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The aim of this work was to prepare BiFeO3 by modified solid-state sintering and mechanical activation processes and to
investigate the structure and hyperfine interactions of the material. X-ray diffraction and Mdssbauer spectroscopy were applied
as complementary methods. In the case of sintering, BiFeO3 phase was obtained from the mixture of precursors with 3 and 5 %
excess of BipO3 during heating at 1023 K. Small amounts of impurities such as BipFe4Og and sillenite were recognized. In the
case of mechanical activation, the milling of stoichiometric amounts of BioO3 and Fe, O3 followed by isothermal annealing at
973 K resulted in formation of the mixture of BiFeO3, BiyFe4Og, sillenite and hematite. After separate milling of individual
BipO3 and Fe;O3 powders, mixing, further milling and thermal processing, the amount of desired BiFeO3 pure phase was
significantly increased (from 70 to 90 %, as roughly estimated). From Mossbauer spectra, the hyperfine interaction parameters
of the desired BiFeO3 compound, paramagnetic impurities of Bi;Fe4Og and sillenite were determined. The main conclusion
is that the lowest amount of impurities was obtained for BiFeO3; with 3 % excess of Bi;O3, which was sintered at 1023 K.
However, in the case of mechanical activation, the pure phase formed at a temperature by 50 K lower as compared to solid-state
sintering temperature. X-ray diffraction and Mossbauer spectroscopy revealed that for both sintered and mechanically activated
BiFeO3; compounds, thermal treatment at elevated temperature led to a partial eliminating of the paramagnetic impurities.
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1. Introduction a rhombohedrally distorted perovskite-like struc-

ture with a space group R3c where the unit cell

Multiferroic materials are known from the six-
ties of the XX century when two research Rus-
sian groups of Smolenskii in St. Petersburg and
Venevtsev in Moscow created one system with
both ferroelectric and ferromagnetic properties [1].
One of the most frequently investigated multifer-
roics is bismuth ferrite BiFeO3; (or BFO) which
shows ferroelectric and antiferromagnetic proper-
ties at room temperature. The crystalline struc-
ture of this compound is well recognized in all
forms, including monocrystals, polycrystalline ma-
terial, or thin films. BiFeOs is reported to have
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has parameters a = 3.96 A and o = 89.5° 2]
(or a = 5.58102(4) A and cpe, = 13.8757(2) A in
the hexagonal setting [3]). The multiferroic proper-
ties of BFO are also well known, its phase transi-
tion temperatures are as follows: ferroelectric Curie
temperature 7¢c = 1100 K and antiferromagnetic
Néel temperature Ty = 640 K [3]. The presence
of both ferroelectric and antiferromagnetic proper-
ties above an ambient temperature makes the BFO
very attractive material from the application point
of view.

Recently, an enhancement of multiferroic prop-
erties of BFO has attracted a great attention of
researchers. One direction of investigations is an
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achievement of a large value of spontaneous polar-
ization Pg. This was obtained in the case of epitax-
ial BFO thin films [4] or single crystals of BFO [5]
for which the values of the ferroelectric remnant
polarization exceeded 50 uC/cm?. Second way is
an enhancement of magnetic properties by modifi-
cation of the BFO structure by addition of a small
amount of Eu [6], Mn [7], Sc [8], La [9] or Nd [10].

Moreover, researches make every effort to
synthesize BFO as pure phase in polycrys-
talline form. There are many preparation meth-
ods, from conventional solid-state-reaction (solid-
state sintering) through the rapid-liquid-phase sin-
tering [11], sol-gel route [12], solid-state ionic
titration technique [13] and mechanical activation
assisted synthesis [14, 15]. In most of cases the
presence of impurity phases, mainly BiyFe4Oo,
Bij»(BigsFeps)O195 or BipsFeOsq leads to poor
ferroelectric behavior. Recently, the mechanical ac-
tivation (MA) has been reported as an efficient
method to prepare the pure phase of BFO as poly-
crystalline [14] or nanocrystalline material [15].
In this technique the mechanical treatment is per-
formed in the suitable ball mill and necessary ther-
mal processing completes the formation of the ce-
ramic phase. It was reported that in the case of
the mechanically activated samples the calcination
temperature was equal to 973 K and was lower by
~100 K as compared to the conventionally pro-
cessed samples [14]. On the other hand, the au-
thors of [15] have prepared BFO nanopowder dur-
ing mechanochemical synthesis without any addi-
tional thermal treatment.

