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A B S T R A C T

Co-doped BaTiO3 (BT) nanomaterials were synthesized by a combination of sol-gel and hydrothermal methods
under an oxygen partial pressure of 200 psi. The surface chemistry of the samples and, in particular, the oxi-
dation state of the Co atoms, was investigated by X-ray photoelectron spectroscopy, while X-ray powder dif-
fraction and Raman spectroscopy were used to obtain structural information. Morphological information was
acquired by atomic force microscopy. The dependence of the magnetic properties of the samples as a function of
Co-doping level in BT and the effect of the base used in the synthesis of the compound (i.e. NaOH or KOH) was
studied from the analysis of hysteresis curves and FORC diagrams. The results demonstrated that the level of
ferromagnetic component tend to increases as the percentage of Co doping is decreased.

1. Introduction

Multiferroics are considered as one of the prominent classes of
multifunctional materials since possess two or more ferroic properties
which generally refer to the coexistence of ferroelectric and ferromag-
netic properties [1,2].

Although the mutual control of electric and magnetic properties is
an attractive possibility, the number of candidate materials in this re-
spect is currently limited, as the preparation of multiferroic materials is
not an easy task. Many factors such as symmetry, electronic properties,
chemistry and structure (i.e. grain size, crystal quality, microstructure,
crystallographic orientation, defects and domains structure) must be
taken into account [3,4]. In particular, interest has been focused on the
development of compounds with the perovskite crystal structure of
BaTiO3 (BT), which is intentionally doped with 3d transition metals,
such as Co, Ni and Fe, aiming to form multifunctional materials with
potential applications in the emerging fields of spintronics, data-storage
media and multiple-state memory cells [5–7]. BT has been one of the
best known and widely used materials for electric ceramics due to its
excellent dielectric, ferroelectric and piezoelectric properties [8–9].
According to Mangalam et al., ferroelectricity in BT arises from the off-
centring of Ti ions with respect to a centrosymmetric cubic perovskite

crystal [10].
Several groups have reported room-temperature ferromagnetism in

Co-doped BT and similar perovskite oxides, but the cobalt oxidation
state is not mentioned, and is usually assumed to be located inside the
BT lattice as Co2+ [11–13]. The Co oxidation state is important in re-
vealing more about the chemical composition of BT when doped and
the possible substitution mechanisms when Co is incorporated inside
the BT structure. A theoretical study by Nakayama et al. has indicated
that Cr, Mn, Fe and, most likely, Co are the most suitable dopants for
achieving ferromagnetism in BT compounds [14]. However, to date, no
one has presented convincing evidence indicating that the observed
ferromagnetism is intrinsic. Thus, the intrinsic nature of magnetism of
metal-doped BT remains an open question.

To help answer this question, First Order Reversal Curves (FORC)
diagrams can be used, which is a powerful method of investigating
hysteresis in magnetic systems and has been widely applied to different
systems [15,16]. A FORC diagram contains much more detailed in-
formation about hysteresis properties than the major hysteresis loops or
the remanence curves. It can be used to probe subtle variations in
magnetic properties that might not be noticed with conventional hys-
teresis measurements. Thus, the experimental measurement of FORC
diagrams, performed to obtain magnetization as a function of the

http://dx.doi.org/10.1016/j.mseb.2017.10.010
Received 15 June 2017; Received in revised form 5 October 2017; Accepted 11 October 2017

⁎ Corresponding author at: Departamento de Ciencias Farmacéuticas, Facultad de Ciencias, Universidad Católica del Norte, Casilla 1280, Antofagasta, Chile.
E-mail address: sfuentes@ucn.cl (S. Fuentes).

Materials Science & Engineering B 227 (2018) 39–47

Available online 17 October 2017
0921-5107/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/09215107
https://www.elsevier.com/locate/mseb
http://dx.doi.org/10.1016/j.mseb.2017.10.010
http://dx.doi.org/10.1016/j.mseb.2017.10.010
mailto:sfuentes@ucn.cl
http://dx.doi.org/10.1016/j.mseb.2017.10.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mseb.2017.10.010&domain=pdf


reversal field Hr and the applied field H, is becoming an essential tool to
characterize the hysteretical behavior of ferromagnetic particles, and to
investigate their intrinsic magnetic interactions [17,18].

In this paper, we apply the FORC method to study Co-doped BT
nanomaterials synthesized by a combined sol-gel-hydrothermal method
using two different bases (i.e. NaOH and KOH) under an oxygen at-
mosphere. The effects of the synthesis conditions and chemical com-
position on the characteristics of resulting compound are analyzed,
including the structural phase, oxidation states and magnetic mod-
ifications.

