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ABSTRACT: Multiferroic composite materials combining ferroelectric and
ferromagnetic order at room temperature have great potential for emerging
applications such as four-state memories, magnetoelectric sensors, and
microwave devices. In this paper, we report an eﬀective and facile liquid
phase deposition route to create multiferroic composite thin ﬁlms involving
the spin-coating of nanoparticle dispersions of BaTiO3, a well-known
ferroelectric, and CoFe2O4, a highly magnetostrictive material. This approach
oﬀers great ﬂexibility in terms of accessible ﬁlm conﬁgurations (co-dispersed
as well as layered ﬁlms), thicknesses (from 100 nm to several μm) and
composition (5−50 wt % CoFe2O4 with respect to BaTiO3) to address various
potential applications. A detailed structural characterization proves that BaTiO3 and CoFe2O4 remain phase-separated with
clear interfaces on the nanoscale after heat treatment, while electrical and magnetic studies indicate the simultaneous
presence of both ferroelectric and ferromagnetic order. Furthermore, coupling between these orders within the ﬁlms is
demonstrated with voltage control of the magnetism at ambient temperatures.
KEYWORDS: barium titanate, cobalt ferrite, multiferroic composites, nanoparticles, thin ﬁlms, X-ray magnetic circular dichroism
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sumption in these devices is the voltage control of magnetism.7,8 In addition, application ﬁelds for multiferroics can be
potentially extended to low-voltage and fast switch speed
operation of the functional oxides in other devices such as
microwave reactors, sensors, transducers, actuators, and
resistive switches.7,9−13 Single-phase multiferroic materials are
scarce due to the physics restricting the presence of both
ferroelectric and ferromagnetic order,14 and the few existing
examples display only limited magnetoelectric coupling at low
temperatures.15 In comparison to single-phase multiferroics,
composite materials exhibiting an indirect magnetoelectric
eﬀect oﬀer 3−5 orders of magnitude greater coupling between
electric and magnetic orders at ambient temperatures.10,16−18
Such composites consist of a piezoelectric and a magnetostrictive constituent, and the coupling between diﬀerent ferroic
orders arises as a result of strain transfer at the phase

he next-generation memory devices bring new
challenges to existing materials for energy-eﬃcient,
reliable, fast, and sizable transfer of data. Promising
memory applications such as magnetic random access
memories (MRAM) employ ferromagnetic materials for data
writing via switching of the magnetization states of the material.
However, there are challenges related to this technology such as
high energy consumption, slow writing speeds, and overheating
due to high amounts of current required to generate the
magnetic ﬁelds.1 Ferroelectric random access memory
(FeRAM) devices oﬀer faster writing speeds via switching of
electrical polarization states of the material.2 But in this case,
slower reading rates linked to destructive read operations and
issues with scaling down limit the further use of this
technology.3,4 In this respect, multiferroic materials exhibiting
both ferroelectric and ferromagnetic orders are suitable
candidates for novel memory devices as compared to their
semiconductor transistor-based competitors, because they oﬀer
a combination of advantages related to FeRAM and MRAM
technologies enabling hybrid read−write operations.5,6 Particularly interesting for miniaturization and low power con© 2016 American Chemical Society
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boundaries of heterostructures.19,20 Therefore, a high interfacial
area between the two constituents is required to maximize the
strain transfer. Previous work successfully demonstrated the
manipulation of electric transport properties via controlling the
degree of strain at heterostructure oxide phase boundaries for
memory devices based on congruent growth of multilayers.21,22
Nanocomposites composed of a mixture of the two
components in various conﬁguration schemes using nanoparticles are an attractive route to design room-temperature
multiferroics.23 Several studies report the preparation of
composites via traditional solid-state reactions,24 electrospinning,25 vacuum-based deposition of composite thin ﬁlms, and
sol−gel routes.26 Thin ﬁlm composite structures are particularly
suitable and promising for chip-device implementation.27
Vacuum-based deposition methods were found to provide
multiferroic thin ﬁlms with large magnetoelectric coupling,
enabling the realization of complex microstructures including
epitaxy, texture, or columnar distribution of magnetic nanopillars in a ferroelectric matrix. However, there are issues
associated with achieving the right crystallinity and stoichiometry of the phases as a result of complex growth processes, and
the manufacturing costs associated with these methods are
high.28−30 Sol−gel routes to prepare thin ﬁlms surpass the gas
phase deposition methods in terms of processing costs and
deposition rates. Still, processing issues associated with these
techniques remain, such as the formation of side phases and the
diﬃculty in controlling stoichiometry, ﬁlm thickness, and
sample crystallinity.31−35 Depositing dispersions of preformed
and well-deﬁned nanoparticles to fabricate multiferroic thin
ﬁlms would be a way to circumvent many of these typical
problems. However, nanoparticle-based liquid phase manufacture of multiferroic composites for functional applications has
remained a challenge until now due to the formation of cracks,
issues with surface roughness, and failure to exhibit the desired
functionality.36 Some of the rare, but successful examples of
colloidal deposition of functional thin ﬁlms from preformed
nanoparticles as building blocks include SiO2, TiO2, SnO2, and
BaTiO3, resulting in ﬁlms with the desired characteristics for
implementation into devices.37−41
In this paper we show that, as a result of the predeﬁned
nature of nanoparticles, crack-free multiferroic thin ﬁlms in
diﬀerent composite geometries can be fabricated in an eﬃcient
and fast way over a wide range of thicknesses and compositions.
Moreover, with the full control over phase and stoichiometry,
interdiﬀusion or tertiary phases are avoided, which results in
good contact between the piezoelectric and magnetostrictive
phase. As a proof of concept, we deposited two conﬁgurations
of multiferroic nanocomposite thin ﬁlms on various substrates:
(i) alternating stacks of piezoelectric and magnetostrictive
layers and (ii) dispersion of one constituent into the matrix of
the other. The ferroelectric constituent was chosen to be
BaTiO3 due to its lead-free composition and attractive
piezoelectric properties,42,43 and CoFe2O4 was selected as the
magnetic phase because of its high magnetostriction.44 We
show that these thin ﬁlm composites can be deposited without
the formation of cracks, delamination, or occurrence of any side
phases between BaTiO3 and CoFe2O4 using a nanoparticlebased liquid phase deposition approach. Electrical and magnetic
measurements as well as element-speciﬁc synchrotron studies
performed on the co-dispersed nanocomposite samples provide
evidence for a signiﬁcant coupling between the electrical order
of BaTiO3 and the magnetic order of CoFe2O4 at ambient
temperatures.

