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Abstract

Ba;;W,40,; was synthesized at 1300 °C, followed by quenching with liquid nitrogen. The crystal structure, which was known to be
cryolite-related but has remained unclear, was initially determined by single-crystal X-ray diffraction for the isostructural Ru-substituted
compound Ba;;(W31Ru )05, 5, which was discovered during exploratory synthesis in the Ba—Ru-O system. The structure of
Ba,;;W40,3 was refined by a combined powder X-ray and neutron Rietveld method (Fd-3m, a = 17.1823(1)A, Z=28, R, = 3.09%,
Ry, =4.25%, %> = 2.8, 23°C). The structure is an example of A-site vacancy-ordered 4 x 4 x 4 superstructure of a simple perovskite
ABOj3, and it may be written as (Ba; 75 ,5)BaWOs 751 25, emphasizing vacancies on both metal and anion sites. The local structure of
one of two asymmetric tungsten ions is the WOjg octahedron, typical of perovskite. The other tungsten, however, is surrounded by
oxygen and anionic vacancies statistically distributed over three divided sites to form 18 partially occupied oxygen atoms (~30% on
average), represented as WO g/3. The A-site cation-vacancies are ordered at the 8a (%, %, %) site in between adjoining WO,g/3 polyhedra
which form 1-D arrangements along [110] and equivalent directions. In situ high-temperature XRD data have shown that the quenched

Ba;;W40,3 at room temperature is isostructural to the high-temperature phase at 1100 °C.
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1. Introduction

The perovskite ABO; has been one of the most studied
oxide compounds in solid-state chemistry. The structure
can be described as a three-dimensional BOg network
resulting from the corner sharing of BOg octahedra and the
A atoms which occupy the large 12-fold coordinated cubo-
octahedral cavities. Some of these materials have an ideal
cubic structure while most are distorted [1]. A doubled
superstructure is known for the composition of the type
AA’BB'Og, or in general for a multiple occupation of the A
or B sublattices through cation ordering. B-cation ordering
is more common than A-cation ordering [1,2]. The cryolite
structure A3;BOg (named after the mineral Na,NaAlFy) is
another example of double perovskites of the type
A>ABOg. The vacancies in the cation-site or the oxygen-
site can be ordered to form superstructures as well. A-site
vacancy-orderings are found in compounds such as
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Lig1glag61[0.21TiO5 [3], Sry_3ypLla[0,,TiO5 [4], (Bays,
U1/4)BaOsOg [5], (Sr7400,/4)SrReOg [6], or (Lagzlys)
MgWOgy [7]. Examples of B-site vacancy-ordered perovs-
kites include Bay(Bs.4[;4Sb)O¢ (B = Ce [8,9], Zr [10]),
and many compounds with ordered oxygen-vacancies are
also known [11].

Exploratory synthesis in the search for new compounds,
structures, and properties leads to the discovery of new
phases, sometimes unexpected or unforeseen. The com-
pounds reported in the BaO-WO; system are BaWO, [12],
Ba3W209 [13], B32W05 [14], Ba3W06, and Ba2,75WO5A75.
Structural determinations have been carried out for the
first three of the compounds. Ba;WO5 was first reported in
1946 [15,16]. However, there are substantial discrepancies
among the results of different authors concerning its
crystal structure and polymorphic transformation [17-21].
According to the phase composition and X-ray diffraction
study on Baz;_ WO4_, (x =0.0-0.4), the distinct cubic
structure of off-stoichiometric Ba, ;sWOs 75 from BasWOq
was first noticed by Balashov et al. [21], and was also
implied by a previous study [20]. Although the cryolite
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structure was assumed for these phases, the detailed
structural model for BasWOg or Ba, 75 WOs 75 (Baj; W4053)
has so far remained unclear. Single crystals of the Ru-
doped Ba;;W40,; were discovered unexpectedly during the
attempts to explore for new compounds in the Ba—W-
Ru—O system, providing an initial motivation to study
Ba;;W,40,3. The present paper describes the synthesis and
the novel crystal structure of cubic Ba;; W40,3. This would
be the first example of a cubic 4 x 4 x 4 superstructure of a
perovskite-related phase due to ordered A-site metal
vacancies and disordered oxygen and anionic vacancies,
determined from single-crystal X-ray diffraction data for
Ba;;(W31Ru9)O05, 5 and combined powder X-ray and
neutron diffraction data for Ba;;W40,3.

