
Enhanced piezoelectric and magnetic properties of
Bi1−xCaxFe1−x/2Nbx/2O3 solid solutions
I. O. Troyanchuk, N. V. Tereshko, D. V. Karpinsky, A. L. Kholkin, M. Kopcewicz et al. 
 
Citation: J. Appl. Phys. 109, 114102 (2011); doi: 10.1063/1.3594251 
View online: http://dx.doi.org/10.1063/1.3594251 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v109/i11 
Published by the American Institute of Physics. 
 
Related Articles
Room temperature electromechanical and magnetic investigations of ferroelectric Aurivillius phase
Bi5Ti3(FexMn1−x)O15 (x=1 and 0.7) chemical solution deposited thin films 
J. Appl. Phys. 112, 024101 (2012) 
Evidence of temperature dependent domain wall dynamics in hard lead zirconate titanate piezoceramics 
J. Appl. Phys. 112, 014113 (2012) 
Fabrication and properties of radially 001C textured PMN-PT cylinders for transducer applications 
J. Appl. Phys. 112, 014105 (2012) 
Shift of morphotropic phase boundary in high-performance [111]-oriented epitaxial Pb (Zr, Ti) O3 thin films 
J. Appl. Phys. 112, 014102 (2012) 
Frequency-dependence of large-signal properties in lead-free piezoceramics 
J. Appl. Phys. 112, 014101 (2012) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 25 Jul 2012 to 130.209.6.43. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=I. O. Troyanchuk&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=N. V. Tereshko&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=D. V. Karpinsky&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=A. L. Kholkin&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Kopcewicz&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3594251?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v109/i11?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4734983?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4736582?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4730938?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4731214?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4730600?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Enhanced piezoelectric and magnetic properties of Bi12xCaxFe12x/2Nbx/2O3

solid solutions

I. O. Troyanchuk,1,a) N. V. Tereshko,1 D. V. Karpinsky,1,2 A. L. Kholkin,2 M. Kopcewicz,3 and
K. Bärner4

1SSPA, Scientific-Practical Materials Research Centre of NAS of Belarus, P. Brovka str.19, Minsk 220072,
Belarus
2Department of Ceramics and Glass Engineering and CICECO, University of Aveiro, 3810-193 Aveiro,
Portugal
3Institute of Electronic Materials Technology, PL-01-919, Warsaw, Poland
4Physics Department (IV. Physics Institute), University of Gottingen, F. Hund Platz 1, Gottingen 37077,
Germany

(Received 27 October 2010; accepted 16 April 2011; published online 2 June 2011)

An investigation of the crystal structure, the magnetic and the piezoelectric properties of

polycrystalline Bi1-xCaxFe1-x/2Nbx/2O3 (I) and Bi1-xPbxFe1-x/2Nbx/2O3 (II) systems was performed

by x-ray diffraction, Mössbauer spectroscopy, vibrating sample magnetometry, and piezoresponse

force microscopy. It is shown that an increasing niobium content induces a polar-to-nonpolar

morphotropic boundary near x¼ 0.19 (I) and x¼ 0.3 (II). Within the polar region of the system (I),
(0.15�x�0.18), the solid solutions are homogeneous weak ferromagnets whereas compounds of

the system (II) do not exhibit an appreciable spontaneous magnetization. It is assumed that

chemical substitutions leading to a decrease of the initial volume of the unit cell favor the

stabilization of the weak ferromagnetic state within the rhombohedral ferroelectric phase. The

piezoresponse is significantly enhanced near the morphotropic boundary. The piezoelectric

properties of the parent antiferromagnet BiFeO3, harboring a cycloidal spatially modulated

spin structure, are compared with those of the polar weak ferromagnet Bi0.82Ca0.18Fe0.91Nb0.09O3.
VC 2011 American Institute of Physics. [doi:10.1063/1.3594251]

