SCIENTIFIC REPLIRTS

A new (Ba, Ca) (Ti, Zr)O; based
multiferroic composite with large
magnetoelectric effect

Received: 04 January 2016 -\ Naveed-Ul-Hagq?, Vladimir V. Shvartsman?, Soma Salamon?, Heiko Wende?, Harsh Trivedi?,

Accepted: 02August 2016 - Arif Mumtaz® & Doru C. Lupascu?

Published: 24 August 2016
The lead-free ferroelectric 0.5Ba(Zr, , Ti; s)O; — 0.5(Ba, ;Cay 3)TiO; (BCZT) is a promising component for
multifunctional multiferroics due to its excellent room temperature piezoelectric properties. Having
a composition close to the polymorphic phase boundary between the orthorhombic and tetragonal
phases, it deserves a case study for analysis of its potential for modern electronics applications.
To obtain magnetoelectric coupling, the piezoelectric phase needs to be combined with a suitable
magnetostrictive phase. In the current article, we report on the synthesis, dielectric, magnetic, and
magnetoelectric characterization of a new magnetoelectric multiferroic composite consisting of BCZT
as a piezoelectric phase and CoFe,0, (CFO) as the magnetostrictive phase. We found that this material is
multiferroic at room temperature and manifests a magnetoelectric effect larger than that of BaTiO; —
CoFe,0, bulk composites with similar content of the ferrite phase.

A material is usually called functional from an application perspective, when it has one or more properties that
are sensitive to environmental variables such as pressure, temperature, electric, or magnetic fields. Functional
materials utilize native properties to achieve an intelligent action!. Among these functional materials, multiferroic
materials have attracted very high interest>* due to their magnetoelectric (ME) property, namely the ability to
control polarization by a magnetic field and magnetization by an electric field®. This feature makes them excellent
candidates for electrically written and magnetically read memory technologies®’, ambient sensors of magnetic
field®?, energy harvesting devices'?, electrical field tunable devices'! and current/voltage converters'?. During the
past decade, the search for multiferroics with large magnetoelectric effect has become a prime focus of attention
of physicists and material scientists. The scarcity of single phase multiferroics® and their relatively weak magne-
toelectric coupling have motivated the search for composite materials.

Typically, a multiferroic composite consists of a ferroelectric (for its piezoelectric property) and a ferro- or fer-
rimagnet (for its magnetostrictive property). The magnetoelectric effect is achieved via mechanical strain transfer
at the interfaces between the two phases. The largest values of the ME effect have been achieved in composites
containing excellent piezoelectrics like Pb(Zr, ,Ti,)O5' or (1—x)Pb(Mg, sNb,,;)O;-xPbTiO;'. However, restric-
tions on using lead in electronic equipment!® have motivated search for lead-free alternatives. A typical choice is
BaTiO; that has a piezoelectric coefficient, dss, of about 191 pC/N'¢. The values of the direct magnetoelectric coef-
ficients, avg, for BaTiO;-based bulk particulate composites are typically below 80 mV/cm-Oe"”. Besides variation
of the connectivity type and optimization of microstructure, the ME effect can be enhanced by using materials
with larger piezoelectric coefficients.

Recently, a very large piezoelectric effect has been discovered in solid solutions of (1—x)Ba(Ti,sZr,,)O5-(x)
(Bay,Cay3)TiO; (BZT-xBCT)!8-24, The BZT-xBCT system constitutes a line on the ternary phase diagram between
the end members BaTiO;, CaTiO;, and BaZrO; (see the inset in Fig. 1(a)). Upon increasing BCT content the
room temperature ferroelectric crystal structure changes its symmetry from rhombohedral (R-phase) to orthor-
hombic (O-phase) and then to tetragonal (T-phase)?. It has been proposed that the phase diagram of BZT-xBCT
involves two lines of polymorphic phase boundaries (between the T and O phases and between the O and R
phases) with an interleaving two-phase coexistence (R-T phase)? or single phase region (O-phase only)*!. It was

!Institute for Materials Science and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-
Essen, Universitatsstraf3e 15, 45141 Essen, Germany. 2Faculty of Physics and Center for Nanointegration Duisburg-
Essen (CENIDE), University of Duisburg-Essen, LotharstraRe 1, 47057 Duisburg, Germany. *Department of Physics,
Quaid-i-Azam University, Islamabad 45320, Pakistan. Correspondence and requests for materials should be
addressed to M.N.U. (email: naveed.ul-hag@uni-due.de)

SCIENTIFICREPORTS | 6:32164 | DOI: 10.1038/srep32164 1


mailto:naveed.ul-haq@uni-due.de

www.nature.com/scientificreports/

(a) x e Amm2 CaTiOs BaZrOs &

! ) .

? 4 Fdim a}' ?
’:‘; o Observed © Ba?/ Ca?*
© ® — Calculated ® Ti¢t Zré+
~ ¢ — Difference
[0)
3 1
S :* #
> 10 B RIS

20 6 80
26 (deg)

Figure 1. (a) The XRD pattern of the BCZT,;-CFO,; ceramics measured at room temperature and the pattern
calculated by Rietveld refinement based on the sum of an orthorhombic structure with the space group Amm?2
shown in (b) and cubic inverse spinel structure with space group Fd3m shown in (c). The inset in panel (a)
shows the ternary phase diagram of BaTiOs, CaTiOs, and BaZrO; adapted from Ravez et al.?*. The dashed red
line represents the full composition BZT-xBCT.

found that values of the piezoelectric coeflicient, ds;, along the orthorhombic to tetragonal phase boundary are
much higher than that along the orthorhombic to rhombohedral phase boundary?. The extraordinary piezoelec-
tric properties were attributed to a reduction in the crystalline anisotropy of polarization, and elastic softening
(increase in the elastic compliance constant s53)%%. In particular, for the composition with x=0.5 in BZT-xBCT
(later BCZT), which lies on the R-T phase boundary, the piezoelectric coefficient d;; reaches ~600 pC/N at room
temperature. The excellent electromechanical properties make BCZT a promising candidate for the development
of multiferroic composites with large ME coefficients. However, to our knowledge there have not been reports on
multiferroics based on this compound, yet.

