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Magnetoelectric Properties of Co,_,Ni,Fe,O,4/BaTiO;
Heterostructures with 3—3 Connectivity Obtained by

Eutectic Crystallization

Martin Breitenbach, Kathrin Dérr, and Stefan G. Ebbinghaus*

Multiferroic composites consisting of 62 mol% ferroelectric Bag 97Sr¢ 03 TiO3 and
38 mol% ferrimagnetic Co,_,Ni,Fe,O, with Ni substitution levels of x= 0, 0.25,
0.50, 0.75, and 1.00 are obtained from eutectic crystallization in a floating zone
furnace. Scanning electron microscopy reveals the self-organized formation of a
3-3 network. Epitaxy of the two phases is confirmed by single-crystal X-ray
diffraction. All samples, except the one containing pure NiFe,O,, are free of
impurity phases. The influence of the substitution level x on the unit cell
parameters of both materials is investigated by Rietveld refinement before and
after a reoxidation process in flowing oxygen at 1173 K. The amount of oxide
defects is determined by thermal analysis, showing a nearly constant value
throughout the whole Co;_,Ni,Fe,O, series. The effect of Ni substitution on the
magnetic properties (saturation magnetization and magnetic transition tem-
perature) of the eutectics is investigated. The magnetoelectric (ME) properties of
the samples are studied in dependence on the DC field (Hpc), the frequency of
the AC field (Hac), and temperature. The Ni content has a strong influence on the
absolute value of the ME coefficient (), but only a slight effect on the general

time ME materials have attracted huge inter-
est because of their great potential for a vari-
ety of applications including data storage
and sensors.>®! Composite materials con-
sisting of a ferro- or ferrimagnetic and a fer-
roelectric component’ ™" are of special
importance because they often show a much
higher ME response than single-phase mul-
tiferroics and the ME effect can occur at
room temperature.'” The two components
may be connected in various dimensional-
ities, e.g., as particles in a matrix (0-3 con-
nectivity) or as alternating layers (2-2
connectivity). Whereas these connectivities
have been studied extensively, only few
articles deal with 3-3-structures, i.e., the fer-
roelectric and magnetic phase forming 3D
meandering structures. This connectivity
results from self-organization during the
eutectic crystallization of, e.g., CoFe,O4/

behavior of the ME properties.

1. Introduction

The magnetoelectric (ME) effect, that is, control of the electrical
polarization by a magnetic field (direct ME effect)™™ or control
of the magnetization by an electric field (converse ME effect),’**!
was first experimentally verified by Astrov in 1960.I" Since that
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BaTiO; (CFO/BTO) melts as first observed

by Van den Boomgaard et al. in the early

1970s.1*1* Although this approach was

one of the first to yield multiferroic compo-
sites, it was surprisingly not further studied until, almost 30 years
later, Echigoya made use of it again.™® In the early work of
Van den Boomgaard, the Bridgman technique was used, whereas
Echigoya chose the floating zone crystal growth instead.
Unfortunately, they did not report any ME measurements.
Recently, a containerless microwave melting/crystallization has
been applied to CoFe,0,/BaTiOs; mixtures with 50, 60, and
70 wt% CoFe,0,, leading to composites containing small amounts
of impurities.'! For an eutectic sample obtained by this
approach, a magnetodielectric effect was observed, ie., the
permittivity increased linearly by ~0.3% for magnetic fields
between 0 and +4 T.l'”)