It is known that the structure and physical prop-
erties of materials prepared by mechanical activa-
tion (mechanochemical synthesis, mechanical al-
loying) often depend on the milling conditions
(type of mill, number and size of balls, atmo-
sphere of process, etc.). It may be noted that inves-
tigations of the properties of BiFeO3 prepared by
MA method are still rare in the literature reports.
Thermo-gravimetric analysis of BFO samples con-
firmed the weight loss caused by the evaporation of
Bi [14]. Moreover, as reported in [11], the initial
size of powder particles of Bi,O3 and Fe,O3; had
an influence on the formation of single-phase BFO
ceramics. All the mentioned reasons inspired us to

prepare BFO by two methods, with small modifica-
tions as compared with those reported in literature.
The first one was conventional solid-state sinter-
ing in which the amount of Bi;O3 constituent was
slightly increased. The second method was me-
chanical activation assisted synthesis performed in
two manners: (1) mixing and milling of stoichio-
metric amounts of Bi;O3 and Fe,O3 followed by
thermal treatment and (2) separate milling of indi-
vidual Bi;O3 and Fe,O3 powders, mixing, further
milling and thermal processing.

The structure of BFO samples prepared by these
two methods was examined using X-ray diffrac-
tion (XRD). The main goal of this work was to
determine hyperfine interactions parameters in the
samples obtained by both preparation techniques to
compare them with each other and with the litera-
ture data. Mossbauer spectroscopy (MS) was used
to characterize hyperfine interactions.

2. [Experimental details

The studied BiFeO3 compound was prepared by
the conventional solid-state route and mechanical
activation methods.

In the first technique, the appropriate amounts
of reagent-grade oxide powders, viz. Fe;O3, and
BiyO3 (all 99.9 % purity, Aldrich Chemical Co.)
were weighted and mixed in an agate mortar. The
amount of Bi;O3 was slightly increased by 3 and
5 % above the stoichiometric composition. Next,
the powders were thoroughly mixed in a ball mill
and pressed into 20 mm diameter stainless-steel die
under the pressure p = 300 MPa. The green bodies
were then placed in an alumina crucible and fired in
air at temperature 7's =993 K for £ = 10 h. After cal-
cination, the compacts were re-milled, pressed into
discs of 10 mm in diameter at p = 600 MPa, and
then sintered at a temperature of 1023 K for 10 h in
a sealed alumina crucible (pressureless sintering).
The heating and cooling rates were 5 Kmin~'. All
the samples were furnace-cooled to room tempera-
ture.

In the case of mechanical activation method, the
stoichiometric amounts of the Fe,O3 and Biy O3
oxides were placed into the hardened steel vial
of a Fritsch P5 Pulverisette planetary ball mill
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equipped with hardened steel balls. The ball-to-
powder weight ratio was 10:1. In the first process
(MA 1) both oxides were milled together up to
100 h under an air atmosphere. The samples for
measurements were taken after 5, 10, 20, 50 and
100 h of milling. After the MA process the mixture
was annealed isothermally in a furnace at 973 K in
air for 1 h. The second MA process (MA II) was
performed as follows: (1) stoichiometric amounts
of the Fe 03 and Bi;O3 oxides were milled sep-
arately up to 10 h in air, (2) next, the powders
were mixed and milled together during 50 h in
air, (3) thermal treatment of the obtained mixture
was performed in two ways: (a) heating from the
room temperature up to 993 K in a calorimeter
(DSC) under an argon atmosphere with the rate of
20 Kmin~! and (b) isothermal annealing in a fur-
nace at 973 K in air for 1 h.

The crystalline structure of the sintered sam-
ples was examined using the Philips PW3710
diffractometer with CoK,, radiation, while the me-
chanically activated samples were analyzed by
the Rigaku MiniFlex II diffractometer with CuKy,
radiation. The phase and structural analysis of
the recorded X-ray patterns was performed with
an X’Pert HighScore Plus computer programme
equipped with the newest ICSD data base using
Rietveld method of the crystalline structure refine-
ment.

