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Objectives 
 Synthesis of (Ba,Sr)3Co2Fe24O41 nanoparticles by solid state and sol-gel method 

followed by ball-milling for particle size reduction. 
 Synthesis of Rare earth doped (Ba,Sr)3Co2Fe24O41 by solid state and sol-gel method 

followed by ball-milling for particle size reduction. 
 To investigate the effect of substitution and particle size on structural parameters of 

pristine and doped (Ba,Sr)3Co2Fe24O41 by X-ray diffraction method, SEM, TEM and 
Rietveld refinement.  

 To study the electrical, magnetic, dielectric properties of pristine and doped 
(Ba,Sr)3Co2Fe24O41 . 

 To investigate the effect of particle size on magnetoelectric coupling of pristine and 
doped (Ba,Sr)3Co2Fe24O41 by employing different techniques. 

 To fabricate thick films of optimized doped (Ba,Sr)3Co2Fe24O41 by using spin coating 
technique. 

Summary of objectives achieved 
 Synthesized (Ba,Sr)3Co2Fe24O41 and La substituted nanoparticles by solid state and 

sol-gel method 
 Investigated the effect of particle size on the different physical properties of  Z-

Hexaferrite 
Summary/achievement of the work project 
The project was sanctioned vide letter F.No. 43-402/2014 (SR) dated 04/09/2015 & the grants 
for the purpose were received by M. D. University Rohtak in the mid of Nov. 2015 & Nov 
2017. Upon receiving the grants various initiatives required for setting up of research facilities 
were undertaken and the following purchases have been made as per details below: 
 
Equipment Grant: (Total 5.0 lakh) 
S. No. Name of the Equipment Cost in Rs. Status 
1.  Magnetoelectric measurement unit 4,75,166/- Supply received 

payment made 
 Total 4,75,166/-  
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S. No. Budget Head Amount Received 
(Rs.) 

Expenditure 
(Rs.) 

1.  Chemical & Glassware 2,70,000/- 1,31,122/- 
2.  Contingency 1,80,000/- 27,608/- 
3.  Overhead 55,000/- 55,000/- 
4.  Hiring  25000/- nil 
5.  Travel/Field work 25000/- nil 

 
As a consequence of the ongoing research activities, one research paper has been published 
(re-prints attached), one research is submitted (submitted; copy attached) and one 
research paper is in process (Draft attached). Further, four papers in the conferences were 
presented (Details are given at Annexure-I). The outcome of the project will be a part of thesis 
of two research scholars under supervision of one of the collaborators. The following is the 
work and summary of results obtained so far: 
Synthesis techniques with different synthesis conditions  
1. Synthesized Ba3Co2Fe24O41 (BCFO) and Sr3Co2Fe24O41 (SCFO) via solid state 
method by taking carbonates of Ba/Sr & Co respectively and oxide of iron. The final sintering 
temperature was varied to optimize the temperature and phase purity of Z-hexaferrites. (Fig. 
1). No clear indication of formation of pure Z-Hexaferrite was observed by analyzing XRD 
patterns (fig.1) instead a mixed phase seems to have produced.  
 
 
 
 
 
 

 
 

2. Synthesized Ba3Co2Fe24O41 (BCFO) and Sr3Co2Fe24O41 (SCFO) via sol gel method by 
taking carbonates of barium/strontium, nitrate of cobalt and ferric citrate respectively (H. 
Zhang et. al. British ceramic Trans. Vol 102, No.1 (2003)). The figure 2 shows XRD pattern 
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Fig. 1. X-ray diffraction pattern of BCFO; 
Synthesized by taking carbonates of Ba & Co 
and oxide of Fe.  
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Fig. 2. X-ray diffraction pattern of BCFO; 
Synthesized by taking carbonates of Ba, 
nitrate of Co and ferric citrate.  
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of BCFO at various sintering temperatures. On further analysis of these pattern using Reitveld 
analysis and peak fitting (peak fitting results not included), it was concluded that multiple 
phases were still present in the samples under study and Y- Hexaferrite phase seems more 
prominent for BCFO. The same was confirmed during refinement of X-ray diffraction data of 
BCFO whereas refinement of SCFO was done by taking Z-phase during Reitveld refinement. 
Figure 3 shows a comparative XRD pattern of BCFO samples synthesized at 1250°C and 
1270°C respectively and it appears that Z-phase enhanced for the samples sintered at higher 
temperature i.e.1270°C. Reitveld refinement of both BCFO 1200°C and 1270°C sample is 
shown in fig. 4. Figure 5 (a) & 5(b) shows the XRD pattern of SCFO 1250°C 12 hrs and its 
refinement respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. (a) Comparative XRD pattern of BCFO; (b) Enlarged view of the same.  
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Fig. 4. Reitveld refinement of BCFO at (a) 1200°C and (b) 1270°C   
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3. Synthesized Ba3Co2Fe24O41 (BCFO) and Sr3Co2Fe24O41 (SCFO) via sol gel method by 
taking nitrates of barium/strontium, cobalt and Iron respectively (Sucheta Sharma et. al. 
Ceramic Int. Vol. 41, Issue 5 7109-7114 (2015)). Further, the detailed analysis of data obtained 
from BCFO & SCFO and their ball-milled samples prepared using above method is in process 
and finding will be submitted for publication (Draft enclosed for reference). 
 
 
 
 
 
 
 
 
4. Synthesized Ba3Co2Fe24O41 (BCFO) and Sr3Co2Fe24O41 (SCFO) via solid state method by 
taking oxides and carbonates of Co & Fe and Ba/Sr respectively (Y. Kitagawa et. al. Nature 
mat. ,Vol 9 797-801 (2010)). Figure 8 shows XRD pattern of SCFO calcined at 1000°C for 16 
hours and sintered at 1200°C for 16hrs and of BCFO sintered at different temperatures for 
16hrs. Again, it seems form fig.8 that mainly Z-hexaferrite phase formed but occurrence of 
other phases cannot be ruled out totally The TGA-DSC measurements were performed by 
taking calcined powders were shown in fig. 9.  
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Fig. 6.TGA-DSC plots of (a) SCFO and (b) BCFO  
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Further, it is well known that SCFO is synthesized at lower temperature than BCFO. Therefore, 
detailed investigations were undertaken to analyze the effect of sintering temperature on SCFO 
along with La-substituted SCFO (Solid State route).  
 
 
 
 
 
 
 
 
Note: In order to strengthen the optimization of synthesis processes of Z-hexaferrites, studies 
on Y-hexaferrites as well as M-hexaferrites were also undertaken (figure not included). 
 
 
 
 
 
 
 
 
5.  The La-substituted Sr3Co2Fe24O41 Z-type Hexaferrites were synthesized using solid state 
reaction method with starting material Fe2O3, SrCo3, La2O3 and Co3O4 in stoichiometric ratio. 
All the starting powders were mixed and calcinations at 1000°C for 16 hrs followed by mixing 
and sintering at 1200°C (Batch-I), 1250°C (Batch-II), 1210°C ((Batch-III) and 1230°C (Batch-
IV) for 16hrs cooling rate 60°C/hr up to 900°C followed by natural cooling. 
 

