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Abstract

Project Code: TRG5680023

Project Title: Fabrication and Characterization of Novel Geopolymer—Multiferroic

Composites

Investigators: Dr. Rewadee Wongmaneerung
Materials Science Program, Faculty of Science, Maejo University
Assistant Professor Dr. Rattikorn Yimnirun
School of Physics, Institute of Science, Suranaree University of Technology
Associate Professor Dr. Supon Ananta
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University

E-mail Address: re_nok@yahoo.com

Project Period: June 3, 2013 to June 2, 2015

A series of novel geopolymer (alkali-activated metakaolin)-multiferroic
(Pb(Zrg 53Tip.47)Os—Pb(Feq sTag 5)O3) composites will be developed via a simple solid—solution
reaction method The geopolymer will be fabricated by mixing metakaolin, sodium silicate
solution and sodium hydroxide (10 M) then, casting and curing with suitable condition. The
potentiality of 0—3 composite technique to obtain these materials will be demonstrated in
comparison with those obtained from the typical geopolymer. Phase formation,
microstructure, mechanical, dielectric, ferroelectric and magnetic properties will be carefully
characterized via a combination of X-ray diffraction (XRD), scanning electron microscopy
(SEM), universal testing, dielectric, ferroelectric and magnetic measurements, respectively. It
can be seen that that XRD patterns for all samples showed mix phases between geopolymer
and PZT-PFT and no trace of secondary phase. Moreover, it should be noted that the overall
compressive strength of composites are higher than those observed in geopolymer. For
magnetic properties, the coexistence of geopolymer and PZT-PFT phases shows no

magnetic hysteresis loops, showing paramagnetic behavior.

Keyword: Geopolymer, ferroelectric, multiferroic, composites
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Article history: Binary multiferroic composites (1-x)BiFeO;-xPb{Mg, sNby:)0s (BF-PMN; x = 0.0-50 wit®) were [abri-
Received 17 September 2013 cated through a traditional ceramic process. The effect of the PMN contents on the phase assemblage,
Received in revised form 12 April 2014 microstructure, dielectric and magnetic properties of the samples were investigated by X-ray diflraction
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Available online 24 April 2014 (XRD), scanning electron microscope (SEM), LCR meter and vibrating sample magnetometer (VSM),

respectively. The results indicate that all composites show that perovskite structure and PMN phase is
compatible with the BF phase. The microstructure displays the mix phases between BF, PMN, Bi-rich

:fm:f:mc BF and Fe-rich BF phases. Dielectric anomalies of these composites are totally different from BiFeQ, single
Composites phase_. Moreover, the Llielecl_ric constant is found to increase as _lhe content of PMN dec_reases, Magnetic
BiFeQy-based ceramics transition temperatures are in the range of 270-440 °C. Interestingly, the M-H hysteresis loop measure-
Magnetic properties ments indicated that all composites exhibited weak ferromagnetism behavior at room temperature. The
maximum remanent magnetization M, is observed for x =30 wt® and then decreases when the PMN

content is more than 40 wi%.
@ 2014 Elsevier B.V. All rights reserved.
1. Introduction demonstrate some promising and potential applications for ferro-
electric random access memory and magnetoelectric devices due
Materials that have coupled electric, magnetic and structural to its large remnant polarization (~95 °C/cm?) |8]. However, com-
order parameters that result in simultaneous ferroelectricity, ferro- posite multiferroic materials have received considerable attention
magnetism and ferroelasticity are known as multiferroics [1,2]. in recent years. Various multiferroic composites that consist of dif-
They have attracted a great deal of interests for applications in ferent ceramic phases with different electrical/ferroelectric/mag-
multifunctional devices such as sensors, memory storage and netic properties have been studied [9-11]. Not only the physical
actuator devices [2,3]. Unfortunately, most solid-solution or sin- mechanism of ferroelectric/ferromagnetic composite but also its
gle-phase ferroelectric-magnetic materials exhibit rather weak potential application in microelectronic devices was investigated.
ferromagnetism or antiferromagnetism without spontanecus mag- For example, the ferroelectric ceramic BaTiO; has the piezoelectric

netization, where the corresponding magnetocapacitive effect is effect [12] and the ferromagnetic ceramic CoFe;04 has the piezo-
almost negligible [4] due to their low Néel temperature (Ty) or magnetic effect |9]. When the composite materials were prepared,
Curie temperature (T¢) except for some materials such as BiFeO, an electric-magnetic coupling effect occurred and an excellent

(BF). The perovskite BF is ferroelectric (T; ~830°C) and antiferro- magnetoelectric coefficient was reported [10]. In another sample,
magnetic (Ty ~370°C) and shows a weak ferro/ferrimagnetic in BF exhibits characteristic features in dielectric properties around
some temperature ranges |5-7]. Moreover, BF materials the magnetic transition temperature |[13]. PbTiOs (PT) exhibits

the most desirable dielectric, piezoelectric and pyroelectric proper-
ties for high frequency and temperature applications [14,15]. The

* Corresponding author. Tel.: +66 53 873515; fax: +66 53 878225. coexistence of these two compounds reveals magnetic hysteresis
E-mail address: re_nok@yahoo.com (R. Wongmaneerung).
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loops, showing superparamagnetic behavier |16]. If two com-
pounds can be successfully incorporated into a composite [9-16],
it is expected that the composite might have interesting electri-
calfmagnetic properties, which may have potential applications.
Nevertheless, most of these high performance materials use
BaTiO3, PbTiO4 and Pb{Zr, Ti)O as ferroelectric or piezoelectric
phases. Recently, the electromagnetic properties of the composite
ceramics of NiFe;0,4-Ba,Sr,TiO3 [17-19] have been reported and
showed good dielectric and magnetic properties. However, to our
knowledge, the use of relaxor ferroelectric Ph{Mg,3Nbz3)03 phase
with magnetic phase to fabricate multiferroic composites has not
been reported so far. Ph{Mg;;3Nh2;3)03 or PMN is one of the most
widely investigated perovskite relaxor ferroelectric materials,
because of its high dielectric constant and electrostrictive coeffi-
cient [20,21]. Therefore, Lhis study deals with work carried out to
fabricate multiferroic composite in the BF/FMN system. The rela-
tionships between phase formation, microstructure, dielectric
and magnetic properties of these materials will be established.