2. Experimental

2.1. Materials

Tetrabutyl titanate (TBT, 97%), Chloride barium (BaCl2, 99.999%),
Cobalt(II) chloride hexahydrate (CoCl2·6H2O, 99%), Sodium hydroxide
(NaOH, ≥98%) and Potassium hydroxide (KOH, 90%) were purchased
from Sigma–Aldrich as starting materials.

2.2. Synthesis

BaTi1-xO3:Cox powders with x = 0, 1, 3 and 5 mol% Co as their
nominal dopant ion concentrations, were synthesized by the sol-gel-
hydrothermal process using tetrabutyl titanate (TBT), chloride barium
(BaCl2) and cobalt chloride (CoCl2) as starting materials. In a typical
procedure, solution (A) containing 1 mL of TBT was diluted with 8.2 mL
of ethanol for 10 min to form a white solution, which was added
dropwise at 60 °C for 3 h with stirring to solution (B), which contained
1 mL of HNO3 in 39 mL of deionised water (45 °C). Aqueous solution
(C) was prepared by dissolving BaCl2 in 4 mL of deionised water, and
solution (D) was prepared by dissolving CoCl2 in 2 mL of deionised
water.

To prepare the BaTi1−xO3:Cox precursor, solutions (C) and (D) were
added dropwise to solution (B). Under stirring and N2 bubbling, NaOH
or KOH was added to the barium cobalt titanium solution, and a white
homogeneous colloidal barium cobalt titanium slurry was formed.

The mixed solution was transferred to a 500 mL Teflon-lined
stainless steel reactor, sealed and then heated at 180 °C for 24 h under
an oxygen partial pressure of 200 psi. At the end of the reaction, the
autoclave was allowed to cool to room temperature. The as-synthesized
white powder attached to the bottom and inner wall of the Teflon
container was collected, centrifuged, washed with distilled water and
ethanol to remove the remaining ions and dried at 60 °C for 6 h under
reduced pressure.

2.3. Characterization

Surface chemical information about the Co-doped BT samples was
obtained by X-ray photoelectron spectroscopy (XPS; Physical
Electronics system model 1257) using Al Kα emission. The binding
energies and oxidation states were obtained from high-resolution scans.
The energy scale was calibrated by assigning 284.8 eV to the C 1s peak,
corresponding to adventitious carbon. X-ray diffraction (XRD) data
were acquired using a Siemens Advanced D-8 diffractometer with CuKα
radiation at 40 kV and 30 mA. Raman spectra were recorded on a
WITEC model CRC200, using a 5.5 mW laser with a wavelength of
514.5 nm. AFM images were obtained in contact mode with Si3N4 tips
using the same equipment (WITEC model CRC200). The magnetic
properties were performed at room temperature (25 °C) using a
Magnetometer MicroMag 2900-2 from Princeton Measurement
Corporation, with an alternative gradient magnetometer (AGM). The
FORCs were processed with the free software FORCinel, which is widely
used to process FORCs [19–21]. The hysteresis curves were analyzed by
Micromag AGM and PmagPy (Tauxe, 1198) softwares.

3. Results and discussion

3.1. Surface chemical characterization

The XPS spectra obtained were used to determine the surface
chemistry characteristics of the samples and, in particular, the oxida-
tion state of the Co atoms. A representative high-resolution XPS spec-
trum from the 802–773 eV spectral range is shown in Fig. 1., acquired
from the nominal 3 mol% Co-doped BT sample grown using KOH.

Each main peak was fitted using three curves. The binding energies
(BEs) of 780.4 eV (Ba 3d5/2) and 795.7 eV (Ba 3d3/2) are associated
with Ba2+ ions in non-perovskite structure of BT compound since the
BEs of Ba2+ in a BT perovskite structure have slightly lower values (i.e.
∼779.4 eV and ∼794.4 eV) as reported in references [22–24]. The
curves with BEs shifted to the lowest values of 778.1 eV and 793.4 eV
are attributed to the presence of Co2+ ions. The BEs of 779.4 eV and
794.7 eV and their energy difference of 15.3 eV are difficult to inter-
pret. This is because the peak centred at 779.4 eV can be attributed to
either the presence of Co3+ ions or the presence of Ba2+ ions in a BT
perovskite structure. The other possibility is that this peak (779.4 eV)
might correspond precisely to both the presence of Ba2+ ions in a BT
perovskite structure and the presence of Co2+ ions but, in this case,
with a different chemical environment inside the BT lattice as compared
to the Co2+ ions of 778.1 eV of binding energy. The same interpreta-
tion, therefore, could be assigned to the peak centred at 794.7 eV. The
assignment of this spectral zone (802–773 eV) matches with the as-
signment performed by Norman et al. [24] and Jung et al. [25], who
studied the compound Ba0.5Sr0.5CoxFe1−xO3−δ by XPS. However, our
BE values related to the possible presence Co3+ and to the presence of
Co2+ ions are lower than those reported by these authors. A more
precise interpretation of these XPS signals and of the peaks centred at
779.4 eV and 794.7 eV in particular, requires further investigation. By
way of comparison, Table 1 summarises the values of BEs observed in
the sample grown under the same conditions but using a NaOH base, to
evaluate its effect on the determined binding energies. The XPS spec-
trum was also fitted using the three curves for each peak.

