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Abstract. Ni–Co–Cu–Mn Ferrite + PZT (PbZr0.52 Ti0.48 O3 ) ferroelectric: composite thick films were prepared by
the screen-printing method. The normal XRD and the low glancing angle XRD confirm the presence of both phases
in the composite thick films. Back-scattered SEM shows 0-3 and 3-3 types of connectivity. The magnetic ordering of
the ferrite phase was confirmed from M–H hysteresis loop whereas the electric ordering of the ferroelectric phase
was confirmed from P–E hysteresis curve. Various measurable parameters from the loop were studied as a function
of the mole percent of constituent phases. PUND (positive up negative down) analysis was done to determine the
resultant polarisation contributed by the participating phases in the composites. Dielectric and magnetoelectric
(ME) measurements were analysed in the light of PUND measured data.
Keywords. Composites; thick films; positive up negative down measurements; polarisation; hysteresis;
multiferroics.
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1. Introduction
Magnetoelectric materials (henceforth will be referred
to as ME) are multiferroic materials. They are made by
selecting a proper combination of electric and magnetic
ordering amongst their available ferro, ferri and antiferro
ordering types. The ordering from one phase to another
is coupled through intermediate elastic ordering. Interestingly, elastic ordering arises in these materials spontaneously, due to their own respective ordering patterns
and also due to the externally applied stimulus/fields.
The single-phase magnetoelectric materials have both
orderings present in the same material but they do have
their own limitations. The limitations are leakage current, ME output at low temperature, lack of scope for
tuning the ME response, weak coupling between the
two orderings etc. [1–5]. Therefore, biphase magnetoelectric materials have been developed to overcome the
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limitations of single-phase materials, especially for
technical applications. The ME signal strength as well
as the mode of interaction between different types
of orderings depends on the type of composites. The
magnetoelectric output in a bulk ME composite is the
volumetric effect, while it is confined to the interface in
the case of multilayer structures. Thus, the phenomenon
of ME effect is intimately related to the connectivity
between the phases.
In layered ME composites, there are very little
chances of leakage of charges, and so the expected signal
may not be hampered [6]. The layered structure provides the effective transfer of strain between the layers
[7] because the two participating phases have intimate
contact with each other forming 2-2 type connectivity.
That is, the adjacent surfaces of two different phases
are in contact with each other. Therefore, the strain in
magnetic phase due to magnetostriction is effectively
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transferred to the adjacent piezoelectric phase through
surface effects. But in thin-film ME composites, good
elastic coupling between the phases is very difficult.
In addition to this, one cannot rule out the possibility
of getting crack-free thin films. So, the screen-printing
technique for the preparation of thick-film composites
is preferred [8]. Strain transfer is easier in thick films
than in thin films. Moreover, these types of magnetoelectric materials are becoming popular in various types
of devices for AC as well as DC magnetic field sensing, current sensing, transformers, gyrators, resonators,
phase shifters and filters [9–14]. Hence, the present work
communicates the studies on composite thick films.
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preparation of composite thick films is already reported
elsewhere [15]. But, in the present work, Bi2 O3 was not
used as the binder. After deposition of thick films, these
films were heated at 800◦ C for 3 h. Four sides or edges
of the thick film were masked by using aluminum foil
and again gold conductive paste was deposited on the
thick film. After removing the aluminum foil, again the
same heat treatment was given to the gold paste. In this
way, sandwich structures were prepared and the effective area under consideration was 5 mm × 5 mm.
3. Result and discussion
3.1 Phase identification