2. Experimental procedures

The components of the ceramic composites were chosen as ferrite BF and relax-
or ferroelectric PMN. They were prepared separated by solid-state reaction. The fer.
rite BF was produced by ball-milling precursors of high-punty basic-oxide Bi;0s
(99.99%, Aldrich) and Fe;04 (99.99%, Aldrich) in ethanol for 24 h followed by calci-
nation ar 800 °C for £ h [ 16]. PMN powders were synthesized by employing a B-cite
corundum precursor mixed oxide synthetic route [22]. First, the intermediate phase
of magnesium nicbate: MggNb,0y was prepared by conventional methed. The
apprepriate amount of PbO was then added to the Mg;Nb;O. and ball-milled in
ethanol for 24 h. Corundum-route mixtures were calcined at 50 °C for 1 h. In the
BF-PMN mixing process, these two types of powders were utilized to prepare the
multiferroic compoesites with the nominal composition of (1-x)BF-xPMN, where
the weight fraction (x) of PMN was 0, 10, 20, 30, 40 and 50 wi, respectively. The
calculated relevant proportions were suspended in ethanol and intimately mixed
in a ball-mill. Drying was carried out and ground into the fine powders. The com-
posite powders were added to 3% polyvinyl alcehol as a binder and pressed into pel-
lets having 1-2 mm thickness and 10 mm diameter. These pellets were sintered in
air at 800-500 °C for 2 h and cooled in the furnace. In order to reduce loss of volatile
compenents, e.g. lead, the samples were surrounded with the atmosphere powders
of identical chemical composition.

X-ray diffraction (XRD; Siemens-D500 diffractometer) was carried out at room
temperature using Cu Ka radiation to identify the phase formed. The microstruc
tural development was characterized using a scanning electron microscopy (SEM;
JEOL JSM-840A). Grain sizes of the sintered ceramics were directly estimated from
the SEM micrographs. For electric and dielectric measurement both surfaces of the
pellets were polished and ceated with silver paste to make electrodes. Dielectric
constant and dielectric loss were studied by Precision LCR meter 2285A in the fre-
quency range of 10 kHz-1 MHz, Magretic measurement 15 performed using a
vibrating sample magnetometer (VSM] at room temperature.

3. Results and discussion

The X-ray diffraction patterns obtained from (1-x)BF-xPMN
{x=0-50wt®) multiferroic composites sintered at 300 and
900 “C are displayed in Figs. 1 and 2, respectively, where the perov-
skite structure was formed throughout the whole composition
ranges. The patterns clearly reflect the characteristic of both BF
and PMN phases which could be matched with JCPDS file No.
71-2494 and 81-861, respectively. For all investigated composites,
the perovskite structure of rhombohedral R3¢ symmetry was iden-
tified, with a gradual attenuation of the rhombohedral distortion
with PMN content increasing. This tendency for a gradual change
towards a cubic symmelry with the PMN addition is proved by
the cancellation of the splitting of the XRD (104), (006), (202},
{116), (122), (214) and (303) maxima specific of pure BF, as
observed in the detailed representation from Figs. | and 2. This
result is similar with the {1-x)BF-xBT system that was pointed
out by Prihor et al. [23]. However, a considerable amount of
Biz4{Bi; g4Fegg4)040 (#, periclase: JCPDS file Mo, 82-1216) and
Bi;Fe, Oy phase (O, JCPDS file No. 25-0090) were formed. The
occurrence of the BiagBi; paFepsq)040 phase indicates a chemical
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Fig. 2. XRD patterns of {1—x)BF-xPMN multiferroic compesites sintered at $00 °C
with (a) 0, (b) 10, (¢} 20, (d) 30, (&) 40, ([ 50 and (g) 100 wtE of PMN,

reaction between Bi; 05 and Fe,04 during the BF formation process
as seen in the XRD patterns of {1-x)BF-xPMN where x=0.0
{Fig. 1{a)). For the Bi;Fe40y phase, the assumption is that when
the PMN is added to the BF phase, the BF phase is dissociated
and partially Bi and Fe are soluble in PMN and the rest become
BiaFes0s. More interestingly, at a higher sintering temperature
{900 “C}, the reaction between BF and PMN phases occurs and is
produced in the secondary phase more than using a lower temper-
ature (800 °C) because the energy is high enough to activate the
reaction of PMN. For the purpose of estimating the concentration
of secondary phase(s) present, the X-ray diffraction data of
BF-PMN samples were processed to analyze using the Rietveld
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method [24] with the help of FullProf program [25]. The back-
ground points were selected between peaks; the Bragg diffraction
peaks were described by pseudo-Voight profile function [26]. The
refinement fitting quality was checked by goodness of fit {»”)
and weighted profile R-factor (R,,;) [27]. From the Rietveld analysis
results {not shown here), it should first be noted here that it was
very difficult to detect contribution of the phases as a result of
overlapping peak positions of the possible BF PMN and Bi,Fe 04
phases, since the position of the most intensive peak of the BizFes.
Og phase is also the most intensive peak positions of BF and PMN
phases. Then, it was found that the calculated contribution of Biz.
Fe4Og phase from the XRD data was larger than those of BF and
PMN phases. Therefore, the calculated percentage of BiFeqOq
phase (as well as the major BF and PMN constituents) from the
Rietveld method was believed to be incorrect.

As a result, we have tried to use the peak intensities for phase
quantification. The relative amounts of major and minor phases
were approximated by calculating the ratio of the XRD peak inten-
sities of these phases via the following equation and percentage of
phases presented in the sample, as shown in Table 1.

e 100

%perovskite phase = m

where f,e, far and fge, refer to the intensities of the (110) BiFeO,
and Ph{Mg; sNby3)03, (310) Biag(Bi; paFepsq)04p and (121) BisFe,.

Table 1
Percentage of phases presented in (1—=x)BF-xPMN multiferroic composites,

Sintering temperature  Composition (x) Phase concentration (%)

(*C for 2h) (weight fraction) Brand  Bri B
PMN

800 1 68.57 1162 15.81
02 67.34 12894 1992
03 70.59 13.21 1620
0.4 82.64 985 7.51
0.5 92.26 7.74 0

SO0 1 71.04 0 28.96
02 58.02 1951 2257
03 6253 1381 23866
04 86,35 981 374
0.5 86.95 12 293

BF1 18 BiyFey 0q and BF2 is Biogl By oaFeo ga 040,

Oo, respectively. It is should be noted that the position of BF and
PMN major peak is the same.

