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Dielectric and magnetic properties of BiFe1-4x/3TixO3 ceramics with iron
vacancies: Experimental and first-principles studies
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BiFe1-4x/3TixO3 (x¼ 0-0.2) ceramics with Fe vacancies created by nonstioichiometric compositions

were synthesized to study their crystal structures, dielectric, and ferromagnetic behaviors. X-ray

diffraction and Raman spectroscopy analysis reveal a structure transition from rhombohedral

to orthorhombic phases at x¼ 0.2. Dielectric measurement shows that the dielectric loss is

significantly reduced in the Ti-doped BiFeO3 samples. With increasing x concentration, the

remanent magnetization (Mr) first increases and then decreases. The maximal Mr of 0.13 eml/g is

obtained at x¼ 0.05. Furthermore, theoretical calculations based on the density-functional theory

prove that the Ti-doping does enhance the lattice constants, band gap, and magnetization. These

results show that the Ti-doped BiFeO3 with Fe vacancies could enhance resistivity and magnetism,

implying a possible improvement in multiferroic behavior. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813784]

I. INTRODUCTION

Multiferroic materials that exhibit both ferroelectric and

ferromagnetic properties simultaneously are a time-honored

research subject due to their interesting fundamental physics

as well as potential applications in devices.1–3 Single-phase

BiFeO3 (BFO) ceramic, processed antiferromagnetic ordering

with Neel temperature TN� 643 K and ferroelectric ordering

with Curie temperature TC� 1103 K, is the most extensively

studied room temperature multiferrioc materials.4–10 The

large ferroelectric polarization (�100 lC/cm2), exceeding

those of prototypical ferroelectrics BaTiO3 and PbTiO3, has

been reported in BFO thin film and single crystal forms, and

is mainly originated from the Bi atom off-center distortion.3–5

On the other hand, its magnetism is very weak in the macro-

scopic size due to its antiferromagnetic ordering modulated

by the incommensurate sinusoidal spin arrangement of which

the wavelength is 620 Å.6

Although BFO exhibits a large ferroelectric polarization,

the applications of BFO bulk ceramics are limited by some

inherent problems, such as the preparation of a pure phase

compound, the high leakage current density and weak

ferromagnetism.10–17 The appearance of parasitic phases is

attributed to the low chemical stability due to the volatiliza-

tion of Bi2O3, and the high leakage current density mainly

originates from the oxygen vacancies induced valence fluctu-

ation of iron ions (Fe3þ to Fe2þ).8,9 In the past decades,

many methods have been attempted in order to overcome

these drawbacks. On the one hand, some specific synthesis

techniques such as rapid liquid phase sintering or leaching

the impurity phase with dilute nitric acid is proven to be an

effective method to fabricate a pure phase BFO ceramics

with improving resistivity.11,16 On the other hand, the chemi-

cal substitution of A- or/and B-sites ions by other elements

has been undertaken extensively for improving the multifer-

roic properties.12–17 For examples, the enhanced dielectric

constant, the improving leakage current density and ferro-

electric polarization have been reported in BFO ceramics by

the partial substitution of Bi3þ ions by the rare earth ele-

ments such as La3þ, Dy3þ, and Tb4þ.12,13 Also, the enhanced

ferromagnetism has been revealed in BFO ceramics with the

partial substitution of Fe3þ ions by the Ga3þ, Ti4þ, and

Mn4þ.14–17

Among of those doping reported, aliovalent ions with

non-magnetic such as Ti4þ, which have a similar ion size

with Fe3þ, seem especially attractive. The addition of Ti4þ

ions to BFO was believed to not only maintain the structural

stability with ferroelectric properties but also suppress the

AFM spin ordering. In other words, Ti substitution is promis-

ing for simultaneously solving two main problems: the leak-

age current density and weak magnetism. A decreased

resistivity by three orders of magnitude upon 2% Ti-

substituted BFO film and an improved resistivity and

enhanced magnetization in Ti-doped BFO ceramics are

reported.18 Generally, the substitution of Fe3þ ions by Ti4þ

ions in BFO requires charge compensation, which leads to

the formation of Fe2þ or the creation of cation/oxygen

vacancies. Consequently, the multiferroic properties are

influenced greatly. However, most studies have been focused

on the stoichiometric compositions, i.e., the ratio of Fe3þ to

Ti4þ is 1:1, while the study on Ti-doped BFO ceramics with

nonstoichiometric compositions and charge neutrality, such

as chemical formula BiFe1-4x/3TixO3, is lack. Actually, in

these ceramics, Fe vacancies may be created from the view-

point of lattice site occupation as reported in the nonstoichio-

metric compositions (the ratio of Fe3þ to Ti4þ is 2:1). It can

be expected that Fe vacancies have direct effects on the

AFM spin orderings in BFO so that the magnetic along with

ferroelectric behaviors will be significantly different from

the one in pure BFO. Thus, a detailed investigation on the
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role of Fe vacancies in Ti-doped BFO ceramic is needed. In

