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amounts of Sn increases due the size effects of the dopant cation.

INTRODUCTION

The compound BaPbOs; has been investigated extensively
since 70 years ago. Originally, BaPbOshas been reported as a
cubic perovskite [1] but then the structure has been corrected
to orthorhombic distorted perovskite structure with space group
Pnma [2]. Subsequent studies confirmed that BaPbOs is actually
monoclinic at room temperature with space group 12/m [3].
Recent structural investigations suggested that BaPbO; possesses
orthorhombic structure with space group Imma at room
temperature [4]. Upon cooling BaPbO;, down to 15 K, it
exhibited a structural transition from orthorhombic, Imma
structure to monoclinic, C2/m structure [4]. On the other hand,
investigations by Fu et al. [5] did not give evidence such a low
temperature phase transition, but confirmed several structural
phase transitions at higher temperatures.

Since then there has been several investigations concen-
trated around Ba-Pb-O system with different stoichiometries
and substitutions. BaPbOs has been studied in term of
technological importances. The BaPbO; has become the base
material for several superconductors like BaPb,_BiO; (Tc ~
12 K) [6] and BaPb,; ,Sb,O; (Tc ~ 3.5 K) [7]. BaPbO; demons-
trates great potential in improving the characteristics of
Pb[Z1,Tii«]Os (PZT) films. BaPbOs improves the micro-
structure, crystallinity and ferroelectric properties and reduces
the leakage current of PZT films [8]. BaPbO; is also a useful
material in applications such as ceramic electrodes, conductive
pastes, anticorrosion pigments and sintered resistors [9,10].

The driving mechanism of BaPbO; metallicity is not very
clear in the literature. It was attributed to oxygen vacancies by
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The structures of BaPb;Sn,Os (x = 0, 0.025, 0.05 and 0.075) have been established from high resolution synchrotron X-ray powder |
diffraction. These solid solutions are all isostructural and the structures have been refined in the orthorombic space group, Imma. In all
cases the BaO octahedral layers are separated by Pb/SnOs layers. As expected on size arguments, the cell parameters decrease as the

Franz et al. [11] and to unfilled d bands of Pb* by Hsieh and
Fu [12]. BaPbO; structure can be thought of as BaO layers
separated by PbO,layers. Transport in BaPbOsis mainly deter-
mined by the PbO, layer whereas the BaO layer contributes to
the structural stability. Since the PbO, is metallic [13] the PbO,
layer seems to be responsible for the metallic behaviour of
BaPbOs. The metallic property arise from the overlap of the
Pb-6s band with the non-bonding O-2p states [14-16]. The
behaviour of PbO, layer in BaPbOs is analogous to the Cu—O
layer in yttrium barium copper oxide superconductor [17].

The substitutions, which are based on ionic radii consi-
derations, may drive the metallic properties of BaPbO; towards
a semiconductor by creating either oxygen vacancies and/or
allowing partial reduction of Pb* to Pb** there by stabilizing
the unusual 3+ intermediate valency for Pb in the lattice [8-
10,12,18,19]. Another reason is that the partial substitution of
Pb by Ba in BaPbOs system would tend to produce some amount
of Pb** and provides carrier generation [20].

The metal doped compound of BaM,..Sn,O; (M = Zr and
Ti) has been studied as the high potent electro-caloric effect and
photocatalysts [21,22]. The similarity of the ionic size and the
properties of Pb** and Sn** make the possibility of for one ion to
replacing another position in the lattice. The purpose of the
present investigation was to examine the crystal structure of solid
solution of BaPb;,Sn,O; (x = 0, 0.025, 0.05, 0.075 and 0.1)
at room temperature and to look for whether the Sn alter the
structure, based on the high resolution synchrotron X-ray diffrac-
tion data. This technique provides high resolution as well as high
sensitivity to oxygen atoms and has been proved to be very powerful
in solving ambiguous structure problem of oxide perovskites [23].
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EXPERIMENTAL

Polycrystalline of BaPb,Sn,O; oxides were prepared by
the solid state reaction of stoichiometric quantities of BaCO;
(99.997 %, Aithaca), PbO, (99.999 %, Sigma-Aldrich) and
Sn0; (99.99 %, Sigma-Aldrich). The reagents were finely mixed
in acetone slurry in an agate mortar and pestle before being
heated in air at 750 °C for 4 h and thoroughly grinding and
pelleting before being annealed at 950 °C for 48 h. The phase
purity of the samples was confirmed using laboratory powder
X-ray diffraction with CuK,, radiation. The microstructure of
the samples was examined by scanning electron microscopy
using a Jeol JCM-6000 SEM. The Ba:Pb:Sn ratios were
measured using X-ray analysis and were in excellent agreement
with the targeted stoichiometries for all compositions.
Synchrotron X-ray powder diffraction data were collected
using the powder diffractometer at BL-10 beamline of the
Australian Synchrotron [24]. In all cases the samples were
finely ground and placed in 0.3 mm diameter glass capillaries
that were continuously rotated during the measurements. The
wavelength was set at 0.82689 A and the precise value of this
was determined using NIST LaB6 standard reference material.
The structures described here were refined by the Rietveld
method as implemented in the program RIETICA [25]. The
background was estimated by interpolating between, up to,
30 selected points. The peak shapes were modeled using a
pseudo Voigt function, where the Gaussian component has
widths given by the function FWHM? = U tan’0 + V tan 0 +
W with refinable parameter U, V and W. The widths of the
Lorentzian component varied as 1 sec 6 to model particle size
effects and a peak asymmetry parameter was included. The
scale factor, detector zero point, lattice parameters, atomic
coordinates and isotropic atomic displacement parameters were
refined together with the peak profile parameters.