2. Experimental
Thick films of magnetoelectric composites were fabricated using screen-printing technique. Before the actual
preparation of the thick film, gold conductive paste was
deposited on the cleaned alumina substrate by screenprinting method. During deposition of the conductive
paste, a thinner was used to maintain the viscosity of
the gold paste. The deposited gold paste was heated to
400◦ C for 4 h for evaporating the thinner. The variation
of ferrite content in the ME composite is from 10 to 30
mol%; accordingly, PbZr0.52 Ti0.48 O3 (PZT) content in
them varies from 90 to 70 mol%. The composite series
is represented by (y)Ni0.8 Co0.2−2x Cux Mnx Fe2 O4 +
(1−y)PbZr0.52 Ti0.48 O3 , where x represents compositional variation and y represents mol% variation. In the
composite series, Ni0.8 Co0.2−2x Cux Mnx Fe2 O4 represents the ferrite or magnetic phase with the value of
x varying from 0.01 to 0.1. The ferroelectric or electric
phase in the composite is fixed and is PbZr0.52 Ti0.48 O3
(PZT). This particular composition of PZT was used
because of its high piezoelectric coefficient. The composite thick films were abbreviated as F1P1, F1P2 and
F1P3 for y = 10, 20 and 30 mol% respectively for
ferrite with composition x = 0.01. Similarly, F2P1,
F2P2, F2P3 respectively have y = 10, 20, 30 mol% for
ferrite with compostion x = 0.03. F3P1, F3P2, F3P3
respectively have y = 10, 20, 30 mol% for ferrite with
compostion x = 0.05. Again, F3P1, F3P2, F3P3 respectively have y = 10, 20, 30 mol% for ferrite with composition x = 0.05. Finally, F5P1, F5P2, F5P3 respectively
have y = 10, 20, 30 mol% for ferrite when x = 0.09.
The ferrite with a chosen composition of x and PZT
powder were first weighed according to mole percent
and mixed by using agate mortar. After fine mixing for
30 min, 2,2-ethoxy butoxy ethyl acetate was added to
the mixture to prepare a thick film paste of proper viscosity. Thereafter, thick films of these composites were
prepared by screen-printing technique. The procedure of

The low glancing angle X-ray diffraction technique is
mainly used to determine the crystal structure of thin
films with very low film thickness [16]. The same technique was also employed to analyse composite thick
films, as one of the phases was not evinced with normal XRD. Figure 1 shows some of the XRD patterns
(figure 1a is for normal and figure 1b for low glancing
angle) of composite thick films. The XRD pattern of
F1P1 shows all planes of PZT with tetragonal phase,
but the peak intensity of (110) plane is shifted to (111).
The presence of ferrite phase hinders the growth of PZT
along (110) direction, and hence the intensity shifts from
(110) to (111) as seen in XRD pattern (figure 1a). The
characteristic peak of the ferrite phase is not seen in
normal XRD (figure 1a) but when one looks into the
low glancing angle XRD (GAXRD) the presence of
(311) peak is confirmed (figure 1b). All the XRD patterns show the presence of both ferrite and ferroelectric
phases. The peaks are marked with different symbol (*)
to show that a particular set of parallel planes belong to
ferrite phase. The characteristic (311) peak missing in
the normal XRD pattern has also been reported in [17].
The systematic analysis of their work also confirmed
the sudden appearance of characteristic (311) peak of
the ferrite phase with comparatively low intensity but
sizeable increase in peak height with increase in ferrite content [17]. Similar are the results in the present
work (figure 1). This is particularly seen in F5P1 (10%
Ni0.8 Co0.02 Cu0.09 Mn0.09 Fe2 O4 + 90% PZT) and F5P3
(30% Ni0.8 Co0.02 Cu0.09 Mn0.09 Fe2 O4 + 70% PZT) normal XRD patterns shown in figure 1. The conclusion
drawn is that lower percentage of ferrite as well as
change in dimensions from 3D (bulk) to 2D (thick film)
are responsible for the masking of (311) peak in normal
XRD. Since the ferrite percentage is less than that in
PZT, the low glancing angle X-ray diffractions show
both phases but with the dominance of ferroelectric
peaks over ferrite peaks as seen in figure 1.
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Figure 1. X-ray diffraction patterns of composite thick films.