Moreover, by comparing these results with our previous work
[16.28], it is found that the addition of the perovskite PT phase in
the BF phase leads to the stabilization of a perovskite structure
and reduction of the secondary phases. There are no unidentified
peaks indicating the absence of a chemical reaction between these
two phases. On the other hand, the secondary phases (Bi;Fe 04
and Fes0Q3) were found during the firing process in the

Fig. 3. SEM micrographs of (1-x)BF-xPMN multiferreic composites sintered at 800°C with (a) 10, (b) 20, (¢) 30, (d) 40 and (e} 50 wi of PMN.

39



4 R. Wongmaneerung et al /Journal of Alloys and Compounds 608 (2014) 1-7

BF-{0.9FPMN-0.1FT) system. In this work (BF-PMN), the secondary
phases {Bi>Fe, 04 and Biaa(Bi; gaFeqga)040) were formed that are sim-
ilar to that of the BF={0.9PMN-0.1PT) system. It can be noticed that
the secondary phases occurred in BF-based composites when add-
ing the PMN phase. Thus, comparing the effect of phase formation
of PT, PMN and PMN=-PT, it appears that PT is superior to PMN and
PMN-PT since it helps to prevent secondary phase formation.
Backscattered electron (BSE) images of BF-PMN multiferroic
composites sintered at different temperatures are compared in
Figs. 3 and 4. The BSE pictures of these composites from sintering
temperature at 800 °C demonstrate that the grain size of BF and
PMN are found to be significantly different and peint out a heter-
ogeneous microstructure. Especially, from Fig. 3{a)-(c), it can be
noted that the microstructure consists of small grains of about
0.7 m and grain of abnormal growth of about 6.5-13 m. The abnor-
mal grain growth may be related to the mass transfer during grain
growth [29]. In addition to the BF matrix phase, two secondary
phases were identified by X-ray diffraction in PMN-added samples,
Biya(Bij paFep 24)040 and BiyFey0g phases in BF-PMN with x=
10-30 wit#. EDS analysis for the sample of x = 20 wt% showed that
the irregular growth grains, lighted regions, were rich in Bi with
small amounts of Fe, These grains are probably the Bis(Bi; 4.
Fepgq)049 phase identified by X-ray diffraction. On the other hand,
the dark-colored, more uniform grains were rich in Fe, which is
probably the unknown phase. Moreover, EDS analysis for

x = 40 wt% sample showed that the dark phase contained primarily
Bi, Fe and small amounts of Mg. The light-colored phase contained
more amounts of Mg, Nb, Pb and small amount of Bi and Fe, which
indicated that the BF phase was mainly in the dark regions, the
PMN phase was mainly in the light-colored regions and inter-diffu-
sion occurred between the two phases during firing. The BSE
microstructure of samples prepared with 10 and 20 wi® PMN
and sintered at 900°C were very similar to those shown in
Fig. 4{a) and (b). EDX analysis {Table %) shows the chemical com-
position of the dark- and light-colored phases.

When PMN was added with 40 and 50 wt, major changes to
the microstructure occurred for both sintering conditions as shown
in Figs. 3{d), (e) and 4{c)-{e). Moreover, the micrographs demon-
strate that these composites possess high-density and well-defined
grains. The grains of BF and PMN are distributed homogeneously.
We cannot determine what role the BF plays in influencing the
grain growth; however, one can note that not only the grain size
but also the grain morphology was changed. The change in grain
size seems (o be finished by disintegration of big grains into small
ones, as seen from Figs. 2 and 4. Moreover, the average grain size of
BF and PMN was increased with increasing sintering temperature.

Figs. 5 and 6 show the temperature dependence of the real part
of the dielectric constant (&) for (1 -x)BF-xPMN composites. The
dielectric constant values at 10 kHz-1 MHz frequencies at Ty are
given in Table 2. The dielectric constant seems to relate to the

Fig. 4. SEM micrographs of (1-x)BF-xPMN multiferroic composites sintered at 900 °C with (a) 10, (b) 20, (c) 30, (d} 40 and (e) 50 wiX of PMN.
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Fig. 5. Temperature dependence of the real part of dielectric constant for (1-x)BF-
xPMN multiferroic composites sintered at 800 °C with (a) 10, (b) 20 and (c) 30wt
of PMN.

effect of firing temperature on the density of the final products. A
very abnormal diffuse dielectric patterns, containing high dielec-
tric constant peak (on the order of 10%), is observed in the &-T
curve around 330°C at 10 kHz during the heating process. How-
ever, the dielectric constant for all composites appears to be lower
and also broader than that for pure BF ceramics. In addition, since
PMN has a pseudo-cubic symmetry at temperatures above —10 °C,
it may reduce the dielectric constant values. There are various rea-
sons to explain the dielectric response of composite materials, Aus-
loo [30] reported the board dielectric constant curve of the results
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of PMN.

of clustering effect, including the shape of the cluster and hetero-
geneity effect.

The maximum of the dielectric constant shifts toward higher
sintering temperature; moreover, it can be noticed that these com-
posites exhibit two dielectric anomalies, First, the anomaly occurs
near 230 °C, which seems to agree with the dielectric measure-
ments in the literatures [31-33], while the other anomaly appears
near the magnetic transition temperature of the ferrite BF phases
(around 330 °C). This anomaly corresponds to the antiferromag-
netic to paramagnetic phase transition at Néel temperature.
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Table 2
Dielectric properties of {1—x)BF-xPMN multiferroic composites.

