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X-ray diffraction and ®*"Fe Mossbauer spectroscopy were applied as complementary methods to investigate the
structure and hyperfine interactions of the Aurivillius compounds prepared by mechanical activation and subsequent
heat treatment. Preliminary milling of precursors enhanced the diffusion process and pure Aurivillius compounds
were obtained at lower temperature as compared with conventional solid-state sintering technology (lower at least
by 50 K). All the investigated Aurivillius compounds are paramagnetic materials at room temperature.

DOT: 10.12693/APhysPolA.126.975
PACS: 75.85.+t, 81.20.-n, 61.05.cp, 76.80.4y

1. Introduction

Multiferroics are the materials which exhibit at least
two ferroic states simultaneously. Especially interesting
from the application point of view is the group of mag-
netoelectrics in which both ferroelectric and magnetic
ordering coexist [1]. They attract a lot of interest due
to their possible applications as sensors, actuators and
digital memory elements [2]. The most frequently in-
vestigated multiferroic compound is BiFeOgs. It offers
ferroelectric and antiferromagnetic ordering at relatively
high temperatures. However, the existence of spin cy-
cloid in this compound averages out a linear magneto-
electric coupling. The Aurivillius compounds, described
by the general formula Bi,, ;1 TisFe,;,_303,,+3, have lay-
ered perovskite-like structure where m value indicates
the number of perovskite-like layers per slab [3-5]. Each
member of family can be viewed as an atomic stacking
of the ferroelectric BiyTi3O15 compound and the multi-
ferroic BiFeOgs, so the Aurivillius compounds offer mag-
netoelectric coupling. It was found that some physical
properties depend on the m number, i.e. lattice parame-
ter of the orthorhombic elemental cell, ferroelectric Curie
temperature, antiferromagnetic Néel temperature [4, 6—
9].

In order to obtain the Aurivillius compounds mainly
the conventional solid-state route is used. Appropriate
amounts of reagent-grade oxide powders are mixed to-
gether, pressed, calcinated and sintered. However, vari-
ous purity and gradation of started oxides, various tem-
peratures of calcination and sintering, etc. may be the
reason for the large discrepancies in some physical prop-
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erties reported in the literature. Even the structural
models for the Aurivillius compounds are not well known,
some databases have been reported in the sixties of the
20th century [10]. Moreover, not always the obtained
materials are single-phased compounds. Only the first
member of the Aurivillius family, i.e. BisTizFeO15 com-
pound is thermally stable, other compounds with increas-
ing m number may contain admixtures of adjacent phases
with m + 1, as it was reported in our previous investiga-
tions [11].

In this work mechanical activation (MA) method is
proposed as an alternative technology for production of
Biy,4+1TisFe,, 303,43 Aurivillius compounds. Our pre-
vious investigations have shown that after mixing of the
oxides and milling them in the planetary ball mill the de-
sired Aurivillius compounds have not been formed. The
subsequent thermal treatment was necessary. After heat-
ing the mechanically activated mixture from the room
temperature up to 993 K or isothermal annealing in a fur-
nace at 1073 K, the desired Aurivillius compounds with
m = 4 =+ 8 have been obtained, however, in some cases
small amount of unreacted hematite has been registered
by the Mossbauer spectroscopy (MS) [12, 13]. The aim of
this work was to modify the mechanical activation tech-
nology in order to obtain pure Aurivillius compounds.
X-ray diffraction (XRD) and MS were applied as com-
plementary methods to get information about structure
and hyperfine interactions of the materials.

2. Experimental details

The appropriate amounts of reagent-grade oxide pow-
ders, viz. FesOgs, BisO3, and TiOs were first milled
separately during 10 h in air. The milling process
was performed in the stainless-steel vial of a Fritsch
P5 Pulverisette planetary ball mill equipped with hard-
ened steel balls. The ball-to-powder weight ratio was
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10:1. Next powders were mixed and milled together
during 50 h in air in the same ball mill. Synthesis of
Biy,+1TisFey, 303,43 Aurivillius compounds with m =
4 + 8 proceeded according to the following reaction:

(m — 3)F€203 + (m + 1)B1203 + 6T102 —

2Biy+1TisFen 30343 (1)

After mechanical activation process isothermal anneal-

ing in a furnace was performed in air at 1073 K during
1 h.

The crystalline structure of the mechanically activated
as well as isothermally annealed samples was analyzed us-
ing the Philips PW 1830 diffractometer with CuK, radi-
ation. The phase analysis of the recorded X-ray patterns
was performed with an X’Pert HighScore Plus computer
programme equipped with the ICDD PDF2 database.

MS studies were carried out at room temperature in
standard transmission geometry using a source of °"Co
in a rhodium matrix. The absorbers were prepared using
a self-adhesive transparent foil. A 25 pm thick metal-
lic iron foil was taken as a standard for calibration of a
spectrometer.

