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A B S T R A C T

Multiferroic Ba1–xSrxTiO3–CoFe2O4 (x=0.03, 0.05) composites with rarely investigated 3-3 connectivity were
prepared by eutectic crystallization in an optical floating zone furnace. High-resolution scanning transmission
electron microscopy investigations of the CoFe2O4–BaTiO3 interface revealed an almost perfect connection be-
tween both components. These micrographs also showed that the impact of post-annealing in air was much
larger than expected and resulted in formation of small BaTiO3 inclusions in the CoFe2O4 phase. The magne-
toelectric coefficient αME was studied in detail with respect to its dependence on the static magnetic field, the
frequency of the driving AC-field and temperature. Furthermore, the influence of different growth rates (5, 10
and 20mmh−1), chemical composition, sample thickness and the alignment of electrical polarization and
magnetic field (collinear or vertical) on the magnetoelectric properties were studied. The largest value of
αME= 1.3mVOe−1 cm−1 was found for a sample grown at 5 mmh−1. For even slower growth rates, a higher Sr
content was required to avoid the formation of impurity phases leading to a decrease of αME.

1. Introduction

Materials that combine at least two ferroic orderings are called
multiferroics. The interaction of these ferroic ordering phenomena
leads to a variety of novel applications such as new memory devices,
sensors or spintronics [1,2]. The so-called magnetoelectric (ME) effect,
first verified experimentally by Astrov in 1960 [3], results from a
coupling of ferroelectricity with ferro- or ferri-magnetism. The ME ef-
fect allows changing the magnetization by applying an electric field
(converse ME effect) [4,5], or modifying the electrical polarization by a
magnetic field (direct ME effect) [2–4,6]. There are numerous single-
phase ME materials like BiMnO3 [7] but for most of them the ME effect
is rather small and/or occurs only at low temperatures. Therefore,
multi-component multiferroics have received increasing interest be-
cause many show strong and stable ME coupling even above room
temperature [8–10]. Such magnetoelectric composites usually contain a
piezoelectric (and ferroelectric) compound like PbZrxTi(1–x)O3 [8,9] or
BaTiO3 [11–13] and a magnetostrictive (and ferro-/ferri-magnetic)
material like CoFe2O4 [9,14,15] or NiFe2O4 [12,16,17]. In composites,
electric and magnetic order have different origins, and so can be clas-
sified as type-I multiferroics [18]. In addition to the choice of compo-
nents, the ME properties also depend on synthesis methods, particle

morphology, quality of the interface and connectivity (e.g. 0–3, 2-2 or
1–3), providing additional opportunities for optimization.

In particular, there are many studies on the BaTiO3–CoFe2O4 system
prepared by a wide variety of methods like solid-state synthesis [15],
polyol-mediated synthesis [13], spin coating [14,19], pulsed laser de-
position (PLD) [20] and template-mediated methods [21]. In this work,
we apply a rarely used method – crystallization of an eutectic melt in an
optical floating zone furnace as recently described in detail [22]. First
experiments on such eutectics by Van den Boomgaard et al. [23,24] in
the early 1970s revealed the formation of very interesting geometric
structures and a high ME effect; however, the samples contained rela-
tively large amounts of BaFe12O19 as impurity. Surprisingly, the ap-
proach of eutectic crystallization was not further investigated (possibly
due to high cost), until in 2000 when Echigoya et al. [25] studied the
influence of growth rate, composition and atmosphere during the so-
lidification process of BaTiO3–CoFe2O4. Unfortunately, they did not
present any ME investigations.

We previously reported successful growth of phase-pure
BaTiO3–CoFe2O4 composites in pure nitrogen [22]. An oxygen-free at-
mosphere was essential to avoid formation of BaFe12O19. Another
crucial step was a small Sr substitution (3mol%), which prevented
formation of the non-ferroelectric hexagonal BaTiO3 modification. Due
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to the non-oxidizing atmosphere, the as-grown samples were elec-
trically conductive. Thus reoxidation in air was necessary to heal the
oxygen defects, resulting in a very strong enhancement of the resistance
(> 20MΩ). After electric polarization, first measurements revealed
promising ME properties.