In this article we report on the synthesis, multiferroic properties and the magnetoelectric effect for the [BCZT]—
[CoFe,0,] in 85:15 weight% ratio composite ceramics, here onwards referred to as BCZT;;-CFO,5. CoFe,O,
(CFO) is often used as the magnetic constituent in multiferroic composites due to its large magnetostriction?.

Results and Discussion

The phase content and structure of the BCZTg;-CFO, 5 ceramics were characterized by X-ray diffraction (XRD).
The observed XRD pattern, the calculated pattern from the Rietveld analysis, and the one showing the difference
between the two are shown in Fig. 1(a). The observed diffraction peaks can be indexed as the perovskite orthor-
hombic structure with space group Amm?2 for BCZT (Fig. 1(b)), as was shown for similar compositions by Acosta
et al.?, and as the cubic spinel structure with space group Fd3m for CFO (Fig. 1(c)). The Rietveld refinement
analysis revealed no extra phases and the calculated peak intensities matched well with the observed ones. In the
composites, the lattice parameters for the BCZT phase are: apc,r=4.002 A, bycyr=5.676 A and cpeyr=5.656 A,
while CFO has a lattice parameter of acpo=8.4 A.

Figure 2(a,c) show the temperature dependence of the real part of electric permittivity ¢/ for BCZTg;-CFO,5
composite and for pure BCZT ceramic, respectively, measured at different frequencies. For BCZT, (T) exhibits
a maximum at around 370K, which corresponds to the ferroelectric-paraelectric phase transition, and another
anomaly at 320K related to the polymorphic phase transition between the ferroelectric orthorhombic and tetrag-
onal phases??¢. The composite sample shows markedly different behavior. A broad peak is observed around
400-420K for frequencies above 100 Hz. At lower frequencies, the permittivity continuously increases with tem-
perature. No low temperature anomaly can be revealed. This substantially different dielectric behavior of the
two samples may be attributed to the contribution of CFO phase that has lower electric permittivity especially at
high frequencies. The comparison between electric permittivity of the BCZT, CFO, and the composite at room
temperature is illustrated in Fig. 2(d), showing frequency spectra £ (f) for all three samples. Electric permittivity
of pure CFO continuously grows with increasing temperature (Fig. 2(b)) and the growth rate becomes strong
as frequency decreases. A particular feature of the composite sample is the strong frequency dispersion of the
electric permittivity. The position of the broad maxima ¢”,, for the composite shifts to higher temperatures with
increasing frequency and the same happens for the imaginary part of the electric permittivity (see Supplementary
Information Fig. S1). Similar dielectric behavior has been observed in other multiferroic composites containing
ferrites e.g. Nij 3Zn,,Fe,0,-Sr, sBa, sNb,O¢%, Ba, (Sr, ,TiO;-Nij 4Zn, ,Fe, 0,2, and Pb(Zr, 55 Tij 47)O;-(Nig sZn, 5)
Fe,0,%.

To study the dielectric relaxation in more detail, we measured the frequency dependence of the electric per-
mittivity at different temperatures. The isotherms of the imaginary part of the permittivity of the composite are
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Figure 2. (a) Temperature dependence of the real part of the electric permittivity of the BCZT;-CFO 5
composite measured at different frequencies (see Supplementary Information Fig. S1 for ¢”/(T) measured in

the frequency range from 10 Hz to 1 MHz). (b) Temperature dependence of real part of the electric permittivity
for pure CFO measured at different frequencies from 10 Hz to 1 MHz range. (¢) Temperature dependence of
the electric permittivity for single phase BCZT ceramics. (d) Frequency dependence of the real part of electric
permittivity for CFO, single phase BCZT and the BCZT,;-CFO,; composite measured at 300 K. Arrows point in
the direction of increasing frequency.

shown in Fig. 3(a), while the isotherms of the real part are shown in the inset. A strong increase of both ¢”and ¢”

at low frequencies is mainly caused by the contribution from the CFO inclusions, which affects the properties of
the composite via two mechanisms. First, due to the intrinsic conductivity of cobalt ferrite, which is activated at
low frequencies and higher temperatures. Secondly, due to the interfaces between the more conductive ferrite and
more insulating BCZT phase, which gives rise to the Maxwell-Wagner type interfacial relaxation. These mech-
anisms were also suggested for BaTiO;—Ni, sZn, sFe,0, composites®*2. Maxwell-Wagner relaxation is usually
related to inhomogeneities and interfaces that are more pronounced in grained ceramics and composites®%. A
large number of interfaces between the ferroelectric and ferrimagnetic phases acts as traps for the mobile charge
carriers. In the vicinity of the interfaces, the polarization is strongly inhomogeneous giving rise to uncompen-
sated surface/interface charges that lead to the formation of inner fields and cause huge dielectric losses, especially
at low frequencies where the separation distances between the positive and negative charges can be substantial®.