3. Results and discussions

Preliminary milling of the oxides aimed activation of
the powders to make them more reactive during subse-
quent mixture milling. In the registered XRD patterns of
Fe;03, Biz O3, and TiOs only the broadening of diffrac-
tion lines was observed. The average crystallite sizes es-
timated roughly by the Scherrer formula are of the order
of 20 nm for all the precursors. Figure 1 presents the set
of XRD patterns for the investigated mixtures of oxides
after 50 h of milling.
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Fig. 1. XRD patterns of mechanically activated

Bin+1TisFen—303m+3 compounds after 50 h.

It may be observed that milling process of preliminary
activated powders led to the formation of some amor-
phous/nanocrystalline phase but not the desired Auriv-
illius compounds. It may be seen that some diffrac-
tion peaks emerge from the background of amorphous

halo. These peaks may come from a-Bi;O3 and a-Fe;Og
phases. After isothermal annealing of mechanically acti-
vated powders, the Aurivillius compounds were obtained.
As seen in Fig. 2 all the main diffraction lines belong
to the Aurivillius compounds, smaller peaks marked by
stars come from the impurity phase. Small broadening
and shifts of diffraction lines may be observed with an
increasing m number. From broadening of lines using
the Scherrer formula the average crystallite sizes were
estimated and they are listed in Table. Shifts of lines,
towards both lower and higher 26 angles are the rea-
son of increase in the volume of the orthorhombic unit
cell (as reported in literature ¢ parameter increases from
32.80 A for m = 3 up to 81.25 A for m = 9 while a and
b parameters are of the order of 5.40 A [4, 6]).
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Fig. 2. XRD patterns of Bi41TisFen—303m+t3 com-

pounds after 50 h of mechanical activation and isother-
mal annealing at 1073 K. The peaks from Bi;2TiOg2g
impurity phase are marked by stars.

TABLE I

Results from XRD and MS studies; m — number
of perovskite-like layers in the Aurivillius compounds,
FWHM — full width at half maximum of the most in-
tensive diffraction line, D — average crystallite size esti-
mated using the Scherrer formula, I" — half width at half
maximum of spectral lines from Mgssbauer spectrum.

m FWHM D r
[deg] [nm] [mm s™']
1 0.268 49 0.19(4)
5 0.340 34 0.19(3)
6 0.380 30 0.26(3)
7 0.429 25 0.27(3)
8 0.466 23 0.26(5)

Detailed phase analysis was performed for all the sam-
ples. In Fig. 3 the results of this analysis are shown for
the BisTisFeO15 compound, as an example. The main
BisTisFeO15 phase constitutes 95%, the rest 5% comes
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from the impurity phase, recognized as Bi;3TiOgy. On
the basis of the performed XRD studies it may be stated
that the applied technology allowed obtaining the Au-
rivillius compounds. In all cases the whole amount of
hematite reacted with other oxides. Unfortunately, some
other impurity phase was also formed besides the desired
Aurivillius compounds. It may be noted (Fig. 2) that
intensity of the diffraction lines from impurity phase sys-
tematically decreased with the increase of m number. In
all cases the amount of impurity is relatively small (lower
than 5%). Moreover, Aurivillius phases were formed by
mechanical activation and subsequent thermal treatment
at the temperature lowered by 50-200 K as compared to
the temperature of conventional sintering method. As
reported in [14], the Aurivillius compounds with repro-
ducible physical properties have been prepared by sinter-
ing at various temperatures in the range of 1123-1313 K.
It may be supposed that after mechanical activation de-
scribed above the powders of the Aurivillius compounds
may be sintered even at 1073 K.
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Fig. 3. XRD pattern with phase analysis for the
BisTisFeO15 compound; the vertical bars below

the XRD pattern denote positions of reflections for
BisTisFeO15 according to PDF2 card no. 01-082-0063
and for Bi;2TiO2¢ — card no. 00-034-0097.

The Mossbauer studies confirmed structural results.
After 50 h of milling all the spectra of the Aurivillius
compounds consisted of the sextet and the doublet (in
Fig. 4 the spectrum for BizTisFeO5 is presented as an
example). Poor statistics of the spectrum is caused by
the high absorption of gamma radiation by the bismuth
and small amount of iron in the sample. The six lines
visible in the spectrum (light-grey component in Fig. 4)
originate from hematite which is confirmed by the hy-
perfine interactions parameters (i.e. isomer shift rela-
tive to a-iron § = 0.37(1) mm s~!, quadrupole shift
2¢ = —0.18(2) mm s~! and hyperfine magnetic field in-
duction Bps = 50.9(7) T). The double line (grey com-
ponent in Fig. 4) may be attributed to the paramag-
netic Bis TisFeO15 compound which starts to form during

milling process. The hyperfine interactions parameters
for the doublet determined from the numerical fitting of
the spectrum are as follows: § = 0.27(2) mm s~! and
A=0.61(3) mm s~ L.
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Fig. 4. Fitted room-temperature Mossbauer spectrum

of BisTizFeO:5 compound after 50 h of mechanical ac-
tivation.

