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In this paper, single-phase multiferroic ceramics of (1� x) BaTiO3 � x BiFeO3 (BT� x BFO) were

synthesized by solid-solution method in the wide range of material composition (x¼ 0.025 – 1.0).

The changes in crystal structure were confirmed via X-ray diffractions (XRD) and atomic pair

distribution functions (PDFs). The room-temperature ME coupling was found to exhibit significant

magnitude in the narrow composition window (x¼ 0.71 – 0.8) where the average crystal structure

was found to be rhombohedral. Especially, the BT – 0.725 BFO ceramics containing local

monoclinic distortions within rhombohedral phase were found to exhibit high room-temperature ME

coefficient (aME) of 0.87mV/cm�Oe with high piezoelectric properties (g33¼ 18.5� 10mV m N�1

and d33¼ 124 pC N�1). We believe that the high room-temperature ME coupling in single-phase

lead-free BT-BFO ceramics provides a possibility of developing electrically or magnetically tunable

thin-film devices.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4799591]

I. INTRODUCTION

Magnetoelectric (ME) multiferroics with coexisting fer-

roelectric and ferromagnetic ordering have gained attention

as they provide the opportunity for developing tunable

devices.1–5 In past decade, many studies have focused

on single-phase multiferroic materials such as Cr2O3 (Tn

¼ 307K, 0.74mV cm�1 Oe�1), LiCoPO4 (5.52mV cm�1

Oe�1), TbPO4 (Tn¼ 2.27K, 6.62mV cm�1 Oe�1), YIG

(5.41mV cm�1 Oe�1), BiFeO3 (Tc¼ 1103K, Tn¼ 643K),

BiMnO3 (Tc¼ 450K, Tn¼ 100K), YMnO3 (Tc¼ 640K,

Tn¼ 100K), and BaMnF4 (Tn¼ 26K).6–12 Among these

single-phase multiferroics, BiFeO3 has attracted most atten-

tion due to its simultaneous ferroelectric and antiferromag-

netic characteristics exhibiting high Curie temperature and

high Neel temperature.13–16 However, high electric leakage

in bulk BiFeO3 ceramics was observed due to the existence

of multivalent Fe ions and oxygen vacancies. To improve

ferroelectric properties, studies on solid solution of BiFeO3

with other perovskite materials (BaTiO3, PbTiO3, CaTiO3,

and Bi0.5Na0.5TiO3) have been performed.17–23 BaTiO3 is a

promising candidate in this respect, and (1� x) BaTiO3 – x

BiFeO3 solid solutions have been shown to exhibit rhombohe-

dral (0.7< x� 1.0), pseudo-cubic (0.04< x� 0.7), and tetrag-

onal (0� x� 0.04) phases.24 Moreover, substitution of La,

Nb, and Mn in the BaTiO3–BiFeO3 has been studied in order

to enhance the piezoelectric properties and DC resistivity.25–28

Recently, improved piezoelectric value of d33¼ 116 pC N�1

with high DC resistivity of 2.7� 107 X m was reported in

Mn-modified BaTiO3–BiFeO3 ceramics by Leontsev et al.28

In parallel, several studies on BaTiO3-BiFeO3 ceramics

have shown that the solid solutions with BaTiO3 results in

enhanced magnetic properties. At room temperature, high

magnetic properties (Hc¼ 660Oe,Mr¼ 0.75 emu g�1, andMs

at 50 kOe¼ 1.88 emu g�1) were reported in 0.2 BaTiO3 – 0.8

BiFeO3 ceramics by Park et al.29

Generally, ME effect can be classified as direct magne-

toelectric (DME) effect and converse magnetoelectric

(CME) effect. The DME effect (dEAC/dHAC) is defined as

the change in electric polarization in response to applied

magnetic field. The CME (dBAC/dEAC) effect is defined as

the change in magnetization in response to applied electric

field. For single-phase multiferroic materials, figure-of-merit

for ME coupling is given as:

aij < ðeiiljjÞ
1=2;

where e and l are the electric permittivity and magnetic per-

meability, respectively. Thus, to achieve strong ME coupling

in single-phase multiferroics, we need to find an optimimum

composition with high piezoelectric and magnetic properties.

