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A novel perovskite oxide chemically designed
to show multiferroic phase boundary with
room-temperature magnetoelectricity
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There is a growing activity in the search of novel single-phase multiferroics that could finally
provide distinctive magnetoelectric responses at room temperature, for they would enable a
range of potentially disruptive technologies, making use of the ability of controlling polar-
ization with a magnetic field or magnetism with an electric one (for example, voltage-tunable
spintronic devices, uncooled magnetic sensors and the long-searched magnetoelectric
memory). A very promising novel material concept could be to make use of phase-change
phenomena at structural instabilities of a multiferroic state. Indeed, large phase-change
magnetoelectric response has been anticipated by a first-principles investigation of the
perovskite BiFeOs-BiCoO3 solid solution, specifically at its morphotropic phase boundary
between multiferroic polymorphs of rhombohedral and tetragonal symmetries. Here, we
report a novel perovskite oxide that belongs to the BiFeO3-BiMnOs-PbTiO5 ternary system,
chemically designed to present such multiferroic phase boundary with enhanced ferroelec-
tricity and canted ferromagnetism, which shows distinctive room-temperature magneto-
electric responses.
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agnetoelectric multiferroics are compounds that show

coexistence of electrical and magnetic orders, and a

range of coupling phenomena between polarization and
magnetization. They are highly topical materials from both the
fundamental and applied points of view!. The understanding of
the mechanisms behind the magnetoelectric coupling is a major
line of research in solid state physics that must result in the
development of novel approaches for obtaining functional
responses, either linear magnetoelectric effect or crossed
switching phenomena at room temperature?. This is required
for enabling a number of potentially disruptive magnetoelectric
technologies that would make use of the possibility of controlling
polarization with a magnetic field or magnetism with an electric
one, such as electrically tunable microwave components and
spintronic devices’, and the long-searched electrical-writing
magnetic-reading random access memory?.

Among the various families of multiferroic compounds under
study, magnetic (or spin-induced) ferroelectrics have concen-
trated a lot of attention. They are improper ferroelectrics like
orthorhombic TbMn,0Os, in which a small (below 1uC cm ~2)
spontaneous polarization develops as a byproduct of a magnetic
transition, often involving complex incommensurate antiferro-
magnetic states that are intrinsically associated with the existence
of spin frustration due to competing interactions. Though large
magnetoelectric responses have been reported as a result of the
inherent relationship between the electrical and magnetic orders,
by tuning the ferroelectric state with a magnetic field, this is
usually only possible at very-low temperatures, and the mechan-
ism does not allow for a comparable electrical control of
magnetism>~.

A second set of materials under extensive research are ABO;
perovskite oxides in which multiferroicity is chemically engi-
neered by placing ferroelectrically and magnetically active cations
in the A- and B-site, respectively. Most promising systems are
BiMOj; compounds, such as BiCoO; and BiFeOs, that are both
ferroelectric and antiferromagnetic at room temperature, and for
which magnetoelectric coupling has been demonstrated®®.
Indeed, BiFeO; stands out as the most topical multiferroic. This
oxide has a rhombohedral distorted structure (R3¢ space group)
that results in spontaneous polarization exceeding 100 pCcm ~ 2,
and high transition temperature of ~1,100K. Besides, it is a
G-type antiferromagnet with an ordering temperature of ~640K.
Crystal magnetoelectric coupling exists and gives place to a long-
range incommensurate cycloidal superstructure with the spins
rotating within a plane containing the electrical polarization!?,
Spin-canting and weak ferromagnetism appear, this time as a
result of the coupling between magnetism and the oxygen
octahedral tilting, if the spin cycloid is destroyed!!2. This
has been accomplished by strain engineering in thin films
(for example, Mg ~0.6 emug_1 for 200 nm thick films)!? and
also by chemical modification (for example, Mg ~1.2emug~!
for Biy,Bag ;FeO; ceramic materials) .

Spontaneous polarization and magnetization easy axis are
orthogonal in BiFeO;, and the ferroelectric/ferroelastic and
antiferromagnetic domain configurations are coué)led, which
enables the electrical drive of magnetic domains'>!®. This effect
has been used to achieve the electrical control of the exchange
bias of a ferromagnetic layer deposited on top of the
antiferromagnetic multiferroic by means of their exchange
interaction!”18, Research on multiferroic heterostructures is
being carried out in parallel to that on single-phase materials,
and a wide range of magnetoelectric effects have been
demonstrated!®-21.,

Although BiFeOs is still at the cutting edge of research??, latest
efforts have concentrated in alternative perovskite systems like
solid solutions between ferroelectric phases and relax or

2

compounds containing magnetically active cations, which show
weak ferromagnetism in coexistence with a range of polar states,
and different magnetoelectric coupling phenomena®*?4, The
underlying mechanisms are not clear, but spin clustering is
thought to be responsible for the ferromagnetic component in the
otherwise expected paramagnetic state, while elastic interactions
between the proposed magnetic nanoregions and the ferroelectric
matrix would cause the magnetoelectric effects. Partially
reversible ferroelectric domain reorientations under magnetic
fields have been recently described for Pb(Zrgs3Tig47)O03—
Pb(Fe,»Ta;»)O3 at room temperaturezs. An increasing
attention is also being paid to multiferroic Bi-containing
layered perovskites, after similar effects were reported?®.