this paper, we performed a comprehensive study of the

BiFe1-4x/3TixO3 ceramics by combining experiment theoreti-

cal calculation. It was found that Fe vacancies play a vital

role in the suppression of the cycloid AFM spin orderings,

leading to an obviously enhanced magnetism and improved

resistivity, while the ferroelectric polarization is not

degraded. This implies a possible improvement in multifer-

roic behavior in Ti-doped BFO ceramics with Fe vacancies.

II. EXPERIMENTAL DETAILS

BiFe1-4x/3TixO3 (x¼ 0–0.2) ceramics were prepared by

high-energy ball milling method. High purity Bi2O3, Fe2O3,

and TiO2 powder were carefully weighed according to the

chemical compositions and fully dry-mixed by high-energy

ball milling for 8 h. After ball milling, the mixture powders

were uniaxially pressed into pellets with 10 mm in diameter,

and 1 mm thickness by applying a pressure of 8 MPa. To

obtain pure phase samples with possible high electrical resis-

tivity, a series of sintered temperature between 800 and

1000 �C were tested in all samples. Finally, an optimum con-

dition with sintered temperature 850 �C for 2 h was chosen.

The crystal structures of the samples were characterized by

x-ray diffraction (XRD) (PANalytical X’ Pert PRO diffrac-

tometer). Raman spectroscopy was determined using inVia-

Reflex micro-Raman system with 633 nm Ar ion laser source

in backscattering geometry. Dielectric measurements were

carried out through high performance frequency analyzer

(Alpha-A, Novocontrol Technology) with frequency range

of 10�1 to 10 MHz at room temperature. The magnetic prop-

erties were evaluated by a vibrating sample magnetometer

incorporated into a physical properties measurement system

(PPMS).

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction (XRD) patterns of

the BiFe1-4x/3TixO3 ceramics (x¼ 0–0.2). It can be found

that the sintered ceramics exhibit well crystallized diffraction

patterns along with some minor impure phases. For the pure

BFO (x ¼ 0), the diffraction peaks can be identified as a

rhombohedrally distorted perovskite structure with a space

group of R3c. With increasing x, the (110)/(104) peak around

32�, see the inset of Fig. 1, shifts towards the lower angle up

to x¼ 0.1, indicating that Ti doping induces a expanded lat-

tice constant. Similar results were previously reported in

other doped BFO systems such as Bi0.9�xTbxLa0.1FeO3,

BiFe1�xMnxO3, BiFe1�xTixO3.14–16 Further increasing x, a

small amount of secondary phases occur. The parasitic phase

is characterized as Bi2Fe4O9. In particular, some (119) and

(002) peaks around 32� are presented at x > 0.15. It is wor-

thy noting that the XRD patterns at x¼ 0.2 reveal the forma-

tion of the orthorhombic crystal structure, corresponding

to the chemical formula Bi15Fe11Ti3O45. This means that

the Ti-doping results in a clearly structural transition from

rhombohedral to orthorhombic phases at x¼ 0.2. Similar

phenomenon has been reported previously in Ti-doped BFO

ceramics with stoichiometric composition, in which the

structure transition was observed at x¼ 0.33.14 In contrast,

this structure transition occurred at x¼ 0.2 can be attributed

to the introduction of Fe vacancies in our samples.

Figure 2 plots the room temperature Raman spectra of

BiFe1-4x/3TixO3 ceramics within wave number range from

100 to 650 cm�1. With increasing x, some vibrated modes

(137 and 220 cm�1) show an apparent blueshift, while the

mode (171 cm�1) shifts to the lower wavenumber. Further

detailed analysis found that the modes (171 and 220 cm�1)

decrease gradually and then vanish at x¼ 0.2. Hermet et al.
supposed that Fe atoms are mainly involved into vibrated

range from 152 to 262 cm�1 by using first-principles calcula-

tion analysis.19,20 Therefore, the change in Raman spectra is

mainly attributed to the discrepancy of the Fe-O vibrated

modes. It is noticed that the ionic radius of Ti4þ (0.605 Å) is

slightly smaller than that of Fe3þ (0.645 Å). The substitution

of Fe3þ by Ti4þ ions in the BFO ceramics induces the enter-

ing of Ti4þ ions into the Fe-O octahedron. That is to say, the

Raman results reveal that Ti4þ ions occupy fully the position

of Fe3þ ion, which is consistent with the results of XRD, see

Fig. 1.