MS studies were carried out at room temper-
ature in standard transmission geometry using a
source of >’Co in a chromium matrix. The com-
pacts of the sintered BiFeO; compounds were
crushed and powdered in a mortar. All the samples
from MA processes were in a powder form. The
absorbers for Mossbauer spectroscopy measure-
ments were prepared using a self-adhesive trans-
parent foil. A 25-um-thick metallic iron foil was
taken as a standard for calibration of the spectrom-
eter.

3. Results

3.1. Results of X-ray diffraction studies

The XRD patterns for the first set of the sam-
ples, i.e. obtained by the conventional sintering

BFO sintering
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Figure 1. X-ray diffraction patterns (CoKy, radiation) of
conventionally processed BFO: sample with
3 % excess of BipO3 (a) calcined at 993 K
and (b) sintered at 1023 K; sample with 5 %
excess of Bir O3 (¢) calcined at 993 K and (d)
sintered at 1023 K.

method are shown in Fig. 1. Majority of the most
intensive peaks belong to BiFeOs (bismuth iron
(IIT) oxide, bismuth ferrite) compound. Their 26
angle positions were compared with the newest
ICSD data base [16]. Unfortunately, some diffrac-
tion lines with low intensity were also visible.
These peaks in the fitting procedure were attributed
to: BipFe4O9 — dibismuth tetrairon (III) oxide [17]
and Bi12_5F60_5019,5, Bi25FeO4o — sillenite [18].
Detailed results of the phase and structural anal-
ysis are listed in Table 1. It may be noted that the
lattice parameters determined for the BFO inves-
tigated in this work are in good agreement with
the data base (the reported in [16] values of a =
b vary from 5.5650 A to 5.5888 A, the value of ¢
varies from 13.7854 A to 13.8690 A). Moreover,
the contribution of the impurity phases is smaller
in the case of the samples sintered at 1023 K as
compared to the samples calcined at 993 K. The
average values of crystallite sizes were estimated
using Scherrer formula and they are as follows:
94(10) nm and 95(10) nm for BFO with 3 % excess
of Biy O3, sintered at 993 and 1023 K, respectively
and 85(10) nm and 96(10) nm for BFO with 5 %
excess of Bir,O3, sintered at 993 and 1023 K, re-
spectively. The mean level of internal strains is of
the order of 0.15(1) % for all the samples of sin-
tered BFO.
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Table 1. Structural parameters of BiFeOs and impurity

compounds prepared by sintering and mechanical activa-

tion methods; a, b, ¢, a, B, v — lattice parameters, A — weight fraction of the suitable phase; uncertainty
of the values are given in parentheses for the last significant number.

Specimen/|Space group a b C a|B|ly|lA Compound
method [A] [A] [A] 111 |1 [%]
1.03 Pbam (55)| 7.9723(4) | 8.4440(4) | 6.0063(3) | 90 | 90 | 90 [14.8(2)|BiyFe4O9
993 K (123(197) [10.1790(1) [10.1790(1) |10.1790(1) | 90 | 90 | 90 |18.2(1)|Bij2.5Fe9 50195
sintering |[R3c (161) | 5.57814(4)| 5.57814(4)|13.8679(1) | 90 | 90 [120|67.1(1)|BiFeO3
1.03 Pbam (55)| 7.972(2) 8.442(2) 6.008(1) 90 | 90 | 90 | 5.8(2)|BiyFesO9
1023 K (123 (197) |10.1658(4) [10.1658(4) [10.1658(4) | 90 | 90 | 90 | 7.9(1)|BipsFeOy49
sintering (R3¢ (161) | 5.57809(4)| 5.57809(4)|13.8675(1) | 90 | 90 [120|86.3(2)|BiFeO3
1.05 Pbam (55)|7.9714(3) |8.4436(3) |6.0053(2) 90 | 90 | 90 [19.3(2)|BiyFesO9
993 K |123(197) [10.1803(1) |10.1803(1) |10.1803(1) | 90 | 90 | 90 {17.3(2)|BiysFeQq4g
sintering |[R 3 ¢ (161) [5.57809(4) |5.57809(4) |13.8672(1) | 90 | 90 |120|63.4(2)|BiFeO3
1.05 Pbam (55| 7.979(2) 8.441(2) 6.006(1) 90 | 90 | 90 | 4.7(3)|BiyFe4O9
1023 K |123(197) [10.1651(3) [10.1651(3) [10.1651(3) | 90 | 90 | 90 | 9.1(2)|BiysFeQqg
sintering |[R3 ¢ (161) | 5.57875(4)| 5.57875(4)|13.8691(1) | 90 | 90 |120|86.2(4) |BiFeOs3
Annealed |[Pbam (55)| 7.950(4) 8.440(3) 6.000(3) 90 | 90 | 90 [12.2(3)|BiyFe4O9
973 K |123(197) [10.132(5) 10.132(5) 10.132(5) 90 | 90 | 90 | 4.8(8)|Biy5sFeOyg
MATII |[R3m(160)| 5.5745(4) | 5.5745(4) [13.8588(6) | 90 | 90 |120|83.0(7)|BiFeO3

