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Abstract

With the growing need for materials for multifunctional devices, we are studying the behaviour of a composite
consisting of titanate ferroelectric phase with strong dielectric properties and ferrites with magnetic properties.
Solid-state reaction method was used to prepare Ba1-xSmxTiO3 powders, while Ba1-xSrxFe12O19 powders were
synthesized by sol-gel auto combustion method. The selected titanate and M-type hexaferrite powders were
used for fabrication of (1-x)Ba0.98Sm0.02TiO3-xBa0.7Sr0.3Fe12O19 composites (x = 0.1, 0.2, 0.3, 0.4, and 0.5) by
their mixing, compaction and sintering at 1240 °C. Phase formation was investigated by XRD and multivalent
state of Fe (Fe2+ and Fe3+) was identified from XPS. Matching the unique properties of these materials with
each other will favour numerous application paths. The magnetic, magneto-dielectric and magnetoelectric
properties of perovskite/hexaferrite composites were investigated. Magnetoelectric coupling was found in all of
the composite samples by the magneto-dielectric investigation. The maximum magneto-dielectric response of
∼37.7% in terms of change in dielectric permittivity in presence of magnetic field was measured for the sample
with x = 0.4 at magnetic field of 1.2 T and frequency of 100 Hz.

Keywords: multiferroics, hexaferrite, magnetoelectric coupling, magneto-dielectric response

I. Introduction

Multiferroic materials are those in which both ferro-

electric and magnetic orders coexist and are coupled.

The mutual coupling between these orders is known as

∗Corresponding author: +91 9988191852

e-mail: anupinders@gmail.com

magnetoelectric (ME) coupling. This coupling allows

for the manipulation of magnetization using an elec-

tric field and the control of electric polarization with a

magnetic field [1]. The direct magnetoelectric effect, or

magnetoelectric response, refers to the generation of an

electric polarization when a magnetic field is applied.

Accordingly, the converse ME effect is observed when a
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magnetization arises after applying an electric field [2].

Ferroelectricity is typically associated with transition

metals having a configuration of d0 (e.g. Ti4+), while the

magnetic order is governed by transition metals with a

configuration of dn (e.g. Fe3+) [3]. At room temperature,

single phase materials do not combine significant and

persistent electric and magnetic polarizations. The dif-

ficulties of integrating electrical and magnetic ordering

in a single phase have been avoided by establishing two-

phase composite multiferroics. The magnetoelectric ef-

fect in such composites is caused by the combination of

the elastic components of the ferromagnetic and ferro-

electric constituents. An electric field generates strain in

the ferroelectric, which is then transferred to the ferro-

magnet, where it causes magnetization. If the coupling

at the interface is high, the magnetoelectric effect is high

[4]. Magnetic and electrical properties in two-phase ma-

terials are strain-coupled by arrangement in search of

substantial magnetoelectric effects [5]. Van Suchetelene

was the first to propose the ME effect in composite ma-

terials as a result of the idea of product property which is

missing in the constituent phases [6]. When a magnetic

field is applied to a composite of the piezoelectric per-

ovskite and spinel structure phase, the ferrites change

form due to the magnetostriction, and the strain is trans-

ferred on to the piezoelectric particles, resulting in elec-

tric polarization [7].

This paper describes a method for producing a sub-

stantial ME effect with a composite material com-

prising of two phases: a perovskite phase known as

Ba0.98Sm0.02TiO3 (BSTO) and a spinal M-type hex-

aferrite phase known as Ba0.7Sr0.3Fe12O19 (BSFO).

The technique involves applying strain on piezoelectric

grains, which causes electric polarization. The magneto-

electric effect achieved in this manner can be numerous

times greater than that obtained in the single-phase mag-

netoelectric material Cr2O3 [8]. To achieve better ME

effects in composites, it is necessary to have high mag-

netostriction, high piezoelectric coefficient, high dielec-

tric permeability, high poling strength, high molar per-

centage, no chemical reaction between the phases and

high resistivity to prevent accumulation leakage [9].