Fig. 8. XRD pattern of BCFO and SCFO synthesized by solid state method by 
taking carbonates and oxide of Ba/Sr,  Fe and Co respectively. 
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Fig. 9.TGA-DSC plots of (a) SCFO and (b) BCFO powder calcined at 1000°C 
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Fig. 10 X-ray diffraction pattern of Sr3-xLaxCo2Fe24O41 for x = 0, 0.6, 1.5 and 3 
respectively of Batch-I; Right hand side shows an enlarged portion of  same XRD 

20 30 40 50 60 70

Sr3-xLaxCo2Fe24O41

 
 

I (C
PS

)

2 (Degrees)

 SCFO
 SLCFO 20%Sintered at 1250oC Fig. 11 X-ray diffraction pattern of 

Sr3-xLaxCo2Fe24O41 for x = 0, and 
0.6 sintered at 1250°C for Batch-II 
respectively.  

10 20 30 40 50 60 70

Sr3-xLaxCo2Fe24O41

 

 

I(C
PS

)

2(Degrees)

 SCFO
 SLCFO05%
 SLCFO10%
 SCFO15%1210oC sintered

30 32 34 36 38 40

 
 

SCFO

SLCFO15%

Fig. 12 X-ray diffraction pattern of Sr3-xLaxCo2Fe24O41 for x = 0, 0.15, 0.3 and 
0.45 sintered at 1210°C for Batch-III respectively; Right hand side shows an 
enlarged portion  of  XRD pattern; Arrow indicates some structural change 
associated with La substitution.  
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The following were the observations and discussions based on synthesis of La-
substituted SCFO: 

 Batch-I: As shown in fig. 10, major structural changes occurs for substitution of La 
>20% at Sr-site. Therefore, substitution below 20% seems better to understand the 
effect of La on SCFO.  

  Batch-II: The sintering temperature was raised to 1250°C to improve crystallinity 
which results in melt like texture of SCFO. Therefore, it was concluded that temperature 
below 1250°C will be suitable for SCFO. Figure 11 shows XRD pattern of SCFO and 
La-substituted SCFO. 

  Batch-III: The sintering temperature was lowered to 1250°C  and as shown in fig. 12, 
some structural changes seem to occur with La substitution at about 15% in the pristine 
sample of SCFO sintered. Further, it is clear from these patterns that the value of 
solubility of La in SCFO without significant change is below 20%. 

  Batch-IV: Samples sintered at 1230°C, it is observed that though no major change 
seems to occur in the samples. Further, on comparing it with Batch-III, no major change 
was observed, fig. 13. 

 The field induced room temperature strong ME coupling as observed in Z-type 
Hexaferrites can be utilized for technical application, therefore, it is quite necessary to 
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Fig. 13 X-ray diffraction pattern of Sr3-xLaxCo2Fe24O41 for x = 0, 0.15, 0.3 and 0.45 
sintered at 1210°C  for Batch-IV respectively; Right hand side shows a comparison 
between SCFO sintered at 1210°C & 1230°C respectively.  
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understand the nature of the compound when the particle size is reduced. Further, from physics 
point of view, it is of great interest to understand the basic principles behind magnetoelectric 
coupling by substitution at Ca/Sr-site in (Ba,Sr)3Co2Fe24O41.  

Annexure – I 
Journal/Articles: 
1. Sushma Lather, Anjli Gupta ,Jasvir Dalal, Vivek Verma, Rahul Tripathi and Anil 
 Ohlan, “Effect of mechanical milling on Structural, Dielectric and Magnetic properties 
 of BaTiO3– Ni0.5Co0.5Fe2O4 multiferroic nanocomposites” Ceramics International, 43, 
 3246–3251(2017). 
2.  Sushma Lather, Jasvir Dalal, Anjli Gupta, Sukhbir Singh, D. P. Singh, Sajjan, Rahul 
 Tripathi  and Anil Ohlan “Effect of mechanical milling on the structural, Dielectric 
 and Magnetic properties of PbTiO3 –Ni0.5Co0.5Fe2O4 multiferroic nanocomposites” 
 submitted in Ceramic international 
3.  Effect of particle/grain size on magnetic, dielectric and magnetoelectric properties 
 of  Z- type (Ba, Sr)3Co2Fe24O41 Hexaferrite (in process) 
 
Papers in Conferences/Seminar/Symposium 
 
1. Effect of mechanical milling on dielectric, ferroelectric and magnetic properties of Z-
 type hexaferrite Ba3Co2Fe24O41  Sushma Lather, Anjli Gupta, Jasvir Dalal, Rahul Tripathi and Anil Ohlan 
  
 Presented by Sushma Lather at First international conference on Novel Approaches in 
 Science Engineering & Technology (NASET 2017) organized by Madhav University, 
 Pindwara, Sirohi (Rajasthan) from 24-25 Feb 2017. 
2. Dielectric, Ferroelectric and Magnetic properties of Z–Type hexaferrite 
 Sr3Co2Fe24O41 with effect of mechanical milling 
 Sushma Lather, Anjli Gupta, Jasvir Dalal, Rahul Tripathi, Sajjan Dahiya, A.S.Maan 
 and Anil Ohlan 
  
 Presented by Sushma Lather at International Conference on Advances in Analytical 
 Science (ICAAS-2018) organized by CSIR-IIP, Dehradun from 15-17 March 2018 
3.  X-ray diffraction study of La substituted strontium (Sr) based Z-Hexaferrite 
 Sukhbir Singh, Sajjan, Anil Ohlan, Rahul Tripathi and A.S. Maan  
 Presented by Sukhbir Singh at International Conference on Advances in Analytical 
 Science (ICAAS-2018) organized by CSIR-IIP, Dehradun from 15-17 March 2018 
4. Z-type Co-Hexaferrites: an analysis of synthesis parameter    Rahul Tripathi, Sukhbir Singh, Sushma Lather, Jasvir Dalal and Anil Ohlan 
  
 Presented by Rahul Tripathi at National Seminar on Recent Trends in Science & 
 Technology: A Computational Approech (RTSTCA 2018) organised by Ch. Bansi 
 Lal University, Bhiwani on 22 March 2018.  
PhD students:  Yes; Outcome of the project will be a part of thesis of two PhD students of a collaborator. 
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Effect of mechanical milling on structural, dielectric and magnetic
properties of BaTiO3–Ni0.5Co0.5Fe2O4 multiferroic nanocomposites

Sushma Lathera, Anjli Guptaa, Jasvir Dalala, Vivek Vermab, Rahul Tripathic,⁎, Anil Ohlana

a Department of Physics, Maharshi Dayanand University, Rohtak 124001, India
b Department of Physics, Hindu College, University of Delhi, Delhi 110007, India
c University Institute of Engineering & Technology, Maharshi Dayanand University, Rohtak 124001, India

A R T I C L E I N F O

Keywords:
Nanocomposites
Multiferroics
Dielectric properties
Magnetic properties
Ball-milling

A B S T R A C T

The coexistence of ferroelectricity and ferromagnetism has triggered great interest in multiferroic materials.
Multiferroic with strong room temperature magnetoelectric (ME) coupling can provide a platform for future
technologies. In this paper, we have investigated the effect of mechanical milling on the properties of
multiferroic nanocomposites synthesized by mixing barium titanate (BaTiO3) (BT) and nickel cobalt ferrite
(Ni0.5Co0.5Fe2O4) (NCF). This process has resulted into reliable disposal of a given quantity of NCF
nanoparticles in BT grid and composite samples of different particle sizes ( < 500 nm) have been obtained by
varying the duration of ball-milling for 12, 24, and 48 h. The presence of NCF within BT powder has been
confirmed by X-ray Diffraction (XRD) and magnetization measurements (MH). Structural analysis was
performed by using Reitveld refinement method that shows that the tetragonality of BaTiO3 structure get
reduced in submicron range. Variations in ferroelectric and dielectric properties with reduction in particle size/
milling duration have been studied by P-E loop tracer and Impedance analyzer. The dielectric constant value of
400 has been observed for BT-NCF0 that increases to 9.7 K for composite sample ball mill at 48 h whereas
remnant polarization increases to 4.2 μC/cm2. These composites with high dielectric constant that changes with
temperature and particles size find application in energy storage devices, sensor and memory devices.

