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(Received 19 May 2012; accepted 24 August 2012; published online 8 October 2012)

The fabrication of highly-oriented polycrystalline ceramics of BisFeqsCogsTizO;5, prepared via
molten salt synthesis and uniaxial pressing of high aspect ratio platelets is reported. Electron
backscatter images show a secondary phase within the ceramic which is rich in cobalt and iron.
The concentration of the secondary phase obtained from scanning electron microscopy is estimated
at less than 2% by volume, below the detection limit of x-ray diffraction (XRD). The samples were
characterized by x-ray diffraction, polarization-electric field measurements, superconducting
quantum interference device as a function of sample orientation and vibrating sample
magnetometry as a function of temperature. It is inferred from the data that the observed
ferromagnetic response is dominated by the secondary phase. This work highlights the importance
of rigorous materials characterisation in the study of multiferroics as small amounts of secondary
phase, below the limit of XRD, can lead to false conclusions. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4754562]

. INTRODUCTION

There has recently been great interest in identifying
multiferroic materials, which simultaneously exhibit both
ferroelectric and magnetic order. However, room tempera-
ture examples are rather rare due to the mutually exclusive
nature of the electron configurations normally associated
with the transition metal cations in simple ferroelectrics
and ferromagnets.! The perovskite BiFeOs,> for example,
has engendered many studies as it is ferroelectric and anti-
ferromagnetic at room temperature, however it is not
ferromagnetic.

Aurivillius> compounds, with the general formula
A 1BioMO5,43, are of interest in this context as their
layer structure potentially provides an opportunity to sepa-
rate the cations responsible for ferroelectricity and ferromag-
netism, respectively, into the two different sub-structures of
the crystal, thereby allowing the two electronic configuration
conditions to exist in the same crystal. The structure can be
described as layers comprising m simple unit cells of perov-
skite [Am,leO_;mH]Z*, sandwiched between rock salt
structure layers of (Bizoz)”.

As BiyTiz0, is itself ferroelectric,” it has been conjec-
tured that the Aurivillius compounds of general formula,
(BiFeO3), 1BisTi30;,, could include materials that are
ferroelectric-ferromagnets. BisTizFeO,s, BigTisFe,O;g, and
BioTisFesO,; were reported by Ismailzade et al.” and were
shown to be antiferromagnetic with their Néel temperatures
increasing with the value of m.

Yt.p.comyn@leeds.ac.uk.
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For the n =2 compound it was recently shown that both
ferroelectric and ferromagnetic properties are exhibited at
room temperature for compositions in which half the Fe’"
ions are replaced by Co>", (BisFe( 5sCoy 5Tiz0;5) referred to
here as BFCT. Values of 7.8 memu/g and 410 Oe for rema-
nent magnetization (2M,) and coercive field (2H,), respec-
tively, were reported for ceramics synthesized by a multi-
calcination procedure, with a magnetic Curie temperature of
345°C.° This result is significant as this material would be
the only currently-known material that is both ferroelectric
and ferromagnetic at room temperature.

One of the drawbacks of carrying out studies of multi-
ferroic materials in conventional polycrystalline ceramic
form is that the key properties arising from the ferroic order,
the electrical polarization and magnetisation, are rendered
isotropic in unpoled materials, while in poled materials in-
formation relating to the true symmetry properties are lost.
While growth of single crystals is obviously the preferred
route to obtain unambiguous symmetry related property data,
this is often a complex and time consuming route. The prepara-
tion of “textured” or “grain-oriented” polycrystalline materials
which exhibit preferred crystallographic orientation, can on the
one hand provide useful symmetry related property data more
efficiently than single crystals and on the other hand can pro-
vide a cost effective route to the manufacture of materials with
enhanced properties compared to those of random oriented
materials. In such materials, one would expect ferroic orders to
be anisotropic, thereby allowing the correlation of any experi-
mental observation with preferred orientation.

