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Spark Plasma Sintering was employed in order to obtain the
textured Aurivillius phase ceramics exhibiting simultaneously
ferroelectric and ferromagnetic properties at room temperature.
The sintered multiferroics are layer- structured nearly single phase
materials. Though, a small amount of the secondary phase
consisting of magnetic Co and -Fe elements was detected by
SEM/EDX, a majority of the observed ferromagnetic behaviour
was attributed to the Aurivillius phase Bij,yslag 75TisFeg 505015
based on the observed magnetic anisotropy. The ferroelectric
switching was demonstrated to exist in the Aurivillius phase
ceramics by measuring the current peaks upon electric field
reversal. Piezoresponse microscopy at room temperature revelaed
substantial changes of the ferroelectric domain structure when
the Aurivillius phase material is subjected to an external magnetic
field.

Multiferroics with the coexistence of ferroelectricity (FE) and
ferromagnetism (FM) have recently attracted great attention
because of their potential applications in new types of sensors,
actuators, data storage devices, ete.” However, only a few
single-phase multiferroic materials, demonstrating
magnetoelectric coupling at room temperature (RT) have been
found due to the mutual repellence of ferroelectric and
magnetic ordering.5 Many investigations have concentrated on
the well-known RT single-phase multiferroic BiFeO; (BFO),
however BFO is G-type antiferromagnetic (AFM) at RT.®®

Recently, bismuth layer-structured Aurivillius compounds with
general formula (Bi202)2+(Am_le03m+1)2' (where m is the
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number of octahedral layers in the perovskite slab)9 with
addition of magnetic species in the B-site’®™® have been
investigated in the search of single-phase multiferroic
materials. The Aurivillius ferroelectric Bi,Tiz;Oq,—based
compounds were previously studied as candidates for non-
volatile ferroelectric random access memory (FRAM) because
of their good fatigue resistance and large FE spontaneous
polarizations along the a-axis.!*1® By inserting BiMO; (M=Fe,
Co, Mn, etc.) into Bi,Tiz0;,, a typical BisMTi;O45 Aurivillius
phase with a four layered structure can be formed. The phase
showed FE and weak FM properties at room temperature.lz‘ 1
In  Aurivillius phase Bis,slagssFeqsCogsTisO45 (BLFCT), La
substitution is considered to reduce the electrical conductivity
and decrease the ferroelectric coercive field, while Co and Fe
co-substitution increases the magnetization.lz‘ 18 Although
BLFCT was reported to exhibit FM and FE properties at room
temperature,19 the origin of its magnetic properties is still
under debate because the net magnetization may originate
from the presence of secondary phases which are not easily
detected by laboratory XRD diffractometers.”® Due to the
structural anisotropy of Aurivillius phase materials, textured
BLFCT ceramic is expected to show anisotropic FE and FM
properties.  Spark plasma sintering (SPS) is an efficient
sintering process to fabricate high-density and textured
materials.’ 2! In this work, SPS has been employed to produce
highly grain-oriented BLFCT ceramics in order to study the
anisotropy of ferroelectric and magnetic properties in
Aurivillius phase materials. The study of the anisotropy of FE
and FM enables clarifying whether the multiferroic behavior is
intrinsic or it is due to secondary phases.

Figs. 1a and 1lb show X-ray powder diffraction patterns of
BLFCT powders and textured ceramics, respectively. Both
materials are single phase Aurivillius structures (ICDD PDF-4
89-8545). Fig. 1(b) displays strong diffraction peaks for (0OkO)
crystallographic planes, so indicating the preferred orientation
in the sample. To estimate the degree of orientation, the
Lotgering factorzszas calculated using the XRD data. For the
textured BLFCT ceramics f = 0.64, which confirms a high degree
of grain alignment in ceramic samples.
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Fig.1 X-ray diffraction patterns of (a) the BLFCT powder, (b) textured ceramic sample
prepared by SPS, and (c) SEM image of BLFCT textured ceramic. Pressure direction is
marked by white arrow.
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pressure direction at three different frequencies. The peak of
the dielectric permittivity at about 1100 K corresponds to the
ferroelectric Curie temperature (FE T.) of
Bis»5Lag 75 TisFepsCog5045. It is higher than that of Aurivillius
BisTisFeO,5 phase (7. 1023 K).17’ % The inset of fig. 2a shows a
frequency independent peak in permittivity at about 775 K,
which could be likely related to the ferromagnetic transition of
spinel oxide CoFe,0, (FM T, ~ 793K).26' *” The two anomalies
observed at about 460 K and 380 K (Fig.2b) can be possibly
connected to the ferromagnetic transition of spinel oxide
Co,Fe0, (FM T, ~ 460 K)*® and BLFCT, respectively.