Fig. 2 presents XRD patterns for two sets of
mechanically activated BFO. In the first case, (MA
I series), the stoichiometric mixture of BioO3 and
Fe, 03 was milled up to 100 h. As shown in Fig. 2a,
the diffraction peaks of non-milled Bi,O3; and
Fe,03 are systematically broadened and shifted,
giving after 5 and 10 h of milling the patterns
characteristic of nanocrystalline/amorphous mate-
rial. However, prolonged milling for 20, 50 and
100 h has not caused a complete amorphization of
the mixture, but the formation of some unrecog-
nized crystalline phase. This phase may be a mix-
ture of hematite and Bi,Fe,O, compound with un-
known composition. It may be noted that the main
diffraction peaks of hematite (26 angles near 33.2
and 35.7°) have not disappeared in the patterns for
the samples milled for 50 and 100 h (the angle po-
sitions of lines for Fe,O3 are marked in Fig. 2a).
This means that not a whole amount of hematite
has been dissolved in Bi;O3. Moreover, the phase
formed after 100 h of MA is not a pure BFO, as
indicated in Fig. 2b (the angle positions of lines
for pure BiFeOs are marked for comparison [19]).
To complete the solid-state reaction, the isothermal
annealing process at 973 K was performed. Unfor-
tunately, besides the main BFO phase, the diffrac-
tion peaks coming from impurity Bi;Fe4O9 phase

are also visible. Small amount of hematite as im-
purity is also possible. The estimated contribution
of the desired BFO is about 70 % and the average
crystallite sizes of this compound determined using
Scherrer formula are 45(10) nm.

During the second series of mechanical acti-
vation, (MA II), after 10 h of separate milling of
each oxide, Bi;O3 and Fe, O3 were crumbled up to
nanometer level. The average crystallite sizes, D,
and the mean level of internal strains, e, determined
by the Williamson-Hall method [20] are as follows:
D =22(10) nm and e = 0.5(1) % for both oxides.
These crumbled oxides were mixed together and
milled for 50 h. The XRD pattern of the sample
obtained after the milling is presented in Fig. 2c.
It may be noted that during this experiment the
amorphous-like structure has been formed (top pat-
tern), however small peaks coming from hematite
are also visible. Heat treatment, in the calorimeter
as well as in the furnace, allowed obtaining BFO
phase with about 10 % of impurities, i.e. BiFe4O9
phase (the angular positions of diffraction lines are
in agreement with [21]). After the thermal treat-
ment, the average crystallite sizes of BiFeO3 phase
increased and the mean level of internal strains sig-
nificantly decreased. The determined values are as
follows: D = 70(25) nm, e = 0.07(1) % for heated



Comparative X-ray diffraction and Mdssbauer spectroscopy studies of BiFeOs ceramics

215

|
| BFO MA |
_.*.JI-_, sl spens sseosey g o A00K
o N R TR TG
3 l
Bl it b e o B0
> ) 20h
% 10h
E 5h
o ._-‘U!.»_.w MW 1 27 R T WA I DA on
1 1 1 | 1
20 40 60 80 100
20[deg]
(a)
‘ BFO MA |
3 -
« J,.‘“»MJ*:L Y N W 10h
= | | N | | BiFeO4
B
c
2
= 100 h
‘\' ‘ J‘ annealed 973 K
,,‘ s VA WL_’JII‘ [T, U.Jbl had L poan ‘j'u,«"\n Rt A S £y
O O T N N e
1 1 1 1 1
20 40 60 80 100
20[deg]
(b)
BFO MA Il
T L e B0
_ Lol DL T Fey0y
5
o
— { | 50 h + DSC
:‘.,2_'. [, B ﬁ‘ - h njhn ‘._ 0 TS S S A T
w
[=
3}
E
L ‘ ‘ [ i 50 h+973K
S ,,,.J‘.&,,inm.,“‘ B WO S R
[ T R TR A | BiFeO,
1 1 1 1 1
20 40 60 80 100
20 [deg]
(©)