1. Introduction

Magnetism and electricity together forms the basis of world's most
advanced technologies. Materials possessing these properties have
been studied extensively so as to tailor these properties for application
purposes. Over last few years, efforts have been put together to discuss
a group of materials known as multiferroics which is generally defined
as a material possessing two or more ferroic orders (like ferromagnet-
ism, ferroelectricity, ferroelasticity). The coexistence of these ferroic
orders in a single compound with strong coupling between them has
huge potential for practical application especially in the field of
memory devices [1–4]. Among multiferroics, material with strong
coupling of ferromagnetic and ferroelectric property is of great interest
as it can provide control of magnetism through electric field and vice-
versa. Generally, it has been observed that these two order parameters
are mutually exclusive and strong magnetoelectric (ME) coupling
between these order parameters together in a single compound is
difficult to obtain [5–9]. Moreover, for practical purpose, room
temperature strong ME coupling is required. Therefore, composites/
laminate which consists of ferroelectric and ferromagnetic phases/

layers serves as a better option to obtain strong ME coupling at room
temperature [10–13]. Reasonably high values of ME coefficient were
observed [14] for such composites/laminate structures. These engi-
neered multiferroic material/structure can provide an edge over single
phase material as they are easy to synthesis and strong coupling could
be achieved at room temperature. Among these multiferroic materials,
a composite consists of BaTiO3 and PbTiO3 as ferroelectric phase and
CoFe2O4 as ferromagnetic phase were extensively studied [15–17].
Recently, it has been found that the coercivity of cobalt ferrite increase
by substitution of metal ions for Co and Fe in cobalt ferrite. Pulišová et.
al.[18] has compared the properties of CoFe2O4, Ni0.5Co0.5Fe2O4 and
NiFe2O4 whereas Saffari et al. [19] has investigated the effect of Fe
substitution with Cr in Co0.5Ni0.5CrxFe2−xO4 nanoparticles. They have
reported the increase in coercivity and decrease in saturation magne-
tization with the substitution. The reduction in coercivity results from
the decrease in anisotropy that will be necessary for strong magneto-
static interactions [20,21]. For applications, it is always advantageous
to use lead free compound, therefore, BaTiO3 composites drew special
attention. ME coefficient (αME) as high as 135 mV/cm Oe was obtained
for BaTiO3-CoFe2O4 laminates structure [22] and 8130 μV/cm Oe for
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BaTiO3-CoFe2O4 core-shell structure [23].
Walther et al. [11] {(1-x)BaTiO3- x CoFe2O4} with x=0.1, 0.2, 0.3,

0.4, 0.5 has achieved the optimization for 60:40 whereas Zhang et al.
[24] have studied the effect of concentration for similar composite {(1-
x)BaTiO3- x Ni0.5Zn0.5Fe2O4} by taking x=0.2, 0.5 and 0.8 and
achieved optimized results for x=0.8. Many other research groups have
also studied the effect of change in ratio of ferroelectric to ferromag-
netic concentration. Motivated by these studies and availability of very
few reports, we have synthesized BaTiO3 (BT)-Ni0.5Co0.5Fe2O4 (NCF)
composite in 80:20 and discussed the effect of mechanical milling
(particle/grain size) on its properties. These composites consist of
ferroelectric BT phase and ferromagnetic NCF phase. In such compo-
sites ferroelectric phase interact via strain to ferromagnetic phase and
therefore behaves like multiferroics. BT being a good piezoelectric
material and NCF exhibits magnetostriction. Since these strain fields
propagates through phase boundaries, hence, it is very important to
analyze the effect of grain boundaries in such composites. It is well
known that the piezoelectric and ferroelectric properties of BaTiO3

attain highest values at ~1 µm grain size [25], so it is interesting to
discuss BT composites in submicron range. Therefore, present works
systematically discuss the effect of grain size on the structural, di-
electric, ferroelectric and magnetic properties of BaTiO3-
Ni0.5Co0.5Fe2O4 nanocomposites. The variation in particle/grain size
of composites was achieved by ball-milling.

2. Experimental

BaTiO3 was synthesized by using conventional solid state reaction
method from fine powder of BaCO3 (99.9%) and TiO2 (99.9%). These
powders were mixed in appropriate ratio and ball milled for 3 h. The
mixed powder was calcined at 1100 °C for 1.5 h. Ni0.5Co0.5Fe2O4 was
synthesized by using precursor method from Ni(NO3)2·6H2O,
Co(NO3)2·6H2O and Fe(NO3)3·9H2O. The stoichiometric ratio of these
nitrates was dissolved in double distilled water. Citric acid was added to
the solution under constant stirring. In order to maintain the pH of the
solution at 8.0, ammonium hydroxide was added drop wise. The
solution was evaporated and dried by placing it on a magnetic stirrer
(90 °C) under continuous stirring to form a viscous gel. Subsequently,
the gel so formed was dried at 100 °C until it ignited in air. With
nitrates as oxidant and citric acid as reductant, the gel was burnt to
form dendrite structure which was then grounded in a pestle mortar.
The precursor consisting of oxides and carbonates were calcined at
1000 °C for 2 h resulting to form nickel cobalt ferrite (Ni0.5Co0.5Fe2O4).

In order to reduce the size of both BT and NCF, the as synthesized
materials were ball milled separately for different duration i.e. 12, 24
and 48 h in planetary ball mill and nanocomposites
BaTiO3-Ni0.5Co0.5Fe2O4 [BT-NCF] were prepared by mixing powdered
BT and NCF in 80:20 wt ratio. Depending upon the duration of ball
milling, the composites were named as BT-NCF1, BT-NCF2 and BT-
NCF3 corresponding to 12, 24 & 48 h milling time. The complete
synthesis process was illustrated in Fig. 1. The pellets were formed with
pressure of 10 ton using hydraulic press. Polyvinyl alcohol (PVA) was
used as a binder. In order maintain the particle size, final sintering of
all pellets was done at 900 °C for 2 h to form the fully dense
nanocomposites ceramics. The phase structure of the BT-NCF compo-
site samples was investigated by X-ray diffractometer (XRD) with CuKα

radiation (Rigaku Miniflex, 600). Grain structure and morphology was
studied by using scanning electron microscope (SEM) (su8010,
Hitachi). The room temperature dielectric/loss spectra of the BT-
NCF composite ceramics were recorded using the multifunctional
impedance analyzer (Wayen-Kerr 6500B) from 100 Hz to 10 MHz.
Ferroelectric measurements were performed by using P-E loop tracer
(Marine India ltd). Magnetic measurements were performed on
quantum core MPMS.

