.5PZT=0.25PNN-0.25PZN] + x[Nip¢Zno1Fe204]
composites exhibit “typical=-M-H hysteresis-loops accompanied
by the increase of remnant -magnetization and saturation
magnetization.

The (1-x)[0.5PZT-0.25PNN-0.25PZN] + x[Nip.9Zno.1Fe204]
composites were electrically poled and exhibited apparent
magnetoelectric effect. A maximum longitudinal magnetoelectric
voltage coefficient of 14.25(mV/cm Oe) was obtained in the 0.8
[0.5PZT-0.25PNN-0.25PZN1+ 0.2[Nipg9Zno.1Fe204] composite at
800 Oe d.c magnetic bias field superimposed 1kHz a.c
magnetic field with 20e amplitude.



A7 A7A 526l B AT ok YW o2 multiferriocs’ 3 AL
7714 (magnetoelectric)’ ] 2t &= 7/IES X5t At} multiferriocs ©]
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O. X7]Hd 713 & F(magnetoelectric effect)

multiferroics® 74 A (ferroelectricity) ¥ 7+ A A (ferromagnetism) <
Aol AY L e S4S otk oldg EdoA ATl o8 =
= A7 = (polarization) HE& A7 Fel I FEHE A
(magnetostriction) @A&=  A7IA714 Zdeta FuH12L 2" 1=

multiferroics ¥ A714 714 E29] A3 IAES YeERd 1P o|},

Fig.1. The relationship between multiferroic and magnetoelectric materials.

(D Ferromagnetic, @ Ferroe¢lectric;
@ magnetically polarizable, @ “electrically polarizable,

(® magnetoelectric effect, ® multiferroic
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Fig.2. Piezoelectric effect
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Fig.3. (a) Perovskite structure, (b) hysteresis curve
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Fig.4. Magnetostrictive effects[23].
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Figh. (a) Strain vs magnetic field, (b) Strain vs magnetic field, schematically.
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2. 3 Multiferroics

231 &3 A

a Ferromagnets b Ferroelectrics c Multiferroics
/"_ "\‘ _.’_"'»\
L+ I+
\_“ __/f ‘.\. _-/Jl
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) pt 1
" m@ ¢
\ \
/ \.\ i'/ \q / \1
./ \ (D) £
2 I
o) . / +\'| me |y | mo
M / m& e MG pT \\H/; p.l, pT '-\.__/'J' pl
Time reversal  Spatial inversion .~ Time reversal Spatial inversion ~ Time reversal  Spatial inversion
m switched m invariant p invariant p switched m switched m invariant
pinvariant p switched

Fig.7. Time-reversal and spatial-inversion symmetry " in ferroics. (a)

ferromanets, (b)/ ferroelectrics, (c) multiferroics[24].
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2.3.2 71 A 713 A ¥ (magnetoelectric coupling)

el A7 A Bde FRE AA HAA S A F48 48 H
g goh)et dA E(GAAS A AL AE Edtar )l g #ell
Mol 2 ol |UA] FE AWst= Landau o] &0 = A9E & Uvh A# &
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1 1
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’kEHHk+ %kHEEk .............
e2x 3 WA e 4714 wgdA AAE BHHAE FHIT e A

€ it non—ferroic ZZ oA Hiol d&F & V| X+= L&o|th Al HA oA

Al HA A A7 A7E 2 AT ay(T), By(T), Ly(oll digk &2
ojth. AA7|M A7 A T3k A10)el A EPiHD S Mi(E) el F i)

A0D)3 A012)2 2dE 4

PA—aEH—i—ﬁ”kHH Foeee, (11)
i o it
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M= 0 B+ BB, 4 e (12)

multiferroic =482 F& AF4 A7A714 /& BHoF=d A 3get
o ol AL FHA ARl F FAEYN FAES MR Q7] "ol
M, g T Ao 28T F ol
2
QG = €€ty (13)

9 Ae Aane A WAl A A WA Aol gl ola) Tk 9 A
& eyd ol AR s GEHYAT AR U Ao b 45
Aoz 57 g8 Adolsl dojutiw, A =e A (D), By(T), T
(DE 25 A2 e A7 B

ANANA Age ANAAAL A ek 424 A HeE
AN AHA o dojz}, Fue =5 BHAoR Aot 1Y

ge A714 AAel setueleh #4714 AAe] serulE st Aw BelE o

A%E A7) B2 2y gt F23% e FA9 e s 3] 9
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A7VAZ A ARk L b A e AgAR TR 1A AR
o] go]gt PZT-PNN-PZN A& A
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PZT-PNN-PZN

plezoelectric material -
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?
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22 A 5=
(Ni,Zn) Al #gte]E(o]s} NZFO)&
A Eash Nizn Al
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magnetoelecctric composite :
(1-x)[PZT=-PNN-PZN] + xNZFO

Fig.9. Block diagram of magnetoelecctric composites.
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3.1 FAA A=
3.1.1 columbiteX 3} E A=

test 2.

