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This paper describes the synthesis of perovskite-like compound Pbs FeSbOg which undergoes a phase tran-
sition between 210-220 K. According to X-ray studies of the powder sample the structure of the initial
cubic and the low-temperature tetragonal phases of PbaFeSbOs were determined. The results obtained

have been discussed using the group-theoretical analysis.
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Introduction

Many oxides of A;BB’Og type (where A — La, Ca, Sr, Ba, Pb; B, B — Ni, Ru, Sb, Mo,
Cd, Ta, Ho, La, Te, Er, Cu, W, Fe, Tm, Bi, Pr, Tb, Yb, Li) crystallize in an ordered perovskite
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structure (elpasolite), and may undergo a phase transition (PT) of different nature [1-3]. AXj5
layers form elpasolite-like crystals AsBB'Xg (where X — Cl, F, O). All the octahedral voids of
this package are filled by cations B and B’, alternating along the axes of the cube. Octahedra
BXg and B’X¢ have different sizes due to the shift of the X anion towards B’ high-valency cation.
The only arbitrary parameter of the elpasolite cubic structure is one of the coordinates of the
ion X. Elpasolite cubic phase has FCC Bravais lattice, with the parameter of the unit cell twice
of the perovskite’s one.

The ratio of the ionic radii and charges of cations B and B’ affect the nature of the ordering,
and thus the structural characteristics and physical properties. These crystals belong to the space
group Go = O} (Fm3m), even in cases when the ordering of B and B’ ion is only partial. Ordered
compounds, which include oxygen elpasolites undergo «sharp» (nondiffused) transformations, the
sequence of which depends strongly on the type of cations [1-3].

The recently synthesized new compound PboFeSbOy is related to the family described above,
and does not crystallize in the perovskite structure under normal conditions. Preliminary studies
of PboFeSbOg ceramics revealed the presence of a diffuse dielectric constant maximum at 210-
220 K, its temperature being independent on frequency of the measuring field. These results
indicate the presence of ferroelectric or antiferroelectric phase transition in PboFeSbOg. This
paper reports the synthesis of the perovskite modification of PboFeSbOg under high pressure, and
changes in the structure of PbyFeSbOg in the temperature range of 130-300 K, which includes
the PT region.

1. Synthesis of the Pb,FeSbOg compound

The starting reagents for the synthesis of PbaFeSbOg compound were PbO, Fes O3, and ShoO5
oxides (A.C.S. grade). The synthesis was performed in two stages. At the first stage by the means
of pressing tablets were formed from the mixture of ball-milled powders of oxides corresponding
to the stoichiometric composition of the target compound. After that, the tablets were subjected
to heat treatment at 1020-1030 K for 4 hours in a closed corundum crucible filled by a mixture
of lead and zirconium oxides. After the first stage of the synthesis, as shown by X-ray analysis,
the resulting compound has the pyrochlore structure.

Product of the first stage of synthesis was ground, and then ball-milled. The tablets for the
second stage of the synthesis were pressed from the resulting charge. The second stage of the
synthesis was performed at the pressure of 6 GPa and the temperature of 1400-1500 K for 5 min.
After the synthesis, the system was rapidly cooled to the room temperature under pressure. Then
the high-pressure apparatus was unloaded. The product of the second high-pressure synthesis
stage was dense ceramic of the perovskite phase of Pb 5FeSbOg without any visible content of
parasitic phases.

Annealing step method has shown that the resulting perovskite phase in the form of a mono-
lithic tablets is stable when heated in air up to the temperature of 900-1000 K. The limit of the
thermal stability of the perovskite phase in the powdered form is reduced to about 800-900 K.
For removal of stresses the powder was annealed at 700 K for 2 hours before the X-ray diffraction
studies.