Perovskite solid solutions are also the basis of a different, not
well explored approach. A strong phase-change magnetoelectric
response has been anticipated by a first-principles investigation of
phases in the BiFeOs;-BiCoO; perovskite binary system?’,
associated with the presence of morphotropic phase boundary
(MPB) between multiferroic polymorphs of rhombohedral R3¢
and tetragonal P4mm symmetries. Mechanism would be the
discrete rotation of the magnetization easy axis following that of
the spontaneous polarization under the electric field, linked to the
electric field-induced transformation from one multiferroic
polymorph to the other. Large phase-change electromechanical
responses have been widely reported for perovskite systems with
ferroelectric MPBs, like Pb(Zn;,3sNb,,3)03-PbTiO5%8. Therefore,
analogous magnetoelectric responses might be a general property
of multiferroic MPBs, and a novel approach for room-
temperature magnetoelectricity.

A recent experimental study reported the existence of a
monoclinic Cm phase between the rhombohedral and tetragonal
polymorphs in the BiFeO;-BiCoO; system, and polarization
rotation with temperature and composition within this phase?’.
This phenomenology resembles that one described for ferro-
electric MPBs in high-sensitivity piezoelectrics like Pb(Zr,Ti)Os,
which is directly associated with their very high piezoelectric
response>®3!. The possibility of obtaining an enhanced magneto-
electric response at multiferroic analogues showing lattice
transverse softening was indicated by a recent theoretical study>2.

Here, we report a novel perovskite oxide chemically designed
to present a multiferroic MPB that does show distinctive room-
temperature magnetoelectric responses by means of these two
mechanisms: field-driven phase changes and transverse lattice
softening. The new material is a solid solution belonging to the
BiFeO;-BiMnO;-PbTiO; ternary system. BiFeO;-PbTiO; has
been extensively studied as an alternative to BiFeO;-BiCoOs,
which also shows a multiferroic phase boundary*3-3>, but that
can be obtained by mechanosynthesis®6. A distinctive reversible,
phase—chan§e electromechanical response has been reported for
this system®’, along with enhanced permittivity and piezoelectric
coefficients across the MPB. However, both polymorphic
phases are antiferromagnetic, yet a weak ferromagnetic compo-
nent appears at a second magnetic transition within the BiFeO;-
rich phase’®3°. Recently, we described a full line of MPB
compositions within the phase diagram of the BiFeO3;-BiMnO;-
PbTiO; ternary system?’. Material here reported of composition
BiO.68PbOA3ZFeOAGSSMn04025Ti0A3ZO3 (0655B1FeO3—0025B1MnO3—
0.32PbTiO;) lies within this line, and shows both enhanced
ferroelectricity and weak ferromagnetism for distinctive room-
temperature magnetoelectric responses.

Results

Crystal structure and phase coexistence. A first critical issue was
determining the actual phase coexistence at the MPB, namely
discriminating whether the polymorphic phase in coexistence
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with the tetragonal component was rhombohedral or monoclinic,
for lattice transverse softening is characteristic of the latter
symmetry. This was done by using high-resolution X-ray
diffraction (XRD). Chemically homogenous nanocrystalline
powders obtained by mechanosynthesis, thermally treated at
950°C for 12h to increase crystallinity were characterized. A
typical XRD pattern is shown in Fig. la. Phase coexistence
between a tetragonal polymorph and a second one that might be
either rhombohedral or monoclinic, in about equal amounts, is
clearly observed.

The diffraction profile was then analyzed by the Rietveld
method using JANA package*!. The tetragonal P4mm space
group of PbTiO; along with the rhombohedral R3¢ of BiFeOj; or
monoclinic Cc symmetry (among others) were selected as
structural models. The best fits between observed and calculated
profiles obtained by the Rietveld refinements were compared with
choose among the models. The initial lattice parameters and atom
coordinates for the phases involved in the refinements were taken
from previous reports on the BiFeO3-PbTiOj; binary system with
composition at the MPB343>, This is especially important for the
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Figure 1 | Crystal structure. (a) High-resolution XRD pattern and Rietveld refinement for the Big ¢sPbo32F€0.655MN0.025Tip.3203 powder sample, at room
temperature, indicating phase coexistence between polymorphs with monoclinic Cc and tetragonal P4mm symmetries. Yops and Y, refer to the measured
and calculated intensities, respectively. The refined profiles using the (b,c) Cc and (d,e) R3c symmetries across the (200), and (103),, reflections (referring
to pseudocubic indices) are shown to illustrate the better agreement of the Cc phase.
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tetragonal polymorph, for it shows a huge tetragonal distortion of
c/la ~1.18, which is considerably higher than that of PbTiOs;.