The possible presence of Co3+ ions could be explained by the sub-
stitution of some Ti4+ ions (B-sites) by Co3+ ions during the doping. A
substitution of Ba2+ (A-sites) by Co3+ is less probable due to the large
difference between their ionic radii i.e. 1.4 Å for Ba2+and 0.5 Å for
Co3+. Co2+ ions may substitute for some Ti4+ ions (B-sites) as well as
some Ba2+ions (A-sites) in the BT lattice. In the case of the substitution
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Fig. 1. High resolution XPS spectrum of the 802–773 eV spectral range acquired from the
3 mol% Co-doped BT nanoparticles grown using KOH.
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of isovalent ions, such Ba2+ by Co2+, the substitution would lead to a
high strain of the BT lattice due to the large difference in their ionic
radii (0.9 Å for Co2+). On the other hand, the substitution of some Ti4+

by Co2+ would produce a minor lattice strain because the ionic radii of
the species are more similar (0.6 Å for Ti4+), where the charge differ-
ence should be compensated, for example, by the creation of an oxygen
vacancies inside the BT lattice.

Fig. 2 shows high-resolution XPS spectra of the O1s level and fitted
curves acquired from two samples grown under the same preparation
conditions but with different bases for comparison. Fig. 2(a) corre-
sponds to the sample nominal 3 mol% Co-doped BT grown using NaOH,
and Fig. 2(b) corresponds to the sample nominal 3 mol% Co-doped BT
using KOH. Both spectra were fitted using four curves. The BEs of
526.3 eV and 526.2 eV were attributed to oxygen bound to Co2+ ions.
The values of 528.1 eV and 527.7 eV were attributed to oxygen (O*)
with the possible presence of Co3+ or Co2+ ions in another chemical

state, or oxygen bound to Ba2+ in a perovskite chemical environment.
The BEs values of 529.9 eV in both cases (Fig. 2(a) and (b)) correspond
to O2− ions related to oxygen in a BT non-perovskite structure. The
fourth curve at the highest binding energy (532.1 eV and 531.8 eV) is
attributed to chemisorbed species on the surface such as hydroxyl (OH)
groups. However, the contribution from some oxygen vacancies present
in the BT structure for these signals at 532.1 eV and 531.8 eV is not
ruled out. Our BE values associated with oxygen in the BT structure are
very similar to the values reported by Nasser et al. [22] and to the values
reported for oxygen inside a BaxSr1−xTiO3 structure [26,27].

Therefore, the base (NaOH or KOH) influence on the chemical
characteristics of the oxygen present, as revealed by the oxidation states
O2−, O* and OH groups found in the nominal 3 mol% Co doped BT
samples. The sample prepared in KOH shows the presence of oxygen in
state O2− and OH groups is major that the samples prepared in NaOH.

Thus, KOH would induce more defects and the presence of chemi-
sorbed species in the samples. On the other hand, the presence of the
O2− ions related to oxygen in a BT non-perovskite structure is major in
KOH.

3.2. Structural characterization

Fig. 3 shows the XRD patterns of the BT and Co-doped BT samples
synthesized with the two different bases (NaOH and KOH). As shown in
Fig. 3(a) (NaOH) and Fig. 3(b) (KOH), the sharp and well-defined peaks
reveal high crystallinity for all as-prepared Co-doped BT powders,
which were not submitted to any heat treatment. The XRD Bragg re-
flection was assigned to that of a cubic perovskite structure of Co-doped
BT. In fact, all of the main peaks for the Co-doped BT samples shown in
Fig. 3 are apparently stabilised in the cubic lattice (space group Pm3m)
for the BT powders at room temperature. The calculated lattice con-
stants are in agreement with the tabulated values of a = 4.0260 Å;
JCPDS card No. 31-0174.