2. The results of X-ray diffraction experiments
X-ray diffraction patterns of a powdered PboFeSbOg samples were obtained using TTK450
Anton Paar temperature camera, mounted on an X-ray D8-ADVANCE diffractometer (Cu —

K,-radiation, #—260 scanning linear detector VANTEC were used). Liquid nitrogen was used as
a refrigerant.
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To improve the data quality variable counting time (VCT) and variable step scaning (VSS)
methods were used in the experiment [4-6]. The advantage of these methods as compared to
the conventional one is that they equalize the weights of strong low-angled reflections and those
weak ones at high angles, whereas in conventional X-ray experiment weights are non-equivalent,
and the structure information contained in the X-ray diffraction pattern at high angles 20 is
lost. In addition, the application of VCT and VSS methods significantly reduces the time of the
experiment [7], without changing the quality of data.

Using the software, XRD Wizard [7| experimental X-ray diffraction patterns of the
PbyFeSbOg sample were divided into two intervals of 26: 1) 26 from 5° to 60°, in the incre-
ments of 0.016° and exposure at each point for 4 seconds; and 2) 20 from 60° to 145°, in the
increments of 0.032° and exposure for 16 seconds at each point. Structure refinement of the
PboFeSbOg crystal was carried out using software package [8].

Reflections positions on X-ray diffraction pattern of PbaFeSbOg (Fig. 1) obtained at room
temperature of 7' = 300 K indicated FCC-cell of the F'm3m space group.
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Fig. 1. X-ray diffraction pattern of the cubic F'm3m phase PbyFeSbOg at T' = 300 K. Red dots —
experimental intensity, solid black line — calculated intensity, the gray line shows the difference
between them

In the cubic phase of the crystal of the ordered elpasolite PbaFeSbOg all atoms except oxygen
are in special positions [3,9]. Thus from the structural parameters one coordinate of the oxygen
atom, isotropic thermal parameters for all atoms, and occupancy positions for Fe and Sb were
refined.

As a result of refinement it was found that the 4a position with (0,0, 0) coordinates is occupied
by 0.831(9) Fe ions and 0.169(9) Sb ions, and the 4b position (1/2,1/2,1/2) is occupied by
0.848(8) Sb ions and 0.153(8) Fe ions. That is, the total occupation for the two positions of the
iron ions are 0.8314-0.153 = 0.984, and Sb ions 0.848+40.169 = 1.017. In this case, the compound
formula can be written as PbaFeg 9g4Sb1.01706. As the 4a (Fe) and 4b (Sb) sites population are
equal to 1 within two standard deviations, the refinement was carried out with the restriction
in the linear constraints form on the occupation of these positions, so that as a result we get
the formula PboFeSbOg. At the end, the distribution of ions at the 4a and 4b positions in the
structure of the cubic phase were defined in the Pb2 (FeO.869(4) Sb0‘131(4) ) (Sb0_869(4)F60A131(4) )06
formula. The results of the structure refinement for the PboFeSbOg cubic phase are given in
Tab. 1 and 2. Table 3 presents the basic bond lengths. Fig. 7 a, shows the cubic PbyFeSbOgq
phase projection in the plane perpendicular to the axis of the fourth order. Refined profile
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parameters of the cubic phase were further used without additional changes and refinements for
the solving of low-symmetry phase structure.
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Fig. 2. X-ray diffraction pattern of the tetragonal I4/m phase PboFeSbOg at T' = 133 K. Red
dots — experimental intensity, solid black line — calculated intensity, the gray line shows the
difference between them

On the X-ray diffraction pattern of the low-temperature PboFeSbOg phase (Fig. 2), obtained
at T = 133 K, no superstructure reflections were observed. At low temperature, only subtle
peaks of ice formed during the sample cooling could be seen.

