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To increase magnetoelectric conversion, composite magnetoelectric structures based on a bulk magnetoelectric
composite lead zirconate-titanate: nickel ferrite, on which layers of nickel and alternating layers of nickel-cobalt are
deposited on both sides by electrochemical deposition, were obtained for the first time. The field dependences of
the linear low-frequency magnetoelectric effect of the resulting structures have been studied. It is shown that in
hybrid structures the value of the magnetoelectric coefficient is one and a half times greater than its value compared
to bulk samples of the same composition. In addition, its maximum shifts to the region of weaker fields for both
longitudinal and transverse orientations of the magnetic field.
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1. Introduction

Magnetoelectric (ME) composites are among the promis-
ing materials for use in straintronics devices — a new
direction in electronics [1]. On their basis it is possible, in
particular, to create such devices as: highly sensitive mag-
netic field detectors [2-8], energy-harvesters [9], current-
voltage converters (gyrators) [10,11], inductors in which the
parameters are controlled by both magnetic and electric
fields [12]. To obtain the maximum effect the question
of increasing the efficiency of the ME conversion remains
fundamental, especially in the low-frequency region, where
the value of the ME coupling is practically independent
of frequency. For this reason, studies continues aimed at
obtaining new crystalline and composite structures with
high magnetoelectric properties. Many papers relate to
studying the properties of bulk materials [13-15], lamellar
composites obtained using various technologies [16-20].
A number of papers relate to the study of structures
with a polymer matrix [21-23]. There are structures
that make it possible to increase the magnitude of the
magnetoelectric interaction due to the toroidal shape [24,25]
and other complex structures [26]. In this paper we were
the first to obtain and study structures with a hybrid type
of coupling 2/3—0/2, combining the advantages of both
lamellar and bulk composites. The paper was based on
the assumption that the ME transformation is enhanced
due to increase in the magnetic field acting on the bulk
composite (coupling 3—0) when using ferromagnetic layers
in the compositional structure (coupling 2) as magnetic field
concentrators [27], as well as increase in the deformations
of the piezoelectric phase due to the additional contribution
from the magnetostrictive layers.
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2. Materials and methods

A bulk composite magnetoelectric material with cou-
pling 3—0 was made from piezoceramic powder of
plumbum zirconate titanate PZT 23 (PZT) and mag-
netostrictive nickel ferrite NiFe; 93Co09 0204 (NFO). The
required composition of nickel ferrite was obtained by
double high-temperature synthesis of dehydrated powders
NiO, Fe,0O3 and Co0;03. The composition of the charge
was calculated taking into account the content of the main
substance. The powders were mixed in a jasper mortar
in the presence of ethyl alcohol for 30 min. The resulting
mixtures were pressed under a pressure of 50 MPa using an
aqueous solution of polyvinyl alcohol (PVA) as a plasticizer.
The synthesis was carried out in air at a temperature of
1050°C for two hours. The synthesized ferrite was crushed
and ground in the jasper mortar, briquetted again with the
addition of PVA, and synthesized at temperature of 1050°C
for two hours. The synthesized and ground ferrite powder
was sieved through a sieve Ne 007.

Bulk composites from mixture of piezoceramics and
nickel ferrite powders (PZT:NFO) were produced in a
similar way. The samples were sintered in crucibles with
plumbum-containing backfill for two hours at temperature
1240°C. The manufactured samples had a diameter of
8.7—8.8mm and were brought to a thickness of 0.4 mm
by step-by-step polishing. A nickel sublayer was applied
to the samples using chemical metallization from a nickel
chloride solution. This sublayer served as electrodes during
the subsequent electrochemical deposition of ferromagnetic
metals. The resulting compositional structure was polarized
normal to the plane in electric field 0.7—4kV/cm (depen-
ding on the composition) in silicone oil. To produce hybrid
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structures (2/3—0/2) on bulk PZT:NFO composite, nickel
or alternating layers of nickel/cobalt/nickel were deposited
on both sides by electrochemical deposition from solutions
of nickel sulfamate and cobalt sulfate. The choice of the pair
of materials PZT:NFO — nickel was due to the fact that
they both have negative magnetostriction and approximately
the same values of magnetic fields at which magnetostriction
saturation occurs, and the value of saturation magne-
tostriction, which are respectively equal for nickel [28]
to HY' = 80kA/m and AY' = —30ppm and for nickel
ferrite [29] to HYO =40kA/m and A5 = —27ppm.
Ni/Co/Ni hybrid structures were used to create a magnetiza-
tion gradient, which should lead to increase in the effect at
zero bias field [30]. The metal layers were deposited using
a reversive current with density of 3.5 A/dm? with pulse
width corresponding to the deposition/dissolution polarity of
90/9s. The thickness of the layers for different samples was
20—100 um on each side. The resulting layers represented,
in addition to the nickel ferrite in the bulk PZT:NFO
composite, a magnetostrictive component with coupling 2
as part of the hybrid structure.