3.2 Morphological studies
Figure 2 shows the back-scattered SEM images of ME
composite thick films. The morphology of composite
thick films was studied with the help of back-scattered

scanning electron micrographs. Back-scattered SEM
images clearly show the presence of both the phases.
The bright grains seen in the SEM images are of
ferroelectric phase while dark grains are of ferrite
phase [18–20]. All the images show intra-granular
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Figure 2. Back-scattered SEM images of composite thick films.

porosity and the ferrite grains have grown larger
than that of the ferroelectric grains due to the
agglomeration during high-temperature heating
process. Moreover, the connectivity between the ferrite
and the ferroelectric grains of composite thick films is
of both 0-3 and 1-3 types as evinced from the micrographs.
3.3 Magnetic studies
The M–H hysteresis loops of ME composites were
investigated for the magnetic characterisation of the
ferrite phase in the ME composites and for a few representative samples, the loops are shown in figure 3.
Though all the composites (except F5P3) have more
ferroelectric content than ferrite content, the hysteresis behaviour of the ferrite phase is not suppressed by
the higher percentage of ferroelectric phase. Though
it is quite obvious that composite films are rich in
ferroelectric content, the magnetic behaviour is not suppressed due to larger grain growth of ferrite phase
which are equivalent to single crystal which exhibits

hysteresis loop. The equally competent ferrite phase,
even though present with a lower mol% has welldefined loop characteristics. This is contrary to that
reported earlier for different ME composites [21]. It
is very clear from the hysteresis loops of all the
composite thick films that the values of saturation
magnetisation are larger for pure ferrite thick films
[15] than for composite thick films. Every physical
property in the composites obeys rule of mixtures
(weighed average of the measured parameter) and this
is responsible for reduced values of loop parameters.
However, a slight deviation from the rule is noticed
and is ascribed to the interaction between the electric and magnetic dipoles present in the composites.
This is expected in heterogeneous structures because
ferrite grains are surrounded by ferroelectric grains.
As a result, co-operative mechanism between different
magnetic domains for enhancing magnetisation is hampered [22]. The additional heat treatment given may also
affect the magnetisation values of composite thick films.
As ferrite content increases, the values of saturation
magnetisation increases. Similar was the observation
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Figure 3. Magnetic hysteresis loops of some selective ME
composites.
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Figure 5. P–E loops of 30% Ni0.8 Co0.18 Cu0.01 Mn0.01
Fe2 O4 + 70% PZT (F1P3) composite.

ferrites. The results are shown in figure 5 and the
following conclusions are drawn from the observed
results.

Figure 4. P–E hysteresis loops of 30% Ni0.8 Co0.18 Cu0.05
Mn0.05 Fe2 O4 + 70% PZT with varying voltage.

made by Ryu et al [23] for composite thick films of
PZT-PMnN + Ni-Zn ferrite prepared by aerosol deposition technique.
3.4 P–E Hysteresis loops
The ferroelectric hysteresis loops of composite thick
films were studied at room temperature. A detailed
study of polarisation vs. varying electric field was
done by changing the frequency and strength of the
electric field. The maximum voltage that could be
applied to the present ferroelectric in the composite
form was 9 V to avoid dielectric breakdown. Maintaining a constant field strength, a systematic variation
of hysteresis with change in time period of applied
electric field was done for various compositions of

3.4.1 Variation of polarisation by varying applied
DC voltage for fixed time period. By maintaining
the time period constant, the variations in polarisation
with changing electric field strength (voltage) is shown
in figure 4. It is observed clearly from the loops that
Pmax (maximum polarisation) increases with increase
in applied voltage. It is seen from the P–E loops of the
composites that Pmax increases with increase in applied
DC voltage, irrespective of ferrite composition (x) and
mole percent (y) of the ferrite in the composite. A representative sample with x = 0.05 and y = 30% is
shown in figure 4. This behaviour is again quite expected
because polarisation is the sum property of the composite and has contributions from ferroelectric ordering as
well as dielectric ferrite. Moreover, the overall polarisation is the combined effect of the polarisation of the
heterogeneous mixture of composite (along with defects
and inter- and intragranular pores). Thus, the major
contribution to polarisation in the hysteresis is mainly
from interfacial polarisation and partly supported by orientational polarisation. This is also asserted from the
studies of variation of polarisation with electric field by
varying the mole percentage of ferroelectric as seen in
table 1.
3.4.2 Variation of polarisation by varying time period
for fixed DC electric field strength. Figure 5 shows
the hysteresis properties of the representative composite (30% Ni0.8 Co0.18 Cu0.01 Mn0.01 Fe2 O4 + 70% PZT).
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Table 1. Variation of Pmax with ferrite composition and
mole percent in the composite.
Ferrite composition
x
x
x
x
x