3. Result and discussion

As shown in Fig. 2 all the samples of BaTiO3 crystallizes in
tetragonal structure (P4mm). Further, it is observed that the intensity
of XRD peaks decreases and broadening of peak occurs for the samples
with higher milling period. This clearly suggests that the particle size
reduces with ball-milling (Fig. 2). Similar observations were made for
Ni0.5Co0.5Fe2O4 (spinel cubic structure) (JCPS Card 74–2081).
Although some peaks around 2θ =29 ° (marked as ‘*’) was observed
for as-synthesized BT but they does not corresponds to BaCO3. This
observed peak (2θ =29°) in the XRD pattern for as synthesized BT
sample can be attributed to the presence of TinO2 n-1 phases [26].
Interestingly, with mechanical milling (i.e. 12, 24 & 48 h), the peaks
around 2θ =29° reduces and that of BaCO3 appears (marked as ‘#’).
The intensity of BaCO3 peak seems increasing with the milling hours; it
is highest for 48 h BT (BaTiO3) sample whereas it is nearly absent for
BT sample. Moreover, only the milling time is different for samples
under present study, therefore, this difference in XRD pattern may
arise from ball-milling and the possible explanation for occurrence of
BaCO3 peaks can be linked with the use of tungsten carbide balls or
with methanol used during milling process [27]. Since the process of
ball-milling involves mechanical crushing of the powder therefore, in
such process carbon may have reacted to form BaCO3 phase [27]. The
presence of BaCO3 was further confirmed by Rietveld refinement
(Fullprof) of the X-ray diffraction pattern.

Fig. 3 shows the fitted XRD pattern of BT 48 h sample, here,
refinement was performed by taking two phases (i.e. BaTiO3 & BaCO3)
and better fitting was observed by taking two phase model (χ2=3.83).
Arlt et.al. [28] had mentioned that with decrease in the grain size the
tetragonality of the samples decreases as (c/a-1) < 1% and attain a
pseudo-cubic structure with c/a~1. Decrease in tetragonality of BaTiO3

represents poor ferroelectric behavior. The lattice parameters corre-
sponding to as synthesized BT and BT 48 h are listed in Table 1. At
most care has been taken during refinement so as to keep minimum
thermal factors [29] so that the variation of lattice parameters can be
analyzed. The c/a ratio seems to be unity for all BT samples. The
reduction in tetragonality of the structure was further confirmed by
analyzing the splitting of peaks (200) and (002) and it was found that
instead of clear splitted peaks corresponding to tetragonal structure a
kind of overlapping was observed for all samples. From above discus-
sion it is clear that with reduction in particle size (Ball-milling) of
BaTiO3, tertragonal structure of BT destabilized and results in some
sort of pseudo-cubic structure. Further, there are several reports [30–
33] on the structural studies of BT nano-particles. Ram et. al. [33] has
mentioned that nanoparticles of BT can have orthorhombic structure
and on the other hand, Yashima et. al. [31] observed hexagonal &
tetragonal mixed phase for BT nanoparticles. In present case, all the
samples were refined using P4mm space group of tetragonal structure.

Fig. 4 shows the XRD pattern of BT-NCF samples. The percentage
of ferrite phase is low, therefore, high intensity XRD peaks corresponds
to BT phase [34]. Composites contains no peak/(s) corresponding to
inter-diffusion of two phases at grain boundaries as reported by Ghosh
et. al. [34] and thus all the properties of given composites can be
analyzed and explained by taking two pure phases i.e. BT and NCF.

Fig. 5 shows the scanning electron micrographs of BT-NCF
composites. It is clearly seen from these SEM images that the average
grain size of all the samples under present study is less than 500 nm.
This implies that all the BT-NCF composites are in sub-micron range.
The particles become more round in shape for BT-NCF 48 h. On
comparing the SEM images of BT-NCF with that of 48 h ball-milled
sample, it was observed that the average grain size reduces for longer
milling period. Since the particle size of all the samples is in nano-
range, therefore, surface morphology as perceived from SEM images
does not indicate high sample density. However, from density mea-
surements of these samples, it is confirmed that the density of all the
samples are of same order.
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The variation of dielectric constant and dielectric loss with tem-
perature of composite samples is shown in Fig. 6. Composite sample of
24 h possess a diffused but recognized transition temperature (para-
electric-ferroelectric phase transition) at 129 °C while more flattened
and broad transition were observed for other composite samples
(Fig. 6a). Similar observations were reported by Ghosh et. al. [34] for
nanocrystalline BaTiO3 composites. The reason of such flattened peaks
can be associated with submicron size of the composite material. Since
the transition is broad, therefore in the present case the effect of grain
size reduction on the transition temperature cannot be examined with
certainty. However, very recently, Wang et.al. [32] has mentioned that
good dielectric behavior can be observed even with 8 nm particle
prepared by two step method.

Further, the dielectric constant increases towards high temperature
range for all composites samples. Fig. 6b shows the variation of
dielectric losses with temperature and it is observed from these curves
that the dielectric loss decreases as temperature increases, attain a
certain lowest value and then again increases with temperature.

Overall, relatively low dielectric losses were observed for the BT-NCF
samples. The low dielectric loss is due to high resistive BT and NCF
phases [35]. However, Verma et. al. [9] reported the Pr doped multi-
ferroics bismuth ferrites having high dielectric loss and Zhang et al.
[24] stated that (1-x) BaTiO3- xNi0.5Zn0.5Fe2O4composite samples
with higher concentration of ferromagnetic part are lossy in nature,
The variation of dielectric constant with frequency for BT-NCF
composites samples is shown in Fig. 7 and it is observed that the
dielectric constants of composites decrease with the frequency.
Moreover, the dielectric constant decreases sharply at low frequencies
for BT-NCF2 & BT-NCF3 samples and attains a constant value at
higher frequencies. As we know that in the presence of alternating field,

Fig. 1. Schematic illustration for the synthesis of BaTiO3-Ni0.5Co0.5Fe2O4.

Fig. 2. X-ray diffraction pattern of BaTiO3 and Ball-milled BaTiO3 (12, 24 & 48 h)
whereas inset shows the enlarged view of the peaks at 2θ =22ᵒ and 32ᵒ.

Fig. 3. Rietveld refined X-ray diffraction pattern of BaTiO3 (48 h); # indicates the BaCO3

phase.

Table 1
Lattice parameters of BaTiO3 samples.

