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Multiferroic BiFeOs has been rapidly synthesized by a microwave — hydrothermal method using nitrates
as the metallic source. Structural characterization was performed by thermal analysis, X-ray diffraction
and transmission electron microscopy. Generally accepted trigonal space group R3c, as well as recently
suggested monoclinic symmetries, were assayed in the search for the best fit. Due to the ambiguity of the
Rietveld refinement to distinguish between crystal systems, a micro-diffraction and HRTEM study has

been performed. The best solution was obtained with the trigonal model. The room-temperature
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Mossbauer spectra reveal the presence of a small fraction (2%) of iron in low spin configuration.

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

Multiferroics are materials in which two or three ferroic orders
(ferroelectric, ferromagnetic and/or ferroelastic) occur in the same
phase. This class of materials is worth being investigated on account
of its potential applications in spintronics, memory devices and
magnetoelectric systems. BiFeOs (BFO) is an interesting magneto-
electric multiferroic because its ferroelectric and antiferromagnetic
ordered conditions take place concurrently at room temperature
[1]. It is described as a rhombohedrally distorted ferroelectric
perovskite (Tc = 1100 K) with G-type canted antiferromagnetism
up to 643 K (Ty), in which all neighboring magnetic spins are
oriented antiparallel to each other. The Fe3* ions in BiFeOs have d°
electron configuration, so ferroelectricity is almost certainly driven
by the Bi>* lone pairs [2,3].

In spite of the plethora of work accumulated on BiFeOs there are
a few problems not yet solved. A main one concerns its synthesis,
which is currently done by the high temperature ceramic method
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but presenting many drawbacks. For example, for synthesizing
BiFeOs, the kinetics of phase formation in the Bi;O3—Fe;03 system
can easily lead to the appearance of secondary phases such as Bi,Os,
mullite-type BiyFe4Og, and sillenite-type BiysFeOsg [4]. Besides the
solid state route, several techniques have been used to prepare this
material: anodized alumina templates, wet chemical routes, rapid
sintering process, hydrothermal methods, etc. [5—11]. In order to
obtain a pure phase, the temperature and time of the heat treat-
ment are critical. For instance, more than 1 h treatment at 600 °C
induces decomposition of the compound. BiFeOs is a metastable
phase at this temperature and decomposes according to the
reaction

49 BIFEO3 —12 BizFe409 + Bi25F9039,

so one must take care to avoid long heat treatments [12]. According
to all versions of published binary phase diagrams [13,14], these
phases are not thermodynamically compatible. Moreover, at higher
temperatures phase transitions take place: a transition to
a GdFeOs-type orthorhombic phase (the B-polymorph) has been
reported to occur at 825 °C (close to, or associated to the para-
ferroelectric transition) and a third cubic polymorph (the elusive


mailto:emoran@quim.ucm.es
www.sciencedirect.com/science/journal/12932558
http://www.elsevier.com/locate/ssscie
http://dx.doi.org/10.1016/j.solidstatesciences.2011.09.006
http://dx.doi.org/10.1016/j.solidstatesciences.2011.09.006
http://dx.doi.org/10.1016/j.solidstatesciences.2011.09.006

J. Prado-Gonjal et al. / Solid State Sciences 13 (2011) 2030—2036

“y-phase”) has been claimed [15]. Taking all of this into account it is
clear that a low temperature synthesis method for BiFeOs, as the
one reported by our group using microwave-hydrothermal
synthesis (200 °C) is very convenient [16]. Moreover, with this
technique it was demonstrated that the successful synthesis of
single phase powder BiFeO3; by microwave-hydrothermal method
is not dependent on the purity of the starting reactants [17].

Another kind of problems in BiFeOs are related to cationic
valences and oxygen stoichiometry because Fe?* can be easily
formed if accompanied by oxygen vacancies to keep the charge
balance, with a concomitant degradation of the magnetic and
electric properties.

Concerning crystallographic features, for BiFeOs, although the
generally accepted structure is trigonal, with space group # 161
(R3c) [18], a distorted tetragonal phase (P4mm) has been identified
in thin films under strain [19]. Besides, the chemical doping can also
stabilize new phases of the same material. For example, it has been
recently reported that the solid solution 0.8BiFeO3—0.2BaTiO3
processed by high energy ball milling yields a monoclinic phase
(S G #8 cm) [20].

Thus, the aim of this work, taking into account the fact that low
temperature synthetic methods could stabilize different poly-
morphs, is to ascertain the space group and to deep into the
microstructural study of a BiFeOs; prepared as a single phase by
a new, low temperature, “fast chemistry” and fully reproducible
method: the microwave-hydrothermal synthesis. Last but not least,
Mossbauer spectroscopy has been performed, both in the as-
prepared and oxidized materials, in order to deep in the oxida-
tion states and spin configurations of iron.