Besides the low-frequency relaxation, €(f) and ¢”(f) show a broad step and a broad maximum in the fre-
quency range 10? < f< 10° Hz, respectively, whose positions shift towards higher frequency as temperature
increases. This indicates a thermally activated relaxation process. To evaluate the physical nature of these relaxa-
tions, we fit the complex permittivity with the Cole-Cole model®:

Ae )
R p
1 + (iwTee) (1)

* o

where e is the permittivity in the high frequency limit, Ae =, — ¢, where ¢, is the static, low frequency permit-
tivity, T¢c is the characteristic relaxation time, and w is the angular frequency.
Equation (1) can be decomposed into real and imaginary parts as:

1+ (wree)' ™ sin(am/2) ]
1+ Z(wTCC)F“ sin(am/2) + (wTCC)zfza ' )

e =e + Ac

and
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Figure 3. (a) ¢”/(f) plots for the BCZT5-CFO,; composite at different temperatures. The inset shows the
corresponding € (f) plots. (b) Representative graphs showing Cole-Cole fitting on the real and imaginary part of
electric permittivity for the composite. The inset shows the plot between inverse temperature and In7, where
Tcc corresponds to the Cole-Cole relaxation time obtained from permittivity fitting to Eqs (2) and (3).

300 637+ 14 307£5 0.334+0.01
320 159410 3014 0.3240.01
340 74+7 298+5 0.3140.01
360 36+4 278+7 0.2940.02
380 12+4 263+4 0.261+0.01
400 6.0+0.4 252+£10 0.2240.01
420 3.0£0.5 217£11 0.1610.03

Table 1. Summary of fitting results according to Cole-Cole equations (equations 2 and 3).

«

1—
o — Ae (wlT_CC) cos(am/2) |
1+ 2(wree) @ sin(an/2) + (wree)™™ ™ (3)

The exponent « describes the symmetric broadening of the relaxation time distribution: v =0 corresponds to the
canonical Debye relaxation (a system having a single relaxation time), while o > 0 describes a distribution of the
relaxation times. Fittings to eqs (2 and 3) are shown in Fig. 3(b) while the best fit parameters are presented in
Table 1. The temperature activated dynamics of the relaxation process can be described by the Arrhenius behavior
Tee = To exp(E,/k, T) where 7, is the pre exponential factor, E, is the activation energy, k,, is the Boltzmann con-
stant, and T is absolute temperature. The best fit (solid red line in the inset Fig. 3(b)) yields E,=0.47 £0.01 eV and
To=1(8.4£0.2) X 10'2s. The value of the activation energy is in accordance with that calculated for pure CFO
(see Supplementary Information Fig. S5), literature data available for cobalt ferrite’* and other ferrite containing
compounds*?2* which is attributed to the electronic conduction process between Fe*" and Fe*' ions. As a mat-
ter of fact, the ferrite phase when sintered at such high temperature, contains a number of intrinsic oxygen vacan-
cies®. For the charge balance in the system, Fe*' transforms to Fe?" to generate electrons to compensate the
positive charge at the oxygen vacancy. The weakly bound electrons on Fe?* will transit between the ferrous and
ferric ions by hopping under the electric field, a phenomenon known as the Vervey-de Boer mechanism®”.
Nyquist (Z' vs. Z") plots, where Z' and Z" stand for the real and imaginary parts of electric impedance, were
analyzed to obtain a deeper insight into the relaxation processes. Typically Nyquist plots are modeled by several
serially connected equivalent electrical circuits, corresponding to different relaxation processes. For our compos-
ite sample we have expected a superposition of contributions related to the perovskite grains, the ferrite grains
and interfaces between them. From the Nyquist plot for the BCZTg;-CFO,5 ceramic at 300 K, we can see two
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Figure 4. (a) Nyquist plot for impedance of the composite at 300 K showing two unresolved semicircles. The
inset shows the equivalent circuit used to model the circuit to obtain the electrical parameters. (b) Equivalent
circuit modeling applied at different temperatures. Symbols correspond to data points whereas the solid lines
represent the best fits.

300 18.740.6 160410 6.2040.80 22403 1.0240.01 0.8040.10
325 12.6+0.4 250£20 0.9340.03 1.6£0.2 1.4240.05 0.8040.01
350 16.7+1.0 31015 0.134+0.01 0.4540.05 2.104+0.04 0.7840.03
375 15.1+1.0 570£20 0.1240.02 0.1140.01 2.004+0.01 0.7540.02
400 11.54+0.6 340+20 0.0940.01 0.1340.04 1.0440.07 0.7440.01

Table 2. Best fit parameters according to the circuit Fig. 4(a).

poorly resolved semicircular arcs as illustrated in Fig. 4(a). Therefore two equivalent circuits were used for the
fitting (see the inset of Fig. 4(a)). Here C, and C, are the capacitances, R, and R, correspond to resistances, and
CPE is a constant phase element representing the non-ideal dielectric response correlating the ac conductivity
with the movement of charge carriers inside the grains. The impedance of the CPE is given by
Zepp = 1Y cpp = 1/Q(iw)", where Q is the pre-factor whose value is proportional to the capacity of the sample,
and the value of the exponent 7 varies from 0 (for a purely resistive element) to 1 (for a purely capacitive one)*.
The temperature evolution of these plots is shown in Fig. 4(b) and the best fitting parameters are summarized in
Table 2. We have compared the obtained parameters with results of the equivalent circuit fitting of Nyquist plots
of the pure BCZT and CFO sample presented in the Supplementary Information (Figs S2 and, S3 and Table S1).
We found that the second circuit shown in Fig. 4(a) has parameters pretty close to that of the pure ferrite sample,
e.g. the resistance is of the order of 10° ohms while Q is of the order of 107'° S.s” at 300K (see Table S1 in
Supplementary Information). Therefore we can attribute it to the contribution of ferrite phase. At the same time,
we could not resolve contributions of perovskite phase and interfaces, therefore we assume that the first circuit
represents an effective response of perovskite grains and interfaces.

