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Abstract 

Thin film nanocomposites with mixed connectivity, composed by CoFe2O4 grains deposited 

by electrophoresis on Si|Pt substrates and subsequently covered by a laser ablation deposited 

BaTiO3 layer were prepared with different cobalt ferrite concentrations. Their structure 

presented a combination of BaTiO3, with its tetragonal and the orthorhombic phases 

coexisting at room temperature, and CoFe2O4 with the cubic spinel structure. The cobalt 

ferrite nanograins were under in-plane tensile stress, while the BaTiO3 phase was under in-

plane compressive stress. The dielectric measurements showed that as the barium titanate 

grain size decreased, its ferroelectric Curie temperature shifted to lower temperatures relative 

to the bulk. This grain size dependent TC shift was associated and modeled by a core-shell 

structure of BaTiO3 grains in the films, with a tetragonal core and cubic shell. Additionally a 

diffuse tetragonal-orthorhombic phase transition was observed and, in agreement with Raman 

spectroscopy results, associated to the coexistence of barium titanate orthorhombic and 

tetragonal phases in the room temperature region. This led to the formation of polar 

nanoclusters with random polarization orientations, which induced a frustrated phase 

transition between the tetragonal and orthorhombic phases of barium titanate in the films. 
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1. Introduction 

 In recent years, the synthesis of materials that exhibit simultaneous ferromagnetic and 

ferroelectric characteristics has been attracting much scientific and technological interest. In 

these multiferroic materials, the coupling between the magnetic and electric degrees of 

freedom, the so-called magnetoelectric effect, may give rise to new physical phenomena and 

applications [1-6]. In multiferroic composite structures, composed by ferroelectric 

(piezoelectric) and ferromagnetic (magnetostrictive) materials, the elastic interactions 

between the piezoelectric and magnetostrictive phases induce a magnetoelectric behavior. In 

thin film form, three main phase mixing geometries have been developed for these 

composites, namely, magnetic grains in a piezoelectric matrix (0-3 connectivity), multilayer 

structures (2-2 connectivity) and magnetostrictve pillars inside a piezoelectric matrix (1-3 

connectivity) [7-9]. However, in the 2-2 geometries, i.e., horizontal multilayer structures, the 

clamping effect from the substrate limits the deformation of the phases, leading to a decreased 

stress mediated coupling between them [10]. Also for the 1-3 geometry, where 

magnetostrictive columns are dispersed on a piezoelectric matrix, the leakage current 

associated to magnetostrictive phase (normally metallic or ceramics with lower resistivity 

than the piezoelectric material) hinders the electrical polarization from the piezoelectric phase 

[2]. The same problem appears for 0-3 structures where magnetostrictive grains are dispersed 

in a piezoelectric matrix, when the magnetostrictive concentration exceeds the percolation 

limit. 

 In order to reduce these problems, a new type of structure has been proposed [11;12]. 

In this structure, magnetostrictive grains are dispersed on a substrate and subsequently 

covered by a piezoelectric film, filling the voids between them. The final structure can be 

considered as being constituted by mixed connectivity types: it consists on a 2-2 type 

structure composed by an upper piezoelectric layer and a bottom composite layer. The 
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composite layer itself can be considered as a 1-3 structure where the magnetostrictive grains 

are dispersed in the piezoelectric matrix. With this structure, it is expected that the interface 

area between the phases is increased relative to typical bilayer films. At the same time the 1-3 

composite bottom layer helps to decrease the clamping effect of the substrate and the 

piezoelectric top layer limits conduction effects arising from the magnetostrictive phase. 

For this type of mixed connectivity composites the BaTiO3-CoFe2O4 combination has, up to 

now, been poorly explored. Here, two phase films composed by magnetostrictive cobalt 

ferrite (CoFe2O4) grains electrophoretically dispersed on Si/SiO2/Ti/Pt substrates and 

subsequently covered by a laser ablation deposited ferroelectric barium titanate (BaTiO3) film 

were prepared, to form the mixed connectivity structure. Their structure and dielectric 

properties have been investigated. 

