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Abstract:

Bismuth ferrite (BiFeQO3;) was synthesized by hydrothermal method. The crystal and
magnetic structures of BiFeO; have been studied by means of X-ray diffraction and neutron
powder diffraction at ambient temperature. Microstructure was analysed by scanning
electron microscopy. Quantitative phase analysis by the Rietveld method was conducted and
crystallite sizes of 27 nm were determined from the XRD line broadening. The magnetic
structure of BiFeQO; is described by the G-type antiferromagnetic order with magnetic peak
located at 4.6 A and a noticeable magnetic contribution to a reflection located at 2.4 4 in the
diffraction pattern. The values of the ordered magnetic moment of Fe ions uFe=3.8(1) uB,
obtained at ambient conditions, are consistent with those determined earlier. The magnetic
moments in the crystal plane z = const are arranged in parallel, changing the direction from

[100] to [m] when moving from one to the other z = const plane.
Keywords: Bismuth ferrite; Magnetic structures; Neutron powder diffraction.

1. Introduction

The multiferroic materials, exhibiting simultaneously ferroelectric and magnetic
orders, recently have become a subject of extensive scientific research. Magnetoelectric
multiferroic materials exhibit magnetic and ferroelectric order in the same temperature range,
and they potentially offer a range of new applications, including spintronics, new data-storage
media, and multiple-state memories [1-3]. Bismuth ferrite (BiFeO;) has recently drawn
attention due to its outstanding multi-functional properties, as well as the lead-free material.
Bismuth ferrite (BiFeOs) is one of the most researched single-phase multiferroic materials. A
number of studies have been focused on this compound, motivated by its multiferroic
properties and the potentially high magnetoelectric property. Single phase BiFeO; has
received special attention due to its ferroelectric transition temperature of 1100 K and an
antiferromagnetic Neel temperature up to 640 K [4, 5]. The coexistence of ferroelectric and
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antiferromagnetic orders makes this material one of the most promising candidates for
magnetoelectric applications at room temperature. It has also been established that residual
porosity location, microstructure, size, grain growth habit and grain boundary geometry of the
sintered specimen are very important factors to determine the electrical and magnetic
properties of BiFeOs.

Research on the multiferroic materials in recent years has greatly benefited from new
developments and advanced methodology in the characterization processing pathways. The
preparation of pure BiFeOs; is often demanding and quite complicated because of the narrow
interval of its thermal stability and the formation of secondary phases Bi,sFeO4y and BiyFe,Oq
[6, 7]. Namely, according to the phase diagram of Bi,O;—Fe,O3;, BFO is an incongruently
melting compound [8, 9] and the kinetics of phase formation in the Bi,O;—Fe,0O5 system can
easily lead to the appearance of impurities such as BiysFeOy, Bi,FesO9 and Bi,O; when
prepared by solid state reaction route [6, 7]. It is also reported [7, 8] that successful synthesis
of single phase of BiFeO; essentially may be dependent on the purity (99.9995 %) of the
starting materials. To overcome these issues other methods have been developed such as
ferrioxalate precursor method, sol-gel process, co-precipitation, spark plasma sintering and
hydrothermal method [9-16]. Hydrothermal synthesis offers many advantages over
conventional and non-conventional synthesis methods. The costs of instrumentation, energy
and precursors for hydrothermal method are very low many comparing to advanced methods.
In the present work we studied in detail the crystal and magnetic structure of BiFeO; nano-
powders synthesized by the hydro-thermally route under strictly controlled temperature
conditions. The unique pressure-temperature interaction of the hydrothermal solution allows
us to prepare BiFeO; phase that is difficult to prepare with other synthetic methods.

2. Materials and Experimental Procedures
2.1. Synthesis procedure

In this work the chemical regents used were bismuth nitrate [Bi(NO;);-5H,0], iron
nitrate [Fe(NO;);-9H,0] and potassium hydroxide (KOH). All the chemicals were analytical
grade purity and were used as received without further purification. In this paper, the
procedure proposed by the Han [16] was applied and it is described in details in previous
work [18].

