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Structural, ferroelectric, and magnetic arrangements, and electron density in the vicinity of cations,

were modeled from high-resolution X-ray and neutron powder diffraction data in La modified

BiFeO3-PbTiO3 compounds. Important features for controlling the intrinsic mechanism for the

magnetoelectric coupling in these materials, as prototypes for perovskite structured magnetoelectric

multiferroics, are pointed out and discussed. It is shown that the magnetoelectric coupling angle is

governed by covalent-like forces, which also affect the structural and ferroelectric distortions in the

unit cell. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824283]

I. INTRODUCTION

The framework of structural, electric, and magnetic prop-

erties of multiferroic magnetoelectrics aiming at multifunc-

tional applications has been studied for several decades.1,2 In

fact, many potentially advanced technological devices based

on multiferroic magnetoelectric materials, such as magneti-

cally tunable electromechanical transducers and magneto-

electric high-power solid state transformers, depend on the

macroscopic magnetic response of these materials.3,4

Alternative routes such as site-specific cationic modifications

have been suggested to increase the resulting magnetization.5,6

Perovskite structured (ABO3 type) BiFeO3 (BF) and BF-based

(Bi(Mn,Fe)O3, (Bi,La)FeO3, BiFeO3-BaTiO3 and BiFeO3-

PbTiO3, etc.,) compounds, for instance, show ferroelectric,

(weak/anti)ferromagnetic orders and magnetoelectric coupling

at room temperature. Moreover, these materials seem to be

among the few compounds with potential for practical multi-

ferroic applications.7 Due to their rhombohedral symmetry, an

energetically favorable weak canting of the anti-parallel spins

carries a resultant magnetic moment (a weak-ferromagnetic

arrangement), as predicted by the Dzialoshinski-Morya

theory.8,9 Interestingly, from the magnetic point of view,

B-site modified BF-based systems can be considered as a

magnetic dilution of the BF compound.

In such context, La-doped BiFeO3-PbTiO3 (BFPT-L)

solid solutions emerge as favorite candidates for practical

applications among the few proposed in literature.10,11 These

compounds show the characteristics which, according to

Hill,12 allow for the occurrence of magnetoelectric coupling

at room temperature. Among them, BFPT-L solid solutions

crystallize in 3m, 3c, or 4mm point groups show high electri-

cal resistivity, weak-ferromagnetism, or antiferromagnetism

(completely tuned by the addition of La),13 and specially

hybridized A-O and B-O chemical bonds,14 which allow for

the distortions of the dn electronic sublayer, thus inducing

the magnetoelectric coupling.15 Furthermore, in BFPT-L

compounds some magnetic ions (Fe3þ) are replaced by

non-magnetic ones (Ti4þ), and the magnetic spiral structure

of the BF matrix is indeed broken, releasing the macroscopic

spontaneous magnetization.3

From the structural point of view, the BF matrix changes

from a rhombohedral (R3c space group) to a tetragonal

(P4mm space group) symmetry with the increase of PT con-

centration in BFPT solid solutions. This structural evolution

leads to the coexistence of dissimilar symmetric phases (R3c
and P4mm), at �30% of PT, characterizing a morphotropic

phase boundary (MPB).16,17 Interestingly, another structural

change occurs with the addition of La into BFPT. As an

example, the tetragonal (0.6)BiFeO3-(0.4)PbTiO3 compound

undertakes a rhombohedral symmetry (>5 wt. % of La), also

passing through an MPB region (at �3 wt. % of La).13 It is

worth noting that a rigorous study on the intrinsic mecha-

nisms that link ferroic orders (ferroelectric and magnetic)

and the structural features that govern the magnetoelectric

coupling is highly desirable for the understanding of how the

BFPT-5L compound, as well as other displacive multifer-

roics would be used in technological applications. This study

analyses the intrinsic link between ferroism and atomic

structure in the BFPT-5L compound, as a prototype for

BF-based perovskites, through high-resolution neutron pow-

der (HR-NPD) and high-resolution X-ray powder (HR-XPD)

diffraction experiments combined with structural refinement

(Rietveld). A complex magnetic structure is proposed by

using irreducible representations, and the spatial configura-

tion of electric and magnetic moments is exposed by super-

posing magnetic and atomic structures. Consequently, the

intrinsic physical mechanism that leads to the magnetoelec-

tric coupling in these compounds is revealed.

