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Multiferroic trilayer thin films of BaTiO3/BiFeO3/BaTiO3 were prepared by RF-magnetron sputter-

ing technique at different thicknesses of BiFeO3 layer. A pure phase polycrystalline growth of thin

films was confirmed from X-ray diffraction results. The film showed maximum remnant electric

polarization (2Pr) of 13.5 lC/cm2 and saturation magnetization (Ms) of 61 emu/cc at room tempera-

ture. Thermally activated charge transport dominated via oxygen vacancies as calculated by their

activation energy, which was consistent with current–voltage characteristics. Magnetic field

induced large change in resistance and capacitance of grain, and grain boundary was modeled by

combined impedance and modulus spectroscopy in the presence of varied magnetic fields.

Presence of large intrinsic magnetoelectric coupling was established by a maximum 20% increase

in grain capacitance (Cg) with applied magnetic field (2 kG) on trilayer having 20 nm BiFeO3 layer.

Substantially higher magnetoelectric coupling in thinner films has been observed due to bonding

between Fe and Ti atoms at interface via oxygen atoms. Room temperature magnetoelectric cou-

pling was confirmed by dynamic magnetoelectric coupling, and maximum longitudinal magneto-

electric coupling of 515 mV/cm-Oe was observed at 20 nm thickness of BiFeO3. The observed

magnetoelectric properties are potentially useful for novel room temperature magnetoelectric and

spintronic device applications for obtaining higher voltage at lower applied magnetic field. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929729]

Multiferroics is a significant class of materials that com-

bine two or more ferroic order parameters, namely, the fer-

roelectricity, ferromagnetism, and ferroelasticity in a single

phase.1 The magnetoelectric (ME) coupling between mag-

netic and electrical order parameters in these multiferroics

adds another functionality: possibility to control magnetic

polarization by applying electric field (direct ME effect) and

manipulation of electric polarization by magnetic field (con-

verse ME effect).2 Multilayer approach has been found to be

most effective in influencing growth and physical properties

of thin films. The maximum ME coupling interaction has

been achieved in multiferroic heterostructures with alternate

ferroelectric/ferromagnetic layers.3,4 Multiferroic material

Bismuth Ferrite (BFO) exhibits simultaneous existence of

room temperature antiferromagnetism (TN¼ 643 K) and fer-

roelectricity (TC¼ 1103 K).5 It has been very well explored

that solid solutions of BFO with ferroelectric perovskite ma-

terial BaTiO3 (BTO) result in improved ferroelectric and

magnetic properties.6–9 However, there have been only few

studies undertaken on epitaxial bilayer and multilayer thin

films of BFO/BTO multiferroic composites.10,11 In the lay-

ered composite thin film structures, magnetoelectric effects

can be induced at the interface between two phases via strain

between the two phases, change in oxygen stoichiometry,

electronic correlations, interface bonding, exchange bias,

and other physical phenomenon may also take place.12 In

our earlier work, we have reported interface induced

improved magnetoelectric coupling in polycrystalline BFO/

BTO bilayer films prepared by RF-sputtering.13 In this letter,

further improved magnetoelectric coupling of trilayer thin

films of BTO/BFO/BTO has been reported by introducing

two interfaces between BFO and BTO. Moreover, magneto-

electric coupling can be manipulated by changing the thick-

ness of BFO layer. This study provides a direct evidence of

high intrinsic magnetoelectric coupling interaction between

BFO and BTO interface in the polycrystalline thin films

which in not strain mediated.

Trilayer thin films of BTO/BFO/BTO were prepared on

Pt/TiO2/SiO2/Si (100) substrate by RF-magnetron sputtering

technique. Targets of BiFeO3 and BaTiO3 were synthesized

by conventional solid state reaction method. BTO layer was

first deposited on Pt/TiO2/SiO2/Si (100) substrate maintained

at 650 �C followed by subsequent deposition of BFO layer

on BTO/Pt/TiO2/SiO2/Si (100) at the same substrate temper-

ature. Top BTO layer was deposited on BFO/BTO/Pt/TiO2/

SiO2/Si (100) under similar conditions as the bottom layer.

The deposition was carried out at 50 mTorr in a mixture of

Ar and O2 in the ratio of 4:1 with a base pressure of

3� 10�6 Torr. The thickness of BTO film was kept fixed at

20 nm for both top and bottom layers, while BFO layer was

deposited for different thicknesses of 20 nm (B-2), 40 nm (B-

4), 60 nm (B-6), and 80 nm (B-8), respectively. Circular plat-

inum top electrodes with diameter of 0.5 mm were sputtered

on these trilayers to investigate electrical properties of thin

films. Crystalline structure of thin films was analyzed by

using X-ray Diffractometer (Phillips X-pert Pro) with CuKa

(k¼ 0.154 nm) radiation. The dielectric measurements were

carried out using LCR meter (Wayne Kerr 6500B), and
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ferroelectric measurements were performed using a PE loop

tracer. Magnetic measurements were carried out by VSM

(Lakeshore 7304). Magnetoelectric measurements were per-

formed on in-house ME setup.