The average particle size was estimated from (1 1 7) diffraction
peak and the Scherrer equation given by: d = kλ/(β/cos(θ)), where d is
particle size, k ∼ 1 is the shape factor, λ = 0.1540 nm is the wave-
length of the CuKα radiation, β is the full-width at half-maximum
(FWHM) and θ is the diffraction angle. The average grain sizes of the
Co-doped BT in NaOH and KOH are 70.4 nm and 88.1 nm respectively.

Fig. 4(a) (NaOH) and 4(b) (KOH) show the XRD patterns of BT and
Co-doped BT in the 44–46° 2Θ range for all of the samples. The effect of
Co substitution on the BT structure can be observed by the clear shift in
the (2 0 0) reflection, which is characteristic of the cubic lattice of Co-
doped BT. For each method used to prepare the Co-doped BT samples,
splitting of the (2 0 0)/(0 0 2) diffraction peaks was not observed, in-
dicating that the samples were stabilised in the cubic phase at room
temperature [12]. The shift in the strongest diffraction peak (hkl) with
respect at BT is closely associated with the ionic radii of Co2+, Co3+,
Ba2+ and Ti4+. According to Shannon et al. [28], the ionic radii are
1.42 Å for Ba2+; 0.9 Å for Co2+; 0.53 Å for Co3+; and 0.605 Å for Ti4+.
The coordination numbers of Ti4+/Co3+ and Ba2+/Co2+ in the struc-
ture are 6 and 12, respectively.

According to Cui et al. [29], Co2+ ions are more likely to replace
Ti4+ ions due to their similar ionic size. When Co2+ ions substitute into
Ti4+ sites, the resulting negative charge must be compensated for by
oxygen vacancies. If Co2+ substitutes into both positions, self-com-
pensation could occur. Our results suggest that Co2+ replaces the Ti4+

sites at low concentration nominal (1 and 3 mol%), whereas both sites,
Ba2+ and Ti4+, may be substituted with Co3+ ions when the con-
centration increases (i.e. 5 mol%). When Co2+ replaces Ti4+ in the
structure, expansion of the crystal lattice takes place, whereas when
Co3+ ions replace both Ba2+ and Ti4+, it is possible obtain a small
lattice distortion that explains the shift to higher values of 2Θ. The
presence of Co in two oxidation states (Co3+ and Co2+) and the pos-
sible substitution due to Co doping is also supported by our XPS results.

In contrast to the XRD technique, Raman spectroscopy is a highly

Table 1
Binding energy values obtained from the curve fit for the 3 mol% Co-doped BT nano-
particles grown using NaOH base.

Ion in Co-doped BT structure Binding Energy (eV)

Ba2+ 780.3 (3d5/2); 795.6 (3d3/2)
Co2+ 778.1 (2p3/2); 793.3 (2p1/2)
Not clear 779.2 (2p3/2); 794.5 (2p3/2)
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Fig. 2. High resolution XPS spectra of O1s level acquired from 3 mol% Co-doped BT
nanoparticles prepared with a) NaOH base and b) KOH.
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sensitive technique to probe the local structure of BT samples. BT single
crystals at room temperature have a tetragonal perovskite structure
(space group P4mm) with one formula unit per unit cell. Only below the
Curie point, near 120 °C, does BT become ferroelectric. In the interval
120–1460 °C BT monocrystals take the paraelectric cubic perovskite
structure (space group Pm3m).

The Raman spectra obtained at room temperature for Co-doped BT
synthesized in NaOH and KOH are shown in Fig. 5(a) and (b), respec-
tively. The Raman spectra of the BT samples prepared in both bases are
similar to those obtained for nanoparticles of pure BT analyzed in a
previous study [30]. They present a characteristic Raman peak near
306 cm−1 (B1 mode) corresponding to the tetragonal BT phase and
contradict the cubic symmetry observed by XRD analysis from which no
first-order Raman activity is expected. Busca et al. [31] reported a
distortion of the TiO6 octahedron in the cubic BT phase inducing a
pseudotetragonality of the cubic phase. This could explain the sig-
nificantly lower symmetry with respect to a cubic perovskite structure,
similar to that of the tetragonal BT.