BaTiO3 a (Å) b (Å) c (Å) c/a

Pristine 4.007 4.007 4.0232 1.004
48 h 3.999 3.999 4.0253 1.006
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the direction of polarization changes and dipoles try to align with the
applied field. Therefore, some time is required for rotation of dipoles or
movement of charges known as relaxation time (ς). If the frequency of
the applied field is greater than the 1/ς, the direction of polarization is
not able to remain align with the field and thus discontinued to
contribute towards the total polarization. Similarly, for ionic and
electronic polarization, with the increase in frequencies, the movement
of charge cannot sustain with the alternating field and discontinued to
contribute towards the total polarization. Thus, with the increase in
frequency, the net polarization falls and hence its dielectric constant
decreases. Interestingly, the low frequency dielectric constant increases

with reduction in size and this frequency behavior of BT-NCF samples
can be attributed to Maxwell-Wagner type interfacial space polarization
[35,36]. The sample with increased ball-milling period possesses
smaller grain size, therefore, number of grain boundaries increases
for 24 h & 48 h milled sample and thus enhances the space charge
polarization. In case of identical dielectrics, the charge density is zero
but various studies have shown that charge is trapped at the physical
interface of two identical materials due to different degree macro,
micro and nano imperfections, a discontinuity in the dissemination of
trapping sites has been created. While in composite materials (hetero-
geneous), finite charge density exists at the interface. The discontinuity
in conductivity/permittivity forms space charge at the interface which
is considerably different from space charge accumulation due to charge
transport [37,38]. As the grain size decrease more and more interface
boundaries build-up that contributes to the increase space charge
density and hence the dielectric constant of the composite material
[39]. At low frequency, dielectric constant of BT-NCF0 composite
sample is 400 which is smaller as compared to Zhang et al.[24] whereas
for BT-NCF2 and BT-NCF3 it increases to 8.8 k and 9.7 k respectively.
However, at higher frequencies dielectric constant is constant for all
the samples.

Fig. 8 shows polarization versus electric field (p-E) loops of all
composite i.e. BT-NCF0, BT-NCF1, BT-NCF2, BT-NCF3 & pure
BaTiO3 (for comparison). Unlike the sigmoid shape of P-E loops as
reported by Tan et. al. [39], in present case unsaturated P-E loops was
observed. Mao et. al. [40] in their study on BaTiO3-PVDF composites
had observed enhanced ferroelectric properties with increasing size of
BaTiO3 particle. With ferrite composition, small increase in saturation
polarization (Ps) and remnant polarization (Pr) has been observed as
compared to BaTiO3. The maximum Pr value of 5.7 μC/cm2 and Ps
value of 8.4 μC/cm2 has been recorded for BT-NCF1 sample. However,

Fig. 4. X-ray diffraction pattern of BaTiO3, Ni0.5Co0.5Fe2O4 and BT-NCF composites
ball-milled for 0 h, 12 h, 24 h and 48 h.

Fig. 5. (a) SEM image of as synthesized (a) BT-NCF0, (b) BT-NCF1, (c) BT-NCF2, and (d) BT-NCF3composites ball-milled for 0 h, 12 h, 24 h and 48 h. Whereas, the inset shows the
SEM images of the respective samples at higher resolution.
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lossy or non-ferroelectric behavior was recorded for BT-NCF2 and BT-
NCF3 [41]. The P-E loops corresponding to pure BaTiO3 and BT-NCF0
nearly overlap, therefore, presence of ferrite phase does not seems
responsible for the variation of ferroelectric behavior of composite

samples. Further, it should also be noted that the percentage of NCF is
low compared with that of BT phase. This infers that modifications in
the ferroelectric behavior of the composite sample are due to reduction
in the particle size of the composites [42] and the same can be
correlated with decrease in the tetragonality of the samples (c/a→1)
with increasing Ball-milling (as discussed during XRD analysis) [43].
As discussed in previous section, SEM images confirmed that the
particle size of all the composites samples lies within submicron range,
consequently, porosity/density of the samples can play their role in the
observed dielectric and ferroelectric behavior of the material. But, all
the samples under present study seems to have similar surface
porosity/density, therefore, it does not appear to be the reason for
the observed variation in dielectric and ferroelectric of the samples.

Magnetization measurements of BT-NCF composites (m-H) are
shown in Fig. 9. Even though the present composition contains small
amount of ferrite phase, yet excellent values of saturation magnetiza-
tion and coercivity were recorded. In ferrite, usually it is observed that
with decrease in the particle size there is an obvious [44,45] decrease in
saturation magnetization (Ms). Similar observations were made on BT-
NCF samples except for BT-NCF3 sample where saturation magnetiza-
tion increases as compared with that of other BT-NCF composites. Ms

as high as 10.8, 9.7, 6.5 and 12.9 emu/g were observed for BT-NCF0,
BT-NCF1, BT-NCF2 and BT-NCF3 respectively. The inset of Fig. 9 is
showing an enlarged portion of M-H curves, BT-NCF3 sample shows
maximum coercivity (Hc) as compared with others; Hc is 340, 412, 400

Fig. 6. Variation of (a) dielectric constant and (b) dielectric loss with temperature of BT-
NCF composite samples (frequency =1000 Hz.).

Fig. 7. Variation of dielectric constant with frequency of BT-NCF composite samples at
room temperature.

Fig. 8. Room temperature P-E loops of BaTiO3 and BT-NCF composites.

Fig. 9. Room-temperature ferromagnetic hysteresis loops of BT-NCF composite samples
whereas Inset shows enlarged portion of M-H curves at lower applied field.
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and 556Oe for BT-NCF0, BT-NCF1, BT-NCF2 and BT-NCF3 respec-
tively [46].

4. Conclusion

The multiferroic composite of BaTiO3-Ni0.5Co0.5Fe2O4 was pre-
pared by conventional methods. Samples were ball-milled for different
durations (12, 24 & 48 h) to reduce the particle size of the constituent
phases of the composite. The effect of size reduction was clearly visible
in X-ray diffraction patterns. The value c/a ratio of BaTiO3 phase
confirms the fact that the tetragonality of the structure which is
responsible for ferroelectric behavior weakens for smaller grain size.
Frequency dependent dielectric constant for BT-NCF2 and BT-NCF3
exhibits sharp change at low frequency which may be due increased
grain boundary density results in enhanced space charge polarization
(Maxwell-Wigner type). The effect of ferrite phase on the properties of
BaTiO3 seems negligible. It is advisable to have optimum grain size of
BaTiO3 based multiferroic composites so that strong ME coupling
could be achieved which is a very important parameter for practical
applications.
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A B S T R A C T

The structural, dielectric, ferroelectric and magnetoelectric (ME) properties of multiferroic [PbTiO3-
Ni0.5Co0.5Fe2O4] (PT-NCF) composites have been discussed at room temperature. The uniformly distributed two-
phase composites of PbTiO3 (ferroelectric) dispersed into nano-sized Ni0.5Co0.5Fe2O4 (ferromagnetic) of different
particle size were synthesized by employing high energy ball milling for 12, 24 and 48 h respectively. The phase
and morphology of composites were confirmed by XRD and SEM analysis respectively. The dielectric properties
were determined at different frequencies (i.e. from 1 kHz to 1MHz) and it is observed that the dielectric constant
and ferroelectric transition temperature (TC) decreases with particle size. Further, the ferroelectric behavior of
the composites was discussed at room temperature by examining the P-E loops. The magnetic and magneto-
electric measurements were performed to analyze the effect of particle size on ferromagnetic and magneto-
electric properties of PT-NCF composites. The coexistence of ferroelectric and ferromagnetic properties in
composites with strong ME coupling is essential for a good multiferroic composites material and its applications.