FIG. 1. X-ray diffraction patterns for the BiFe1-4x/3TixO3 ceramics (x¼ 0-

0.2). The asterisk denotes the impure phase Bi2Fe4O9.

FIG. 2. Raman spectra of the BiFe1-4x/3TixO3 ceramics measured at room

temperature with wavenumber range from 200 to 650 cm�1.
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The dielectric constant and dielectric loss as a function

of frequency at room temperature are shown in Figure 3 for

the BiFe1-4x/3TixO3 samples. From Fig. 3(a), It can be seen

that the dielectric constant of pure BFO ceramic (x¼ 0) is

about 230 at 100 Hz and decreases gradually with increasing

frequency. In contrast, the dielectric constant in each Ti-

doped sample (x > 0) is about 100 at 100 Hz and almost

remains unchanged with increasing frequency. Importantly,

the dielectric loss, see Fig. 3(b), for each Ti-doped sample

decreases significantly in comparison with the one in the

pure sample, implying an improvement in the leakage cur-

rent. Such a result with decreased dielectric constant and

dielectric loss has been reported for Ti-substituted BFO

ceramics fabricated by other researcher.14,18 Gu et al.18

explained the reasons as Fe vacancy-relevant. Actually, the

electronic conduction originated from the hoping between

Fe2þ and Fe3þ is suppressed by the Fe vacancy artificially

created by a nonstoichiometric formula, which leads to the

low dielectric loss in our samples.

Figure 4 shows the magnetization hysteresis (M-H)

loops of BiFe1-4x/3TixO3 samples measured at room tempera-

ture with a maximum magnetic field of 60 kOe. It is common

that the pure BFO ceramic presents a nearly antiferromag-

netic behavior. In Ti-doped BFO ceramics, its weak ferro-

magnetism is improved greatly. With increasing x, the

remanent magnetization (Mr) first increases rapidly and then

decreases gradually, see the insert of Fig. 4. The maximal Mr

of 0.13 eml/g is obtained at x¼ 0.05. It is worth noting that

Mr in our nonstoichiometric compositions is larger than the

one in stioichiometric BiFe1-xTixO3 (x¼ 0-0.35) ceramics

reported by Kumar et al.,14 and consistent with the value

reported in other nonstoichiometric compositions such as

BiFe0.9Ti0.05O3.18 Actually, the improved magnetism in Ti-

doped BFO ceramic originates from the suppression of the

space-modulated antiferromagnetic spin orderings as men-

tioned in other papers.21–24 Upon the substitution of mag-

netic Fe3þ ions by nonmagnetic Ti4þ ions, the Fe vacancies

are created by a nonstoichiometric ratio so that the nearest

antiparallel spin orderings of Fe3þ ions in lattice are broken

by nonmagnetic Ti4þ ions, in particular, the Fe vacancies.

This is the non-cancellation among spin orderings that leads

to a net magnetic moment.25 A theoretical calculation on this

problem will be given in Sec. IV.

It is noticed that Mr does reduce at relatively high Ti-

doped concentration (x > 0.05). This phenomenon may attrib-

ute to two possible reasons. One is the occurrence of an

impure phase as characterized by XRD (Fig. 1). Other is that

the Fe vacancies with high concentration may lead to a pin-

ning effect of spin moments as the Fe vacancies correspond

to the center of negative charge. Furthermore, the hysteresis

loops do not reach saturation even in the high magnetic field

of 60 kOe. Similar phenomenon has been reported in doped

BFO ceramics.14–18 Although the magnetism originates from

the suppression of the space-modulated spin orderings in

BFO, such suppression or destruction of spin cycloid does not

change the nature of canting of the antiferromagnetic sublatti-

ces.26 In order words, the intrinsic AFM still exits in the

doped BFO ceramics. Finally, it is interesting to note that the

ferroelectric polarization is not degraded when the magnetism

and leakage current is enhanced greatly, implying that their

multiferroic behavior should be improved in Ti-doped BFO

ceramics through introduction of some Fe vacancies.