In general, four characteristic Raman bands are present in the
samples at approximately 306 cm−1 [B1, E(TO + LO)], and broad

bands near 268 cm−1 [A1(TO)], 519 cm−1 [A1, E(TO)] and 720 cm−1

[A1, E(LO)] are observed.
The cubic phase of this polymorph, which does not reveal Raman

active modes, generally shows broad bands at around 250 and
520 cm−1, which may be caused by local disorder associated with the
position of Ti atoms. On the other hand, with increasing Co, the in-
tensities of the Raman peaks change. The bands associated with the
tetragonal perovskite structure exhibit a decrease in intensity; this is
caused by the tetragonal-to-cubic phase transition from BT to Co-doped
BT and is consistent with the effect observed by X-ray diffraction ana-
lysis.

The band at approximately 250 cm−1 for BT shows a continuous
increase, whereas the band at approximately 520 cm−1 shifts to lower
frequencies (515 cm−1); furthermore, the intensity of the band de-
creased with mol% Co. The characteristic band at 720 cm−1 shows a
minor relative intensity for doped BT compared with the band for un-
doped BT, which can be ascribed to defects in the BT lattice [31].

The morphology of the samples was analyzed by atomic force mi-
croscopy (AFM). The AFM images of the naked nominal 5 mol% Co-
doped BT nanoparticles in NaOH and KOH are shown in
Fig. 6(a) and (b), respectively. In general, the samples prepared using
both bases exhibit agglomerates, almost spherical in shape, with dia-
meters of approximately 120 nm and 250 nm, respectively. Through the
application of ultrasonic agitation for 10 min for 40 kHz ultrasonic
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wave, we obtained the particle size distribution histogram as is shown
in the inset of the corresponding AFM images.

3.3. Magnetic properties

Fig. 7 shows hysteresis curves measured at room temperature of BT
and Co-doped BT samples (nominal 1, 3 and 5 mol%) synthesized using
NaOH and KOH, each concentration was measured 6 times. From these
curves, different behaviors can be observed. The nominal 5 mol% Co-
doped BT samples in NaOH and KOH mainly exhibit paramagnetic
behavior, which is shown by the shape of the curves in addition to the
high values of high-field magnetic susceptibilities (χhf) and high and
low-field susceptibility ratios (χhf/χlf) (see Table 2). In addition, both
samples also present a weak ferromagnetic behavior denoted by the low
values in the magnetic parameters of magnetic saturation (Ms) and
magnetic remanence (Mr). On the other hand, Co-doped BT synthesized
using NaOH (nominal 1 and 3 mol%) and KOH (nominal 3 mol%) ex-
hibit a paramagnetic and ferromagnetic behavior, but in this case with a
greater ferromagnetic contribution compared to the previous case. This
is evidenced by the curve’s shape, lower values of χhf and χhf/χlf, and
higher values of Mr and coercive field (Hc), than the previous samples
doped with nominal 5 mol% (Table 2). Finally, the sample doped at
nominal 1 mol% synthesized using KOH exhibits strong ferromagnetic
behavior which is evident from high values of χlf, χferri, Ms and Mr, and
low (or negative) values of χhf and χhf/χlf. However, these last negative
values could be also due to a weak diamagnetic contribution.

From the hysteresis curves data, it is also possible to determinate the

magnetization ratio, which is calculated by the ratio of Mr/Ms. This
value corresponds to a measure of the “magnetic memory”, accounting
for the percentage of retainer magnetization. In this way, for example,
it can be observed that the nominal 5 mol% Co-doped BT sample in
both KOH and NaOH, presents lower values, which is consistent with
the paramagnetic behavior inferred from the magnetic properties. It has
been established that this capacity to retain magnetism is strongly
linked to the favorable magnetic size of the particles in a sample [32].
Thus, the values of magnetic properties of different materials may be
used to determine the magnetic size of particles and thereby infer the
magnetic domain prevailing in a sample.

On the other hand, the paramagnetic behavior in nominal 5 mol%
Co doped BT may be due to a similar behavior to that presented with
the ferrites (MFe2O4, M represents a metal cation), where the oxidation
state of the Fe atoms can be Fe2+ or Fe3+. In the cubic ferrites, the
magnetic moments of the Fe3+ ions in octahedral position cancel with
the magnetic moments of the Fe3+ ions in the tetrahedral position, the
net result is the cancellation of the magnetic moment by virtue of the
antiparallel coupling shown. The net magnetic moment is attributed
only to the Fe2+ ions which are aligned in the same direction. In our
case, the Raman spectra shows that with the increase of the mol% of Co
ions, the bands associated with the tetragonal perovskite structure ex-
hibit a decrease in intensity (307 cm−1); this is caused by the tetra-
gonal-to-cubic phase transition from BT to Co-doped BT. Therefore,
there could be two reasons that explain the paramagnetic behavior of
cobalt ions: the existence of Co3+ ions and the phase change to a cubic
structure from a pseudo tetragonal.