 In these nanostructures their properties and performance depend critically on the phase 

morphology and internal stresses distribution, as well as on the elastic phase/phase and 

phase/substrate interactions. In this respect, in thin film form, it is known that the BaTiO3 

phase diagram is highly dependent on mechanical stresses and grain sizes [13,14]. The 

relevance of mechanical stresses on the BaTiO3 phase diagram has been shown for an 

epitaxial film, based on Landau-Devonshire phenomenological formalism, where in addition 

to significant shifts on phase transition temperatures relative to the bulk, the coexistence of 

phases at different temperatures has been predicted [14]. Experimentally it has long been 

observed the stabilization of the orthorhombic phase, coexisting with the tetragonal one, at 

room temperature, for ceramics with grain sizes below 500 nm [15,16].  

 Additionally, significant shifts on ferroelectric Curie temperatures have been observed 

and related with small grain sizes. For example, Curie temperatures of the order of 368 K 

(below the bulk value of 403 K [17]) have been reported for BaTiO3 grains with 100 nm [18]. 

The decreasing grain size results in a decreasing of the BaTiO3 tetragonality that disappears 
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below a certain critical size. This critical grain size for the stabilization of the ferroelectric 

phase on BaTiO3 is still under investigation and sizes between 8 nm and 30 nm have been 

reported [16, 18-21]. Thus, here, in order to address these problems, the influence of the 

structural properties of the BaTiO3-CoFe2O4 mixed connectivity composite nanostructures on 

their dielectric properties has been studied. The observed decrease of the barium titanate 

ferroelectric Curie temperature and the strong frequency dispersion of the dielectric 

permittivity near room temperature were correlated with the combination of reduced grain 

size and residual stresses in the films. 

 

2. Experimental: 

 The nanogranular (BaTiO3)1-x - (CoFe2O4)x films were deposited on Si/SiO2/Ti/Pt 

substrates. Initially, a water suspension of CoFe2O4 nanograins was obtained by a 

coprecipitation method [12], where FeCl3·6H2O and CoCl2·6H2O precursors were used and 

the reaction temperature was ~78ºC.  The obtained water solution was then dried in order to 

obtain cobalt ferrite powder. Next, the powder was dispersed in 1-octanol with a 

concentration of 4.5 g/l. A small amount of iodine, with concentration of 1.6×10-2 M, was 

then added to the suspension in order to charge the CoFe2O4 grains. The formed suspension 

was ultrasonicated for 60 minutes. In order to deposit CoFe2O4 grains by EPD, two parallel 

electrodes were placed inside the suspension, separated by a distance of 15 mm. Si/SiO2/Ti/Pt 

substrates were used as cathodes (where the grains were deposited) while the anode was a 

Si/SiO2/TiO2/Pt plate. The dc voltage applied between the electrodes during electrophoresis 

was 25 V and the deposition times were (in seconds): 150, 300, 600, 900, 1160 and 1870. The 

discontinuous films were then dried at the air, washed in distilled water to remove NaCl 

contamination and heated at 500ºC during 1 hour, in order to vaporize organic residues. 
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 The dispersed cobalt ferrite grains in Si/SiO2/Ti/Pt were subsequently covered with a 

barium titanate layer. This layer was deposited by laser ablation with a KrF excimer laser 

(wavelength  = 248 nm), at a fluence of 2 J/cm2 and a 10 Hz repetition rate. The oxygen 

pressure was 0.8 mbar, the substrate temperature was ~625ºC and the distance between target 

and substrate was 4 cm. Prior to deposition, the films were kept at 500ºC during 1 hour in 

order to evaporate residuals from the sample surface. The structural studies were performed 

by X-ray diffraction (XRD) and were carried out with a Philips PW-1710 diffractometer using 

Cu K radiation. Raman studies were performed using a Jobin-Yvon T64000 spectrometer 

with an excitation wavelength at 514.5 nm, from an Ar laser. Scanning electron microscopy 

(SEM) and Energy dispersive X-ray spectroscopy (EDX) was performed with a Nova 

NanoSEM 200 microscope.  

 In order to perform the dielectric measurements the thin film samples were connected 

forming a parallel plate capacitor included in a LCR network. To form the capacitor, the 

substrate platinum layer was used as the bottom electrode while the top electrode was a small 

circular silver paste contact (air dried), glued on the film surface, with approximately 1 mm in 

diameter. The test samples had typical sizes of 5 mm in length and 5 mm wide. A Waine Kerr 

6440A impedance analyzer together with a dedicated computer and software were used in 

order to acquire the data. Shielded test leads were employed to avoid parasitic impedances 

due to the connecting cables. The measurements were performed at a rate of 1ºC/min, using a 

Polymer Labs PL706 PID controller and furnace. 