The aim of the present study therefore is the detailed character-
ization of the ME coefficients of the samples with respect to the influ-
ence of the static magnetic field (Hdc), the frequency of a superimposed
alternating magnetic field (Hac= 10Oe) and temperature. It turns out
that αME increases for samples crystallized with slower growth rates but
decreases for Sr substitutions exceeding 3mol%. Another remarkable
result is the increase of αME when the sample thickness is reduced and
an opposite sign of αME when the magnetic field is aligned perpendi-
cular to the polarization.

2. Experimental

2.1. Preparation

We used BaCO3 (≥99%, Solvay), TiO2 (≥99%, Sachtleben) and
SrCO3 (≥99%, Merck) to prepare Sr-doped BaTiO3 with 1mol% Ti-
excess. CoFe2O4 was prepared from stoichiometric amounts of Co3O4

(≥99.7%, Alfa Aesar) and Fe2O3 (≥99%, Sigma-Aldrich). Reactions
were performed in air for 2 h at 1373 K. The obtained powders were
mixed in the molar ratio 0.38 CoFe2O4/0.62 Ba(1–x)SrxTiO3 and hy-
drostatically pressed to rods at 70MPa, which were sintered at 1473 K
for 10 h. Further details are given in our previous study [22].

The rods consisting of the eutectic composition for the system
(38mol% CoFe2O4/62mol% BaTiO3) [23,25] were molten/crystallized
in a four-mirror floating zone furnace (CSC FZ-T-10000-H-HR-I-VPO-
PC) equipped with 1500 halogen lamps under flowing pure nitrogen
(5 N purity, gas flow 12 L h−1) with seed and feed counter-rotating at
20 rpm. Different growth rates in the range of 2.5–20mmh−1 were
used. See our previous study for further experimental details [22]. The
obtained crystal boules were cut into slices of 0.7 mm thickness per-
pendicular to the growth direction and were reoxidized in static air for
10 h at 973 K (heating rate 5 Kmin−1). These reoxidized slices were
used for subsequent X-ray diffraction (XRD) measurements and detailed
ME characterization.

2.2. Characterization

A Bruker D8 Advance diffractometer operating in Bragg–Brentano
geometry with Cu-Kα radiation and equipped with a one-dimensional
silicon strip detector (LynxEye™) was used for powder XRD measure-
ments (angular range 15–75°2θ, step size 0.01°2θ and counting rate 1 s
per data point). Scanning electron microscopy (backscattered electron
mode) was performed on the polished samples (Struers LaboPol-5,
grinding: SiC paper grit 1200, 2000; polishing: diamond suspension
2–6 μm) in a Phenom ProX with an acceleration voltage of 15 kV. For
transmission electron microscopy investigation of the BaTiO3–CoFe2O4

interface electron-transparent lamellae in cross-section geometry from
each sample were prepared by a FEI Nova 600 Nanolab focused ion
beam (FIB) system. For each sample, two lamellae were cut in close
proximity from an interface between grains having 90° edges with each
other. These lamellae were cleaned with O2 plasma to prevent carbon
contamination during imaging. Scanning transmission electron micro-
scopy (STEM) study of the lamellae was performed using a probe-cor-
rected FEI TITAN 80–300 microscope operated at 300 kV, equipped
with a high-angle annular dark-field detector for Z-contrast imaging
and a Si(Li) detector for energy dispersive X-ray (EDX) spectroscopy.
The FEI TIA software was used for analysis and processing of EDX
measurements.

Single crystal XRD was carried out on a STOE IPDS-2T imaging plate
diffractometer operating with Mo-Kα radiation. In total, 360 frames
were recorded with an irradiation time of 2min frame−1 in the ω-range

of 0–180° with Δω=1° for φ=0° and 90°, respectively. The detector
distance was set to 60mm, resulting in 2θmax= 70°.