Barium titanate (BaTiO3) exhibits ferroelectric be-

haviour at and above room temperature (Tc ≈ 393 K),

making it a valuable and important material for technol-

ogy. At the Curie temperature (Tc ≈ 120 °C), BaTiO3-

based ferroelectrics switch from the paraelectric to the

ferroelectric phase. This transformation typically results

in a complex stress system in this ferroelectric mate-

rial, which generates internal stresses at room tempera-

ture that have a substantial impact on barium titanate’s

characteristics [10]. After doping, larger crystallites and

increased dielectric behaviour are observed. It was dis-

covered that the dielectric constant improved compared

to the undoped BaTiO3, but decreased with frequency

[11]. Hetero-valent substitutions like Sm3+ for Ba2+ or

Ti4+ can result in charge imbalances, leading to the for-

mation of vacancies on A or B sites or the creation of

holes which helps to maintain electrical charge neutral-

ity [12]. Doping with Sm3+ ions can lower the transi-

tion temperature to 323 K while the dielectric constant

value increases to 6400. Sm-doped BT is a very attrac-

tive material for many different kinds of applications, in-

cluding piezoelectric actuators, FeRAM and microwave

devices, particularly in the telecommunications indus-

try [13].

On the other hand, the ferrimagnetic M-type Ba-

hexaferrites have been employed in applications like

anti-electromagnetic interference coatings, microwave

absorbing paints, magnetic recording and gyromag-

netic devices, due to their high saturation magneti-

zation, cheap synthesis cost, high resistivity and tun-

able anisotropy field [14]. Many laboratories developed

these ferrites and investigated into whether dopants in-

fluenced the magnetic characteristics of these M-type

magnetic hexaferrites. Trukhanov et al. [15] investi-

gated the impact of gallium doping on the characteris-

tics of the ceramically manufactured barium hexaferrite,

BaFe12-xGaxO19 (x = 1.2). They demonstrated that these

Ga doped hexaferrites are capable of absorbing high-

frequency electromagnetic radiation and that the unit

cell monotonically diminishes with increasing content

of Ga. Similarly, Ba1-xSrxFe12O19 was selected for this

investigation because of its high magneto-crystalline

anisotropy and to a greater extent stable structure [16].

Strontium doped barium hexaferrite exhibit high mag-

netic properties with relatively high resistance and low

dielectric losses [17]. Due to its practical application

in permanent magnets and future applications in high

density magnetic recording media and microwave de-

vices, hexagonal M-type barium ferrite (BaFe12O19) and

its doped compounds have attracted a lot of attention.

Large crystalline anisotropy, high magnetization, strong

inherent coercivity, outstanding chemical stability, high

Curie temperature and low cost are all characteristics

of barium hexaferrites. Barium hexaferrite has been ex-

tensively explored as one of the most significant mi-

crowave absorption materials because of its outstanding

magnetic and microwave characteristics [18].

In the most single-phase multiferroic materi-

als, such as Bi0.9-xTbxLa0.1FeO3, PbMnxTi1-xO3

and Bi0.5Pb0.5Fe0.5Ce0.5O3, ME coupling is weak

due to the opposite requirements for d-orbitals of

transition metals. Namely, ferroelectricity arises

from empty d-orbital or partially filled d-orbital,

while ferromagnetism requires unpaired electrons

in d-orbital. This limits single phase multiferro-

ism [19–21]. However, strong ME coupling was

observed in Na0.5Bi0.5TiO3-BaFe12-2xCoxTixO19,

Ca-doped BaFe12O19-Na0.5Bi0.5TiO3, and xNiFe2O4-

(1-x)Ba0.8Sr0.2TiO3 composites, due to integration

of separate ferroelectric and ferromagnetic phase,

enabling strong interaction among different domains

yielding enhanced magnetoelectric coupling [22–24].