In this study, we synthesized lead-free (1� x) BaTiO3 – x

BiFeO3 ceramics (BT – x BFO) by solid-solution method over

the wide range of composition (x¼ 0.025 – 1.0) to find the op-

timum point for high ME coupling at room-temperature.

Piezoelectric, magnetic, and magnetoelectric properties were

investigated for all the compositions at room temperature.

II. EXPERIMENTAL DETAILS

Without any additional doping, all BT–xBFO ceramics

were synthesized by mixed oxide sintering method using an-

alytical reagent grade �99.9% pure oxide and carbonate

powders of TiO2, Bi2O3, Fe2O3, and BaCO3 from Ward Hill,

USA. The sintered BT–xBFO ceramics had diameter of

10mm and thickness of 1mm. Crystal structures were inves-

tigated at room temperature using X-ray diffractometer

(D/MAX-2500, Rigaku). The ceramics were poled in sili-

cone oil for 30min at room temperature under applied DC
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electric field of 3.5 kV mm�1 and aged afterwards for 24 h at

room temperature. Room-temperature ME responses were

investigated under an applied magnetic bias field (HDC

¼ 2000Oe with HAC¼ 1Oe at 1 kHz). Piezoelectric charac-

teristics were examined using APC YE 2730A d33 meter.

Dielectric characteristics were investigated using HP 4194A

impedance analyzer (Hewlett Packard Co. USA). Ferroelectric

polarization-electric field (P–E) measurement was performed

using modified Sawyer-Tower Bridge Precision II (Radiant

Technologies, Albuquerque, NM). Magnetization-magnetic

field (M–H) measurement was performed using the vibrating

sample magnetometer (VSM 7304, Lake Shore Cryotronics).

III. RESULTS AND DISCUSSION

Fig. 1(a) shows the room-temperature X-ray diffraction

(XRD) patterns for BT–xBFO (x¼ 0.025 – 1.0) ceramics.

The XRD patterns illustrate that the BT–xBFO exhibits tet-

ragonal (x¼ 0.025), cubic (x¼ 0.1 – 0.7) and rhombodedral

(x¼ 0.8 – 1.0) phases across the whole range of composition.

We next focussed on the crystal structures of compositions

corresponding to BT–xBFO (x¼ 0.710 – 0.775) shown in

Fig. 1(b), where optimum ME coupling was found (shown

later). The XRD pattern for pure BFO (x¼ 1.0) exhibited

rhombohedral phase with splitting in the peaks of (110),

(111), (210), and (211). On modification with BT, the split-

ting gradually disappeared as BFO mole fraction decreased

from x¼ 1.0 to x¼ 0.725. With further decrease in BFO

mole fraction to x¼ 0.71, the peaks showed negligibe split-

ting. The peaks shifted to lower 2 theta values with BT modi-

fication in BFO ceramics due to the substitution of large

ionic radii Ba2þ (1.35 Å) ion on A-site and Ti4þ (0.68 Å) ion

on B-site as compared to the Bi3þ (1.08 Å) and Fe3þ

(0.64 Å) ion, respectively. Figs 1(c) and 1(d) show the lattice

parameter (a), rhombohedral distortion angle (a), and vol-

ume of unit cell for the BT–xBFO (x¼ 0.71 – 0.775 and 1.0).

It was found that with decreasing BFO mole fraction the lat-

tice parameter a increased from 3.956 Å (x¼ 1.0) to 3.986 Å

(x¼ 0.71) and the distortion angle a increased and peaked at

89.99� (x¼ 0.725). The volume of unit cell increased from

61.90 Å3 (x¼ 1.0) to 63.31 Å3 (x¼ 0.725) with decreasing

BFO mole fraction.