For electrical contacts, both sides of the reoxidized slices were
sputtered with gold electrodes of 100 nm thickness in a Cressington 108
auto sputter coater. The polarization of BaTiO3 was accomplished by
applying an electric field of 5 kV cm−1 (current limit: 0.1 mA) for 12 h.
Afterwards, the contacts were short-circuited for 5min. In contrast to
our earlier experiments [22], the poling procedure was carried out at
room temperature.

The ME measurements were performed in a Quantum Design
Physical Property Measurement System PPMS-9 using a self-made setup
as previously described [13]. The magnetic DC-field was varied in the
range −10 to 10 kOe. A small collinear alternating magnetic field of
Hac= 10Oe with frequencies of 100–1000 Hz was superimposed by a
solenoid. Frequency-dependent ME measurements at 300 K in the range
50–1000 Hz with 3-Hz steps were carried out in the magnetic DC-field
at which the maximum αME value was found (ca. 2000 kOe). Finally,
the temperature dependence of the ME effect was measured for
10–300 K with 2-K steps again in the magnetic DC-field corresponding
to αME(max). For calculation of the ME coefficient, the real part (in-
phase contribution) of the measured AC-voltage was divided by the AC-
field (Hac) and sample thickness (d):

=

⋅

α U
H dME

ac

ac (1)

3. Results and discussion

3.1. SEM, high-resolution (HR)-STEM and single crystal XRD investigations

From composite boules grown at 5, 10 and 20mmh−1, slices were
cut, polished and reoxidized as described in the experimental section. A
SEM micrograph of one representative slice is shown in Fig. 1.

By self-organization during the eutectic crystallization, a variety of
different randomly distributed geometric structures are formed. As
described previously in more detail [22], these structures can be
roughly divided into regions of rather globular particles embedded in a
matrix and regions in which CoFe2O4 and BaTiO3 form an intergrowth
with a very regular geometric arrangement and long linear interfaces.
These structures can be of very different sizes (Fig. 1). The same type of
entanglement is found perpendicular and parallel to the growth direc-
tion. Thus, the two phases form a three-dimensional interpenetrating
network that can best be classified as 3-3 connectivity. This type of
microstructure – also denoted as “Chinese script” – is frequently ob-
served in directionally solidified eutectic oxides [26].

For a more detailed characterization of the CoFe2O4–BaTiO3 inter-
faces, high-resolution STEM investigations were carried out on an as-
grown and a reoxidized slice of the sample grown at 5mmh−1. These

Fig. 1. SEM image (BSE mode) of a crystal slice cut from the sample grown at
10mmh−1.
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HR-STEM images are displayed in comparison for two different mag-
nifications in Fig. 2.

The two different phases in the as-grown samples (Fig. 2a and b)
were identified as CoFe2O4 (dark) and BaTiO3 (bright) from the d-
spacings (data not shown) and an EDX line scan (line scan 1). The
images reveal the close connection of CoFe2O4 and BaTiO3, i.e. the
interfaces show no pinholes or voids. A further image analysis reveals
(tilted) epitaxy between CoFe2O4 (CFO) and BaTiO3 (BTO). Fig. S1b
depicts a fast Fourier transform (FFT) pattern from the full image area
of Fig. 2b. As seen in this FFT pattern, the (111) BTO and (311) CFO
reflections appear very close to each other in the reciprocal space. A
filtered image obtained using only these reflections shows that the
lattice planes of both phases align with a slight tilt angle (Fig. S1c).