A major problem in the application of the Rietveld method to
this system arises from the fits of the peaks at high angles, for
which the complexity of the profile resulting from the
polymorphic phase coexistence is a handicap. This is further
complicated by the crystal stresses present due to the large
difference in transition strain between the two coexisting
polymorphs (anisotropy factors due to ferroelectricity need to
also be considered). This requires the implementation of
anisotropic strain broadening models, such as that proposed by
Stephens*2. At final stages, composition was released, and
refinements confirmed the nominal composition for the two
polymorphic phases as previously described (details of the
refinements are given in Supplementary Note 1). The refined
structural parameters for the R3¢ and Cc phases, using both
mixture models involving coexistence with P4mm polymorph, are
given in Table 1 (refined position coordinates, thermal
parameters and so on, are given in Supplementary Table 1).

It can be seen that the statistical parameters obtained, factors
Ryps Rexp and the goodness-of-fit indicator, are better for the
model involving the monoclinic Cc space group. The best
agreement for the latter phase is evident when one specifically
analyses the refined profiles across the (200), and (103),
reflections (referring to pseudocubic indices), shown in Fig. 1b,c
for the Cc and R3¢ symmetries, respectively. It is clear that the fit
using R3c symmetry is not satisfactory, for example, the
anomalous peak broadening of the (200), reflection is not
consistent with its singlet nature (and neither it is that of the
(103),, considering it as a doublet), as expected for the R3¢ space
group.

To confirm the actual existence of a monoclinic Cc
polymorphic phase, the study was also carried out in another
composition at the pseudo-rhombohedral side of the MPB, right
next to that under study, but for which the tetragonal phase is not
present (that is, outside the MPB region). This composition is
Big 75Pbg 25Feq ;Mng 05 Tig 2503, for which only one polymorph
can be observed in the XRD pattern, as shown in Supplementary
Fig. 1, thus avoiding the complexity of refining profiles exhibiting
phase coexistence. The profile was then refined for both
symmetries R3¢ and Cc, among others. The refined structural
and statistical parameters are summarized in Supplementary
Table 2. Once again, statistical parameters and goodness-of-fit
indicator are much better for the monoclinic Cc, in particular
RBragg-

Ferroelectricity and phase-change phenomena. Fully dense
materials with tailored microstructures and no traces of chemical
inhomogeneities (checked by scanning electron microscopy and
energy dispersive XRD) were processed by hot-pressing at
moderate temperatures of the nanocrystalline powder obtained by
mechanosynthesis. This is a requirement for a sound ferroelectric

characterization, and also for applicability, which is not easily
achieved in the case of low-tolerance factor perovskites, such as
BiFeO;- and BiMnOj-based materials. Specifically, incipient
perovskite decomposition during sintering can result in increas-
ing levels of A-site and oxygen vacancies within the structure, and
also of Fe and Mn mixed-valence states. Actually, this is a char-
acteristic of these materials that always show non-negligible
electron hopping-type conductivity associated with the presence
of such defects, even though the microstructural characterization
did not show any evidence of phase decomposition or grain
boundary minor secondary phases in the ceramics.

The temperature and frequency dependences of permittivity
showed a Maxwell-Wagner type relaxation above room
temperature. This is a distinctive step-like increase of permittivity
at a temperature that shifts with frequency, from about 475K at
1kHz to 650K at 1 MHz in the case of Big ggPbg 32F€.¢55Mng g25.
Tig 3,03 (Supplementary Fig. 2). Maxwell-Wagner relaxations are
associated with the existence of significant, but inhomogeneous
electrical conductivity in the material, a phenomenon widely
observed in ceramic materials as a result of the presence
of highly resistive grain boundaries®®. Conductivity at moderate
temperatures in this specific case is associated with
electron hopping between mixed-valence state transition metals,
Fe’ T /Fe? T and Mn®>*/Mn*™, as indicated by the obtained
activation energy of 0.4 eV (see inset in Fig. 2a). Note that at high
temperatures above 550 K the activation energy increases up to
1.1eV, a value typical of mobile oxygen vacancies, which would
be, not-surprisingly, the mechanism of the high-temperature
conductivity. It is important to highlight that the onset of the
Maxwell-Wagner polarization, and thus of electrical conduction
takes place at 450K for Biol68Pb0A32Feo_655Mn0‘025Tio_3203.
Tailored ceramic materials show typical room-temperature
resistivity values of 10°Qcm, comparable to those of BiFeO;
and other ferroelectrics.