I. INTRODUCTION

BiFeO3 is a single phase material in which both mag-

netic and ferroelectric ordering occurs at temperatures much

higher than room temperature. Antiferromagnetic ordering

arises at TN¼ 643 K whereas, dipole ferroelectric ordering

appears at a much higher temperature, at 1100 K.1,2 Below

1100 K the unit cell is described by the polar space group

R3c whereas, above 1100 K one finds the orthorhombic non-

polar space group Pbnm.3 The dipole order occurs owing to

the stereochemical activity of the lone 6s2 electron pair of

the bismuth ion. The antiferromagnetic ordering is of the ba-

sic G-type modified by cycloidal modulation with a large pe-

riod, i.e., 62 nm.4,5 It was argued6 that the presence of the

cycloidal modulation prevents both a spontaneous magnet-

ization and a linear magnetoelectric effect. However, it has

been found that BiFeO3 undergoes a metamagnetic transition

at 5 K and in an external magnetic field of 18 T — from a

spatially modulated antiferromagnetic state to a homogene-

ous weakly ferromagnetic one.6,7 Therefore, it is interesting

to compare the physical properties of the compounds which

show a homogeneous weak ferromagnetic state with those

which show an inhomogeneous incommensurate antiferro-

magnetic one. According to published data, the incommen-

surate magnetic structure can be destroyed not only by

applying high external magnetic fields, but also by the epi-

taxial stresses8 and chemical substitutions.9–12 Epitaxial

BiFeO3 films show a large spontaneous polarization and

magnetization. Here, a tetragonal or monoclinic symmetry

(due to the epitaxial stresses) was observed instead of the

rhombohedral one.2,8 The magnetic moment array in these

films could be characterized as homogeneous magnetic

G-type structure. However, further investigations have

shown that the high spontaneous magnetization may result

from a parasitic magnetic phase of the spinel structure, i.e.,

c-Fe2O3 (Ref. 13), the small amount of which cannot be

detected by x-ray measurements. On the other hand, some

papers reported that the weak ferromagnetic properties could

be due to the partial substitution of the bismuth ions by rare-

earth9,10 or alkali earth11,12 ions. Also, the Fe ions could be

replaced by other 3d or 4d ions.14,15 However, a closer analy-

sis of the published data show that the spontaneous magnet-

ization appearing in the rare-earth doped samples can be

attributed to the admixture of nonpolar orthorhombic phases

with other symmetry type than that observed in BiFeO3

(Refs. 16 and 17). These orthorhombic phases (Pbam and

Pnma) are weak ferromagnets due to the Dzyaloshinskii–

Moriya interaction, which is also responsible for the weak

ferromagnetism of orthoferrites such as LaFeO3 (Ref. 18).

Some more reliable results have been obtained in the case of

BiFeO3 doped with titanium.19 As it was shown in Ref. 19,

both solid solutions Bi0.8Ca0.2Fe0.8Ti0.2O3 and BiFe0.9Ti0.1O3

exhibit a spontaneous magnetization up to 0.25 emu/g at

room temperature within the polar R3c-type phase. Recently,

examples of solid solutions of Bi1-xCaxFe1-x/2Nbx/2O3 have

been studied.20 It was shown that the compound with thea)Electronic mail: troyan@physics.by.
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composition x¼ 0.3 exhibits a spontaneous magnetization of

about 0.3 emu/g. This effect has been attributed to the exis-

tence of a nonpolar orthorhombic structure (space group

Pnma) which allows weak ferromagnetism. However, so far

the magnetic properties of those compounds, which also

reveal the ferroelectric properties under light doping, have

not been studied extensively.

In this work, we report on the crystal structure, piezo-

electric and magnetic properties of solid solutions Bi1-

xAxFe1-x/2Nbx/2O3 (A – Ca, Pb) in the lightly doped ferro-

electric phase regime. As a particular result we show that a

homogeneous weakly ferromagnetic state is observed only

within the polar structure (space group R3c) and in the case

of Bi1-xCaxFe1-x/2Nbx/2O3 with 0.15�x�0.18. Specifically,

it was shown that Nb substitution leads to an enhancement

of the local piezoelectric properties near the ferroelectric–

paraelectric morphotropic boundary with x � 0.19.

II. EXPERIMENTAL

Polycrystalline samples of Bi1-xCaxFe1-x/2Nbx/2O3

(0�x�1) and Bi1-xPbxFe1-x/2Nbx/2O3 (0� x� 0.5) solid sol-

utions were obtained from the basic oxides Bi2O3, PbO,

Fe2O3, Nb2O3 and carbonate CaCO3 taken in stoichiometric

proportion and thoroughly ground in a planetary ball mill

(RETSCH, PM-100). The synthesis temperature was

increased with increasing niobium content (see Table I). Af-

ter synthesis the samples were rapidly cooled (500 C/h) to

room temperature. To enhance the chemical homogeneity,

all Nb-doped samples were synthesized during 15 h. The

x-ray diffraction patterns were recorded using a diffractome-

ter (DRON-3M) and CuKa radiation. The data analysis was

performed using the FullProf software package. Only the

samples with small content of impurity phases (less than

1–2%) were selected for magnetic and piezoelectric meas-

urements. The Mössbauer measurements were performed

using a conventional constant acceleration spectrometer and

a 57Co in Rh source. The spectra were recorded in transmis-

sion geometry at room temperature. The Mössbauer spectra

were fitted using the NORMOS software. All isomer shifts

were related to the a-Fe standard.