To qualitatively analyze the composition of the resulting
structures, we used fracture microstructure studies and
chemical elemental analysis performed with a HITACHI
S-4800 scanning electron microscope. X-ray diffraction
analysis was carried out using a DRON-2 diffraction
refractometer. The linear magnetoelectric effect was studied
by measuring the voltage arising on the sample under the
influence of alternating (H,.) and biasing (Hyi,s) magnetic
fields. The alternating magnetic field was created by a
Helmbholtz coil and its intensity was about H,. ~ 80 A/m at
frequency of 1kHz. The magnetizing field strength varied
within Hyjs = —200 — +200kA/m.  The value of ME
voltage coefficient g was determined using the following

relationship:
\Y
= _— s 1
ac = (e ) (1)

where tME — thickness of the layer of bulk PZT:NFO
composite.

3. Results and their discussion

The X-ray diffraction analysis data of the compositional
structures of PZT:NFO composition are presented in
Figure 1.

The magnitude of the intensity peaks corresponding to
scattering angles of 39 and 45°, related to characteristic
peaks for PZT ceramics and nickel ferrite, is redistributed
in accordance with the change in the initial composition of
the ceramic substrate from 90 to 50%° in proportion to the
concentration of phases, included in the composite. At the
same time, no new compounds or complexes appear in a
two-phase solution.

The results of energy dispersive analysis showed a
redistribution of characteristic intensity peaks of the main
elements in proportion to the concentration of the phases
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Figure 1. X-ray patterns of bulk compositional structures with
different mass ratios PZT : NFO.
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Figure 2. Surface microstructure and energy dispersive analysis
of chemical composition of fractured sample. I — chemically
deposited nickel sublayer, 2 — electrochemically deposited cobalt
layer, 3 — electrochemically deposited nickel layer.

included in the composite. Analysis of the chemical
elements distribution over the fracture surface in the
compositions showed a slight decrease in the uniformity of
phases distribution with increase in the relative proportion
of ferrite in the composite. In this case, the elemental
chemical composition of the samples is preserved, and the
change in the concentration of elements in the composition
corresponds to the change in the concentration of the
ferrite : piezoceramics phases.

The surface elemental composition and fracture mi-
crostructure of metal layers were studied for coatings sep-
arated from the bulk NFO:PZT composite. The thickness
of the chemically deposited nickel sublayer in all cases was
less than 1um (Figure 2). Nickel particles penetrate into
the bulk NFO :PZT composite to a depth of several microns.
The study of fractures of various structures showed that the
elemental composition of the coatings is maintained for each
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Figure 3. Schematic representation of magnetic fields orientation
with respect to the direction of structure polarization: a —
longitudinal effect, b — transverse effect.

solution used and does not depend on the thickness of the
coatings.

In experimental study of the low-frequency field depen-
dence of ME voltage coefficient (MEVC) g of hybrid
structures under the influence of magnetic field the orienta-
tions of the magnetic field were used, directed both along
the direction of polarization of the structure — longitudinal
effect, and perpendicular — transverse effect. A schematic
representation of the hybrid structure of the composite and
the orientation of polarization and of external magnetic field
during study are shown in Figure 3.

In order to identify the contribution of additional mag-
netostrictive layers to the magnitude of the ME effect, the
field dependence of MEVC on the percentage of ferrite in
the bulk PZT:NFO composite was first studied. The study
results for longitudinal and transverse effects are presented
in Figure 4.