Figs. 2(a)–2(h) show the composition dependence of

magnetoelectric, piezoelectric, and dielectric properties of

BT–xBFO ceramics at room temperature. From Figs. 2(a)

and 2(b), it can be noted that the DME effect was enhanced

with proportional change of aDME phase angle in the limited

range of BT–xBFO compositions (x¼ 0.71 – 0.8) and the

maximum aDME (0.87mV cm�1 Oe�1) was observed at the

optimum composition of BT–xBFO (x¼ 0.725). As shown in

FIG. 1. X-ray diffraction pattern for BT–xBFO ceramics (a) with x¼ 0.025 – 1.0 and (b) with x¼ 0.710 – 0.775 and 1.0, (c) lattice parameter and rhombohe-

dral distortion angle and (d) volume of unit cell for BT–xBFO ceramics with x¼ 0.710 – 0.775 and 1.0.
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Fig. 2(c), the poling percent (100� (Po/180�)), which is

determined from the change of phase angle (Po¼Pf
o – Pi

o),

illustrates that the poling was only achieved in the composi-

tions BT–xBFO (x¼ 0.025 and 0.710 – 0.8) exhibiting tet-

ragonal and rhombohedral phases. Thus, the piezoelectric

and dielectric properties can be achieved in the limited range

of compositions of BT–xBFO. At the optimum composition

of BT–xBFO (x¼ 0.725), piezoelectric charge constant (d33),

electromechanical coupling factor (kp), and dielectric con-

stant (e¼ eT/e0) were maximized (d33¼ 124 pC N�1,

kp¼ 29.1%, e¼ 760) and the loss factor (tan d) at 1 kHz was

minimized (tan d¼ 7.8%) as shown in Figs. 2(e)–2(h). The

piezoelectric voltage coefficient (g33¼ d33/e
T) shown in Fig.

2(d), which is one of the main parameters for achieving high

ME coupling was found to be maximized (g33¼ 18.5mV m

N�1) for the composition BT–xBFO (x¼ 0.725). The meas-

ured maximum d33 (124 pC N�1) of BT–0.725BFO for our

samples is quite promising compared with the reported d33
(116 pC N�1) for Mn-doped BT–0.75BFO.28 The measured

d33 (54 pC N�1) of BT–0.75BFO is also comparable with the

reported d33 (47 pC N�1) of BT–0.75BFO.28 Systematic

measurement of d33 as a function of composition in our study

led to the identification of BT–0.725BFO composition that

provides the best performance. There was no ME response

in the BT-0.025BFO due to its small magnetic properties

given by low content of Fe ions even though it exhibited

good piezoelectric values (g33¼ 10.5� 10mV m N�1 and

d33¼ 78 pC N�1).

To understand the local structure variation, atomic pair

distribution function (PDF) analysis was performed. Fig.

3(a) shows the PDFs for BT – 0.725 BFO and BFO ceramic

powders. Experimental XRD patterns were taken with Ag

radiation (k¼ 0.56 Å) and converted into atomic PDFs. The

PDFs for pure BFO (x¼ 1.0) were fitted with a structure

model featuring a rhombohedral structure (S.G. R3c)

with lattice parameters in hexagonal setting (a¼ 5.583 Å,

c¼ 13.835 Å, and gamma¼ 120�). The PDFs for BT–xBFO

(x¼ 0.725) showed better fit at lower r values with a struc-

ture model featuring a monoclinic structure (S.G. Cm) with

parameters (a¼ 5.499 Å, b¼ 5.631 Å, c¼ 3.974 Å, and beta

¼ 91�). At higher r values (see the encircled area), a rhombo-

hedral model (S.G. R3c) (a¼ 5.558 Å and c¼ 13.834 Å and

gamma¼ 120�) provided somewhat better fit. Thus, this ma-

terial can be featured as rhombohedral on average but with

local monoclinic distortions/symmetry. Fig. 3(b) shows the

polarization-electric field (P – E) hysteresis for BT–xBFO

ceramics (x¼ 0.710 – 0.775). With increasing BFO mole

fraction, the coercive electric field (Ec) was increased up to

36.4 kV cm�1 (x¼ 0.775) and the remanent polarization (Pr)