II. EXPERIMENTAL

Stoichiometric (0.6)BiFeO3-(0.4)PbTiO3þ 5 wt. %

La2O3 (BFPT-5L) polycrystalline samples were synthesized

as previously reported.11,18 HR-NPD data (kN¼ 1.4119 Å,

2h¼ 10� to 110�, and T¼ 300 K) were collected at

AURORA, the high-resolution powder diffractometer in-

stalled at the IEA-R1 research reactor of the Instituto de
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JOURNAL OF APPLIED PHYSICS 114, 134102 (2013)

Downloaded 02 Oct 2013 to 200.136.52.142. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4824283
http://dx.doi.org/10.1063/1.4824283
http://dx.doi.org/10.1063/1.4824283
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4824283&domain=pdf&date_stamp=2013-10-02


Pesquisas Energ�eticas e Nucleares (IPEN-CNEN/SP), S~ao

Paulo, SP, Brazil.19 Synchrotron HR-XPD measurements

were performed on the diffractometer installed at the XPD

experimental station of the Brazilian Synchrotron Light

Laboratory (LNLS), Campinas, SP, Brazil (kX¼ 1.549560 Å,

2h¼ 10� to 110�, T¼ 300 K). These data (from HR-NPD and

HR-XPD measurements), carrying magnetic and structural

information, were analyzed by the Rietveld method using the

FullProf software.20 The neutron diffraction data were best

represented by a model consisting of a conventional structure

(R3c), to describe nuclear scattering, and another purely mag-

netic structure (magnetic Fe3þ ions in a G-type antiferromag-

netic order), to describe the magnetic scattering. The

magnetic structure was described by a reversal operator R

combined with a standard crystallographic operation (�1) at

the triclinic symmetry (P1), in the so-called irreducible repre-

sentation (IR).21 The IR for the BFPT-5L sample was

obtained by using the BasIReps software (FullProf package).

The arrangement of magnetic moments was visualized with

the FullProf studio (version 2.0) software, while the

tree-dimensional structural viewing was constructed with the

VESTA (Visualization for Electronic and Structural
Analysis—3.0.7) software.22,23 The polarization vector (mag-