The field dependence of MEVC on the percentage of
ferrite has a typical dependence [31]. As can be seen from
the graphs, the dependences of MEVC on the percentage
of ferrite in the composite have maxima, the values of
which are observed at approximately equal ratio of NFO
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is due to the fact that in bulk PZT:NFO composite, MEVC
value is proportional to the product of the effective values
of the piezoelectric and magnetic piezoelectric moduli by
the Young’s modulus of the composite, and is inversely
proportional to the effective dielectric constant [32]. As
the percentage content of ferrite increases, the piezoelectric
modulus and effective dielectric constant decrease. At the
same time, there is increase in the effective piezomagnetic
modulus and the effective Young’s modulus of the com-
posite. All this leads to the appearance of a maximum
in the MEVC dependence on the percentage content of
ferrite. It should be noted that the maximum MEVC value
is achieved with longitudinal effect in fields near 100 kA/m,
while at the transverse effect — in fields near 50 kA/m.
Moreover, the higher the ferrite concentration is, the larger
the fields are needed to achieve the maximum MEVC value
for the longitudinal effect, and the smaller the fields are
needed in the case of the transverse effect. This is explained
by the magnitude of demagnetizing factors. In bulk and
layerd composites the longitudinal effect is significantly less
in magnitude then the transverse effect. The magnitude
of the longitudinal and transverse effects is comparable in
value, which is typical for hybrid structures. In the case of
longitudinal orientation of the hybrid composite, the exter-
nal magnetic field acting on the coupling composite 3—0
is significantly increased due to the magnetic coatings of
coupling 2, oriented perpendicular to the induction lines of
the external magnetic field. With transverse orientation the
magnetic induction lines have almost no such effect, being
located in the plane of the magnetic films. This behavior
is explained precisely by the structure of the composite
2/3—0/2, polarized perpendicular to the plane of the layers.

To clarify the effect of additional magnetostrictive layers
on the bulk PZT:NFO composite, layers of nickel and
alternating layers of nickel/cobalt/nickel by electrochemical
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Figure 4. MEVC vs. magnitude of bias field: @ — longitudinal effect, b — transverse effect.
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Figure 5. MEVC vs. bias field for PZT:NFO composite with composition 50:50% and For hybrid structures Ni/PZT :NFO/Ni with two
layers of nickel 20 um thick each: a — longitudinal effect, b — transverse effect.
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Figure 6. MEVC bias field for hybrid structure Ni/PZT : NFO/Ni with nickel layers 20 um thick vs. composition of PZT:NFO composite:

a — longitudinal effect, b — transverse effect.

deposition. As shown by the experimental results, additional
layers lead to MEVC increasing with both longitudinal
and transverse effects, and the magnitude of the effect
depends on both the thickness of the applied layers and
the percentage content of ferrite in the bulk PZT:NFO
composite.  Figure 5 shows the field dependences of
MEVC with longitudinal and transverse effects for the
ME-composite PZT:NFO of composition 50:50% and
with nickel layers 20 um thick each deposited on it on
both sides.

Physics of the Solid State, 2023, Vol. 65, No. 10

As can be seen from Figure 5, for the hybrid structure
the magnitude of the effect at the maximum is almost
by one and a half times greater than the magnitude of
the effect in PZT:NFO composite for both longitudinal
and transverse effects, and the field value at which the
maximum of the effect occurs, shifts to the region of weaker

fields.

The experimental results showed that the magnitude of
the effect for the hybrid structure depends both on the
composition of PZT:NFO composite and on the thickness
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Figure 7. MEVC magnetization field for hybrid structure
Ni/PZT :NFO/Ni with nickel layers 100 um thick vs. composition
of PZT :NFO composite at transverse effect.

of the additional magnetostrictive layers applied. Figure 6
shows the dependence of MEVC on the composition of
PZT :NFO composite for Ni/PZT:NFO/Ni hybrid structure
with nickel layer 20 um thick each.

Data from the experimental study of linear low-frequency
MEVC during transverse field orientation for hybrid struc-
tures with nickel thickness 100 um are presented in Figure 7.

From a comparison of the graphs presented in Figure 6, b
and Figure 7 it follows that increase in Ni thickness from
20 to 100 um leads to a redistribution of the maxima of
the ME coefficient. In this case, the maximum value
is observed in structures with PZT:NFO concentration in
the ratio 90:10%, and the minimum in the structure with
50:50%. The results obtained can be explained on the
basis of model based on the joint solution of a system of
equations for each of the phases included in the hybrid
structure. Carrying out calculations similar to those in [33]
for MEVC hybrid structure caused by planar oscillations,
we obtain the following expression:

yMEME
QE long = —L
833Yt
[YMEE GHE + ) + 2+ )]
[1— 2K2(1 — YVE{VE /)]
_ , (2)
Here YME, YNi tME tNi — Young’s moduli and thickness

of PZT:NFO composite and Ni respectively, d}F, o® and
&3z — effective values of piezoelectric moduli and dielectric
permeability of composite, qll"ii — value of piezomagnetic
modulus module of Ni, k% — square of electromechanical
coupling coefficient, t = tME + 2tNi — thickness of hybrid
structure, Y = (YME{ME 4 oyNitNi) /t — average value of
Young’s modulus of structure.