1. Introduction

The coexistence of ferroelectricity and ferromagnetism in a single
compound along with a strong coupling between them is the basic re-
quirement of multiferroic materials [1–4]. Practically, the multiferroic
properties can be achieved either in a single phase where two or more
ferroic orders (like ferromagnetic and ferroelectric etc.) co-exist or in a
form of composites, where two or more phases combine to form a
multifunctional composites i.e. each individual order associated with
corresponding phase would act together to form a multiferroic com-
posite [5–9]. Generally, it is observed that, these ferroic orders like
ferromagnetic and ferroelectricity are mutually exclusive and a strong
magnetoelectric (ME) coupling between them together in a single phase
is difficult to obtain. However, these multiphase composites as stated
above have much larger reported ME coupling in comparison with that
of a single phase multiferroic material [10–13]. Therefore, a composite/
multilayer of ferroelectric and ferromagnetic phases/ layers serve as a
better option to obtain strong ME coupling at room temperature. These
multifunctional composites can preside over single phase material as

they are easy to synthesis and can have a strong coupling at room
temperature. Among these multiferroic composites, a composite with
ferroelectric phase such as BaTiO3 or PbTiO3 and ferromagnetic phase
like CoFe2O4 were extensively studied [14–17]. For instance, Zhang
et al. [17] had studied the multiferroic properties of Ni0.5Zn0.5Fe2O4-Pb
(Zr0.53Ti0.47)O3 whereas Pradhan et al. [18] have studied the effect of
concentration for composites {(1-x)Pb(Fe0.5Nb0.5)O3-
xNi0.65Zn0.35Fe2O4}by taking x=0.1,0.2,.03, 0.4. The latter, in their
findings suggest that at x= 0.2, composite was found to be a good
multiferroic material at room temperature. Motivated by these studies,
PbTiO3(PT)-Ni0.5Co0.5Fe2O4 (NCF) composite in 80:20 ratio was syn-
thesized and effect of mechanical milling or particle size reduction on
structural, dielectric, ferroelectric, magnetoelectric and magnetic
properties were analyzed and discussed. The samples of PbTiO3 (PT)
were prepared by conventional solid state reaction route while that of
Ni0.5Co0.5Fe2O4 (NCF) by sol-gel wet chemical method. The reduction
in particle size of the composite was achieved by high energy ball-
milling. All the ball-milled samples of PT-NCF are in submicron range
and are systematically discussed by taking into account the effect of
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particle size on various physical properties of PbTiO3-Ni0.5Co0.5Fe2O4

nanocomposites.

2. Experimental

The nano-sized Ni0.5Co0.5Fe2O4 (NCF) ferromagnetic powder is
prepared by conventional sol-gel precursor chemical process from Ni
(NO3)2·6H2O, Co(NO3)2·6H2O and Fe(NO3)3·9H2O. All nitrates (99.9%
purity) were taken in stoichiometric ratio and were dissolved in dis-
tilled water (in molar ratio 0.5:0.5:2) to form a homogenous solution.
Followed by the addition of citric acid, the solution was then heated at
80–90 °C with constant stirring for 2 h and pH of the solution was
maintained by adding ammonia drop wise. Subsequently, the tem-
perature of solution was raised to 100 °C with continuously stirring to
form a viscous gel. Next, the gel was burnt to form a dendrite structure
which was then ground for at least 30min in pestle mortar. The pre-
cursor was calcined at 1100 °C for 2 h to form nickel cobalt ferrite.

The PbTiO3 ferroelectric powder was synthesized by solid–state
reaction method, by taking PbO (99.9%) and TiO2 (99.9%) in an ap-
propriate ratio and ball-milled for 4 h. The homogeneous mixture was
then calcined at 900 °C for 2 h to get PbTiO3.

As per the previous studies reported in the literature, composites of
ferroelectric (PT) and ferromagnetic (NCF) powders were obtained by
mixing them in a mass ratio of 80:20 respectively in a high energy ball
mill for different durations i.e. 12, 24 and 48 h. Depending upon the
grinding duration, these nanocomposites powder of
PbTiO3−Ni0.5Co0.5Fe2O4 were named as PT-NCF0, PT-NCF1, PT-NCF2
and PT-NCF3 for 0 (mixed using pestle mortar for 2 h), 12, 24 and 48 h
respectively. The detailed synthesis process is described in Fig. 1.

Further, the pellets of these composites were prepared by mixing
PVA (polyvinyl alcohol) and applying a uni-axial pressure of 10 t using
hydraulic press. Finally, the sintering of all samples was carried out at
850 °C for 2 h to form the fully dense nanocomposites ceramics. High
temperature and longer sintering durations were avoided to maintain
the grain size of the composites as well as to control the volatility of Pb
associated with PbTiO3. The phase purity of the PT-NCF composites was
investigated by X-ray Diffractometer (XRD) with CuKα radiation
(Rigaku Miniflex - II, 600). The grain structure and morphology was
studied by using scanning electron microscope (SEM) (su8010,
Hitachi). The dielectric constant/ loss versus temperature profiles at
1 kHz and dielectric constant/ loss profiles at room temperature were
taken by using the multifunctional impedance analyzer (Wayne-Kerr

6500B) in a range from 100 Hz to10 MHz. Ferroelectric measurements
were performed by using P-E loop tracer (Marine India ltd). Magnetic
measurements were investigated using Variable Sample Magnetometer
(VSM) and magneto electric coupling measurements were performed
ME set up (Marine India Ltd).

3. Result and discussion

Fig. 2(a) shows the XRD pattern of the pure PbTiO3 (PT),
Ni0.5Co0.5Fe2O4 (NCF) synthesized at 900 and 1100 °C respectively. No
impurity peak seems evident for PT phase, the NCF phase appears to
crystallize in a cubic inverse spinal structure (JCPS card no.74–2081)
[16]. In order to ascertain the lattice parameters of PbTiO3, Reitveld
refinement of pure PbTiO3 was performed by taking tetragonal struc-
ture, as represented in Fig. 2(b). The c/a ratio as calculated from these
refined parameters comes out to be 1.064 (a= 3.9002 Å; c= 4.151 Å)

Fig. 1. Schematic illustration of synthesis process of PbTiO3-Ni0.5Co0.5Fe2O4

nanocomposites.

Fig. 2. (a) X-ray diffraction pattern of PbTiO3, NiCoFe2O4; Inset shows a
comparative XRD pattern of PbTiO3 synthesized at 900 °C, ball-milled for 0 h
and 12 h i.e. PT 0 h and PT 12 h sample finally sintered at 850 °C. (b) Reitveld
refinement of pure PbTiO3. (c) X-ray diffraction pattern of ball milled (0, 12, 24
and 48 h) PT-NCF composites; inset shows enlarged view between 2θ=28–34°.
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which is very much same as reported earlier [19,20]. Hence, the tet-
ragonality which is a crucial point for ferroelectric phase seems to have
obtained in the present case.

Further, the core issue under investigation is to analyze the effect of
particle size on the physical properties of the composite. Therefore,
highly homogeneous composites were obtained by mixing PT-NCF in a
planetary ball-mill, different particle sizes were obtained by varying the
duration of milling and subsequently composite were sintered at 850 °C
for 2 h to obtain dense samples. It is of immense significance at this
point to mention that the PT phase used to prepare the composites has
already been calcined at 900 °C and NCF at 1100 °C before ball-milling,
followed by sintering at 850 °C for 2 h. It has been a widely known fact
that the ceramics sintered at high temperature for longer duration
followed by natural cooling have larger grain size in comparison with
that of low temperature synthesis techniques. Patankar et al. [21] in
their studies on CuFe2O4-Ba0.8Pb0.2TiO3 has pointed out that the lower
sintering temperature and shorter holding time helps in minimizing the
Pb deficiency due to its volatility in Ba0.8Pb0.2TiO3. Therefore, the

procedure adopted above i.e. low sintering temperature less holding
time (T < 900 °C; 2 h) may maintain both the grain size and Pb defi-
ciency.

