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In this manuscript, X-ray and high-resolution neutron powder diffraction investigations, associated

with Rietveld refinements, magnetic hysteresis curves and a modeling of electron-density distribu-

tions around the ions, are used to describe the driving forces responsible for tuning the ferroic states

in La doped (0.6)BiFeO3-(0.4)PbTiO3 compositions. The intrinsic relations between the ferroic

orders and the structural arrangements (angles, distances and electron-density distributions around

the ions) are revealed, helping in the understanding of some aspects comprising the ferroic proper-

ties of perovskite-based displacive multiferroic compounds. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890455]

I. INTRODUCTION

Multiferroic magnetoelectric materials, which show si-

multaneous ferroelectric and magnetic orders, have been the

subject of broad range studies due to their potential for

advanced technological multifunctional applications, such as

non-volatile multiple state memories and magnetically tuna-

ble piezodevices.1 The origin of magnetic and ferroelectric

orders has also been intensively investigated in order to

know and control, separately and/or simultaneously, the mul-

tiferroic characteristics, aiming to use multiferroics in mac-

roscopic devices.2 However, the microscopic physical

mechanisms which control such properties have not been

conclusively established yet. In this context, the La doped

(0.6)BiFeO3–(0.4)PbTiO3 (BFPT-yL, where y is the La con-

centration) compositions emerge as optimal alternatives to

study and elucidate the mechanisms that control the ferro-

electric, magnetic, and structural properties in displacive

multiferroics because (1-x)BiFeO3–(x)PbTiO3 (BFPTx) solid

solutions are known to present simultaneous ferroelectricity,

piezoelectricity, and magnetic orders (anti or weak-ferro-

magnetism) at room temperature.3 From the structural point

of view BFPTx compositions show the coexistence of rhom-

bohedral (R3c space group) and tetragonal (P4mm) phases at

x� 0.3 forming a morphotropic phase boundary (MPB)

region where the polarization response is intensified.4

Interestingly, BFPT-yL compositions also show a MPB

region for y� 3, where rhombohedral (R3c) and tetragonal

(P4mm) phases also coexist, and the polarization response is

also intensified while the magnetic state/response is pre-

served.5 Recently,6 a whole set of piezoelectric coefficients,

as well as magnetic and ferroelectric parameters,5 were

reported for the BFPT-yL compositions confirming them as

promising candidates for practical piezoelectric, ferroelec-

tric, and magnetoelectric applications, whereas they show

tunable ferroelectric/piezoelectric properties and magnetic

orders at room temperature. It is also worth mentioning that

La addition in tetragonal (0.6)BiFeO3–(0.4)PbTiO3 ceramics

improves electrical resistivity and releases the unit cell tetra-

gonality (c/a ratio), consequently, diminishing the ceramics

brittleness.5,7,8 In fact, increased electrical resistivities (from

1012 to 1013 X cm) and remnant magnetizations (from 0.06

to 0.14 emu/g) were reached in La doped BFPTx composi-

tions.3,9 Similarly, the d33 piezoelectric coefficient also

increases (from 10 to 278 pC/N) with the increasing of the

La concentration in BFPTx compositions, as reported by

Leist et al.10 Interestingly, La addition also decreases the fer-

roelectric Curie temperature and the dielectric constant.3,9

Furthermore, ferroelectric responses (coercive field, remnant

and saturation polarizations) are also very sensitive to the La

addition.3,8,9 However, it is worth mentioning that the modi-

fication of the perovskite A site with La does not promotes

major changes in the BFPT magnetic ordering since Fe3þ

magnetic ions are located in the perovskite B site, forming

the magnetic network. In this context, the application of

powder diffraction techniques, as X-ray (XPD) and neutron

(NPD) powder diffraction, can shed some light on the intrin-

sic features beyond the multiferroism in BFPT-yL composi-

tions.11 Indeed, by the complete description of structure or

structural alterations, magnetic states can also be indirectly

investigated by diffraction techniques.11,12

In this work, a complete description of the coupling

mechanism responsible for the magnetic response, as well as

its intrinsic relations with the structure of BFPT-yL composi-

tions (angles, distances between atoms and electron-density

distributions around the ions), is presented considering the

quantum mechanism responsible for the indirect magnetic

superexchange interaction. Besides, by using XPD and high-
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resolution NPD (HR-NPD) data associated with Rietveld

refinements, magnetic hysteresis curves, and modeling the

electron-density distributions around the ions, a detailed

description on the driving forces that control the magnetic,

ferroelectric, and structural properties of BFPT-yL composi-

tions is presented. This description helps in the understand-

ing of some aspects comprising the improvement and control

of the ferroic properties of perovskite-based displacive mul-

tiferroic compounds.