In order to clarify the enhanced lattice constant and

magnetic moment in Ti-doped BFO ceramic, we used first-

principles density functional theory within the projector

augmented wave (PAW) method,27 as implemented in the

Vienna Ab initio Simulation Package (VASP).28 To treat

exchange and correlation effects, we use the generalized gra-

dient approximation plus U (GGAþU) method for a better

description of the localized transition metal d electrons and a

moderate value of U¼ 6 eV leads to a good description of

the structural parameters and the ferroelectric polarization

in BFO.29 We treated the basis with Bi 5d106s26p3, Fe

3p63d74s1, Ti 3p63d34s1, and O 2s22p4. A kinetic energy cut-

off of 500 eV and a Monkhorst–Pack grid of 3� 3� 3 k-

points were employed to sample the Brillouin zone.

The properties of pure BFO (x¼ 0) with R3c rhombohe-

dral structure were calculated first. The fully relaxed crystal
FIG. 3. Frequency dependence of (a) the dielectric constant, e0 and (b)

dielectric loss, Tand for the BiFe1-4x/3TixO3 ceramics at room temperature.

FIG. 4. M-H hysteresis loops for the BiFe1-4x/3TixO3 ceramics at room

temperature.
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structure [a¼ 5.56 Å, a¼ 59.75�] with primitive cell in pure

BFO structure is in good agreement with the experimental

values [a¼ 5.63 Å, a¼ 59.35�]. In order to describe the Ti-

doped BFO ceramic with Fe vacances, we build a 2�2�2

periodic supercell (80 atoms) based on the optimized primi-

tive cell, in which four of the Fe atoms were replaced by

three Ti atoms without considering site configurations, giv-

ing rise to a unit cell formula Bi16Fe12Ti3O48. The Ti-doped

BFO system was relaxed fully for the lattice constant and all

atoms equilibrium positions until the atomic forces are less

than 1 meV/Å. All calculations are assumed as Rock-salt (G-

type) AFM ordering because BFO is observed experimen-

tally to be nearly G-type AFM configuration.

The calculated structure of Ti-doped BFO shows that

the lattice constant [a¼ 5.59 Å, a¼ 59.71�] is larger than

that of perfect BFO, and consistent with the result calculated

from XRD data, see Fig. 1. The calculated total density of

states (DOS) of pure and Ti-doped BFO are shown in Figure 5.

It is found that the Ti-doped BFO shows a half-metallic

behavior, where the spin-up DOS is metallic, while the spin-

down DOS is insulating at Fermi level. These unpaired elec-

trons around the Fe vacancy at the Fermi level are almost

completed polarized so that produces a net magnetic moment

of 4.02lB, which is consistent with the experimental data

(Fig. 4). Although some electronic states are excited into the

Fermi level, the bang gap is slightly widened, implying a pos-

sible improved leakage current density and ferroelectric polar-

ization. Further analysis shows that the presence of Fe

vacancies does not change the local magnetic moment on the

Fe sites. The local magnetic moments at the Fe sites are about

64.3lB both in pure and Ti-doped BFO, corresponding to the

so-called Fe3þ. That is to say that the electron hopping

between Fe2þ and Fe3þ is almost suppressed, indicating the

decrease of leakage current density, which is in good agree-

ment with the previously experimentally reported results

(Fig. 3(b)). In addition, the enhanced magnetism mainly origi-

nates from the suppression of the spatially modulated AFM

spin orderings because the total magnetic moment (4.02lB) is

almost equal with that of Fe atom (4.3lB). Therefore, the cal-

culated results prove that the magnetic moment is enhanced

greatly, while the leakage current or ferroelectric polarization

is not degraded in Ti-doped BFO ceramic with Fe vacancy.

IV. CONCLUSIONS

Nonstoichiometric BiFe1-4x/3TixO3 (x¼ 0–0.2) have

been successfully synthesized. XRD and Raman patterns

showed a structure transition from rhombohedral to ortho-

rhombic phases at x¼ 0.2. Dielectric measurements revealed

the decrease of dielectric loss in Ti-doped BFO. The mag-

netic properties were first increased ant then decreased with

increasing Ti-doped concentration, giving rise to a maximal

Mr of 0.13 eml/g at x¼ 0.05. Fe vacancies play a vital role

in the suppression of the cycloid AFM spin orderings to

enhance the magnetism. Meanwhile, first-principles calcula-

tions proved that the Ti-doping does enhance the lattice con-

stants, band gap, and magnetic moment. Both of experiment

and theoretical results imply that their multiferroic behavior

should be improved in Ti-doped BFO ceramics through

introduction of some Fe vacancies because the ferroelectric

polarization is not degraded when the magnetism and leak-

age current are enhanced greatly.
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