To determine the magnetic domains (i.e. magnetic grain size) within
the BT nanoparticles, magnetization (Mr/Ms) and coercivity (Hcr/Hc)
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ratios were used, following Day et al. whose values were plotted in the
Theoretical Day plot in Dunlop [33,34]. In Fig. 8 it can be seen that the
plotted values are in the pseudo-single-domain (PSD) field between
single-domain (SD) + multi-domain (MD) mixing curves and SD
+ superparamagnetic (SP) (10 nm) domain mixing curve, relatively
close to each other. This disposal is likely due a mixture of PSD and SP
grains or a ternary mixture of SP+SD+MD [35]. The samples doped at
nominal 5 mol% in NaOH are plotted relatively far from the SD + SP
(10 nm) mixing curve, showing a PSD predominance over the SP and
SD domains. On the other hand, the samples doped at nominal 1 and
3 mol% in both KOH and NaOH and the sample doped at nominal 5 mol
% in KOH, are plotted in the PSD range close to the SD+SP (10 nm)
curves. Thus, from the magnetic properties (i.e. high values of mag-
netization and coercitivity), suggest that these samples consist mainly
of PSD and/or SP domains.

As can be seen from the above, valuable information can be ob-
tained from hysteresis curve analysis relating to the properties of a
system composed of numerous particles such as: χhf, Hc, Ms, Mr, Ms/Mr.
and Hcr/Hc, among others. However, with this previous analysis, it is

not possible to clarify all aspects of a many-particle system. The FORC
(first-order reversal curves) diagram technique is a powerful tool for the
characterization of magnetic systems composed of many nanoparticles
[36,37]. This technique has been used to study magnetic properties in
greater detail to determine the possible distributions of coercivity, in-
teraction fields and the levels of reversible and irreversible magneti-
zation in the samples [15,38–41]. Additionally, the FORC diagrams can
be used to discriminate between different types of magnetic behavior. It
can also discriminate between mixtures of grains with variable domain
states (e.g. size distribution of the particles) and identify the presence or
absence of magnetostatic interaction. This is because grains with dif-
ferent domain structures and interactions plot in different parts of the
FORC diagrams [15,16].

The measurement of a FORC begins by saturating the sample at a
high external field, thus reaching the Ms. of the sample. The external
field is then reduced to a Ha magnetic field, known as the reversion or
initial field. The FORC is defined as the magnetization curve (within the
hysteresis loop) that ranges from the initial Ha field to saturation.
Magnetization in the external Hb field on the FORC with the initial Ha
field is denoted by M(Ha,Hb), where Hb > Ha. The information ob-
tained using FORCs is interpreted through a statistical model based on
the Preisach model [38], which describes a magnetic system as a set of
magnetic entities termed histerions, each one of which contributes to
the system with a statistical value defined by the probability density
function of the ensemble. The probability density function of the en-
semble is defined by:

= −
∂

∂ ∂
ρ H H M

H H
( , ) 1

2a b
a b

2

(1)

Where; M = M(Ha, Hb), ρ(Ha, Hb) extends over the entire Ha, Hb
plane. Thus, the FORC diagram is a contour plot of the probability
density function of the ensemble, ρ, which can be expressed in terms of
the variables Hcf = (Hb−Ha)/2 and Hu = (Hb + Ha)/2. These vari-
ables represent the switching (coercivity of an entity) and interaction
fields (a shift in the hysteresis curve of an entity), which have a more
direct and intuitive physical interpretation [20]. This change of vari-
ables allows us to capture the component of reversible magnetization
that appears at Hcf = 0 and the irreversible magnetization component
(s) of the system for Hcf> 0. The density function ρ is obtained from
the numerical derivation of the function M(Ha,Hb), which contains all
of the FORC measurements. Finally, the FORC diagram is obtained
using a contour plot of the Hcf, Hu function.

Fig. 9 shows the FORC diagrams of the Co-doped BT (nominal: 1, 3
and 5 mol%) samples synthesized with NaOH and KOH. The first
characteristic that stands out in the FORC diagrams is the similarity of
the ρ function, with the exception of the samples with a Co-doped
nominal 5 mol% (NaOH and KOH), which had increased noise in the
magnetic signal (see Fig. 7 and Table 2), thus making it difficult to
obtain a set of well-defined FORCs. It is also possible to observed two
magnetic phases in the samples, (except in NaOH (Co-doped 5 mol%)),
one centred on Hcf = 0 and Hu<0, which corresponds to the re-
versible magnetization component associated with paramagnetic ma-
terials and the other centred on Hcf> 0 and Hu>0, which corresponds

Fig. 7. Measured hysteresis cycles of the BT nanoparticles prepared with (a) NaOH and
(b) KOH, doped with different content of Co: 1%, 3% and 5 mol%.