In this present work, a molten salt synthesis method has
been employed to produce grain-oriented ceramics of BFCT

© 2012 American Institute of Physics
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in order to provide greater insight into the ferroelectric and
magnetic properties of the material. The results were com-
pared to the BFCT made via a conventional method.

Il. EXPERIMENTAL

The molten salt method was employed to synthesize pla-
telets of BFCT from a chloride flux. The constituent oxide
powders, Bi,Os3, TiO,, Fe,03 and Co,03 (purity, 99.9%),
Aldrich, Germany) were mixed in stoichiometric quantities
with respect to BisFey 5Cog sTi30;5 by ball milling with zir-
conia balls in iso-propanol for 24 h. After drying, the pow-
ders were ground through a 100 mesh sieve to reduce the
aggregate size. An equal weight of 1:1 mole ratio NaCl:KCl
was added and mixed with the oxide powders using an agate
pestle and mortar. The resulting mixture was placed into an
alumina crucible and heated to 1000 °C at a rate of 300°C
h_l, with a 1h dwell at temperature, then cooled at a rate of
150°C h™" to room temperature. The products were crushed
and repeatedly washed with hot de-ionized water to remove
the salts from the mixture. For comparison, a conventional
solid state reaction process was also used to prepare pow-
ders, by calcining the mixed oxide precursors at 640 °C for
8 h before further die pressing.®

The resulting powders, prepared by both methods, were
pressed into pellets at 120 MPa, followed by sintering at a
range of different temperatures, in order to optimise the
density of the fired materials. The conventionally-prepared
powders were sintered for 6h at 850°C, similar to refer-
ence,® whereas optimum density for the molten salt prepared
powders was obtained at 1000 °C for 1 h. The materials were
characterized using scanning electron microscopy(SEM),
using a Zeiss Leo (Field Emission Gun)-SEM (Carl Zeiss
SMT Ltd., Cambridge, United Kingdom), and transmission
electron microscopy (TEM), by using FEI Tecnai TF20
FEG-TEM, x-ray powder diffraction on a PANalytical
X’Pert MPD system (Almelo, the Netherlands), vibrating
sample magnetometry (VSM) and superconducting quantum
interference device (SQUID) magnetometry. The Oxford
instruments model VSM was used. The VSM allows meas-
urements in the temperature range of —223 °C to 727 °C and
can generate an applied magnetic field from —30000 up to
430000 0Oe using a helium compressed cryogenic magnet
system. Room temperature magnetic measurements were
carried out using a SQUID magnetometer (superconducting
quantum interference device, Quantum Design USA; Model-
MPMS XL5) over an applied magnetic field range of
£5000 Oe. Also, to prepare samples for TEM, an FEI Nova
200 NanoLab high resolution field emission gun scanning
electron microscope (FEGSEM) with precise focused ion
beam (FIB) was used.

lll. RESULTS

Fig. 1(a) shows BFCT crystallites made via the conven-
tional method and calcined at 640 °C for 8 h followed by sin-
tering at 850 °C for 6 h. Fig. 1(b) shows the morphology of
BFCT crystallites prepared at 1000 °C for 1h by the molten
salt method. The crystallites possess a platelet form, Fig.
1(b), with a high aspect ratio: thickness ~ 0.2 ym, and lateral
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FIG. 1. (a) SEM image of BisFe(sCo, sTi;0;5 prepared at 640 °C for 8h,
and followed by sintering at 850 °C for 6 h, (conventional method) and (b)
BisFe(5CoosTiz0;5 powders prepared at 1000°C for 1h (molten salt
method.)

width 2-20 um, whereas particles obtained from the conven-
tional method are agglomerated without any plate like
morphology.