2. Experimental
2.1. Single-crystal discovery

Single crystals of Ru-doped Ba; W403_, (y~0.5) were
obtained from the reactants of high-purity BaCOj3 (Cerac,
99.99%), WO;5; (Cerac, 99.99%), and RuO, (Strem,
99.99%). These were mixed in a 3:1:1 Ba:W:Ru ratio,
pressed into a pellet, heated at 1300 °C for 12 h, and again
at 1350 °C for 12 h with intermittent grinding and pressing.
The product, which showed some unidentified phases by
XRD, was then mixed with a 10-fold excess of BaCl,-
2H,0 in an alumina crucible, heated to 1000 °C for 6 days,
and cooled slowly to 840°C at a rate of 0.08 °C/h, after
which the furnace was turned off. Light brown single
crystals formed on the top edge of the crucible. Several
crystals were analyzed by electron microprobe, which
revealed that the crystals were barium tungsten oxide
containing a small amount of Ru ions with a Ru/(Ru+ W)
ratio in the range between 10% and 30%. The crystals were
used for structural determination.

2.2. Powder synthesis of Ba;;W ;053

Once the structure and metal composition were deter-
mined from the single-crystal analysis, Ru-free Ba;; W4053
was prepared from a mixture of high-purity BaCO; (Strem,
99.999%), and WO3 (Acros, 99.995%) in the stoichio-
metric composition of 11:4. The weighted powder was
mixed in an agate mortar and pestle, pressed into pellets
and then placed in an alumina crucible. The crucible was
first heated at 1000 °C for 24 h, and again at 1150 °C for
35h with intermittent mixing and pressing. Finally, the
pellets after remixing were heated at 1300°C for 10h,
cooled to 1100 °C, and then quenched with liquid nitrogen.
The heating and cooling rate was 200 °C/h for all steps
except the quenching process. The final product was a
cubic single phase as shown by the XRD pattern, and had a
white color at room temperature. For comparison, some
samples were slowly cooled in the final heat treatment.
Powder XRD patterns of these samples showed a non-
cubic and unidentified crystal system.

2.3. Single-crystal X-ray study

Laue photographs were used to check the suitability
for intensity data collection of single crystals of
Ba,;(W4_Ru,)O,3_,. Cubic symmetry was first obtained
during an automatic searching routine in an ordinary four-
circle diffractometer, and precession photos were used later
to confirm the symmetry and possible space groups.
Diffraction data for Ba;;(W53Ru9)O,, 5 were collected
at room temperature on a single-crystal diffractometer
(Rigaku AFC6R) with graphite-monochromatic MoKu
radiation over two octants of reciprocal space (20<60°)
from a 0.10 mm x 0.12mm x 0.13 mm crystal. The unit cell
parameter 17.141(1)A was obtained from a least-squares
refinement with 20 automatically centered reflections
between 30° and 35°. A total of 3896 reflections were
collected. The extinction conditions suggested two possible
cubic space groups of centric Fd-3m (no. 227) and acentric
Fd-3 (no. 203), consistent with the film results. Though an
N(Z) test of intensity statistics suggested a centric space
group, both space groups turned out later to give basically
the same structural solution. Thus, the higher symmetry
Fd-3m was chosen, which gave 393 unique data
(Ring = 7.8%). Absorption was first corrected with the aid
of the average of three psi-scans (transmission range of
0.784-1.000). Direct method [22] was used for the solution
of the structure, suggesting most metal positions. The
remainder of the refinement [23] was entirely routine,
except for the presence of oxygen atoms surrounding W2.
The overall Ru/W ratio was estimated first from electron
microprobe analysis. The occupancy sum of W and Ru
for each site was constrained to be unity, and Ru/W for
each site was least-squares refined. Because of the strong
correlation between the occupancy and thermal para-
meters, a similarity restraint [23] on the thermal parameters
of W1 and W2 was applied to the refinement so that Uj,’s
for the two atom sites are similar within the e.s.d. of
0.01 A%, The residuals at this stage were Rg/R,, = 5.3%)/
6.0% (I>3a(l), 200 unique reflections) without any oxygen
bonded to W2 after all the other atoms including O1 were
anisotropically refined and the W/Ru ratios were refined.
The observed and difference Fourier maps around W2 are
shown in Fig. 1, indicating three split sites of oxygen atoms
(02, 03, and 0O4). Based on these maps, a model with
statistically distributed oxygen atoms was proposed. The
partial occupancies of those oxygen sites were refined with
a constraint that would satisfy the charge neutrality
condition of the compound. The final residuals after the
complete anisotropic refinement, except for the disordered
oxygens (02, O3, and 04), were Rg/R,, =4.0/5.1%
(43 variables). The largest residual peak in the AF map
was +0.50 e_/A3, ~0.4A from Ba2, and —0.30 e_/A3,
~2.6A from 02, respectively. The most negative hole was
the metal vacancy site at 8a (3, 3, 3)- Data collection and
refinement parameters are given in Table 1. The final
atom parameters and isotropic temperature factors are
given in Table 2.
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Fig. 1. (001) sections of (a) observed and (b) difference Fourier maps (XRD) at z = 0 for Ba;;(W3 1Ru9)O,, 5 at the refinement stage prior to the location
of 02, 03, and 04 atoms (Rg/Ry = 5.3%, 6.0%). The map width is 16 A, and the center of the map is the W2 position at (0,0,0). The dotted lines denote
negative densities. The contour levels are adjusted unequally so that both the light and heavy atoms can be shown. The minimum and maximum contour