Sintering temperature  Composition (x) Frequency Ty £ at

(“C for 2 h) (weight fraction) (kHz) ("C) Tw
800 0.1 10 300 1398
100 300 727
1000 320 352
02 10 440 3940
100 380 1508
1000 380 816
03 10 360 1190
100 360 676
1000 360 350
900 0.1 10 270 6675
100 280 3190
1000 280 1013
02 10 320 2600
100 320 1146
1000 320 550
03 10 270 1092
100 300 639
1000 275 377

The room temperature magnetic properties of the (1-x)BF-
xPMN composites sintered at 800 and 900 °C is shown in Figs. 7
and 8, respectively, at fields of less than 8 kOe. The M-H hysteresis
loops show interesting features. These composites exhibit typical
magnetic hysteresis loops of the magnetic materials, indicating
that the composites are magnetically ordered materials. In all sam-
ples, saturation has been achieved by 7.5 kOe, with values in the
range of 1-5.5 emu/g. Values of the remanent magnetization (M,)
for x = 10 wt% is 0.30 (0.50 and for x = 20, 30, 40 and 50 wt%, the
values of 0.56 (0.65), 0.82 (0.93), 0.55 (1.13) and 0.27 (0.73)
emufg were obtained, respectively, when samples were sintered
at 800 and 900 °C as displaced in Table 4. It can be seen that sam-
ples sintered at 800 °C prepared with higher contents of PMN addi-
tion (40 and 50 wt® of PMN) show corresponding lower levels of
M,. The decrease in M, may be attributed to the influence of the
pinning effect of the non-magnetic phase PMN, as also reported
in BF/PT and PT/NiFe,04 composites |16,34|, For composites with
x=0.1-0.3, a larger induced magnetization is observed than that
of pure BF ceramic, with the same result in the BF/BT system
|35]. Moreover, magnetization was found to increase as concentra-
tion of PMN was increased (x = 0.1-0.3). The substitution of Pb at Bi
site and Nb at Fe site may enhance the magnetization as Khom-
chenki et al, [36] reported that the higher magnetization values
were observed for the BF samples doped with the bigger ionic
radius ions (Pb** and Ba**). The discovery of the high magnetiza-
tion values in these systems confirms that A-site substitution can
change the anisotropy constant to an extent that the presence of
spatially modulated spin structure becomes energetically unfavor-
able |37]. For the Fe site substitution, the ionic radius of Nb™ ion is
close to that of Fe’* ion and has more effect on BF magnetic prop-
erties than Mg** ion, As reported, substituting transition metal ions
(i.e. Nb**, Ti®* or Cr’*) at Fe site in BF could help to improve the
magnetic properties |38]. However, the magnetization of these
composites for Fe site substitution usually is rather low; conse-
quently impurity phases easily formed in BF compounds, as shown

Table 3
EDX analysis on 0.8BF-0.2PMN multiferroic composites.

M (emu/g)
6 9

0.5BF-0.5FMN
0.6BF-0.4PMN

= 0LTBF-03PMN
== (LBBF-0.2PMN
=== DIBF-0IPMN

T
-B000 6000 40040 2000

%4

Fig. 7. M-H hysteresis loops of (1-x)BF-xPMN multiferroic composites measured
at room temperature: sintered at 800 °C.

M (emn/g)

— 0L5BF-0.5PMN

DABF-0.4PMN
<=~ .TRF-03PMN
=== OBBF-02PMN
— — = DIBF-0.IPMN

4000 6000 |000
H (O¢)

2000

Fig. 8. M-H hysteresis loops of (1-x)BF-xPMN multiferroic composites measured
at room temperature: sintered at 900 °C.

in XRD results and discussed above could play some role in the
magnetic properties of the composites. However, as Mg®* and
Nb*" are non-magnetic and the secondary phases (Biy(Bijos-
Feg gs)04p and BizFesOq) are paramagnetic [39], they should have
little influence on the overall magnetic properties of the sintered
samples.

Moreover, the coercivity (H.) values of all composites are in the
range of 0.036-0.041 kOe. The increase of H. with an increase in
PMN contents shows that the magnetization is weak. This is due
to the presence of the non-magnetic phase, in which domain wall
pinning can occur around the magnetic phase, as shown in Figs. 7
and 8. It is also interesting to note that this magnetic behavior is
similar to those reported in the BF—(0.9PMN-0.1PT) system [28].
In both cases, magnetic hysteresis loops changed from antiferro-
magnetic (BF material) to weak ferromagnetic which can be from

EDX position Composition (wt¥) Possible phase (s)
Bi (M) Fe (K) Pb (M) Mg (K) Nb (L)
1 1.19 23.06 0.51 1240 4.15 BiFeQ,, BizFe, 04, Fe;0y
2 1040 6.61 9.89 am 21.55 BiFeQs, Pb{Mg;aNbas )03

42



R Wongmaneerung et al /Journal of Alloys and Compounds 608 (2014) 1-7 T

Table 4
Variation of ramanent magnetization and coercivity of (1-x)BF-xPMN multiferroic composites,
Sintering temperature (“C for 2 h) Composition (x) (weight fraction) Ms (emufg) M (emu/fg) Hc (0e)
800 0.1 106 0.30 36.67
02 260 0.56 37.02
03 417 082 36,76
04 255 0.55 37.01
0.3 132 027 3658
o0 18] 213 0.50 40,71
0z an 065 40.40
03 470 0.93 40,72
0 525 113 40.71
0.5 319 0.73 40.73

mixed phases between BF and secondary phases, because BF shows
antiferromagnetic properties; otherwise, Bi;Fe 0y exhibits para-
magnetic behavior [29] and PMN is paramagnetic material. How-
ever, comparison of these magnetic properties with BF-PT,
indicates that they are totally different. For the BF-PT system, they
serve as superparamagnetic materials which occur when the mate-
rial is composed of very small crystallites. In the PT case, the par-
ticle size of the starting FT powders is in the range of the
nanometer. Thus, magnetic properties are dependant not only on
phase formation, but also on crystalline size.

4. Conclusions

This preliminary study shows that biphasic multiferroic com-
posites consisting of ferrite BF and relaxor ferroelectric PMN can
be successfully prepared. The coexistence of BF and PMN phases
in these composites has been confirmed through XRD analysis
and SEM images. The dielectric constant increases with an increa-
seg in sintering temperature and the PMN phase has no significant
effect on dielectric constant values. All of the composites reveal
magnetic hysteresis loops, showing soft magnetic nature, and the
saturation magnetization values are found to increase with
increasing PMN contents up to 30 wi%.
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Abstract

Multiferroic  (1-x)Pb(FeysTag s)O3-xPb(Zry 53 Tip47)03  (or  PFT-PZT) ceramics were
synthesized by solid-state reaction method. The crystal structure and phase formation of the
ceramics were examined by X-ray diffraction (XRD). The local structure surrounding Fe and
Ti absorbing atoms was investigated by synchrotron X-ray Absorption Near-Edge Structure
(XANES) measurement. Dielectric properties were studied as a function of frequency and
temperature using a LCR meter. A vibrating sample magnetometer (VEM) was used to
determine the magnetic hysteresis loops. XRD study indicated that the crystal structure of the

sample changed from pure cubic to mixed cubic and tetragonal with increasing PZT content.
1
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XANES measurements showed that the local structure surrounding Fe and Ti ions was
similar. Dielectric study showed that the samples underwent a typical relaxor ferroelectric
behavior while the magnetic properties showed very interesting behavior with square

saturated magnetic hysteresis loops.