Table 2
Magnetic properties of the Co-doped BT nanoparticles.

Mol% Co Susceptibilities (m3/kg) Remanences (memu/g) Coercivities (Oe) Ratios

χhifi χif χferri Ms Mr Hc Hrc χhifi/χif Mr/Ms Hcr/Hc

1% 2.98E−09 8.67E−09 5.69E−09 0.79 0.17 229.1 871 0.34 0.22 3.8
NaOH 3% 2.52E−09 2.29E−08 2.03E−08 2.86 0.71 254.1 814 0.11 0.25 3.2
5% 8.56E−09 1.22E−08 3.64E−09 0.5 0.09 224.4 869 0.7 0.17 3.87

1% −8.96E−10 2.56E−08 2.65E−08 3.79 0.84 246.2 808 −0.03 0.22 3.28
KOH 3% 3.10E−09 1.41E−08 1.10E−08 1.58 0.37 254.2 800 0.22 0.23 3.15
5% 8.38E−09 1.70E−08 8.60E−09 1.02 0.22 235.3 905 0.49 0.21 3.85
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to the irreversible magnetization component associated with the fer-
romagnetic nanoparticles in the sample.

In Fig. 9a it is observed that the concentration of reversible mag-
netization component in the NaOH sample at nominal 1 mol% Co-
doped BT is higher than the irreversible magnetization component,
which is characteristic of a system in which the paramagnetic phase is
predominant. In the NaOH sample at nominal 3 mol% Co-doped BT, the
reversible magnetization component has a similar value to that of the
ferromagnetic component, which describes a system with a ferromag-
netic tendency. In both systems (NaOH at 1 and 3 mol% Co-doped BT)
we observe that the ferromagnetic phase (centred in Hcf> 0 and
Hu>0) has a coercivity distribution (in the Hcf axis) that indicates a
distribution of coercivities of the nanoparticles that is possibly due to
size distribution [40,41]. Likewise, a distribution of interaction is ob-
served in both systems, indicating the magnetic interaction among the
nanoparticles due to the agglomeration. The ferromagnetic phases for
the NaOH-grown samples at nominal 1 and 3 mol% Co are centred in
Hcf = 274.14 Oe and 288.31 Oe which are very close to the values
obtained by the hysteresis curves of Hc= 229.10 Oe and 254.10 Oe.

In Fig. 9b it is observed the FORCs diagrams of the samples prepared
with KOH exhibit similar behavior as a function of doping (nominal 1, 3
and 5 mol% Co-doped BT). The samples that contain doping at nominal
3 and 5 mol% Co show a reversible magnetization component higher
than the irreversible magnetization component, which is characteristic
of a system in which the paramagnetic phase is predominant. In the
KOH-grown sample at nominal 1 mol% Co the reversible magnetization
component has a lower value than the irreversible magnetization
component, which describes a system with a great ferromagnetic ten-
dency. The width of the distribution of the coercivity of the ferromag-
netic phase (Hcf> 0) in the three diagrams indicates that there is also a
coercivity distribution associated with the size distribution of the

particles. Likewise, the width of the distribution of the interaction of
the ferromagnetic phase indicates that there is magnetic interaction
among the nanoparticles owing to their agglomeration. The ferromag-
netic (irreversible) component of the samples of KOH at nominal 1 and
3 mol% Co-are centred at Hcf = 286.79 and 290.90 Oe, respectively,
values very similar to those obtained in the hysteresis curves,
Hc= 246.20 and 254.20 Oe. While sample of KOH at nominal 5 mol%
Co shows a spread horizontal distribution with an average value
∼250 Oe, similar to value obtained by hysteresis curves,
Hc= 235.30 Oe.

