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Abstract

Variants of Ni-added Big 75Bag,sFeO; (BBFO) multiferroic ceramic were prepared by the sol-gel method. The first variation line was the
synthesis of Big7sBag,sFe;_,Ni,O3 (x=0, 0.025) solid solutions. The second variation was the preparation of BBFO impregnated with nickel
oxide. Synthesized materials were characterized by x-ray diffraction (XRD) and scanning electron microscopy (SEM). Ferroelectric and
ferromagnetic measurements were conducted as well. XRD data suggest the coexistence of a rhombohedral and a tetragonal phase when Ba>* and
Ni** cation substitutions are present. Ni acts as an inhibitor of grain growth and coalescence. After sintering, it reduces the average size from
88 nm to 67 nm. Furthermore, the presence of the Ni?* cation in the Big-sBag2sFe0.075Nig 02503 octahedral position increases the saturation
magnetization and suppresses the leakage current, which dampens the ferroelectric character of the non-doped perovskite family of BBFO. The

Ni-doped BBFO ceramic achieves an interesting compromise between ferromagnetic and ferroelectric properties.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

BiFeO; (BFO), a prototype multiferroic, combines ferro-
electric and characteristic (spin cycloid) antiferromagnetic orders
above room temperature [1]. Consistently with its rhombohed-
rally distorted perovskite structure (space group R3c), BFO
shows some degree of magnetoelectric coupling as well [2]. A
drawback that limits BFO applications is its relatively significant
electrical conductivity. The electromagnetic performance of this
ceramic can be increased through cation doping into the A or B
perovskite sites. Big7sBag,sFeOs; (BBFO) has been demon-
strated to be an excellent candidate to increase the ferromagnetic
effect, with an acceptable ferroelectric response [3]. Further-
more, barium also reduces the leakage currents [4]. The results
regarding the effect of Ni doping are controversial. According to
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[5], doping B-site with 2.5% Ni reduces the leak currents. On
the other hand, [6] reports the opposite effect.

In the present work, in order to elucidate the just-mentioned
point and in an effort to refine the properties of the considered
family of materials, three different types of samples were
synthesized and analyzed:

1) BBFO (without Ni doping)

2) Ni-doped BBFO (Big75sBag2s5Feq 975Nig 02503 solid solution)

3) BBFO impregnated with Ni 2.5% (mixture#solid solution).
This material simulates unsuccessful synthesis of Ni-
doped BBFO.

The ferroelectric and ferromagnetic behaviors of the con-
sidered materials are investigated.

2. Experimental

Biy 75Bag »sFe;_,Ni, O3 (BBFO, with x=0, 0.025) nanometric
perovskite powders were synthesized by the Pechini method.
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First, deionized water in a 761:1 M ratio of H,O:BBFO was
heated at 45 °C, with stirring and a reflux constant. Afterwards,
3.6:1 M ratio citric-acid:BBFO was added. A stoichiometric
amount of iron nitrate monohydrate Fe(NO5)329(H,O) (Fisher
Scientific, 99%) was added to the solution and dissolved for
15 min. Bismuth nitrate pentahydrate Bi(NO;)3e5H,O (Alfa
Aesar, 98%) was added and dissolved for 2 h. Barium nitrate
Ba(NO3), (Fisher Scientific, 99.3%) and nickel nitrate hexahy-
drate Ni(NO3),»(6H,O (Fisher Scientific, 99.9%) were added
and dissolved for 1 h. Next, 15:1 molar ratios ethylene-glycol:
BBFO and 18:1 acetic-acid:BBFO were added to the aimed
composition. As the final step, the solution mixture was stirred
vigorously for 2 h.

Once the desired compositions were achieved, the gels were
obtained at the same temperature over long time periods by
slow evaporation. The resulting gels were dried at 100 °C and
annealed at 600 °C for 60 min. BBFO undoped powders were
impregnated with a Ni** nitrate solution in the same propor-
tion as that of the Ni-doped perovskite (2.5%) and then the
impregnated sample was again annealed at 600 °C for 60 min.

All the obtained powders were ground with PVA, pressed into
pellet shapes and sintered from 845 °C to 860 °C for 90 min.

Phase and structure analyses were performed by XRD using
a Panalytical XPertPRO diffractometer, with Cu Ka mono-
chromatic radiation and 6-26 geometry. The microstructure
and the grain size distributions were observed using a 30 kV
field emission SEM, model JSM-7401F, JEOL. The ferro-
electric effect in the samples was measured using a ferro-
electric tester (Radiant Technologies Inc.). The polarization vs
electric field (P-E) hysteresis loops were obtained at 100 Hz
(300 K). The ferromagnetic loops of the samples were
recorded using a PPMS (Quantum Design) with a VMS probe,
at room temperature (300 K).