ZA

rlo

SRR

0.5NiO + 0.5Zn0O + Nb205 = Nio,le’lo,sszOﬁ (14)

U A8 2E NiO(Junsei chemical, 100%), ZnO(Hyashi pure chemical,

99%), NbyOs(Aldrich, 99%)& AF&38t3aL, =4 e ¢ A4t & 13
Faguy

table 1. Raw materialsl of columbite composites.

. mol” mass . pure mix
material (g/mol) purity (%) compensation amount
NiO 4.7 100 I35 10.04
Zn0O 81.38 99 41.1 11.93
Nb2Os 265.81 99 265.81 71.23
total
amount 344.53 100
TAARJ] Az T4 TH 100 e AT, 2 (Do Al ALtE AbsES
Ao 16417 2 g e 1R F = 1100To A 4413 314
. o] stAast FES oA 16A1F 54 Este] AEAIA columbite’d b
d=(olst NZNO)& |tk 17 11+ 1100CelA 4A1ZEs<t kA%

(@)
o,
o
8
Q.
=+
@)
o
b
ol
il
lo
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NiO

Zn0O

Nb2O5

Mixing
(ball mill 16hrs)

dry

i

Calcinated 1100C 4hrs

Mixing
(ball mill 16hrs)

dry

Nip5Zn05Nb20g
[NZNO]

Fig.10. Procedure of columbite composites.
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Fig.11. X-ray diffraction patterns of columbite composites.
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3.1.2 PZT-PNN-PZN A=
w Age z4e e Pk
1.03PbO + 0.2ZrO, +0.3TiO2 + 0.5 [Nig5Zno5Nb2O¢] (15)

PbO+= 950TCelA dgoz =of e 7] wEe] IEHAFEOR
0.03molE #H7}stt}. =4 Y 5 2= PbO(Junsel chemical, 99.5), ZrO>(Junsei
chemical), TiO2(Junsei chemical, 99%)¢} <& A oA #|x3 NZNO ¢
= AREsiar, A mE FY A 2 @)% 2o Mgz &
2 A S Adfiete gol ZFE o (PhsNbiO) el &5 A7) 918
of FEHER SFEQ NZNO= 4 sk tH22].

Table 2. Raw materials of PZT-PNN-PZN

material rrgl/r?llc?lis purity(%) comgélrfseation argz)il)jnt
PbO 223.2 100 105 184.929
72102 123.22 99 24.77 19.824
TiO2 ¥99 99 24.21 19.379
NZNO 343.85 100 57.03 45.868
ol 337.34 100

S QoA ALt AtEE S

A h 16A17F —S—*ﬁ‘ 2t Ax F a2 900TolA 2417 &4
Al#A PZT-PNN-PZN
XRD FAlolt},

Az
Ack. 28 132 PZT-PNN-PZN 2ol
2Rl A Y

ICSD-090474 dlo|HE E & 29°

A & perovskiteT=7F FAHM S & 7 AU

k1 e]

2
>
o
o3
Ol
o
e
%

_—
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PbO
440>
TiOs

NZNO

Mixing
(ball mill 16hrs)

dry

Calcinated 900C 2hrs

Mixing
(ball mill 16hrs)

PZT-PNN-PZN

Fig.12. Procedure of PZT-PNN-PZN
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Fig.13. X-ray diffraction patterns of PZT-PNN-PZN powder
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3.2 (Ni,Zn)A ¥ golE A=z

2 4ge) 24

test 2

rlo

09NiO + 0.1ZnO + FexO3 = NipgZngi1FesO4 (16)
TAAQA Az TS 27 149 YEddT. E2Y s+ NiO(Junsei
chemical, 100%), ZnO(Hayashi pure chemical, 99%), Fe.Os(Hayashi pure

chemical, 99.5%)°] t}.