To determine the point symmetry of the crystal low-temperature phase additional experiments
in the temperature range from 143 K to 293 K with a step on a temperature of 10 K were carried
out. Splitting of reflexes, by which the point of symmetry change can be determined, was not
observed in X-ray diffraction patterns (Fig. 3). However, some information was obtained from the
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Fig. 3. Temperature evolution of the X-ray diffraction pattern of PbyFeSbOg. Basic reflections
of the prototype perovskite structure are shown

analysis of the full-width at half-maximum (FWHM) temperature dependence of several major
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reflections (Figs. 4-6). It can be easily seen from the figures 4-6 that in the PT region reflexes
broaden: (220) by 2.3% and (400) by 10.4%, while the FWHM of reflection (111) remains
unchanged within the measurement error. Using the homology method [10], this broadening
can be explained by the splitting of reflections, which most likely correspond to the tetragonal
distortion of the face-centered cubic unit cell (Tab. 4).

Table 1. The main crystallographic data and experimental parameters for PboFeSbOg at 300 K
and 133 K

Experiment temperature 300 K 133 K
Space group Fm3m I4/m
A A 7.98361(4) | 5.64102(4)
C, A 7.9704(1)
V, A3 508.859(8) | 253.627(5)
Z 4 2
26-range, ° 5-145 5-145
Reflections number 41 132
Refinement parameters number 24 18
Ryp, %0 6.754 8.140
Rewp, % 3.410 3.386
R,, % 5.054 5.930
Rp, % 3.42 3.97
GOF (x) 1.981 2.404

Table 2. Atomic coordinates, occupancy p, and isotropic thermal B;4, parameters for PboFeSbOg
at 300 K and 133 K

T =300 K
X Y Z p Bisoa A2
Pb 1/4 1/4 1/4 1 2.2(4)
Fey 0 0 0 0.869(4) | 0.7(4)
Shy 0 0 0 0.131(4) | 0.7(4)
Fe, 1/2 1/2 1/2 [ 0.131(4) | 0.7(4)
Sh, 1/2 1/2 1/2 | 0.869(4) | 0.7(4)
O | 0.2472(9) 0 0 1 Li(1)
T=133 K
X Y Z p Bisoa A2
Pb 0 1/2 1/4 1 1.43(2)
Fey 0 0 0 0.867(7) | 0.86(3)
Sh, 0 0 0 0.133(7) | 0.86(3)
Fes 0 0 1/2 [ 0.133(7) | 0.86(3)
Sb, 0 0 1/2 | 0.867(7) | 0.86(3)
O: | 0.775(6) | 0.733(3) 0 1 1.0(2)
O 0 0 0.244(9) 1 1.0(2)

Further, the space group choice of low-temperature tetragonal phase was carried out using
the results of Ref. [11] on the group-theoretical analysis of the structural phase transitions in
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crystals with space group Fm3m and ISODISTORT program complex [12].

Table 3. Characteristic bond lengths for PboFeSbOg at 300 K and 133 K

T =300 K T=133 K
bond d, A bond d, A
Fel (Sbl) — 0 1.9 3(7) Fe1 (Sb1> 197(3)
Fe; (Sby) — 1.95(7)
F62 (Sbg) — 0 2.019(7) Fe2 (Sbg) 203(4)
Fe 2 (Sbg) 02 204(7)
Pb— O 2.823(5) Pb — O; 2.70(3)
Pb — O 2.821(1)
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Fig. 4. Temperature dependence of the (220) reflection FWHM
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Fig. 5. Temperature dependence of the (222) reflection FWHM

Following [11,12], all the variants of tetragonal space groups, in which the PT from Fm3m
without changing the volume of the unit cell is possible were obtained, as the superstructure
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reflections in the low-temperature phase were not detected. There were six variants: I4/mmm,
I42m, I4mm, I4/m, 14, and I4. All cells have a basis of aietr = (Geub + beun) /25 bretr =
(acup — beud) /25 Ctetr = Ceub, Where deup, beup, Ceup — the face-centered cubic cell basis, aiesr,
btetr, Ctetr — the tetragonal unit cell basis.