 

3. Results and discussion 

3.1. Structure and microstructure 

 The preliminary structural properties have been previously characterized [12] and here 

we present the main results. The scanning electron microscopy (SEM) measurements revealed 
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that the samples are composed by CoFe2O4 grains dispersed on the substrate surface with the 

BaTiO3 layer growing on top and filling the space between them. A columnar growth of the 

BaTiO3 film is observed, with a BaTiO3 layer thickness of around 1.12 µm, for all the 

samples.  

 X-ray diffraction measurements were performed on the nanocomposites with cobalt 

ferrite concentrations (x) in the range from x = 2% to x = 22% and their corresponding spectra 

are shown in Figure 1. The films are polycrystalline and composed by a mixture of BaTiO3 

and CoFe2O4. The cobalt ferrite grains have a cubic inverse spinel structure, indicated by the 

presence of their (311) peak that increases in intensity as the CoFe2O4 concentration increases 

in the films.  

 

 In its bulk form, BaTiO3 is cubic at high temperatures. At a temperature ~403 K it 

transforms from a cubic to a tetragonal structure that remains at room temperature [17]. 
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Figure 1: X-ray diffraction spectra of the samples deposited with cobalt ferrite concentrations in the 

range 2%-22%. The vertical lines mark the peak position of the bulk CoFe2O4 cubic spinel phase 

(), and the tetragonal-BaTiO3 phase (). The peaks marked with an S are from the substrate. 
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Below ~278 K it changes to an orthorhombic structure and, finally, to a rhombohedral phase 

at ~193 K [17]. On BaTiO3 nanograins, depending on grain sizes and stress conditions, the 

cubic, tetragonal and orthorhombic phases can be stabilized at room temperature [13, 14]. 

Here, in the XRD spectra it is possible to identify a broadening and an asymmetry of, for 

example, the (200) peaks, indicating the doubling of the peaks induced by the presence of a 

polar phase on the BaTiO3 layer, at room temperature [12]. This was further confirmed by 

Raman spectroscopy measurements as will be discussed on the next section. The diffraction 

peaks were fitted with pseudo-Voigt functions in order to determine peak positions and 

widths. 

 The BaTiO3 and CoFe2O4 grain sizes were determined from the (110) and (311) X-ray 

diffraction peaks widths, respectively, using the Scherrer equation [22]. Figure 2 shows the 

grain size of the barium titanate phase on the films, for different CoFe2O4 concentrations (x). 

The BaTiO3 grain size initially rises from 41 nm, for x=2%, to a maximum of 45 nm, at 

x=12%, and then shows a tendency to decrease with increasing x until x=22% where the 

obtained grain size is 30 nm. This behavior can be ascribed to the increasing amount of 

nucleation centers for film growth, as the number of electrophoretic-deposited CoFe2O4 grains 

cover the substrate surface, before the BaTiO3 layer deposition. On the other hand, the grain 

sizes of the CoFe2O4 phase on the films are around 20 nm and they are similar for different 

cobalt ferrite contents in the samples. This is due to the electrophoretic preparation step of this 

phase, which, except for the deposition time, was similar for the different samples. 

 Considering the room temperature tetragonal phase, the corresponding a and c BaTiO3 

lattice parameters are also represented on Figure 2. They were obtained from a fit to the (002) 

and (200) peak positions. In the films, the a lattice parameter is always above the bulk value 

(aBaTiO3,bulk = 3.994 Å [23]), while the c lattice parameter is always below the bulk one 

(cBaTiO3,bulk = 4.038 Å [23]). Thus, these lattice parameters indicate an expansion of the unit 



8 

 

cell along the a direction, compared to the bulk, and a contraction along the c direction. The 

reduction of the c lattice parameter and the expansion of the a parameter, relative to the 

tetragonal bulk form, and the consequent reduction of the cell distortion, can be explained in 

terms of the formation of a composite structure inside the BaTiO3 grains [21,24,25], where 

the grains are composed by three layers: a tetragonal core, a gradient lattice strained layer and 

a surface cubic layer. Since the surface cubic layer thickness is approximately constant [25], 

the volume fraction of these phases depends on the grain size, with the gradient lattice 

strained layer and the surface cubic layer becoming important for small grain sizes. This then 

leads to a progressive decrease of c and an increase of a, that tends to suppress the tetragonal 

distortion and consequently the ferroelectricity, for sufficiently low grain sizes.  
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Figure 2: On the left axis the barium titanate lattice parameters, obtained from the XRD peaks 