Figure 2. X-ray diffraction patterns (CuK radiation)
of mechanically activated BFO: (a) for a mix-
ture of Bi,O3 and Fe,O3 from MA I process;
(b) after 100 h MA I and annealing; (c) after
50 h MA 11, subsequent heating in calorimeter
(DSC) up to 993 K and annealing in a furnace
at 973 K.

material and D = 72(24) nm, e = 0.02(1) % for an-
nealed sample. Detailed phase and structural anal-
ysis using Rietveld method was performed only
for the sample milled for 50 h and annealed at
973 K in the furnace and the results are listed in
Table 1. In comparison to the sintered samples, the
lattice parameters of BFO phase prepared by MA
method differ about 0.005 A for a = b and about
0.01 A for c. The obtained values agree well with
the database [16].

Summarizing the results obtained from XRD
measurements, it may be stated that both conven-
tional solid-state reaction and mechanical activa-
tion methods make possible to prepare BiFeOs;
with various level of impurity phases.

3.2. Results of Mossbauer studies

Mossbauer spectra collected for sintered BFO
are presented in Fig. 3. It may be seen that the
spectra are the superposition of two kinds of com-
ponents, i.e. six-line (sextet) and double-line (dou-
blet). The best computer-fitting parameter (Chisq)
was achieved when two sextets and two doublets
were assumed in the fitting procedure. The hy-
perfine interaction parameters determined from the
spectra are as follows: IS — Isomer Shift relative
to a-iron, QS — Quadrupole Shift of the magnet-
ically split spectra or Quadrupole Splitting of the
paramagnetic doublet, B, s — induction of the hy-
perfine magnetic field, I' — half width at half max-
imum of spectral lines. In the fitting procedure the
quadrupole shift for the sextet was defined as: QS
= (P,—P)/4—(Ps—Ps5)/4, where P; denotes the po-
sition of i — spectral line in the velocity scale [22].
The hyperfine interactions parameters for sintered
BFO are listed in Table 2 together with the data
for mechanically activated samples and the liter-
ature data [2, 3, 6, 23]. On the base of XRD re-
sults mentioned above and the reported data, two
sextets may be attributed to BiFeOs. One of the
doublet (D1) has the isomer shift and quadrupole
splitting similar to that for BiyFesOq, ie. IS =
0.24(1) mms~! and QS = 0.36(1) mms~!, as re-
ported in [24]. It may be concluded that the second
doublet (D2) may originate from sillenite. More-
over, as seen from Fig. 3, the amount of the im-
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purity phases (e.g. relative contribution of the dou-
blets to the whole Mossbauer spectrum) is smaller
in the case of the samples sintered at 1023 K as
compared to the samples calcined at 993 K. This
observation agrees well with the results of XRD
studies.