The magnetization was measured in magnetic fields up

to 14 T using an universal system for the measurement of

physical properties (CRYOGENIC Ltd).

The local ferroelectric properties of the samples were

investigated using a scanning force microscope in the piezor-

esponse (PFM) mode. Specifically, a commercial setup

NTEGRA Aura (NT-MDT) equipped with an external lock-

in amplifier (SR-830A, Stanford Research) and a function

generator (FG-120, Yokogawa) were used. For detection, a

commercial tip-cantilever system, ArrowTM Silicon SPM

Sensor (Nano World) was used. Domain visualization was

performed under an applied AC-voltage of 5V peak-to-peak

and a frequency of 50 kHz. The set-up was calibrated using

commercial PZT (52/48) films (Inostek).

III. RESULTS AND DISCUSSION

Solid solutions of the Bi1-xCaxFe1-x/2Nbx/2O3 (0 � x � 1)

series were studied by x-ray diffraction at room temperature.

The refinement of the unit cell parameters of compounds with

x�0.18 was carried out, based on the space group R3c, in

which parent BiFeO3 crystallizes (Table I, Fig. 1). For the

x¼ 0.19 sample, the x-ray diffraction patterns show addi-

tional reflections indicating the formation of a superstructure

of the type
ffiffiffi

2
p

ap�
ffiffiffi

2
p

ap� 2 ap, where ap is the lattice pa-

rameter of the primitive cubic unit cell. A superstructure of

this type may correspond to orthorhombic distortions of the

original unit cell. We succeeded in interpreting the x-ray dif-

fraction pattern for x¼ 0.19 only assuming that the sample

consists of two different crystalline phases, namely, rhombo-

hedral (space group R3c) and orthorhombic (space group

Pbnm). Synthesis at low temperature (950 �C) results in the

formation of a composition with a dominant phase of rhombo-

hedral structure (space group R3c). As the synthesis tempera-

ture increases up to 1010 �C, the amount of the rhombohedral

phase decreases, whereas the amount of the orthorhombic

phase increases. Simultaneously, foreign perovskite phases

containing bismuth and iron oxides appear. A sample with

x¼ 0.2 has been obtained in a pure orthorhombic phase at a

synthesis temperature of 1010 �C. Its unit cell is well

described by the space group Pbnm (Table I, Fig. 1). Note

that this space group is characteristic of many compounds

with perovskite structure, such as LnMnO3 and LnFeO3 (Ln –

lanthanide). Using this space group, we could describe the

unit cell of CajNb doped solid solutions up to x¼ 0.9 rather

well. The volume of the unit cell gradually decreases with

increasing Ca content (Table I). The determination of the type

of unit cell distortions in the case of Bi1-xPbxFe1-x/2Nbx/2O3

solid solutions is more complicated. A rhombohedral type of

distortion (space group R3c) remains up to x¼ 0.3 (Fig. 2, Ta-

ble I). For higher lead concentrations the superstructure reflec-

tions are no longer observed; the basic reflections in x-ray

diffraction patterns are broadened and not well resolved,

which strongly complicates the choice of a proper space

group. The indication is that the real symmetry is not cubic.

TABLE I. Crystal symmetry and unit cell parameters of Bi1-xAxFe1-x/2

Nbx/2O3 (A¼Ca, Pb) systems.