II. METHODS

Stoichiometric powders of BFPT-yL compositions, with

y¼ 0, 3, 5, 10, 20, and 30 wt. %, were synthesized by using

analytical graded (Aldrich) Bi2O3, Fe2O3, PbO, TiO2, and

La2O3 powders. Samples were optimally processed by high-

energy ball milling as previously reported.5,13 Room temper-

ature XPD analyses were conducted with a Shimadzu

XRD-7000 X-ray diffractometer (Cu ka radiation). HR-NPD

patterns were collected using the high-resolution diffractom-

eter E9 at the BERII reactor at Hahn-Meitner-Institut

(Helmholtz-Zentrum Berlin). The neutron diffraction meas-

urements were conducted at room temperature with an inci-

dent neutron wavelength of 1.798 Å.

The HR-NPD data, carrying magnetic and structural

information, were analyzed by applying the Rietveld

method using the FullProf package.14 The HR-NPD data

were best described by a structural model consisting of a

conventional structure (P4mm and/or R3c space groups) to

describe nuclear scattering, and another purely magnetic

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

netic (AFM) order) to describe the magnetic scattering.

The magnetic structure was obtained by a reversal opera-

tor, R, combined with a standard crystal symmetry opera-

tion (�1 point group) and a triclinic symmetry (P1), in the

so-called irreducible representation (IR), as previously

reported.12,15

In order to confirm the crystal structures and obtain the

electron density maps, the XPD data were refined by using

the Rietveld method and the same crystallographic data as

obtained via HR-NPD analyses in the Rietan-FP program.16

After the structural refinements, by using the Rietan-FP out-

put file, the electron density map’s calculations were carried

out. Regarding the methodology used in calculations, the

maximum entropy method (MEM) is a powerful way to

obtain electron density information. It is a well-established

high-resolution technique commonly used for reconstructing

precise electron density maps from X-ray diffraction

data.17,18 MEM is also more accurate for the reconstruction

of electron densities than using inverse Fourier transforms,

because it overcomes information losses (experimental

noise) by maximizing the information entropy.17 In fact, this

method is based on Shannon’s information theory19 that con-

siders the loss of information in compressing and transmit-

ting data that have some noise by using the equation

SðXÞ ¼ �kRpi In ðpiÞ, where S(X) is the entropy of the ran-

dom variable X and P is the entropy probability distribution.

Following these ideas, MEM consists in find a probability

distribution that maximizes the information entropy.19 The

application of MEM to crystallographic problems was pro-

posed by Collins.17 In the Collins formalism, an iterative

procedure based on constrained entropy maximization is

used to reconstruct the electron density maps by using X-ray

diffraction data. In this work, we used the PRIMA code,20 a

program for calculation of electron densities from observed

structure factors by means of the maximum entropy method.

The visualization of structural arrangements and electron-

density distributions around the ions was performed by

using the three-dimensional structure viewer program

VESTA (Visualization for Electronic and Structural

Analysis–3.0.7).16

Room temperature magnetic characterizations were per-

formed using a LakeShore (7307–7 Inch) vibrating sample

magnetometer.

III. RESULTS AND DISCUSSIONS

Room temperature magnetization curves for BFPT-yL

samples are shown in Fig. 1. A typical weak-ferromagnetic

behavior can be seen in the magnetic curves of low La con-

centrated samples (Fig. 1—insets: from (i) to (iv)) as the

overlap of antiferromagnetic (unsaturated magnetization

curves) and slight ferromagnetic (small coercive field,

Hc, and remnant magnetization, Mr, in the hysteresis

curves) responses. However, in compositions with high La

concentrations (y¼ 20 and 30), the hysteretic behavior is

more pronounced (Figs. 1(e) and 1(f)), suggesting a well-

defined weak-ferromagnetic character. This behavior indi-

cates a change in the quantum interaction between

magnetic ions (spin interactions) with La addition, as dis-

cussed below.

XPD and HR-NPD patterns obtained for the BFPT-30La

composition are shown in Figs. 2(a) and 2(b), respectively.

The insets (XPD, Fig. 2(a) and HR-NPD, (Fig. 2(b)) are rep-

resentative diffraction patterns with better visualization

(20�–60� 2h range) for different La concentrations. Both dif-

fraction patterns were refined by using the Rietveld method

and the obtained structural, magnetic, and reliability factors

are listed in Table I. As can be seen in insets of Fig. 2(a), the

structural symmetry changes with the increasing of La con-

centration from a tetragonal (P4mm, for y¼ 0) to a rhombo-

hedral (R3c, for y¼ 5) symmetry, passing through a MPB

region (y� 3). Considering the HR-NPD results, the relevant

magnetic information is highlighted by the pure magnetic

scattering pattern, observed as a peak at 2h� 22.7� (Fig.

