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Granular BaTiO3-CoFe,04 (BTO-CFO) nanocomposites were prepared by combin-
ing polyol synthesis and spark plasma sintering (SPS). This method allows samples
with a high density and a very small grain size (less than 150 nm), and thus a
large interface area between phases. In order to study the involved magnetoelec-
tric effects, the impedance response of these nanomaterials was measured in the 5
Hz-10 MHz frequency range, under 0-7.5 kOe magnetic applied fields, and in the
40-170°C temperature range. The best agreement to model these results by an equiv-
alent circuit was achieved by means of three parallel RC arrangements connected in
series; by their RC values, these circuits are representative of grain boundaries. An
association between each RC circuit and each interface (or grain boundary), i. e.,
BTO-BTO, BTO-CFO, and CFO-CFO, is proposed on the basis of their temper-
ature and magnetic behavior. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4974493]

I. INTRODUCTION

Multiferroic materials can be defined as those materials exhibiting at least two ferroic orders,
typically ferroelectricity and ferromagnetism, coupled in the same matrix.! The capability to inter-
change magnetic into electric energy and vice versa, makes these materials extremely useful in a
large variety of potential applications in sensors, memories, actuators, microwave filters, read/lecture
heads and other electronic devices.” Multiferroics are frequently classified in single phase, and multi-
phase or composite multiferroics. The latter are currently attracting more attention since they present
a stronger magnetoelectric (ME) effect at room temperature, and these effects can be extrinsic, as
it is possible to tune them by varying the nature, the concentration and the shape of each phase.’
Multiferroics are typically characterized in terms of ME coupling coefficients.

Many models have been formulated for composite materials involving elastic interactions
between different piezostrictive and magnetostrictive phases, giving rise to strain-mediated phenom-
ena.* However, interface charge-mediated mechanisms have been scarcely considered to understand
ME coupling. These mechanisms recently appeared as playing an important role in composites with
large contact area between strong correlated systems.> Among extrinsic effects, a combination of
magnetoresistance and the Maxwell-Wagner mechanisms has been discussed.® In all the scenarios,
nanoscalling could have a substantial impact on ME coupling.’
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To our knowledge, Impedance Spectroscopy techniques,®’ based on measurements of the
impedance of samples in a large frequency range and a deconvolution of the results to resolve the par-
ticular response of different parts of the sample (typically grains and grain boundaries), have seldom
been used to investigate multiferroic materials. The Jonscher behavior was confirmed'? in PbZrTiOs-
NiZnFe;O4 nanocomposites prepared by a powder-in-sol precursor route, but no experiments under
magnetic field were reported. In the case of BTO-LaSrMnO3 system synthesized by sol-gel from
nanopowders of the components, the dominant grain boundary effect in the response was observed, !
but again, no frequency experiments under field were carried out. Frequency measurement in NiZn
ferrites were presented,'? but no deconvolution of results was carried out, just some analyses at fixed
frequency were discussed (10 kHz).

In this manuscript, we present an Impedance Spectroscopy®® analysis of the ME response in
BTO/CFO multiferroic nanocomposites obtained by a combination of chimie douce (polyol'?) and
Spark Plasma Sintering.'* This method allows to consolidate homogeneously mixed ferroelectric
and ferrimagnetic nanoparticles (NPs) into a high density body (with densities above 95% of the
theoretical density) at very low temperatures and extremely short times, retaining final sintered grain
sizes at the nanoscale. Samples are measured in the 5 Hz-10 MHz frequency range in the 40-170°C
and under magnetic fields in the 0-7.5 kOe. The usual techniques of Impedance Spectroscopy are used.
When the impedance response of the several sections of the sample can be resolved, the estimated
circuit elements can be associated with physical features of the material. This analysis allowed us
to propose a correlation between the circuit elements and the BTO-BTO, CFO-CFO and BTO-CFO
interfaces, and an interpretation of the ME obtained results.

Il. EXPERIMENTAL PROCEDURES

BaTiO3-CoFe,;04 nanocomposites were obtained by means of the SPS sintering technique start-
ing from mixed (50-50%, molar) barium titanate (BTO) and cobalt ferrite (CFO) NPs, previously and
separately synthesized by soft chemistry routes (forced hydrolysis in a polyol ). Structural, electrical
and magnetic characterization, details on NPs synthesis and SPS procedures, as well as ME coupling
evidences for the samples analyzed here can be found elsewhere.'> Disk sintered samples adapted
with parallel gold electrodes over opposite faces (with a geometry factor d/A about 1000 m™!, were d
and A are the distance between electrodes and area of electrodes, respectively) were connected to an
HP 4192 A impedance analyzer, placed in a small furnace and in an electromagnet (part of a 9600 LDJ
VSM magnetometer). An AC electric signal was applied to the electrodes (1 V of amplitude) and a
constant magnetic field was simultaneously applied to the sample. Before measuring, the sample was
positioned in order to fix an angle of 90-degree between the electric and the magnetic fields (all data
were obtained with this configuration). The AC electric field frequency was swept in 90 steps from
5 Hz to 10 MHz. Impedance measurements were carried out in the 40-170°C range under different
magnetic fields (up to 7.5 kOe).