Fig. 2 show the results of x-ray powder diffraction
employing conventional Bragg-Brentano geometry on
ceramics prepared from the two different particle preparation
routes. Fig. 2(a) is similar to that published by Mao er al.®
for the BFCT prepared by the conventional mixed oxide pro-
cess. Fig. 2(b) shows evidence of strong crystallographic pre-
ferred orientation with the (00/) planes lying parallel to the
ceramic surface i.e., normal to the direction of the applica-
tion of pressure during the uniaxial pressing process. To esti-
mate the degree of orientation, the Lotgering factor,’ f, was
calculated using the following formula

_P—Py
f= T-P,’ (D
where
Y (001)
P= I (hkl)’ @
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FIG. 2. X-ray diffraction patterns of BFCT powders prepared by (a) conven-
tional mixed oxide processing and (b) by the molten salt method.

and Py =P for a randomly oriented material with /(00/) and
I(hkl) being the intensities of the relevant (Akl). Full texture
is indicated when f=1 and random texture when f=0. The
Lotgering factor for BFCT obtained from molten salt
method was f=0.695, whereas using conventional method,
f=0.115, showing that a high degree of texturing has been
achieved via molten salt method. Note that P, was calculated
via theoretical (hk/) intensities obtained by CRYSTALLOGRAPH-
ICA software.

Fig. 3 shows electron backscatter (EBS) images of
0.5 um polished sections through BFCT pellets prepared by
both conventional and molten salt synthesis methods. Back-
scattered electrons are elastically scattered, hence the result-
ing image is sensitive to the atomic number contrast, and
therefore ideal for searching for possible secondary phases.
High atomic number regions appear bright, and conversely
low numbers appear dark. Discrete dark areas are observed
in Fig. 3, suggesting regions of low atomic number.® EBS
images of BFCT prepared from the conventional solid state
reaction method displayed the existence of a secondary
phase (Fig. 3(a)). Image analysis of a relatively large area of

J. Appl. Phys. 112, 073919 (2012)
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FIG. 3. EBS image of BFCT pellet prepared from (a) conventional method
and (b) molten salt method at 1000 °C for 1 h, showing a region of suspected
second phase.

sample, synthesised by molten salt, approximately 800 um?,
also indicates the presence of secondary phase with a volume
fraction of approximately 2%, as estimated from the area
fraction (Fig. 3(b)), calculated by AxioVision image process-
ing software. Image analysis for BFCT prepared by conven-
tional method showed a much lower amount of secondary
phase, which was difficult to quantify, but was estimated at
0.15% by volume.

In order to identify the composition of these regions,
energy dispersive x-ray analysis (EDX) was employed in the
form of a line scan, (Fig. 4) across one of the dark regions
over the sample made via molten salt method (Fig. 3(b)).
These scans show that the darker area is rich in Co and Fe,
with little evidence of the presence of bismuth and titanium.
However, SEM EDX spot scan analysis on some parts of
dark regions in Fig. 3(b), suggests the existence of consider-
able amount of Ti in some parts of secondary phase (Table I).
The main phase comprises of bismuth, titanium and iron and
the EDX results suggest a very low concentration of Co.

To help identify the secondary phase, electron diffrac-
tion was carried out on thin sections prepared by a FIB
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microscope’ so as to include a region of the secondary phase,
as shown in Fig. 5. The darker area represents the secondary
phase. Fig. 6 shows a selected area electron diffraction pat-
tern for the secondary phase. The pattern matches ICSD file
00-022-1086, for cobalt ferrite (CoFe,O4) which is a cubic
inverse spinel with a lattice parameter of 8.3919 A. However,
in agreement with the SEM EDX data, the TEM EDX analy-
sis confirms the existence of the Ti in the secondary phase
(Table II), therefore the secondary phase is thought to be a
substituted normal spinel of composition Co,Fe;_,Ti,Oy.