Fig. 2(c) shows the XRD pattern of composites under investigation.
Interestingly, the composite without ball-milling i.e. PT-NCF0, exhibits
enhanced peak intensity at 2θ=21.4, 22.72, 43.7 and 46.49° (marked
as *) corresponds to PT phase, whereas, such feature is absent in the
XRD patterns of rest of the samples. On comparing PT-NCF0, 1, 2 and 3,
it is observed that the intensity of XRD peaks decreases and peak width
increase as the milling duration increases. It is a well-established fact
that as the crystallite size decreases, the FWHM or peak width increase
and intensity decreases, the samples under examination has exhibited
the same trend (inset of Fig. 2(c)). Further, the synthesis parameters
(except milling duration) for PT-NCF composites remain same and an
impurity peak corresponds to secondary phase is observed (as indicated
by an arrow) for all the samples. Moreover, the composite PT-NCF0 was
sintered at 850 °C without ball-milling (0 h). Therefore, this impurity
peak may have aroused due to evaporation of Pb which might have

Fig. 3. SEM micrograph of (a)-(b) PT-NCF0, (c) PT-NCF1, (d) PT-NCF2 and (e) PT-NCF3.

S. Lather et al. Ceramics International xxx (xxxx) xxx–xxx

3



occurred after mixing of PT and NCF phases followed by sintering and
thus led to formation of secondary phase. Consequently, no additional
phase seems to evolve due to milling.

The average crystallite size of PT phase as calculated by Scherrer's
formula from PT-NCF0, PT-NCF1, PT-NCF2, and PT-NCF3 are 54, 19,
18 and 11 nm respectively. Similarly, for NCF phase are 45, 43, 42 and
41 nm respectively. It is also pointed out here that the quality of particle
size cannot be ascertained by Scherrer's calculations. Ishikawaet et al.
[22,23] has reported an interesting fact in this regard, according to
these authors the c/a ratio decrease with particle size and may be
correlated with the shift in transition temperature (discussed later). In
present case, the c/a ratio of PT phase (as in PT-NCF composite) with
milling was not discussed in detail, but it is observed from Reitveld
refinements that c/a ratio remains nearly the same for PT phase in these
composites.

Moreover, during refinement of X-ray diffraction pattern, the
number of open parameters were limited. Therefore, variation of c/a
ratio in these composites may be discussed in detail and may form a
part of another investigation. Now, in order to differentiate the effect of
particle size and of sintering at 850 °C of composites, a separate study
was performed on PT phase alone. Where pristine PbTiO3 samples were
synthesized by following the same route as mentioned in the experi-
mental section, followed by ball-milling of 12 h and subsequently sin-
tered it at 850 °C for 2 h to produce PT 0 h and PT 12 h. Further, on
comparing the XRD data as obtained (inset of Fig. 2(a)), it is observed
that there was no shift in the position of XRD peaks with milling, only
width and intensity of the peak changes which can be explained on the
basis of crystallite size. Moreover, similar impurity peaks as mentioned
above for composites (marked with arrow) seems to occur for both the
samples which further confirms the fact that impurity may have its
origin in volatility of Pb.

The surface morphologies of the PT-NCF composites were studied
by using Scanning Electron Microscopy (SEM). It is clearly evident from
the surface profile of PT-NCF0 (Fig. 3(a and b)) that a homogeneous
composite consists of two different phases co-exists, one with clear and
larger grains while the other without clear grain boundaries at the same
magnification. Therefore, it may be correlated that these dissimilar
grain morphologies correspond to PT and NCF phases of the composite.
On comparing the SEM micrographs of other composites, it was ob-
served that the ball-milled samples were having smaller grain size with
no clear grain boundaries. In other words, the average grain size of
composite PT-NCF0 is large as compared with other composites i.e. PT-
NCF1, PT-NCF2, PT-NCF3. Further, it is nearly difficult to calculate the
grain size and analyze the effect of milling duration on the size of the
composites grains with current resolution constraint. But it can be
clearly observed that the milling has reduced the grain to a greater
extent and enhanced the homogeneity of the mixer. The same fact may
also be linked with the peak broadening of the XRD pattern. Moreover,
on calculating the density of the samples by employing the Archimedes
principle, it was found that the density of the composites has slightly
increased for milled samples i.e. these samples has high sample density
as compared with that of PT-NCF0. The corresponding values are 6.78
(PT-NCF0), 6.88 (12 h), 6.87 (24 h) and 6.9 g/cm3 (48 h).

The variation of dielectric constant and dielectric loss with tem-
perature are shown in Fig. 4. The dielectric constant is calculated by the
given equation,

= × ∈K A(C t)/ ( )p 0 (1)

here Cp is capacitance, t is thickness of pellet, A is area of cross-section,
and ∈o is permittivity of free space. The significant changes were ob-
served in the dielectric properties of PT-NCF composites with milling
duration/particle size. The dielectric measurement with temperature
was recorded at a given frequency of 1 kHz, as shown in Fig. 4(a). From
these curves, it is clear that the value of the temperature where max-
imum dielectric constant occurs i.e. Ferroelectric transition tempera-
ture (Tc), decreases as the particle size decreases. In short, samples with

higher milling duration have lower Tc. The occurrence of maxima for
the dielectric constant with temperature in these composites has its
origin in paraelectric-ferroelectric phase transition associated with
PbTiO3. Similar observations were reported by Mudinepalli et al. [24]
for nanostructure Ba0.8Sr0.2TiO2 ceramics and few others
[20,22,23,25,26]. The values of dielectric constant and transition
temperature for all samples are listed in Table 1. Interestingly, the
change in the Tc as observed from Fig. 4(a) is more than 100 °C between
PT-NCF2 and PT-NCF0 samples. The 48 h milled composites exhibits a
diffused peak. The variation in dielectric properties may be understood
by considering three factors: (a) particle size reduction of ferroelectric
phase, (b) formation of composite in 80:20 ratio and (c) sintering of
lead composites at 850 °C after calcinations at 900 °C for 2 h.