The value of CPE exponent decreases with increasing temperature showing increase in non-ideality. Here we
want to emphasize the fact that although the equivalent circuit modelling is used to reveal the dielectric relaxation
mechanisms in composite ceramics, the overall permittivity is influenced by the conductivity inhomogeneity
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Figure 5. (a) Magnetization (M) versus dc magnetic field (u,H) curve. The inset shows a zoom-in image of the
same curve to show remnant magnetization and coercive field. (b) Polarization vs. electric field hysteresis loop
measured for the BCZT;-CFO,; composite at room temperature (300 K).

and the presence of electric charge. The conductivity inhomogeneity is a result of the large difference of con-
ductivities of ferrite and the perovskite phase, which can cause changes in the conductivities of these individual
phases. Hence the impedance analysis, although it appears complete, is still an approximation as compared to the
actual relaxation processes in such complex systems. On the one hand, the Cole-Cole equation (Eq. 1) is used to
describe the distribution of relaxation times while discussing the electric permittivity data. On the other hand,
CPE is used in equivalent circuit analysis. Macdonald® pointed out that the parameter n of CPE and the exponent
« of the Cole-Cole relaxation are related to each other via a relationship n =1—q, i.e. the values estimated from
fitting with these forms should be comparable. Indeed, by comparison of the parameters presented in Table 1 and
Table 2, one can see that 1—o and 7 values are comparable in the temperature range 350-400 K.

We, from here onwards, characterize the composite for multiferroic and magnetoelectric properties. The room
temperature magnetic field dependence of the magnetization, (M-H) loop, was measured via superconducting
quantum interference device (SQUID) magnetometry (MPMS-5S, Quantum Design). The curve shown in
Fig. 5(a) exhibits a very slim hysteresis loop with remanent magnetization, M, = 8.32 kA/m, and relatively small
coercive field, p,H=0.04T, as illustrated in the inset, confirming the ferrimagnetic state of the sample. The sam-
ple exhibits a ferroelectric-like hysteresis (P-E) loop (Fig. 5(b)). The values of remnant polarization and coercive
field are 0.9 4C/cm?* and 5kV/cm, respectively. Similar to other multiferroic bulk composites, the polarization
hysteresis loop is not fully saturated and shows a contribution from leakage current®.

To measure the microscopic piezoelectricity of the composite we conducted piezoresponse force microscopy
(PFM) studies. Figure 6(a,b) show the topography and lateral PEM images, respectively, of the polished sample
surface, acquired at room temperature. Regions of the distinct contrast in Fig. 6(b) correspond to the piezoactive
BCZT phase. The PEM contrast, i.e. the local polarization, can be reversed by applying a dc voltage above a certain
threshold value, signifying the ferroelectric state of BCZT. Figure 6(c,d) show typical local switching spectroscopy
PFM loops (phase and amplitude respectively). As can be seen, the phase of the PFM signal exhibits nearly ideal
180° switching which is typical of ferroelectric materials. Thus, both macroscopic and microscopic measurements
confirm that in the composite sample the CFO and BCZT phases retain their ferrimagnetic and ferroelectric
character i.e. our composite is an extrinsic multiferroic. To address the coupling between magnetic and electric
degrees of freedom we measured the converse magnetoelectric effect, Mz(E).

The magnetoelectric measurements were performed using a modified SQUID ac-susceptometer?!. In this
method, the ac magnetic moment induced by an ac electric field applied to the sample is measured. The inset in
Fig. 7(a) shows the magnitude of the induced magnetization measured at room temperature as a function of the ac
electric field amplitude. The M,z(E,.) dependence is linear and hysteresis free. The best linear fit yields the value
of the converse ME coeflicient, gy = (6.03 £ 0.03) ps/m. This value is about 50% larger than the ME coefficient
of the bulk multiferroic composite of [BaTiO;], 5-[CoFe,0,],, produced via normal sintering ccy ~ 4 ps/m*,
although containing a higher amount of CFO, namely 20 weight percent. It is known, that in BaTiO;-CoFe,O,
composites with increasing CFO content the magnetoelectric effect first increases, reaches a maximal value at
40-50 weight percent of CFO, and then decreases again®. Therefore, the larger ME effect observed in our samples
in spite of the lower CFO content, can be ascribed to the larger piezoelectric coefficient of the BCZT material as
compared to BaTiO;. One can expect that even stronger magnetoelectric coupling can be achieved in materials
with larger content of the ferrite phase. However, usually increasing CFO content results in decreasing resistivity
of the composites, which can drastically deteriorate the measurable magnetoelectric effect. Presently, we carry out
efforts to sinter composite ceramics with larger CFO content, keeping the resistivity in check, to get the maximum
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Figure 6. (a) Room temperature topography image of the polished sample surface. (b) Lateral piezoresponse
force microscopy image of the same area as in (a). The bright regions display piezo-electrically active phase.
(¢) Local piezoresponse force microscopy phase loop and (d) Amplitude hysteresis loop measured inside a
piezoactive region.
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Figure 7. (a) Magnetoelectrically induced magnetization, Mz, as a function of superimposed dc

magnetic field for the BCZT,;-CFO, 5 composite ceramics. The inset shows M, vs. applied ac electric field
(1toH4.=0.2'T), the solid line corresponds to the best fit to the linear dependence. From the slope of the line the
converse magnetoelectric coefficient was calculated. The zoomed-in figure (b) shows the hysteresis for M, at
low magnetic fields. Standard deviations in the experimental data are of the order of the line thickness and the
symbols size used.
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possible ME values which will beat, in our view, the values obtained for BTO-CFO composites. These efforts have
been partially successful and will be discussed in a separate report.