RESULTS AND DISCUSSION
Structural Characterization. The BaTiO3 and CoFe2O4
nanoparticles were synthesized using microwave-assisted nonaqueous sol−gel chemistry in acetophenone and in benzyl
alcohol, respectively. The as-synthesized BaTiO3 nanoparticles
have an average crystal size of approximately 13 nm, which is
large enough to exhibit ferroelectric properties,35 while the
CoFe2O4 nanoparticles have an average size of approximately 8
nm. Both types of nanoparticles were functionalized with 2-[2(2-methoxyethoxy)ethoxy]acetic acid (MEEAA) and redispersed in ethanol.45 For the composites involving the
incorporation of CoFe2O4 nanoparticles into a BaTiO3 matrix,
co-dispersions of BaTiO3 and CoFe2O4 were prepared by
mixing the individual dispersions in the desired ratios, followed
by deposition of thin ﬁlms via spin-coating and calcination
cycles. For the multilayered composites, sequential stacks of
BaTiO3 and CoFe2O4 were prepared via spin-coating of the
individual nanoparticle dispersions with an intermediate
calcination step at 500 °C. For the co-dispersed as well as for
the multilayered composites, the ﬁlm fabrication process was
concluded by a ﬁnal sintering step at 700 °C in air (see
Experimental Section for details). Figure 1 displays the X-ray

Figure 1. XRD patterns of BaTiO3−CoFe2O4 co-dispersed
composite thin ﬁlms with thicknesses of 400−500 nm and 5−50
wt % CoFe2O4 content. The reﬂections marked with a ﬁlled square
denote the BaTiO3 phase, and the reﬂections marked with an
asterisk originate from the CoFe2O4 phase.

diﬀraction (XRD) patterns of the co-dispersed BaTiO3−
CoFe2O4 ﬁlms of 400−500 nm thickness and with a
CoFe2O4 content of 5−50 wt %. In the samples containing 5
and 10 wt % CoFe2O4, only reﬂections from the pseudocubic
BaTiO3 phase could be identiﬁed without any traces of
crystalline byproducts such as BaCO3.46 The tetragonality of
the BaTiO3 phase, which is essential for the presence of
ferroelectric order, could not be conﬁrmed by XRD due to the
peak broadening associated with the sub-20-nm size of
BaTiO3.47 In order to conﬁrm the tetragonality, X-ray
absorption spectra (XAS) at the Ti L2,3 edges were acquired
(see Supporting Information, Figure S1). XAS at the Ti edge
for cubic crystal symmetry is known to exhibit only two
absorption peaks, whereas the tetragonal symmetry displays
four peaks corresponding to an additional splitting of the t2g
and eg orbitals with a z-component due to oﬀ-centering of Ti4+
in the tetragonal symmetry (see Supporting Information, Figure
S1).48 The chemical ﬁngerprints of the CoFe2O4 phase start to
appear in the XRD patterns for the 25 and 50 wt % CoFe2O4
samples in the form of the most intense peak of the CoFe2O4
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Figure 2. (a) STEM overview image of the EDX mapped area; (b) Fe−Co and (c) Fe−Ti elemental maps on the area shown in (a). (d)
Magniﬁed HRTEM image of the area marked with a blue box in (c), revealing the crystallographic orientations of the particles as deduced
from their FFT patterns. (e) STEM image of an approximately 100 nm thick BaTiO3−CoFe2O4 bilayer stack.

phase, namely, the (311) reﬂection.49 The full width at halfmaximum (fwhm) values of the most intense reﬂections for
BaTiO3 are determined in order to evaluate the eﬀect of the
relative ratios of both types of particles on the crystal sizes (see
Supporting Information, Table S1). The FWHM values of
BaTiO3 nanocrystals increase with the CoFe2O4 content. This
indicates a reﬁnement of the grain size when the interfacial area

between the two phases increases during sintering or due to its
microstrain environment.50 Considering the fact that all
composites are produced starting from the same nanoparticle
dispersions with the same average crystallite sizes, this
observation can be explained by a restricted grain growth
during sintering, cation intermixing at the BaTiO3/CoFe2O4
interphase,30 or a change in the microstrain state.51,52
9842
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Figure 3. Amplitude and phase values of the piezoforce switching spectroscopy measurements on (a, b) BaTiO3−5 wt % CoFe2O4 and (c, d)
BaTiO3−7 wt % CoFe2O4 co-dispersed thin ﬁlm nanocomposite samples.