nitude and direction) was calculated from the atomic posi-

tions of cations and anions obtained by Rietveld refinement

and then visualized by VESTA, associated with occupancy

factor, atomic contribution, and ionic charge. Magnetic and

magnetoelectric characterizations were performed at 300 K

using a Lake Shore (7307-7 Inch) vibrating sample magne-

tometer and the dynamic magnetoelectric characterization

set-up.24

III. RESULTS AND DISCUSSION

Figure 1 shows ferroelectric, magnetic, and magneto-

electric responses for the BFPT-5L sample at room tempera-

ture. The ferroelectric hysteresis curve (Fig. 1(a)) reveals a

typical ferroelectric behavior (Pr� 10 lC/cm2, Ps� 15

lC/cm2, and Ec� 22 kV/cm). The BFPT-5L compound also

shows a small magnetic response (Fig. 1(b)) typical of anti-

ferromagnetic (AFM) samples with low remanence (as

shown in the inset of Figure 1(b)) and unsaturated magnet-

ization at the field strengths used in this work. However, con-

tinuous La addition in BFPT leads to high magnetic

responses, as demonstrated in previous works.13,14 The mag-

netoelectric response was also determined and the magneto-

electric coefficient a33, shown in Fig. 1(c), reached elevated

values (a33� 3.55 mV/cm �Oe) in comparison with the

typical values (a33� 0.88 mV/cm �Oe) assessed for BFPT

samples with high La concentrations (�50% of La).15 As

mentioned, these results indicate the considerable potential

of the BFPT-5L compound for practical applications in

which the magnetoelectric effect is required, as in multiple

state non-volatile memory devices.25,26

Figure 2 shows HR-NPD and HR-XPD patterns for the

BFPT-5L sample at room temperature. The ND patterns

revealed a purely magnetic reflection labeled M(111) among

other reflections that are superimposed patterns of magnetic

and chemical (nuclear) structures (see Fig. 2(a)). The

structural model that fully describes the BFPT-5L compound

is similar to that of the BF compound, i.e., a single perov-

skite structure with a R3c space group in a rhombohedral

symmetry.27,28 A comparative analysis between the Rietveld

refined parameters of HR-NPD and HR-XPD (Table I) gives

rise to consistent structural parameters (lattice parameters

and atomic positions) and reliability factors (RB, RF, RM,

and v).29 Some slightly disperse values between the

HR-NPD and the HR-XPD refined data appeared due to the

fact that the oxygen ions show a smaller X-ray scattering

power than neutrons.

FIG. 1. Ferroic properties for the (0.6)BiFeO3-(0.4)PbTiO3 þ 5 wt. % La

compound at room temperature. (a) Ferroelectric (at 30 Hz) and (b) magnetic

hysteresis curves. (c) Magnetoelectric coefficient as a function of the mag-

netic field (at 1 kHz and 6 Oe (rms)). Red (online) or black solid line—

quadratic fit. (i) Enlarged view of the low magnetic field region.

134102-2 Freitas et al. J. Appl. Phys. 114, 134102 (2013)
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The best fit for HR-NPD data was achieved with a mag-

netic model (along with the crystallographic structural

model) consisting of a G-type antiferromagnetic order,

which forms a magnetic pseudo-cubic structure with

magnetic moments ferromagnetically ordered within the

(111)R plane, and antiferromagnetically ordered relatively to

the adjacent plane (see Fig. 3(a)—red (online) or light gray

plane). The AFM ordering is achieved through the indirect

superexchange interactions that occur between magnetic

ions (Fe3þ ions mediated by oxygen).30–32 The proposed

magnetic model was composed by a reversal operator (R),

combined with an inversion operator (�1) in the triclinic

(P1) symmetry with R3c atomic lattice parameters.33,34 The

magnetic moment was constrained to the ac-plane of the nu-

clear lattice in the hexagonal representation of the perovskite

R3c structure. Based on a previous report,33 the Fe moment

was set to 3.0 lB. Hence, the initial direction of the magnetic

moment vector was preset to the 202H direction. Commonly

reported magnetic models for BF and BF-based compounds

presume that the magnetic moments are perpendicular

(within the ab-plane of the hexagonal representation)33 or

parallel (in the c-direction) to the direction of the electric

dipole moment (polarization vector).35 However, previous

works36 have indicated that the magnetoelectric coupling in

BiFeO3 tends to occur when the magnetic moments are

enclosed in the rhombohedral plane that contains the mag-

netic cycloid (ac-plane of the hexagonal representation). In

FIG. 2. Rietveld refinement results of (a) high-resolution neutron and (b)

high-resolution X-ray powder diffraction data for the (0.6)BiFeO3-

(0.4)PbTiO3þ 5 wt. % La compound, at room temperature. Insets: (i)

Magnetic structure in the hexagonal representation. (ii) Superimposed mag-

netic and structural lattices in the hexagonal representation.

TABLE I. Rietveld refinement results for the (0.6)BiFeO3-(0.4)PbTiO3 þ
5 wt. % La sample. Lattice parameters for hexagonal (aH, cH) and rhombohe-

dral (aR, aR) symmetries; atomic positions for the hexagonal symmetry

(ZBi/Pb/La, ZFe/Ti, XO, YO, and ZO); magnetic moment by atom (lFe/lB);

polarization per unit cell (P); and reliability factors (RB, RF, RM, and v2).