The equimolar mixtures of Bi(NO;);:5H,0 and Fe(NO;);-9H,0 were dissolved in 40
ml of KOH. The molar ratio of the alkali mineralizer was adjusted by dissolving certain
amounts of KOH pellets into the distilled water.

The mixture was under constant magnetic stirring for 30 min and transferred into the
autoclave. The autoclave was sealed, heated up to 200 °C and held for 6 hours, and then
cooled to the room temperature naturally.

The produced powders were collected at the bottom of the Teflon liner after cooling
to the room temperature. The products were washed at least five times by the repeated cycles
of centrifugation in distilled water, and re-dispersed in ethanol by sonicating for 45 min.
Subsequently, the actual powders were obtained by evaporating ethanol in a mortar heated at
the temperature of 60 °C.

2.2. Characterization techniques

Neutron powder diffraction measurements were performed with the DN-12
spectrometer [19] at the IBR-2 high-flux pulsed reactor (FLNP JINR, Dubna, Russia).
Diffraction patterns were collected at scattering angles 20 = 90°. The spectrometer resolution
at A= 2 A is Ad/d = 0.012 for this angle. The typical data collection time at one temperature



J. Maletaski¢ et al./Science of Sintering, 51(2019)71-79 73

was 1 h. The sample volume was about 50 mm’. The neutron diffraction data were analyses
by the Rietveld method using FULLPROF program [20].

Sample was also characterized at room temperature by X-ray powder diffraction
(XRPD) using Ultima IV Rigaku diffractometer, equipped with Cu K, radiation, using a
generator voltage (40.0 kV) and a generator current (40.0 mA). The range of 20 - 80° 20 was
used for all powders in a continuous scan mode with a scanning step size of 0.02° and at a
scan rate of 1°/min. Phase analysis was done by using the PDXL2 software (version 2.0.3.0)
[20], with reference to the patterns of the International Centre for Diffraction Data database
(ICDD) [21], version 2012. The investigated structures were visualized by using VESTA [22]
software.

Scanning electron microscopy (SEM) was employed for the characterization of the
crystallite morphology. The structure of the sample was characterized by a Tescan MIRA3
field emission gun scanning electron microscope, at 10 kV in high vacuum. Sample
preparation for SEM measurements was carried out as followed. The powder was sonicated in
ethanol for 5 minutes. Immediately afterwards, a drop of solution was casted onto a freshly
cleaved kish graphite crystal embedded with a silver paste into a sample holder. Access
material was removed in a stream of argon gas. The sample was first annealed at 90 °C for 15
minutes in air, and afterwards left to be degassed in low vacuum for 30 minutes.

3. Results and Discussion

The detailed information on crystal and magnetic structure parameters of BiFeO;
phase was obtained by means of neutron diffraction, which allows to determine coordinates of
light oxygen atoms with much better accuracy in comparison with X-ray diffraction and can
direct studies a magnetic structure of BiFeO; Sample was selected in order to refine their
crystal and magnetic structure parameters using the Fullprof program [23-25], which allows
refining the lattice parameters, atomic coordinates, magnetic moments and its directions
simultaneously. All the structure models i.e. cif files for refinement are taken from American
Mineralogist Crystal Data Structure Base (AMCDSB) [26]. BiFeO; crystallizes in
rhombohedral cell (space group R3c¢) as a single phase. In this perovskite structure, atoms are
located in these positions: Bi, Fe in 6a (0, 0, z), and O in 18b (x, y, z) [27]. Result of Rietveld
structural refinement as the best fit between calculated and observed neutron diffraction
pattern is shown in Fig. 1. Refined crystallographic parameters of studied sample with
corresponding agreement factors are given in Table L.
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Fig. 1. Neutron diffraction patterns of BiFeO; measured at ambient temperature using the
DN-12 detector banks located at scattering angles 20 =90°. Tickmarks at the bottom represent
the calculated positions of nuclear structure peaks of the ambient pressure rhombohedral
phase (upper row) and the magnetic reflection (lower row).
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Tab. I Refined structural parameters for BiFeO; and corresponding agreement factors.