Keywords: Diclectric - Lead iron tantalite - Lead zirconate titanate - Magnetic properties -

Multiferroic

1. Introduction

The combination of ferroelectric and ferromagnetic properties in one material is very
attractive for many potential applications, such as actuators, sensors, modulators, transducers
and memories. The development of materials based on perovskite structure seems to be the
most popular and effective way to obtain multiferroic materials. Because the choice of only
single-phase materials exhibiting coexistence of ferroelectricity and ferromagnetism is
limited, several multiferroic compounds with separate or combined ferroelectric and
ferromagnetic properties have been reported. such as (BijxLa)FeO:—PbTiO; [1].
Pb(Fep33Wo67)03-PbTiOs  [2], Pb(Feq sNbgs)Os—Pb(Zro2Tios)Os  [3]. Pb(FeasW,3)05-
BiFeOs [4], Pb(Zrgs2T145)03-BiFeO; [5], aNiFe04-Bag 81,2 Ti05 [6] and CoFe,O4-Nb
Pb(Zr. T1)O5; [7]. A review of the literature indicates that Pb-based perovskites with the
general formula Pb(B'B")O; are of special interest. Because of the intense interest in these
multiferroic materials with potential electronic applications, investigation of their dielectric
and structural data 1s very important. Although many published reports have been devoted to
various relaxors, only a limited amount of data concerning (1-x)PFT-xPZT [8] can be found

in the literature.

(5]
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Pb(FeosTags)0s, or PFT, is a perovskite relaxor, being a single-phase multiferroic
with diffuse ferroelectric transition at about —30 °C and two antiferromagnetic transitions,
one of which has been reported in the range from —93 to —140 °C [9,10] and the other at —264
°C [11], in which magnetic Fe* (3d°) and nonmagnetic Ta® (5d") share the B-site of the
perovskite structure. This compound shows simultancous magnetic and electric ordering in
the same phase. PFT belongs to a group of relaxors that are difficult to synthesize. However,
relatively low sintering temperature (~ 1,050 °C), high dielectric permittivity and high

resistivity make PFT a promising material for capacitors.

On the other hand. Pb(Zr,,Ti;)Os. or PZT, is one of the most well-known, efficient
and widely applied ferroelectric materials, It has a perovskite structure with Ti*" and Zr*" jons
occupying the A-site at random [12.13]. The morphotropic phase boundary (MPB) [14] is an
essential parameter to be considered; in this region, tetragonal and rhombohedral phases
coexist and consequently the properties of these materials are improved. At room
temperature. the boundary is at the point Zr/Ti = 53/47. Moreover, PZT exhibits a high
electromechanical coupling coefficient, high 7, values, can be casily poled and possesses a

wide range of dielectric permittivity.

A detailed literature survey shows that there has been only one study on the structural
phase transition and multiferroic properties of (1-X)Pb(Zry 53 Tip.47)0:3-xPb(FegsTag5)03
ceramics with x = 0.3 and 0.4. Sanchez ef al. [8] reported on the temperature dependent X-ray
scattering, Raman. dielectric. magnetization and polarization of these ceramics. However, so
far no one has studied the other compositions of this system: i.e. (1-x)Pb(Fe,sTays)05—
xPb(Zrp 53 Tip47)03 with x = 0.1-0.5. Thus, this work aimed to fabricate of multiferroics based

on PFT relaxors and PZT ferroelectrics in the form of bulk ceramics and to study phase
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formation, the structural, dielectric and magnetic properties of (1-x)Pb(FeqsTags)Os

XPb(Zrp s3Tin 47)05 with x = 0.1-0.5 multiferroic ceramics.

2. Experimental procedures

Synthesis of PFT and PZT was performed by a conventional solid-state reaction. A
two-step wolframite method developed for relaxors by Swartz et al. [15] was used to
synthesize PFT. First, finely mixed powders of Fe,03 and TaaOs were calcined at 1,000 'C
for 4 h in an alumina crucible after being ball-milled in ethanol for 24 h and dried at 120 °C.
The reaction product FeTaO, was then ground and mixed with PbO for 24 h via ball-milling
technique. The mixed powders were calcined at 850 °C for 2 h. PZT was synthesized by
modified mixed-oxide method with two mixed oxide reaction stages: in the first stage, PbO
was reacted with ZrO; to give PbZrO; (PZ); and in the second stage, TiO; was reacted with
PZ to give the final product of perovskite PZT. Conditions for optimizing the calcination of
PZ and PZT powders were at temperatures of 800 and 900 °C, respectively. This simple
procedure was used to prepare PFT-PZT samples. Different amounts (0.1-0.5) of PZT
powders were ultrasonically dispersed in ethanol for 10 min before ball-milling with PFT
powders for 2 h. The slurries were at 120 °C. The powder mixtures were formed into pellets
by adding 3 wt% polyvinyl alcohol binder, prior to pressing in a uniaxial press at 100 MPa.
Sintering of two-phase samples was performed at 1.200 °C for 2 h in a closed alumina
crucible, These temperatures are high enough to obtain the single phase of PFT-PZT without
calcinating. A PbO atmosphere was also maintained during sintering, using PZ powders in

order to minimize the lead loss due to evaporation [16].
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For structural studies, the samples were characterized by XRD using Cu K, radiation
in a 26 range from 20°-80° with a scan rate of 0.02 ®/min. The local structure around Fe and
Ti ions of the samples was obtained by synchrotron X-ray Absorption Near Edge Structure
(XANES) technique in fluorescence mode at the Synchrotron Light Research Institute,
Nakhon Ratchasima, Thailand, using a SUT-NANOTEC-SLRI beamline (BL-5). The bulk
density was determined by using the Archimedes principle in distilled water and the relative
density calculated using the theoretical density of PFT. Fracture surface of the samples was
examined with a scanning electron microscopy (SEM: JEOLISM-840A). To measure the
dielectric properties, gold electrodes were formed on both parallel surfaces of the sintered
disks. The dielectric properties were determined as a function of temperature (from 235-200
°C) and frequency (from 1-1000 kHz) using a LCR meter. Magnetization measurements were
carried out at room temperature by a vibrating sample magnetometer (VSM) in a magnetic

field up to 8 kOe.