In the course of our research on multiferroic heterostructures
with different connectivities,”'®! we became interested in 3-3
composites. In an earlier publication, we reported on the success-
ful growth of phase-pure CoFe,0,/BaTiO3 composites via float-
ing zone melting.*! As it turned out, the two major obstacles
were the formation of the hexaferrite BaFe;,0,9 and of hexagonal
BaTiOs. Impurities of BaFe; ;019 can successfully be avoided
using flowing nitrogen as atmosphere during the floating
zone process, whereas the formation of the nonferroelectric
hexagonal modification of BaTiO; can be suppressed by a slight
Sr substitution (3 mol%). The resulting multiferroic composite
had the composition (CoFe;04)0.38/(Ba0.97510.03Ti03)0.62- As a
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consequence of the oxygen-free atmosphere during crystalliza-
tion, the as-grown samples were electrically conductive due to
a high degree of oxygen defects. A very strong enhancement
of the resistance (>20 MQ) was achieved by a reoxidation step
in air at 973 K. A comprehensive characterization of the ME
properties with regard to different crystallization rates, sample
thicknesses, and sample alignment has been published.””!
Furthermore, the influence of the static magnetic field (Hpc),
the frequency of the driving field (Hac), and temperature on
the ME properties have been studied. High-resolution scanning
transmission electron microscopy (HR-STEM) investigations
revealed void-free CoFe,0,/BaTiOs interfaces. An epitaxial rela-
tionship between the perovskite and the spinel phase was verified
by single-crystal X-ray diffraction (XRD).

Because the approach of eutectic crystallization so far has
been used only for CoFe,0, as ferrimagnetic material, the aim
of this work was the stepwise substitution of Co by Ni in
Co;_,Ni Fe;04/Bag 97S10,03Ti0; eutectics. The magnetostriction
of nickel ferrite is much smaller than the one of CoFe,0,.2!
Nevertheless, strong ME coupling with ayg values in the range
of 30-70mVcm ' Oe™! has been reported for epitaxial films,
making NiFe,0,/BaTiO; an interesting system to study.*?

In this work, the influence of nickel substitution on the
unit cell parameters and ME properties of Co;_,NiFe,O4/
Bag.97S10,03Ti03 eutectics was investigated. Thermogravimetry
was used to calculate the amount of oxygen defects in the
as-grown samples from the mass gain during reoxidation, which
also revealed unexpected changes in the magnetic behavior upon
oxygen annealing.

2. Results and Discussion

2.1. Crystal Growth, Scanning Electron Microscopy, and XRD

Crystallization of the Co,_,Ni,Fe,0,4/Bag 97Sr0,03Ti0; eutectics
proceeded without severe problems for all compositions and
resulted in cylindrical boules of 6-8 mm diameter, 50-70 mm
length, and 9-13 g weight. With higher Ni amounts, a linearly
increasing lamp power had to be applied during the floating
zone melting (from 38% for x=0 to 40% for x=1). As an
example for the interpenetration of the two components,
Figure 1 shows a scanning electron microscopy (SEM) image
of the CogsNigsFe,04/Bago7S10.03Ti03 sample. During the
eutectic crystallization, well-defined geometric structures form
by self-organization, resulting in a network that corresponds to
a 3-3 connectivity. Such “Chinese script”-type microstructures
are typical for directionally solidified eutectic oxides.**) Energy-
dispersive X-ray spectroscopy (EDX) analysis shows that the
dark and pale gray regions correspond to the spinel and perov-
skite phase, respectively. The quantitative evaluation at differ-
ent spots gave no hints for significant incorporations of Fe,
Ni, or Co in the BaTiO; matrix nor Ti in the spinel phase in
agreement with the XRD results discussed later.

To investigate the orientational relationship of the two compo-
nents, a rectangular-shaped piece (=200 x 200 x 100 um) of the
sample with x = 0.5 was subjected to single-crystal XRD. Figure 2
shows the reciprocal hk0 lattice plane. Points corresponding to
the perovskite and spinel phase can easily be distinguished by
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Figure 1. SEM image of a polished slice from the sample with x=0.5.
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Figure 2. Reconstructed hkO-plane of the reciprocal lattice of the
Cog.sNig sFe;04/Bag97Sr0.03TiO3 crystal. For h, k>0, the points of the
perovskite and the spinel are labeled in black and red.

their different d* values and the systematic reflection conditions
for CogsNigsFe,O4 (0k0: k=4n, h00: h=4n, hkO: h+k=4,
h=2n, k=2n). As expected, the sample consists of more than
one domain leading to additional peaks (e.g., visible close to
the perovskite 010). Nevertheless, the arrangement of recip-
rocal lattice points clearly evidences the epitaxial orientation
spinel(001)[100]||perovskite(001)[100]. This epitaxy was already
found by Echigoya on atomic scale via electron diffraction.!"”!
For floating zone crystallized CoFe,04/Bag 97519031103, we
confirmed the same epitaxial relationship by HR-STEM in a
previous study.”” Our current XRD investigations now prove that
the orientational relationship between the spinel and the perov-
skite components extends over a much larger length scale in
the order of 100 pm.
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Figure 3. Powder XRD patterns of the different samples after oxygen
annealing.