This tailored conductivity enabled the ferroelectric character-
ization. A summary of the ferroelectric properties is shown in
Fig. 2. The temperature dependence of the dielectric permittivity
at 1 MHz, measured during a heating/cooling cycle is shown in
Fig. 2a. The permittivity maximum associated with the ferro-
electric to paraelectric transition, Tc, is clearly observed. The
transition shows a significant thermal hysteresis during the
measuring cycle, with Tc of 900 and 880K on heating and
cooling, respectively. These values are close to those reported for
the 0.675BiFe05-0.325PbTiO; binary system, c.a. 915 and 880K,
and about 200 K lower than those for BiFeO; (ref. 38). The large
hysteresis is consistent with results obtained in the binary system,
for which an anomalous large AT was also found at the MPB,
and associated with a different sequence of polymorphic
transitions on heating and cooling, likely from the tetragonal
phase on heating and to the monoclinic one on cooling®®,.

A low-temperature ferroelectric state exists then for this
material, as confirmed by P-E hysteresis loop measurements.
Typical ferroelectric hysteresis and current density curves after

Table 1 | Refined structural parameters and agreement factors.

Space group R3c PAmm Cc P4mm
Statistical parameters Rwp=10.86; Ry =7.97; Reyp =3.80; GOF=2.86 Rup=8.29; Ry =6.15; Reyp =3.79; GOF=2.19
Lattice parameters (A) a=>5.5883 a=3.8185 a=9.7914
c=13.8438 c=4.4943 b=5.5829 a=3.8188
c=5.6240 c=4.4946
p=125.69°
Phase fraction 0.54(R3c)/0.46(P4mm) 0.56(Cc)/0.44(P4mm)

Results of the Rietveld refinements of the Big ¢sPbo 32Fe0.655MnNo.025 Tip 3203 powder composition, using mixture models with coexistence of rhombohedral R3¢ and tetragonal P4mm, and of monoclinic Cc
and tetragonal P4mm. Reliability factors (R-factors) Ry, Ry, Rexp and goodness-of-fit indicator (GOF) are given.

| 7:12772 | DOI: 10.1038/ncomms12772 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

T
L 0.01
T
€ _
N 1E-4
° S
% ° 1E-6
= =
g S 1E-8
3 8k 1E—10 I I I I )
L 1.0 1.5 20 25 3.0 35
;f I 1,000/T (K™")
S 4t
1 n 1 n 1 n 1 n 1
600 700 800 900 1,000
Temperature (K)
b
90
&
|E 45 |+
o
Q
2
§ °
©
N
3
K —45
_90 i 1 1 1 1
-10 -6 -2 2 6 10
Electric field (kV mm™)
¢ |
0.6
—O— 0.675BF-0.325PT
‘f‘g —@— Ternary system
G 03
<
E
>
£ 00
c
[0}
kel
& 03
E]
o
-0.6
1 n n 1

-10 -5 0 5 10
Electric field (kV mm™)

Figure 2 | Ferroelectric properties. (a) Temperature dependence of the
relative permittivity at TMHz of the Big ¢gPbg 32Fe0.655Mno.025Tin 3203
ceramic, showing significant thermal hysteresis on a heating and cooling
cycle (Inset: dc conductivity (¢) vs inverse absolute temperature (T).
Electrical ordering temperature (T¢) and activation energy (E,) values are
indicated). (b) P-E hysteresis loops and (¢) current density curves for the
ceramic under study (ternary system) and those for the MPB composition
of the binary system (0.675BiFeO3-0.325PbTiO3) for comparison.

compensation are shown in Fig. 2b,c, that is, after subtracting
linear polarization and conduction contributions (Supplementary
Fig. 3). Note the high squareness of the loop that is more typical
of a single crystal than of a ceramic material. It is highly
remarkable the very high remnant polarization achieved,
P,x~78uCcm ~2, the largest value ever reported for a ferro-
electric ceramic so far, and the comparatively low-coercive field
E. of 5.4kV mm ~ ! (E. above 8kV mm ~ ! has been reported for

rhombohedral BiFeOs;-PbTiO;)%%. These figures favourably
compare with those for the binary system at its MPB:
P.~62uCcm~2? and E.~47kVmm~'. Loops for these
materials could only be obtained after quenching from
temperatures above the ferroelectric transition. This is an
effective means of releasing the ferroelectric domain walls,
initially clamped by oriented Fep.'-V®& dipolar defects®”. Note
also that fully saturated loops could only be obtained at 250 K, for
dielectric breakdown occurred at room temperature under
electric driving above 5kV mm 1.