(002) and (200), are shown as a function of cobalt ferrite content. On the right axis the BaTiO3 

grain size, obtained from the (110) peak width with the Sherrer equation, is plotted. The inset 

shows the in-plane biaxial stress on the BaTiO3 grains, calculated from the (200) peak positions. 
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 In the films, when the cobalt ferrite content increases, and after a slight decrease from 

x=2% to x=4%, there is an increase of both BaTiO3 lattice parameters. Since the lattice 

parameters are obtained from interplanar distances between planes parallel to the sample 

surface, due to the measurement geometry of the -2 X-ray diffraction scans, the increase of 

these two out-of-plane parameters results from the presence of in-plane compressive stresses 

on the BaTiO3 grains. To estimate the in-plane strain, the in-plane stresses on grains with a 

axes perpendicular to surface were estimated by [26]:  

 

 213112311   sssa    (1) 

 

where s11, s31 and s21 are the compliances, a is the strain on the a axes and   the stress. 

Assuming no stress out-of-plane ( 03  ) and isotropic stress in plane ( 21   = ), 

equation 1 reduces to: 

 

 
  )( 1312 ssa      (2) 

 

with s13=-2.2×10-3 GPa-1, s12=-2.31×10-3 GPa-1 [27]. The in-plane stresses on BaTiO3 grains, 

as a function of CoFe2O4 content, were estimated by equation 2 with a determined from the a 

lattice parameter obtained from the (200) XRD peak, through a = (aBaTiO3,film –

 aBaTiO3,bulk)/aBaTiO3,bulk. They are represented on the inset graphic on Figure 2 and the observed 

negative values indicate that the BaTiO3 grains are under an in-plane compressive stress. 

After a slight decrease from x=2% to x=4%, the compressive stress increases, as the CoFe2O4 

content increase, from  = -0.6 GPa for x=4% to  = -1.4 GPa for x=22%.  
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 On the other hand, the lattice parameter of CoFe2O4, obtained from the (311) peak 

position and presented on the left axis of Figure 3, is always below the bulk value (aCoFe2O4,bulk 

= 8.387 Å [23]), changing from 8.31 Å to 8.34 Å when the CoFe2O4 increases from x = 2% to 

x = 22%, respectively. Thus, the cobalt ferrite phase is under a compressive strain in the 

direction perpendicular to the films surface, indicating the presence an in-plane tensile stress 

that progressively relaxes when the cobalt ferrite content increases in the films.  

 

 For CoFe2O4 grains, the determination of the magnitude of in-plane stress from lattice 

parameters obtained from interplanar distances of the (311) planes, is more complex. 

However, in order to have an estimation of their magnitude, the in-plane stress can be 

obtained from 
2
Y  [26] ( 21   = ) where the strain is  = (aCoFe2O4,film -

 aCoFe2O4,bulk)/aCoFe2O4,bulk; aCoFe2O4,film  is the lattice parameter determined from the (311) peak 

position, Y is the Young’s modulus and  is the Poisson coefficient of the cobalt ferrite 

(Y = 1.5×102 GPa, =0.22 [28,29] at room temperature). The estimated stresses for the cobalt 
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Figure 3: Left axis: CoFe2O4 lattice parameter obtained from (311). On the right side the in-plane 

biaxial stress on the CoFe2O4 grains estimated from those lattice parameters is plotted. 
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ferrite phase are represented on the right axis of Figure 3. The CoFe2O4 grains are under an 

in-plane tensile stress (positive) that relaxes as the cobalt ferrite content increases from 3.4 

GPa for x = 2% to 1.9 GPa for x = 22%. 

 The origin of the stresses on BaTiO3 and CoFe2O4 phases on the films is related to the 

different thermal expansion coefficients. The thermal expansion coefficient for CoFe2O4, is 

14.9×10-6 K-1 [30], while for silicon it is 2.6×10-6 K-1. For BaTiO3, its thermal expansion 

coefficients above and below the transition from the cubic to the tetragonal structure at TT-C 