Figure 1(a) illustrates XRD pattern of the trilayer BTO/

BFO/BTO films recorded in h–2h mode. All the films were

found to be in polycrystalline pure perovskite phase and no

impurity phases were detected. The interface morphology of

trilayer film was further analyzed by cross sectional FESEM

image. See supplementary material for Fig. S1.14 Sharp and

defect free interface was observed between BFO and BTO

phases. The quantitative elemental analysis of the interface

was performed by EDX spectra.

Figure 1(b) represents the variation of leakage current

density (J) as a function of electric field (E) for these trilayer

films. Observed current density � 10�4 A/cm2 were found to

be in close agreement to the reported values.15–18 Leakage

current in BFO thin films is attributed to the valance fluctua-

tion of Fe ions between Fe2þ and Fe3þ states and migration of

oxygen vacancies toward electrode resulting into the conduc-

tion under high electric fields.19 High substrate temperature

(�650 �C) and low oxygen partial pressure (�10�2 Torr)

results in the formation of oxygen vacancies in trilayer films

during sputtering. Conduction electrons can be released from

neutralized oxygen vacancies via their ionization as written by

following equation: O0 ¼ 1
2

O2 þ €V þ 2e�, in Kro€gen-Vink

notation. These conduction electrons can be further captured

by Fe3þ ions resulting in their reduction to Fe2þ ions.

Presence of Fe in both Fe2þ and Fe3þ oxidation states in BFO

thin film deposited by same target material has been con-

firmed by XPS analysis in our earlier work.13 It results in the

hopping of electrons between two valence states of Fe and

additionally such electrons are weakly bound to oxygen

vacancies. It has been already reported that oxygen vacancies

rather than Fe2þ contribute more to the leakage current.20–23

Such process also results in creation of shallow level traps to

electrons and this effect was further analyzed by studying the

mechanism of current conduction involved in these films

according to bulk limited and interface limited current con-

duction in ferroelectric thin films.24–26 The conduction mecha-

nisms in trilayer films were explored by logarithmic plots of

the leakage current density versus applied electric field

[log(J)/log(E)]. See supplementary material for Fig. S3.14 For

all the trilayer films, the plots were fitted well by linear seg-

ments with different slope values. At low electric field region,

for all samples, the slope value (S) of �1.0 indicates ohmic

conduction mechanism, which is dominated by thermally gen-

erated free electrons. However, the change in the slope value

from S� 1 to S� 2 with an increase in applied electric field

implies the change in conduction mechanism from ohmic to

space charge limited conduction (SCLC). It may be noted that

at lower electric fields, the injected carrier density is expected

to be lower than thermally generated charge carriers resulting

in ohmic behavior. With the increase in electric field, density

of free electrons due to charge carrier injection becomes larger

than the density of thermally generated electrons. Injected

charge carriers get trapped at trap centers (oxygen vacancies)

with the increase in applied electric field. Due to this, a field

gradient is generated until all the traps are filled after which

current rises abruptly as the field gradient is overcome with

large change in slope as observed in these thin films. The

observed reduction in leakage current with the increase in the

thickness of BFO may be due to reduced oxygen vacancy con-

centration as thicker films have longer exposure to oxygen

during sputtering resulting in the compensation of oxygen

vacancies.

Magnetization hysteresis (M-H) loops measured at room

temperature are shown in Fig. 1(c). All the films shows satu-

rated ferromagnetic behavior with maximum saturation mag-

netization (Ms) of �61 emu/cc in B-2. The magnetization

(Ms) value was found to be reduced with increasing thick-

ness of BFO layer as 36 emu/cc in B-4, 23 emu/cc in B-6,

and 19 emu/cc in B-8 sample. BFO is a G-type antiferromag-

netic with spiral spin ordering of Fe3þ magnetic moments

FIG. 1. (a) XRD patterns (h-2h scan) of

BTO/BFO/BTO trilayer films having

different BFO thicknesses on Pt/TiO2/

SiO2/Si (100) substrate. (b) Current

density vs electric field curves of BTO/

BFO/BTO films having different BFO

thicknesses. (c) Room temperature

magnetization (M-H) loops of trilayer

thin films at different BFO thicknesses.

(d) Room temperature PE loops of

BTO/BFO/BTO trilayer thin films hav-

ing different BFO thicknesses.