3. Results and discussion

Fig. 1 shows the samples' XRD patterns after sintering. The
pure and the Ni-doped BBFO samples produced typical
perovskite spectra [7,8], with neither secondary phases signals
nor resolved peak splitting. Peaks' broadening is apparent, due
to the small crystallite size, heterogeneous strains and plausibly
local departures from cubic symmetry. The asymmetry of the
(200) peak, pointed by an arrow in Fig. 1 inset (A), suggests
the presence of a tetragonal phase in samples 1 and 2.
Diffraction maxima in sample 2 patterns show a small
displacement to the left. This is due to the partial substitution
of Ni** (r=0.70 A) in Fe** (0.67 A) six-fold coordination
sites. Naturally, Ni-impregnated sample 3 does not show the
mentioned displacement. As this last-mentioned sample has
been driven by further heat treatments, crystal growth has been
better and diffraction peaks are somewhat sharper. Never-
theless, maxima's splitting is not observable. However, Ni
impregnated BBFO perovskite was partially destabilized by
the nucleation and growth of the NiFe,O4 (@) spinel structure.
This was to be expected, because the NiO acts as a destabiliz-
ing agent, which provokes Bi,O3 loss. BaO (), NiFe,O4 (¢)

¢) Ba, ,,Bi, ,.F€O,Ni
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Fig. 1. XRD patterns of BBFO ceramics sintered at 845 °C. Sample 1—
undoped BBFO. Sample 2—Ni-doped BBFO. Sample 3—Ni-impregnated
perovskite. Secondary phases: a=BaFe;,0;9; p=Ba0O; and @=NiFe,0,.
Cubic indexing of peaks. The inset (A) describes in detail the (111) and
(200) maxima. Splitting of (111) (not observed) would imply rhombohedral
symmetry. The shoulder in (200) suggests the presence of a tetragonal phase.
Inset (B) shows peak displacement due to Ni substitution.

and BaFe ;0,9 (o) precipitation are induced as well (see
Fig. 1).

The BBFO microstructural analysis is shown in Fig. 2a and
b, in a fracture zone cross-section. In this figure, the micro-
structure and porosity size can be observed. The crystal size
distribution, obtained from SEM images and fitted by a log-
normal distribution function, shows the geometric mean
crystallite sizes around (88 + 1)nm (Fig. 2c¢) and
(67 £ 1) nm (Fig. 2d), for the BBFO and Ni doped samples
respectively. Here, the Ni cation acts as a grain size inhibitor.
This is consistent with results for Ni-doped BFO films
described by other authors [9]. It has also been reported [10]
that, as the BFO crystal size decreases from 95 nm to 14 nm,
the magnetization response increases. This feature will be
commented on below. As can be seen in Fig. 2, there is some
porosity in the samples after the sintering process. The porosity
originates in the fabrication process, plausibly from the carbon
in polyvinyl alcohol (used when the powders are pressed into
pellet shapes and sintered at 845 °C). The densities of the
samples were 6.3 g/cm®, 7.0 g/em® and 7.4 g/em® for the
impregnated, undoped and Ni-doped samples respectively.
Observed density variations are as expected.

The ferroelectric hysteresis loops (P—E) obtained at room
temperature for all the samples are shown in Fig. 3. The
saturation condition is not reached in any of them. The non-
doped samples (BBFO and BBFO impregnated with NiO)
have a leakage current profile behavior which is consistent
with the results obtained by other authors [11]. However, in
the Ni doped perovskite the conductivity is not so high. Most
probably, the resistivity increment is due to Fe’™—Fe?"
reduction in the vicinity of oxygen vacancies. Another factor
that may increase the resistivity is the increment of boundary
area as a side-effect of nickel-induced grain growth inhibition.
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Fig. 2. (a,b) SEM image and size distribution of Big;5BagsFeO3 (c,d) SEM image and size distribution of Big75Bag »sFeq 975Nig 02505 respectively.
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Fig. 3. Ferroelectric hysteresis loops at room temperature of all the samples.

Regarding remanent polarization, the Ni doped BBFO has a lower
value (0.63 pC/em?) than that of the BBFO (0.87 pClem?).

The magnetization curves obtained after the sintering
process, as a function of the applied magnetic field (at room
temperature), are shown in Fig. 4. These hysteresis magnetic
(M-H) loops show the qualitative differences between these
ceramics. The one corresponding to BBFO without Ni-doping
shows a slight increase of the maximum magnetic saturation
(1.9 emu/g) and the remanent magnetization (0.7 emu/g), with
respect to the ones reported in other works, where the ceramics
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Fig. 4. Magnetic hysteresis loops at room temperature of all the samples.

were synthesized by the conventional solid state reaction
technique [12]. When the solid solution perovskite is doped
with Ni cations, the remanent magnetization is the same, but
the maximum magnetic saturation increases to 2.3 emu/g and
the coercivity decreases to 0.54 kOe (four times smaller than
without Ni, 2.3 kOe). However, when the perovskite is NiO
impregnated, the maximum magnetic saturation reaches
3.7emu/g, and the remanent magnetization is as high as
1.5 emu/g. This magnetization increment is presumably due
to the secondary phases contained in this ceramic; the NiO
impregnation produces BaFe ;09 magnetic hard ferrites and
NiFe,O, spinel magnets [13,14] in a sufficient amount (as
confirmed by the XRD analysis shown above). At the same
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time, the coercivity of the BBFO ceramic decreases to 1.6 kOe,
when it is impregnated with Ni.

4. Conclusions

A multiferroic Big 75Bag 25Feg 975Nig 02503 solid solution
was synthesized by the sol-gel method (without secondary
phases). This multiferroic material, with maximum octahedral
site Ni2* cation substitution, exhibited enhanced ferromagnetic
and ferroelectric properties. Ni acts as a grain growth inhibitor.
It also reduces the grains coalescence. The magnetic properties
were in a good agreement with those from the octahedral
substitution. However, the ferroelectric profile showed a
remanent polarization decrease from the original BBFO non-
doped perovskite. In conclusion, there is an interesting
compromise between ferromagnetic and ferroelectric proper-
ties in Ni doped perovskites.
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