Magnetization and spin-reorientation phenomena. Bij ¢sPby 3,
Feg 655Mng 025 Tip 3205 not only showed enhanced ferroelectricity
as compared with the binary system, but also enhanced spin-
canted ferromagnetism. Magnetization was measured during
conventional zero-field-cooling (ZFC)/field-cooling (FC) cycles
under a dc magnetic field of 500 Oe. The temperature dependence
of the molar magnetic susceptibility (M/H ratio) is shown in
Fig. 3a for the ceramic material whose ferroelectric properties
have just been presented. Note that the ZFC and FC curves do not
still overlap at 400K and that the system maintains significant
magnetization at this temperature, which indicates the anti-
ferromagnetic ordering temperature to be above our measuring
range. Indeed, Néel temperature (Ty) above 400K has been
reported for compositions at the MPB of the BiFeO3;-PbTiO,
binary system (c.a. 480 K)*3.

The key feature is the magnetic anomaly at ~360K. This
anomaly was firstly described for MPB compositions of the
BiFeO;-PbTiO; binary system, and associated with a spin-
reorientation (SRO) phenomenon within the antiferromagnetic
state of the monoclinic Cc phase®®. We have recently shown that
this spin reorientation takes place at ~380K for 0.7BiFeO;—
0.3PbTiOs, and shifts towards lower temperatures upon addition
of BiMnO3, along the line of MPBs in the ternary system?’. The
SRO is accompanied by the appearance of a large divergence
between ZFC and FC curves on cooling, which indicates a
significant increase of the net magnetic moment resulting from
spin-canting. Indeed, magnetization loops recorded at 300K
show a remnant value of ~0.02emug™ *, as shown in Fig. 3b.
This weak ferromagnetic moment, although small when
compared with that of other BiFeOs;-based compositions like
Biy ,Ba, ;Fe0; 14, takes place within a monoclinic phase allowing
lattice transverse softening. Enhanced magnetoelectric coefficients
can then be expected on approaching the instability of the
multiferroic state’?. The divergence between the ZFC and FC
curves below the SRO temperature increases with the addition of
BiMnOj; along the line of MPBs (see loops in Fig. 3b), at the same
time that the SRO shifts below room-temperature for high
BiMnO; contents (Supplementary Fig. 4). BigesPbgsaFeosss
Mny 25T193,05 is the composition along the line of MPBs that
has the largest ferromagnetic component, while maintaining the
SRO above room temperature.

Finally, note the low-temperature anomaly taking place at
~ 100K, which is hard to distinguish in the ZFC/FC curves but
easily noticeable in their derivatives (see inset of Fig. 3a). This is
thought to be the Néel temperature of the tetragonal polymorph, as
previously reported for the binary system at ~200K (ref. 33). The
coexistence of two polymorphs with very different room-
temperature magnetism, a monoclinic antiferromagnet with
enhanced canted ferromagnetism and a tetragonal paramagnet
was required for obtaining the targeted phase-change
magnetoelectric response.

Magnetoelectl‘ic COl.lpling. Bio_6gpb0_32Feo_655MH0_025Ti0_3203 is
thus a perovskite oxide placed at a discontinuous multiferroic
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Figure 3 | Magnetic properties. (a) Zero-field-cooled (ZFC)/Field-cooled
(FC) magnetization curves for the Big ¢gPbg 32Fe0.655Mno.025Tin 3203
ceramic under a dc magnetic field of 500 Oe. The magnetic anomaly at
360K is associated with a spin-reorientation phenomenon (Tsgo) within
the Cc phase (Inset shows a schematic description of the proposed
magnetic structure involved in the SRO in terms of ferromagnetic F and
antiferromagnetic G components3°, M stands for the ferromagnetic (FM)
moment. Derivative curves highlights the Néel temperature (T\e%) at
~100 K of the PAmm phase. (b) Isothermal magnetization loop recorded at
300K for the ceramic under study (ternary system) and that for the MPB
composition of the binary system (0.675BiFeO3-0.325PbTiO3) for
comparison.

phase boundary between a tetragonal P4mm phase and a
monoclinic Cc phase with enhanced canted ferromagnetism,
which also shows very high remnant polarization. It is therefore
an ideal system to explore the occurrence of large magnetoelectric
effects at this type of instabilities of the multiferroic state. The
feasibility of having a phase-change response was explored by
comparing the magnetic response of unpoled and poled ceramics,
for the percentages of coexisting polymorphs are known to
change upon poling as checked by XRD (Supplementary Fig. 5;
Supplementary Note 2). This was accomplished by applying a
very-low frequency (0.01 Hz) sine wave of 8 kVmm ™" ampli-
tude, and by removing the field just before completing the
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ferroelectric hysteresis loop. A longitudinal piezoelectric charge
coefficient ds; of 62 pCN_l was obtained as measured with a
Berlincourt meter.