Large differences between the as-grown and the reoxidized samples
can be seen in the overview graph (Fig. 2d). Upon reoxidation, the
interface becomes more irregular and orientation of the ferrite close to
it changes (indicated with a yellow dotted line (1)). Additionally, dark
inclusions occur near the interface inside the CoFe2O4 regions, whereas
no changes are found inside the BaTiO3 areas. These dark inclusions are

identified as (Fe-substituted) BaTiO3 by an EDX line scan (line scan 2).
The inclusions appear much darker than the main BaTiO3 area. This
might be due to their different orientation and in turn a much higher
orientation contrast or to a deviating sample thickness at this spot re-
sulting from the FIB preparation. Another reason might be a strain
contrast because the BTO is located inside the CFO matrix, which
possesses a large lattice mismatch. The higher magnification (Fig. 2e)
reveals no epitaxial relationship between the inclusions and the sur-
rounding CoFe2O4 matrix. In addition, the ferrite between the inclu-
sions and the interface to the main BaTiO3 region possesses a different
orientation compared to the inner part of the CoFe2O4 grain. Although
the EDX line scan provides no clear hints for chemical reactions at the
BTO–CFO interface, we cannot rule out an interdiffusion of cations as,
for example, observed by Tileli et al. in PLD films [27]; however, for-
mation of a hexaferrite phase or an ilmenite-type phase as proposed by
these authors seems unlikely. In the right region of Fig. 2e (denoted as
altered CoFe2O4), lattice parameters of 9.93 and 4.34 Å were measured.
These do not match with the ilmenite-type phase or with BaFe12-
2xCoxTixO12. The closest possible match is Ba11Fe8Ti9O41

Fig. 2. HR-STEM images showing an overview (top), a detailed view (middle) of the CoFe2O4–BaTiO3 interface and an EDX line scan (bottom) in the as-grown (left)
and a reoxidized (right) sample crystallized at 5mmh−1.
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(d(107)= 4.33 Å, d(006)= 10.24 Å). The EDX line scan confirms the
presence of Co in this region and so formation of this phase also seems
unlikely.

The STEM results reveal that the reoxidation process has a much
stronger impact on the composites than just the healing of oxygen de-
fects. It would therefore be interesting to study its influence on the ME
properties. Unfortunately, this was not possible because αME cannot be
measured on the as-grown samples due to their high electrical con-
ductivities.

TEM is a local technique providing information only for a very small
section of the sample. We therefore used single crystal XRD as a com-
plementary, global method. Cube-shaped samples with approximately
200×200×200 μm were cut from different crystal bowls and mea-
sured on an imaging plate diffractometer as described in the experi-
mental section. From the 360 frames recorded, the reciprocal lattice
was reconstructed using STOE X-area software. As a representative
example, Fig. 3 shows the hk0-plane in the range −1 Å−1 ≤ a* ≤
+1 Å−1, −1 Å−1 ≤ b* ≤ +1 Å−1 of a crystal grown at 20mmh−1.
Reciprocal lattice points with h,k ≥ 0 of BTO and CFO are labeled in
black and red, respectively. The sample possesses a high mosaicity as
reflected, for example, by elongation of the 220BTO peak and consists of
at least two domains leading to additional intensities visible e.g. in the
vicinity of the 110BTO peak and its equivalents. On the other hand, the
presence of well-defined reciprocal lattice points clearly proves the
crystalline character of the eutectic composite. Contributions of the two
components BTO and CFO can easily be distinguished from their de-
viating d* values corresponding to aBTO ≈ 4.00 Å and aCFO ≈ 8.40 Å,
respectively, in good agreement with powder XRD results [22]. For
CoFe2O4, the systematic reflection conditions 0k0: k =4n, h00: h =4n
and hk0: h + k = 4, h = 2n, k = 2n are obviously fulfilled. The see-
mingly missing 660-reflection has too low an intensity to be visible
(Irel < 1%).

Remarkably, the arrangement of reciprocal lattice points clearly
shows an epitaxial relationship of the two phases, i.e. BTO(001)
[100]||CFO(001)[100] in accordance with the electron diffraction re-
sults of Echigoya et al. [25]. However, because of the slightly diffuse
character of the spots, small angle tilts between BTO and CFO cannot be

ruled out. We emphasize that, in contrast to electron diffraction, XRD
integrates over the entire sample (i.e. a cube with approximately
200 μm edge length) thus providing global information on the epitaxy.

