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Bis.25La0.75Ti2.5sNbo.25(Fe0.5C00.5)0.25012, a single phase room
temperature multiferroic

Zheng Li,? Kun Tao,’ Jing Ma,* Zhipeng Gao, Vladimir Koval,® Changjun Jiang,® Giuseppe Viola,'
Hangfeng Zhang,® Amit Mahajan,? Jun Cao,® Markys Cain," Isaac Abrahams,® Cewen Nan,*
Chenglong Jia,** and Haixue Yan,*?

Multiferroics (MFs) have attracted great research interest due to the coexistence of ferroelectric and magnetic ordering, as
well as magnetoelectric (ME) coupling. At present, there is a very limited number of single-phase MFs known and these are
still far from practical applications. In single-phase MFs, the simultaneous presence of electric and magnetic dipoles does
not guarantee strong (ME) coupling, as the microscopic mechanisms of ferroelectricity and magnetism are quite different
and do not intrinsically interact with each other. Here we show that in the ceramic system, Biz.2sLao.7sTiz-2«Nbx(Feo.5C00.5)xO012,
the x = 0.25 composition is ferroelectrically and ferromagnetically active at room temperature. A single-phase structure is
supported by XRD, SEM/EDX and neutron diffraction data. Clear ME couplings were observed in this single-phase material
at room temperature, where the magnetic iron and cobalt ions contribute to ferroelectric polarization and magnetic
moment simultaneously. The results of structural, electrical and magnetic measurements are supported by first principle
calculations. This material represents one of the first truly single phase bulk ceramics that exhibits multiferroic behaviour at
room temperature and its discovery will help to guide the design of room temperature single-phase MFs with strong ME

coupling for sensors and solid-state memory applications.

Introduction

Multiferroic materials® exhibit coupling between magnetic and
electric polarization and are being investigated for a number of
applications including the next generation of memory devices
with low energy consumption? 3 and energy harvesting.
Recently, ferroelectric random access memories (FRAM) have
achieved fast access speed (about 5 ns) and high density (64
Mb),” but they are limited by the need for destructive read and
reset operations. MFs offer the possibility of multistate memory
with fast low-power electrical write and non-destructive
magnetic read operations.® ° For energy applications the
strength of the magnetoelectric coupling must be high enough
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to allow harvesting of electrical energy through magnetic
stimuli. &

Aside from the potential applications, the fundamental physics
of MFs is rich and fascinating. At present, there are very few
single-phase MFs known. This is mainly due to the fact that the
conventional mechanism for cation off-centring in ferroelectrics
(which requires formally empty d-orbitals) and the formation of
magnetic moments (which usually results from partially filled d-
orbitals) are mutually exclusive.l® Furthermore, the possibility
of practical application of the known single-phase MFs is
remote, since they exhibit multiferroic properties only at very
low temperatures,! while at room temperature the
magnetoelectric coupling is weak.11-14 Although some materials
were previously reported as single-phase, secondary phases
were found using SEM/EDX in subsequent studies.1> BiFeOs is
still the only well-known single-phase room temperature
multiferroic material.1® However, BiFeOs is far from application,
due to its high electrical conductivity.l? Therefore, the
development of new MF materials, with better performance, is
seen as a pressing need.

In single-phase multiferroics, the simultaneous presence of
electric and magnetic dipoles does not guarantee strong
intrinsic magnetoelectric (ME) coupling. Strong ME coefficients
are expected in single-phase MFs because the same magnetic
ions contribute to ferroelectric polarization and magnetic
moment simultaneously.1® Recently, Aurivillius compounds
have attracted much attention with respect to multiferroic
activity.1®22 The structure of these compounds consists of
bismuthate layers of general formula (Bi»0,),2"*, separated by
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perovskite slabs of general formula (A-1BmO3m+1)2", where m is
the number of octahedral layers in the perovskite slab.

In Aurivillius compounds, the spontaneous polarization (Ps)
originates from the off-centre movement of the octahedral
cations in one direction within the basal (a-b) plane.?3 24 A
variety of transition metal elements, such as Fe, Co, and Mn, can
be accommodated in the B-site.2>?7 In this case, the magnetic
ions in the B-site are responsible for both ferroelectricity and
magnetism and hence ME coupling can be achieved.