levels are (a) —4 and ~74 e/;\3, (b) —2.7 and 3.2 e/A3.

Table 1
Crystal data and structure refinement for single crystal Ba;1(W3 1Ru(9)O22.5

Formula

Crystal color

Formula weight

Crystal system, space group, Z
Lattice constants (A), V (A%)?

Ba;1W3.06010)RU0.94(10)022.53)
Light brown

2528.0

Cubic, Fd-3m (no. 227), 8
a=17.141(1), V' = 5036.3(5)

dculc (g/cmS) 6.67

Crystal size (mm) 0.10x0.12x 0.13

i (MoKo, cm™") 314.0

Radiation MoKuo (4 = 0.71069 A), graphite
monochromated

Diffractometer Rigaku AFC6R

Scan type w—20

Octants measured, 20,,.« h, k, +1, 60°

Measured reflections 3896

Independent reflections 393

Observed reflections F> 3a(F) 200

t (K) 296

Rin (%) 7.8

Number of variables 43

Absorption corrections Empirical, 3¥-scans

Trans. coefficient range 0.784-1.0 (¥-scans)

Secondary extinction coefficient” 12(2)

Goodness-of-fit 1.4

Largest residual peak (e/A3) +0.5 e’//v, ~0.4A from Ba2,
—0.63e /A%, ~2.6 A from O2

RE, RS 4.0%, 5.1%

#Least-squared refinement of 20 reflections in the range of 30° and 35°
(20) on the diffractometer at 23 °C.

Larson’s extinction parameter, *" (Eq. (22) in A.C. Larson, in: F.R.
Ahmed (Ed.), Crystallographic Computing, Munksgaard, Copenhagen,
1970, pp. 291-294).

R = YIFo|—|Fl/S I Fol: Ry = [ w( Fol—|Fel)’ /o w(Fo)1 % w = 1ot

2.4. Powder X-ray and neutron study

The powder X-ray diffraction data for Ba;;W40,3 were
collected at room temperature on a Bragg-Brentano
diffractometer (Bruker-AXS D8 Advance) with a Cu
X-ray tube, focusing primary Ge(l11) monochromator
(4 = 1.5405 /0\) and a Vantec position sensitive detector
with a detector slit of 6° over an angular range of
5°<20<151° at increments of 0.016662° and a total
measurement time of 5h. All the peaks were indexed with
a face-centered cubic cell with a = 17.1823(2) A. Neutron
powder diffraction measurements were performed using
HANARO HRPD equipment with a 32 He-3 Multi-
detector system and a Ge(331) monochromator, at the
Korea Atomic Energy Research Institute, Daejeon, Korea.
The data were collected with a wavelength of 1.8371 A over
the 20 range of 9—159° at increments of 0.05° and a total
measurement time of 3h. The sample amount used was
13.1g. The profile refinement computer program GSAS
[24] was used for the calculation. Combined refinement of
X-ray and neutron data for Ba;;W40,3 was performed
with starting structural parameters from the single crystal
results for Ba;1(W31Rup9)O 5. In order to check and
confirm the oxide ions (02, O3, and 0O4), they were
excluded at the beginning stage. X-ray data fit relatively
well even without these oxygens, while the neutron data did
not fit well. However, the oxygen ions were easily located
by difference Fourier maps of neutron data, consistent with
the single-crystal data. The partial occupancies of these
ions were refined with the constraint to achieve a charge
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Table 2

Atomic coordinates, site occupancies and isotropic displacement (AZ X 102) for single-crystal Ba;1(W3.;Rug.9)O2; 5 at room temperature (SG = Fd-3m, no.