3.2. DC-field dependence of α(ME)

Prior to the investigations, sample slices with 0.7mm thickness
were electrically polarized as described in the experimental section.
Unfortunately, we were unable to measure conclusive P(E)-curves be-
cause the samples were still too conductive. We therefore cannot prove
that saturation polarization is achieved. However, a successful (partial)
polarization is evident by two experimental observations: first no ME
effect is detected without the poling step and second the sign of αME is
inverted when a reverse electrical field is applied (Fig. S2).

The ME measurements were carried out at 300 K with f
(Hac)= 500 Hz. Starting from Hdc= 10 kOe the magnetic field was
decreased to −10 kOe and re-increased to 10 kOe. The results are dis-
played in Fig. 4.

The ME effect increases significantly with slower crystallization
speeds. As previously shown [22], the samples show densities in the
range 94–98% of their fraction-weighted crystallographic values re-
gardless of growth speed. In addition, sizes of the geometric structures
do not change significantly for the three samples. Thus, although
sample density and the size of the interface area between CoFe2O4 and
BaTiO3 does not change significantly, slower crystallization leads to
stronger ME coupling.

We emphasize that crystallization speed has no significant impact
on the magnetic properties of the samples. The saturation magnetiza-
tion of all samples is almost identical and close to the theoretical value
of 3 μB f.u.−1 expected for CoFe2O4 (Fig. S3). In addition, remanent
magnetizations and coercitivities are also very similar.

The DC-field at which the ME coefficients reach their local max-
imum and minimum (denoted as Hdc(max) and Hdc(min)) largely de-
pends on the sweep direction for all samples. Upon decreasing the DC-
field from 10 to −10 kOe, the maximum αME values occur for Hdc(max)
of 1.6–2.0 kOe and the minimum for Hdc(min) of −2.0 to −2.6 kOe.
When the field is re-increased, the values for Hdc(min) and Hdc(max)
exchange. This shift of αME(max) was also observed in our earlier ex-
periments [22] and for BaTiO3–CoFe2O4 bulk composites [28,29]. The
growth rate in the floating zone process has a small effect on the shape
of the ME curve but a large impact on absolute values of αME. Its
maximum values are shown in the inset of Fig. 4 and represent
αME(max)= 1.3, 0.4 and 0.1 mVOe−1 cm−1 for samples grown at 5, 10
and 20mmh−1, respectively. Thus one might expect even larger ME
values for slower growth rates. Unfortunately, this is not the case due to
issues discussed below.

It is furthermore striking that during the re-increasing of the mag-
netic field, slightly smaller αME values are found than during the initial

Fig. 3. The hk0-plane of the reciprocal lattice in the range −1 Å−1 to +1 Å−1

(reconstructed from 360 XRD imaging plates) of a BaTiO3–CoFe2O4 crystal
(approximately 200 μm diameter) grown at 20mmh−1.

Fig. 4. DC-field dependent ME coefficients of samples grown at different
crystallization rates.
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sweeps. This effect is due to a slowly fading polarization of the ferro-
electric component. Upon repetition of the poling procedure this fatigue
effect vanishes.

Our ME results can be compared to values reported in the early
work of Van den Boomgaard et al. [23,24]. Although a different sample
geometry (length 45mm, diameter 4.5mm) was used and measure-
ments were carried out under resonance conditions at ∼60–70 kHz, the
reported values of 1–4mV cm−1 Oe−1 are comparable to our results.
Only for one sample with a strongly deviating chemical composition, a
much larger value of 50mV cm−1 Oe−1 could be achieved. We note
that the reported composition [23,24] is far from that calculated for the
eutectic (BaTiO3)0·62(CoFe2O4)0.38. In fact, the authors admit that
“there are some indications that it [the magneto plumbite phase BaFe12-
2xCoxTixO19] plays a role in the composite materials with the greatest
magnetoelectric effect” and “Microprobe analysis revealed that a part of
the coarse precipitates in the cell walls consisted of the M [magneto
plumbite] phase” [23]. Furthermore, the authors pointed out that their
spinel phase was not pure CoFe2O4 but CoFe2–2xCoxTixO4. In a later
article, Van den Boomgaard reported that the material in fact consisted
of BaTiO3, CoFe2–xTixCoxO4 and BaFe12–2yCoyTiyO19 [30]. We therefore
conclude that the large ME values observed by Van den Boomgaard and
Van Run were not the intrinsic values of the BaTiO3/CoFe2O4 system
but resulted from the contribution of barium hexaferrite at the interface
plus the deviating composition of the spinel phase. In this context we
emphasize that the chemical composition of our samples corresponds to
the nominal one of the eutectic, with no hints of secondary phases in
either the XRD or TEM investigations.