SQUID measurements for BFCT prepared in this study
by the conventional solid state reaction method give a rema-
nent magnetization of 2.5 memu/g for random BFCT crystals
(Fig. 7). Furthermore, SQUID magnetometry was used to
compare the M-H (magnetization vs. applied magnetic field)
at room temperature for samples in which the magnetic field
was parallel (in-plane) and perpendicular (out-of-plane) to
the preferred c-axis of the oriented BFCT pellet sample (pre-
pared by molten salt synthesis); the data are shown in Fig. 8.
The coercivity is approximately 350 Oe, with a remanent
magnetization of 72.5 memu/gm (out-of-plane) and 77
memu/gm (in-plane). The M-H loops confirm the existence
of a ferromagnetic phase within the material, however, the
inability to saturate the sample even at a field of 5 T, suggests
the presence of additional magnetic phases. The in-plane
magnetization values of BFCT produced from the molten
salt method is approximately ten times greater than that
reported for BFCT by Mao et al.,6 which was made from a
conventional solid state reaction method.

TABLE I. Spot scan SEM EDX data from secondary phase area of the sam-
ple made via molten salt process. The area of the scan shown as a dot in
Fig. 3(b).

Elements O Co Fe Ti

At. % 58.9 229 10.9 7.2

Cobat 15 ym

FIG. 4. EDX elemental line-scans across the sus-
pected secondary phase, Fig. 3(b), from the sample
made via molten salt method.

Titanium 15 um

The presence of the multiple magnetic phases within the
sample was further confirmed from the magnetization vs
temperature measurements. Fig. 9 shows the magnetization
measurements by VSM for BFCT pellet made from the mol-
ten salt method, at different temperatures. On increasing the
temperature, the remanent magnetization drops from approx-
imately 77 memu/g at room temperature to 7.5 memu/g at
700°C. VSM was run for both in-plane and out-of-plane ori-
entation of the BFCT and the results were similar. The mag-
netic moment appears to gradually reduce with increasing
temperature, while never completely reaching zero. This
may suggest the presence of additional magnetic phases with
higher Curie temperatures, as the main BFCT phase is
reported to possess a Curie temperature of 345 °C.°

Figs. 10(a) and 10(b) show room temperature P-E hys-
teresis loop of BFCT pellet made from conventional and
molten salt method, measured at 10 Hz with a different
applied electrical field. Fig. 10(a) displays the remanent
polarization of 2Pr~12uC/cm® at 11kV/mm, approxi-
mately. The hysteresis loop could not be saturated and the
sample experienced breakdown at higher field rather than
11 kV/mm, which suggests that the sample was below its co-
ercive field. Furthermore, Fig. 10(a) shows a high level of
leakage, from dc conductivity. However, the leakage is far
lower in a material synthesised by molten salt process (Fig.
10(b)). Figs. 11(a) and 11(b) show the room temperature
strain-electric field results for BFCT made from both con-
ventional and molten salt methods, respectively, measured at
10 Hz. Strain-field result for conventional BFCT (Fig. 11(a))
represents the ferroelectric butterfly loop, whereas Fig. 11(b)
suggests more electrostriction phenomenon for BFCT syn-
thesised from molten salt method.

IV. DISCUSSION

X-ray diffraction (XRD) and SEM data confirm the exis-
tence of highly textured BFCT synthesised by the molten
salt method. However, EBS images suggest the existence of
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FIG. 5. (a) SEM electron image of the surface of the BECT pellet prepared
by the molten salt route, showing a dark area indicating the presence of the
second phase; (b) FIB thin section cut through the secondary phase; (c) the
thin section containing the secondary phase after lift-out and mounting on a
TEM grid.

the secondary phase in both samples made by conventional
and molten salt processes.

Based on EBS images, the amount of secondary phase
in the sample made by the conventional method is less in
comparison with the sample made by molten salt method. It
has previously been reported that a Co and Fe rich phase
may be formed at high temperature.'® Consequently, there is
more possibility for the Co and Fe rich secondary phase to
form in the molten salt method due to the higher sintering
temperature, 1000°C, in comparison with conventional
method which was only 850 °C. Consequently, more second-

FIG. 6. Electron diffraction pattern from the secondary phase indexed to the
[1 1 4] zone axis of a reference pattern of CoFe,0, in BFCT pellet prepared
by the molten salt method.

ary phase exists in BFCT prepared by the molten salt method
which results in the ceramic having a higher remanent
magnetization.