Microstructural Characterization. Microstructural characterization of the co-dispersed and multilayered BaTiO3−
CoFe2O4 composites is carried out on thin ﬁlm cross sections,
which are prepared by cleaving the substrate. The crosssectional scanning electron microscopy (SEM) images of the
co-dispersed composite thin ﬁlms with 5−50 wt % CoFe2O4
reveal crack-free, well-adhered thin ﬁlms in the thickness range
of 400−500 nm for all samples (see Supporting Information,
Figure S2). Focused ion beam (FIB) tomography is applied to
the 5 and 50 wt % co-dispersed samples to gain insight into the
residual porosity in the ﬁlms after sintering. The analysis of the
FIB sections reveals between 30% and 50% residual porosity in
the thin ﬁlms (see Supporting Information, Figure S3). In a
next step, the nanoparticle dispersions are used to fabricate
bilayer assemblies of BaTiO3−CoFe2O4 thin ﬁlms in a wide
thickness range from 100 nm to 1.5 μm (see Supporting
Information, Figure S4a,b and Figure 2e).
Scanning transmission electron microscopy (STEM) combined with energy dispersive X-ray (EDX) analysis is used to
reveal the degree of mixing of the BaTiO3 and CoFe2O4
nanoparticles in the co-dispersed composites and to study the
interfaces between the two types of nanoparticles after the
sintering process (Figure 2a−d).
In Figure 2a, an overview STEM image, and in Figure 2b and
c, the chemical maps reﬂecting the distributions of Ti, Fe, and
Co taken in the same sample region can be seen in the codispersed sample with 5 wt % CoFe2O4. As expected, the
elemental distribution map is dominated by Ti due to its higher
content in these ﬁlms. Moreover, the spatial distributions of Co
and Fe overlap each other, which is expected for CoFe2O4
nanoparticles. Interplanar spacings of the nanoparticles are
extracted from fast Fourier transform (FFT) of the areas, where
Ti−Fe elemental distribution maps overlap (marked with a blue

frame in Figure 2c), in order to correlate the composition to
the crystallography at the nanoparticles’ interfaces (Figure 2d).
In this image, the (110) reﬂection of the BaTiO3 phase can be
identiﬁed in close proximity to (220) reﬂection of the CoFe2O4
phase, pointing to a random mixing (i.e., without any
preferential orientation or epitaxy) of the two phases at the
scale of individual nanoparticles. Formation of intermediate
phases such as Ba(Fe10Ti2)O19 has been reported to occur as a
result of interdiﬀusion between the two phases.53,54 However,
in our system the sintering temperature is chosen to avoid such
interdiﬀusion, and the HRTEM analysis conﬁrms the absence
of any intermediate phases at the BaTiO3−CoFe2O4 interfaces.
The absence of such an interphase is essential for an eﬃcient
strain transfer through the interface and thus to a strong
coupling between the magnetic and electric degrees of freedom.
In addition, HRTEM images of the co-dispersed samples with
50 wt % CoFe2O4 do not reveal the evolution of any ternary
phase, which means that good interfacial contacts are
maintained between the piezoelectric and magnetostrictive
phases (see Supporting Information, Figure S5).
High-angle annular dark ﬁeld (HAADF) STEM imaging is
performed on a 100 nm thick BaTiO3−CoFe2O4 bilayer to
characterize the interface between the two types of building
blocks in the multilayered composite geometry (Figure 2e). In
HAADF STEM mode, contrast occurs as a result of atomic
number diﬀerences, since heavier elements scatter electrons
more and therefore appear brighter. In Figure 2e, two contrasts
can be distinguished, corresponding to BaTiO3 and CoFe2O4
layers, respectively, indicating that the layers remain phase
separated after sintering.
Optical and Electrical Characterization. We now turn to
the optical characteristics of the co-dispersed nanocomposite
samples, in particular their absorption coeﬃcients and band
9843
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Figure 4. (a) Piezoresponse phase image of the sample poled using +10 V obtained at the oﬀ contact resonance of the PFM tip, where darker
contrast represents the poled region. (b) Phase image of the same area, where a smaller square region (of lighter contrast in the image) was
poled using −10 V in the previously poled region of a BaTiO3−5 wt % CoFe2O4 sample. (c) 3D height retrace image of the sample obtained at
the contact resonance of the PFM tip revealing the topography.