The positions of the atoms are reported using the Wyckoff
positions for the site occupied and these give the ideal occupa-
tion of sites by the atoms. The ideal atomic positions of BaPbO;
orthorhombic with Imma space group which are used in initial
refinements of BaPb,,Sn,O; include: Pb/Sn atoms are in
position 4a, 0, 0, 0; Ba atoms are in the 4e, 0, Y4, z; the O1 atoms
are in the 4e, 0, %, z and the O2 atoms are in the 8g, Y4, y, Y.
The Wyckoff position of Ba atoms is the same as that of the O1
atoms. This means that these atoms have the same symmetry
position but not the same physical position.

RESULTS AND DISCUSSION

The products of the series BaPb,..Sn,O; were brown (x =
0) to light brown (x = 0.1) in colour and were stable in the
atmosphere. The laboratory powder XRD analysis indicated
that single phase compositions can be formed up to x = 0.075
(Fig. 1). Beyond this limit, BaPb,..Sn,O; performs an impurity
of PbO..

Rietveld refinement of synchrotron X-ray powder diffraction
data of all sample, except the unstable refined data of BaPb,..Sn,O;
(x = 0.1), results the atomic coordinates of BaPb, ,Sn,O;
(Table-1). The plots of the observed, calculated and difference
profiles for the Rietveld refinement are shown in Fig. 2. As
the reported BaPbOs, the BaPb,..Sn,Os has an orthorhombic
structure.
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Fig. 1. Powder X-ray diffraction patterns of BaPb,..Sn,O;

The observed synchrotron X-ray pattern is consistent with
space group Imma and so the perovskite BaPb,..Sn,Os is ortho-
rombic with space group Imma. The stability of the perovskite
BaPb,..Sn,O; is described by the tolerance factor t = rs +

I,

m where 14 and 1y are the ionic radii of the A and B
cations in twelve- and six-fold coordination, respectively and
1o is that oxygen in six-fold coordination. The crystallization
of BaPbOj; in orthorhombic structure is thus due to t = 0.9787.
Due to the close ionic radii match, Pb* (0.775 A) is expected
to be replaced by Sn** (0.69 A). In BaPb,..Sn,Os, the t value
is in between 0.9787 (x = 0) to 1.0030 (x = 0.075) which is
reasonable indication for orthorhombic structure. A systematic
variation of the orthorhombic cell parameters of BaPb,..Sn,O;
are observed and listed in Table-2. The lattice parameters
obtained are in good agreement with the previously reported
data for BaPbOs; [4]. The lattice parameters decrease as the Sn
cation in the lattice increases due the size effects of the dopant
cation (Fig. 3).
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TABLE-1
ATOMIC COORDINATES OF BaPb, ,Sn,0,
C Atomic coordinates and atomic Atom
ompounds disol ; X
isplacement parameters Ba Pb Sn o(1) 0(2)
x (A) 0 0 = 0 0.25
y (A) 0.25 0 . 0.25 0.030(1)
BaPbO, z (A) 0.501(1) 0 . 0.045(2) 0.25
B,, (A% 0.11(1) 0.13(1) . 0.0(2) 0.5(2)
N 0.25 0.25 . 0.25 0.5
x (A) 0 0 0 0 0.25
y (A) 0.25 0 0 0.25 -0.026(1)
BaPby 47551 05505 z(A) 0.489(4) 0 0 -0.0(2) 0.25
B, (A% 0.57(2) 0.72(2) 3.5(2) 8.1(9) 0.6(2)
N 0.25 0.2432 0.0068 0.25 0.5
x (A) 0 0 0 0 0.25
y (A) 0.25 0 0 0.25 -0.021(2)
BaPb 55116505 z (A) 0.480(3) 0 0 0.005(9) 0.25
B,, (A% 0.99(2) 1.22(2) 3.87(5) 5.5(8) 0.0(2)
N 0.25 0.2375 0.0125 0.25 0.5
x (A) 0 0 0 0 0.25
y (A) 0.25 0 0 0.25 0.025(1)
BaPby 40551 7505 z(A) 0.4880(3) 0 0 0.00(2) 0.25
B, (A% 0.78(2) 1.33(2) 3.03(5) 7.4(8) 03(2)
N 0.25 0.2313 0.0188 0.25 0.50
TABLE-2
LATTICE PARAMETERS OF BaPb, ,Sn,0,