The SPS temperature profile for the consolidation of the CFO/BTO NPs mixture in the 1/1 ratio
is shown in Fig. la. A 280°C-10 min plateau is used, in order to eliminate any organic remaining
materials from the polyol reaction. The sintering was then carried out at 650°C for 5 min, after a
37°C/min heating rate. Finally, a rapid cooling rate was applied to avoid an additional grain growth. A
SEM micrograph, shown in Fig. 1b, exhibited a microstructure constituted by grains in the 50-200 nm
size range. BTO grains appeared a little smaller than CFO grains.

lll. IMPEDANCE CHARACTERIZATION AND DISCUSSION

We first examined results obtained at H = 0 magnetic field. In the complex plane representation®
(also known as Cole-Cole plot), Z” = f(Z’), where Z’ and Z” are the real and the imaginary part
of impedance, respectively. The impedance response of samples was an arc, as shown in Fig. 2a.
The size of these arcs decreased rapidly as temperature increased, as typically observed in many
semiconducting oxides.'® In contrast with typical polycrystalline oxides, where this response can
be modelled with two parallel RC circuits connected in series, in our case the best agreement was
obtained with three parallel RC circuits, connected in series, with R; and C; equivalent elements
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FIG. 1. a) Temperature profile followed in the SPS consolidation process, including a degassing step; b) SEM micrograph of
the obtained microstructure.

in the kQ and nF ranges, respectively. Since the estimated capacitance values correspond to grain
boundary behavior,® we can associate these impedance responses with the grain boundaries (or the
interfaces) between the ferrite (CFO) and the titanate (BTO) phases: CFO-CFO, BTO-BTO and
CFO-BTO. There was no evidence of additional components in the collected data, so the impedance
responses of grains should have smaller relaxation times (given by 7 = RC for each phase®), and
are not apparent in the explored frequency range. Therefore, the produced materials can be broadly
described as semiconducting grains with far more resistive grain boundaries. In order to search for
a correspondence between the several RC arrangements and the different interfaces, an analysis of
their behavior under different magnetic fields and temperatures were carried out.

The values of equivalent resistors, Ry, R, and R3 were quite different (Table I), but they exhibited
the exponential decrease with T of a typical semiconductor. When plotted in an Arrhenius form, the
activation energy can be extracted.'® Equivalent capacitances C; and C3 exhibited the tendency of
going through a maximum, Fig. 2b; capacitance C», in contrast, exhibited a different thermal behavior,
as it increased monotonically with 7.

For this analysis, we chose to focus on the results obtained at a magnetic field of 7.5 kOe. At
this field a high change in the magnetization of the ferrite was expected and its influence on the
composite feature would be the most spectacular. For higher fields, the change in CFO magnetization
is very small (the saturation is quite reached) while for smaller fields, the impedance response at all
temperatures increases significantly (Fig. 3a for 7 = 130°C). A new modelling of the response as a
function of H led again to three parallel RC circuits in a series arrangement, with a clear increase
in both R; and Ci values. C and C3 showed again a wide maximum about 120°C, which in some
way mimics the BTO transition from the ferroelectric to the paraelectric state. We can assume that
these are representative of grain boundaries of BTO with itself, and BTO with CFO, as it has been
found that grain boundaries in BTO contain a ferroelectric phase similar to ferroelectric grains.!” It
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FIG. 2. a)Cole-Cole plots of impedance response at H =0 and selected temperatures. In inset, the high temperature results with
smaller impedance values; b) thermal behavior of C| and C3 capacitance elements; in inset, the equivalent circuit modelled.
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TABLE I. Estimated values of circuit elements.

T(°C) Ry (k) Ry (k) R3 (k) C1 (pF) C2 (pF) C3 (pF)

H (kOe) 0 75 0 75 0 7.5 0 75 0 7.5 0 75
40 91 256 51 210 2.3 6.5 61 111 307 530 245 502
50 53 182 40 160 1.4 5.1 65 124 274 532 273 539
70 34 108 24 128 0.99 4.23 66 167 265 586 286 625
90 25 68 15 70 0.79 2.51 64.4 173 293 719 297 593
110 18 52 73 45 0.63 2.56 60 176 393 926 301 489
130 14 30 4.1 24 0.52 3.33 58 204 548 1171 277 34

150 9.6 15 22 11 0.42 3.37 57 199 683 1288 267 27

170 8.2 9.5 1.6 7.6 0.37 3.47 55.8 218 816 1452 256 19.5

is difficult to distinguish between BTO-BTO and BTO-CFO, but based on estimated R and C values
(Table 1), it can be proposed that R; C; represents BTO-CFO interfaces and R3C3 is associated with
BTO-BTO boundaries, with larger values of capacitance. In contrast, C, exhibited again an increase
with 7, in some way antisymmetric to R, as shown in Fig. 3b. In order to link the R,C, to the
CFO-CFO interfaces, an interpretation of the results on Fig. 3 should be proposed.