After thermal treatment changes in MS spectra are
clearly visible (Fig. 5). After annealing of mechanically
activated powders the desired Aurivillius compounds are
formed and they are all paramagnetic at room tempera-
ture. There is no trace of the hematite component. The
hyperfine interactions parameters for the doublets are as
follows: 6 = 0.35(1) mm s~! and A = 0.56(2) mm s~! for
each m number. It may be noted that these parameters
are the same as those obtained for the Aurivillius com-
pounds prepared conventionally by solid-state sintering
method [11] and they are independent of m number. The
width of spectral lines for doublets increases with an in-
creasing m number (see Table) which correlates with the
decrease of the average crystallite sizes of the Aurivillius
compounds.
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Fig. 5. Fitted room-temperature Mdossbauer spectra of

Bin+1TisFepn,—303m+3 compounds after 50 h of me-
chanical activation and isothermal annealing at 1073 K.
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4. Conclusions

It was shown that mechanical activation with subse-
quent isothermal annealing is a good technology to pro-
duce multiferroic Aurivillius compounds. X-ray diffrac-
tion and Mossbauer spectroscopy are complementary
methods which allow monitoring of technological process
and obtaining the information about structure and mag-
netic properties of the material.

It may be supposed that preliminary milling of precur-
sors enhances the diffusion process. To complete solid-
state reaction and obtaining pure Aurivillius compounds
heat treatment is necessary; however, temperature of an-
nealing is lower as compared with conventional solid-state
sintering technology.

Acknowledgments

M. Mazurek and T. Pikula are the participants of
the project: “Qualifications for the labour market —
employer friendly university”, co-financed by European
Union from European Social Fund.

References

[1] D.I. Khomskii, Mater.

(2006).

[2] J. Wang, J.B. Neaton, H. Zheng, V. Nagarajan,
S.B. Ogale, B. Liu, D. Viehland, V. Vaithyanathan,
D.G. Scholm, U.V. Waghmare, N.A. Spaldin,
K.M. Rabe, M. Wutting, Science 299, 1719 (2003).

J. Magn. Magn. 306, 1

(3]
[4]

[5]
[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

B. Aurivillius, Ark. Kems 1, 463 (1949).

N.A. Lomanova, M.I. Morozov, V.L. Ugolkov,
V.V. Gusarov, Inorg. Mater. 42, 189 (2006).

N.A. Lomanova, V.V. Gusarov, Inorg. Mater. 47,

420 (2011).

M. Krzhizhanovskaya, S. Filatov, V. Gusarov, P. Pau-
fler, R. Bubnova, M. Morozov, D.C. Meyer, Z. Anorg.
Allg. Chem. 631, 1603 (2005).

A. Srinivas, S.V. Suryanarayana, G.S. Kumar, M. Ma-
hesh Kumar, J. Phys. Condens. Matter 11, 3335
(1999).

A. Srinivas, M. Mahesh Kumar, S.V. Suryanarayana,
T. Bhimasankaram, Mater. Res. Bull. 34, 989
(1999).

A. Srinivas, D.-W. Kim, K.S. Hong, S.V. Surya-
narayana, Mater. Res. Bull. 39, 55 (2004).

I.G. Ismailzade, V.I. Nesterenko, F.A. Mirishli,
P.G. Rustamov, Sov. Phys. Crystallogr. (Engl.
Transl.) 12, 400 (1967).

E. Jartych, T. Pikula, M. Mazurek, A. Lisiniska-
Czekaj, D. Czekaj, K. Gaska, J. Przewoznik, C. Ka-
pusta, Z. Surowiec, J. Magn. Magn. Mater. 342, 27
(2013).

M. Mazurek, E. Jartych, A. Lisiiiska-Czekaj,
D. Czekaj, D. Oleszak, J. Non-Cryst. Solids 356,
1994 (2010).

M. Mazurek, E. Jartych, D. Oleszak, Nukleonika 58,
143 (2013).

E. Jartych, M. Mazurek, A. Lisiriska-Czekaj,
D. Czekaj, J. Magn. Magn. Mater. 322, 51 (2010).


http://dx.doi.org/10.1016/j.jmmm.2006.01.238
http://dx.doi.org/10.1016/j.jmmm.2006.01.238
http://dx.doi.org/10.1126/science.1080615
http://dx.doi.org/10.1134/S0020168506020142
http://dx.doi.org/10.1134/S0020168511040169
http://dx.doi.org/10.1134/S0020168511040169
http://dx.doi.org/10.1002/zaac.200500130
http://dx.doi.org/10.1002/zaac.200500130
http://dx.doi.org/10.1088/0953-8984/11/16/014
http://dx.doi.org/10.1088/0953-8984/11/16/014
http://dx.doi.org/10.1016/S0025-5408(99)00093-8
http://dx.doi.org/10.1016/S0025-5408(99)00093-8
http://dx.doi.org/10.1016/j.materresbull.2003.09.028
http://dx.doi.org/10.1016/j.jmmm.2013.04.046
http://dx.doi.org/10.1016/j.jmmm.2013.04.046
http://dx.doi.org/10.1016/j.jnoncrysol.2010.05.043
http://dx.doi.org/10.1016/j.jnoncrysol.2010.05.043
http://dx.doi.org/10.1016/j.jmmm.2009.08.022