Figure 3a shows the zero field cooling (ZFC) and field cooling
(FC) magnetization of BLFCT measured perpendicular [_L] to
the SPS pressure direction in temperature intervals of 5 - 300 K
and 300 — 500 K at a magnetic field of 200 Oe. The
discontinuity of the FC data in the figure is caused by two
different furnace units, which were used for low-temperature
and high-temperature magnetic measurements. Clearly, the
BLFCT sample undergoes a ferromagnetic to paramagnetic
transition at about 395 K (defined as the temperature of the
peak of dM/dT) which is consist with the ferromagnetic
transition of Aurivillius phase BLFCT as observed in fig. 2b but
far below the transition temperature of the secondary phase

Fig. 1c shows morphology of the textured BLFCT ceramic
sample. The grains are plate-like objects with their a-b axes
orientated perpendicularly to the SPS pressure direction. A
small amount of a secondary phase marked by red circles was
observed by SEM (Fig. 1c). The secondary phase is represented
by octahedral-like shaped particles with size within 1 - 3 pm.
The amount of the secondary phase is approximately 1.7 vol. %
(estimated from SEM micrographs, not shown here), which
explains the absence of diffraction peaks of the secondary
phase in the XRD patterns. According to the EDS analysis (line
mode), the secondary phase consists of Fe, Co and O elements
and Ti of a low concentration. To determine quantitatively the
composition of the secondary phase, EDS data (spot scan) from
different areas of the octahedral particles were collected and
analysed. The results show that the atomic ratio Co/(Fe+Ti) is
about 1. This suggests that the impurity particles are supposed
to be Ti mixed Co,FeO, or CoFe,0, spinel ferrites. Similar
observation on the presence of spinel-type impurities have
been reported for Aurivillius phase multiferroics.?® 224

Fig. 2 shows the temperature dependence of the dielectric
properties of BLFCT measured perpendicular to the SPS
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Fig. 2 The temperature dependence of the dielectric properties of the BLFCT ceramics
measured perpendicularly [L] to the SPS pressure direction over the range (a) 300 -
1100 K, inset shows the peak around 775 K, and (b) 300 - 600 K.
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Fig. 3 (a) Temperature dependence of the magnetization for BLFCT ceramics [L] in the
ZFC/FC modes measured in H = 200 Oe (measure in two different furnace units). (b)
Field dependence of magnetization at 300K for the grain-orientated BLFCT samples in
perpendicular [L] and parallel [//]. The inset shows saturated MH loops at high
magnetic field.

Co,FeO, (FM T, ~ 460 K). Furthermore, given that the
spontaneous magnetization of Co,FeO, is about 16 - 23.5
emu/g, the magnetic contribution of 1.7 Vol.% Co,FeO, is
estimated to be about 0.27 — 0.4 emu/g,29 which is much
smaller than the saturated magnetization of BLFCT at high
magnetic field (Ms = 0.8 emu/g) in the inset of Fig. 3b.This
indicates that the main ferromagnetic contribution in BLFCT is
from main phase with Aurivillius structure. Moreover, the
textured structure barely affects the magnetization of spinel
oxide Co,FeOQ, in different directions because it is a cubic phase
material at room temperature and disorder distribution.®® In
Fig. 3b, the measured FM coercivities are approximately Hc[//]
= 55 Oe and Hc[_L] = 85 Oe. The FM remnant magnetization
Mr[//]=0.1 emu/g and Mr[_L]=0.17 emu/g. The larger value
of Mr[_L] than that of Mr[//], is most likely due to the
anisotropic exchange interaction between adjacent Fe3+/Co3+
magnetic the Aurivillius phase structure
Bis »5Lag 75 TisFep 5sCop 5045. Based on first principle calculations
in Aurivillius phase materials,31 magnetic ions prefer to occupy
B-site in the two middle layers of the perovskite slab, which
gives rise to ferromagnetic coupling between neighbouring
Fe’* half-filled orbital and Co®" either vacant or full-filled