The ZFC/FC magnetization curves at 500Oe for the same
ceramic sample before and after the poling process are shown in
Fig. 4a. Main features like the SRO anomaly within the
monoclinic phase and the low-temperature step associated with
the Néel temperature of the tetragonal component are preserved,
but there is a distinctive decrease of the divergence between the
ZFC and FC curves below the SRO anomaly after poling,
indicating a decrease of the net magnetic moment in the poled
material. This suggests a partial transformation of the monoclinic
into tetragonal phase, which is consistent with the increase of the
height of the low-temperature step. Indeed, the magnetization
loop for the poled material shows less than half the remnant value
(below 0.01 emug ~!) than the unpoled one, as shown in Fig. 4b.

Also, the linear magnetoelectric response at room temperature
was studied for the poled ceramic material as a function of
magnetization. This was carried out by measuring the magneto-
electric voltage developed under the application of an alternate
low-magnetic field, while the samples were subjected to static,
increasingly high-magnetization fields. A longitudinal-transverse
configuration; polarization perpendicular to magnetic fields, was
selected. The results are shown in Fig. 4c for opposite directions
of polarization. The change of sign in the slope is a direct proof of
the magnetoelectric origin of the response, which is well above
the background signal of the equipment that originates from
magnetic induction. A magnetoelectric voltage coefficient o3; of
~05mVem~! Oe™! was calculated after subtracting the
background from the voltage amplitude at maximum dc field. It
is worth remarking that this response must originate only from
the monoclinic component, decreased in the poled state, for the
tetragonal phase is in the paramagnetic state at room
temperature.

Discussion

There are a few issues that deserve further discussion, such the
actual existence of a monoclinic Cc polymorphic phase. Indeed, a
controversy persists regarding the presence of this Cc polymorph
at the MPB of the binary system. The crystal structures reported
for BiFeO5;-PbTiO; by different groups differ and seem to depend
on the synthesis/processing conditions and also on the thermal
history*?. The same composition 0.7BiFe05-0.3PbTiO; has been
claimed to be a mixture of tetragonal P4mm and either
rhombohedral R3¢ (ref. 44) or monoclinic Cc (ref. 35)
structures. However, there are a number of distinctive magnetic
and electrical features of BiFeO;-PbTiO; that seem to be
characteristic of the monoclinic symmetry, such as the
magnetic SRO transition®®, and the existence of transverse
lattice softening®. In the case of the ternary system, we have
found phase coexistence between P4mm and Cc polymorphs for a
composition not far from 0.7BiFeO;-0.3PbTiO;. Whether this
was already monoclinic or it transformed from rhombohedral
into monoclinic by BiMnOj; addition is beyond the scope of this
article.

We have also found strong thermal history effects in the phase
coexistence. The percentages of the coexisting Cc and P4mm
components significantly change for the same powdered sample
whether the material is quenched or slowly cooled from
temperatures above the ferroelectric transition. This has also
been observed for BiFeO;-PbTiOs, and nicely illustrates how
close polymorphic phases are in the energy space, which is a key
feature to enable phase-change phenomena®!. The large thermal
hysteresis revealed by the dielectric characterization of ceramics
in the ferroelectric transition is another manifestation of the
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Figure 4 | Magnetoelectric coupling. (a) Zero-field-cooled (ZFC)/Field-
cooled (FC) magnetization curves at 500 Oe and (b) isothermal
magnetization loops at 300K, for the unpoled and poled Big ¢gPbo32Fepess
Mno.025Tio3203 ceramic. Néel temperature (Ty'e%) of the P4mm phase and
magnetic anomaly associated with the spin-reorientation phenomenon (Tsgo)
within the Cc phase are indicated. A distinctive magnetoelectric response is
anticipated, associated with the observed electric field-induced phase change
between Cc and P4mm phases. (¢) Linear magnetoelectric response was also
found, as indicated by the magnetoelectric voltage coefficient (a3;) as a
function of a static magnetization field, Hy. (open and closed symbols are for
polarization pointing in antiparallel directions. The measuring configuration is
illustrated in the inset).

energy degeneracy. This was previously associated with a different
sequence of polymorphic transition on heating and cooling,
specifically from the P4mm phase on heating, and to the Cc one
on cooling, as suggested by the evolution of the Curie
temperatures along the BiFeO;-PbTiO; system>®. In this work,
the temperature evolution of the XRD profiles was studied for
Bioﬁgpbo‘32F€0_655Mn0.025Ti0_3203 pOWderS, and well differentiated
phase transition temperatures were obtained for the monoclinic
and tetragonal polymorphs (Supplementary Fig. 6). Indeed, this
was lower for the former phase in good agreement with the
thermal hysteresis described from the electrical measurements.
Also an effect of stress on the phase coexistence, ceramic samples
show an enhanced percentage of the monoclinic phase as
compared with powders (Supplementary Fig. 5).