Table 3. Raw materials of NZFO

. mol mass : pure mix
material (g/mol) purity (%) compensation amount
NiO 747 100 67.23 54.139
Zn0O 81.38 99 8.22 6.62
FesO3 159.69 99.5 160.492 129.241
otal 235.943 190

b}

I QA AGkR AkstES AFstal 16A13F 54 £t dx +
st 1000°Coll A 5A 7HE<F aFlEl o] sfadt 28-S oAl 16417 54
ekl AEAIA Ni=Zn #golE(e]s NZFO) #25 @t 19 158
Ni-Zn #lgeo]E F¢e XRD =4 olth. ICSD-027903 dHo|HE Ed=
spinel “go] FAAHAFS ATt RS2 Ni-Zn #HgolE 759
HiE Az ®Baso] 26l
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NiO

Zn0O

F€203

Mixing
(ball mill 16hrs)

dry

Calcinated 1000C 5hrs

Mixing
(ball mill 16hrs)

dry

.

Nio,ng’lo, 1 F€204
(Ni,Zn) ferrite

Fig.14. Procedure of (Ni,Zn) ferrite
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Fig.15. X-ray diffraction patterns of (Ni,Zn) ferrite powder.
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3.3 (1-x)[PZT-PNN-PZN] + xNZFO A&

3243 3349 AYo|A FE53 EHES 7FA L (1-x)[PZT-PNN-PZN]
+ xXNZFO Al %3t} x= 0, 0.1, 0.2, 0.4, 06, 0.8, 1o]t}. % (4)& 7+ 2t
S S0g9] 7102 xFkoll whel A =3 A afo)u)

table 4. Raw materials of 1-x)[PZT-PNN-PZN] + xNZFO. x= 0 ~ 1.

material (x=0) m((él/nr?oaﬁs 1-x comllajeunrseation an%int
PZT-PNN-PZN 337.338 1 337.338 50
NZFO 235.94 0 0 0
total amount 50
material(x=0.1) m((él/n%aﬁs 1—x coml%)eur{gation amount
PZT-PNN-PZN 337.338 0.9 303.604 46.395
NZFO 235.94 0.1 23.594 3.605
total amount 50
material (x=0.2) mol mass bkl pure.._ mix
(g/mol) compensation amount
PZT-PNN-PZN 337.338 0.8 269.879 42.558
NZFO 235.94 0.2 47.188 7.442
total amount 50
. m I mix
material(x=04) (Zl/nr?oaﬁs 1~ com;?eunsation amount
PZT-PNN-PZN 337.338 0.6 202.404 34.1
NZFO 235.94 0.4 94.376 15.9
total amount 50
material (x=0.6) m((él/nr?oiis | comgeurfsation an%int
PZT-PNN-PZN 337.338 0.4 134:935 24.401
NZFO 235.94 0.6 141.564 25.599
total amount 50
material (x=0.8) m((él n%%?s I comgeur{gation an%ﬁnt
PZT-PNN-PZN 337.338 0.2 67.468 13.166
NZFO 235.94 0.8 188.752 36.834
total amount 50
material(x=1) mol mass 1-x pure mix
(g/mol) compensation amount
PZT-PNN-PZN 337.338 0 0 0
NZFO 235.94 1 235.94 50
total amount 50
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&3to] A Fo] 16A3HEe FAEE3)

9 169 YEFH AT Adnam Islam et.al[27]9] 9]8FH grain 2 7] w2k
el 54 zolrt vk Pk Az Wt grain A7) 7F EEbA]
ol 2 =EolAE BeE SRS 1I6AIM R Fdskiith 54 &

& ANEES Adxste] PVA 28415 #7Fetal granule B E| = RHE 0] A

15mm ZElddl2 AP 7o) €o] 1000kg/cm22] =S 7tste] sk

th o] AFAEZE 1100ColA 1250C7HA 50C AL 2 2A7H5oF 2431y

PZT-PNN-PZN NZFO

Mixing
(ball mill 16hrs)

forming (156mm)

sintering
(1100C ~1250C 2hrs)

(1-x)[PZT-PNN]+ xNZFO

Fig.16. Procedure of (1-x)[PZT-PNN-PZN] + xNZFO
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34 &4

341 AAR =
Azl ARGFE X-ray diffractometer(X'Pert MFD, Phillips)® 4] 3}
Atk BRI 1.54A 9 CuKa, A% 35[KV], AF35[mAle] 2o =2 3o
™ 2099 E 10° ~ 60° Akolol A a3t
Alme] wAFRE HA FAF @nA(S-2700, HITACHDS o] 83F31 3,
A2 1150ColA E4 ez o Jste] EHleklnh. A5 x4 s Abst
Jom HleS 500082 stPth AlEe AA = =Asy] 9] WA
sem ARRIO] Z}Ae] A& etk A Me] ZHolof Abzle] 9 EF o}
Aol 71E dolel wg Fabe] Abde] Eae] tiAAd dolg Farh 12
3 gzt AHA YRt A5E Feke] gl oo A Yzt 4
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R=10K(2

Fig.17. Circuit for measuring specific resistance.