= 0.01
= 0.03
= 0.05
= 0.07
= 0.09

10%
1.25
1.71
Not recorded
2.40
1.50

Pmax
20%

30%

1.30
1.12
1.98
1.87
Not recorded

1.31
0.66
2.11
1.67
0.77

It is seen that Pmax increases with increase in hysteresis period. This is a normal behaviour of any dielectric
material. The variations suggest that both ferrite and ferroelectric phases in the composites contribute to electric
displacement. Hence, the contribution to the polarisation
is not only from the ferroelectric phase but also from the
ferrite phase. Therefore, the characteristic feature of ferroelectrics contributing to true polarisation was further
studied by positive up negative down (PUND) analysis
for 30% Ni0.8 Co0.18 Cu0.01 Mn0.01 Fe2 O4 + 70%PZT.

(2020) 94:86

ferroelectric [24–26]. In fact, the FE-SEM images confirm the agglomerated grains and also their exaggerated
growth.
The grain and the grain boundaries for either ferrite
or ferroelectric are separately represented by a series
combination of two different capacitors in parallel with
their respective resistors (figure 7). This is according to
Koop’s model [27]. The present samples comprising heterogeneous structures can be visualised to be modelled
by a series and parallel combination of Koop’s dual unit.
Hence, the obtained PUND diagram has an obvious relation to the time constant (RC) of different units. For lossy
multiferroics, the leakage of charges after polarisation
can be correlated to the discharging action of the capacitor via the shunt resistance. The obtained results for
magnetoelectric voltage measurement further confirm
the lossy nature and visualise the model developed for
the present sample. PUND measurements also uphold
the prescribed model because of the very nature of lossy
ferroelectric revealed from their analysis. The failure
of retention of charges in the present multiferroic thick
films is a manifestation of imprint problems arising due
to electrets effects [28].
3.6 Dielectric properties

3.5 Positive up negative down (PUND) analysis
Figure 6 shows the PUND measurement of F3P2 and
F3P3 ME composites. The PUND measurement of
multiferroic composites is also known as double-wave
method [17]. During P–E measurement, if the sample under measurement has a large leakage current,
then it shows incorrect P–E measurement (intrinsic
polarisation due to ferroelectric part). In PUND measurement, a series of voltage pulse is applied to the
specimen to extract the polarisation (P) component. Ferroelectric domains are aligned along positive as well
as negative directions. The extracted actual polarisation
(dP) values for F3P2 is dP = 0.26 µC/cm2 and for
F3P3 is dP = 0.45 µC/cm2 . A quantitative estimation of different types of polarisation contributing to
this particular sample is done with the help of PUND
analysis. The measured values show a weak contribution to actual polarisation obtained from inherent
electric ordering. Hence, one can regard the ferroelectric as lossy ferroelectric. It is plausible because of the
number of parameters required to be regulated during
synthesis of the ferroelectric. Moreover, mismatching
of resistance between ferrite as well as ferroelectric
grains in composites will also lead to the development
of lossy ferroelectric. Accumulation of the charges at
the grain boundaries and on grains of larger surface
area may also be held responsible for the obtained lossy

The dielectric constants of the ME composite thick
films are shown in figure 8. The variation in dielectric constant of the thick film is found to be almost
constant. The hopping polarisation between contributing cations is responsible for the constant dielectric
nature with change in frequency. The flipping frequency of the dipoles do not respond when the applied
frequency increases. The dielectric constant of the composite thick films decreases slowly and remains constant
within a certain range. This type of behaviour was
explained by Koop’s double layer model [27]. The
dielectric dispersion in composite thick film is less than
in the bulk and such type of behaviour is reported
by Shakeri et al for PZT thick films [29]. Koop’s
model accounts for the dispersion in composites which
is already discussed with the help of pictorial representation shown in figure 7. In ferrites, the presence
of Fe2+ /Fe3+ is responsible for the dipole formation
while in PZT the presence of Pb2+ /Pb3+ , Zr4+ /Zr3+
or Ti4+ /Ti3+ ions is responsible for the dipole formation. The higher dielectric constant at lower frequency
is observed not only due to PZT grains but also due to
ferrite grains [30]. The variation in dielectric constant
which is almost independent of frequency can be correlated to electrets type of behaviour observed in the PZT
type of material [28]. In the present samples, a similar
behaviour was already confirmed from PUND measurements.