The latter phenomenology would be the stress-induced phase-
change phenomena, but electric field-induced phase-change
effects are also indicated by ferroelectric hysteresis loops. Indeed,
the extremely high electrical polarization of 78 pCcm ~ 2 found
for Bioﬁgpb().32F€0.655Mn0_025Ti0.3203 also merits an ln-depth
discussion. Note that this polarization figure is for a polycrystal-
line ceramic, and so, the crystal spontaneous polarization must be
significantly higher. Its evaluation would require knowledge of
the actual switching mechanism, usually of whether nucleation
and growth of non-180° ferroelectric domains contribute along
with 180° ones to the switching. It has been demonstrated that
90° domains of ultrahigh tetragonal distortion BiFeO;-PbTiO;
are immobile*>, which agrees with the high squareness of the
loops. Some polarization relaxation always takes place when non-
180° contributions exist due to mechanical stresses built during
the process, which is not observed here within the loop time
scale. In this case, and accepting that only 180° domain reversals
contribute to ferroelectric switching, simple geometry/crystallo-
graphic arguments state that the spontaneous polarization would
be twice the saturation polarization value. This would mean a
crystal polarization above 150 uC cm ~ 2, even larger than that of
BiFeO; (ref. 46) and BiFeO;-PbTiOj; (ref. 37).

Although theoretical calculations have predicted giant sponta-
neous polarization up to such numbers for epitaxially-strained
tetragonal-like BiFeOs thin films*’, and experimental evidence of
~130uCcm ~ 2 was reported*®, this was for materials with a
huge c/a ratio of 1.27. This is actually much higher than
tetragonality of our sample, c/a ~1.18, and indeed an estimation
of the spontaneous polarization from the ionic positions provided
by the Rietveld analysis gives values of 98 and 123 pCcm ~?2
for the monoclinic and tetragonal polymorphs, respectively
(see Supplementary Table 3 and Supplementary Note 3 for
details). Therefore, an additional mechanism to domain wall
nucleation and movement must be active in this system, and
polarization figures are consistent with it being phase changes
between the two coexisting polymorphs under the electric field,
which would take place by nucleation and movement of anti-
phase boundaries. In this case, and accepting now that
unfavourably aligned domains also contribute to ferroelectric
switching through the phase-change mechanism, the spontaneous
polarization would be about 110 uCcm ~2, in a good agreement
with the estimation from structural refinements and also
consistent with the irreversible field-driven phase change upon
poling (as seen in Supplementary Fig. 5). It is worth to recall that
a distinctive phase-change electromechanical response has been
reported for BiFeO;-PbTiOj; (ref. 37).

This electric field-induced phase-change takes place in
a system with magnetic properties, specifically between a
monoclinic phase with spin-canted antiferromagnetic ordering,
and a tetragonal phase with Ty below room temperature.
Therefore, a distinctive magnetoelectric response must exist
associated with the electric field-induced phase changes. Indeed,
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Big 6sPbg 32Fe0 655Mng 925110 3205 has been chemically designed to
show a multiferroic MPB with enhanced canted ferromagnetism,
and it is thus especially suited to test the actual existence of a
phase-change magnetoelectric response. This has been again
unambiguously proved by the changes in the magnetism of a
ceramic upon poling, which involves a partial monoclinic to
tetragonal phase transformation. Accordingly, a reversible
magnetization change can be anticipated during the unipolar
electrical driving (parallel to the poling) of a poled ceramic,
associated with the expected, yet slow partial phase-change
relaxation after removing the electric field.

The previous phenomenology would be a high-field magneto-
electric response, but a low-field linear magnetoelectric one has
also been found. Phase changes are not expected at low-driving
fields, so this response must be associated with the linear
magnetoelectric effect, and specifically with that of the mono-
clinic component, for the tetragonal phase is paramagnetic at
room temperature. Weak ferromagnetism like that described after
the SRO is necessary for the linear magnetoelectric effect to
happen!?. A schematic drawing of the recently reported G-type
antiferromagnetic arrangements of the Fe>T spins in the
perovskite unit cell and the superimposed spin-canting
originating the ferromagnetic moment is shown in the inset of
Fig. 3a (ref. 39). The canting would be analogous to that described
for BiFeOs3, and that is known to be intrinsically linked with the
oxygen octahedral tilting' 12, A (G,,F,,) magnetic structure was
proposed above the SRO, which nicely obeys the universal law
stating that the ferromagnetic moment must be perpendicular to
both the antiferromagnetic vector and the octahedral rotation
axis®®. However, the analysis is not straightforward for the
(GxzFy) structure proposed below the SRO, for the former law is
not fulfilled. Though the calculation of the actual octahedral
rotation axis, which requires the accurate determination of the
antiferrodistortive motions, is beyond the scope of this article,
this axis must of the [uuv] type (Supplementary Note 4) that is
not perpendicular to the proposed direction of the ferromagnetic
moment.