AL LCZ meter(HP 4192A)5 AF&38te] 1kHzol A A8

FAEAE(tand) S S A3 AT

a9 18(a)9]  sawyer-towers] 9
of Yehve A Aol -E 2ol Cs7F Al AlR o] 1L, X,
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FHA EcE Tote W2 A (2009 2HH21,21].
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AFES Pre ek e 4 QU 2

[Cfem?] (21)

o714 Coe Csot FE=2 Add AAIH 2 3k 1.21pFolt}, Vo= Co

1M%1hm 2 1%
< v=5
{

R2 /%ﬂ = it
10kOhm,

(a) (b)

Fig.18. (a) Sawyer tower circuit. (b) Hysteresis curve

F59 2(2) ~ Q)= ol&ste] z7 ALkstaAth

ANz 23 EALS AEA R 21U EE(VSM © Vibrating Sample
Magnetometer) & =4 3}o] ¥3} 23}gkS 3kt

Alge] A71H7] Ak 17 199 o] FAH AT Alsdd D.C A
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b AC AHAE e BFoR FHANA Abstdlth. AC A= 2 Oes
A7FstalaL, Fukas 1KhzE A7Fshaleh A71- 7] AhE Lock-in 537
B ARgstel FASTE AT A AFE @22 ol8ske] Ate
ATt

v

Magnetoelectric coefficient= ap=

Ve A7A714 deelat, de A1 57, He Q7Fe AC AHAl9] 1=

o] t}.[11]

0.C. Power source g

l' ==
j

Gauss meter

Fig. 19. measuring the magnetoelectric voltage.
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4, 23 9 1%

0 ~1.0° W3l W& (1-x)[PZT-PNN-PZN] + xNZFO
Foltf. 224 &%E= 1100T, 1150C, 1200CE st &2
=

FEES AN, Aol Fo] WolAFE %

5
@
n
48]
g
=
s
| &7 1100°C
—Br-1150°C
AT \
i —©71200°C
0 0.2 0.4 0.6 08 1

¥mol of NZFO

Fig.20. Shrinkage of (1-x)[PZT-PNN-PZN] + xNZFO ceramics

a9 218 x= 0 ~ 1.09 ¥zt wE (1-x)[PZT-PNN-PZN] + xNZFO
A~ A4 diolth A4 257t 2742 UrE 271891, ¥
gholE 9] ofo] Hold = }

[e)

PZT-PNN-PZN(¢]3} ¢t A2} #HefolEe] HMEe} FHE9 Ay 7|E
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Fig.21. Density, of (1-x)[PZT-PNN-PZN] + xNZFO ceramics
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9 22% 1200Cell A 24135t 228 (1-x)[PZT-PNN-PZN] + xNZF
Aty =9 XRD FAolth x+= 0, 0.2, 0.4, 0.6, 0.8, 1.0°]t} x=0¥ w=
31°04 F I 3E 7IA] & perovskite A2 7HAE A o] tHICSD-090474).
x=1.0¢ W& 37°A4 F I AE 7FA = spinel FS 7HA| = # ko] Eolt)
(ICSD-027903). x2] Fko]l &7} &= perovskite ¥ A7} k& x| H A spinel
T27F A AR gE AS & = At} perovskite®} spinel TEE A9

@ e FaE e g

17l Rl <
Ferrite: 4
1 [ ]
= ] ] l [ ' [
[ ]
w [4=08 e o = [ o L ' e
- A A A
BN ¢ 4 \WRTY
i f ]
o e o A : o e, Itii
E 7= ‘G " o
R o iA s O = o
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k=0 o i o o &
& : A, F . F 4
10 20 30 40 50 60

20(deg.)

