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Multiferroic ceramics of BigggYo.01Fe;_xNixO3 with 0.01 < x < 0.05 were synthesized by using a modified
solid state reaction method. The crystalline structure and the morphology of the samples were investi-
gated by X-ray diffraction (XRD) and by scanning electron microscopy (SEM). The addition of Y and Ni
to the bismuth ferrite (BiFeO3) was found to decrease the average grain size. Ac magnetic susceptibility
and the zero-field-cooled (ZFC) and field-cooled (FC) magnetizations were measured for temperatures in

the range 5 < T < 300 K. Hysteresis loops and an irreversible behavior in the temperature dependence of
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the magnetization not present in pure BiFeO3; were observed in the doped samples. However, the ferro-
magnetism was found more likely to be due to the presence of small amounts of magnetite. Nevertheless,
the determination of the amount of Fe30,4 in these composite materials is important because it influences
the magnetoelectric coupling which is important for some technological applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Single-phase (SP) multiferroic materials which exhibit notice-
able magneto-electric (ME) coupling at room temperature (RT)
have attracted a lot of attention in recent years due to their poten-
tial applications in multi-state memory and quantum controlling
devices [1-3]. Bismuth ferrite (BiFeOs) is one of the most investi-
gated SP multiferroic material at RT. This material has a quite large
difference between magnetic and ferroelectric transition tempera-
tures, exhibiting antiferromagnetic order at a relatively high Néel
temperature (Ty ~ 643 K) while a ferroelectric phase transition
[4] occurs at 1098 K. The non-collinear G-type anti-ferromagnetic
(AFM) ordering in BiFeO; (BFO) corresponds to the coupling of
two adjacent crystal planes in the Fe** sites. The ferroelectric
phase corresponds to the R3c space group symmetry with cations
displaced from the [111]; direction with tilted oxygen octahedra
[5]. Although the magnetic properties of BFO above RT have
already been investigated [6] there are still considerable interest
in investigating the magnetic properties at low temperatures. For
instance, dc (y4) and ac (y,.) magnetic susceptibilities measure-
ments revealed that the magnetic moments in BFO varies little
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with temperature below RT [7,8]. However, intrinsic point defects
such as oxygen vacancies in BFO sintered at high temperatures
were found to influence the magnetic properties of this compound.
It is also important to recall that there are already quite few studies
reporting ferromagnetism in samples of BFO doped with different
atomic elements [9-14]. For instance, while a Y-doping of about
1% was found to reduce the volatilization of Bi and oxygen vacan-
cies [15], an enhancement of the ferromagnetic properties were
observed in Ni-doped samples [16]. However, the ferromagnetic
properties observed in these sample materials did not scale with
the nominal doping concentration, raising a question whether
the ferromagnetism is indeed intrinsic to the BFO phase.

In order to better clarify this point, BiFeO; and
BiggoYo01Fer_xNixOs; (0.01 < x <0.05) (BYFN) poly-crystalline
ceramics have been prepared by using a modified solid state reac-
tion method. This method was found to produce this kind of
ceramics with less oxygen vacancies because during the synthesis
procedures the samples are kept at high temperatures for few min-
utes only. Our studies have been focused mainly on the effect of
doping in the magnetic properties of these materials at low tem-
peratures. As discussed below, it was found that the origin of the
ferromagnetic phase is more likely to be due to the presence of
traces of a secondary phase not detected by usual techniques used
to characterize the structure and morphology of the sample
materials.
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2. Experimental procedures

Policrystalline powder samples of  BiFeO3 and
Big.g9Yo.01Fe1_xNiyOs with 0.01 < x < 0.05 were prepared by a mod-
ified solid state reaction method [17]. High purity (99.9%) powders
of Bi, 05, Fe,03, Y03 and NiO were used in stoichiometric compo-
sitions as the sintering materials. The powders samples were sin-
tered in a pre-heated muffle furnace at 1153 K for 20 min and
leached with 10% diluted nitric acid at room temperature. The final
power was then cold-isostatic pressed into 2 mm thick and 10 mm
diameter pellets and the pellets were annealed at 1076 K for 15
min.

The samples were characterized by X-ray diffraction (XRD) by
using the Cu — ko radiation. The dc magnetization measurements
were carried out using the ACMS Modulus of a PPMS (Physical
Properties Measurements System by Quantum Design) in zero-
field-cooled (ZFC) and field cooled (FC) procedures from 5K to
300K for an applied magnetic field (H) of 500 Oe. In the ZFC pro-
cedure the samples were first cooled with H = 0, the magnetic field
was then applied at 5K and the magnetization measured in the
heating up mode. For the field-cooled (FC) procedure, the samples
were first cooled down to 5 K with H = 500 Oe and the magnetiza-
tion was measured in the heating up as well. The measurement of
the ac magnetic susceptibility was also carried out in the PPMS sys-
tem using an ac magnetic field with, respectively, an amplitude
and frequency of 10 Oe and 1 kHz for temperatures in the range
5 —300 K.