Figure 7(a) shows the ME induced magnetization, Mz, at given ac electric field (1kV/cm) as a function of a
superimposed dc magnetic field while Fig. 7(b) shows its zoomed-in view at lower field values. The shape of the
M,;5(H) curve is typical for bulk multiferroic composites containing CFO***. Indeed, since the ME effect in such
composites is due to strain coupling at the interface, the magnetoelectric coefficient can be written as
@ = @, Conkid > Where g;,,, is the piezomagnetic coefficient, c,p, ), is an effective stiffness of the microstructure,
and dy 1s the piezoelectric coefficient®. For our experimental conditions, the magnetic field and measured mag-
netic moment are perpendicular to the electroded sample faces, the shape of the M,;;(H) curve should follow the
magnetic field dependence of the longitudinal piezomagnetic coeflicient, g, that in turn is determined by the field
dependence of magnetostriction A, g;=d\/dH (here the effective uniaxial value of a sample). For polycrystalline
CoFe,0,, the A(H) dependence is non-monotonous exhibiting a maximum at p,H = 0.3-0.4 T*¢*’. Therefore, ¢,
changes sign at the field corresponding to the maximal magnetostriction, resulting in the sign reversal of the ME
response. Finally, at very large magnetic field, magnetostriction saturates and the magnetoelectric coefficient
tends to zero. The maximal ME effect is reached at the magnetic field of yi,H=0.2T that corresponds to the max-
imal d\/dH. This field is larger than for the [BaTiOs]5-[CFO],, composite (p,H=0.15T)*. The difference might
be related to the different grain size of CFO.

Conclusions

In conclusion, we have successfully prepared the bi-phasic piezoelectric-ferrimagnetic composite of
BCZT4;-CFO,; via the solid state reaction method. The dielectric response of the composite is partly affected by
the contribution from the ferrite phase. The low frequency dielectric relaxation is attributed to Maxwell-Wagner
relaxation. Analysis of ferroelectric and ferrimagnetic properties at room temperature proves the multiferroic
character of the composite. The obtained data allow to consider BCZT;-CFO,; composite ceramics as promising
for the development of lead free materials with larger magnetoelectric coupling at room temperature. Even a
relatively small amount of ferrimagnetic phase (15%) resulted in a sizable magnetoelectric coupling, the mag-
netoelectric coefficient reaches 6.03 ps/m. When comparing to reported values from the literature, the values of
the piezoelectric coefficients of BCZT (ds; = 600 pC/N)'® and BaTiO; (ds; = 191 pC/N)'€, one can expect even
larger ME coupling in BCZT based composites. It means that there are other factors besides the intrinsic piezoe-
lectric coeflicient and the ratio between the ferroelectric and ferrimagnetic phase, which affect the ME effect. An
important role is played by microstructure: grain size, density of ceramics, and quality of interfaces. Another one
can be the difference between the stiffness parameters of BCZT and CFO. The exact value of stiffness parameter
of BCZT is so far unknown. Control of these parameters should improve the magnetoelectric coupling in the
studied material.

Methods

The BCZT powder was prepared employing a two-step solid state reaction using reagent grade carbonates and
oxides. The raw powders CaCO; (Fluka Chemie GmbH, purity >99%)), BaCO; (Alfa Aesar GmbH KG, purity
99.95%), TiO, (Merck KgaA, purity >99%) and ZrO, (Sigma Aldrich UK. purity 99%) were mixed according
to the stoichiometric formula 0.5Ba(Zr,,Ti, 5)O;—0.5(Ba, ;Ca, 3) TiO;. This composition was chosen keeping in
mind the phase diagram of BZT-xBCT"? with special emphasis on the high piezoelectric constants of this com-
position. All the powders were added to an alumina milling container with yttria stabilized zirconia balls and
ethanol. The suspensions was ball-milled in a planetary ball mill (Fritsch Pulverisette 5) for 12 hours at 250 rpm
and dried at room temperature for 24 h. The obtained powder was calcined at 1400 °C for 6 h with a heating rate
of 5°C/min and subsequently ball-milled for 10 hours with the previously described parameters. The powder
was again calcined for another 6 hours at 1500 °C at a rate 5°C/min and ball milled subsequently for 10 hours as
previously.

CoFe,0, was also prepared by the mixed oxide route. The oxides of iron and cobalt i.e. Fe,O; (Alfa Aesar
GmbH KG, purity > 99%) and Co;0, (Alfa Aesar GmbH KG, purity > 99%) were mixed together in ethanol in
stoichiometric ratios and milled for 10 hours in alumina crucible with yttria stabilized zirconia balls for 10 hours.
The suspension was dried and calcined for 6 hours at 1050 °C with a heating rate of 5°C/min and ball milled again
with the previously described parameters. The calcined powders BCZT and CFO were mixed together in 85%
and 15% weight % ratio in ethanol and milled for 6 hours at 300 rpm. The suspension was dried and the obtained
powder was pressed into disk shaped pellets of 6 mm diameter and 1 mm thickness using a hydraulic press under
uniaxial pressure of 300 MPa for 2 min. The pellets were sintered in covered alumina crucibles in air at 1300 °C for
6 hours and with the heating rate of 5°C/min.