Pramana – J. Phys.

(2020) 94:86

Page 7 of 9

86

Figure 6. PUND results of 20% Ni0.8 Co0.1 Cu0.05 Mn0.05 Fe2 O4 +80% PZT (F3P2) and 30% Ni0.8 Co0.1 Cu0.05 Mn0.05 Fe2 O4 +
70% PZT (F3P3).

Figure 7. Electronic equivalent circuit of Koop’s model.

3.7 Magnetoelectric voltage measurement
Figure 9 shows the ME coefficient of composite thick
films. The ME output obtained is found to be constant with variation in magnetic field. Similar is the

behaviour in ME response obtained for the composites:
xCoFe2 O4 −(1 − x)BaTiO3 for x ≤ 0.5 as reported
by Wang et al [31]. Theoretically ME response should
be obtained for 50 mol% ferrite + 50 mol% ferroelectric content [32]. However, deviation from this general
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Figure 8. Variation of dielectric constant as a function of
frequency.

rule was seen in ref. [33]. Hence, an attempt is made to
explain the constant voltage obtained independent of the
magnetic field which seems to be ignored by Wang et al
[31]. The author has emphasised the step-like behaviour
obtained in ME signal response and that too for x = 0.5
composite. The magnetostriction dependency on magnetic field has also exhibited minor variations for same
compositions in the bulk form. This has already been
reported [15]. Reducing the dimensionality from 3D to
2D may still weaken the intermediate strain-to-stress
transfer property in composites. Again, the schematic
picture depicted by Wang et al [31] explains the constant ME signals in our samples by attributing it to the
pre-polarised state. Even in x = 0.5 composition of
their composites they have observed similar behaviour
above and below the critical magnetic field [31]. The low
coupling between the constituent phases may be responsible for this. Moreover, the electrets type of behaviour
confirmed from both PUND and dielectric dispersion
studies also confirms that there is no change in voltage
by varying the magnetic field. In addition to this, the
low ME output observed in the present composites can
be accounted for by the ferrite grains in ferroelectric
matrix forming chain-like structures, thereby preventing effective magnetostrictive coupling between ferrite
and ferroelectric grains. This is also confirmed from FESEM micrographs depicting mixed type of connectivity
(0-3 and 1-3).
A careful observation of magnetoelectric measurement (figure 9) and M–H hysteresis (figure 3) shows
that F2P3 has the highest ME voltage as well as good
saturation magnetisation, confirming the multiferroic
nature of this particular composite. F2P3 and F3P1 samples show linear variation in ME voltage and M–H
hysteresis. All the ME composites show PE loops
(∼2 µC/cm2 ) which confirm the multiferroic nature
of all the samples. Theoretical background study of

Figure 9. Variation of ME output as a function of DC magnetic field of F1P1, F1P3, F2P1, F2P2, F2P3, F3P1 and F3P3
composites.

magnetoelectricity is also made for understanding the
multiferroic nature [34].

4. Conclusions
The sandwich structure of the ferrite–ferroelectric composites was successfully developed using screen-printing
technique. The X-ray diffraction patterns, FE-SEM
images, P–E hysteresis and M–H hysteresis together
confirm the existence of both electric and magnetic
ordered phases in composite thick films. PUND analysis of the selective ME composites gives the actual
polarisation in the magnetoelectric composites. In fact,
PUND analysis helps to account for the results of ME
coefficient variation with magnetic field and to develop
electronic equivalent circuit for accounting the polarisation of these composites. The constant ME voltage of
the composite thick films suggests that they can used
as constant voltage sources and rules out the possibility
that they can be used as sensing devices.
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