Fig. 4 presents Mossbauer spectra for mechani-
cally activated BFO for two sets of samples. Spec-
tra for the mixtures milled during MA I process for
10, 20 and 50 h are not presented here. The nu-
merical fitting of the spectra was performed with
one sextet and one doublet, the values of the hy-
perfine interactions parameters obtained from fit-
ting are listed in Table 2. The obtained parame-
ters for the sextet are similar to those for hematite
(for example B,y = 51.75 T, IS = 0.37 mm s~1,
26 =—0.197 mm s~ ! [25]; or B,y =519 £ 0.1 T,
IS = 038 £ 00l mm s, € = —0.09 +
0.01 mms~! [26]; or By =51.4 £ 0.3 T, IS = 0.37
+0.02mm s, € = —0.09 + 0.01 mm s~ [27];
€ means quadrupole shift). As proved by XRD
measurements (Fig. 2a, b), the phase formed after
100 h of MA is not a pure BFO and the amount
of hematite is small. The most intensive diffrac-
tion peak near 27.2° belongs neither to BFO nor
to hematite (Fig. 2b). However, two peaks near
39 and 39.5° and other peaks with smaller inten-
sity prove the beginning of BFO formation. So,
the components in the Mdssbauer spectrum, both
the sextet and the doublet may be attributed to the
bismuth iron oxides of unknown chemical com-
position Bi,Fe,O, with small amount of hematite
Fe,03. After isothermal annealing of the sample,
in the Mossbauer spectrum, the sextets are clearly
separated (bottom spectrum in Fig. 4a) and the
spectral lines are narrower as compared to the lines
in the spectrum for the sample milled for 100 h
(see Table 2). Besides two sextets which may be
attributed to the desired BFO compound, two dou-
blets and a sextet from hematite were fitted to the
spectrum. The hyperfine interaction parameters of
the doublets are similar to those of sintered sam-
ples, i.e. BioFe4O9 and sillenite.

In the case of the second process of mechan-
ical activation, MA II, Mossbauer spectra were
computer fitted using two doublets and three sex-
tets. The hyperfine interactions parameters for all

components are listed in Table 2. It may be noted
(Fig. 4b) that the contribution of the doublets in
the spectra for thermally treated samples is signifi-
cantly smaller than in the case of the sample milled
for 100 h in MA I process and annealed at 973 K
(Fig. 4a). As proved by XRD studies, the sample
consisting of Bi,O3 and Fe, O3, which were at first
milled separately and subsequently milled together
for 50 h, was in the amorphous and/or nanocrys-
talline state. Two of three sextets may be attributed
to the nanostructured BFO compound in which
small reduction of B, s values may be observed (Ta-
ble 2). After thermal treatment, the values of IS, QS
and B,y parameters for these two sextets changed
and they became similar to the parameters of BFO
prepared by sintering. It may be seen (Fig. 4 b) that
the main part of the Mossbauer spectrum for the
sample heated in the calorimeter up to 993 K as
well as the sample annealed at 973 K, comes from
the sextets originating from desired BFO, however,
small amount of hematite is still visible. The re-
sults obtained in this work for mechanically acti-
vated BFO are in good agreement with the data re-
ported for high-energy ball milled BiFeO3 reported
in [6] (Table 2). The authors observed about 97 %
of pure BFO with 3 % impurity of y-Bi;Os.

As previously, paramagnetic doublets in the
spectra can be attributed to the impurity phases of
BiyFe4Oy and sillenite. The most interesting obser-
vation is that the level of paramagnetic impurities
is the lowest in the case of mechanically activated
BFO, subsequently heated in a calorimeter.

4. Discussion and conclusions

Both XRD and MS measurements provided in-
formation about phase composition of the pro-
cessed materials. In the case of XRD, the weight
fraction of the suitable phase may be calculated
from XRD patterns by a computer program. Simi-
lar estimation of the contribution of the given phase
from the Mdssbauer spectrum is not possible be-
cause each phase should have the same value of
Debye-Waller factor whereas the crystalline lat-
tices of the recognized phases are various (different
local environment of the >’Fe nuclei). So, the com-
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Table 2. Hyperfine interactions parameters of BiFeO3 and impurity compounds prepared by sintering and mechan-
ical activation methods: IS — isomer shift relative to a-iron, QS — quadrupole splitting for the doublet
(D) and quadrupole shift for the sextet (S), B,y — hyperfine magnetic field, I' — half width at half max-
imum of spectral lines, Chisq — fitting parameter; uncertainty of the values are given in parentheses for
the last significant number. Literature data are added.