X-ray diffraction was performed at room temperature using a Siemens D5000 diffractometer both for the
calcined powders and for the final sintered pellets. Rietveld refinement was performed using Highscore plus
software*s. The structures shown in Fig. 1(b,c) were drawn with Diamond-Crystal Structure and visualization
software®®. For piezoresponse force microscopy studies the samples were polished with fine polishing papers
up to 1 micron or 8000 grit. Measurements were performed using a commercial scanning probe microscope
(MFP-3D, Asylum Research). For electrical measurements, the sintered pellets were ground to 900 pm thickness
and silver electrodes were fired at 500 °C on both faces. Macroscopic polarization versus electric field (P-E) loops
were studied using a custom-made Sawyer-Tower circuit at an electric field frequency of 100 Hz. Dielectric meas-
urements were accomplished using a Solartron 1260 impedance analyzer with the dielectric interface 1296. The
magnetic measurements were performed by SQUID magnetometry (MPMS-5S, Quantum Design). The converse
magnetoelectric effect was measured using a modified ac susceptometer of the SQUID magnetometer, where the
first harmonic of the ac magnetic moment induced by an external ac electric field (f,. = 11 Hz) is measured*!. We
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addressed the longitudinal magnetoelectric effect, where the applied magnetic field, applied electric field, and the
measured magnetization are parallel to each other and perpendicular to the sample surface.

References

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Zhong Lin Wang, K. Z. C. Functional and Smart Materials. 1 edn, (Springer Science 4 Business Media New York, 1998).
Lottermoser, T. et al. Magnetic phase control by an electric field. Nature 430, 541-544, doi: 10.1038/nature02728 (2004).

Hur, N. et al. Electric polarization reversal and memory in a multiferroic material induced by magnetic fields. Nature 429, 392-395,
doi: 10.1038/nature02572 (2004).

. Spaldin, N. A. et al. Multiferroics: Past, present, and future. Phys. Today 63, 38-43, doi: 10.1063/1.3502547 (2010).
. Eerenstein, W. et al. Multiferroic and magnetoelectric materials. Nature 442, 759-765, doi: 10.1038/nature05023 (2006).
. Bibes, M. & Barthelemy, A. Multiferroics: Towards a magnetoelectric memory. Nat. Mater. 7, 425-426, doi: 10.1038/nmat2189

(2008).

. Ma, J. et al. Recent Progress in Multiferroic Magnetoelectric Composites: from Bulk to Thin Films. Adv. Mater. 23, 1062-1087, doi:

10.1002/adma.201003636 (2011).

. Zhai, J. et al. Detection of pico-Tesla magnetic fields using magneto-electric sensors at room temperature. Appl. Phys. Lett. 88,

062510, doi: 10.1063/1.2172706 (2006).

. Hattrick-Simpers, J. R. et al. Demonstration of magnetoelectric scanning probe microscopy. Rev. Sci. Instrum. 78, 106103, doi:

10.1063/1.2777197 (2007).

Dai, X. et al. Modeling, characterization and fabrication of vibration energy harvester using Terfenol-D/PZT/Terfenol-D composite
transducer. Sensors and Actuators A: Physical 156, 350-358, doi: 10.1016/j.sna.2009.10.002 (2009).

Lou J. et al. Electrostatically tunable magnetoelectric inductors with large inductance tunability. Appl. Phys. Lett. 94, 112508, doi:
10.1063/1.3103273 (2009).

Dong S. et al. A strong magnetoelectric voltage gain effect in magnetostrictive-piezoelectric composite. Appl. Phys. Lett. 85,
3534-3536, doi: 10.1063/1.1786631 (2004).

Islam, R. & Priya, S. Effect of piezoelectric grain size on magnetoelectric coefficient of Pb(Zr, 5, Ti 45)O3-Nig sZn,,Fe,0, particulate
composites. J. Mater. Sci. 43, 3560-3568, doi: 10.1007/s10853-008-2562-9 (2008).

Ryu, J. et al. Magnetoelectric Effect in Composites of Magnetostrictive and Piezoelectric Materials. J. Electroceram. 8, 107-119, doi:
10.1023/A:1020599728432 (2002).

European Parliament, Council of the European Union. Restriction on the use of certain hazardous substances in electrical and
electronic equipment. Offic. J. Europ. Union. L 174/88, (website: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri =
celex:3L0065) (Date of access: 02/03/2016) (2011)

Berlincourt, D. & Jaffe, H. Elastic and Piezoelectric Coefficients of Single-Crystal Barium Titanate. Phys. Rev. 111, 143-148, doi:
10.1103/PhysRev.111.143 (1958).

Vaz, C. A. E et al. Magnetoelectric Coupling Effects in Multiferroic Complex Oxide Composite Structures. Adv. Mater. 22,
2900-2918, doi: 10.1002/adma.200904326 (2010).

Liu, W. & Ren, X. Large Piezoelectric Effect in Pb-Free Ceramics. Phys. Rev. Lett. 103, 257602, doi: 10.1103/PhysRevLett.103.257602
(2010).