x Tsyn, �C S. G. a, Å b, Å c, Å a, b, deg. V, Å3

Bi1-xCaxFe1-x/2Nbx/2O3

0 870 R3c 5.630 59.35 124.3

0.15 990 R3c 5.611 59.50 123.5

0.18 1000 R3c 5.600 59.51 122.8

0.20 1010 Pbnm 5.507 5.588 7.857 241.8

0.3 1050 Pbnm 5.488 5.587 7.841 240.5

0.5 1100 Pbnm 5.475 5.576 7.812 238.5

0.7 1180 Pbnm 5.463 5.576 7.792 237.4

0.9 1180 Pbnm 5.452 5.546 7.761 234.7

1 1350 P21/n 5.439 5.551 7.751 90.01 234.1

Bi1-xPbxFe1-x/2Nbx/2O3

0.1 900 R3c 5.642 59.51 125.6

0.2 900 R3c 5.644 59.53 125.8

0.3 920 R3c 5.649 59.62 126.3

0.4 920 Pm3m 3.991 63.6

0.5 950 Pm3m 3.992 63.7

114102-2 Troyanchuk et al. J. Appl. Phys. 109, 114102 (2011)
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Varying the synthesis conditions and duration of annealing,

we could achieve a notable narrowing of the peaks. However,

this effect was marginal. So the average unit cell parameters

of the x¼ 0.4 and x¼ 0.5 samples were formally refined using

the cubic space group Pm�3m taking into account that the real

symmetry could be lower. In contrast to the Bi1-xCaxFe1-x/

2Nbx/2O3 series, the doping with PbjNb leads to the increase

of the volume of the unit cell (see Table I).

The magnetization as a function of magnetic field of the

Bi1-xCaxFe1-x/2Nbx/2O3 compounds is presented at room

temperature in Fig. 3. For the parent compound BiFeO3

(x¼ 0) the M–H dependence at room temperature shows a

metamagnetic-like behavior in magnetic fields above 11 T.

A magnetic hysteresis is observed and associated with the

metamagnetism, suggesting a first order magnetic transition.

Below 11 T both up and down magnetization curves practi-

cally coincide and a remanent magnetization is practically

absent. According to the Ref. 6, a similar metamagnetic tran-

sition takes place in single crystal BiFeO3 in a magnetic field

around 18 T at helium temperature and leads to a release of

0.25 emu/g of additional magnetization. The critical field

inducing this transition should decrease with increasing tem-

perature. This is actually observed for BiFeO3 (Fig. 3). The

remanent magnetization and coercive field of the 10% Ca

(5% Nb) doped sample, as estimated from the magnetization

curves, evidence a partial collapse of the initial magnetic

structure which is also inherent to the parent BiFeO3. The

spontaneous magnetization reaches a maximum (Ms� 0.3

emu/g) for the rhombohedrally distorted samples in the range

0.15< x <0.18 whereas for the orthorhombic samples with

x> 0.18 the spontaneous magnetization is slightly lower

FIG. 2. Observed (circles), calculated (solid line) and difference patterns

resulting from the Rietveld analysis of the x-ray powder diffraction data of

Bi1-xPbxFe1-x/2Nbx/2O3. Bragg reflections are indicated by tick marks.

FIG. 3. Magnetization as a function of magnetic field for Bi1-xCaxFe1-x/2

Nbx/2O3.

FIG. 1. Observed (circles), calculated (solid line) and difference patterns

resulting from the Rietveld analysis of the x-ray powder diffraction data of

Bi1-xCaxFe1-x/2Nbx/2O3. Bragg reflections are indicated by tick marks.

114102-3 Troyanchuk et al. J. Appl. Phys. 109, 114102 (2011)
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because the Nb ions are diamagnetic. It is important to note

that the magnetization for the sample with x¼ 0.1 is not satu-

rated even under a field of 8 T, thus indicating an incomplete

magnetic transition into a new magnetic state. In fact,

the magnetization versus field curves for the x¼ 0.1 and

x¼ 0.15 samples practically coincide above 8 T, i.e., in the

magnetic field regime where the new magnetic state would

be established for both samples. The appearance of the spon-

taneous magnetization can be understood in terms of the

modification of the incommensurate spiral G-type antiferro-

magnetic ordering characteristic of BiFeO3 to the homogene-

ous canted G-type antiferromagnetic ordering, in which a

small ferromagnetic component of noncollinear ordered

spins yields the spontaneous magnetization.18 The obtained

data indicate that the sample with x¼ 0.1 possesses a mixed

magnetic state whereas the samples in the compositional

range of 0.15< x <0.2 reveal a homogeneously canted weak

ferromagnetic state.