2(b)), along others that are superimposed with structural

peaks. The magnetic scattering patterns were best fitted using

a G-type AFM model, which is considered a magnetic

pseudo-cubic structure with magnetic moments ferromag-

netically ordered in the (111) plane, but antiferromagneti-

cally ordered with the adjacent plane.21

These results show that the magnetic moment per ion

reached higher values for the highest La concentration

(4.96 lB, BFPT-30 L) as shown in Table I. Interestingly,

samples with high La concentrations also show more intense

macroscopic magnetic responses, i.e., higher Hc and Mr in

the hysteresis curves (Figs. 1(e), 1(f), and Fig. 3(b)).

Coincidentally, there is a decrease in lattice parameters and
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unit cell volumes with the increase in La concentration.

These findings indicate a strong link between magnetic prop-

erties and structural characteristics in BFPT-yL samples.

To investigate the structure/properties relations, the

perovskite structural arrangements, i. e., the rhombohedral

(R3c space group, yellow (online), or light gray lines), hex-

agonal (black lines), and magnetic pseudocubic (red

(online) or dark gray dotted lines) unit cells used to

describe the crystal structure of BFPT-yL samples are

shown in Fig. 3(a). The superexchange interaction is

shown schematically by the intertwined magnetic network

(Fe3þ - O2� - Fe3þ, red (online) or dark gray thicker lines),

which interconnects all Fe3þ ions and promotes the antifer-

romagnetic order in BiFeO3-based systems. However, in

(1-x)BiFeO3–(x)PbTiO3 samples (x¼ 0.4 in this case), the

completely compensated antiferromagnetic coupling is

broken by the substitution of Fe3þ ions in the B perovskite

site by Ti4þ ions, giving order to magnetic clusters.

Furthermore, the superexchange interaction is very

sensitive to the geometric/spatial arrangement (hS-Ex angle

and distance (dS-Ex) between Fe3þ ions, Fig. 3(a)).

Interestingly, Mr, dS-Ex, and hS-Ex parameters, obtained

from the M�H curves and from the Rietveld refinement of

X-ray and HR-NPD data (shown in Fig. 3(b)) clearly reveal

that since hS-Ex increases with the increase in La concentra-

tion (tend to 180�), the remnant magnetization is also

increased, while the dS-Ex (blue (online) or light gray

dashed line) decreases. These results suggest an increasing

in the interaction between some magnetic ions due to the

decreasing in the distance (dS-Ex) between the magnetic

sublattices, i. e., the nature of the quantum magnetic inter-

action can be changed in this process. In fact, as Fe3þ

ions become closer to each other, a more direct exchange

interaction can start to take place, resulting in a more

weak-ferromagnetic-like induced ordering, as addressed in

Figs. 1(e) and 1(f).

It is worth noting that the substitution Bi3þ/Pb2þ ions by

La3þ ones in the A perovskite site promotes all the identified

FIG. 1. Room temperature magnetic hysteresis curves for La doped (0.6)BiFeO3-(0.4)PbTiO3 samples. Insets (i)–(iv) enlarged visions of the low magnetic

field regions.
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changes in magnetic properties and structural arrangements

of BFPT-yL compositions. In this way, an intriguing issue

remains: can (and how) these alterations act on the

ferroelectric order of the BFPT-yL compositions? Indeed, it

is well known that for y¼ 0, coercivity and remnant field are

prevented in ferroelectric hysteresis loops due to the high tet-

ragonality,5,6 while for y¼ 3 or 5, or other BFPT composi-

tions in the MPB region, coercivity and remnant field are

extremely enhanced.5,7,11 Furthermore, for high La concen-

trations (y¼ 10, 20, or 30), the hysteretic response is pre-

vented due to electrical conductivity.5 In this way, and for

understanding this complex scenario, electron-density distri-

butions around the ions were modeled (Fig. 4, (100) plane,

for example) by using the structural refinement results and

the VESTA program. As a result, from the electron density

plots, it is possible to address an increase in La3þ ions con-

centration (until y¼ 5) which causes a decrease in the elec-

tron localization around A2-O bonds (hybridization between

Bi,Pb(6s,6p) and O(2p) orbitals),22 indicating a continuous

weakening of this bond. Beyond this La3þ concentration

(y> 5), a large distortion occurs in the structure and the

Bi,Pb(6s,6p) and O(2p) orbitals’ overlap is increased around

the A4-O bonds, strengthening this bond. This behavior leads

to great impacts in the ferroic properties of these materials

because the structural distortions tend to directly promote

major changes in the ferroelectric properties, also indirectly

promoting changes in magnetic ones. The main change

occurs in the B-O1 and B-O4 bonds (hybridization between

Fe,Ti(3d) and O(2p) orbitals—Fig. 4, (200) plane),22 where

the electron-density distributions related to Fe,Ti(3d)/O(2p)

orbitals overlapping are strongly enhanced for y¼ 20 and 30.