~403 K, are 11.29×10-6 K-1 and 6.17×10-6 K-1 [31], respectively. During the BaTiO3 laser 

ablation preparation step, the substrate, along with the cobalt ferrite layer, are heated to high 

temperatures, above TT-C. As such, as the sample cools to room temperature, after BaTiO3 

deposition, the higher thermal expansion coefficient of CoFe2O4 relative to BaTiO3 induces 

an in-plane compressive stress on BaTiO3 due to a higher “shrinkage” of the CoFe2O4 phase 

along the BaTiO3-CoFe2O4 interfaces. Correspondingly, an in-plane tensile stress on the 

cobalt-ferrite is imposed by the BaTiO3 phase, while BaTiO3 resists the induced compression 

due to the mechanical interactions between both phases. The increase of these in-plane 

compressive (tensile) stresses on BaTiO3 (CoFe2O4), as the cobalt ferrite content increases on 

the films, is a consequence of the increase in interaction area between BaTiO3 and CoFe2O4. 

Also, due to the lower thermal expansion coefficient of the substrate, relative to CoFe2O4, the 

same mechanism reinforces the tensile stress observed on CoFe2O4 grains.  

 

3.2. Raman Spectroscopy 

 Due to the small size of the grains composing the films the diffraction peaks are broad 

and it is difficult, from the XRD results alone, to confirm which of the BaTiO3 phases is 

present. In fact, as referred earlier, it is known that for small grain sizes the tetragonal 

distortion of the barium titanate crystallites is reduced due to the presence of a non-
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ferroelectric grain boundary layer on the grains surface [25]. However, we observe a 

broadening of the (200) diffraction peak, with an increasing asymmetry of this peak towards 

higher angles suggesting the stabilization of a polar phase of BaTiO3. To confirm the presence 

of this polar phase in the barium titanate layer and to further characterize its structure, Raman 

spectroscopy measurements have been performed. Raman spectroscopy yields phonon 

parameters reflecting the local crystal symmetry, allowing the detection of the presence of 

structural distortion of the grains unit cell. 

 Figure 4 shows the Raman spectra of the composite films, for cobalt ferrite 

concentrations in the range 4% - 22%. The spectra were deconvoluted using Gaussian line-

shape functions to least-squares fit the observed bands.  
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Figure 4: Raman spectra of the samples deposited with CoFe2O4 concentrations in the range 2%-

22%, along with the corresponding fitting curves. The red lines show the position of main 

tetragonal/orthorhombic -BaTiO3 Raman modes and the blue dotted line shows the position of 

cubic spinel CoFe2O4 mode at 695cm-1. 
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Bulk cobalt ferrite has the inverse spinel structure. It has the space group Fd3m ( 7
gO ) and 

factor group analysis yields 39 vibrational modes, five of which are Raman active [32,33]. 

The active Raman modes are at 210 cm-1 (F2g), 305 cm-1 (Eg), 466 cm-1 (F2g), 577 cm-1 (F2g) 

and 695 cm-1 (A1g) [34]. Two main CoFe2O4 peaks are observed on the spectra. The peak seen 

near 700 cm-1 can be assigned to the A1g, mode. It is shifted relative to the bulk due to the 

stress state of the cobalt ferrite nanoparticles in the films. As the CoFe2O4 concentration 

increases its position becomes nearer to the bulk value reflecting the relaxation of the stress 

on the cobalt ferrite, as already observed from the XRD results. Additionally, a small band 

(shoulder) appears near 470 cm-1 (for higher ferrite concentrations) and it can be assigned to 

an F2g mode. 

 The cubic (paraelectric) phase of BaTiO3 has a Pm3m (Oh) crystal symmetry, which, 

theoretically, does not have Raman active modes [35]. However, distortions to the perfect 

cubic cell, induced by disorder on the Ti positions or due to external stresses over the grains, 

can occur and broad peaks at around 250cm-1 and 520cm-1 have been observed on 

polycrystalline powders [16]. For the tetragonal phase (P4mm symmetry) fifteen modes are 

predicted: 3[A1(TO)+A1(LO)]+B1+4[E(TO)+E(LO)]. On the spectra of Figure 4, the main 

characteristic modes of tetragonal-BaTiO3 are observed. They are at ~260 cm-1 (A1(TO) 

mode), ~307 cm-1 (B1, E(TO+LO) modes) and ~516 cm-1 (E(TO)+A1(TO) modes) [16].  