3. Results and discussions

XRD spectra with their corresponding Rietveld refinements for
pure BFO and doped BYFN ceramics are shown in Fig. 1. The XRD
peak intensities showed that the polycrystalline samples present
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Fig. 1. Room temperature X-ray diffraction patterns of pure BFO and doped BYFN
powders. The asterisk (*) marks the presence of a peak that it is characteristic of the
Fe;04 phase.

a good crystallinity. The diffraction peaks were indexed by using
the rhombohedral perovskite (R3c space group, ICSD 86-1518)
crystalline structure. Small traces of the ferrimagnetic Fes04 phase
observed [18,19] in ceramics with similar sample compositions are
also present in our samples. The position of the peak characteris-
tics of this crystalline phase is indicated in the XRD spectra by an
asterisks. Despite of the intensities of the XRD peak the Fe;0,4 be
almost undetectable we found that small amounts of this phase
influenced drastically the overall magnetic data. However, the
mullite BiFe,O9 phase [20,21] characterized by a peak near the
angle 20 = 28 degrees is not observed in the samples investigated
in the present work. The incorporation of Y>* with smaller ionic

radius than Bi*' distorces the rhombohedral structure. The effect
of the ionic doping in the perovskite structure of the BFO can be
accounted by taking into consideration the Goldschmidt tolerance
factor [22]:

. (1= Y)rgs: + Yy +Tg | 7 (1)

2[(1 = X)Tpar + XTy2s + T |

where rys. and rys. are the twelve-fold co-ordination ionic radii of
Bi*" and Y?" and 1., 2 and ;- are the sixfold coordination ionic
radii of Fe*>, Ni*? and 0*2 ions, respectively. The tolerance factor
decreased from the 0.939 for the BFO to the 0.937 for the BYFN
ceramics with x = 0.05 because of the distortion of the FeOg octahe-
dra. Rietveld analysis was employed to the XRD data for determin-
ing the lattice parameters a and c, average crystallite sizes d and the
mass density p associated to the BFO crystalline structure. d was
found to be the most influenced parameters for the concentration
range used in the present work. These results are summarized in
Table 1.

Fig. 2 show SEM images for pure BFO (a) and for the BYFN 2 (b)
ceramics for a magnification factor of 1kx. The corresponding
insets are images from the same samples magnified by a factor
ten times larger where one can clearly see that the doping process
decreases the overall grain size. This effect has been attributed to a

Fig. 2. SEM images for the fracture surface of (a) BFO and (b) BYFN-2 obtained with
a magnification of 1kx while the correponding insets were obtained with
magnification of 10kx.

Table 1

Structural data obtained by using the Rietveld analysis.
Sample Cell parameters Density Crystallite size Reliability

a (nm) ¢ (nm) p (glem?) d (nm) 7>

BFO 0.5567 1.3838 8.962 218.00 1.651
BYFN 1 0.5575 1.3856 8.476 119.57 1.703
BYFN 2 0.5578 1.3861 8.477 111.71 1.573
BYFN 3 0.5578 1.3860 8.348 99.99 1.672
BYFN 4 0.5540 1.3770 8.692 152.41 1.295
BYFN 5 0.5568 1.3837 8.998 94.16 1.595
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Fig. 3. Magnetization minus the AFM contribution of pure BFO measured at 5 K for x = 0 (triangles), 0.01 (diamonds), 0.02 (circles), 0.03 (hexagons), 0.04 (stars) and 0.05
(pentagons). A full hysteresis loop is shown in the upper left inset for x = 0.02 while a blow-up of this histeresis loop is shown in the lower left inset. The net magnetization
shows histeresis loops for all values of the Ni concentration but the data in the high applied magnetic field regime do not scale with x. The solid lines are guides to the eyes.

pinning effect that decreases the ionic mobility across the grain
boundaries [23].

Ferromagnetic hysteresis loops superimposed to a contribution
proportional to H that extended up to the highest applied magnetic
field (=85 kOe) were observed for all doped samples and for three
values of temperature: 5, 150 and 300 K. The contribution propor-
tional to H is actually the one expected for the antiferromagnetic
phase of BFO. A typical M versus H curve is shown in the inset of
Fig. 3 for the sample which presented the largest ferromagnetic
contribution (x = 0.02) measured at T =5K. However, it was
noticed that the amount of the ferromagnetic phase did not scale
with Ni-doping. Thus, the BFO linear contribution Mgro = JproH,
where 0 = 7.83 x 107°,6.84 x 10™® and 6.27 x 10° emu/g for
T = 5,150 and 300 K, respectively, was subtracted from the overall
magnetization data yielding the hysteresis loops shown in Fig. 5. It
was also noticed that for the sample with x = 0.02 the room tem-
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Fig. 4. Magnetization measured at the highest applied magnetic field M(H = 85
kOe) (left) and remanence M, (right) versus the concentration of Fe304. M, and
M(H = 85 kOe) were found to scale with the amount of magnetite for T = 5,150
and 300 K. The insets show that the data become scattered when they are plotted
versus the Ni concentration.

perature coercivity (H, = 138 Oe) and the ratio of the remanent to
the saturation magnetization (M,/M; = 0.21) were closer to the
values obtained for magnetites [24], e.g, H.=1380e and
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Fig. 5. T-dependence for the ZFC and FC magnetizations minus the corresponding
values measured at 300 K for H = 500 Oe. The size of the irreversibility does not
scale with x. Instead, it scales with the relative amount of Fe304 as shown in the
inset for T = 5 K. The solid line is a guide to the eyes.
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Fig. 6. T-dependence for y, measured by using an ac magnetic field with
amplitude of 10 Oe and frequency of 1 kHz. y,. does not also scale with x but
with relative amount of Fe30,4 as shown in the inset for T = 5 K. The solid line is a
guide to the eyes.