082908-2 Kotnala, Gupta, and Chaudhary Appl. Phys. Lett. 107, 082908 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  14.139.60.97

On: Tue, 20 Oct 2015 09:27:36



coupled ferromagnetically within (111) planes and antiferro-

magnetically between adjacent planes.27 Disruption of spiral

spin ordering at both interfaces of BFO sandwiched between

BTO may result in induced weak ferromagnetism. The sig-

nificantly enhanced saturation magnetization observed in

these films implies the presence of ferromagnetic interaction

between Fe2þ and Fe3þ ions. Exchange interaction between

Fe2þ and Fe3þ ions mediated by oxygen vacancy (Fe2þ– €O –

Fe3þ) results in the ferromagnetic behavior.28 Decreasing

magnetization with increasing thickness of BFO layer can be

accompanied by reduced oxygen vacancies, which mediate

exchange interaction between Fe2þ and Fe3þ ions.

Figure 1(d) represents polarization hysteresis loops of tri-

layer films measured at 50 kV/cm applied electric field at

10 kHz frequency. The ferroelectric polarization was found to

be improved with increasing thickness of BFO layer. Maximum

remnant polarization (2Pr) was observed �13.5 lC/cm2 in B-8,

which systematically reduced to 9 lC/cm2 in B-6, 7 lC/cm2

in B-4, and 5.7 lC/cm2 in B-2 film. Larger ferroelectric polar-

ization in thicker films may be attributed to the reduced oxygen

vacancy as also confirmed from current voltage characteristics.

Frequency dependent real (e0) and imaginary (e00Þ parts

of dielectric permittivity represented increased dielectric

constant (e0Þ and decreased dielectric loss (e00Þ with increas-

ing thickness of BFO layer. See supplementary material for

Fig. S4.14 Larger value of dielectric loss in thinner samples

represents higher conduction in these samples, which is in

agreement with ferroelectric results. To further analyze

migration kinetics of thermally activated charge carriers,

activation energies were studied by fitting relaxation time

corresponding to the loss peak by Arrhenius law as given by

the equation sm ¼ s0exp �Ea

kB T

� �
, where sm is relaxation time

corresponding to the loss peak, s0 is pre-exponential factor,

Ea is activation energy for relaxation, kB is Boltzmann’s con-

stant, and T is absolute temperature. Activation energies for

conduction in temperature range of 298 K–428 K were calcu-

lated from ln s vs 1/T plot. See supplementary material for

Fig. S5.14 In the trilayer film with 20 nm BFO layer, two dis-

tinct regions of activation energies were observed with

Ea� 0.24 eV (T< 353 K) corresponding to second ionization

energy of oxygen vacancy and Ea� 0.39 eV at higher tem-

perature, which is close to the activation energy correspond-

ing to the two site electron hopping between Fe2þ and Fe3þ

ions.29 The calculated activation energy Ea� 0.26 eV for

B-2, Ea� 0.19 eV for B-4, and Ea� 0.11 eV for B-8 all over

the investigated temperature range corresponds to the ioniza-

tion energy of oxygen vacancies. It indicates the sizeable

coupling between oxygen vacancy and Fe-ions through

localized electrons in thinner films, which may be due to

higher concentration of oxygen vacancies. This can result in

localized polarization at defect sites and artificially enhanced

magnetoelectric coupling values in the trilayer films. In order

to recognize the presence of true magnetoelectric coupling in

films, effect of magnetic field on the resistance and capaci-

tance of the grains, grain boundary, and electrode–film inter-

face was further studied. Complex impedance (-Z00 vs Z0) as

well as complex modulus plots (M00 vs M0) were obtained

under different applied magnetic fields as shown in Fig. 2(a).

Imaginary part of impedance highlights the contribution

from largest resistance element, while imaginary part of

modulus picks out the contribution from smallest capaci-

tance by suppressing all electrode polarization effects.30 The

measurements were carried out at small excitation voltage of

50 mV. The data were fitted with an equivalent circuit repre-

sented by two series RC-elements. The parasitic contribu-

tions from inductance and resistance of measurement wires

and electrodes were accounted by series inductor (Lo) and re-

sistor (Ro) in the circuit. Distributed impedance response

observed from the depressed semicircles was accounted by

constant phase element (Q) indicating departure from ideal

Debye-type model. As highly capacitive grain boundaries

were obtained from calculated parameters, so modulus plots

are dominated by grain (bulk) capacitance representing sin-

gle semicircle. See supplementary material for Tables S1-

S4.14 Two well resolved semicircles representing increase in

both grain and grain boundary resistance (Rg and Rgb) with

applied magnetic field were observed in B-2 film as shown

in Fig. 2(a), while inset of Fig. 2(a) shows change in grain

capacitance with applied magnetic field. A maximum 20%

increase in grain capacitance (Cg) with applied magnetic

field (2 kG) observed in B-2 sample confirms the presence of

intrinsic ME coupling. The change in both grain capacitance

(Cg) and grain boundary capacitance (Cgb) with applied mag-

netic field was observed to be suppressed with increasing

thickness of BFO layer. See supplementary material for Fig.