Parameter Neutrons X-rays

aH (Å) 5.5910(2) 5.5990(1)

cH(Å) 13.711(4) 13.732(4)

aR (Å) 3.9550(1) 3.9608(2)

aR (�) 89.95 89.95

ZBi/Pb/La 0.1257(1) �0.0639(2)

ZFe/Ti 0.3893(8) 0.24042(3)

XO 0.4639(5) 0.4895(1)

YO �0.0085(7) 0.0257(9)

ZO 1.1473(3) 0.9511(9)

lFe/lB 4.18 —

P (lC/cm2) 31.53(9) —

RB 3.71 4.53

RF 2.78 5.07

RM 8.43 —

v2 4.35 4.63

FIG. 3. Structural, antiferromagnetic, and ferroelectric mechanisms in

(0.6)BiFeO3-(0.4)PbTiO3þ 5 wt. % La compound. (a) Magnetic (P1) red

(online) or dark gray lines, nuclear (R3c) structures with hexagonal (black

lines) and rhombohedral (yellow (online) or light gray lines) symmetries, (l)

magnetic (red (online) or dark gray arrows) and (~p) electric (black arrows)

dipoles in the hexagonal cell; (b) large pseudocubic (overlapping of eight

rhombohedral cells) symmetry with magnetic and electric dipoles (i)

inset—Magnetoelectric angles (hME1 and hME2) in the rhombohedral sym-

metry; (c) Modeled electron density (ii) inset—Highlighted chemical cova-

lent bond.
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fact, these authors have indicated that the magnetoelectric

coupling energy reaches a maximum when the polarization

direction occurs in the same plane of the magnetic cycloid

(as in this case), and a minimum when it is perpendicular to

that plane. Since the magnetic behavior of BFPT-5L origi-

nates from the BF matrix, it is possible to understand it like-

wise. That is, when the magnetic cycloid is broken in

BFPT-5L by the insertion of Ti ions in the B site of the per-

ovskite cell, the magnetic moments remain in the cycloid

plane, thus facilitating the magnetoelectric coupling, as

shown in Fig. 1(c). The proposed magnetic model is per-

fectly fitting to the experimental neutron diffraction data.

However, given that the amount of experimental information

about the magnetic structure is smaller than that of nuclear

information, the obtained directions for magnetic moments

carry a relative uncertainty.

By using this protocol, the resultant magnetic moment

per Fe3þ ion (lFe¼ 4.18(2) lB) obtained from the Rietveld

refinement is consistent with the one reported for pure BF

(4 lB),37,38 La, and Mn doped BF (3.75 lB).39,40 It is also

consistent with those moments found for BFPT solid solu-

tions with different compositions ((0.9)BiFeO3-(0.1)PbTiO3

(3.83 lB),33 (0.8)BiFeO3-(0.2)PbTiO3 (5.8 lB),35 and

(0.7)BiFeO3-(0.3)PbTiO3 (4.1 lB)).34 In fact, no significant

changes in the magnetic moment per magnetic ion of

BFPT-5L are expected from the comparison of this system

with other pure or modified BF systems. The most signifi-

cant change is expected to occur in the global (macroscopic)

magnetization due to the breakdown of the long-range mag-

netic network.3 The spatial representation of the magnetic

moment vector (~l ¼ 2:948x̂ þ 0:00ŷ þ 0:2936ẑ) is show in

Fig. 2(a) (inset (i)—dark red (online) or black arrows

inserted). The superimposition of ~l vectors (red (online) or

light gray arrows) with the atomic structure is shown in the

inset of Fig. 2(b)—inset (ii), revealing the crystallographic

direction of the resultant magnetization in the BFPT-5L

compound.