2. Experimental

Synthesis was performed by the microwave-hydrothermal
method recently reported by Prado-Gonjal et al. [16]: a fully auto-
mated commercial Milestone ETHOS 1 apparatus, operating at
2450 MHz, with programmed pressure, power—temperature and
time, equipped with a stirrer motor and a twist board, was used.
Initial reactants were Bi(NOs)3-5H,0 (Merck, 98%) and
Fe(NO3)3-9H,0 (Merck, 98%) in 20 ml KOH 4M. The reactions were
carried out in double-walled vessels consisting of an inner Teflon
container (100 ml) and an outer shell of high strength polymer. The
heating program used was as follows: heating up to 200 °C for
15 min, a 30 min dwell at this temperature and switching off the
power to cool down at room temperature. The pressure limit was
set at 15 bars — close to the autogenous vapor pressure — and the
power limited to 500 W, keeping the system under vigorous
agitation. Finally, the products were decanted and leached with
HNO3 2 M, water rinsed to eliminate remaining impurities, and
dried at 100 °C in a conventional oven. To oxidize the iron atoms
from Fe?* to Fe>*, the sample was heat treated at 300 °C during 3 h
in flowing oxygen.

Room temperature X-ray diffraction was performed on an X'Pert
MPD Philips Instrument diffractometer, working at 45 kV and
40 mA. Cu Ka1 radiation was obtained by means of a Cu curved
monochromator. Measurement interval was 5 °< 26 < 120 ° with
step size A(20) = 0.017°. Intense reflections in the diffraction pattern
showed maxima with intensities of the order of 10* counts, corre-
sponding to random errors ~ 1%. Rietveld analysis of experimental
data was performed using the FullProf software [21,22]. Zero shift,
lattice parameters, background, peak width, shape and asymmetry,
atomic positions and isotropic temperature factors were refined.
Symmetry group-subgroup transformations were analyzed via
software Powder Cell [23]. Thermal analysis (DTA) was performed in
TA Instruments apparatus (SDT Q600 model). Samples for Trans-
mission Electron Microscopy (TEM) were prepared by ultrasonic
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dispersion of the powder in n-butanol. Drops of this dispersion were
deposited on a carbon-coated copper grid. A JEOL 2000FX equipped
with a LINK ISIS 300 analyzer has been used for selected area
electron diffraction (SAED) and micro-diffraction. HRTEM was per-
formed using a JEOL 3000F TEM yielding an information limit of
1.1 A. The exit wave has been reconstructed from the focal series
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Fig. 1. Rietveld refinement: Observed and calculated diffraction patterns of BiFeO3
a) R3c space group b) Cc space group c) R3c space group of the oxygenated sample.
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Table 1
Cell and atomic parameters of BiFeOs3 obtained from Rietveld refinement.

Cell parameters: space group R3c (hexagonal system description)

a=b=558067(5)Ac=13.8724(1) A o= B=90°y=120°

Atomic parameters

Name X y z B SOF
Bi 0.0000 0.0000 0.0000 0.48(2) 1.00
Fe 0.0000 0.0000 0.7210 (2) 0.77(7) 1.00
0] 0.909 (1) 0.203 (1) 0.6205 (5) 0.2 1.00

using the IWFR software [24]. HRTEM images simulations were
performed with the MacTempas software [25]. Transmission room
temperature Mossbauer spectra of thin powdered absorbers of the
samples were recorded with a constant acceleration spectrometer
using a °’Co source (1679 MBq) in rhodium matrix. The spectra were
fitted with the Recoil 1.05 program [26]. Magnetic susceptibility
measurements were performed in a Quantum Design XL-SQUID
magnetometer in the temperature range of 2—300 K at 1000 Oe
magnetic field. The temperature dependence of the magnetization
has been measured following Zero Field Cooled and Field Cooled
(ZFC—FC) procedures. The magnetic hysteresis cycles have been
recorded at 5 K from magnetization vs applied field measurements.

3. Results and discussion
3.1. Rietveld analysis

Generally accepted [18] trigonal space group # 161 (R3c), as well
as recently suggested [19] monoclinic symmetries [# 8 (Cm) and #9
(Cc)], were assayed in the search for the best fit.