3. Results and discussion

XRD analysis of the sintered samples revealed a two-phase composition. The
strongest peaks in the pattern could be attributed to the PFT and PZT phases. The individual
PFT (Joint Committee on Powder Diffraction Standard [JCPDS] card no. 15-416) and PZT
(JCPDS card no. 01-70-4264) phases stabilized in cubic and tetragonal structures,
respectively. All the reflection peaks were indexed using the observed interplanar spacing (d).
These values suggested that there was a change in the crystal structure from cubic to mixed-
cubic/tetragonal. As shown in Fig. 1, all diffraction peaks of samples with x = 0.1-0.5 shifted
toward lower angles. Morcover, it is especially evident that the sharp (200), (211) and (220)

peaks became broader. This may be due to the fact that Fe*' ions were substituted by Ti'"'
5
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ions; the Ti"" ionic radius (61 pm) is slightly larger than that of the Fe** ion (55 pm), resulting
in an increase in unit cell volume [17]. The replacement of Fe'" ions by Ti"" ions could be
confirmed by XANES technique. Careful observation also indicated that a very small amount
of pyrochlore phase (marked with * on the XRD pattern) was detected in the PFT sample
after sintering at 1200 °C and was also found in the PFT-PZT samples. This indicated that the
pyrochlore phase formed during PFT synthesis. The exact composition of the pyrochlore
phase in these samples is not known. While almost all the pyrochlore phases are diamagnetic
or paramagnetic, the pyrochlore phase to some extent has a certain effect on magnetization,

depending on the strength of the diamagnetic (or paramagnetic) signal.

The Fe and Ti K-edge XANES spectra of PFT-PZT samples with x = 0.1, 0.3 and 0.5
are shown in Figs. 2-4; these are also compared with the spectra of Fe-metal, FeO (Fei_),
Fe,0y (Fe'') and Fey0, (mixed Fe?' and Fe®') standards for Fe K-edge and PZT single crystal
for Ti K-edge, respectively. The high local sensitively of XANES technique allows better
structural characterization of the supported phases and confirms the XRD results. In Fig. 2.
the normalized data were analyzed in the XANES region between 7100 and 7210 eV. The
excited energy (Eg) for x = 0.1, 0.3 and 0.5 was 7133 eV, close to the Ej of the Fe,0O3
standard. Tt can be identified that the oxidation state of Fe ions in all PFT-PZT samples is
equal to +3. The Fe K-edge XANES spectra of these samples also reveal that the spectral
features are not significantly changed with the compositions of the PFT compound (Fig. 3).
Small changes in the spectra were caused by the variation in the lattice parameters with
changing compositions. Moreover. all the spectral features are very similar to those of Ti K-
edge of PZT single crystal. This result suggested that the Fe 1ons were located at the same site
as T1 ions. Fig. 4 shows that the features of Ti1 K-edge XANES spectra of all samples are very

similar to those of Fe K-edge XANES spectra, demonstrating that the local structure of Fe
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and Ti ions are similar. Therefore, it could be concluded that the Fe ions are replaced by Ti
ions. and vice versa. More importantly. the XANES results also indicated that there was no

trace of Fe compounds detected in the prepared samples.

The influence of PZT additions on the relative density of PFT samples is shown in
Table 1. Generally, it is evident that PFT-PZT could be sintered to above 90% of the
theoretical density even at a temperature as low as 1200 °C. As the PZT contenl increases
from 0.1 to 0.3, the relative density of the samples increases and reaches the maximum value
96% of the theoretical density at x = 0.3 and then slightly decreases with increasing the PZT
with x = 0.4. The result indicated that the introduction of PZT additive into PFT composition
promoted the densification in the low sintering temperature. Fig. 5 shows SEM micrographs
for the fracture surface of PFT-PZT ceramics with x = 0.1-0.5 and grain sizes are also shown
in Table 1. As shown in micrographs, the solid solution ceramic systems exhibited a fine
grain structure, It is clear that a uniform and homogeneous microstructure with fewer pores is
obtained from the ceramics with x = 0.3 and 0.4. Moreover, micrographs show homogeneity
with well-grown grains and possess equiaxed grains with good grain-packing. On the other
hand, the samples with x = 0.1 and 0.2 — Fig. 5 (a) and (b) — show abnormal grain growth.
These are important quantitative aspects of liquid phase formed by the reaction between PbO
and Fe;O; at grain boundaries and increases the diffusion path length and then path of the

liquid phase is volatilized, giving rise to the pore inside the ceramics.

The PFT-PZT samples exhibited broad maxima in dielectric constant versus
temperature plots, as well as a strong dependency of permittivity on frequency. Fig. 6(a)
showed the temperature dependence of dielectric constant of PFT at various frequencies. It
can not be observed the maximum dielectric and 7 because the diffuse ferroelectric transition