Wang, W. et al. Piezoelectric properties of BaTiO;-CaTiO;-BaZrO; ceramics with compositions near the morphotropic phase
boundary. Cer. Int. 40, 14907-14912, doi: 10.1016/j.ceramint.2014.06.086 (2014).

Zakhozheva, M. et al. In situ electric field induced domain evolution in Ba(Zr,,Ti, §)O5-0.3(Ba,;Ca, 3) TiO; ferroelectrics. Appl. Phys.
Lett. 105, 112904, doi: 10.1063/1.4896048 (2014).

Feng, Z. et al. Enhanced piezoelectric properties of solution-modified Ba(Zr,,Ti,)O5-(Ba, ;Ca, ;) TiO; thick films. J. Alloys Compd.
632, 651-654, doi: 10.1016/j.jallcom.2015.01.286 (2015).

Brandt, D. R. J. et al. Mechanical constitutive behavior and exceptional blocking force of lead-free BZT-xBCT piezoceramics. J. Appl.
Phys. 115, 204107, doi: 10.1063/1.4879395 (2014).

Acosta, M. et al. Relationship between electromechanical properties and phase diagram in the Ba(Zr,,Ti, 5)O5-x—(Ba, ;Ca,3)TiO5
lead-free piezoceramic. Acta Mater. 80, 48-55, doi: 10.1016/j.actamat.2014.07.058 (2014).

Ravez, J. et al. Lead-free ferroelectric relaxor ceramics in the BaTiO;-BaZrO;-CaTiO; system. J. Mater. Chem. 9, 1609-1613, doi:
10.1039/A902335F (1999).

Ehmke M. C. et al. Phase coexistence and ferroelastic texture in high strain (1—x)Ba(Zr, ,Ti, 5)O;-x(Ba,,Ca, ;) TiO; piezoceramics.
J. Appl. Phys. 111, 124110, doi: 10.1063/1.4730342 (2012).

Acosta, M. et al. Origin of the large piezoelectric activity in (I — x)Ba(Zr,,Ti,4)O5-x(Ba,;Ca,3) TiO; ceramics, Phys. Rev. B 91,
104108, doi: 10.1103/PhysRevB.91.104108 (2015).

Bozorth, R. M., Tilden, E. F. & Williams, A. J. Anisotropy and Magnetostriction of Some Ferrites. Phys. Rev. 99, 1788-1798, doi:
10.1103/PhysRev.99.1788 (1955).

LiY.J. et al. Maxwell-Wagner characterization of dielectric relaxation in Ni,sZn, ,Fe,0,/Sr, sBa, sNb,O4 composite. Solid State
Comm. 137, 120-125, doi: 10.1016/j.s5¢.2005.11.017 (2006).

Yang H. et al. Polarization relaxation mechanism of Ba, ¢Sr, ,TiO3/Ni, sZn, ,Fe,O, composite with giant dielectric constant and high
permeability. J. App. Phys. 108, 074105, doi: 10.1063/1.3490782 (2010).

Zhang, H. & Chan, H. L. W. Electrical, magnetic, and magnetoelectric characterization of fine-grained Pb(Zr 5, Ti 47) O5—(Nij sZn, 5)
Fe,0, composite ceramics. J. Alloys Compd. 509, 6311-6316, doi: 10.1016/j.jallcom.2011.03.071 (2011).

Yu, Z. & Ang, C. Maxwell-Wagner polarization in ceramic composites BaTiO;-(Ni, ;Zn, ;) Fe,0,. J. Appl. Phys. 91, 794-797, doi:
10.1063/1.1421033 (2002).

Curecheriu, L. P. et al. Functional properties of BaTiO;-Ni, sZn, sFe,O, magnetoelectric ceramics prepared from powders with core-
shell structure. J. Appl. Phys. 107, 104106, doi: 10.1063/1.3340844 (2010).

Cole, K. S. & Cole, R. H. Dispersion and Absorption in Dielectrics II. Direct Current Characteristics. J. Chem. Phys. 10, 98-105, doi:
10.1063/1.1723677 (1942).

Jonker, G. H. Analysis of the semiconducting properties of cobalt ferrite. J. Phys. Chem. Solids 9, 165-175, doi: 10.1016/0022-
3697(59)90206-9 (1959).

Sakanas, A. et al. Broadband dielectric spectroscopy of BaTiO5-Nij sZn, sFe,O, composite ceramics. J. Alloys Compd. 602, 241-247,
doi: 10.1016/j.jallcom.2014.03.041 (2014).

Yan, E et al. Enhanced Multiferroic Properties and Valence Effect of Ru-Doped BiFeO; Thin Films. J. Phys. Chem. C 114, 6994-6998
doi: 10.1021/jp1009127 (2010).

Verwey, E. Electronic conduction of magnetite (Fe;O,) and its transition point at low temperatures. Nature 144, 327-328 doi:
10.1038/144327b0 (1939).

Li, W. & Schwartz, R. W. Maxwell-Wagner relaxations and their contributions to the high permittivity of calcium copper titanate
ceramics. Phys. Rev. B 75, 012104, doi: 10.1103/PhysRevB.75.012104 (2007).

Barsoukov, E. & Macdonald, J. R. Impedance Spectroscopy: Theory, Experiment, and Applications. 2*¢ edn. (John Wiley & Sons,
Inc., Hoboken, New Jersey, 2005).