Several authors [20,22,23,26] have pointed out that with reduction
in the particle size of PbTiO3, the Tc, which corresponds to paraelectric-
ferroelectric transition temperature shifted to lower side and the reason
for such behavior was attributed to the decrease in c/a ratio i.e tetra-
gonality of PbTiO3 structures decreases, which is responsible for fer-
roelectric phase. But, in the current study, though the refinement of
XRD pattern was performed by taking two phases with limited para-
meters and no reportable variation in c/a ratio was observed for na-
nocomposites of PT-NCF. In order to ascertain the reason for shift in Tc

of composites, the dielectric properties of pristine PbTiO3 (single phase)
was carried out. Here, the pristine PbTiO3 were milled for 0 h and 12 h
and the XRD pattern of the same was mentioned in the XRD discussions
above i.e. PT 0 h and PT 12 h. The inset of Fig. 4(a), shows the dielectric
constant as a function of temperature, the variation in Tc for PT 0 h and
PT 12 h was recorded and it is observed that the Tc varies with milling
duration/ particle size and changes about 20 °C which is in accordance
with some earlier reports [20,22,23]. Further, as far as reduction in Tc

due to point (b) above is concerned, Patankar et al. [21] in their paper
has pointed out the ratio of ferroelectric and ferromagnetic phase plays
an important role in analyzing the dielectric behavior of a composite.
The dielectric behavior of such composites systems may be discussed by
considering the Fe2+-Fe3+ exchange interactions suggesting that the
polarization in these compositions is similar to that of conduction
process in ferrites. However, in the composites under study, con-
ductivity of PT-NCF3 has increased in comparison with that of PT-
NCF0. Moreover, the factor mentioned at point (c) which directly
linked with the volatility of lead during formation of PbTiO3. In this
connection, Forrester et al. [19] and Chaudhari et al. [27] has men-
tioned that volatility increases with high temperature and longer
duration sintering. In the light of the above, keeping in mind point (b)
and (c), it is stated that all the composites of PT and NCF, were formed
by mixing ferromagnetic and ferroelectric phase in a fixed ratio sintered
at lower temperature for shorter duration, still the observed change in
the transition temperature (Fig. 4(a)) is more than 100 °C between PT-
NCF0 and PT-NCF2. To further confirm our observation, composites PT-
NCF0, PT-NCF1 and PT-NCF3 were synthesized again under similar
conditions and it was found that Tc again varies more than 100 °C for
PT-NCF3 which is a significant change. It is worth mentioning that even
though in successive trial the exact values of transition temperature did
not exactly match with the composites under study but one thing is
certain that the transition temperature varies with ball-milling/ particle
size and hence, reflecting the fact that milling has reduced the particle
size. Therefore, the particle size and presence of ferromagnetic phase
together may be responsible for such a large variation in Tc. Never-
theless the effect of volatility of lead may not be totally ruled out.

The dielectric losses as a function of temperature are shown in
Fig. 4(b). It is observed from these plots that at lower temperatures,
curves all the samples coincide, dielectric loss increases at higher
temperatures.

The dielectric behaviors of all composites with frequency were re-
corded in a range from 1 kHz to 1MHz at room temperature, as shown
in Fig. 5. From these curves, it is observed that the dielectric constant
decreases with frequency. Generally, at low frequency high values may
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be correlated with Maxwell–Wagner interfacial polarization [28]. The
values of dielectric constant at lower frequencies remain close except
for PT-NCF3. The inset to Fig. 5 shows the dielectric losses [29], at
lower frequencies the losses were less for milled composites. Table 2
shows the value of dielectric constant and dielectric losses at 1 kHz for
PT-NCF at room temperature.

The P-E (Polarization vs. Electric field) loops of all the composites

with different grain size/ milling duration obtained at room tempera-
ture are shown in Fig. 6. The normal sigmoid shape is not observed and
loops seem lossy in nature. The area of the loop increases with decrease
in the particle size. In case of BaTiO3 [30], size greater than the critical
size is required for enhanced/optimized dielectric and ferroelectric
properties. It is evident from XRD and SEM studies that average grain
size in these milled composites is in submicron range, therefore, su-
perior ferroelectric properties were not achieved, as apparent from

Fig. 4. (a)Variation of dielectric constant whereas inset shows the variation of dielectric constant of pure PbTiO3 (PT 0 h) and 12 h milled PbTiO3 sintered at 850 °C
and (b) change in dielectric loss behavior with temperature.

Table 1
Values of transition temperature, dielectric constant and dielectric losses of PT-
NCF.

Property PT-NCF0 PT-NCF1 PT-NCF2 PT-NCF3

Ferroelectric Tc (°C) 438 270 254 –
Dielectric loss at Tc (°C) 886 6.8 6.5 3.8
Dielectric constant at TC (°C) 20,000 22,000 8500 2000

Fig. 5. Variation of dielectric constant with frequency at room temperature
whereas the inset shows dielectric loss as a function of frequency at room
temperature.

Table 2
Values of dielectric constant and dielectric losses at 1 kHz for PT-NCF at room
temperature.

Property PT-NCF0 PT-NCF1 PT-NCF2 PT-NCF3

Dielectric loss at 1 kHz 2.6 1.2 1.0 0.5
Dielectric constant at 1 kHz 660 629 604 124

Fig. 6. Ferroelectric (P-E) hysteresis loops for composites PT-NCF at room
temperature.

Fig. 7. M-H plots of PbTiO3-Ni0.5Co0.5Fe2O4 composites.
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Fig. 6. Though the condition of saturation polarization was not ap-
parent in present case [31], but the magnitude of remnant polarization
(Pr) as obtained from the P-E loops suggest that Pr increase, i.e.Pr
= 0.2, 0.34, 0.71, 0.79 µC/cm2 for milled samples i.e. PT-NCF3 has the
highest value. Moreover, magnitude of coercive field has maximum
value for PT-NCF0 i.e. Ec = 12.2 kV/cm for PT-NCF0 composite.

Magnetization verses magnetic field M-H curves are shown in Fig. 7.
The samples were placed in a magnetic field that varies upto10 KOe.
The percentage of NCF phase is small in comparison with that of PT
phase but still the magnetization values obtained for all the composites
were substantial good [32–34]. The values of saturation magnetization
i.e. Ms = 10.55, 11.48, 12.61 and 9.48 emu/g for PT-NCF0, PT-NCF1,
PT-NCF2 and PT-NCF3 composites respectively, retentivity remains
almost same for all the samples except for PT-NCF2. Further, the
coercive field, Hc=618, 532, 732 and 918 Oe for PT-NCF 0, 12, 24 and
48 h respectively.

The measurement of magnetoelectric (ME) coupling of the compo-
sites PT-NCF0, PT-NCF1, PT-NCF2 and PT-NCF3 was carried out by (i)
measuring magnetoelectric coupling coefficient (αE), which measures
the voltage induced in the sample under the influence of static magnetic
field, superimposed with a small ac field and indirectly by (ii) mea-
suring change in the P-E curves with and without magnetic field. No
substantial indication of ME coupling was obtained by employing
former method, therefore, results of indirect method of ME effect were
plotted; plots are shown in Fig. 8(a). It is clearly observed from Fig. 8(a)
that the P-E loop of PT-NCF0 remained unaffected under magnetic field
of 2 T. However, variations in the P-E loops were observed for all other
composites. In order to analyze it further, variations in polarization was
plotted for different samples and are shown in Fig. 8(b). Even though it
is quite evident from these plots that the absolute change is small but
the strength of ME coupling seems to enhance in composite under ex-
aminations with reduction in particle size.

4. Conclusion

The multiferroic composite of PbTiO3-Ni0.5Co0.5Fe2O4 was ball-
milled to produce composites of submicron range. The effect of size
reduction was clearly visible in X-ray diffraction patterns, SEM micro-
graphs and dielectric measurements. In dielectric measurements, a
large variation in the transition temperature, Tc, was recorded which
may be correlated with particle size and the presence of ferroelectric
phase. The ME coupling in PT-NCF seems weak but can be enhanced
with optimized ferroelectric grain size (critical size) and proper ratio of
ferromagnetic phase.
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