ions in

This journal is © The Royal Society of Chemistry 20xx

orbital in the a-b plane. However, the Bi,0, layer cuts off the
exchange interactions between two pseudo-perovskite Fe/Co-
O blocks layers along c—axis,31 which is consistent with the
anisotropic magnetization in Aurivillius phase
Bis 25La0.75TizFeo sC00 5015.

Figure 4 shows the I-E and P-E hysteresis loops of the grain-
oriented BLFCT ceramics measured in perpendicular and
parallel direction to the SPS pressure direction at RT. The
polarization of the sample measured in parallel direction to
the SPS pressure is much smaller than that of the sample
oriented perpendicularly. This ferroelectric feature can be
attributed to the anisotropic nature of the structure. Although
the FE hysteresis loops could not be saturated due to the
dielectric breakdown under a high electric field, the presence
of the current peaks in the I-E curves indicates the existence of
ferroelectric domain switching32 in the a-b plane of the
Aurivillius phase Biy 55Lag 75TisFeg 5C0p 5045.

To investigate a magnetoelectric coupling in the textured
BLFCT ceramics, piezoelectric force microscopy (PFM) of the
samples subjected to an external magnetic field was
undertaken (Fig. 5). The vertical PFM scanning was performed
on etched surface of [_L] plane with roughness of about 260
nm. Some FE domains (yellow circles in Fig. 5) emerged under
a positive magnetic field (+2000 Oe) applied in parallel
direction to sample surface. Under the negative magnetic field
of -2000 Oe, the areas of these domains decreased. The
secondary phases Co,Fe0,/CoFe,0, are nonpolar
ferromagnets showing no piezoelectric response. Therefore,
the FE domain switching observed upon magnetic field
reversal is believed to occur indeed in the main Aurivillius
phase. Additionally, it should be noted that the density of
secondary phase impurities is low and they appear on scale
larger than 10 pm (Fig. 1c). These factors rules out a
magnetostriction effect and magnetic dipole-dipole interaction
of the secondary phase on the observed magnetoelectric
coupling. Thus, the presence of magnetic impurities has no
influence on the main results and conclusions of this work. The
areas where the ferroelectric domain switching takes part are
proposed to be the grains with highest concentrations of
Fe/Co due to the random distribution of Fe/Co at B-site in
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Fig. 4 P-E and I-E hysteresis loops of the textured BLFCT ceramics measured in the
perpendicular and parallel direction to the SPS pressure direction.
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Fig. 5 ferroelectric domain switches under magnetic field of BFCT (a) topography and (d)
vertical PFM phase under 0 Oe H field; (b) topography and (e) vertical PFM phase under
+2000 Oe H field; (c) topography and (f) vertical PFM phase under -2000 Oe H field

Aurivillius phase.13 Such a magnetoelectric coupling confirms
the intrinsic multiferroelectic character of the Aurivillius phase
BLFCT.

In conclusion, the Aurivillius phase Bis >5Lag 75TisFegsC0g5045 is
ferroelectric and ferromagnetic active at room temperature.
Ferromagnetism is suggested to originate predominantly from
the exchange interactions between neighbouring Fe*"-0-co®*
ions. The textured Aurivillius phase ceramic was demonstrated
to be an intrinsic room-temperature multiferroic material,
where the B-site Co/Fe cations contribute simultaneously to
the ferroelectric polarization and ferromagnetic moment.
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