Figure 5. EIS measurements of the co-dispersed composite ﬁlms (ca. 800 nm thick) with the composition (a) BaTiO3−5 wt % CoFe2O4, (b)
BaTiO3−10 wt % CoFe2O4, (c) BaTiO3−25 wt % CoFe2O4, and (d) BaTiO3−50 wt % CoFe2O4. (e) Dielectric permittivity of the same codispersed thin ﬁlm nanocomposites with varying CoFe2O4 contents.

via αd = ln(1 − T/R), where d denotes the sample thickness, T
the transmission, and R, the diﬀuse reﬂection,54 and is shown in

gaps, which are derived from the measured reﬂection and
transmission spectra. The absorption coeﬃcient, α, is calculated
9844
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etc.).60 The electrical circuit analogues of the impedance spectra
can be ﬁtted using two constant phase elements (CPE) with a
parallel resistance connected in series, representing high- and
low-frequency relaxation distributions (Figure 5b−d, insets). In
contrast, the impedance spectrum of the 5 wt % CoFe2O4
sample displays a single depressed semicircle with a single CPE
(Figure 5a, inset). It can be seen that in the 10 wt % sample the
percolation threshold of the CoFe2O4 phase is exceeded and
additional relaxation processes at lower frequencies associated
with the grain and interphase boundaries come into play, giving
rise to a second CPE in the EIS ﬁt. A summary of the ﬁt and
error values obtained from the equivalent electrical circuits is
shown in Table 1. Only the ﬁtting results of the high-frequency

Supporting Information, Figure S6a. In a next step, the
calculated α values are inserted into Tauc plots in order to
determine the band gaps (see Supporting Information, Figure
S6b). A systematic correlation between the calculated band
gaps and the amount of magnetostrictive phase was found (see
Supporting Information, Table S2), which implies that the
absorption edge of these materials can be tuned eﬀectively by
the CoFe2O4 content, rendering these composites interesting
for photocatalytic and solar-cell applications in addition to
magnetoelectric devices.
The electrical characterization of the co-dispersed thin ﬁlm
composite samples is carried out using piezoresponse force
microscopy (PFM) and electrochemical impedance spectroscopy (EIS) on the thin ﬁlms of approximately 800 nm
thickness. For PFM measurements, a doped diamond PFM tip
is used as a top electrode, while the bottom Pt electrode was
grounded. In the case of EIS measurements, circular Pt top
electrodes of 0.1 mm diameter and 100 nm thickness are
sputter-deposited on the samples through a shadow mask.
Switching spectroscopy PFM measurements on the BaTiO3−5
wt % CoFe2O4 ﬁlm show that the sample exhibits well-saturated
hysteresis loops with ferroelectric domain nucleation voltages
reaching values of 1.8 V for positive bias and 2.6 V for negative
bias (Figure 3a,b). Similarly, the amplitude of the piezoresponse under positive bias is larger than the amplitude of the
piezoresponse under negative bias. This asymmetry in the
switching behavior is attributed to the asymmetry of the
electrical contacts used for these measurements.55 Furthermore,
longitudinal shear piezoelectric coeﬃcients are calculated from
the measured amplitude and phase responses of the piezoelectric deﬂections. The longitudinal shear piezoelectric
coeﬃcient (d33) is a measure of the amount of longitudinal
strain in the case of a vertically applied electric ﬁeld. Thus, high
values of d33 are desired for an eﬃcient strain-mediated
magnetoelectric coupling. In our case, a maximum of
longitudinal piezoelectric coeﬃcient (d33) of 17 pm/V is
measured for the BaTiO3−5 wt % CoFe2O4 sample, which lies
in the range of previously reported d33 values for nanocrystalline BaTiO3 in the literature.56−59 As the concentration of
CoFe2O4 is increased to 7 wt %, a dramatic decrease in d33 is
observed, which reaches a maximum value of only 5 pm/V.
Additionally, the hysteresis loops become narrower and less
deﬁned (Figure 3c and d). This observation can be explained
by the conductive character of CoFe2O4, which increases the
leakage current in the composites, thereby preventing the
buildup in electric ﬁeld required for switching the BaTiO3
phase. These results suggest that the optimum CoFe2O4
content is around 5 wt % for a suﬃcient dual control of
electric and magnetic orders. The phase piezoresponse image
taken on the electrically poled areas with ±10 V external
electrical potential proves the fully reversible and unambiguous
ferroelectric nature of the sample, Figure 4a and b. The
topography of the same region is shown in Figure 4c.
In the following, we turn to EIS measurements to shed more
light on the electrical characteristics of co-dispersed composites
with 5−50 wt % CoFe2O4 over a wide frequency range
(between 10 Hz and 1 MHz), Figure 5a−d. The impedance
spectra of the samples with 10−50 wt % CoFe2O4 exhibit two
depressed semicircles, corresponding to diﬀerent relaxation
processes at the high- and low-frequency ranges. The highfrequency semicircle is assigned to the bulk properties of the
composite, whereas the low-frequency semicircle appears as a
result of the interfaces (grain boundaries, interphase boundaries