According to a survey of the literature, no investiga-

tions have been carried out on the synthesis and compre-

349



A. Kaur et al. / Processing and Application of Ceramics 18 [4] (2024) 348–356

hensive investigation of a multiferroic composite con-

sisting of Sm-doped BaTiO3 and Sr-doped M-type Ba-

hexaferrite. Thus, structure, dielectric, magnetic and

magneto-dielectric properties of (1-x)Ba0.98Sm0.02TiO3-

xBa0.7Sr0.3Fe12O19 (where x = 0.1, 0.2, 0.3, 0.4, and 0.5)

ceramics were investigated.

II. Experimental

2.1. Sample preparation

This paper is concerned with magnetic and mag-

netoelectric properties of a composite made of the

M-type hexagonal phase of Sr-doped barium hexafer-

rite and Sm-doped barium titanate ferroelectric phase.

High-purity raw materials, BaCO3 (99.90%), Sm2O3

(99.90%) and TiO2 (99.90%), were used to synthe-

size the series of samarium-doped barium titanate

(Ba1-xSmxTiO3, x = 0.02, 0.04, 0.06, 0.08 and 0.1) by

utilizing solid-state reaction approach. Stoichiometric

amounts of raw materials were carefully weighed and

mixed using an agate mortar and pestle in an acetone

medium to ensure homogeneity. Then the ground pow-

ders were calcined for 12 h at 1000 °C.

Raw materials of Ba(NO3)3 (99.90%), Sr(NO3)2

(99.90%), Fe(NO3)2 · 9 H2O (99.98%) and citric acid

(C6H8O7 ·H2O) were used to synthesize a series of

strontium-doped barium hexaferrites (Ba1-xSrxFe12O19,

x = 0.1, 0.2, 0.3, 0.4 and 0.5) by using sol-gel auto com-

bustion method. Stoichiometric amounts of raw mate-

rials were mixed the same as with Sr-doped barium ti-

tanate in agate mortar and acetone which was followed

with calcination at 1200 °C for 12 h.

To synthesize multiferroic composites, the best com-

positions from the two series were selected. Since the

dielectric permittivity of Ba0.98Sm0.02TiO3 (BSTO) is

high, it was selected as the ferroelectric (FE) compo-

nent. On the other hand, the high remanent magneti-

zation of Ba0.7Sr0.3Fe12O19 (BSFO) was the reason for

selecting it as the ferromagnetic (FM) component. The

calcined powders of the constituent phases were ground

and then mixed in acetone medium for 5 h according to

the formula (1-x)BSTO-xBSFO where x = 0.1, 0.2, 0.3,

0.4 and 0.5 (abbreviated as 90-10, 80-20, 70-30, 60-40

and 50-50, respectively). The binder, polyvinyl alcohol

(PVA), was mixed with the powder, followed by press-

ing the mixture into pellet form using a hydraulic press.

Sintering was carried out as the final stage at 1240 °C.

The primary focus of this work was to investigate

the magnetoelectric behaviour of the composite systems

with increasing Ba0.7Sr0.3Fe12O19 content. To the best

of our knowledge, there is no such extensive report on

the effect of temperature and frequency on the dielec-

tric characteristics of Sm-doped barium titanate and Sr-

doped barium hexaferrite multiferroic composites.

2.2. Characterization

X-ray diffraction (XRD) spectra of the BSTO-BFTO

composites were measured at 25 °C with a X’Pert

PRO, Panalytical diffractometer, The Netherlands, uti-

lizing CuKα radiation in 2θ range from 20° and 75°.

Field emission scanning electron microscope (FESEM)

and energy dispersive spectroscopy (EDAX) from Carl

Zeiss Supra 55, Germany were used for the surface stud-

ies and elemental analysis, respectively. Experimental

densities were measured by the Archimedes principle.

The presence of multivalent Fe ions as well as changes

in their relative concentrations were analysed by X-ray

photoelectron spectroscopy (XPS) on Omicron ESCA

electron spectrometer from Oxford instruments, Ger-

many. The magnetic hysteresis loops were obtained us-

ing vibrating sample magnetometer from Microsense,

USA and magnetoelectric effect was measured in terms

of the variation of the magnetoelectric coefficient as a

function of magnetic field.