In the present work, BissLag7sTizsO12 (BLT), a material typically
used for non-volatile ferroelectric random access memory
(FRAM), because of its excellent fatigue resistance and large
spontaneous polarizations along the g-axis,?® 2° was selected as
the base composition. A range of compositions of general
formula Bi3A25Lao,75(Fe0A5Coo‘5)XTi3.2XNbXOn (BFCT].OOX, X = 005,
0.25 and 0.35) was studied with Nb B-site substitution, aimed
not only at maintaining electroneutrality in the presence of the
magnetic ions Fe3*/Co3*, but also to decrease electrical
conductivity.3® In this way a single phase composition
supporting the highest level of substitution by magnetic ions
was identified. The existence of ME coupling at room
temperature was confirmed in single phase ceramics and is
supported by first principles modelling.

Experimental

Sample preparation

Samples of composition Biszslag 75Tiz-2xNbx(Feo.sC00.5)x012
(BFCT100x, x = 0.05, 0.25 and 0.35) were prepared from
stoichiometric amounts of Bi,Os; (Alfa Aesar,99.975%), La,0s3
(Sigma Aldrich, 99.9%), Fe,O3(Alfa Aesar 99.9%), Cos04 (Sigma
Aldrich, 99.9%), Nb,Os (Alfa Aesar 99.9%) and TiO, (Alfa Aesar
99.8%). The starting mixtures were ball milled for 4 h in
methylated spirits. After drying the mixtures were calcined at
900 °C for 4 h. Textured ceramics were obtained in a two-step
process using spark plasma sintering (HPD 25/1 FCT, Germany).
The powders were sintered at 825-850 °C for 5 min under a
uniaxial pressure of 80 MPa in a graphite die, with an inner
diameter of 20 mm. The dense samples were superplastically
deformed at 925-950 °C for 5 min under a pressure of 50 MPa
in a larger graphite die with an inner diameter of 30 mm. In
order to remove carbon arising from the graphite dies, the
sintered ceramics were annealed at 800 °C for 10 h in air.

Crystal structure characterization

The bulk ceramics were cut perpendicular to the SPS pressure
direction. The crystal structures of the obtained ceramics were
analysed at room temperature using a PANalytical X’Pert Pro
diffractometer, with nickel filtered Cu Ka radiation (A = 1.5418
A). Data were collected in flat plate /60 geometry over the 20
range 5 to 120° in steps of 0.0167° with an effective scan time
of 400 s per step. Calibration was performed using an external
LaBs standard. Powder neutron diffraction data were collected
at room temperature on the BFCT25 sample using the Polaris
diffractometer at the ISIS facility, Rutherford Appleton
Laboratory, UK. A data set of 400 nA h was collected on a
powdered sample in a 5 mm diameter vanadium can. Data for
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the backscattering bank (average angle 146.72°) normalized
against those for a vanadium rod were used in subsequent
calculations. Structure refinement was carried with the GSAS
suite of programmes3! taking the structure of Bis 7sLag2sTizO12
in space group B2ch as a starting model.32 Structure diagrams
were drawn using VESTA.33 The surface morphology was
studied using scanning electron microscopy (SEM) (FEI Inspect-
F, Hillsboro, OR, USA).

Ferroelectric characterization: Ferroelectric /-E (current—
electric field) and P-E (polarization—electric field) hysteresis
loops were measured using a ferroelectric hysteresis
measurement tester (NPL, UK).3* The temperature
dependencies of the relative dielectric permittivity and loss
were measured at different frequencies using an LCR meter
(Agilent, 4284A, USA) and a purpose-made furnace. The
morphology of the ferroelectric domains was observed by
Piezoresponse force microscopy (NT-MDT, Ntegra systems,
Russia), using a non-magnetic conductive tip, operated at 70
kHz with a 10 V AC electric field.

Magnetization characterization

The magnetic (M-H) hysteresis loops and temperature
dependence of magnetization were measured using a
superconducting quantum interference device magnetometer
(Quantum Design, a model MPMS (SQUID) VSM, USA) over the
temperature range 1.8 Kto 1000 K in the magnetic field range
-1 T to 1 T. The M-T curves were corrected for a paramagnetic
contribution of individual magnetic atoms with no magnetic
interaction. Electron spin resonance (ESR) measurements were
performed using a JEOL, JES-FA 300 (X-band at w = 8.969 GHz
with a power of 1 mW) spectrometer at room temperature. The
magnetoelectric coupling coefficient was measured using a
magnetoelectric measurement system (Quantum Design,
Super-ME-Il, USA).35 The samples were subjected to a DC
magnetic field that varied linearly with time (0 - 3 kOe). An AC
magnetic field (Ha) of 5.6 Oe, with a frequency of 1 kHz was
superimposed onto a DC field.