3.3. AC-frequency dependence of α(ME)

The sample grown at 5mmh−1 was used to investigate αME with
different AC-field frequencies (Fig. 5).

For f(Hac)= 100 Hz, the lowest ME coefficients were measured. The
values increase with frequencies up to 500 Hz. For even higher fre-
quencies, nearly identical values are found, almost twice those for
100 Hz. Apart from this, the other curve characteristics like coercitivity
of Hdc (300 Oe), the position of the local ME maxima (± 1.6
and ± 2.2 kOe) and their dependence on the sweep direction are
nearly identical for all frequencies.

Frequency dependence of αME for the three samples grown at 5, 10
and 20mmh−1 are shown in Fig. 6. Measurements were carried out at
300 K and Hdc= 2000 Oe, i.e. close to the maximum ME effect.

All samples show a similar behavior except for the absolute values
of α(ME). At low frequencies, the ME coefficients increase with f(Hac)
and saturate in the region 300–400 Hz. At higher frequencies, nearly
constant values occur. For composites grown at 10 and 20mmh−1,
values of 0.4 and 0.1 mVOe−1 correspond to their maximum values

shown in Fig. 4. The ME coefficient αME=1.1mVOe−1 cm−1 for the
5mmh−1 sample is a little lower than its maximum
(αME=1.3mVOe−1 cm−1, Fig. 4). This can be explained by a slight
difference between the applied DC-field of Hdc= 2000 Oe and the exact
Hdc of 1600 Oe for αME(max).

We did not detect resonance conditions in the investigated fre-
quency range. This is not surprising, because such resonances typically
occur in a range of 15–430 kHz [31,32], which unfortunately cannot be
accessed with our setup. The visible small jumps (Fig. 6) are not re-
producible and are probably due to electrical glitches.

The frequency dependency of the samples grown by floating zone
melting is similar to our earlier investigations on 0–3 composites of the
CoFe2O4–BaTiO3 system [13]. This indicates that the frequency-de-
pendent ME properties mostly depend on the composite system and not
on its connectivity or the synthesis route.

3.4. Temperature dependence of α(ME)

A static magnetic field of Hdc= 2000 Oe and a frequency of f
(Hac)= 500 Hz was used for measurements of the temperature depen-
dence of αME (Fig. 7).

For all three growth rates, the ME coefficients at room temperature
are in accordance with the corresponding values from the DC field- and
AC frequency-dependent measurements. With decreasing temperatures,
αME increases until a maximum at 260–270 K. At lower temperatures,
the ME coefficient again decreases and becomes undetectably small
below 160 and 120 K for samples grown at 20 and 10mmh−1, re-
spectively. In contrast, for the sample grown at 5mmh−1, measurable
αME values occur down to 10 K.

The maximum values of αME are found in the temperature region of
the orthorhombic–tetragonal phase transition of BaTiO3. For pure
BaTiO3, the transition temperature has been reported to be within
265–280 K but is known to depend both on the crystallite sizes and on

Fig. 5. DC-field dependent ME coefficient of the sample grown at 5 mmh−1

measured at different frequencies of the superimposed AC-field.

Fig. 6. AC-frequency dependence of the ME coefficent.