Since the experimental data that would help in the selection of the tetragonal phase space
group were absent, the following considerations were taken into account.
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Fig. 6. Temperature dependence of the (400) reflection FWHM

Refinement of the structure of tetragonal PboFeSbOg phase in all of the groups gave iden-
tical values within the standard deviations of the uncertainty factors. However, the number of
structural parameters refined in the polar groups is significantly larger than in centrosymmetric
ones. In addition, numerous studies (see, e.g. [2,3,9]) over an ordered perovskite (elpasolite)
indicate the phases in which the critical distortions are rotations of octahedral groups, leading
to structures with the presence of the center of symmetry. For these reasons, subsequently po-
lar groups I4mm and I4 were not considered. Furthermore, the transition to the space group
I4/mmm is associated with the emergence of a critical order parameter (OP) (a,0), which trans-
forms to Fg’ of Fm3m representation leading to the compression/expansion of the octahedron
Fe(Sb)Og. Hereafter in the article the notation of irreducible representations (IR) groups are
given according to the handbook [13|. Transition to I42m is associated with the critical (a, 0, 0)
parameter I'; representation, which leads to the Fe(Sb)Og polyhedron deformation. Transition
to I4 is associated with the appearance of two critical (a,0,0) OP I'; representation and (b, 0, 0)
OP T'] representations, which lead to the rotation and distortion of the Fe(Sb)Og polyhedron.
More interesting is the transition to the group I4/m, in which there is a critical (a,0,0) OP I‘I
representation, resulting in a pure @-type rotation of the Fe(Sb)Og polyhedron. Rotations are
designated according to [14].

Given the considerations above, the further consideration of the structure of the tetragonal
phase was carried out in the I4/m space group. Coordinates of the two independent oxygen
atoms, thermal parameters of all atoms and population of the sites occupied by Fe and Sb atoms
were refined from the structural parameters. The sites populations were refined with the restric-
tions imposed earlier, so that the PbyFeSbOg formula was true. The result was the following
ions distribution over the B- positions: Pby (Feg se7(6)Sbo.133(6) ) (Sbo.se7(6)Fe0.133(6) )Os. Thus,
the distribution of Fe and Sb over occupied positions in the tetragonal phase has not changed in
comparison to the cubic phase. That is the charge ordering has not happened. The coordinates,
thermal parameters, the atoms positions populations and the bond lengths of the tetragonal
PboFeSbOg phase are given in the Tab. 2 and 3. The structure projection of the tetragonal
phase in the plane perpendicular to the cubic cell axis is presented in Fig. 7 b, ¢ and d.
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Table 4. Splitting of the main reflections on X-ray diffraction pattern during deformation of
FCC-cell according to Mikheyev [10]

Distortion g Split reflections number
type Ne yngony (111) | (200) | (220) | (311) | (222) | (400)
1 Tetragonal 1 2 2 2 1 2
2 Trigonal 2 1 2 3 2 1
3 Rhomboid! 2 2 3 4 2 2
4 Rhomboid? 1 3 3 3 1 3
5 Monoclinic? 2 3 4 6 2 3
6 Monoclinic* 3 2 4 7 3 2
7 Triclinic 4 3 6 12 4 3
Notes:

! Qorth || (acub + bcub) /27 bo’r‘th || (acub - bcub) /2, Corth || Ceub
2 Qorth || Acub, borth || bcub7 Corth || Ceub

3 bmon || @eubs (bmon — monoclinic axis)

4 bon || (@eus + beus) /2, (Dmon — monoclinic axis)

L.,

Fe1(Sb1)O, Fe2(Sh2)O, Fe1(Sb1)O, Fe2(Sb2)O,
C d
Fig. 7. The PbyFeSbOg structure: a — projection of cubic phase structure F'm3m along a
fourfold axis, b, ¢, d — projection of tetragonal phase structure I4/m: b — along the fourfold

axis (the c¢tey, axis), a — along a,p of the initial phase (the axis of atetr — brerr), d — along the
initial phase beyp (the axis of agetr + bietr). Distortion symbol is (0,0, ¢)
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3. Discussion

The results are discussed using the results of the work [11] on the group-theoretical analysis of
the structural phase transitions in crystals with the F'm3m space group and ISODISTORT |[12]
and ISOTROPY [15] program complexes. From Tab. 2,3 and figure 7 it is clear that the critical
displacement is the displacement of the oxygen atoms, which together can be seen as ¢-type
octahedral groups rotations. Such displacements are associated with the critical OP F;f repre-
sentation.