For each sample, two slices (as-grown and reoxidized) were
ground into fine powders and subjected to XRD. The resulting
powder diffraction patterns of the reoxidized samples are shown
in Figure 3. The patterns of the as-grown samples were basically
identical and are therefore not shown.

All as-grown and oxygen-annealed composites consist solely of
Co;_,NiFe,04 and BaTiO;. Only in the sample-containing pure
NiFe,0, (x=1), small traces of BaFe;,09 were detected, which
were already present before the reoxidation process. Although the
conditions during the postannealing had to be harsher than in our
earlier experiments, no additional BaFe;,0;9 impurities emerged.

The unit cell parameters of all as-grown and reoxidized
samples were obtained from Rietveld refinements. Because the
octahedrally coordinated Ni** ion has a smaller radius than Co**
(0.690 A vs 0.745 A®*), a decrease in the unit cell dimensions
is expected. Because CoFe,0, and NiFe,O, crystallize in the
(partially) inverse spinel structure, the tetrahedral sites are pre-
dominantly occupied by Fe*" ions and thus their influence can
be neglected. The lattice parameters of the Co;_,Ni, Fe,0, com-
ponent are shown in Figure 4. A linear decrease in the cell
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Figure 4. Unit cell parameters of Co;_,NisFe,O, as function of Ni content.
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parameters with rising Ni content is observed in accordance with
Vegard’s law. This behavior was already reported in the literature
for powder samples of the Co,_,Ni,Fe,O4 system.[zs] For our
composites, the linear behavior indicates that the composition
of the ferrite component is very close to the nominal one.
Upon reoxidation, a significant decrease in the cell parameter
a by an average value of 0.014 A is observed. This behavior
can be explained by the healing of oxygen defects, correlated
with the oxidation of Fe?™ to Fe*" ions, which are smaller in
size (Fe’*yy: 0.630A, Fe’y): 0.490A, Fe*(yy: 0.780A,
Fe”(vn: 0.645 A)[19]

The cell parameters of the Bag97Sr903TiO3 component are
shown in Figure 5. A tetragonal unit cell was found, indicating
that the ferroelectric BaTiO3 modification (space group P4mm) is
formed. The ratio c¢/a is rather small (about 1.001) but nonethe-
less significant, as shown by the error bars in Figure 5. Attempts
to refine the XRD pattern with a cubic unit cell led to far worse y*
values. In addition, a strong enhancement of the ME effect after
poling the samples in an electric field (see Section 4) also proves
the presence of the ferroelectric phase.

With rising Ni content in the spinel component, the cell
parameters of BaTiO; (apto and cgro) of the as-grown samples
remain almost constant, whereas, for the corresponding reoxi-
dized samples, a slight decrease in both apro and cpro seems
to occur with increasing x. On the other hand, the change is very
small (in the order of 0.002 A corresponding to 0.5%o) which
indicates that only traces of Fe, Co, or Ni are incorporated into
the perovskite phase during the floating zone melting. This inter-
pretation is corroborated by previous SEM/EDX and TEM/EDX
measurements, in which no significant signals for these
elements were detected in the BaTiO; component.!*?"
Furthermore, earlier investigations on sintered ceramics have
shown that the solubility of Fe, Co, and Ni in the cubic/tetragonal
modification of BaTiOj; is well below 1%.12°

Upon annealing in oxygen, both apro and cpro decrease by
roughly 0.0035 A again due to healing of oxygen defects leading
to an oxidation of Ti*™ to the smaller Ti*". The change in the unit
cell parameters is about one quarter of the change of Ggeite
reflecting the higher electropositivity of Ti and in turn the forma-
tion of fewer defects in BaTiO3; compared with the ferrite spinels.
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Figure 5. Unit cell parameters of Bag97Sr003TiO3 with respect to the Ni
content x in Coy_,Ni,Fe,Oy.
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2.2. Thermal Analysis and Magnetic Properties