The complete structural description in the hexagonal

and rhombohedral representations, containing the magnetic

and ferroelectric moment vectors, as well as the angle

between them in both representations, is shown in Fig. 3.

The rhombohedral and magnetic pseudocubic representa-

tions were highlighted in the hexagonal cell to emphasize

that these symmetries coexist in the BFPT system (Fig.

3(a)). Furthermore, the magnetic ~l and electric (~p ¼ 0:00x̂
þ0:00ŷ þ 0:20ẑ) dipole vectors (in hexagonal representa-

tion) are also highlighted in Fig. 3(a). Since the hexagonal

representation is standard for the Rietveld refinement analy-

sis protocol, the conversion from the hexagonal to the less

complex rhombohedral-large pseudocubic symmetry is nec-

essary to facilitate the analysis/visualization of the intrinsic

magnetoelectric coupling mechanism. Thus, the position pa-

rameters of such large pseudocubic symmetry (Fig. 3(b)) can

be obtained from the hexagonal parameters by the following

conversion matrix:41,42

2=3 2=3 �4=3

�2=3 4=3 �2=3

1=3 1=3 1=3

0
@

1
A; (1)

and the lattice parameters, magnetic, and electric vectors can

be obtained by the following matrix:

1=2 0 �1=2

�1=2 1=2 0

1 1 1

0
@

1
A: (2)

Thus, by converting the structural data for the rhombohe-

dral symmetry, the polarization magnitude per unit cell of the

(0.6)BiFeO3-(0.4)PbTiO3þ 5 wt. % La sample was deter-

mined as 31.53(9) lC/cm2. Besides, by using also the con-

verted rhombohedral atomic positions, the centers of

symmetry for cations (Bi3þ, Pb2þ, La3þ, Fe3þ, and Ti4þ) and

anions (O2�) were determined. After determining the effective

electric charge, it was possible to obtain the polarization vec-

tor (P) and electric dipole moment per unit cell (P), which are

listed in Table I. In hexagonal symmetry (Fig. 3(a)), the polar-

ization vector points towards the 001H direction, whereas in

the rhombohedral symmetry (Fig. 3(b)), it points towards the

111R direction. The magnetic moment vector points approxi-

mately to the 303H (or 963R) direction.

The average angles between magnetic and electric

dipole moments (hME1¼ 22.18(2)� and hME2¼ 157.81(8)�)
are shown in Fig. 3(b), inset (i). The weak-ferromagnetism