Space group R3c R3c
Neutron diffraction X-ray diffraction
Cell parameters a=15.536(5) a=5.585(8)
A)
b =5.536(5) b=5.585(8)
c=13.703(2) c=13.884(2)
a=p=90° a=£=90°
f=120° p=120°
Vol(A°) 363.776(2) 375.080(9)
Goodness of R,,=3.05 R,,=6.97
refinement R,=2.90 R,=35.53
Ryag=4.19 R,=6.37
¥ =1.8298 ¥ =1.1951

Table II and III shows fractional atomic parameters and magnetic moment projection
of refined sample, while Table IV depicts selected interatomic distances. The distances Bi-O,
Fe-O in space group R3¢ show good agreement with previously obtained data [28].

Tab. II Fractional atomic parameters with estimated standard deviation (in parentheses) for

sample.
Element X y z Occ B (A%
Bi 0.00000(0)  0.00000(0)  0.00000(0) 1 0.2
Fe 0.000000)  0.00000(0) 0.22080(0) I 0.5
0 0.44600(0)  0.01740(0)  0.95170(0) 3 1.0

Tab. I1I Fractional atomic parameters and projection of magnetic moments with estimated
standard deviation (in parentheses) for sample.

Atoms X y z Mx My Mz Occ B(A%

Fel 0.00000(0) 0.00000(0) 0.22080(0) 0.001(0) 5.376(146) 0.001(0) 1.000(0)  0.500

Fe2 0.66667(0) 0.33333(0) 0.55416(0)  0.001(0)  5.376(146)  0.001(0)  1.000(0) 0.703

Fe3 033333(0) 0.66667(0) 0.88749(0)  0.001(0)  5.376(146)  0.001(0)  1.000(0) 0.703

Fed  0.0000000) 0.0000000) 0.72082(0) -5.376(146) -5.376(146)  0.001(0)  1.000(0) 0.703

Fe5 0.66667(0) 0.33333(0) 0.05416(0) -5.376(146) -5.376(146)  0.001(0) 1.000(0)  0.703

Fe6  0.33333(0) 0.66667(0) 0.38749(0) -5.376(146)  -5.376(146)  0.001(0) 1.000(0)  0.703

Tab. IV Selected interatomic distances nm (experimental data) with estimated standard
deviation (in parentheses) for sample.

Bond Experimental values
(nm)

Bi—-O 0.240(4)

Bi—-O 0.243(4)

Fe-0 0.198(4)

Fe— O 0.204(5)




J. Maletaski¢ et al./Science of Sintering, 51(2019)71-79 75

The magnetic structure of BiFeOj; is described by the G-type antiferromagnetic order, which
is indicated by the presence of a purely magnetic peak located at 4.6 A and a noticeable
magnetic contribution to a reflection located at 2.4 A in the diffraction pattern (Fig. 1). The
values of the ordered magnetic moment of Fe ions pg. = 3.8(1) pp, obtained at ambient
conditions, are consistent with those determined earlier. The arrangement of the magnetic
moments of Fe ions is shown in Fig. 2. As can be seen from the Fig., the magnetic moments
in the crystal plane z = const are arranged in parallel, changing the direction from [700] to

[ 110 ] when moving from one to the other z = const plane.
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Fig. 2. The arrangement of the magnetic moments of Fe ions.
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Fig. 3. XRD pattern of BiFeO; sample.

Fig. 3 presents XRD patterns of synthesized sample. The X-ray diffraction pattern
shows Bragg peaks, which agree with the BiFeO; perovskite type of crystal structure
described by the space group R3c [29-34]. Bismuth ferrite is a principle crystalline phase and
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structural model found in literature (COD 2102909) [34] were used as starting structural
model. Polyhedral net of the investigated samples is given in Fig. 4.

Fig. 4. Visualization of calculated structures of BiFeO;[19].
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Fig. 5. Rietveld refinement plot of the X-ray powder diffraction data of the BiFeO;.