The FORC diagram discriminates between different magnetic be-
haviors, mixtures of grains with variable domain states (i.e. size dis-
tribution of the particles) and identifies the presence or absence of
magnetostatic interactions due to grains with different domain struc-
tures and interactions plotted in different parts of the FORC [15,16]. In
this respect, it is seen that NaOH Co-doped samples present different
magnetic characteristic than KOH Co-doped samples. The nominal
5 mol% Co-doped BT shows an ill-defined coercivity distribution
(contour distribution) which would indicate that ferromagnetic beha-
vior is not significant, with no clear identification of magnetic grain
size. On the other hand, the 1 and 3 mol% Co-doped BT samples present
mixing of the contour distributions. Both present a coercivity dis-
tribution with Hc>0 and Hu>0 and parallel to the Hcf axis, and an-
other one close to the origin with intermediate vertical spread. This
arrangement suggests a SD magnetic grain size with lower PSD mag-
netic domain in both Co-doped samples. In the case of the KOH Co-
doped samples, it is observed that the nominal 5 mol% exhibits a dis-
tribution very close to the origin with a small vertical spread but large
spread along the horizontal axis. This suggest a SP magnetic grain size,
in agreement with the proximity to SD + 10 nm SP mixing curve evi-
denced in the Day-Dunlop diagram, unlike its NaOH counterpart which

Fig. 8. Hcr/Hc logarithmic plot for representative BT nanoparticles
samples prepared with NaOH and KOH doped with different content
of Co (1, 3 y 5 mol%). The dashed lines represent mixing curves from
for mixtures of single-domain (SD) with multidomain (MD) or su-
perparamagnetic (SP) particles.
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is plotted farther from the curve. For KOH at nominal 1 and 3 mol% Co
doped samples, a broad coercitivity distribution is observed in the Hcf
axis and close to the origin with a vertical spread. These characteristics
suggest a ferromagnetic behavior controlled by a SD magnetic domain
size with low magnetic interaction. However, a more horizontally
spread coercitivity distribution with broad vertical spread is also ob-
served, which could represent a PSD magnetic domain size. In the
nominal 1 mol% Co-doped sample a higher density near to the origin is
also observed, which can infer a greater SD magnetic grain size pre-
sence over the PSD size.

4. Conclusions

Co-doped BT compounds with different compositions using two
different bases (NaOH and KOH) were examined. Different chemical
and magnetic properties were obtained depending on the base used
during the synthesis of the compound. Results from XPS and XRD reveal
the presence of Co2+ and the possible presence of Co3+ as a mixture of
oxidation states of cobalt in the Co-doped BT compounds. Our results
suggest that Co2+ replaces the Ti4+ sites at low concentration (nominal
1 and 3 mol%), whereas both sites, Ba2+ and Ti4+, may be substituted
by Co3+ ions when the concentration increases (nominal 5 mol%).
Raman spectra showed that with increasing Co, the intensity of the
bands associated with tetragonal perovskite structure decrease. This is

caused by the tetragonal-to-cubic phase transition from BT at Co-doped
BT and is consistent with the effect observed by X-ray diffraction ana-
lysis.

Finally, we propose that there is a correlation between the hyster-
esis loop, the Day-Dunlop diagram and the FORC Diagrams, and that
they describe sample behavior very well as a whole. All of the samples
exhibited a paramagnetic and ferromagnetic component, except for the
sample synthesized in KOH doped at nominal 1 mol%, where, apart
from the ferromagnetic contribution, there was only a small diamag-
netic contribution. The contribution of the paramagnetic and ferro-
magnetic behavior seems to be closely linked to the content of Co. The
nominal 5 mol% doped samples synthesized in both NaOH and KOH
present mainly a contribution of paramagnetic materials on ferromag-
netic, which may be due to the fact that Ba2+ and Ti4+ are substituted
by Co3+, the more oxidized phase of Co2+. Additionally, this ionic
substitution generates a small lattice distortion which could be related
to the SP magnetic domains component shown through Day-Dunlop
and FORC diagrams. Samples doped at nominal 1 mol% Co in NaOH
and at nominal 3 mol% in KOH tend to have a paramagnetic behavior
over a ferromagnetic behavior, while samples doped at nominal 3 mol%
Co in NaOH and at nominal 1 mol% in KOH tend to have a ferromag-
netic behavior over the paramagnetic behavior.

The different samples present a mixture of magnetic domains be-
tween PSD, SD and SP. This is due to Co2+ replacing the Ti4+ sites at

(a) 

(b) 

Fig. 9. FORC diagrams of the BT nanoparticles prepared with (a) NaOH
and (b) KOH, doped with different content of Co: 1%, 3% and 5 mol%.
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low concentrations of Co, and could be explained by crystalline ag-
gregates formed by different sizes of magnetic grains. According to this
study, the particles that exhibit the best magnetic characteristics, in
terms of magnetic interaction and magnetic grain size, are those syn-
thesized in NaOH doped at nominal 3 mol%, and those synthesized in
KOH doped at nominal 1 mol%.
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