was also enhanced with high magnitudes of 12.5 (x¼ 0.725),

13.8 (x¼ 0.750) and 10.9lC cm�2 (x¼ 0.775). The composi-

tion of BT-xBFO (x¼ 0.725) was found to exhibit saturated

hysteretic curve. Fig. 3(c) shows the magnetization-magnetic

field (M – H) curves for BT–xBFO ceramics (x¼ 0.710

– 0.775) which were measured under a magnetic field of

�7 kOe to þ7 kOe at room temperature. The M – H curves

exhibited linear behavior and no saturation with low magnetic

susceptibility (v) representing insufficient cycloidal spiral in

the BT–xBFO solid solutions. With increasing BFO mole

fraction from 0.710 to 0.750, the magnetic permeability (l)

was improved and the magnitude of magnetization was

increased up to 0.03 emu g�1 at 7 kOe for the composition

BT-xBFO (x¼ 0.750). The improved magnetic properties

may be due to the increased amount of Fe ions in the BT-

xBFO system. On the other hand, the enhanced magnetic

properties with decreasing BFO mole fraction from 0.775 to

0.750 could be attributed to active spin modulation of ordered

FIG. 2. Variation of magnetoelectric, piezoelectric, and dielectric properties

as a function of BFO mole fraction for BT–xBFO ceramics with x¼ 0.025

– 1.0; (a) DME coefficient (aDME), (b) phase change of aDME, (c) poling per-

cent, (d) piezoelectric voltage constant (g33), (e) piezoelectric charge con-

stant (d33), (f) radial mode electromechanical coupling factor (kp), (g)

dielectric constant, (e) and (h) tangent loss factor (tan d).

FIG. 3. (a) PDFs analysis, (b) room-temperature P – E curves, and (c) room-temperatureM – H curves as a function of BFO mole fraction.
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Fe-O-Fe. It is illustrated that the substitution of large ions of

Ba2þ and Ti4þ on the A- and B- sites, respectively, may

enlarge the distortion of bond angle of Fe-O-Fe to release the

spiral magnetic modulation.

Next, BT-0.725BFO/nickel (BT-BFO/Ni) bilayer lami-

nates were fabricated with longitudinally poled and trans-

versely magnetized (L – T) configuration to understand the

tunability of DME and CME effect. Figs. 4(a) and 4(b) show

the DME and CME responses for BT-BFO/Ni laminate. For

DME measurement, HAC of 1Oe at 1 kHz was applied

through the Helmholtz coil to the laminate and the induced

voltage was measured. Fig. 4(a) shows that the aDME exhibits

maximum magnitude of 75.4mV cm�1 Oe�1 at Hbias of

100Oe with remanent aDME of 13.6mV cm�1 Oe�1 at zero

Hbias during Hbias sweeps. The presence of remanent aDME

was realized with exactly the same magnitude by only turn-

ing on HAC in the absence of Hbias sweep. The result defi-

nitely illustrate that the remanent aDME is not a hysteretic

characteristic but a spontaneous effect. For CME measure-

ment, VAC of 1V with 1 kHz was applied directly on the

sample and then the induced magnetic flux density was

measured by using Helmholtz coil. In the CME response

shown in Fig. 4(b), the hysteretic behavior was same with

respect to Hbias sweep; the maximum aCME was observed

with magnitudes of 2.41� 10�6 mG cm V�1 at Hbias

¼ 100Oe and the remanant aCME was obtained with magni-

tude of 4.02� 10�7 mG cm V�1 at Hbias¼ 0Oe under

applied VAC¼ 1Oe.

IV. CONCLUSION

The lead-free single-phase ME ceramics of BT – x BFO

were synthesized by solid solution method. Room-temperature

ME coupling was found to exist in the limited composition

range of BT–xBFO (x¼ 0.71 – 0.8). The maximum ME cou-

pling coefficient (aME¼ 0.87mV/cm�Oe) and high piezoelec-

tric porperties (g33¼ 18.5� 10mV�m/N and d33¼ 124 pC/N)

were achieved for the composition BT – 0.725 BFO represent-

ing local monoclinic distortions in rhombohedral phase. BT-

0.725BFO/Ni laminates were found to exhibit self-biased

DME and CME responses, which is very promising for mag-

netically and electrically tunnable on-chip components.
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