Table 1. Fit Results of the High-Frequency CPE of Codispersed Composites

BaTiO3−5 wt %
CoFe2O4
BaTiO3−10 wt %
CoFe2O4
BaTiO3−25 wt %
CoFe2O4
BaTiO3−50 wt %
CoFe2O4

capacitance
(pF)

n

resistance
(MΩ)

3.4 (0.85%)

0.94 (0.58%)

40.1 (2.83%)

17.1 (1.7%)

0.82 (1.5%)

8.51 (3.49%)

13.6 (1.1%)

0.85 (0.87%)

25 (4.6%)

65.8 (1.01%)

0.77 (0.94%)

11.5 (2.3%)

CPE (in the 500 Hz to 100 kHz range) are shown, where the
data consistency is high according to the Kramers−Kronig
analysis.59 The C and n values of the CPE denote the equivalent
capacitance and the constant phase element exponent,
respectively, which is related to the distribution of relaxation
times and deviation from ideal capacitor behavior (whereby n =
1 denotes an ideal capacitor). A decrease in n can be seen upon
an increase in the CoFe2O4 content, which points to a larger
deviation from ideal capacitive behavior. This phenomenon is a
consequence of the inhomogeneous microstructure and related
complex electrical relaxation behavior of the material above the
CoFe2O4 percolation threshold, in agreement with the previous
ﬁndings in the literature.61 Similarly, the resistance, R, of the
CPE decreases with increasing CoFe2O4 content, due to the
lower resistance of CoFe2O4 when compared to rather
electrically insulating BaTiO3. The leaky network formed
above the CoFe2O4 percolation threshold restricts the polarizability of the composites, in agreement with the switching
spectroscopy PFM observations that d33 decreases with an
increase in CoFe2O4 content. The low-frequency CPEs forming
above the percolation threshold have capacitance values in the
100−700 pF range, which is lower than the typically observed
low-frequency capacitance values lying in the nF range (see
Supporting Information, Table S3).60 This is a common
indication of residual porosity and incomplete necking in the
sintered ceramics, in agreement with 30−50% porosity found in
the FIB tomography images (see Supporting Information,
Figure S3).60 The dielectric permittivity is derived using the
parallel plate capacitor relationship in order to investigate the
frequency-dependent polarization behavior of the composites.
The dielectric permittivity is characterized by a rapid decrease
in the 500 Hz to 10 kHz range with increasing frequency,
followed by a relatively small change for all the composite
samples (Figure 5e). At lower frequencies, a Maxwell−Wagner
polarization mechanism is active and gives rise to a large
dielectric permittivity as a consequence of the eﬀective
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Figure 6. Out-of-plane hysteresis measurements on 200 nm thick co-dispersed composite ﬁlms: (a) BaTiO3−5, 10, and 25 wt % CoFe2O4 and
(b) BaTiO3−50 wt % CoFe2O4 measured at room temperature, (c) hysteresis measurements on BaTiO3−5, 10, and 50 wt % CoFe2O4 samples
measured at 10 K.

out at 10 K show an increase in the magnetic coercivity from 8
kOe to 20 kOe with increasing CoFe2O4 content (Figure 6c).
The presence of a large coercivity indicates the freezing out of
thermal excitations and the onset of stable ferromagnetic order.
This is conﬁrmed by zero ﬁeld (ZFC) and ﬁeld cooling (FC)
curves indicating blocking temperatures in the range from 190
to 280 K (Figure 7). Such blocking temperatures correspond to
magnetic particle sizes in the range of 4−8 nm, which agrees
with the TEM observations.63
Element-speciﬁc magnetic characterization of the samples
was performed employing X-ray magnetic circular dichroism
(XMCD) measurements at room temperature at the Fe edge of
the BaTiO3−CoFe2O4 co-dispersed thin ﬁlm composites with
5, 25, and 50 wt % CoFe2O4 in an out-of-plane external

interaction between the samples and the alternating electrical
ﬁeld, while at higher frequencies the polarization cannot follow
the alternating ﬁeld, resulting in a rapid decrease. At this point,
it is necessary to mention that the impedance characteristics do
not correlate linearly with the composition, because the
dielectric permittivity depends on many factors such as grain
size or porosity in addition to composition and microstructure.
Magnetic and Magnetoelectric Properties. The roomtemperature magnetic properties of the co-dispersed composites are characterized by out-of-plane hysteresis measurements
on 200 nm thick ﬁlms, Figure 6a−c. For these hysteresis loops,
the magnetic moments of the samples are normalized with
respect to the magnetic moments of the BaTiO3−50 wt %
CoFe2O4 sample measured at saturation. The out-of-plane
hysteresis loops of all samples display superparamagnetic
characteristics at room temperature. A small coercivity observed
in the room-temperature hysteresis curves is likely to be due to
the presence of a limited number of particles that grew to sizes
above the superparamagnetic size limit as a result of sintering.
The coercivity of the samples in the compositional range 10−
50 wt % CoFe2O4 varies between 15 and 50 Oe, while the
sample with 5 wt % CoFe2O4 possesses a coercivity of 125 Oe
(Figure 6a,b and Supporting Information, Figure S7). At lower
CoFe2O4 concentrations, the magnetic particles are more
isolated, leading to a decrease in long-range magnetic dipolar
interactions. However, for samples containing CoFe2O4 above
the percolation threshold (corresponding to samples with 10 wt
% CoFe2O4 and more), the CoFe2O4 nanoparticles are in close
contact with each other, and therefore they have higher dipolar
interactions with an increase in the coercivity. A similar
dependence of the coercivity on the magnetic ferrite content
has been reported previously in the BaTiO3−NiFe2O4 system.62
As expected, the magnetization in the samples increases with
increasing CoFe2O4 content. Hysteresis measurements carried