Specimen/ IS QS By r Chisq Component/
method [mm/s] | [mm/s] [T] [mm/s] compound

1.03 0.15(1) | 0.38(1) - 0.13(1) | 2.0 D 1/ BipFe4Og

993 K 0.44(1) | —0.27(1) - D 2/ sillenite
sintering | 0.40(1) | 0.15(1) | 49.89(1) | 0.17(1) S 1/ BFO
0.39(1) | —0.07(1) | 49.59(2) S 2/ BFO

1.03 0.16(1) | 0.37(1) - 0.13(1) | 1.3 D 1/ BiyFe4Og

1023 K 0.45(1) | —0.28(1) - D 2/ sillenite
sintering | 0.39(1) | 0.16(1) | 49.84(1) | 0.16(1) S 1/ BFO
0.39(1) | —0.06(1)| 49.47(1) S 2/ BFO

1.05 0.16(1) | 0.39(1) - 0.14(1) | 1.7 D 1/ BipFe4Og9

993 K 0.44(1) | —0.27(1) - D 2/ sillenite
sintering | 0.39(1) | 0.16(1) | 49.86(1) | 0.16(1) S 1/ BFO
0.39(1) | —0.07(1)| 49.57(1) S 2/ BFO

1.05 0.17(1) | 0.38(1) - 0.16(1) | 1.3 D 1/ BiyFe4O9

1023 K 0.44(1) | —0.28(1) - D 2/ sillenite
sintering | 0.39(1) | 0.16(1) | 49.85(1) | 0.17(1) S 1/ BFO
0.39(1) | —0.06(1) | 49.48(1) S 2/ BFO

10h 0.28(2) | 0.39Q2) - 031(3) | 1.0
MAT | 0.37(1) |—0.09(1)| 51.63(1) | 0.17(1)
20 h 0.31(1) | 0.39(1) - 034(2) | 1.4
MAT | 0.37(1) |—0.09(1)| 51.62(1) | 0.18(1)
50 h 0.33(1) | 0.41(1) - 0332) | 15
MAT | 0.37(1) | —0.09(1)| 51.56(1) | 0.18(1)
100h | 0.35(1) | 0.44(1) - 041(1) | 1.7 D/ Bi,Fe,0.
MAT | 0.37(1) |—0.09(1)| 51.49(1) | 0.20(1) S/ Bi Fe,0, + Fe,05

wnJl wn O wn D

100h MAI| 0.16(1) | 0.39(1) - 0.13(1) D 1/ BiyFe4Og
annealed at | 0.44(1) | —0.27(1) - 1.3 D 2/ sillenite
973 K 0.38(1) | 0.16(1) | 49.43(2) | 0.13(1) S 1/ BFO
0.39(1) | —0.06(1) | 49.17(2) S 2/ BFO
0.37(1) | —0.09(1)| 51.73(1) S 3/ hematite
50h 0.23(4) | 0.434) - 021(1) | 14 D 1/ BiyFe 09
MAII 0.37(1) | —0.27(1) - D 2/ sillenite
0.36(2) | 0.08(2) |48.93(14)| 0.16(1) S 1/ BFO-nano
0.36(1) | —0.17(1) | 49.19(9) S 2/ BFO-nano
0.38(1) | —0.09(1) | 51.40(1) S 3/ hematite
50hMATII| 0.14(4) | 0.37(3) - 0.154) | 14 D 1/ BiyFe 09
DSC 0.40(6) | —0.20(6) - D 2/sillenite
up to 993 K| 0.38(1) | 0.15(1) | 49.65(2) | 0.14(1) S 1/ BFO
0.39(1) | —0.04(1) | 49.31(2) S 2/ BFO
0.38(1) | —0.10(1) | 51.69(2) S 3/ hematite
50hMATII| 0.16(1) | 0.38(1) - 0.12(1) | 1.2 D 1/ BiyFe 09
annealed at | 0.44(1) | —0.27(1) - D 2/ sillenite
973 K 0.39(1) | 0.16(1) | 49.62(2) | 0.14(1) S 1/ BFO
0.38(1) | —0.05(1) | 49.23(2) S 2/ BFO

0.38(1) |—0.09(1) | 51.75(6) S 3/ hematite
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Continuation of Table 2

Velocity [mms” ]

(a)

Specimen/ IS QS Byyr r Chisq Component/
method [mm/s] | [mm/s] [T] [mm/s] compound
sintering 0.24 —0.045 | 49.8 - - Ref. [23]
0.17 0.20 50.1 measured at 100 K
sintering 0.38 0.057 |49.686 - — |Ref. [2] measured at RT
sintering 0.48 —0.065 | 54.37 0.34 - Ref. [2]
0.48 0.175 | 54.68 measured at 80 K
polycrystalline - —0.031 |54.019 - 0.91 Ref. [3]
- 0.196 |54.355 measured at 90 K
polycrystalline - —0.048 149.579 - 1.39 Ref. [3]
- 0.171 |49.931 measured at RT
MA 0.39 —0.055 | 49.2 0.34 - Ref. [6]
0.39 0.16 49.5 0.29 measured at RT
BFO 1.03 sintering
— i 93 K —
R B
[ = =
= o
E 1 1023K E
w (%]
5 §
= 1% =