Based on TEM electron diffraction pattern and EDX
chemical data, it can be concluded that the secondary phase
is rich in Co and Fe. While Co,FeQ, is a normal spinel, and
CoFe,0, is an inverse spinel i.e., they have the same struc-
ture but different cation distributions (for more details see
Refs. 11 and 12). The unit cell dimensions between the two
systems are not very different (824 A for Co,FeO4 and
8.39 A for CoFe,0,) so electron diffraction would not be
able to distinguish them (normally ~10% error should be
accounted for when calculating d-spacings from electron dif-
fraction due to the optics of the instrumentation). Further-
more, Tables I and II suggest the existence of Ti in the Co
and Fe rich secondary phase, Therefore, the magnetic impur-
ities have a Co,FeO, type spinel structure with some tita-
nium substitution of the iron. This redistribution has been
shown to be possible for CoFez,XTiXO4.13

Moreover, the impurity phase cannot be detected using
XRD, even under very slow scan rates around the angles
expected for the most intense diffraction peaks.

In summary, an electron diffraction pattern that can be
indexed to a CoFe spinel lying with its [114] axis parallel to
the electron beam was shown in Fig. 6 and used to calculate
the lattice parameter for the secondary phase.

We would anticipate that if the textured Aurivillius
structure was indeed magnetic, then the resultant magnetic
response would be heavily influenced by orientation, unless
the magnetic ordering was oriented at 45° to both the in-
plane and out-of-plane direction, which seems highly
unlikely. However, the absence of anisotropy in the magnetic
properties (Fig. 7), suggests the possibility that the randomly
oriented Co—Fe spinel phase dominates the ferromagnetic
response of the sample. We can infer from this that the

TABLE II. TEM EDX data from secondary phase area which belonges to
the sample made from molten salt method.

Elements O Co Fe Ti

At. % 64.4 28.5 5.1 1.9
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FIG. 7. M vs H loops for BFCT pellet, made from conventional method.

observed ferromagnetic properties for of the ceramics can be
attributed solely to the Co/Fe rich secondary phases, rather
than the BisTizFe( sCog 5045 main phase.

CoFe,0, is a ferromagnetic material with Curie temper-
ature around 520°C.'* Co,Fe0y, is a ferromagnetic material
with a Curie temperature of 187°C."> The magnetic proper-
ties of both strongly depend on cobalt and iron content, parti-
cle size, preparation method and particle shape.'®'® The
remanent magnetizations of CoFe,O, and Co,FeO, lie
between 25 and 60 emu/g and 18-24 emu/g respectively,'**°
and can reach 120 emu/cm’ for CoFe,O, thin films.>!

Depending on the grain size, magnetic Curie tempera-
ture ranges of 520 °C-557°C and 187 °C have been identi-
fied for CoFe,04 and Co,FeQy,, respectively.14’15’22_24 Mao
et al® claimed a Curie temperature of 345°C for BFCT.
Consequently, by investigating the Curie temperature of
BFCT prepared in this study, it would be possible to identify
the influence of the CoFe,0, secondary phase on the mag-
netic properties of the main BFCT phase. However, the
results of magnetic measurements as a function of tempera-
ture shown in Fig. 9 show the presence of magnetic moment
in the sample at the expected T, for the Aurivillius phase or
the CoFe,04/Co,FeQ, spinel phases. One possible reason

In-Plane
Out-of-Plane

Magnetization (memu/g)

4000 2000 0 " 2000 4000
Applied field (Oe)
FIG. 8. Comparison of M vs H loops for grain oriented BFCT pellets, made

by molten salt method with magnetic field perpendicular (in-plane) and par-
allel (out-of-plane) to the preferred c-axis.
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FIG. 9. M vs temperature results for BFCT pellet prepared by molten salt
method at temperatures from RT to 740°C.

could be the partial substitution of Fe by Ti which could
account for the observed change in Curie temperature for the
Co and Fe rich secondary phase. As mentioned earlier the
secondary phase possesses a Co,FeO, type spinel structure
with some titanium substitution of the iron (CoFe,_,Ti,O,).
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FIG. 10. Room temperature ferroelectric hysteresis loops for the textured
BFCT pellets prepared by the (a) conventional solid state reaction and (b)
molten salt method process.
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FIG. 11. Room temperature strain-field loops for the textured BECT pellets
prepared by the (a) conventional solid state reaction process and (b) molten
salt method.