First principles modelling of magnetization

First principles calculations were carried out based on density
functional theory (DFT), as implemented in the Vienna ab initio
simulation package (VASP), with projector augmented wave
(PAW) potentials and the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE). The basis set
contained plane waves with a kinetic energy cutoff of 500 eV
and the total energy was converged to 10-¢ eV. The geometry
of the cluster was optimized with no symmetry constraints until
all residual forces on each atom were less than 0.01 eV A1, A 2
x 1 BLT supercell was employed in all calculations, in which two
Ti atoms were substituted by the Fe/Co magnetic atoms. To
improve the description of the Fe/Co 3d electrons, the GGA+U
method was introduced to take the strong correlation into
account. Calculations with U = 1.0-6.0 eV were performed to
assess the magnetic coupling on the magnitude of Hubbard U.
For BFCT25, reasonable agreement was reached once effective
U =2.0eV and U = 3.0 eV for Fe and Co atoms, respectively.

This journal is © The Royal Society of Chemistry 20xx
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These values for Hubbard U lie in the typical range that has been
successfully used to describe the magnetic properties of
BiFeO3,3¢ Aurivillius phase BisFeTi30;5,3” and different spin
states of Co3* for perovskites LaCo03.38

Results and discussion

Structural characterisation

The X-ray powder diffraction (XRD) data (supplementary
information Figure S1) revealed that the BFCT5 and BFCT25
powders are single-phase compounds. Their diffractograms can
be indexed using the orthorhombic structure of BLT (ICDD file
#89-7500). The XRD pattern of the x = 0.35 composition showed
traces of a secondary phase, Bi,Ti,O; (ICDD file #32-118),
indicating that this composition lies above the solid solution
limit. The fitted neutron diffraction data for the x = 0.25
composition are shown in Figure 1. The crystal structure and
refinement parameters, refined structural parameters and
significant contact distances are given as supplementary
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Figure 1. Fitted diffraction profiles for BFCT25 (a) neutron and (b) X-ray diffraction data;
observed (black open circles), calculated (red line) and difference (blue line) patterns
obtained from the Rietveld analysis. The allowed Bragg reflections for the corresponding
space group B2cb are indicated by black ticks.

information in Tables S1, S2 and S3, respectively. The structure
can be described as consisting of layers of bismuth oxide of
general formula [Bi,0,],2"*, separated by perovskite slabs
containing three layers of corner sharing perovskite-like
Ti/Nb/Fe/Co-O¢ octahedra, with Bi3* and La3* ions located in the

This journal is © The Royal Society of Chemistry 20xx
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A site, within these slabs (Figure 2). The coordination of the Bi3*
cations on the Bi(2) site in the bismuthate layer is essentially
four pyramidal, consisting of four Bi-O bonds with an average
Bi-O distance of 2.31 A, two longer Bi-O contacts of around 2.65
A and two at 3.10 A. This atomic arrangement results in a
distorted square antiprismatic site geometry and gives rise to
the stereochemical activity of the Bi 652 lone pair of electrons.
In the case of the Bi/La(1) site within the perovskite slab, there
is also evidence of stereochemical activity of the bismuth lone
pair. The partial occupancy of this site by La3* leads to a smaller
average stereochemical distortion for this site compared to the
Bi(2) site. Cumby and Attfield3® have recently proposed a novel
method for examining polyhedral distortions through ellipsoidal
analysis. The method allows for comparison of different size
coordination polyhedra through the variance of the mean
ellipsoid radius o 2(R), where large values indicate greater
distortion and the ellipsoid shape parameter S, which can vary
between -1 and +1, corresponding to oblate and prolate
ellipsoids, respectively, with perfect spherical geometry
indicated by an S value of zero. In the case of the Bi sites,
assuming a cut off distance of 3.3 A, Bi(1) and Bi(2) sit in 12 and
8 coordinate sites, respectively, with mean ellipsoid radii, <R >,
of 2.880 A, and 2.635 A, variances of 0.0872 A2 and 0.3176 A2
and S values of 0.160 and -0.375, respectively. The larger value
of o 2(R) for Bi(2) and the larger magnitude of its shape
parameter are consistent with this site showing greater
stereochemical distortion compared to the Bi(1) site and
compare with the values of R = 2.627 A, o°2(R) = 0.2876 A2 and
S$=0.377 for the analogous Bi(2) site in Bi,La,;Ti301,.4° A number
of models for the cation distribution in Aurivillius phase
materials were investigated, including different A site and B site
cation distributions. In the case of the A site distribution, no