S6.14 The calculated parameters are given in Table I.

Intrinsic grain contribution to magnetocapacitance in thinner

films can be due to hybridization between Ti 3d and

exchange split Fe 3d orbital via oxygen 2p orbital at the

interface resulting in changing polarization of grains with

applied magnetic field.30,31 The bonding between Fe and Ti

FIG. 2. (a) Magneto-impedance response

of trilayer thin film (B-2) at room temper-

ature and equivalent circuit used for fit-

ting the impedance data. The inset

represents the corresponding magneto-

modulus plots recorded under different

strengths of DC magnetic fields. (b)

Magnetic field dependence of magneto-

electric coupling coefficient in longitudi-

nal direction for BTO/BFO/BTO trilayer

having different BFO layer thicknesses.
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atoms at interface results in the magnetoelectric interaction

between BFO and BTO at both interfaces. High magnetoca-

pacitance in thinner films can be accounted for difference in

oxygen surrounding of Fe atoms at the interface. It has been

observed that oxygen deficient interface produces stronger

magnetoelectric coupling due to strong bonding between Fe

and O atoms, thus reducing hybridization between Fe and Ti

atoms at the interface.31 This results in higher magnetoelec-

tric coupling as thinner films which have larger oxygen

vacancies as observed by electrical and magnetic properties

so they have intrinsically coupled Fe and Ti atoms resulting

in the underlying magnetocapacitance. Presence of large

grain boundary capacitance in thinner films is due to the

accumulation of hopping electrons at grain boundaries of

interface.13 In the presence of applied electric field, the hop-

ping electrons between Fe2þ and Fe3þ ions migrate through

the grains and get accumulated at grain boundaries at inter-

face. Interaction of these charges with applied magnetic field

consequently results in the change in dynamic capacitance of

grain boundary and results in the magnetocapacitance effect

in films. Such kind of effect has been explained by Maxwell-

Wagner (M-W) capacitor model consisting of two leaky

capacitors connected in series.32 The presence of magneto-

electric coupling was further confirmed by room temperature

magnetoelectric coupling measurements.

Magnetoelectric coupling coefficient (aME) was meas-

ured in trilayer films by dynamic method. Thin films were bi-

ased with AC magnetic field (dH) of 10 Oe at 999 Hz and a

DC magnetic field (Ho) was applied collinear to it.

Longitudinal aME was determined by applying effective

magnetic field (Hoþ dH) perpendicular to the sample and

measuring the output voltage by lock-in amplifier with a

fixed phase relationship to the reference signal. Prior to the

measurements, films were poled in 40 kV/cm electric field at

150 �C for 1 h. The aME was calculated using equation,

aME ¼ dV
dH: t, where dV is the measured output voltage, dH is

applied AC magnetic field, and t is the thickness of the sam-

ple. The maximum aME of �515 mV/cm Oe was calculated

for B-2 as shown in Fig. 2(b). With further increase in the

thickness of BFO layer, aME reduced to �457 mV/cm Oe for

B-4, 400 mV/cm Oe for B-6, and to 318 mV/cm Oe for B-8

thin films. Significantly enhanced ME coupling in trilayer

films prominently originates from bonding between Fe and

Ti atoms at both interfaces via oxygen atom. Reduced oxy-

gen vacancies with increasing thickness of BFO layer results

in the decreasing value of ME coupling as oxygen rich inter-

face weakens the bonding between Fe and Ti atoms.31 The

observed value of ME coupling coefficient in our samples is

significantly larger than the reported value of 7 mV/cm Oe

for single phase bulk BiFeO3 sample and 124 mV/cm Oe for

0.9 BFO – 0.1 BTO ceramic composite thin films and bulk

samples.33–36 Such substantially high magnetoelectric cou-

pling coefficient values obtained at room temperature paves

the way to fabricate new type of electric-field controlled

magnetic random access memory (MERAM), magnetoelec-

tric sensors, voltage tunable RF/microwave signal processing

devices, and spintronic devices

In conclusion, the trilayer multiferroic thin films of

BaTiO3/BiFeO3/BaTiO3 were prepared exhibiting simultane-

ous existence of saturation polarization and high saturation

magnetization at room temperature. The influence of oxygen

vacancy migration and hopping of electrons between Fe2þ

and Fe3þ valence states on current conduction, magnetic as

well as dielectric properties has been analyzed. Magnetic

field induced large change in resistance and capacitance of

grain and grain boundary was modeled by magneto-

impedance spectroscopy. Room temperature existence of

magnetoelectric coupling (aME)� 515 mV/cm Oe in such

films can be applicable in spintronic and memory device

application for obtaining higher voltage at lower magnetic

field.
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work.
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