at about —30 °C, In Figs. 6(b) and (¢), the dielectric constants (&) for 0.7PFT-0.3PZT and
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0.6PFT-0.4PZT are shown as a function of temperature at frequencies of 1-1000 kHz. Here,
the dielectric constant increases gradually with an increase in temperature up to the transition
temperature (7;) and then decreases. The region around the dielectric peak was apparently
broadening. The broadening of the peak occurs mainly due to compositional fluctuation
and/or substitution disordering in the arrangement of cations in one or more crystallographic
sites of the PFT-PZT structure. Phase transitions for both compositions are of typical second
order ferroelectric phase transitions, in agreement with the findings of Sanchez et al. [8].
Moreover, it can be noticed that there is the board hump in dielectric constant for both of
samples. The board hump characteristic in dielectric constant obtained with precalcined
compounds are most easily explained as due to the failure of ions to interdiffuse fully during
the subsequent sintering to form a homogeneous composition. The resulting inhomogeneity
comprises regions with different Curie points and the net effect is the board hump in
dielectric constant. For instance. (Ba,..Sry)T10; compositions with different x. calcined
separately with the same method used in this work, yield a single peak corresponding to their
average composition when sintered to full density in air because of the relatively rapid
interdiffusion of Ba®" and Sr*" ions. In this work, highly charged ions such as Zr*" diffuse
more slowly and can give rise to inhomogeneous composition |18, 19]. The 7% for x = 0.3 and
0.4 were determined to be 95 °C and 145 °C at 1 kHz, respectively, indicating an upward shift
with increased PZT content. Broadening of dielectric constant curves has also been
previously reported. e.g. for PZTFT [8] and for PFT doped with 0.3 mol% La,Os [20]. The
maxima of dielectric constants corresponded to the diffuse ferroelectric-—paraelectric
transition. High and broad maxima at levels of 5000-96000 and 9600-77000 for 0.7PFT

0.3PZT and 0.6PI'T-0.4PZT samples were observed, which decreased with increasing
frequency. Compared with PZT-based ceramics, these values were higher than those

determined by Nomura et al. [21] and Zhu et al. [22]. The enlargement of maximum

8
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dielectric constant values when adding PZT could be explained by the incorporation of
additional amounts of Ti*" in the B-site of the perovskite structure. which could enhance the
chemical microinhomogenity of the relaxor, thus entailing an increase in & values [20,23], as
indicated by XANES results. The value of the dielectric constant of 0.7PFT-0.3PZT was
higher than that of the 0.6PFT-0.4PZT sample; this could be explained by the fact that it has
a high number of ferrous ions whose exchange Fe®” <« Fe'* gives rise to high dielectric
polarization. The electron exchange between Fe?' and Fe®' ions on the octahedral site of PFT
is thermally activated by increasing temperature. This electron exchange causes local
displacement in the diclectric of the external applied electric field and dielectric polarization

in the ferromagnetic materials [24].

More interestingly, beside the slight change in the density and microstructure between
0.7PFT-0.3PZT and 0.6PFT-0.4PZT samples, it can be seen that all plots show the similar
tendency of wvariation. The higher dielectric constants are obtained for 0.7PFT-0.3PZT
because the samples have higher densily with fewer pores, which lead to decrease of the
energy loss and improvement of the dielectric properties. Moreover, with decreasing grain
size, a decrease of dielectric constant is observed. Thus the grain size seems to play an
important role in increasing the maximum dielectric constant. There are many factors for
grain size effects in dielectric properties. The model mainly includes intrinsic and extrinsic
effect [25]. The intrinsic effect is mainly the consequence of surface effect, which denotes a
composite structure of the grains and this also supports the board hump behavior in dielectric
constant. As known, grain boundaries are nonferroeleciric phase without spontaneous
polarization (P.) because grain boundaries include lots of impurities and defects and these
impurities can diffuse into grains, the P, is suppressed. This will make the grain

inhomogeneous, in the same results with other works [26-28]. Another factor is exirinsic
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effect. This point has been discussed in detailed by Zhao [25]. The volume fraction of grain
boundary increases with the decrease of grain size. This consequently led to lower dielectric

constant of 0.6PFT-0.4PZT.

Moreover, from Fig. 6, it can be seen that there is a larger difference between the
maximum dielectric constant at 1 kIHz and other frequencies. Many factors could be
attributed to this observation, one of which is the electric conduetivity. The DC resistance of
these ceramics is very large (in order to 10" Q), which could be determined by that of
interelectrode surfaces. However, at 1 kHz, the DC resistance of the ceramics 15 lower than
other frequencies. This could be caused by electric charge from silver electrode. Other factors
could be the polarizability of these ceramics. The various polarization processes are
important. Dielectric constant arises from electrons, ions, dipoles, defects and space charge.
At low enough frequencies (for instance 1 kHz), the value of dielectric constant measured
could be identical to the static value and all polarizability terms contributed to dielectric

constant, while at higher frequencies this contribution are lost [19].

PFT-PZT samples showed well-behaved magnetization (Af) versus applied field (f)
hysteresis at room temperature, as shown in Fig. 7. All samples showed square saturated
magnetization loops. These systems showed low remanent magnetization al room
temperature, which was comparable to the known room-temperature multiferroics including
BiFeO; and the other lead-based multiferroic relaxors [29-31]. However, the magnetization
values of all PFT-PZT samples were similar to those of BF-BMT-PT systems [32]. These
low remanent magnetization values could be explained by the Fe magnetic moments in PFT-
PZT as coupled ferromagnetically within the pseudo-cubic (111) plane and
antiferromagnetically between the adjacent planes. There is a spiral spin structure from
superimposed antiferromagnetic ordering which leads to cancellation of macroscopic

10

54



b

(Vo T = = IS, YRS LI S Y ]

62
63
64

65

magnetization. Moreover, Ti ion substitution could result in the occurrence of antiferroic
phases of ordered double perovskite A;B'B"O¢ with one magnetic and one nonmagnetic B
cation [33, 34]. The influence of B-site cation distribution on the magnetic properties of PI'T
was studied by first-principle calculations performed on differently ordered supercells of the
long-range disordered Pm3m phases [10, 35]. Another reason was described by Sanchez et al.
[8]. In their work, field-cooled (FC) and zero-field-cooled (ZFC) studies were carried out
over a wide temperature range. Neel temperature related to the original PFT was not
observed, suggesting the existence of super-antiferromagnetic and/or super-paramagnetic
clusters far above the ambient temperature [29, 36]. These models are used to explain the
possible presence of weak magnetism in lead-based multiferroics. The explanation of the
observed weak magnetization in the Af versus [T curve in PFM, PFT and PFW materials can
be described on the basis of superexchange interaction at the B-site octahedral and also spin

canting.