The best observed-calculated fitting, shown in Fig. 1a, was ob-
tained with the trigonal R3c model. The number of refined param-
eters (structural and instrumental) was 26 and Table 1 shows the
results of the performed structural analysis. Numbers in parentheses
represent standard deviations. The absence of parentheses means
that the considered quantity remained fixed during the refinement.
The coordinates of bismuth atoms, which are located at high-
symmetry sites, were taken as reference. The oxygen temperature
factor did not show stability and it was fixed during the refinement.
Final reliability factors were: Ryp = 6.23; x*> = 3.16. Refinement
results using monoclinic Cm and Cc models lead to worse reliability
factors, specifically Rwp = 6.6; ¥?> = 4.5, but the difference is not
large enough to fully discriminate the monoclinic symmetry
(Fig. 1b). Correction of intensities to counterbalance the influence of

[0001],

- -

-21-104/0-20,,
,/ 11-20,/-11-1,,

[-101], M [-110-2],

preferred orientation is necessary. Preferred orientation can be
easily recognized on powder diffraction in (012) reflexion for R3c or
(200) for Cc (Fig. 1a and b). Hence, electron microscopy has been
used, as described in what follows, as a powerful and complemen-
tary structural tool to unambiguously find the true symmetry.
Taking all this into account, Rietveld refinement for the sample after
heating in oxygen atmosphere, was performed using the R3c space
group. There is no evidence of texture in the oxygenated sample
(Fig. 1c).

3.2. Electron microscopy characterization

Due to the ambiguity of the X-ray to distinguish between both
crystal systems, a transmission electron microscopy study has been
performed. The SAED (Selected Area Electron Diffraction) study of
the reciprocal space (Fig. 2) shows that the reflection conditions are
consistent either with trigonal space group R3c (hexagonal unit cell
ao, = by = 558 A and ¢, = 13.87 A) or with monoclinic Cc
(a=980Ab=0557A c=562A and 8 = 125 °). The semi-
quantitative XEDS (X-ray energy dispersive spectroscopy) analysis
of the composition over 10 crystals yields an average composition
of Bio.9g(4)Feo.99(3), very close to the nominal one.

Choosing between a trigonal cell and a monoclinic one is actu-
ally just a convention, because both cells are equivalent. R3c is
a minimal non isomorphic supergroup of index 3 of the Cc space
group [27] and SAED would never distinguish between both cases,
because the same reflections would be present, with the same
spacing, changing only the nomenclature of the hkl indices, e.g., the
001 monoclinic cell reflection would be equivalent to the —1102
trigonal cell reflection (see Fig. 2).

In order to distinguish them a micro-diffraction analysis is
required. Micro-diffraction patterns allow one to obtain the crystal
system by employing the “net” symmetry, which is that of a lattice
created from the reflections in the pattern. Since the “net”
symmetry of the reciprocal lattice depends on the crystal system,
the “net” symmetries of the micro-diffraction patterns are directly
connected with the crystal system [28].

In Fig. 3, the micro-diffraction pattern from the [0001]g or
[-101]y is displayed. The zero order Laue zone (ZOLZ) net
symmetry for a trigonal system along [0001] is (6mm) whereas it
must be (2mm) along [uOw] in the monoclinic case (see Table of
Fig. 3). The ZOLZ symmetry observed in the experimental pattern is
(6mm) indicating that the true crystal symmetry is trigonal.

The absence of extra reflections or streaking in SAED patterns
indicates a well-ordered structure. In order to confirm the degree of
ordering of this material, an HREM study was carried out.

[111], [110],,

-2202,/-220,,

Y/

- L]
-1102,/001,,
11-20,/20-2,, .
,{ . 11-20,/-111,,

Fig. 2. SAED patterns along the zone axes [0001]g/[—101]m, [—110—2]g/[111]y, [-1101]g/[110]y of BiFeOs. The subscripts R and m define trigonal and monoclinic symmetry

respectively.
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Net Symmetry in ZOLZ
Space Group [0001] [_101]
R3c (6mm)
Cc (2mm)

[0001];

Fig. 3. Microdiffraction pattern along [0001]gz/[-101],, zone axis showing net
symmetry (6mm) in the ZOLZ. The table has been created using the relationships of
Table 2 in Ref. [28] (Morniroli, Steeds).