III. Results and discussion

3.1. Structure characteristics

XRD patterns of the parent materials BSTO and

BSFO, as well as for the composite sample 50-50, are

shown in Fig. 1. One can easily see that the XRD pattern

of the sample 50-50 consists of peaks of both phases.

Figure 1. XRD patterns of composite sample 50-50 and the
parent materials BSTO and BSFO

X-ray diffractograms of the (1-x)BSTO-xBSFO (x =

0.1, 0.2, 0.3, 0.4 and 0.5) composites are shown in Fig.

2. The high-intensity sharp diffraction peaks result from

the highly crystalline nature of the prepared ceramic

composites. The primary crystallographic information

regarding prepared composite ceramics was retrieved by

comparing experimental data with reported Joint Com-

mittee on Powder Diffraction Standards (JCPDS) cards

representing particular crystallographic information for

specified space group of each crystal phase.

The single-phase tetragonal configuration of BSTO

[25], with space group P4/mm (JCPDS card No. 05-

0626), and the hexagonal structure of BSFO [26], with

space group P63/mmc (JCPD card No. 79-1411), are
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Figure 2. The XRD patterns for the composite samples
(a) 90-10, (b) 80-20, (c) 70-30, (d) 60-40 and (e) 50-50

supported by the well-matched diffraction lines. XRD

peaks of the BSTO phase dominate for x = 0.1, and this

dominance decreases with rise of x value. For x = 0.5,

reflection peaks of the BSFO counters the BSTO phase

competitively.

The absence of unexplained peaks indicates that there

were no chemical reactions between the hexaferrite and

ferroelectric phases during the final sintering. It was

discovered that as the amount of hexaferrite phase in-

creased, so did the intensity and number of its peaks,

whereas the ferroelectric phase’s peaks intensity re-

mained almost constant. The quantity of corresponding

phases present in the composites determines the inten-

sity and number of diffraction peaks.

3.2. Surface study and density

Surface morphology of the prepared ceramic com-

posites was investigated using a FESEM (Fig. 3). FE-

SEM images revealed the well-defined and uniformly

spaced grains. The average grain size of each sample

was calculated using ImageJ software. The microstruc-

ture of the sample 90-10 exhibits dominance of the

round-shape grain structure. However, with increase in

the value of x for the samples 80-20 to 50-50, a dis-

cernible shift to the hexagonal grains from the round

ones has been observed (Fig. 3).

The interplay between doping concentrations influ-

ences the microstructure of the samples. Moreover, the

decrease of average grain size and density with rise in

hexagonal phase content was observed as listed in Ta-

ble 1.

The data from the EDAX have confirmed the elemen-

tal occurrence for the necessary composition. Addition-

ally, mapping for each element available has been com-

pleted to verify the element’s uniform distribution. In

Fig. 4 only the sample mapping and EDAX for the 90-

10 composite are shown, with distinct colours denoting

distinct elements.

Table 1. Density and average grain size of BSTO-BFTO
composites

Sample Grain size [µm] Density [g cm−3]

90-10 3.76 5.76

80-20 3.68 5.62

70-30 3.65 5.41

60-40 3.25 4.98

50-50 3.22 4.96

Figure 3. FESEM images of BSTO-BFTO composites: a) 90-10, b) 80-20, c) 70-30, d) 60-40 and e) 50-50
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Figure 4. The mapping and EDAX for 90-10 composite

3.3. X-ray photoelectron spectroscopy

The presence of multivalent Fe ions as well as

changes in their relative concentrations in prepared ce-

ramic composites were analysed by X-ray photoelec-

tron spectroscopy (XPS). Figure 5 displays the Fe core

level spectra of the 90-10 and 50-50 composites. The

peaks at core level are rather wide and exhibit asym-

metry towards higher energy side, suggesting existence

of multiple peaks. With the assumption of the Gaussian

peak profile, peak deconvolution was performed using

XPSPEAK 4.1 software and de-convoluted data shown

in Fig. 5. In deconvoluted spectra, peaks correspond-

ing to ∼709.9 and 722.5 eV show presence of Fe3+

whereas ∼712 and ∼725 eV indicate the presence of

Fe2+ [27,28]. The peak marked with * indicates satel-

lite peak. It has been clearly visualized in graphs that

as x goes from 0.1 to 0.5, area of Fe3+ peak increases

from 0.79 for x = 0.1 to 1.27 for x = 0.5 whereas area of

Fe2+ peak decreases from 1.26 for x = 0.1 to 0.78 for x =

0.5 which results in the increase of magnetization. Thus,

the increased Fe3+/Fe2+ ratio with increase of x from 0.1

to 0.5 should have direct influence on improvement of

magnetic behaviour and increase of saturation magneti-

zation.