4. Conclusions

Multiferroiec PFT-PZT ceramics with a high percentage of perovskite phase were
successfully synthesized by a solid-state reaction technique. XRD analysis showed a change
in the crystal structure from cubic to mixed cubic/tetragonal with increasing PZT content.
The Ti K-edge XANES spectra of all samples were very similar to those of Fe K-edge
XANES spectra, indicating similar local structure around Fe and 'Ti ions. SEM observations
reveal that the co-existence of two phases affects the sintering and grain growth behavior of
the components. An analysis of diclectric constant with frequency was performed at various
temperatures. Diffuse maxima and frequency dispersion were observed in the dielectric

constant versus temperature plots. The samples exhibit a relaxor behavior around the
11
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maximum dielectric constant characterized by a strongly diffused dielectric peak. There is
significant change of dielectric properties between 1 kHz and other frequencies and occur a
broad hump characteristic at 1 kHz. The materials exhibited square saturated magnetic
hysteresis loops with 0.003 emu/g at room temperature. Saturated magnetization of all

compositions showed no difference with increasing PZT content.
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Fig. 4 (a) Fe K-edge and (b) Ti K-edge XANES spectra of (1-x)PFT—xPZT (x = 0.1, 0.3 and

0.5).

Fig. 5 SEM micrographs of (1-x)PFT-xPZT multiferroic ceramics sintered at 1200 °C with

(@) x= 0.1, (b) 0.2, (¢) 0.3, (d) 0.4 and (&) 0.5

Fig. 6 Temperature dependence of the real part of the dielectric constant for (1-x)PFT-xPZT

multiferroic ceramics with (a) x = 0.3 and (b) 0.4.
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Table
Click here to download Table: Table.doc

Table 1

Composition (x) Relative density Grain size

(weight fraction) %) ()
0.1 90 -
0.2 92 6.7-33.3
03 935 1.5-7.5
0.4 94 1.25-1.75
0.5 91 1.0-53.33
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Table 2

Composition (x) Frequency Tmax & at Tiyax
(weight fraction) (kHz) €O

0.3 1 95 96610.95

10 100 23988.35

100 95 15615.07

1000 75 5189.10

0.4 1 145 77629.54

10 140 17934.51

100 130 12599.35

1000 130 9670.00
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STRUCTURE AND MAGNETIC PROPERTIES OF BISMUTH FERRITE-
FERROELECTRIC-BASED COMPOSITES

Rewadee Wongmaneerung*

"Materials Science Program, Faculty of Science, Maejo University, Chiang Mai 50290,
Thailand

*g-mail: re_nok@yahoo.com

Abstract: Binary and ternary multiferroic composites (1-x)BF-xPT, (1-x)BF-xPMN and (1-
x)BF-x(0.9PMN-0.1PT) were fabricated by a traditional ceramic process. The effect of
ferroelectric contents on phase assemblage, microstructure and magnetic properties were
examined by XRD, SEM and VSM, respectively. The results indicate that XRD spectra of
BF-PT and BF-PMN systems show perovskite structure ferrite and ferroelectric with a
considerable amount of Bin(BiigsFeoss)Ou phase. Besides BF-(0.9PMN-0.1PT) system,
XRD patterns displayed mixed BF, PMN and PT phases. In addition, the presence of
secondary phases (BizFesOs and Fe:0O3) was observed. The magnetic properties are generally
seen to reduce with an increase in the content of the ferroelectric phase. It should be
mentioned that the A~ loops of BF-PT composites completely differs from those of BF-
PMN and BF-(0.9PMN-0.1PT) composites at room temperature. They exhibit
superparamagnetic behavior. On the other hand, BF-PMN and BF-(0.9PMN-0.1PT)
composites exhibit weak ferromagnetism behavior, as shownin Figure 1.

W 00 10000 ee00 <b0d0: 9000 _—....‘/! D00 4000 6000 BO0D fowa WM B0 D00 <3000 W A0 MO BN
1 A /
1 Vi

(@) () ©

Figure 1 M—H hysteresis loops of (1-x)BF-xferroelectric composites sintered at 800 °C with
(a) PT, (b) PMN and (¢) 0.9PMN-0.1PT.
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The relaxor ferroclectric lead iron tantalate (Pb(FepsTags)O3) and normal ferroelectric
lead zirconate titanate (PbZry«2Tip4sO3) were prepared by mixing 50-90%
Pb(FesTags)Os and 10-50% PbZrgs:TipasOs with produces ceramic composites.
Structural analysis of the synthesized powders and composites were performed by the
X-ray diffraction data at room temperature. Microstructure and magnetic hysteresis
were characterized by Scanning Electron Microscope (SEM) and Vibrating sample
magnetometer (VSM) techniques. respectively. The results indicated that all powders
and composites showed the perovskite  structure and PbZr;s:TigssO; phase was
compatible with Pb(FeosTao 5)O; phase. The SEM observations revealed that the co—
existed two phases affect the sintering behavior. The composites exhibit weak
magnetism because of super-paramagnetic cluster phenomenon.

Keywords: multiferroic, composites, lead iron tantalate, lead zirconate htanate,
magnetic properties
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Structural, Dielectric and Magnetic Properties of Multiferroic

( 1 -x)Ph(Taovs F90‘5] 03-X Ph(Zl‘&sg—Tio,.ﬁ) 03 Com ])()Si tes

"
R. Wongmaneerung

"Faculty of Science, Maejo University, Chiang Mai 50290, Thailand

E-mail address: re_nok@yahoo.com

Abstract

Multiferroic composites containing lead iron tantalate (PFT) and lead zirconate titanate (PZT)
phases were fabricated by solid-state reaction, with 10-30 wt% of PZT. The present study
combines X-ray diffraction, synchrotron X-rays absorption near edge, microstructure,
dielectric and magnetic properties at room temperature. Composite samples based on mixed
relaxor and normal ferroelectric powders were sintered at 1200 °C. The XRD data show no
secondary phase over all compositions. The presence of PFT-PZT phases was also confirmed
by the oxidation state and the local structure surrounding the Fe and 'Ti absorbing atoms, as
observed in the Fe K and Ti K-edge XANES spectrum. The result demonstrates that the local
structure of Fe and Ti ions have the same structure. Therefore, it could be concluded that the
Ti ions are replaced by Fe ions. The microstructure of the sintered composites was dense with
average grain size of 0.5-3 um. High and broad maxima of dielectric permittivity reaching
80000 and 100000 at 1 kHz for 30 and 40 wi% of PZT concentration, respectively.
Measurements of the magnetization of the investigated composites as a function of magnetic

field exhibited square saturated magnetic hysteresis loops with 0.03 emu/g.

Keyword: Multiferroic: composite; lead iron tantalite; lead zirconate titanate
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