Velocity [mms' ]

(b

Figure 3. Room-temperature Mossbauer spectra for conventionally processed BFO: (a) samples with 3 % excess
of Bi;O3 calcined at 993 K and sintered at 1023 K; (b) samples with 5 % excess of Bi;O3 calcined at

993 K and sintered at 1023 K.

parison of the results from XRD and MS methods
may be only qualitative.

Comparing the results for sintered BFO com-
pound it may be stated that the lowest amount of
impurities (about 14 %) was obtained from the
mixtures with both 3 and 5 % excess of BiyO3
during sintering at 1023 K (see Table 1). On the
other hand, as it may be seen in Mdssbauer spectra,
the relative contribution of the components coming
from impurities, i.e. doublets, is smaller in the case
of the sample with 3 % excess of BiOs.

In the case of mechanical activation method,
the MA II process gave better results. The grad-
ual heating of mechanically activated BFO in the

calorimeter seems to be more effective method in
terms of an amount of paramagnetic impurities.
However, in this case the amount of hematite impu-
rity is larger than in the case of annealing process.

Comparing the MS spectra both for sintered and
mechanically activated BFO compound it may be
seen that with increasing the temperature of ther-
mal treatment the spectra become more magnetic,
i.e. the doublet components become smaller. This
effect may be connected with the grain sizes. As
mentioned, the average crystallite sizes estimated
from XRD analysis are of the order of nanome-
ters (i.e. < 100 nm) both for sintered and mechan-
ically activated and thermally treated BFO. How-
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Figure 4. Room-temperature Mdssbauer spectra for mechanically activated BFO: (a) after 100 h MA I process and
annealed at 973 K; (b) after 50 h MA II process, subsequently heated in calorimeter (DSC) up to 993 K

and annealed in a furnace at 973 K.

ever, each sample is characterized by a distribu-
tion of the crystallite sizes, so within a given sam-
ple the particles smaller and larger than the average
ones are possible. Upon thermal treatment at higher
temperature the agglomeration process leads to the
formation of larger particles, which obtain mag-
netic properties similar to those for bulk material
(in bulk samples the average grain sizes are larger
than 245 nm as reported in [28]). Thermal process-
ing of the samples, however, does not remove the
impurities.

Summarizing the obtained results, it may be
stated that in spite of some problems with produc-
tion of pure BiFeO3; compound by the proposed
modified methods some interesting observations
were made. First of them concerns the values of
the hyperfine magnetic fields which for mechan-
ically activated BFO (but not thermally treated)
are smaller than those for conventionally sintered
samples. This is mainly due to the grain sizes re-
duced to the nanometer level as well as the residual
strains introduced into the sample during mechani-
cal milling process. The second one is that the para-
magnetic components in Mossbauer spectra orig-
inate both from impurity phases and the smallest
particles within the BFO samples. Thermal treat-
ment at elevated temperature leads to partial elim-
inating of the paramagnetic component. Moreover,

the desired BFO phase is formed by mechanical ac-
tivation and subsequent thermal processing at the
temperature lowered by 30 — 50 K as compared to
the temperature of conventional sintering method.

It may be concluded that both technologies al-
lowed us to obtain BFO compound containing im-
purities. The lowest amount of BiyFe;Og and sil-
lenite was achieved for the sample with 3 % ex-
cess of Bi,O3 and sintered at 1023 K. It is worth
emphasizing that the problem of impurities during
preparation of the polycrystalline BFO by various
methods should be examined using XRD together
with Mossbauer spectroscopy. The sensitivity of
MS method is larger than X-ray measurements and
this makes possible to reveal not only small amount
of impurities (which are not detectable by XRD
method) but simultaneously determine their mag-
netic properties. Mossbauer spectroscopy may be
used as a method for detecting both pure BFO
phase and impurity compounds containing iron.
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