3.4. Magnetic properties

Figure 6 illustrates the magnetisation versus mag-

netic field (M-H loops) at ambient temperature for each

processed sample. In addition, the values of residual

magnetization, coercive field and saturation magnetiza-

tion are given in Table 2. It is evident that the saturation

magnetization increases progressively with the increase

of x from 0.1 to 0.5. This is brought on by the hexaferrite

phase’s rising concentration. Thus, for the sample 90-10

the maximum magnetization (Ms) is only 5.53 emu/g,

but for the 50-50 composite it is 39.98 emu/g.

Figure 5. Deconvoluted X-ray photoelectron spectra of (a) 90-10 and (b) 50-50 composites
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Figure 6. The magnetic strength versus field (M-H loops) at
ambient temperature

Table 2. Remnant magnetization (Mr), maximum
magnetization (Ms) and coercive field (Hc)

Sample Mr [emu/g] Ms [emu/g] Hc [kOe]

90-10 0.841 5.53 0.118

80-20 4.189 14.58 0.621

70-30 9.098 23.39 0.982

60-40 13.27 31.93 1.076

50-50 14.95 39.98 0.858

An M-type hexaferrite’s unit cell displays an ordered

set of structuring blocks called SRS*R*S*T, in which

the big Ba2+ cations reach a place in the oxygen lattice

while the Fe3+ cations are dispersed among five distinct

crystallographic sites, specifically the trigonal bipyra-

midal (2b), octahedral (12k, 2a and 4 f2) and tetrahedral

(4 f1) [29–31]. Fe3+ has five unpaired electrons with no

pairing in their 3d orbital spaces, and each one of them

has a 5 µB magnetic moment. This magnitude of mo-

ment is associated with the magnetic character of hex-

aferrite [29–32]. Therefore, with increase in hexaferrite

content, the magnetic character of the composite sam-

ples rises.

3.5. Magneto-dielectric coupling

Magneto-dielectric coupling integrity was assessed

for each sample using ε′ versus frequency measure-

ments at various magnetic fields (0, 0.4, 0.8 and 1.2 T),

as shown in Fig. 7. The samples with x ≥ 0.2 have

shown magneto-dielectric coupling because the value

of ε′ varies as the magnetic field changes only in these

samples. The plot shows that ε′ decreased noticeably

for x ≥ 0.2. Additionally, an adverse magneto-dielectric

response in the samples is indicated by this decrease in

ε′. Because of magnetostriction in the hexaferrite phase,

the application of a magnetic field causes the ferrite cell

to change shape. After that, the ferroelectric particles

experience the strain, which causes an electric polariza-

tion. Thus, the change in dielectric permittivity is caused

by the simultaneous creation of stress in the magnetic

and ferroelectric domains by an external magnetic field

[6,7]. One can compute the magneto-dielectric response

(MDR) in the following way:

MDR =
ε′

H
− ε′

0

ε′
0

× 100 (1)

where the dielectric permittivity with and without a

magnetic field are represented by ε′
H

and ε′
0
, respec-

tively.

Figure 8 presents the MDR values for each spec-

imen at frequency of 100 Hz and room temperature.

The response values indicate that the highest magneto-

Figure 7. ε′ vs. frequency at different magnetic fields for: a) 90-10, b) 80-20, c) 70-30, d) 60-40 and e) 50-50 composites
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Figure 8. MDR values for every specimen at frequency of
100 Hz and room temperature

dielectric effect can be obtained for the sample 60-40

(i.e. x = 0.4). Thus, the highest interaction of the BSTO

phases’ electric domains and the hexaferrite’s magnetic

domains is characteristic of the sample 60-40 and its

weakening is caused by further rise of hexaferrite phase

content.