A conventional HRTEM image was recorded along the [-220-1]
zone axis (Fig. 4a). In that HREM image, taken near the Scherzer
defocus, only the heavy Bi and Fe atoms are visible as dark blobs, in
addition we observe a good matching of the calculated image using
the structural model refined by X-ray data, squared in yellow, for
a defocus value Af = —400 A and a thickness t = 30 A. The main
disadvantage of conventional HRTEM is that the resolution is limited
by the Scherzer point-resolution, but for a coherent electron source
(field emission gun) the information limit of the microscope reaches
beyond this point-resolution. In this sense the Exit Wave Recon-
struction using a set of images taken at different defocus values
allows to reach not only the resolution limit of the microscope but
also to image light elements, such as oxygen, in presence of heavy
cations on the phase image of the restored exit wave (i.e., the
electron wave leaving the specimen). In Fig. 4b the phase image of
the restored wave-function from the same area imaged in Fig. 4a
shows the improvements in resolution details previously described.
The enlargement (Fig. 4c) of the area squared in Fig. 4b, clearly
reveals the light oxygen columns (grey blobs) together with those
corresponding to the heavy Bi and Fe cations (white dots). Notice
that the arrangement of the dots reproduces very well the atomic
positions of the different atomic columns (Bi in yellow, Fe in green
and O in orange) in the projected structural model. This structural
image allows us to confirm the absence of any distortion yielding the
trigonal symmetry as it has been observed in thin films [19].

3.3. DTA analysis

Fig. 5 shows the DTA curve for BiFeOs in the 500 °C—1000 °C
interval, where three endothermic peaks are observed. The first one
appears at 821 °C and has been reported as the ferroelectric phase

Fig. 4. a) Conventional HRTEM image from a thin crystal of BiFeO3 along [-220-1] showing the cation arrangement, and the good agreement with the calculated one. b) Phase of
the reconstructed exit wave function from a focal series of a different area of the same specimen with all the cations and anions resolved. c) Enlargement of the squared yellow area
of b) with the projected atomic model overlapped. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. DTA curve for BiFeO3; measured from 400 to 1000 °C.

transition. The one at 915 °C corresponds to the incongruent
melting temperature of BiFeOs, and the endothermic peak at 957 °C
correspond to the incongruent melting point of BiyFe4Oq phase,
which is formed at high temperature. Nevertheless, the AFM-
paramagnetic transition reported to happen at about 370 °C does
not appear in our plot, probably due to the small amount of energy
involved. All these features are in good agreement with reported
data where the magnetic and electric transitions are, to our
knowledge, separately shown [12].

3.4. Mdssbauer spectroscopy

The room temperature Mdossbauer spectra of the samples
appear to be the superposition of a magnetic sextet and a quadru-
pole doublet. However a closer look to the higher velocity lines
reveals asymmetries that suggests more than one sextet in the
spectra, so the fittings were made with two close sextets and
a quadrupole doublet. The results of the fittings are shown in Fig. 6
and the corresponding Mdéssbauer parameters are listed in Table 2;
the isomer shifts are quoted respect to iron. The joint values of the
isomer shift and quadrupole splitting of the two sextets correspond
to Fe3*; however, these same parameter values for the doublet do
not discriminate between low spin configurations of Fe>* (S =5) or
Fe?* (S = 0).

Although there is only one site in the (trigonal) crystal structure
where the iron atoms reside, a magnetic anisotropy has been
observed in the NMR spectrum of this compound by Zalesky et al.
[29], probably caused by a spiral magnetic phase of BiFeOs, in which
the spin distribution density varies along the propagation of a spin
modulated magnetic structure, or by an interaction between
different electric field gradients originated by structural distortions,
or by both. A. Palewicz et al. [30] confirm the results of Zalesky et al.
[29]. The anisotropy parameter value obtained by their measure-
ments of the two average hyperfine magnetic fields Hmax/Hmin iS
0.91 and 0.90, respectively.

One of our results shows that the magnitude of the quadrupole
doublet diminishes when the sample is maintained in flowing
oxygen, implying a higher symmetry around the iron atoms. In
a fully oxygenated sample, the iron atoms are surrounded by six
oxygen atoms in a distorted octahedron, giving rise to a relatively
small quadrupole splitting; however, if there is an oxygen defi-
ciency, the structure loses symmetry and the quadrupole splitting
must have a higher value, which is the case. This result indicates
that the ionic state of the iron atoms responsible for the quadrupole

Relative absorption

—_—Fit

== = = Doublet
=== Sextet A
== =+Sextet B

T T T T T

-10 0 -10

—_— Fit

= = = Doublet
=== Sextet A
== =.Sextet B

Relative absorption

T d T * T
-10 0 -10
Velocity (mm/s)

Fig. 6. a)Mossbauer spectrum of the pristine sample. b)Mdssbauer spectrum of the
oxygenated pristine sample.

doublet in the pristine sample is Fe>* in a low spin configuration. It
is likely that, after the heat treatment in flowing oxygen, the oxygen
vacancies are occupied changing the ionic state of the iron atoms to
Fe>*, maintaining the low spin configuration, and hence giving rise
to a smaller quadrupole doublet without changing its relative
population.