Fig. 7. Temperature dependence of the ME coefficient.
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substitutions. In particular, Sr substitution shifts the transition to lower
temperatures [33]. Such substitution effects may also explain why the
sample grown at 5mmh−1 has its ME maximum at a slightly lower
temperature than the others – a slower growth rate leads to trace in-
corporations of Fe in BaTiO3, which is known to lower the orthor-
hombic–tetragonal phase transition temperature [34].

The observed temperature dependence of αME can be understood
taking into account that the ME effect is generally accepted to be a
product property of the magnetostriction of CoFe2O4 and the piezo-
electricity of BaTiO3, which changes upon the tetragonal–orthorhombic
phase transition [35].

3.5. Influence of growth rate and Sr content on phase composition and α(ME)

The above-mentioned results show that slower growth rates result in
larger ME responses. Therefore, an additional sample was crystallized
at 2.5mmh−1. This decreased speed has a strong impact on the com-
position. The XRD measurements reveal large amounts of the undesired
non-ferroelectric hexagonal modification of BaTiO3 (Fig. 8a). Because
Sr doping effectively suppresses the formation of hexagonal barium
titanate [36], we raised the Sr content from 3 to 5mol% in a subsequent
floating zone experiment.

The composite with the larger Sr content (Fig. 8b) consists only of
CoFe2O4 and BaTiO3 without detectable reflexes of the hexagonal
modification. Rietveld refinement measurements revealed slightly
smaller lattice parameters for Ba0.95Sr0.05TiO3 before reoxidation (aas-
grown= 4.0048 Å, cas-grown= 4.0075 Å) and after reoxidation
(areox= 4.0019 Å, creox= 4.0044 Å) compared to corresponding values
for Ba0.97Sr0.03TiO3 of (aas-grown= 4.0066 Å, cas-grown= 4.0093 Å,
areox= 4.0043 Å, creox= 4.0077 Å) [21], reflecting the smaller ionic
radius of Sr2+ (1.44 Å) compared to Ba2+ (1.61 Å) [37]. Apparently,
slower growth rates promote the formation of hexagonal BaTiO3, which
can be suppressed by higher amounts of Sr. We note that the tetragonal
distortion of both samples (i.e. with 3 and 5mol%) is very small.
Consequently, the XRD pattern can as well be fitted using the cubic
perovskite structure. Even so, we chose the tetragonal BaTiO3 mod-
ification as the ME measurements clearly indicate the presence of fer-
roelectricity.

The sample containing Ba0.97Sr0.03TiO3 grown at 2.5 mmh−1 (i.e.
the one containing hexagonal BaTiO3) shows no measurable the ME
effect. In contrast, the sample with 5mol% Sr shows a pronounced ME
signal. From this crystal, slices of different thicknesses were cut to in-
vestigate the influence of the sample thickness on αME (Fig. 9).

First, it is striking that the ME coefficients are far smaller compared
to the sample substituted with 3mol% Sr and grown at 5mmh−1. This
finding shows that the (possible) benefits of a slower growth rate are
clearly overcompensated by the negative effects of the larger Sr con-
tent. The reduction of αME due to Sr substitution is caused by the lower

polarization, which was reported to change from 20 μC cm−2 for pure
BaTiO3 to 8 μC cm−2 for Ba0.95Sr0.05TiO3 [38,39] and is also reflected in
the decrease of tetragonal distortion (c/a ratio). For x= 0.03, there is a
value of c/a= 1.0008 in our reoxidized samples, which changes to c/
a= 1.0006 for x= 0.05.

To obtain high ME coefficients for floating zone-grown composites it
is therefore necessary to find a compromise between a slow growth rate
(which enhances αME but increases the risk of forming hexagonal
BaTiO3) and the Sr content (which acts in the reverse way). It should be
noted that the sample with 5mol% Sr also shows the shift of Hdc(max).

The pronounced differences in the ME values for the three samples
thicknesses (0.5, 1.0 and 1.5mm) are quite unexpected since this value
is taken into account in calculation of the ME coefficients (Eq. (1)). It
should be noted that the measured slices are cut from the same region
of one crystal boule. In fact, only the absolute values of αME differ while
all other parameters such as the general course of curves, location of
αME(max) or coercitivities are basically identical. One explanation for
the decrease of αME with sample thickness is increasing electric losses
(leakage currents) within the samples due to their finite conductivity.