For a more detailed study of the oxygen defect healing, the as-
grown samples were investigated by thermogravimetric (TG)
analysis in oxygen. A magnet was attached under the furnace cre-
ating an extra attractive force on the ferrimagnetic spinel phase,
which vanishes at the Curie temperature, resulting in an appar-
ent weight loss. In turn, the thermogravimetric experiments can
be used both for the investigation of the oxygen defects and the
determination of the magnetic transition temperature Tc. As an
example, the TG curve for the Cog 75Nig 25Fe;04/Bag.97S10.03TiO3
composite is shown in Figure 6.

In the heating regime, the weight loss at roughly 400°C
results from the ferrimagnetic — paramagnetic phase transition.
The reoxidation of the composite mainly happens between
600 and 950 °C and is basically completed after the dwell time
of 30min at 950°C. This rather fast defect healing can be
explained by the high oxide ion mobility in spinel-type oxides.
For example, for single-crystalline (Nig sgFeo 32)Fe,Oy4, an oxygen
diffusion coefficient of D=0.005 x exp{-256 k] mol™' K™/
(RT)} (cm? s~ ') was found.”?”) For polycrystalline NiCr,0,, a sim-
ilar value of D=0.017 x exp{-275kJ mol ' K™ '/(RT)} (cm*s™ ")
was reported.”®! These high mobilities allow an individual oxy-
gen ion to travel a distance in the range of 1 pm within 1h at
900 °C. The weight gain of 0.29 wt% corresponds to 0.04 oxygen
per formula unit of (Cog 75Nig 25F€,04)0.38(Bao.97570.031103)0.62-
As both components may be oxygen deficient, it is difficult to
derive a chemical composition for the as-grown material.
Because during reoxidation, the relative change of the unit cell
parameters of the ferrites (=0.17%) is about twice the one of
Bag.97S10,03Ti03 (x0.09%), one might assign a defect ratio of
2/1 (given that the effect of an oxygen defect is equal in both
phases). Assuming that the reoxidation product is free of oxygen
defects, this leads to the compositions Cog75Nig,5Fe;,03.93 and
Bag 9751003110, 95 for the two components in the as-grown sam-
ple. In contrast, if the uptake of oxygen is assigned completely to
the spinel phase, the derived composition is Cog ;75Nig 25Fe;03.90.

142.0

1435 - g COO.75NiO.25FeZO4 |
A\ E
o 143.0 | 5 E
E ' am_ =+0.41mg
> : =0.29%
S H Tc
S 14250 ; 4

1000

Figure 6. TG data of the as-grown Cog 75Nig2sFe;04/Bag975r0.03TiO3
composite during annealing in oxygen. The blue arrows indicate increasing
and decreasing temperature.
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Figure 7. Thermogravimetric investigation in oxygen (cooling regime) of

the different composite samples. Every 20th data point is shown as a
symbol.

Upon cooling down from 950 °C, the weight remains constant
until the Curie temperature Tc=510°C is reached, at which
a pronounced increase in the measured weight is observed.
The thermogravimetric investigation of the reoxidation has
also been performed for the other samples. Because the weight
gains assigned to the reoxidation are nearly the same (x=0.5:
Am=0.29wt%, x=0.75: Am=0.28 wt%,), only the cooling
curves, which were used for the determination of T, are shown
in Figure 7.

With increasing Ni contents, the weight gain associated with
the ferrimagnetic ordering occurs at higher temperatures. The
values of T¢ determined from the onset of the weight increase
are shown in Figure 8 in comparison with the saturation mag-
netization (Ms) obtained from magnetization curves as shown in
Figure S1, Supporting Information.