(Bin0q)2™

Perovskite
block

Figure 2. (1 1 0) projection of the structure of Bis ;sLag 75Ti» sNbg 25F€0.125C00.125012. The Bi
and O atoms are represented by violet and red circles, respectively. A partial occupation
of the perovskite A sites by La is indicated by a partial green shading. Ti/Nb/Fe/Co
octahedra are shown in blue.

evidence of the presence of La3* on the Bi(2) site was found. This
is in contrast to the situation in heavily La-substituted
compound Bi,La;Ti301,,*° where a degree of site sharing on
both sites exists and is accompanied by a removal of the
orthorhombic distortion to yield a tetragonal structure. In the
case of the B site cation distribution, the best fit was obtained
using an approximately even distribution of cations over the
two perovskite B sites. In the final refinement, the Fe/Co ratio

J. Name., 2013, 00, 1-3 | 3
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was allowed to vary between these two crystallographic sites.
Both octahedral sites show small prolate distortions of their
ellipsoids with S values of 0.0193 and 0.0101 for Ti/Nb/Fe/Co(1)
and Ti/Nb/Fe/Co(2), respectively, but with little variance of
their mean ellipsoid radii, with respective < R > values of 1.953
A and 1.980 A and variances of 0.0015 and 0.0034.

Scanning electron microscopy was used to examine morphology
of the prepared ceramics. SEM images of the BFCT5 and BFCT25
textured ceramics are shown in the supplementary material
(Figure S2). Plate-like grains oriented perpendicularly to the SPS
pressure direction are observed in the micrographs. The high
values of the Lotgering orientation factor (f = 0.72 and 0.75 for
BFCT5 and BFCT25, respectively) confirm a highly grain-oriented
structure for both compositions.

Ferroelectric Properties

Figure 3a and 3b display the current-electric field (/-E) and
polarization-electric field (P-E) hysteresis loops of the grain-
oriented BFCT5 and BFCT25 ceramics, respectively, obtained at
room temperature in a direction perpendicular to the SPS
pressure direction. The occurrence of current peaks in the I-E
loops implies ferroelectric domain switching upon electric field
reversal.*! The maximum value of the remnant polarization (P,)
decreases as the concentration of magnetic ions increases. The
P, values for BFCT5 and BFCT25 are 14.08 uC cm2and 12.43 puC
cm2, respectively. Figure 3c and 3d show the temperature
dependence of the relative dielectric permittivity and loss of
BFCT5 and BFCT25 ceramics measured perpendicularly to the
SPS pressure direction. The ferroelectric Curie points (FE T¢) of
BFCT5 and BFCT25, as determined from the dielectric peak
position, are 638.2 K and 556.5 K, respectively. FE T, decreases

DOI: 10.1039/C8TC00161H
Journal Name

with increasing concentration of magnetic ions. Such behaviour
has been observed in other substitutionally-modified Aurivillius
phase MFs and suggests the formation of a solid solution in the
present system, with the trivalent Fe/Co ions replacing Ti%* ions
at the B-sites. A broadening of the FE T, peaks is likely caused by
the existence of local Fe/Co-rich regions in the structure and is
discussed below. Based on the structural parameters given in
Table S2, the value of the spontaneous polarization Ps along the
a-axis of the ferroelectric BFCT25 was calculated using
Shimakawa's model.*2 The atomic displacements and
contribution of each ion to Ps are illustrated in Figure 3e and 3f,
respectively. The total P; obtained from the model was found to
be 29.9 uC cm-2.