From expression (2) it follows that at small thicknesses of
nickel tN' < tME the decisive contribution to the magnitude

of the effect will be made by the first term in square brackets
in the numerator of equation (2), therefore the dependence
of MEVC of the hybrid structure on the concentration
ratio PZT:NFO will repeat the concentration dependence
of the bulk NFO:PZT composite. The only difference
will be that the contribution of Ni is proportional not
only to the thickness of the layer, but also to the value
of the effective piezoelectric modulus of the composite
dg"lE, which decreases with increase in percentage content
of ferrite, so the maximum dependence for the hybrid
structure falls on the composition 60:40, and not the
composition 50:50, as for the bulk NFO:PZT composite.
Besides, the presence of ferromagnetic Ni layer leads to
increase in the magnetic field induction acting on the bulk
NFO:PZT composite, as a result of which the maximum
MEVC value shifts to the region of lower values of the
bias field.

With increase in the Ni layer thickness, the contribution
of the second term in square brackets in the numerator of
equation (2) to the magnitude of the effect will be decisive,
therefore the maximum MEVC value will be observed in
the hybrid structure with the maximum effective value of
the piezoelectric modulus d}{¥, i.e. in the structure with
composition 90: 10. However, the first term also contributes
to the magnitude of the effect, as a result of which the
dependence of MEVC on the composite composition is
observed.

Figure 8 shows the results of studies of the field
dependence of MEVC for hybrid structures with alternating
layers N1i/Co/Ni.

As follows from Figure 8, in the hybrid structure
consisting of alternating layers Ni/Co/Ni (20/40/20 um) the
magnitude of the effect is less than in hybrid structure
consisting of deposited layers of nickel (100 um). Besides,
the expected increase in the magnitude of the effect
at zero bias field associated with the presence of the
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Figure 8. MEVC bias field for hybrid structure

Ni/Co/Ni/PZT : NFO/Ni/Co/Ni with layers 20/40/20 um thick vs.
composition of PZT :NFO composite at transverse effect.
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magnetization gradient was not observed. Thus, in the
hybrid structure with alternating Ni/Co/Ni layers at zero
bias field, the maximum value of the effect was 71 mV/A,
while in the structure with Ni layers the maximum value
of the effect at Hpj,s = 0 was 131 mV/A. From this we can
conclude that the ,,self-bias™ effect is not associated with the
presence of the magnetization gradient, but is associated, as
shown in the papers [34,35], with the presence of residual
magnetization.

4. Conclusion

As a result of the studies it was established that the use of
additional layers of ferromagnetic metals leads to increase in
the ME interaction of the hybrid structure compared to the
bulk NFO:PZT composite. This enhancement is observed
with both longitudinal and transverse effects. It is due to the
fact that the presence of additional magnetostrictive layers
leads to increase in deformations of the bulk ME composite,
which leads to increase in MEVC. Besides, the presence of
additional ferromagnetic layers leads to the increase in the
magnetic field in the bulk composite, as a result of which the
maximum MEVC value is achieved at a lower magnetization
field compared to the bulk PZT:NFO composite, and the
magnitude of the longitudinal effect becomes comparable in
value with transverse effect.

The creation of structures with alternating layers Ni/Co/Ni
having the magnetization gradient did not lead to the
expected effect of MEVC increasing at zero bias field,
compared to the hybrid structure with a nickel coating. This
allows us to assume that the effect of ,self-bias“ i.e. the
occurrence of ME effect at zero bias field is not associated
with the presence of magnetization gradient, but is due to
residual magnetization.

As it was shown, the presence of metal coatings with
magnetostrictive properties makes it possible to increase
MEVC, and leads to a shift in the maximum value of
the coefficient to the region of lower magnetic fields.
This makes it possible to increase the sensitivity of such
structures to changes in the magnetic field, which is
promising for practical applications.
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