Compounds a(A) b (A) ¢ (A) V (A% R, Ry, R, 1
BaPbO, 6.03394(3) 8.5178(4) 6.0721(3) 312.083(3) 4.42 6.19 2.14 8.40
BaPbyy;sSny00s0;  6.03086(8) 8.5129(10) 6.0656(7) 311.445(7) 6.04 7.03 2.06 11.60
BaPbysS1,450; 6.02501(9) 8.5072(1) 6.0584(9) 310.529(8) 9.77 11.57 1.88 37.78
BaPby»sSnps05  6.02141(7) 8.5029(10) 6.0530(7) 309.913(6) 6.36 7.60 2.03 13.99

Various bond lengths and bond angles obtained from the
Rietveld fitting of the synchrotron XRD data are shown in
Table-3. The orthorhombic distortion observed in BaPb,..Sn,O;
as in BaPbO; (space group Imma) is similar to distortion for
PrAlO; [26]. Itis interesting to note that the lattice parameters
a and c differ only from the second decimal place onwards
and the Pb/Sn—O1 and Pb/Sn—O2 bond lengths are also of similar
magnitude in BaPbO; but are little shorter in BaPb,.,Sn,O;
(Table-3). The short Pb/Sn-O bonds are attributed the stronger
interionic attraction due to the smaller ionic size of dopant. The
interionic bond contraction affects the size Pb/SnOg octahedral
(Fig. 4). The Pb/Sn—O1-Pb/Sn bond angle is about 165.5° in
BaPbO; and is about 180° in BaPb,.,Sn,Os. The closer Pb/Sn-O
distances, the stronger ionic interaction due more rigid and
regular Pb/SnOs octahedral.

The space group Imma is relatively rare for the ABO;
perovskite [27]. Most orthorhombic perovskite structures are
described in Pnma [4]. The structure shows the titling of the
BOg octahedral, Imma having two equal out-of-phase tilts
(ad'd"). The structure of BaPbO; at room temperature is a

simple case of two-tilt system with equal tilting magnitude.
The same space group has also been found in mixed perovskite
BaPb,..Sn,0;, as well as in BaBi;.,Pb,O; (0.1 <x<0.65) [28],
BanolgTiolzoglg [29] and BaBio,SIn0,203 [30] In Banl,xSnx03,
the Pb/SnO6 octahedra tilt about 8.66° at room temperature.
The shape of octahedral is slightly compressed, but the diffe-
rence of Pb/Sn—O bond distances is rather small (Table-3).
The Pb/Sn—O bond distance averaged values, 2.1492 /OX, is in
good agreement with sum of Shannon’s ionic radii (2.175 A)
[31]. The octahedral tilting causes, on the other hand, somewhat
larger changes of the Ba—O bondlengths, ranging from 2.734
t03.300 A. The averaged values, being 3.023, is again compa-
tible with the sum of the corresponding ionic radii (3.01 A)
[31].

Conclusion
We have investigated the crystal structure of BaPb,.Sn,O;
(x =0, 0.025, 0.05 and 0.075) at room temperature based on

the data collected by using a very high-resolution synchrotron
XRD. Data refinement results in a proposed structural model.

TABLE-3

SELECTED BOND LENGTHS (A) AND BOND ANGLES (°) FOR BaPb, ,Sn,0,
Compounds P! S&{? - P, S&{;) @) Ba-O(1) (A) Ba-0(2) (A) Pt;;g;ls—ﬁglf—
BaPbO, 21472)x2  2155()x4 | 277(1)  330(1)  3.023(1)x2 | 32008)x4 28497 x4 | 1655(7)
BaPbyysSnosO;  2.12847(4)x2  2.14949) x4 | 297(13)  31(1)  30163)x2 | 3.143(6)x4  2.9046)x4 |  180.0(6)
BaPbyssSnosO;  2.12708)x2  2.1439(11)x2 | 2.88(5)  3.18(5  30142) | 3.089(10)x4  2.954(8) x4 178(2)
BaPbyysSnys0:  2.126(1)x2  2.145009) x4 | 298(10)  3.08(10)  3.0123)x2 | 3.131(D) x4 2.906(6) x4 17903)
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Fig. 2. Plots of the observed, calculated and difference profiles for the Rietveld refinement of the BaPb,..Sn,Os
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Fig. 4. Crystal structure of orthorhombic BaPb,..Sn,O;

We firmly confirmed the orthorhombic, space group Imma,
that provides the correct description of structure of BaPb,..Sn,Os.
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