Magnetic Properties

The magnetization of BFCT5 and BFCT25 subjected to a
magnetic field (H), of 200 Oe was measured using a SQUID
magnetometer in the temperature range from 1.8 K to 1000 K.
As illustrated in Figure 4a, the lightly doped BFCT5 sample
shows paramagnetic behaviour, which implies a random
occupancy of the B sites by magnetic ions, in the absence of long
range magnetic ordering, down to 1.8 K. However, with
increasing doping level, local Fe/Co rich regions emerge in
BFCT25 and magnetic ordering is expected to arise from the
exchange interaction between adjacent magnetic ions. By
fitting the M-T curve of BFCT25 with the Curie-Weiss law, i.e. xm
= C/(T — Tem), where xm is magnetic susceptibility, C is Curie
constant and T.n is magnetic Curie point, three distinct
magnetic transitions at about 50 K, 160 K and 380 K are
distinguished (c.f. Figure. 4b and Figure.5). The ferromagnetic
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Figure 3. The P-I-E loops of (a) BFCTS and (b) BFCT25. The temperature dependence of the relative dielectric permittivity (er) and dielectric loss (D) of the BFCT5 and BFCT25 ceramics
is shown in (c) and (d), respectively. (e) The ionic displacements and (f) the individual contributions of each ion to the total spontaneous polarization Ps in BFCT25.
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Figure 4. (a) The temperature dependence of magnetization of BFCT5 and BFCT25 ceramics (5-300 K); (b) the temperature dependence of magnetization and inverse
susceptibility of BFCT25 (300-800 K); (c) and (d) the field dependence of magnetization for BFCT25 at 15 K, 50 K, 150 K, 200 K, and 300 K, respectively.

nature of the transitions is strongly supported by the magnetic
hysteresis loops in Figure 4c and 4d, where the paramagnetic
contribution is subtracted. The measured electron spin
resonance (ESR) spectrum of BFCT25 shows a sharp
ferromagnetic resonance peak at low magnetic fields and a
broad paramagnetic peak at high magnetic fields (Figure S3),
which confirm the ferromagnetic state of the sample. The
observation of a small remnant magnetization and a rapid
increase in magnetization at 300 K at low magnetic fields
suggests a random distribution of Fe/Co rich regions in BFCT25,
leading to a spin-glass-like behaviour at low temperatures, as
shown by the zero-field-cooling (ZFC)/field-cooling (FC)
experiments (Figure 6).43

Simulation

In order to understand the nature of the ferromagnetic
properties of BFCT25, DFT calculations were performed (Table
S4). The substitution positions of Fe and Co atoms for Ti atoms
were determined by the total minimum energy of the Fe3* and
Co3*ions which are connected through an O atom. This suggests
Fe3+-O-Fe3*, Fe3*-0O-Co3* and Co3*-0-Co3* magnetic interactions
are possible in BFCT25. To correctly treat the exchange-

This journal is © The Royal Society of Chemistry 20xx

correlation potential and the interaction between the Fe/Co 3d
electrons, the GGA+U method was employed. Figure 7 shows an
example of the exchange properties between adjacent FeOg and
CoOg tilted octahedra with Hubbard U corrections of Uge = 2 eV
and Ug, = 3 eV, respectively. From Figure 5b, it can be seen that
the magnetism of the system mainly originates from the dopant
Fe3* and an intermediate-spin state of Co ions (2.604 and
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Fig. 5. Temperature dependence of inverse magnetic susceptibility in BFCT25. Two
ferromagnetic Curie temperatures (50 K and 160 K) are obtained by fitting the
linear parts of the curve with Curie-Weiss law xm = C/(T — Tc).

1.868 pg atom?, respectively), while their surrounding O atoms
have a small contribution (less than 0.1upg/atom). A close
inspection of the density of states reveals that the Fe d,, orbital
hybridizes with the Co d,? through the O p,/p, orbital and gives
rise to ferromagnetic exchange coupling between adjacent Fe3*
and Co3* ions (cf. Figure 5a). For Fe3+-O-Fe3* and Co3*-O-Co3*
interactions with the typical Hubbard U, the exchange couplings
were shown to be dominated by the (virtual) electron transfer
between either an empty or fully-filled d-orbital and a half-filled
d-orbital (cf. Table S4), which are ferromagnetic, consistent with
the semi-empirical Goodenough-Kanamori rules. Therefore, in
principle, the exchange interactions favour ferromagnetically
ordered Fe/Co-rich regions in BFCT25, with nearest-neighbour
Fe3+-O-Fe3*, Fe3*-0O-Co3* and Co3*-O-Co3* ferromagnetic

DOI; 10.1039/C8TC0O0161H
Journal Name
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Figure 7. (a) Spin density of BFCT25 around O (red), Bi (pink), La (green), Ti (light blue),
Co (dark blue) and Fe (yellow) atoms, and (b) density of states in BFCT25.
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Fig. 6. Field cooled (FC) and zero field cooled (ZFC) magnetization curves of BFCT25
measured under different magnetic fields.
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couplings of around 16.38 meV, 29.09 meV and 59.89 meV,
respectively. These could be expected to give rise to the three
ferromagnetic transitions in BFCT25, as observed experimentally.