It is conceivable that the composition may have deviated
from this without influencing the observed spinel structure,
but with a large effect on the Curie temperature.

The Co and Fe rich secondary phase could have magnet-
ization values anywhere between 18 and 60emu/g,'”?"
therefore 2% by volume would contribute to the value of 75
memu/g, observed in the SQUID and VSM results in this
study. Comparing the remanent magnetization results
obtained by conventional and molten salt methods (Figs. 7
and 8), reveals a lower remanent magnetization for the con-
ventional sample (2.5 memu/g), which may be attributed to
the smaller volume of secondary phase. This result is in
agreement with results of Aurivillius thin films recently pub-
lished elsewhere,”® where thorough phase and micro-
structural analysis demonstrated the presence of magnetic
CoFe, ,TiO4 impurities at a volume fraction of 3.95%,
which accounted for the entire measured magnetization in
the BisTisFey;,C0g30;5 thin films and therefore demon-
strated that these thin films are not single phase multiferroics
at room temperature. Moreover, there is considerable evi-
dence of phase separation between CoFe,O, spinel phase
and perovskite structures such as BiFeO;, BaTiO;, and
PbTi0;.>"* Similar separation also has been reported

J. Appl. Phys. 112, 073919 (2012)

between CoFe,O4 spinel and the Zn;_ ,Mn,O Wurtzite
structure.>®

Polarization-electric (PE) loops for the BFCT made
from conventional method, which possesses the random ori-
entation, show a high level of leakage, from dc conductivity.
The leakage is far lower in the materials fabricated via mol-
ten salt, in Fig. 10(b). Such leakage may result from mixed
valence Fe>™ and Fe’ or oxygen vacancies and even both,
as observed in BiFeO3.25 Note, however, that as the loops
are not saturated, PE loops are unable to provide evidence of
ferroelectricity in this case.

It is important to note, however, that although these
materials contain unwanted secondary phase, it was possible
to drive them to high electric fields, and in the case of con-
ventionally prepared BFCT, butterfly loops are evident (Fig.
11(a)) at an electric field of 12 kV/mm. This provides strong
evidence of both ferroelectricity and piezoelectricity, via the
generation of negative strain. For the orientated sample (Fig.
11(b)) ferroelectricity from strain field is not evident, simple
electrostriction at a drive field of 11 kV/mm.

V. CONCLUSIONS

BFCT with a high degree of texture has been produced
by molten salt synthesis, which is strongly textured along the
[002] direction. However 2% (by volume) of a Co—Fe spinel
like secondary phase was identified by electron backscatter-
ing SEM imaging, and far lower in the material prepared by
conventional processing. Magnetic characterization showed
that the secondary phases dominate the ferromagnetic behav-
iour; in fact, a correlation can be made between the magni-
tude of the remnant magnetic polarization, and the
concentration of secondary phase. The use of a textured ce-
ramic allows us to categorically show that the observed iso-
tropic ferromagnetic ordering is not associated with the
orientated anisotropic Aurivillius phase, as confirmed by
magnetic measurements in- and out-of-plane, and strongly
suggests that this composition is not multiferroic. This result
is in agreement with results on BFCT thin films recently pub-
lished elsewhere.?® Polarization-electric field measurements
show a high level of conductivity in the conventionally pre-
pared materials, and saturation was not possible in either
sample types. Ferroelectricity has been confirmed for the
conventional preparation route via the presence of a butterfly
loop. The presence of the secondary phase has not signifi-
cantly reduced the breakdown voltage of this system, of
>11kV/mm.
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