In this way, the magnetic properties are directly affected by

this increased overlapping, leading to an increasing on hS-Ex

and a decreasing on the distance between magnetic ions (dS-

Ex) and, consequently, starting the direct interaction between

Fe3þ ions (direct exchange interaction resulting in the ferro-

magnetic order (Figs. 1(e) and 1(f)).

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

powder diffraction patterns of La doped (0.6)BiFeO3-(0.4)PbTiO3 composi-

tions. Insets: enlarged relevant regions for different La concentrations.

TABLE I. Rietveld refinement results of neutrons and X-ray diffraction data for La doped (0.6)BiFeO3-(0.4)PbTiO3 compositions. Lattice parameters and vol-

ume for tetragonal (aT, cT, and VT) and rhombohedral (aR, cR, and VR) phases, atomic positions for the main (higher concentration) symmetry (ZBi/Pb/La, ZFe/Ti,

XO, YO, ZO, and ZO2-2nd tetragonal site), magnetic moment by atom (lFe/lB), and reliability factors (Rp, Rwp, and v2).

Parameter X-ray diffraction Neutron Powder diffraction

Space group P4mm P4mmþR3c R3c P4mm P4mmþR3c R3c

La (wt. %) 0 3 5 10 20 30 0 3 30

aT (Å) 3.8385(2) 3.8502(5) 3.8587(6) — — — 3.8321(7) 3.8553(5) —

cT (Å) 4.4573(9) 4.3538(8) 4.3368(9) — — — 4.4468(4) 4.3338(9) —

VT (%) 100 95.58 25.31 0 0 0 100 85.53 0

aR (Å) — 5.6006(0) 5.5971(5) 5.5899(3) 5.5743(2) 5.5578(4) — 5.5925(1) 5.5633(8)

cR (�) — 13.7247(1) 13.7344(2) 13.6766(6) 13.6687(6) 13.6323(8) — 13.6923(4) 13.5880(4)

VR (%) 0 4.42 74.69 100 100 100 0 14.47 100

ZBi/Pb/La �0.00169 �0.05040 �0.02988 �0.02952 �0.02630 �0.01897 �0.01198 �0.06718 0.05357

ZFe/Ti 0.56106 0.50123 0.20782 0.22211 0.21636 0.23080 0.54003 0.45609 0.30748

XO 0.50000 0.50000 0.50277 0.45200 0.49151 0.49268 0.50000 0.50000 0.45195

YO 0.50000 0.50000 �0.50277 0.01700 0.04760 0.05026 0.50000 0.50000 �0.00884

ZO 0.19036 0.10035 0.97615 0.95350 0.95568 0.96118 0.14631 0.07033 1.06222

ZO2 0.65566 0.62129 — — — — 0.66044 0.59172 —

lFe/lB — — — — — — 3.82 3.74 4.96

Rp 16.9 16.8 26.6 16.7 21.6 15.3 17.8 20.8 21.3

Rwp 17.9 19.0 30.9 18.1 24.1 15.7 14.1 17.1 15.7

v2 5.48 8.31 8.89 9.63 1.70 4.23 1.99 2.49 1.75
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IV. SUMMARY

In summary, ferroelectric and magnetic properties of

BFPT-yL compositions are affected by La addition and the

consequent changes in the chemical bonds around ions.

Interestingly, for BFPT-3L and BFPT-5L compositions,

where the completely compensated antiferromagnetic cou-

pling starts to be broken, the Bi,Pb(6s,2p)/O(2p) orbitals

overlapping along the A2-O bounds are intensified (Fig. 4

(100) plane), favoring the ferroelectric response, as recently

reported by Fujii et al. for the BiFeO3 compound.23 On the

other hand, weak-ferromagnetic order tends to takes place in

high La concentrated BFPT-yL (y¼ 10, 20, and 30) compo-

sitions. In fact, La addition in the perovskite A site of BFPT

compositions (probably in any other displacive and perov-

skite structured multiferroic magnetoelectric compounds)

leads to decrease the active lone-pair concentration, releases

the covalence character of the An-O bonds and, conse-

quently, intensifies the Bn-O interactions. The most relevant

aspect in this process is that all ferroic properties are com-

pletely tuned and controlled by La3þ addition (or any ion

that preserve the structural stability and do not show active

lone pairs) and also can be studied/accompanied by X-ray

diffraction experiments.
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