Figure 7. ZFC and FC curves of the BaTiO3−5−50 wt % CoFe2O4
co-dispersed composite thin ﬁlms obtained using an external
magnetic ﬁeld of 1000 Oe. The thin vertical gray lines denote the
maximum in the ZFC curves, corresponding to the blocking
temperature.
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Figure 8. L3 and L2 XMCD and XAS spectra of (a) BaTiO3−50 wt % CoFe2O4, (b) BaTiO3−25 wt % CoFe2O4, and L3 XMCD and XAS spectra
of (c) BaTiO3−5 wt % CoFe2O4 in an applied magnetic ﬁeld of H = −40 Oe. (d) L3 edge XMCD and XAS of BaTiO3−5 wt % CoFe2O4
recorded with an external magnetic ﬁeld of H = +40 Oe, applied in the opposite direction to demonstrate the magnetic origin of the observed
XMCD signal. All samples are in the co-dispersed thin ﬁlm composite conﬁguration with an approximate thickness of 200 nm.

Figure 9. (a) L3 edge XMCD spectra of BaTiO3−5 wt % CoFe2O4 co-dispersed composite thin ﬁlm after application of an electrical pulse of 40
V for poling (the black line). For comparison, the XMCD of the same sample obtained after applying magnetic ﬁelds only is also shown (blue
line). (b) L3 edge XMCD acquired under an external magnetic ﬁeld of 40 Oe after application of an electrical pulse of 40 V. (c) L3 and L2 edge
XMCD spectra of BaTiO3−5 wt % CoFe2O4 co-dispersed composite thin ﬁlm taken in a 1000 Oe in-plane external magnetic ﬁeld. (d) The
same measurement repeated after 40 V dc electrical poling, exhibiting magnetization reversal.

9847

DOI: 10.1021/acsnano.6b05469
ACS Nano 2016, 10, 9840−9851

Article

ACS Nano
magnetic ﬁeld of 40 Oe (Figure 8a−d). All the samples are
approximately 200 nm thick. In all the XMCD spectra, three
distinctive features are visible at the L3 edge, assignable to Fe2+
at octahedral sites and to Fe3+ at tetrahedral and octahedral
sites.64−66 Additionally, the sign of the XMCD signal from the
octahedral sites is opposite to the one from the tetrahedral sites.
This reveals the ferrimagnetic nature of the cobalt ferrite,
consisting of two magnetic sublattices, which are antiferromagnetically coupled to each other. The out of plane
magnetization orientation given by the observed out-of-plane
XMCD signal is determined by changing the direction of the
external magnetic ﬁeld, upon which the XMCD signal reverses
(Figure 8c and d).
In a next step, the XMCD measurements are repeated
following the application of an electrical ﬁeld of +40 V to
electrically pole the BaTiO3−5 wt % CoFe2O4 sample in order
to investigate the magnetoelectric coupling eﬀect (Figure 9a−
d). In-plane electric ﬁelds are applied using two top electrodes
consisting of two 20 nm thick, 0.1 mm wide Cr stripes with 0.1
mm separation on the sintered thin ﬁlms. Other compositions
richer in CoFe2O4 were not studied, because the electric poling
would not be eﬃcient due to the larger leakage behavior above
the CoFe2O4 percolation limit. In Figure 9a,b, the XMCD
measurements carried out after applying a +40 V dc electric
voltage pulse are shown for out-of-plane magnetization. The
areas of the tetrahedral Fe3+ peaks are normalized to the X-ray
absorption peak at the L3 edge in order to have a quantitative
comparison of the out-of-plane XMCD signal. For magnetic
ﬁelds applied in both directions before poling, the XMCD
signal strength at the Fe3+ site corresponds to approximately
3.4% of the total L3 X-ray absorption peak. When the same
XMCD measurements with a magnetic ﬁeld applied in the outof-plane direction are repeated after poling, a signal decrease
takes place, up to 25% for a magnetic ﬁeld applied in the
negative direction, while no XMCD signal for a magnetic ﬁeld
applied in the positive direction can be obtained (Table 2).

of strong magnetoelectric coupling between the BaTiO3 and
CoFe2O4 phases in the dilute co-dispersed thin ﬁlm composite
samples, enabling electric control of the magnetic order in these
composites at room temperature.