The magnetization versus field dependencies for the

Bi1-xPbxFe1-x/2Nbx/2O3 series are depicted in Fig. 4. As can

be seen, the substitution of the Bi3þ ions by Pb2þ and the

Fe3þ ions by Nb5þ, does not lead to the appearance of a sig-

nificant spontaneous magnetization, however, a very small

ferromagnetic component was observed. At low doping lev-

els (x � 0.3; rhombohedrally distorted samples) the magnet-

ization versus field curve is nonlinear in a wide range of

magnetic field. Apparently, there exists a magnetic hysteresis

associated with the gradual destruction of the cycloidal

modulated antiferromagnetic structure in an external mag-

netic field. However, the weakly ferromagnetic state seems

to be unstable without an external magnetic field. The heav-

ily doped samples with pseudocubic structure (x> 0.3) ex-

hibit a linear magnetization versus field dependence, which

is typical for conventional collinear antiferromagnets. There-

fore, we conclude that for solid solutions of Bi1-xPbxFe1-x/2

Nbx/2O3 the PbjNb doping does not lead to an appreciable

release of a spontaneous magnetization and that these com-

pounds have cycloidal spatially modulated spin structures in

the absence of external fields. The transition from a modu-

lated antiferromagnetic structure to a homogeneous antifer-

romagnetic structure can be evidenced by 57Fe Mössbauer

spectroscopy. Indeed, the existence of the spatially modu-

lated magnetic structure results in a specific distribution of

hyperfine fields P(B) with two peaks corresponding to the Fe

ions with the spins directed along and perpendicular to the

propagation wave vector [Fig. 5(d)]21. On the other hand,

a collinear magnetic structure is characterized by a single-

peak distribution [Fig. 5(b)].21 The same behavior is

observed in 57Fe nuclear magnetic resonance experiments.22

The Mössbauer spectra of both rhombohedral Bi0.82Ca0.18-

Fe0.91Nb0.09O3 and orthorhombic Bi0.8Ca0.2Fe0.9Nb0.1O3

compounds were found to be very similar [Fig. 5(a) and 5(c),

respectively]. These spectra show only one component: a

sextet attributed to the magnetically-ordered perovskite-type

phase. The hyperfine parameters characteristic of the sextet

are: an isomer shift of 0.37 mm/s, a quadrupole shift of

�0.146(2) mm/s, and a hyperfine field of 47.0 T for the sam-

ple with x¼ 0. 18; an isomer shift of 0.37 mm/s, a quadru-

pole shift of �0.153 mm/s, and a hyperfine field of 47.0 T

for the sample with x¼ 0.2. These data suggest that these

compounds contain high- spin (t3
2ge2

g) Fe3þ ions in octahedral

coordination. No other valence state of iron has been

detected. The hyperfine magnetic field distribution for both

spectra reveals an asymmetric single peak, thus indicating

the suppression of a spiral modulation. The asymmetry can

be related to a lightly inhomogeneous Nb-ion distribution

over the lattice. That is very often observed in diamagneti-

cally diluted magnetic compounds. Therefore, one can con-

clude that both the rhombohedral and the orthorhombic

phase demonstrate a similar magnetic behavior, i.e., the tran-

sition into a canted weak ferromagnetic state. The spontane-

ous magnetizations observed for the polar and nonpolar

orthorhombic phases are almost equal, thus indicating the

same magnetic structure and mechanism of the magnetic

interaction responsible for the magnetization behavior.

Hence, it can be suggested that canting of the magnetic

moments results from the Dzyaloshinskii-Moriya antisym-

metric interaction as it is commonly accepted for the major-

ity of weak ferromagnets.18 It is worth noting that similar

systems doped with large Pb ions do not exhibit a transition

into the weak ferromagnetic state (Fig. 4). For example, the

weak ferromagnetic state has not been found in the case of

Bi1-xBaxFe1-xTixO3
19 and of Bi1-xPbxFe1-xTixO3

23 com-

pounds within concentration range with x<0.3 where a

rhombohedral ferroelectric phase is realized. In accordance
FIG. 4. Magnetization as a function of magnetic field for Bi1-xPbxFe1-x/2

Nbx/2O3.
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with a neutron diffraction study, the Bi1-xPbxFe1-xTixO3 sys-

tem pertains a cycloidal spatially modulated spin structure in

the whole range of rhombohedrally distorted compositions.23

As it was shown in Ref. 23, the period of the magnetic struc-

ture depends on the Pb content and increases from 79 nm to

84 nm for x¼ 0.1 and x¼ 0.25, respectively. Therefore, it

can be suggested that the type of doping ion is very impor-

tant for the stabilization of the weakly ferromagnetic state.

Taking into account the results obtained in the present work

and those reported in the literature19,23 it is reasonable to

assume that the chemical substitutions of the bismuth ions,

which lead to a decrease of the initial volume of the unit cell,

favor the stabilization of the weak ferromagnetic state within

the rhombohedral ferroelectric phase.