The voltage magnetoelectric coefficient a3; ~0.5mVcm ™
Oe ~ ! obtained is comparable to the experimental one reported
for BiFeOj; after the destruction of the magnetic cycloid under
very high magnetic fields (~1mVem~! Oe™!), and also to
those obtained from first-principles'? (calculated from the charge
coefficients by assuming a relative permittivity of 50)3%. They are
also comparable with best values reported at room temperature
for other perovskite single-phase materials®®. Note that higher
coefficients should be obtained by maximizing the percentage of
monoclinic phase, yet a compromise must be reached if phase-
change responses are also targeted.

Although further research is necessary to fully explore the
potential of this approach, we believe that results here presented
demonstrate that both linear magnetoelectric effect and large
phase-change magnetoelectric response can be obtained at
multiferroic phase boundaries. The novel perovskite oxide here
reported, chemically designed to show this type of multiferroic
instability and enhanced canted ferromagnetism, shows the
targeted phase-change phenomena, and also linear magneto-
electric effect, all at room temperature. This phenomenology is
analogous to that previously described for BiFeO; epitaxial films
under high compressive stress, in which a multiferroic MPB is
strain engineered”!. Indeed, electric field-induced rhombohedral
(actually monoclinic Cc) to tetragonal phase transformation has
been demonstrated with a distinctive effect on magnetism®2. We
report here analogous effects in a single-phase material, without
the need of epitaxial thin film technology and strain engineering.
This enables the possibility of using ceramic materials, either bulk
or thin films on Pt/Si-based substrates, which is clearly

1

8

advantageous for their potential application. Note for instance
that commercial FeRAMs are based on polycrystalline PZT films
on Pt/Si-based substrates. The use of the new material for
memory applications is not straightforward, for it requires a
procedure to revert the phase change. This has been achieved in
mixed phase BiFeO; epitaxial films by applying a moderate
(below the coercive one) opposite electric field>?. Magnetoelectric
phase-change phenomena have also been anticipated in other
perovskite systems, such as Nd substituted BiFeOs;, associated
with a field-induced orthorhombic Pnma to rhombohedral R3¢
transition®®. We reckon, therefore, this new material approach for
room-temperature magnetoelectricity to be very promising, and
potentially capable of enabling the range of magnetoelectric
technologies that are eagerly awaiting a suitable material.

Methods

Synthesis of nanopowders and ceramic processing. Mechanosynthesis was used
to obtain chemically homogenous nanocrystalline powders of the novel perovskite
phase. Details of the procedure and of the mechanisms taking place during the
mechanical treatments can be found elsewhere®4°, Thermal treatments at 950 °C
for 12h followed by fast cooling (quenching) in air down to room temperature
were carried out to increase the powder crystallinity for the XRD studies. Ceramic
materials were directly processed from the nanocrystalline powders by hot-pressing
at 950 °C for 1 h. A stringent control of the preparation conditions was required to
obtain high-quality ceramic materials’®.

Instrumentation and characterization. X-ray diffraction patterns were collected
on a two-axis diffractometer with a Rigaku RA-HF18 rotating anode generator
(Cu K, radiation). Electrical properties were measured on ceramic discs, on which
Au electrodes were painted and annealed at 750 °C for 1h. The temperature
dependence of the dielectric permittivity was dynamically measured under heating/
cooling cycles at 1.5°C min ~ !, with a HP4284A precision LCR Meter in the
frequency range 20 Hz-1 MHz. Additional impedance spectroscopy was carried out
in static conditions at temperature steps of 20 °C in the same frequency range.
Ferroelectric hysteresis loops were obtained by current integration. High-voltage
sine waves (0.1 Hz) were applied by the combination of a synthesizer/function
generator (HP3325B) and a high-voltage amplifier (Trek Model 10/40A), while
charge was measured with a homebuilt charge to voltage converter. Loops are
presented after subtracting linear polarization and conduction contributions to the
current curves, assuming a resistance and a capacitance in parallel.

Magnetic properties were characterized with a Quantum Design MPMS-XL5
SQUID magnetometer. The samples were cooled down to 2 K under zero field and
then a magnetic field of 500 Oe was applied and maintained during a following
heating (ZFC) and cooling (FC) cycle. Isothermal magnetization measurements
M(H) between —50kOe and + 50 kOe were recorded at 300 K. The
magnetoelectric response was measured using an experimental set-up made of a
combination of two Helmholtz coils: a high power coil and a high frequency one,
designed to independently provide a static increasingly high magnetic field up to
1 kOe (magnetization field), and an alternate magnetic field of 10 Oe at 10 kHz
(the stimulus), respectively (Serviciencia S.L.). The out-put voltages developed as a
response of the alternate magnetic field were monitored with a lock-in amplifier.

Data availability. The authors declare that all data supporting the findings of this
study are included within the manuscript (and its Supplementary Information files)
and are available from the corresponding author on request.
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