originating from the pure BF system cannot occur in the

BFPT-5L compound, as stated in the Dzyaloshinskii and

Morya prediction.8,9 This is because the magnetization direc-

tion is not perpendicular to the 111R direction in the rhombo-

hedral symmetry of the BFPT-5L compound, as shown in

Fig. 1(b). In fact, the intrinsic canted antiferromagnetic sub-

lattice, which would lead to the weak-ferromagnetic order in

BF compounds, is energetically favored only when magnetic

moments are perpendicular to the 111R direction.43 Thus, the

physical mechanism for the magnetoelectric coupling in

BFPT-5L can be strongly affected by the magnetic arrange-

ment shown in inset (i) of Fig. 3(b). Namely, the origin of

the magnetoelectric coupling has been related to the quantum

interaction between the induced polarization and current of

spins, which originates from the noncollinear spin struc-

ture,36,44 such as the one that occurs in the magnetic cycloid

arrangement formed in the BF compound.45 In this process,

the coupling energy is zero when the polarization vector is

perpendicular to the plane of magnetic moments, and it

should reach its highest value when the vector is parallel to

that plane.36 Therefore, in our model, the magnetic moment

lies within the ac-plane (in the hexagonal setting), whereas

~l is projected parallel (~l cos hME1) and antiparallel

(~l cos hME2) to the ~p vector, generating an angle between

magnetic and electric dipole moments. In this way, the cou-

pling energy is still sufficient to generate a strong magneto-

electric coupling, as shown in Fig. 1(c). A complementary

study was performed by modeling the electron density

around the BFPT-5L cationic sites (Fig. 3(c)) in order to

determine the influence of chemical bonds upon the ferro-

electric, magnetic, and magnetoelectric properties. The three

oxygen atoms (1, 2, and 3) form A-O bonds (R1) that are

stronger than any other formed in the perovskite cell, indicat-

ing covalent chemical bonds characterized by their high

localized electron density (inset (ii) in Fig. 3(c)). In fact,

134102-4 Freitas et al. J. Appl. Phys. 114, 134102 (2013)
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bonds A-A, B-A, and B-O are weaker and have a more ionic

character, which explains why the structure becomes dis-

torted in the [111] direction under cooling (T<TC), under-

going a transition from cubic to rhombohedral symmetry.

The strong R1 bonds directly influence the ME coupling

because they are responsible for the ferroelectric polarization

(ferroelectric moment vector in the [111]R direction) and

may also cause indirect influence because they distort the

electronic orbitals, modifying the spin-orbit coupling and

altering the magnetic and electronic configurations in the

unit cells. Thus, these forces govern not only the ferroelectric

direction (polarization vector direction) and the coupling

angle (the angle between the magnetic and ferroelectric

dipole moments), but the direction of the magnetic moment

vector as well.

The physical implications for a multiferroic compound

whose directions of magnetic and electric moments are nei-

ther perpendicular nor parallel (as in this case) can be

assessed by investigating the magnetoelectric response. It is

worth noting that the magnetoelectric coefficient shows a

quadratic dependence (a33 / H2—see continuous line in

Fig. 1(c)) with the magnetic field increasing to H� 5 kOe,

where the magnetoelectric response tends to be saturated.

This behavior clearly suggests a strain-mediated magneto-

electric coupling, originated from the intrinsic magnetostric-

tive response of the BFPT-5L compound.13,14,46 In fact, in

such a system, the configuration of magnetic and electric

moments can be less energetic than one composed by exactly

orthogonal/parallel ferroelectric and magnetic ordering vec-

tors. This is because less time and energy are spent, under

magnetic or electric fields, to reorient coupled ordering vec-

tors in magnetoelectric systems with low coupling angles.

These systems tend to present elevated magnetoelectric coef-

ficients, as indeed shown for the BFPT-5L sample

(aMax� 3.5 mV/cm �Oe—Fig. 1(c)). In fact, the ME effect is

enhanced in BFPT-5L in comparison with other

single-phased BiFeO3-based compounds (for example,

a33� 0.4 mV/cm �Oe for [Bi0.7Sr0.3]FeO3, a33� 0.45

mV/cm �Oe for [Bi0.7Ba0.3]FeO3, and a33� 1.4 mV/cm �Oe

for [Bi0.7 Sr0.15Ba0.15]FeO3).47 The potentialities for apply-

ing BFPT-L ceramics in magnetic sensing devices, by

exploring their intrinsic magnetoelectric coupling, were

recently pointed out.46 Consequently, magnetoelectric devi-

ces composed by BFPT-5L should present a better perform-

ance due to their higher sensitivity and lower energy

consumption, being suitable candidates for such technologi-

cal applications.46

IV. CONCLUSIONS

Important features of the intrinsic magnetoelectric cou-

pling mechanism in La modified BiFeO3-PbTiO3 solid solu-

tions were pointed out by using high-resolution neutron and

X-ray diffraction techniques, structural Rietveld refinement,

and modeling of the electron density around cations. The

magnetoelectric coupling angle is governed by covalent-like

forces, which also affect the structural and ferroelectric dis-

tortions. The physical constraints beyond the magnetoelec-

tric coupling angle are directly related to technological

applications. Therefore, devices produced with materials that

present low ME coupling angles, as those found for the

BFPT-5L compound, should be faster, more sensitive, and

more energy-efficient under the same operating conditions.
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