Fig.22. X-ray diffraction patterns of (1-x)[PZT-PNN-PZN] -+
XNZFO ceramics. x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0
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a9 235 x=091 ¢dAE SEM Atdlolth. golA & 4 Sle nket
ol AA7F Fsleta, Aol A7]= oF 172m o)A ¥ 24+ x=1
|glol 9] SEM Abdolt}, dalolEx dxte] @A 7F < 0.72m ©] L,
S

Al vs) 7jge] wol AEHATE AS & F UM

o

S

N p .
Ak BEEE ZEEKY  18om

Fig.23. Microscope of (1-x)[PZT-PNN-PZN] + xNZFO ceramics, x=0.
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Fig.24. Microscope of (1-x)[PZT-PNN-PZN] + xNZFO ceramics, x=1.
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HERZ  Z2EEWY 1 Bom

Fig.25. Microscope of (1-x)[PZT-PNN-PZN] + xNZFO ceramics, x=0.2.
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Fig.26. EDX analysis of the 0.8[PZT-PNN
ceramics, # 1.
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Fig.27. EDX analysis of the 0.8[PZT-PNN-PZN] + 0.2NZFO

ceramics, # 2
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Table 5. Chemical composition of different grains of the 0.8[PZT-
PNN-PZN] + 0.2NZF ceramics obtained by EDX analysis.

#1 # 2
Element
wt% mol% wt% mol%
) 1.66 16.40 4.23 2812
Ti 0.49 1.60 1.20 2.66
Fe 0.83 2.35 6.83 13.00
Ni 0.74 1.99 5.05 9.15
Zn 1.01 2.44 2.91 4.72
Zr 0.93 1.61 0.73 0.86
Nb 1.88 3.19 1.48 1.69
Pb 92.46 70.41 .57 39.80
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Table 6. electric property of (1-x)[PZT-PNN-PZN] + xNZFO ceramics
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Fig.28. Temperature dependence of dielectric constant and loss tangent

of the (1-x)[PZT-PNN-PZN] + xNZFO ceramics.
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Fig.29. Dielectric hysteresis loops of the (1-x)[PZT-PNN-PZN] +
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table 7. coercive field and remnant polarization of the
(1-x)[PZT-PNN-PZN] + xNZFO ceramics. x=0, 0.1, 0.2

X coercive field[kV/cm] remnant polarization[pC/cm?]
0 9.54 23.7

0.1 6.41 d(:93

0.2 6.36 8.76
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4.3 YAEA
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Fig.30. Resonance property of (1-x)[PZT-PNN-PZN]+xNZFO ceramics.
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Table 8. Piezoelectric constant of (1-x)[PZT-PNN-PZN]+xNZFO
ceramics.
composition x=0 x=0.1 x=0.2 Remark
£33 3.07x10°° 2.13x10°° 1.627x10°° F/m
Ky 0.58 0.445 0.29
Si® 1:655x10° " | 1.406x<10™" | 1.128x10°M" | Newton/m’
dai 2.3x107° 4 1:355x10"° 6:9x10 " m/V
g31 749107 | 6.368x10° | 4.26x10° |  V-mNewton
Qm 46.14 63.59 125.89
Ky 0.554 0.431 0.28
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Fig.31. M-H loops of 0.9[PZT-PNN-PZN] + 0.INZFO ceramics,
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Table. 9 Remnant magnetization, Max. magnetization and coercive force

of the (1-x)[PZT-PNN-PZN]+xNZFO ceramics(x=0.1, 0.2, 1.0).

< remnant “Max. coercive
magnetization(emu/g) | magnetization(emu/g) force(Oe)
0.1 1 3.67 150
0.2 2 7.6 150
1.0 11.7 54.6 150
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Fig.34. cylinder ceramics. (a)-Poling longitudinal “to. the Hdc and Hac.

(b) Poling transverse to Hdc and Hac.
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Fig.35. The maximum magnetoelectric voltage coefficient-of (1-x)
[PZT-PNN-PZN]+xNZFO(x=0.1,0.15, 0.2).
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Tabl. 10. Electrical. properties of (1-x)[PZT-PNN-PZNJ+xNZFQ ceramics
(x=0, 0.1, 0.2, 1.0).

ferroelectricity piezo ferromagmagnetism
© PuC/em] | EkViem®] |k, | M.lemuw/gl | Molemu/g] | He[Oe]
0 23.7 9.54 0.58 - - -
0.1 10.93 6.41 0.445 1.12 3.67 150
0.2 8.76 6.36 0.29 2.13 76 150
1.0 - - - 11.7 A6 150
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Fig.1. The radical vibration mode of piezoeleetric  materials.
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