The other important result is that the relative population
between the magnitudes of the magnetic sextets in the pristine
sample is 0.24 whereas in the oxygenated sample is 0.97. After the
oxygenation one should expect that a modification in the structural
distortions affecting the spiral magnetic phase of BiFeO3. When the

Table 2
Mossbauer parameters. Isomer shifts are given respect to metallic iron.
Sample IS(mm/s) AQ(mm/s) H (T) Site (%)
BFO as prepared Doublet 0.11 0.75 - 2.80
Sextet A 034 0.09 49.85 78.00
Sextet B 0.48 —-0.06 48.28 19.20
BFO after Doublet 0.16 0.38 — 2.80
oxidation Sextet A 0.32 0.09 50.50 48.20
Sextet B 0.46 0.01 49.00 49.00
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pristine sample is oxygenated, the corresponding relative intensi-
ties becomes close to the value obtained in [29] and [30], indicating
that the main cause of the asymmetries is the spiral magnetic
phase, in accordance their conclusions.

Another possible origin for the quadrupole doublet could be the
presence of a small fraction (~3%) of BiFeO3 nanoparticles small
enough so as to become superparamagnetic. Our Madssbauer
spectrum is similar to the one obtained by Tae-Jim Park et al. [31]
for 51 nm crystals; actually, the Mdssbauer parameters that we
obtain for the quadrupole doublet are almost exactly equal to the
ones they obtain. At present we cannot discriminate between the
oxygen deficient surrounding of Fe>* (or Fe3*) in low spin config-
uration and superparamagnetic BiFeO3 nanoparticles.

3.5. Magnetic properties

The observed magnetic behavior for the as prepared
microwave-hydrothermal samples (Fig. 7a) is similar to that re-
ported by S. Basu et al for hydrothermally synthesized samples [32].
The inset shows the temperature dependence of the inverse of
susceptibility (1/y). The 1/x versus T curve in the paramagnetic
state follows the Curie—Weiss law: y = C/(T-0). A fitting was
carried out and it is indicated by a solid line in the inset of Fig. 7a.

a 80 T T T T T T T T T T T T T
75] e ZFC 0 i
7.0 220 -
200
6.5 .
=
x 6.0 ~ 140 .
—_ 50 100 150 200 250 300
E 55 Temperature (K) i
3
E 50+ -
L
=45 -
40 -
35 T T T 5 T T T T T p T i T
0 50 100 150 200 250 300
Temperature (K)
b 10 T T T T Y T
5 4
o~
=)
=)
X
Q 0
s
5] g il
-10 . r . : . : .
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Fig. 7. a) Temperature dependence of the magnetic susceptibilities x of BiFeOs at
1000 Oe. ZFC and FC curves are indicated by green triangles and red circles respec-
tively. Inset: Inverse susceptibility 1/y. The black solid line represents the fit of the data
to the Curie—Weiss law. b) Magnetization vs applied magnetic field hysteresis loop of
BiFeOs; at 5 K. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The fitting procedure yielded: C = 1.9 and § = —181 K corre-
sponding to a magnetic moment of 3.9 pg. Fig. 7b plots magneti-
zation data collected at 5 K confirming that these samples show
spontaneous magnetization not reaching saturation, which indi-
cates a weak ferromagnetic nature [33,34]. Weak ferromagnetism
has been suggested by early magnetic measurements but has not
been definitely established [35,36].

4. Conclusion

In this communication we describe the structural, microstruc-
tural and Mdéssbauer characterization of a pure sample of BiFeO3
prepared by a novel low-temperature method: microwave-
hydrothermal synthesis. The X-ray data can be refined in two
symmetries (R3¢ or Cc) with similar reliability factors. TEM and
associated techniques have been employed as fundamental tools to
investigate this material. The composition and homogeneity of the
sample is determined by XEDS and to elucidate the true space
group micro-diffraction analyses, which are performed in single
crystals from a polycrystalline material and is sensitive to the
symmetry, have been employed following the methodology
described by Mornirolli et al. Once the R3c space group has been
determined, the microstructure of our material has been studied by
HRTEM showing a well-ordered material free of extended defects.
This order is also detected in the oxygen sub-lattice imaged in the
phase of the reconstructed exit wave. The presence of two hyper-
fine magnetic fields revealed in the Mossbauer spectra are associ-
ated with average values of two perpendicular spin directions along
a spin modulated spiral structure. The pristine sample shows
evidence of a small fraction ( ~2%) of Fe?* in low spin configuration
that could provoke structural distortions that are reduced after
oxygenation.
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