3.6. Magnetoelectric coupling coefficient

The presence of magnetoelectric coupling in the (1-

x)Ba0.98Sm0.02TiO3-xBa0.7Sr0.3Fe12O19 ceramics was

analysed by measurement of α vs. frequency in the pres-

ence of AC magnetic field (Fig. 9). The change in volt-

age with application of AC magnetic field as frequency

increases is caused by the presence of magnetoelectric

coupling in the prepared ceramic samples.

The frequency voltage sweep was carried out to find

optimal frequency at which prepared ceramic sample

exhibits maximum change in voltage as frequency in-

creases with magnetic field of ∼20 Oe. ME coupling co-

efficient was calculated by the following formula:

α =
dE

dH
=

1

d

dV

dH
=

Vout

h0 · d
(2)

where Vout, H, h0 and d have their general meanings.

The required AC magnetic field was initiated with lock-

in-amplifier and common mode induction contribution

in differential mode used to calculate induced voltage.

It has been clearly observed from the Fig. 9a that in

frequency range from 170–220 Hz, prepared 90-10 ce-

ramic composite exhibits maximum change in α.

The ME coefficient α first increases from 0.13 to

0.15 mV/cm·Oe and then decreases in the sample 90-

10 (Fig. 9a). However, in the sample 50-50 it de-

creases continuously with increase in frequency (Fig.

9b). The exchange interaction due to antiferromagnetic

compounds results into ME coupling in multiferroics

[33–36], whereas local interaction between spin mo-

ments with disordered electric dipoles is responsible for

ME coupling in titanate based multiferroics.

For further interpretation of ramifications of applied

magnetic field on magnetoelectric coupling coefficient,

α vs. magnetic field for all samples at frequencies 180,

200 and 220 Hz, selected from frequency sweep, are

shown in Fig. 10.

It has been clearly depicted from graph that, in

both ceramic composites, α continuously increases

with increase in both magnetic field and frequency

but for x = 0.1, α exhibits maximum value of

0.13 mV/cm·Oe at frequency of 220 Hz as compared

with 0.0375 mV/cm·Oe at 220 Hz for the sample 50-50.

Therefore, it can be concluded that the sample with x

= 0.1 shows maximum value of α becoming important

candidate for various magnetoelectric applications.

IV. Conclusions

Solid-state reaction method was used to prepare

Ba1-xSmxTiO3 powders, while Ba1-xSrxFe12O19 pow-

ders were synthesized by sol-gel auto combustion route.

The selected titanate and M-type hexaferrite powders

were used for fabrication of (1-x)Ba0.98Sm0.02TiO3-

xBa0.7Sr0.3Fe12O19 composites (x = 0.1, 0.2, 0.3, 0.4,

and 0.5) by their mixing, compaction and sintering at

1240 °C. The hexaferrite and perovskite phases were

Figure 9. Magnetoelectric coefficient (α) vs. frequency (at AC magnetic field of ∼20 Oe) for: a) 90-10 and b) 50-50 ceramics
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Figure 10. Magnetoelectric coefficient (α) vs. magnetic field for: a) 90-10 and (b) 50-50 ceramics

confirmed by XRD results. The maximum magneti-

zation rises (from 5.53 to 39.98 emu/g) with an in-

crease in content of hexaferrite phase, which is corre-

lated with the Fe3+ content (determined by XPS anal-

yses). The samples with x ≥ 0.2 showed magneto-

dielectric coupling and the highest MDR value of

37.68% was measured for the sample with x = 0.4 (at

magnetic field of 1.2 T and frequency of 100 Hz). In

addition, maximum change of magnetoelectric coeffi-

cient α (of 0.13 mV/cm·Oe at frequency of 220 Hz) was

observed for the composite sample 0.9BSTO-0.1BSFO

with x = 0.1.
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