To measure the transverse ME effect, slices were turned by 90°. In
this orientation the ferroelectric polarization is aligned perpendicular to
Hdc and Hac instead of the usual collinear alignment (Fig. 10). Com-
parison of ME measurements in longitudinal and transverse alignment
is shown in Fig. 11.

Upon turning the samples by 90° the ME effect changes its sign. The
absolute αME values in vertical alignment are about 30% smaller for the
thinnest slice and ∼50% smaller for the thickest. Thus, the influence of

Fig. 8. XRD patterns of composites grown at 2.5 mmh−1.

Fig. 9. Field-dependent ME coefficients of the composite
(CoFe2O4)0.38–(Ba0.95Sr0.05TiO3)0.62 grown at 2.5 mmh−1 for three different
sample thicknesses.

Fig. 10. Scheme of the alignment of electric polarization and magnetic fields
for longitudinal and transverse ME measurements.
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the perpendicular-oriented polarization becomes larger with increasing
sample thickness. Agarwal et al. [28] observed a similar behavior (i.e.
smaller effect and reversed sign) between a transverse and a long-
itudinal configuration for bulk composites with a (Ba-
TiO3)0.6–(CoFe2O4)0.4 stoichiometry, which is close to the eutectic
composition. They showed that this characteristic has its origin in the
differences between perpendicular and parallel magnetostriction of the
samples.

Apart from the opposite sign and reduced magnitude, the ME
coefficients follow the same trends for the different sample thicknesses
as in the collinear alignment. In addition, the courses of αME and the
position of αME(max/min) are nearly independent of the alignment in
contrast to the bulk composites previously described [28].

4. Conclusions

3-3 heterostructures consisting of 38mol% CoFe2O4 and 62mol%
Ba1–xSrxTiO3 were synthesized by eutectic crystallization using the
floating zone technique. An almost perfect connectivity between the
two components was revealed by HR-STEM. Annealing in air at 973 K
led to formation of small BaTiO3 inclusions in the CoFe2O4 phase and a
change of CoFe2O4 orientation near the interface. The epitaxial re-
lationship BTO(001)[100]||CFO(001)[100] was confirmed by single
crystal XRD. Samples containing 3mol% Sr (CoFe2O4–Ba0.97Sr0.03TiO3)
showed an increase of ME coupling from 0.4 to 1.3mVOe−1 cm−1 at
room temperature when growth rates were reduced from 20 to
5mmh−1. Slower crystallization at 2.5 mmh−1 resulted in formation
of significant amounts of the hexagonal, non-ferroelectric Ba1–xSrxTiO3

modification, which was only suppressed by increasing the Sr content to
5mol%. Unfortunately, this higher Sr content resulted in a strong re-
duction of αME due to the smaller electric polarization as reflected by a
nearly cubic cell metric. The magnetic DC-field at which the maximum
values of αME occur depended on the sweep direction and a difference
in Hdc(max) between increasing and decreasing field of 600–700 Oe
was observed. Frequency-dependence investigations showed an in-
crease of αME up to roughly 400 Hz and nearly constant values up to
1000 Hz. In temperature-dependence measurements, local maxima for
αME were found at 260–270 K, reflecting the orthorhombic–tetragonal
phase transition of Ba1–xSrxTiO3. For thinner samples, an increasing ME
coefficient was found. This effect can be rationalized by leakage cur-
rents and may explain why thin films have been reported to show much
larger ME values. A perpendicular alignment of H and P resulted in a
change in sign of the ME coefficient and a 30–50% reduction of the
absolute values.

It is striking that the approach of eutectic crystallization has been
used rarely since the very first reports in the early 1970s and so far only
the CoFe2O4–BaTiO3 system has been studied. It would be interesting to

investigate if this technique can be applied to other multiferroic com-
posite systems as well.
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