SCIENTIFIC REPORTS | 6:32164 | DOI: 10.1038/srep32164 9


website: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri = celex:3L0065
website: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri = celex:3L0065

www.nature.com/scientificreports/

40. Zhang, S. W. & Chan, H. L. W. Multiferroic properties of Ni, sZn, ;Fe,0,~Pb(Zr 55Ti,4,)O; ceramic composites. J. Appl. Phys. 104,
104109, doi: 10.1063/1.3021349 (2008).

41. Borisov, P. et al. Superconducting quantum interference device setup for magnetoelectric measurements. Rev. Sci. Instrum. 78,
106105, doi: 10.1063/1.2793500 (2007).

42. Etier, M. et al. Magnetoelectric Effect in (0-3) CoFe,0,-BaTiO;(20/80) Composite Ceramics Prepared by the Organosol Route.
Ferroelectrics 448, 77-85, doi: 10.1080/00150193.2013.822292 (2013).

43. Lupascu, D. C. et al. Measuring the magnetoelectric effect across scales. GAMM-Mitteilungen 38, 25-74, doi: 10.1002/
gamm.201510003 (2015).

44. Shvartsman, V. V. et al. Converse magnetoelectric effect in CoFe,O, -BaTiO; composites with a core-shell structure. Smart Mater.
Struct. 20, 075006, doi: 10.1088/0964-1726/20/7/075006 (2011).

45. Etier, M. et al. Magnetoelectric coupling on multiferroic cobalt ferrite-barium titanate ceramic composites with different
connectivity schemes. Acta Mater. 90, 1-9, doi: 10.1016/j.actamat.2015.02.032 (2015).

46. Nlebedim, I. C. et al. Effect of heat treatment on the magnetic and magnetoelastic properties of cobalt ferrite. J. Mag. Mag. Mater.
322,1929-1933, doi: 10.1016/j.jmmm.2010.01.009 (2010).

47. Chen, Y. et al. Metal-bonded Co-ferrite composites for magnetostrictive torque sensor applications. IEEE Trans. Magn. 35,
3652-3654, doi: 10.1109/20.800620 (1999).

48. Degen, T. et al. The HighScore Suite. Powd. Diffract. 29, S13-S18, doi: 10.1017/S0885715614000840 (2014).

49. Putz, H. & Brandenburg, K. DIAMOND - Crystal and Molecular Structure Visualization, (website: http://www.crystalimpact.com/
diamond) (Date of access: 02/03/2016).(2014).

Acknowledgements

M.N.-U.-H. acknowledges financial support from German Academic Exchange Service (DAAD) under
the program ‘Forschungsstipendium Sandwich 2014-15 (57052629)’. S.S. and H.W. would like to thank U.
von Horsten for his expert technical assistance. Their work was supported by Stiftung Mercator (MERCUR).
A.M. acknowledges partial support from Higher Education Commission (HEC) Pakistan. D.C.L. and H.-W.
acknowledge support through DFG Forschergruppe 1509 Ferroic Functional Materials (Lu729/12 and
We2623/13).

Author Contributions

M.N.-U.-H. conceived the idea of these composites, synthesized samples, performed experiments including
XRD, electric and dielectric measurements, analyzed the data, prepared figures and wrote the main text of the
manuscript. S.S. performed the magnetic and magnetoelectric experiments and H.W. supervised his work. H.T.
performed piezoresponse force microscopy experiments. A.M. contributed to the text of manuscript. V.V.S. and
D.C.L. contributed to the text of the manuscript and supervised the overall research. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Naveed-Ul-Haq, M. ef al. A new (Ba, Ca)(Ti, Zr)O; based multiferroic composite with
large magnetoelectric effect. Sci. Rep. 6, 32164; doi: 10.1038/srep32164 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

S or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:32164 | DOI: 10.1038/srep32164 10


website: http://www.crystalimpact.com/diamond
website: http://www.crystalimpact.com/diamond
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	A new (Ba, Ca) (Ti, Zr)O3 based multiferroic composite with large magnetoelectric effect

	Results and Discussion

	Conclusions

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) The XRD pattern of the BCZT85-CFO15 ceramics measured at room temperature and the pattern calculated by Rietveld refinement based on the sum of an orthorhombic structure with the space group Amm2 shown in (b) and cubic inverse spinel 
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Temperature dependence of the real part of the electric permittivity of the BCZT85-CFO15 composite measured at different frequencies (see Supplementary Information Fig.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) ε′′(f) plots for the BCZT85-CFO15 composite at different temperatures.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Nyquist plot for impedance of the composite at 300 K showing two unresolved semicircles.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Magnetization (M) versus dc magnetic field (μ0H) curve.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a) Room temperature topography image of the polished sample surface.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ (a) Magnetoelectrically induced magnetization, MME, as a function of superimposed dc magnetic field for the BCZT85-CFO15 composite ceramics.
	﻿Table 1﻿﻿. ﻿  Summary of fitting results according to Cole-Cole equations (equations 2 and 3).
	﻿Table 2﻿﻿. ﻿  Best fit parameters according to the circuit Fig.



 
    
       
          application/pdf
          
             
                A new (Ba, Ca) (Ti, Zr)O3 based multiferroic composite with large magnetoelectric effect
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32164
            
         
          
             
                M. Naveed-Ul-Haq
                Vladimir V. Shvartsman
                Soma Salamon
                Heiko Wende
                Harsh Trivedi
                Arif Mumtaz
                Doru C. Lupascu
            
         
          doi:10.1038/srep32164
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep32164
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep32164
            
         
      
       
          
          
          
             
                doi:10.1038/srep32164
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32164
            
         
          
          
      
       
       
          True
      
   