 The characteristic Raman bands of the BaTiO3 orthorhombic phase are similar to the 

ones for the tetragonal phase, with differences on the 180 cm-1 region, where a peak appears 

on the orthorhombic phase, instead of a dip characteristic from the anharmonic coupling 

between the three A1(TO) phonons typically observed on the tetragonal phase [16,35]. It is 

known that grain sizes and stresses can lead to a diffuse character of the tetragonal-

orthorhombic phase transition, so that a coexistence of tetragonal and orthorhombic phases 

can occur at room temperature [13,14,18]. In this respect, the Raman peak observed near 180 
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cm-1 on the spectra of figure 4 indicates the presence of the orthorhombic phase at room 

temperature, coexisting with the tetragonal one, in the samples. 

 In Figure 5 the relative height between the (B1, E(TO+LO) (~307cm-1) and 

E(TO)+A1(TO) (~520cm-1) BaTiO3 modes is represented as a function of the BaTiO3 grain 

size.  

 

 The relative height of the 307cm-1 mode decreases when the corresponding BaTiO3 

grain size decreases. Since the 307cm-1 mode is characteristic of the polar (tetragonal, 

orthorhombic) phases of BaTiO3 and does not exist in the cubic one, the observed increase of 

the relative intensity with increasing grain size is related with an increase of the polar 

distortion on the larger BaTiO3 grains [16] and evidences the grain size dependence of the 

polar properties of BaTiO3. 
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3.3. Temperature and frequency dependence of the dielectric permittivity 

 The BaTiO3 grains on the films have grains sizes between 35-45nm and are under in-

plane compressive stress. The BaTiO3 phase stabilization depends critically on grain sizes and 

mechanical stresses, and the Raman spectroscopy results indicate the coexistence of 

orthorhombic and tetragonal phases at room temperature. In order to study the temperature 

dependent BaTiO3 phase stabilization in these structures, the dielectric permittivity (') and 

loss tangent (tan()) were measured for temperatures between 295K and 435K. Their 

corresponding results are shown on Figure 6.  
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Figure 6: Temperature dependence of dielectric permittivity and loss tangent (’ and tan ()), 

measured at 10 kHz. The dotted line shows the transition temperature (TT-C) for the bulk material. 
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 For cobalt ferrite contents of 2%, 4% and 10%, broad peaks are clearly identified for 

temperatures near 320K and 380K, particularly in the tan() results (fig. 6). The peaks 

observed near 380K are ascribed to the BaTiO3 tetragonal-cubic (TT-C) phase transition, that 

in the bulk has been reported at ~403K [17]. For the samples with x=18% and x=22%, the 

permittivity is substantially broadened near TT-C and the tetragonal-cubic phase transition is 

not so clearly observed. This is due to the increased contribution from the CoFe2O4 phase, 

that with a higher permittivity and loss tangent, particularly above T = 350K, obscures the 

BaTiO3 contribution. The origin of the peaks observed at ~320K will be discussed later. 

 Shifts for lower temperatures of the tetragonal-cubic phase transitions (TT-C), relative 

to the bulk, are observed, as shown in Figure 7. This behavior has been extensively reported 

in the literature [13,24,36], and particularly in thin films it is still a subject of debate, with 

several mechanisms proposed in order to explain the TT-C shifts [36-38]. In this respect, its 

origin can be discussed in terms of the referred core-shell structure of BaTiO3 grains, where 

grains are composed by a tetragonal core and a surface cubic layer. In order to describe the 

phase transition in this structure, the Ginzburg-Landau-Devonshire theory can be applied to 

inhomogeneous ferroelectrics, where a gradient and a surface term are added to Landau 

expression for a ferroelectric [39]: 

 dSPDdVPDBPPTTAF 21242
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The volume and the surface integrals give the free energy of the grain interior and of the grain 

surface, 0T  is the Curie-Weiss temperature of a bulk crystal, P  the polarization, and A, B, D 

and  are material constants.  is the extrapolation length, which phenomenologically 

describes the difference between the surface and the bulk behavior of the polarization. 

Assuming spherical particles, with diameter d, omitting the gradient term, and with the 

appropriate boundary conditions, the size dependence of TT-C becomes [39]:  
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where the polarization is considered to change only along the grain radius. Also, a term l was 

subtracted to the grain size, in order to account for the contribution of the surface cubic layer 

of the grains [25]. 

 

 In the inset of Figure 7, 
  CTCT TT

1
 is plotted as a function of the BaTiO3 grain size 

d, with TT-C = 403 K. In the figure, the solid line is a fit to the experimental curve, made 

using equation 4 and the obtained fitting parameters are: nml 7  and 171039.4
6  mK

A

D


. 