Both T¢ and Mg show a nearly linear dependence on the Ni
content. A similar behavior with only slightly different values has
been observed for bulk samples of the Co;_,Ni,Fe,0, system
(pure ferrite, no composite) underlining that the ferrite stoichio-
metries in our multiferroic composites obtained from the float-
ing zone process are very close to the nominal ones.”
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Figure 8. Curie temperatures and saturation magnetizations of the reoxi-
dized samples.
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2.3. ME Properties

Prior to the ME investigations, one reoxidized slice of each
sample was poled, as described in Section 4. For a detailed inves-
tigation of the influence of the Ni substitution on the ME prop-
erties, ME values were measured as a function of the DC field,
the frequency of the driving AC field and temperature.

In the following, the results for samples containing mixed
ferrites (x=0.25, 0.50, 0.75) are discussed in comparison with
the ME properties of the CoFe,0,4/Bagg7S1003TiO3 composite
(x=10).”") The sample containing pure nickel ferrite NiFe,0,
(x = 1) was found to be electrically conductive even after reoxida-
tion and therefore could not be poled and measured.

The DC field-dependent measurements at 300 K were started
at Hpc=10kOe. The magnetic field was decreased to
Hpc=—10kOe and reincreased to Hpc = 10kOe. The ampli-
tude and frequency of the AC field were fixed to 10 Oe and
flHac) =500 Hz, respectively. The results are shown in
Figure 9a.

All samples show the strongest ME response in the range
Hpc = £(2300-2500 Oe). Also, their ME curves have very similar
shapes; only the absolute values of ayr change with the ferrite
composition. This similarity is easier to be seen in the normalized
data shown in Figure S2, Supporting Information. The maximum
values are ayg(max) = 1.3, 1.1, 0.4, and 0.1 mV Oe ™' cm ™! for the
samples with an Ni content of x =0, 0.25, 0.50, and 0.75, respec-
tively. This decrease in ayg most likely stems from the declining
magnetostriction in the mixed spinels Co; _,NiFe,0, with higher
x values.®” The values for the remanent ME coefficient and the
coercivity follow this trend, as shown in Figure 9b. The remanent
values of ayg are 3—4 times smaller than ayg(max). The coercive
fields decrease from 0.32 to 0.12kOe for x = 0-0.75.

Our maximum ayg values are comparable to the ones from
the pioneering work of Van den Boomgaard et al. who reported
ME coefficients of 1-4 mV cm ™' Oe ™~ "."*** The only sample that
showed a much larger value of 50 mV cm ™' Oe ™! had a strongly
deviating composition and was later reported to consist of
BaTiO;, CoFe, ,Ti,Co0,O,, and BaFe;; 5,Co,Ti,010.*"

In the current measurements, we found that the ME coeffi-
cients reach their highest and lowest values at the same
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magnetic field of Hpc(max,min) = £(2300-2500 Oe) indepen-
dent of the sweep direction of H. This is in remarkable contrast
to our earlier findings for eutectics containing pure CoFe, O, for
which a difference of about 600 Oe was observed between
increasing and decreasing fields. Apparently, already the rather
low substitution level of x = 0.25 in Co,_,Ni,Fe,O, suppresses
this sweep-direction dependence occurring in (CoFe;O4)03s/
(Ba0,97Sr0,03T103)0,62.[ZO]

In our experimental setup, a small AC field of 10 Oe is super-
imposed to the static magnetic field and drives the ME voltage.
Therefore, the ME coefficient is expected to depend on the slope
of the magnetostriction of the spinel and its maximum should
occur at the maximum of dA/dH. The magnetostriction of the
Co;_,Ni,Fe,O4 (x=0, 0.2, 0.4, 0.6, 0.8, 1.0) system has been
investigated in detail by Mathe and Sheikh.?* Their results show
that both the absolute value of A and its slope decrease with
higher Ni contents. While the change of slope is rather small
between x = 0 and 0.2, the effect is more pronounced for higher
nickel contents. Our measurements resemble this behavior,
i.e., similar values of aygp(max) were measured for x=0 and
x=0.25 and higher Ni contents led to significantly smaller
ME responses for x = 0.50 and x = 0.75. In addition, the magne-
tostriction curves given by Mathe et al. have their largest slopes
between 1800 and 3000 Oe, which is roughly the same region in
which ayg(max) occurs in our investigations.?”!