Due to the significant conductivity of the samples, a pie-

zoresponse force microscope24 was used as a suitable tool

for studying the local ferroelectric properties of the BiFeO3

compounds which are doped with Ca- and Nb- ions. In order

to improve the reliability of the data, the measurements were

made at different parts of the samples. This also eliminates

the effect of grain orientation. Well saturated local piezores-

ponse hysteresis loops were acquired for the parent com-

pound BiFeO3 under a maximum bias voltage of 50 V (Fig.

6). The measured piezoelectric coefficient d33 of about 65

pm/V (evaluated using commercial PZT samples) is in good

agreement with published data.25 Similar results have been

obtained for other granules. Hysteresis loops of the piezo-

electric coefficient measured using the same parameters

as for the parent compound BiFeO3 testify to significantly

enhanced piezoelectric parameters of the Bi0.82Ca0.18-

Fe0.91Nb0.09O3 compound under a considerably smaller bias

voltage (Fig. 6). It is worth noting that the coercive force is

much smaller for the doped compound as that of undoped

FIG. 5. Mössbauer spectra (a), (c) and hyperfine field distributions (b), (d) for Bi1-xCaxFe1-x/2Nbx/2O3 samples at room temperature.

FIG. 6. Local piezoelectric loops for BiFeO3 and Bi0.82Ca0.18Fe0.91Nb0.09O3

at room temperature.
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BiFeO3 compound, thus demonstrating the advantage of dop-

ing in regard to applications. The piezoelectric coefficient

measured for x¼ 0.18 (d33�120pm/V) correlates with the

maximal d33 values obtained for Sm-doped BiFeO3 near the

morphotropic phase boundary (d33�110pm/V for x¼ 0.1426),

Tb-doped BiFeO3 (d33�140pm/V, x¼ 0.1127) films and ce-

ramic Bi1-xLaxFeO3 (d33�190pm/V for x¼ 0.1628). However,

these rare-earth doped BiFeO3 compounds are not homogene-

ous weak ferromagnets within the polar phase.28

The large piezoelectric response as observed for the com-

pound with x¼ 0.18 is in line with the general notion that fer-

roelectric properties are maximum for the compositions near

a morphotropic phase boundary.29,30 However, it is worth not-

ing that the compound x¼ 0.18 is in the single phase rhombo-

hedral structural state, while the orthorhombic phase of

x¼ 0.2 is nonpolar. As a rule, a larger piezoresponse is

expected in the case when two different ferroelectric phases

coexist. However, there are two different mechanisms known

to enhance the piezoelectric properties.31 The first mechanism

is associated with the rotation of the polarization, whereas the

second one is related to a polarization enhancement that is

appreciable only near the Curie point or near the polar/nonpo-

lar morphotropic boundary.31 Hence, it is concluded that the

large piezoelectric parameters of the Bi1-xCaxFe1-x/2Nbx/2O3

compound result from the polarization extension which

occurs near the polar-nonpolar morphotropic boundary.

IV. CONCLUSIONS

We investigated the crystal structure, the magnetic and

piezoelectric properties of Bi1-xCaxFe1-x/2Nbx/2O3 and Bi1-x

PbxFe1-x/2Nbx/2O3 solid solutions as prepared by a standard

ceramic solid state reaction method. A morphotropic phase

boundary between a polar rhombohedral (R3c) and a nonpo-

lar orthorhombic (Pbnm) phase was found in the Bi1-xCax

Fe1-x/2Nbx/2O3 system at the doping level x¼ 0.19. Accord-

ing to magnetization and Mössbauer studies, Bi1-x

CaxFe1-x/2Nbx/2O3 shows a homogeneous weak ferromag-

netic state within the concentration range 0.15 � x � 0.18 of

the polar phase. An enhancement of the piezoelectric activity

was observed near the polar-nonpolar morphotropic bound-

ary. According to the magnetization versus field measure-

ments, the Bi1-xPbxFe1-x/2Nbx/2O3 solid solutions show

cycloidal modulated antiferromagnetic structures within the

concentration range (0 � x � 0.3) of the rhombohedral polar

phase. It is suggested that the chemical substitutions of bis-

muth, which lead to a decrease of the volume of the unit cell,

favor the stabilization of the weak ferromagnetic state within

the rhombohedral polar phase.
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