Here we note that the critical IR and OP determine the symmetry of the distorted phase. But
in addition to the critical distortions of initial phase structure in the distorted (dissymmetric)
phase displacement of atoms are compatible with the symmetry of this phase and are defined by
non-critical (secondary) OP and IR. The entire set of OP, both critical and non-critical, arising
during PT, forms a complete condensate of OP [16].

Works [11, 12| show that together with the critical distortions of ¢-types there should be
non-critical distortion of the octahedral groups associated with I‘3+ IR of Fm3m space group.
After decomposition of the atomic displacements in the tetragonal phase of the cubic phase basis
functions of F'm3m IR we got the displacements of atoms in the tetragonal phase with respect
to their positions in the cubic one. So, the critical displacement of the O atoms, associated
with a I‘I critical representation, is 0.17 A, while an offset of O atoms due to uncritical Fg‘
representation is 0.02 A, that is almost an order in magnitude smaller. So, obviously just I‘I
makes the greatest contribution to the displacement of oxygen atoms. All these displacements
can be represented as o-tumne rotations [3,9,14].

Conclusion

Using the synthesis under high pressure, we managed to obtain the ordered PboFeSbOg
perovskite phase, which remains stable when heated in air up to temperature of 900-1000 K.
X-ray powder diffraction techniques, involving the complete symmetry analysis of condensate
of order parameters defined structural changes in the ordered PboFeSbOg perovskite. Schemat-
ically, the change of the spatial symmetry of the PbyFeSbOg crystal at the phase transition is
_ r
as follows: Fm3m (—4)> I4/m. The main critical changes at the phase transition are the
#,0,0
shifts of the oxygen atoms, which together can be represented as ¢-type rotations of octahedral
groups. Thermodynamic analysis carried out the basis of Ref. [15], shows that such a change of
the structure can be realized at the second order phase transition.

This work was supported by RFBR (12-02-90019 Bel a), the President of the Russian Fed-
eration grant for Support of Leading Scientific Schools (NS-4828.2012.2) and the Belarusian
Republican Fundamental Research Foundation (T12R-077 grant).
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CuHTe3 M KPUCTAJINYECKAsi CTPYKTypa yNOpPsA09eHHOTO
nepoBckuta PbyFeSbOg

Cepreit B. MucroJb
Makcum C. MoJsiokeeB
Hukomnait M. OsexHoBu4
Amnaronwnit B. Ilymkapesn
FOpwmit B. Pagiom

Urops 11. PaeBcknii
NBan H. Cadonos

B cmamuve onucwieaemcea cunmes neposckumonodobrozo xpucmaana Pba FeSbOs, npemepnesarowezo da-
306wt nepexod 6 obaacmu 210-220 K. Ilo dannvim peHmeeHo8CKo20 IKCNEPUMERMA, OM NOPOULKOBO20
06pasua onpedeservl CMPYKMYPsvL UCTOOHOT KYOUHECKOU U Hudkomemnepamyprot mempazonarvrtol gas
xpucmaana. Obcyotcderue pe3ysbmamos nposoouUMCs ¢ NPUBAEHEHUEM CUMMEMPUTHO20 GHAAUSGE.

Karoueswie caosa: gazosuiii nepexod, Henpusodumsle npedcmasierus, DEHM2eH08CKUL IKCNEPUMEHTN, Ne-
POBCKUMDBL, KPUCNAAN, KEPAMUKG.
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