CONCLUSION
Starting from nanoparticle dispersions, we use a wet-chemical
deposition method followed by sintering to fabricate BaTiO3−
CoFe2O4 nanocomposite thin ﬁlms with diﬀerent conﬁgurations including co-dispersed and multilayered composite
geometries over a wide range of compositions and thicknesses
for room-temperature magnetoelectric coupling. For the codispersed nanocomposite thin ﬁlms, mixing of the two
components at nanoparticle level has been demonstrated by
HRTEM, providing an enlarged interfacial area for coupling.
We found that there is an optimum BaTiO3−CoFe2O4 ratio
with a limit to the concentration of the magnetic constituent,
due to increased leakage and reduced ferroelectric poling
eﬃciency. The dilute composite with 5 wt % CoFe2O4 content
exhibits fully switchable ferroelectric characteristics with a d33
maximum of 17 pm/V and a magnetic coercivity around 125
Oe, displaying ferroelectric and superparamagnetic orders at
room temperature. XMCD measurements demonstrate a
coupling between the electrical and magnetic degrees of
freedom that manifests itself as a reorientation of easy
magnetization axis from out-of-plane to in-plane upon inplane electric poling. Hence, these BaTiO3−CoFe2O4 nanocomposite thin ﬁlms have the potential for making use of roomtemperature electric control of magnetism, magnetic ﬁeld
sensors and actuators, energy harvesting, memory elements,
and microwave devices.
EXPERIMENTAL SECTION
Materials. Dendritic metal pieces of barium (99.99% purity),
titanium(IV) isopropoxide (99.999% purity), cobalt and iron
acetylacetonate [Co(C5H7O2)2, >97%, Fe(C5H7O2)3, >99.8%],
anhydrous benzyl alcohol (>99.8%), acetone (>99.5%), 2-propanol
(>99.8%), 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (technical
grade), and hexane (>95% purity) were purchased from SigmaAldrich and used without any further puriﬁcation. Ethanol (99.8%
purity) was obtained from Fluka. Acetophenone (98% purity) was
obtained from Acros Organics and degassed via three cycles of freeze−
thaw before the synthesis. Thin ﬁlms were deposited on fused silica,
⟨100⟩-oriented p-type Si wafers, and Pt/TiO2/SiO2/Si wafers (MTI
Corp, USA). The substrates were sonicated in acetone and 2-propanol
for 5 min each prior to ﬁlm deposition. For the XMCD and XAS
measurements carried out in the transmission X-ray microscope, 5 × 5
mm Si frames containing 1.5 × 1.5 mm wide and 200 nm thick Si3N4
membranes were used (Norcada Inc., Canada).
Synthesis and Dispersion of Nanoparticles. For the synthesis
of BaTiO3 nanoparticles, previously published protocols are combined
and adapted.67,68 In a typical synthesis, 137 mg of dendritic Ba is
dissolved in 5 mL of degassed acetophenone at 80 °C in an argonﬁlled glovebox, followed by dropwise addition of a molar equivalent of
titanium isopropoxide. The mixture is transferred to a microwave vial,
sealed, and exposed to microwave irradiation for 30 min at a synthesis
temperature of 220 °C using a CEM Discover reactor operating at 2.45
GHz. For CoFe2O4 synthesis, 353 mg of Fe(C5H7O2)3 and 120 mg of
Co(C5H7O2)2 are mixed with 5 mL of benzyl alcohol in an argon-ﬁlled
glovebox and subjected to microwave irradiation at 180 °C for 30 min
in a 10 mL Teﬂon-capped glass vessel according to a previously
published procedure.49 The BaTiO3 and CoFe2O4 nanoparticles are
centrifuged oﬀ at 4000 rpm, washed twice with ethanol, and ﬁnally
sonicated for 45 min in 5 mL of 0.3 M ethanolic MEEAA solution
using a Branson B3510 ultrasonic cleaner. After sonication, the
nanoparticles are further stirred overnight in this mixture to ensure

Table 2. Integral L3 Edge XAS and XMCD (at Fe3+ Td
position) Peak Intensity Values and Peak Positions in
Electronvolts (eV)
out-of-plane magnetic ﬁeld
and in-plane voltage
+40 Oe
−40 Oe
−40 Oe + 40 V
+40 Oe + 40 V

XMCD/
XAS (%)

XMCD

XAS

0.00428
(707.87 eV)
0.00503
(708.07 eV)
0.0032
(706.98 eV)
N/A

0.129 (707.57)

3.3

0.147 (707.57)

3.4

0.125 (707.58)

2.56

0.139 (707.48)

N/A

In order to investigate the magnetoelectric coupling in-plane,
further XMCD measurements are performed employing (i) inplane external magnetic ﬁelds of 1000 Oe and (ii) +40 V
electrical poling followed by the application of a 1000 Oe inplane magnetic ﬁeld (Figure 9c and d). In this case, electric
poling causes a switching in the magnetization direction of the
sample when compared to the XMCD signal obtained using
magnetic ﬁelds only. This ﬁnding points to the fact that inplane electric pulses generate a 180° reorientation in the
magnetization of the sample in the presence of an external
magnetic ﬁeld, indicating that in-plane electric poling creates an
in-plane easy magnetic axis and leads to a reorientation of
magnetization in this direction. This demonstrates the presence
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suﬃcient binding of the stabilizing molecules to the nanoparticles’
surfaces. In the next step, an excessive amount of hexane (5:1 hexane
to ethanol ratio in volume) is added, and the mixture is centrifuged to
separate the nanoparticles from excess stabilizing agent. Afterward, the
BaTiO3 and CoFe2O4 nanoparticles are redispersed in ethanol with a
subsequent sonication step. To obtain the thin ﬁlm composite samples
with diﬀerent compositions, co-dispersions of BaTiO3 and CoFe2O4
are mixed in the desired ratios as presented in Table 3. After mixing,
the co-dispersions are sonicated for 10 min and magnetically stirred for
another 3−5 min.