It is important to point out that in the present case, the sintering was performed under reductive
operating conditions, namely, the starting nanopowders are compacted in a graphite crucible and
maintained under vacuum during the whole axial pressure processing (see for instance'>'®). As a
consequence, a partial reduction of Fe3* into Fe* in the spinel phase occurs (less than 5 at %). Both
cations prefer octahedral environments,'® and when they are on neighboring sites, a temperature
T > 120 K provides enough energy for the Fe?* extra electron to “hop” between Fe3*-Fe?* sites.
The drop of several orders in magnitude of electric resistivity for magnetite (Fe**Fe3*,0,) at this
temperature is one of the signs of the Verwey?’ transition, reported in 1939. Therefore, this non-
zero amount of Fe* is very probably high enough to induce a relatively high conductivity in the
CFO grains. BTO is also sensitive to oxygen loss during sintering, which leads to an increase in
conductivity.?! The presence of an inhomogeneous structure with strong differences in conductivity
results in the creation of Schottky barriers, in which a concentration (or a depletion, depending on
the applied electric field polarity) of carriers occurs, giving rise to a barrier layer capacitance.?” This
phenomenon often explains the unusual high capacitance in polycrystalline oxides.”® The presence
of Fe** to Fe?* pairs in octahedral sites leads, additionally, to the creation of electric dipoles in the
ferrite phase,”* contributing to the high values of capacitance. This is in good agreement with Fig. 3b,
where estimated resistance and capacitance elements show an antisymmetric dependence with 7.

In order to understand these results, the electric properties of ferrites should be revised. Anomalies
in the magnetoresistance (MR) of ferrites, mainly MnFe,Oq4, were first 1rep0rted25 in 1994. Not only
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FIG. 3. a)Cole-Cole plotat H =0 and 7.5 kOe, at 130 °C; b) thermal behavior of R, C, components of the modelled equivalent
circuit.
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large values of negative MR were found, but strong differences between parallel and perpendicular
MR measurements were observed. More recently, negative MR in ferrites has been reported” in
CFO/CuQ/CFO thin films prepared by magnetron sputtering, MnZn ferrites (with Fe304 and Ti**
additives) produced?’ by solid state sintering, as well as in hexagonal, Z-type Sr3Co,Fe,404, ferrites
prepared by solid state sintering. In the case of CFO/SiO2/p-Si thin film junction heterostructures®
(synthesized by pulsed laser deposition), a negative MR was observed for the CFO film, whereas a
positive MR was exhibited by the junctions.

In our case, according to the observed equivalent resistors R; under magnetic field, a strong
positive MR was observed on all the interfaces. This result can be explained if, as the reference
reports, the nature of the interface can have an effect on the sign of MR. A factor which can be
important is that our samples have been processed by a reductive method (SPS), as discussed before,
leading to a larger amount of Fe?* than typical solid state sintering techniques, normally carried out
in air.

Our magnetocapacitance results can be thus explained in terms of a carrier-mediated effect. This
coupling results entirely?® from the selective accumulation of spin-polarized carriers at interfaces.
Under the action of the electric field, free carriers are accumulated on grain boundaries. The observed
behaviors of R; and C; with temperature and under magnetic field (Fig. 2b and Table 1), indicate that
carriers accumulated at BTO-CFO interfaces are also scattered by the magnetization of the ferrite.
Under the effects of both the magnetization (CFO) and the polarization (BTO), the accumulation of
spin-up carriers in the interfaces creates an imbalance, leaving behind an equivalent concentration of
spin-down carriers. The overall result is the creation of an unusually high capacitance.

IV. CONCLUSIONS

An Impedance Spectroscopy (IS) analysis of ME effects in CFO/BTO nanocomposites in the
5 Hz-10 MHz frequency range, 40-170°C temperature range and 0-7.5 kOe magnetic field range,
was presented. The IS methodology allowed the representation of the impedance response by means
of three parallel RC circuits connected in series. Based on their elements values and their thermal
behavior, an association of these circuits with the BTO-BTO, BTO-CFO and CFO-CFO interfaces
was proposed. An interpretation of the strong increase in elements values upon the application of a
magnetic field was proposed in terms of grain barrier layer capacitances and resistances, which are
enhanced by the presence of Fe*.
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