Whereas Mathe et al. only report on the magnetostriction of
the pure ferrites and also only for positive magnetic fields, a com-
plete 4 versus H hysteresis loop for a ceramic 0-3 composite of
(CoFe;04)0.4/(BaTiOs)o is given by Hrib and Caltun.?? The
ratio of spinel/perovskite is very close to ours and thus their
results may be compared with the ME behavior of the sample
with x =0. As pointed out earlier, our ME signal is expected
to be proportional to d4/dH. For the comparison, we therefore
fitted the data of Hrib et al. by two Lorentzian functions for
the different field sweep directions. The normalized derivatives
of these functions are shown in Figure 10 in comparison with
ays of our sample containing unsubstituted CoFe,04 (x =0).
First, it is to be noted that a negative slope of d4/dH corresponds
to positive values of oyx (please note the inverted direction of the
y-axis for di/dH). Second, the characteristic points of the two

1.5
L A .
404 Jo3
E 5] o
1.0 — ~a e Hcoerc- 0.38 | 9
1 >{ 2
1025 Joos
i S =102%
o5k . . £l o
[ - o, (max) kS 8] 8
—e— ¢, (remanent) 101 2
0.0 b— r : — 0.0 -0.1

Figure 9. DC-field dependence of a) aue and b) extracted characteristic values of the series (Coq_,Ni,Fe204)0.33/(Ba0.975r0.03TiO3)0.62 With x=0, 0.25,

0.50, and 0.75.
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Figure 10. Comparison of the ME signal of (CoFe;O4)o3s/

(Bao.o7Sr0.03TiO3)062 With the derivative of 4 measured for a ceramic
(CoFe;04)0.4/ (BaTiO3)0.6 composite.??

curves correspond very well. That is, extreme values and zero
crossings occur at similar magnetic fields and the remanent val-
ues are comparable too. Only at high fields deviations occur,
where the decrease in the ME coefficient of the composite is
far less pronounced. This difference can be explained by the
clamping effect of the perovskite phase which is expected to
be stronger in our crystallized samples compared with the
ceramic one described in the literature.*?) One reason for a more
effective clamping is the very low porosity of the melt-grown
samples, which possess densities in the range of 94-98% of
the crystallographic ones.'” In addition, the epitaxial orientation
of the two components corresponds to fewer defects (e.g., point
defects or dislocations) at their interfaces leading to a better
mechanical connection and in turn a stronger confinement. In
this context, it is also worth mentioning that Hrib et al. observed
strong deviations in the magnetostriction of their CFO/BTO com-
posite in comparison with a pure CoFe,0, sample that was proc-
essed identically. While for the 0-3 heterostructure, a Lorentzian-
shaped field dependence was found, the magnetostriction curve
for pure CoFe,04 was bell-shaped (but not Gaussian-type as it
is too broad at low fields) with zero slope at H = 0 and a hysteresis
occurred at much higher magnetic fields. Thus, the ayg field
dependence of the 3-3 heterostructures obtained from eutectic
crystallization can be explained by the magnetostriction of the spi-
nel component, which is hindered by the clamping effect of the
surrounding perovskite phase.

The dependencies of the ME effect on the frequency of Hac and
on temperature are shown in Figure 11 and 12. In these investi-
gations, the static field was fixed to Hpc = 2300 Oe, i.e., close to
ayve(max) of the samples containing nickel (x > 0). Please note
that for the sample containing unsubstituted CoFe,0,, the field
of ayp(max) is a little different (=1600 Oe). Therefore, for this
sample not the highest possible ME voltages have been measured.
This is the reason for the apparently lower values of ayg for x =0
compared with x=0.25 in Figure 11 and 12.

The values of aygp increase with frequency and saturate
between 300 and 400Hz at ayp=1.2, 04, and
0.1mVOe 'cm ™' for x=0.25, 0.50, and 0.75, corresponding
to their maximum values (Figure 9). The smaller ME voltages
in the low-frequency range (below ~300 Hz) might be due to
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a partial internal discharge caused by the finite conductivity of
the spinel phase. Because this discharge is rather slow, it
becomes negligible at higher frequencies. On the other hand,
it has been argued that in bulk composites charge accumulation
at the interfaces of the two components can lead to an “inverse”
Maxwell-Wagner-type relaxation, resulting in a charging of the
capacitance (i.e., BaTiO;) through the conductive ferrite. This
effect first increases and finally saturates with rising fre-
quency.??! In our measurements, no resonance was detected
in the investigated frequency range (50 Hz-1kHz). Such reso-
nances have been reported to occur between 15 and 430 kHz,
a range unfortunately inaccessible with our setup.?**”!