M, /M; = 0.22. Thus, to verify that the ferromagnetism present in
the doped samples was indeed not intrinsic to the doped BFO sam-
ples, it was estimated the fraction of Fe;0,4 that would be required
for yielding the values obtained for the magnetization measured at
300K for the highest applied magnetic field M(H = 85 kOe) by
using M; = 89.2 emu/g [24]. For instance, for the sample with
x = 0.02 it would be required about 1.2% (~ 100 x 1.05/89.2) of
magnetite to yield a hysteresis loop similar to the one obtained
for this sample composition. Using the same procedure for the
other samples it was found that the corresponding amounts of
magnetite (with corresponding Ni-doping) were: 0.34%
(x=0.01); 1.2% (x = 0.02), 0.82% (x = 0.03), 0.1% (x = 0.04), 0.5%
(x = 0.05). It is interesting to mention that the concentration of
Fe;0,4 determined from the hysteresis measured at 300 K ordered
both M(H = 85 kOe) and M, data at 5, 150 K and 300 K as shown
in Fig. 4.

In order to verify that the correlation of the hysteresis loops
with the amount of Fe304 was not a fortuity one, the ZFC and FC
magnetizations were measured for all samples for H = 500 Oe.
The results are shown in Fig. 5. The room temperature magnetiza-
tion data was actually subtracted from the ZFC and FC magnetiza-
tions for magnifying the irreversible behavior. Again, it was not
observed a correlation in the magnitude of irreversibility with
the Ni concentration in the same manner as for the hysteresis
loops. However, if it is used the concentrations of Fe304 as deter-
mined above, one finds a reasonably good correlation as shown
in the inset of Fig. 5. The correlation is actually represented in
the plot of the difference between the ZFC and FC magnetizations
data (= AM) measured at 5 K. The characteristic temperature asso-
ciated to the irreversibility was found to be above room
temperature.

The correlation of the magnetic data with the concentrations of
Fe;0,4 was also tested for a very low value of applied magnetic field
by measuring the magnitude of the ac magnetic susceptibility

Yac = /X2 + ¥, where y, and y; are the in-phase and out-of-

phase components of y,., respectively, for a frequency of 1 kHz,
magnitude of the ac magnetic field of 10 Oe and temperatures in
the range 5-300 K. These results are shown in Fig. 6. The inset of
Fig. 6 shows the y,. data for T = 5 K. It is also seen that the data
is also nicely correlated with the concentration of Fes04 and not
with the Ni concentration. Small amounts of Fe30,4 can be expected
to be present into BiggoYoo1Fe;_xNiyO3 due to the uncertainties
inherent in obtaining the stoichometry necessary to produce these
materials, e.g., unreacted iron may easily oxidize yielding the mag-
netite phase.

4. Conclusions

In summary, a series of BigggYo.01 Fe1_xNiyOs and BiFeOs; ceramic
samples were synthesized using a modified solid state reaction
method and their magnetic properties were carefully investigated.
A ferromagnetic phase indicated by a superposition of hysteresis
loops to the antiferromagnetic contribution characteristic of BFO
was observed for all doped samples. Despite the XRD and SEM data
do not allow one to identify the presence of small amounts of spu-
rious phase, the magnetic analyzes indicated that the ferromag-
netic phase is more likely be associated to traces of magnetite
(Fe304) present in the doped samples. For instance, one of the sam-
ples with the highest concentration of Ni (x = 0.04) was the one
showing less magnetite (= 0.01%) and with the overall magnetic
data closer to the ones of BFO. The amount of Fe;04 was estimated
from the magnetization data measured at room temperature for
the highest applied magnetic field (H = 85 kOe). By using the con-
centration of Fe;04 it was possible to correlate well all the mag-
netic data with this sample parameter. The results presented in
the current work yielded a clue of why some of the data reported
in the literature shows doped samples that are ferromagnetic
and other that are not. The magnetic analysis used in the current
work seems to be a good method for analyzing samples with small
amounts of ferromagnetic phases that are hardly detected by con-
ventional characterization techniques. Moreover, it was shown
that higher magnetic fields than the ones currently used are
required for separating the antiferromagnetic contribution from
ferromagnetic magnetic phase. Regardless the ferromagnetic phase
be intrinsic or not, it influences the magnetoelectric coupling
which, in turn, it is important for technological applications.
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