Magnetoelectric Coupling

Given that the magnetic Fe3*/Co3* ions are responsible for the
magnetism and also partly for the ferroelectricity of BFCT25, the
regions with higher local concentrations of Fe3*/Co3* ions are
expected to be multiferroic. These Fe/Co rich regions, randomly
distributed in BFCT25, should exhibit an electrical response
sensitive to an applied magnetic field such as observed in
magnetoelectric multiferroics. In order to confirm the existence
of ME coupling in the sample at room temperature, changes in
the ferroelectric domain structure were investigated using
piezoresponse force microscopy (PFM) under an in-plane
magnetic field (Figure 8). The measurements were carried out
on BFCT25 perpendicular to the SPS pressure direction (the
microstructure image is presented in Figure S2). After applying
a positive and then a negative magnetic field parallel to the
sample surface (Figure 8b and 8c), the direction of the
ferroelectric polarization in the highlighted areas rotates
towards the out of plane direction. The contrast differences

This journal is © The Royal Society of Chemistry 20xx
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observed in the PFM magnitude and in the phase signals
provide evidence for the changes in ferroelectric polarization.
Similar magnetic field-induced changes of FE polarization were
previously observed in ceramic composites using PFM2444, but

+ 2000 Oe

Figure 8. Ferroelectric domain switching under magnetic field in BFCT25. (a) Topography
and (d) vertical PFM phase at zero magnetic field; (b) topography and (e) vertical PFM
phase at +2000 Oe; (c) topography and (f) vertical PFM phase at -2000 Oe.

never in single-phase ceramics at room temperature. In Figure
6, the regions that experience the magnetic field-driven change
in polarization are about 100-200 nm and are multiferroic. It is
worth mentioning that the observed magnetoelectric behaviour
has been rarely reported in truly single-phase materials at room
temperature.

The presence of magnetoelectric coupling in BFCT25 was
further confirmed by measurement of the magnetoelectric
coupling coefficient (oume) at 100 K (Figure 9). A maximum value
of ame was about 0.57 mV cm1 Oetat 2700 Oe.
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Fig. 9. Magnetoelectric coefficient (ME) of BFCT25 measured at 100 K through the
measurement of magnetic field induced electric field. The value of maximum ME
coefficient is 0.57 mV cm0et.

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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The structural, electrical (dielectric and ferroelectric), magnetic
and magnetoelectric properties of dense, grain-oriented
Bi3_25L30‘75Ti3.ZXNbX(FEO,5COo,5)X012 (X = 0.05, 025 and 0.35)
ceramics were investigated. It was found that the solid solution
limit in the system lies between x = 0.25 and 0.35. The x = 0.05
and 0.25 compositions exhibit a single-phase Aurivillius
structure with orthorhombic symmetry in space group B2ch.
The ferroelectric-paraelectric phase transition shifts toward
lower temperatures with the increasing Fe/Co content.
Lanthanum ions were found only at the A sites of the perovskite
slabs, sharing this site with bismuth ions. The stereochemical
activity of the Bi 6s2 lone pair of electrons in the perovskite A-
site and also in the bismuthate layer was evidenced by the X-ray
and neutron diffraction studies. Weak ferromagnetism,
originating from the exchange interaction between the Fe and
Co spins, was confirmed to exist in the x = 0.25 sample by
electron spin resonance measurements at room temperature.
The results of first principles calculations confirm ferromagnetic
coupling between the Fe3* and Co3* cations through oxygen
atoms. Piezoresponse force microscopy revealed that the
ferromagnetism in BFCT25 most likely originates from the Fe/Co
rich regions of 100-200 nm in size. Changes observed in the
ferroelectric domain structure upon the application of an
external magnetic field imply multiferroic behaviour in the
single-phase BFCT25 at room temperature. The discovery of the
room temperature multiferroicity in this single-phase ceramic is
expected to pave the way for achieving desired multiferroic
properties via composition modification for different
applications such as low energy consumption memory devices
and sensors.
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