With rising temperature, the ME coefficient increases for all
samples until its maximum is reached at 270-280 K (Figure 12).
Up to room temperature, only a slight decrease is observed. The
largest values for ayg are found in the region of the orthorhom-
bic/tetragonal phase transition of BaTiO; (265-280 K). This tran-
sition temperature is known to depend on various parameters
such as crystallite sizes and substitutions. For example, Sr sub-
stitution or trace incorporations of Fe in BaTiOs3 both lower the
phase transition temperature.*® The temperature dependence of

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a basically reflects the piezoelectric behavior of BaTiO;. Both
piezo- and dielectric properties of BaTiO; result from the same
ionic displacements (shift of titanium in the TiOg octahedra).
Therefore, they are closely related and in turn ayg can be com-
pared with e, considering the slight strontium substitution
(Bag.97S10,03Ti03), which is known to shift and broaden the phase
transition temperatures.®”) The tetragonal, orthorhombic, and
rhombohedral modifications of BaTiO; possess deviating permit-
tivities due to the different displacements of Ti (along <001>,
<110>, and <111> respectively; directions given with respect
to the cubic perovskite structure). As shown in Figure 12, the
orthorhombic/tetragonal phase transition can be detected by
the ME voltage, whereas the rhombohedral/orthorhombic one
is too small and broad to be seen. In contrast, for 0-3 composites
of Ni/BaTiO; (without Sr substitution), both low-temperature
structural transitions lead to clear signals in the ME voltage.*®
On the other hand, we cannot rule out the possibility that the
temperature dependence of the magnetostriction may also play
an important role. Temperature-dependent measurements of
both the polarization and the magnetostriction are therefore
planned for the future to distinguish the effects of the different
parameters.

3. Conclusions

3-3 composites consisting of 62 mol% Bag¢;Sr903Ti03 and
38 mol% Co,_,Ni,Fe,0, with x=0, 0.25, 0.50, 0.75, and 1.0
were successfully grown by eutectic crystallization using the
floating zone technique. The crystal lattices of the two compo-
nents possess an epitaxial orientation, i.e., spinel(001)[100]||
perovskite(001)[100], on the micrometer scale. With the excep-
tion of the sample containing pure NiFe,Oy, no impurity phases
were detected. The linear dependencies of Curie temperatures,
saturation magnetizations and ferrite cell parameters on the Ni
content prove the successful substitution. Thermogravimetry
in flowing oxygen shows a mass gain associated with the
healing of oxygen defects leading to a pronounced increase of
the electric resistivity. The absolute values of the ME coefficient
decrease with rising Ni content. The DC field at which the
maximum values of ayg occur is independent of x and of the
sweep direction of H, which is in a remarkable contrast to
the unsubstituted CoFe,O4/Ba;_,Sr,TiO; eutectic. The field
dependence of the ME coefficient resembles the derivative of
the magnetostriction (dA/dH) of particulate CFO/BTO ceramics,
supporting the widely accepted interpretation of g being the-
product property of the piezoelectric and piezomagnetic effect.
Nearly constant ME coefficients were observed in a frequency
range 400-1000 Hz without any resonances. The temperature-
dependent ME investigations reveal local maxima at the ortho-
rhombic/tetragonal phase transition of Bag 97S1¢,03TiOs3.