Rietveld refinement method was carried on BiFeOs; sample by using the PDXL2
software (version 2.0.3.0) [20], with reference to the patterns of the International Centre for
Diffraction Data database (ICDD) [20], version 2012. Quantitative phase analysis by the
Rietveld method was conducted using the Whole Pattern Fitting mode. We used the pseudo-
Voigt peakshape and the background was interpolated between 14 points. Crystallite sizes
were determined from the XRD line broadening using the Scherrer equation and the integral
peak breadth (PDXL2 software). Obtained crystallite size of leading BiFeO; phase is 27 nm.
Refined lattice parameters of BiFeO; of our sample, shown in Table I, are in good agreement
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with the values found in the litterature [32]. Result of Rietveld structural refinement as the
best fit between calculated and observed neutron diffraction pattern is shown in Fig. 5.

y
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View field: 3.55 pm Det: SE + InBeam 1 pm
SEM MAG: 195 kx  Date{m/d/y): 05/08/14 Performance in nanospace

Fig. 6. SEM image of the crystallite morphology. Scale bar in the lower right corner
corresponds to the length of 1 pm.

The result of SEM measurement that was performed at room temperature is shown in
Fig. 6. SEM results reveal agglomeration of the matrix particles. BiFeO; shows plated
morphology in layered structure. The plates are stacked tightly. The micrographs consist of
irregularly shaped and stacked agglomerates that are larger than 1 pm in size. The average
particle size estimated from XRPD data for BiFeOs; is smaller than the average particle size
that can be observed from SEM image, suggesting that the particles are composed of packed
crystallites.

4. Conclusion

Pure phase BiFeO; was synthesized using hydrothermal method. Synthesis is done in
sealed autoclave, heated at 200 °C and held for 6 hours. The magnetic structure of BiFeO; is
refined with presence of a purely magnetic peak located at 4.6 A. The values of the ordered
magnetic moment of Fe ions pp. = 3.8(1) up are obtained at ambient conditions. Obtained
crystallite size of leading BiFeO; phase is 27 nm. SEM results reveal agglomeration of the
matrix particles and BiFeOs; shows layered structure. As a room temperature multiferroic,
BiFeOs; has a potencial for the production being a lead free material.
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Caopacaj: busmym-gpepum (BiFeQs) je cunmemucan kopucmehu Xuopomepmaniy memooy.
Kpucmanna u maenemna cmpyxmypa BiFeO; cy ymaurwene nomohy penocencke u
HeympoHcKe Jugpakyuje npaxa Ha coOHoOj memnepamypu, Kopucmehu Pumeendosy memooy.
Mukpocmpykmypa je auanusupana nomoly ckenupajyhe enekmponcke MuKpockonuje.
Keanmumamuegnom penocencrkom aunaruzom nomepheno je npucymeo BiFeO; xao enaene u
jeoune paze, a eeruuuna kKpucmanuma 00 27 nm oopeleHa je aHanuzoM uwuperba
ougparxyuonux aunuja. Maenemuna cmpykmypa BiFeQO; npunada anmugepomacnemuum
ypehery [-muna, wmo je nomepheno npucymeom 4ucmos MAacHemuo2 nuKa Koju ce Haniazu
na 4,6 A, xao u maecnemckum Oonpumnocom peguexcuje cmewmenoj na 2.4 A na
oughpakmomempy npaxa. Bpeonocmu macnemrnoe momenma Fe jona uFe = 3.8 (1) uB,
Odobujene y amOujeHmanHum Ycrosuma, ce NOKIAnajy ca 8pedHOCMUMA Koju Ccy panuje
oopehenu. Macnemuu MoMeHmu y KPUCMATHO] paguu z = const ypelfenu cy napaneiwo,

HausmeHuuHo merwajyhiu npasay 00 [100] oo [ 110] NPUTUKOM NPenacka oo jeone 0o opyee z

= const paguu.
Kuwyune peuu: ousmym-gepum, macnemua cmpykmypa, Heymponcka ougpaxyuje npaxa.
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