The obtained value for the thickness of the surface cubic layer (l) is close to the estimated 

10nm-15nm range for the reported thickness of the surface layer on the composite structure of 
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Figure 7: Tetragonal-cubic transition temperature as a function of the CoFe2O4 content in the 

samples. In the inserted graphic   CTCT TT

1

 is plotted as a function of BaTiO3 grain size (dots). The 

line is the fit made with equation 4.. 
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BaTiO3 nanoparticles [25]. On the other hand, values of A = 6.66×105 mF-1K-1 and 

D = 4.5×10-9 m3F-1 were reported and adopted by several authors [40,41]. From these values  

was estimated from the fit as nm93 , similar to the value of nm88 , previously 

reported from X-ray diffraction measurements [42]. The good agreement between the 

obtained fit parameters and previously reported ones on similar structures shows that, here, 

the BaTiO3 grain size and its grains composite structure is determinant to the shifts of TT-C to 

lower temperature.  

 As for the peaks observed near 320K at 10kHz, their behavior and, in particular, their 

frequency dependence is different. Figure 8 presents the dielectric constant and the loss 

tangent as a function of temperature, for x=4%, obtained for frequencies between 1kHz and 

100kHz.  
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Figure 8: Temperature dependence of dielectric permittivity and loss tangent (’ and tan ()), measured for 

frequencies between 1kHz – 100kHz for the sample with x=4%. The inset shows the fit using the Vogel-Fulcher 

relation of equation 5. 
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 The figure shows that although the peak associated to the tetragonal-cubic phase 

transition did not change its position for different frequencies, the peak observed at 320K is 

broad and moves to higher temperatures as the frequency increases, with a dependence akin to 

a relaxor like behavior. In this respect, a strong frequency dispersion is observed (fig. 8) such 

that the relation between the temperature where the dielectric constant maximum appears (Tm) 

and the measuring frequency obeys the Vogel-Fulcher equation [43]: 



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











)(
exp0

VFmb

a

TTk

E
ff

                 (5)

 

where Ea and TVF represent the activation energy and freezing temperature of the process. 

0f is a pre-exponential factor. The inset of Figure 8 shows the Vogel-Fulcher fit to the peak 

position for different frequencies. The obtained fitting parameters are Ea = 0.15 eV and 

TVF =151.4 K.  

 This type of relaxor-like behavior associated to a loss tangent peak near 320K has 

been reported before for epitaxial (Ba,Sr)TiO3 films [44]. It was attributed to a frustrated 

phase transition between the tetragonal and orthorhombic phases, where the two phases 

coexist forming polar nanoclusters with different orientation of polarization. In bulk BaTiO3, 

the transition between orthorhombic and tetragonal phases occurs at 280K. However, here, 

signs of the coexistence of tetragonal and orthorhombic phases at room temperature were 

observed by Raman spectroscopy. Thus, the combination of mechanical stresses and grain 

size effects on BaTiO3 grains, arising from the mixed connectivity of the samples, lead to a 

frustrated orthorhombic-tetragonal phase transition and are the origin of the frequency 

dispersion behavior of the dielectric permittivity observed in the films near room temperature. 

 

. 
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Conclusions 

 Nanostructured films composed by CoFe2O4 grains covered by a laser ablated BaTiO3 

layer were prepared with different cobalt ferrite concentrations. Their structure presented a 

combination of BaTiO3, where its tetragonal and orthorhombic phases coexist at room 

temperature, and CoFe2O4 with the cubic spinel structure. The cobalt ferrite nanograins were 

under in-plane tensile stress, while the BaTiO3 phase was under in-plane compressive stress.  

 In the dielectric permittivity and loss tangent results, two peaks were observed that 

were associated to the BaTiO3 cubic-tetragonal and tetragonal-orthorhombic phase transitions. 

The cubic-tetragonal transition was shifted to lower temperatures due to the grains structure, 

with a polar core and cubic shell. On the other hand, a diffuse tetragonal-orthorhombic phase 

transition, near room temperature, was observed, associated with strong frequency dispersion 

similar to a relaxor-like behavior. This behavior was ascribed to grain size effects and 

mechanical stresses in the films, due to their mixed connectivity structure. They led to the 

formation of polar nanoclusters with random orientations of polarization, which induced a 

frustrated phase transition between the tetragonal and orthorhombic phases of barium titanate 

in the films. 
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