After the first reports in the 1970s, the eutectic crystallization
has barely been applied for preparing multiferroic composites and
it has so far only been used for the system CoFe,0,/BaTiOs. Here,
we applied this approach for the first time to the substitution series
Co;_,NiFe,0,. In further experiments, we plan to extend this
promising synthesis technique toward other ferroelectric and fer-
romagnetic materials such as (Sr,Ba)Nb,O¢ and BaFe;,01..
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4. Experimental Section

Sample Preparation: Stoichiometric amounts of Co3;O4 (>99.7%,
Alfa Aesar), NiO (>99.5%, Alfa Aesar), and Fe,O; (>99%, Sigma-
Aldrich) were used for the synthesis of Coy_,NiFe;O4. Bagg7Sro03TiO3
with 1 mol% Ti-excess was prepared from BaCO; (>99%, Solvay), TiO,
(>99%, Sachtleben), and SrCO; (>99%, Merck). A detailed description
of synthesis parameters such as heating rates, reaction temperatures,
atmosphere, and the fabricating of sintered composite rods has been
reported before." The rods used for the floating zone melting consisted
of 38 mol% ferrite and 62 mol% perovskite according to the eutectic com-
position of the CoFe,0,4/BaTiO; system.!'?]

A four-mirror floating zone furnace (CSC FZ-T-10000-H-HR-I-VPO-PC)
equipped with 1500 halogen lamps was used to melt and recrystallize the
Coy_,NiFe;04/Bag 97Sr0.03TiO3 composites. Five different ferrite contents
(x=0, 0.25, 0.50, 0.75, 1) were prepared. A growth rate of 5 mm h~" was
used with seed and feed counter-rotating at 20 rpm. The floating zone pro-
cess was conducted in nitrogen (5N purity, gas flow 12 Lh™"). Slices of
0.7 mm thickness were cut out of the obtained crystal boules perpendicu-
lar to the growth direction. In contrast to our earlier experiments, higher
temperatures (1173 K instead of 973 K) and pure oxygen (5N purity,
gas flow 9 Lh™") instead of air were chosen during the 10 h reoxidation
process."”! These modifications were required because of the presence
of Ni in the ferrite, which led to electrically conductive samples when reoxi-
dation was conducted at lower temperatures or in air. Unless not other-
wise stated, the reoxidized slices were used for all subsequent
measurements.

Characterization: For SEM in combination with EDX, a Phenom
ProX microscope was used (backscattered electron detector, acceleration
voltage 15kV). XRD measurements were conducted on a Bruker D8
Advance Bragg-Brentano diffractometer operating with Cu Ko
radiation. Powder diffraction patterns were collected using a 1D silicon
strip detector (LynxEye) in the 26 range 10°-90° with a step size of
0.01° and a counting rate of 1s per data point. The Thompson—
Cox—Hastings pseudo-Voigt profile function was applied for Rietveld
refinements with the FullProf Suite v.2.05. For single-crystal XRD an
imaging plate diffractometer STOE IPDS-2T was applied (Mo Ko,
graphite monochromator, 3 min frame™', w =0-180°, Aw=1°, p=0°
and 90°, 20, =60°). From the 360 measured frames, the reciprocal
lattice was reconstructed with the STOE X-area software. Magnetic and
ME measurements were performed in a Quantum Design Physical
Property Measurement System PPMS-9 using a self-made setup described
before for the ME investigations.”! Magnetic hysteresis loops were
recorded at room temperature with the magnetic field varying between
—50kOe and 50kOe. For thermal analysis, a TA Instruments model
2950 was used. Samples were heated to 1223 K in oxygen (gas flow
45Lh™", heating rate of 10Kmin~', dwell time 30 min). A baseline
correction (measurement of an empty sample holder) was performed
to account for the buoyancy effect. To determine the magnetic transition
temperatures of the ferrites, a ring magnet was placed underneath the
furnace.

Prior to the ME measurements, both sides of the reoxidized sample
slices were contacted with sputtered gold electrodes of 100 nm thickness
using a Cressington 108 auto sputter coater. Ferroelectric poling was con-
ducted at room temperature for 12 h applying an electric field of 5 kV cm™"
with a current limited to 0.1 mA. For the ME measurements, a small AC
field of 10 Oe was superimposed to the static magnetic field by a solenoid
and the generated ME voltage was recorded applying a lock-in technique.
Details of the DC-field-, AC-frequency-, and temperature-dependent ME
measurements and the calculation of the ME coefficient (ame) are given
in the literature.*”!
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