XMCD chamber at the SIM-X11MA beamline, and a scanning
transmission X-ray microscope at the NanoXAS beamline, Swiss Light
Source, Villigen, Switzerland. The spectra are taken with opposite Xray photon helicities with a 0.1 eV step size at an applied magnetic
ﬁeld of 40 Oe for the measurements at the NanoXAS beamline and of
ca. 1000 Oe for the measurements carried out at the SIM-X11MA
beamline. XMCD was calculated using (IC+ − IC−), where IC+ and IC−
are the intensities of right and left circularly polarized X-rays. For
converse magnetoelectric eﬀect measurements, the thin ﬁlms are poled
using in-plane electrical ﬁelds of 40 V prior to XMCD measurements.
Cr stripes 20 nm thick, 100 μm wide, and 1 mm long are sputtered
through a shadow mask onto the thin ﬁlms deposited on Si3N4
membranes for in-plane electrical poling. The XMCD measurements
at the SIM-X11MA beamline were repeated twice to ensure the
reproducibility of the results.

Table 3. Mixing Ratios of the Nanoparticle Dispersions for
Co-dispersed Composites in the Range of 5−50 wt %
CoFe2O4
sample

BaTiO3 (100
mg/mL)

CoFe2O4 (100
mg/mL)

BaTiO3−5 wt % CoFe2O4
BaTiO3−10 wt % CoFe2O4
BaTiO33−25 wt % CoFe2O4
BaTiO3−50 wt % CoFe2O4

1 mL
1.5 mL
1 mL
1 mL

0.05 mL
0.15 mL
0.33 mL
1 mL
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Thin Film Deposition. Both the co-dispersed and the multilayered
composites are deposited using cycles of spin-coating and calcination
at 500 °C on a hot plate heated to the calcination temperature at a rate
of 25 °C/min. The calcination is applied after the deposition of each
layer by spin-coating. The spin-coating−calcination cycles are repeated
either to tune the thickness for co-dispersed composites in the range
from 50 nm to 2 μm or to prepare the sequential stacks of BaTiO3−
CoFe2O4 multilayers. For the spin-coating, a maximum spinning speed
of 1000 rpms for a total time of 20 s using a Laurell WS650 spin coater
is employed. All ﬁlm deposition processes prior to sintering are carried
out in a laminar ﬂow controlled synthetic air ﬁlled glovebox. Sintering
in air at 700 °C for 2 h with 4 h of ramping for compaction is
performed in a Nabertherm L 3/11/B170 laboratory muﬄe furnace to
ﬁnalize the ﬁlm fabrication process.
Characterization. XRD patterns are obtained using thin ﬁlm
optics (Goebbels mirror on the incident side and parallel plate
collimator on the diﬀracted side) at grazing incidence from a
Panalytical X’Pert Pro diﬀractometer with a Cu Kα source. SEM
images of the thin ﬁlms deposited on Si wafers are captured at an
operation voltage of 3−5 kV using a LEO 1530 scanning electron
microscope. TEM images are obtained using an FEI Talos F200X
microscope in the high-angle annular scanning transmission electron
microscopy mode. UV−vis spectra are recorded with a JASCO V-770
spectrophotometer with an integrating spheres accessory (ILN-725)
with background and substrate correction. AFM topography images
are acquired by an intermittent contact mode AFM from Asylum
Cypher using AC160TS-R3 tips. The ferroelectric properties are
investigated using the DART-SSPFM mode of Asylum Cypher using
doped diamond PFM tips from ND-MDT on ﬁlms deposited on Pt/
TiO2/SiO2/Si substrates with the Pt bottom electrode grounded
during the measurements. Calibration of the deﬂection in volts and
thermal calibration of the tips are performed prior to PFM
measurements, and the presented hysteresis curves are obtained in
the remnant mode to minimize electromechanical tip−sample
interactions with ac reading voltage between 0.5 and 1.5 V.
Electrochemical impedance spectroscopy measurements are carried
out using an electrochemical analyzer setup (Gamry Instruments,
Reference 600) in the 10 Hz to 1 MHz frequency range with 50 mV of
applied ac potential in a cross-plane measurement geometry via top
and bottom electrodes on ﬁlms deposited on Pt/TiO2/SiO2/Si wafers
with Pt as the bottom electrode. As a top electrode, 200 nm thick
circular Pt dots of 0.1 mm diameter are sputtered on the ﬁlms through
a shadow mask. Magnetic properties are measured using a superconducting quantum interference device (SQUID) MPMS magnetometer from Quantum Design, and ZFC and FC curves are measured in
an external ﬁeld of 1000 Oe. XAS and XMCD spectra of the samples
are recorded using a photoemission electron microscope (PEEM) and
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