227, a = 17.141(1) A)

Atom Site X ¥ z Occupancy Usso" (x 100)
Bal 8b 0.375 0.375 0.375 1 2.4(2)
Ba2 481 0.40158(18) 0.125 0.125 1 3.5(1)
Ba3 32e 0.22672(14) 0.22672(14) 0.22672(14) 1 4.9(1)
W1/Rul® 16d 0.5 0.5 0.5 0.67(3)/0.33(3) 1.3(1)
W2/Ru2 16¢ 0 0 0 0.86(2)/0.14(2) 2.2(1)
Ol 969 0.4989(8) 0.4989(8) 0.6141(11) 1 2.9(4)
02 96y 0.076(2) 0.076(2) —0.013(3) 0.350(8)° 2.0(6)
03 96h 0 0.074(3) —0.074(3) 0.263(8)° 1.9(6)
04 96y 0.015(3) 0.015(3) —0.101(4) 0.264(8)° 1.7(6)

Uiso = (Uyy + Usy + Usz)/3 for Ba, W/Ru and O1; 02, O3, and O4 were refined isotropically.
®The sum of the W and Ru occupancies for each site was constrained to be unity.
“The partial occupancies of 02, O3, and O4 were refined with a constraint that would satisfy the charge neutrality condition of the compound.
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Fig. 2. Combined (a) X-ray (4 = 1.5405 /D%) and (b) neutron (4 = 1.8371 A)
Rietveld refinement profiles for Ba;; W40,3, recorded at room temperature.
The cross line marks experimental points and the solid line is the calculated
profile. The lower trace shows the difference curve, and the ticks denote
expected peak positions. The inset shows the high angle data in detail.

balance. Only the metal ions were anisotropically refined.
A total of 103 parameters were refined including 25
structural parameters (cell parameter, 9 atomic coordi-

Table 3

Crystal data and structure refinement for Ba;;W,40,3 from combined

powder X-ray and neutron diffraction data

Chemical formula

Formula weight

Crystal system, space group, Z
Lattice constants (A), 14 (A3)
dculc (g/Cm3)

Temperature (K)

Number of reflections (X-ray/neutron)
Rp/pr/Rexp/RB (X'raY) (%)a
Rp/Ryp/Rexp/Rp (neutron) (%)™
Rp/Ry,, (total) (%)*
Goodness-of-fit (total)
Reduced »>

Total refined parameters

Ba; W40,

2614.1

Fd-3m, 8 (no. 227)
17.1823(2), 5072.8(2)
6.84

296

291/187
2.70/3.66/2.47/6.04
4.71/6.17/2.97/7.80
3.09/4.26

1.67

2.80

103

“Ry = 100 [Io= Ll /LI ol; Rup = 100 wile—LI /oWl 1 = 100
Zwlloflc‘_/(Nobstvar); Rexp = pr/l/l

nates, occupancies for O2, O3, and O4, and 2 isotropic and
10 anisotropic thermal parameters). The final residuals
were Rp/Ryp =2.70%/3.65% for X-ray data, 4.70%/
6.15% for neutron data, and 3.09%/4.25% in total with
a y* of 2.80. The final profile fits are shown in Fig. 2, and
powder refinement results are given in Table 3. The refined
atom parameters and isotropic temperature factors are
given in Table 4, and the important bond distances and
angles are given in Table 5. In situ high-temperature X-ray
diffraction experiments as shown in Fig. 3 were performed
at 25, 200, 400, 600, 800, 900, 1000, and 1100 °C using an
Anton Paar HTK 1200 attached to the powder diffract-
ometer described previously. Fig. 3 does not show all data
for clarity. XRD data for Rietveld refinement were
collected at 1100 °C after a waiting time for equilibrium
of 13h in the range of 8.5°<26<151°. However, data
below 16° were excluded in the refinement because of the
presence of broad background peaks coming from the
high-temperature chamber itself around 14.5°. Rietveld
refinement profiles for Ba;;W40,3 at 1100 °C are shown in
Fig. 4, and the results are given in Table 6. Further details
of the crystal structure investigations can be obtained from
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and

isotropic displacement

(A2 x 10%) for Ba;;W,0,; at room temperature (SG = Fd-3m, no. 227,
a=17.1823(2)A)

Atom Site x y z Occupancy  Usg,"
Bal 8  0.375 0.375 0.375 1 2.41(8)
Ba2 48 0.40000(5) 0.125 0.125 1 3.48(5)
Ba3  32¢ 022521(4) 0.22521(4) 0.22521(4) 1 4.83(5)
Wl 16d 0.5 0.5 0.5 1 0.92(3)
w2 16¢ 0 0 0 1 1.76(3)
o1 96g 0.4998(1)  0.4998(1) 0.6124(1) 1 2.82(4)
02 96g 0.0787(3) 0.0787(3) —0.0054(4) 0.408(5)°>  8.0(1)
03 96h 0 0.0791(4)  —0.0791(4)  0.310(10)°  8.0(1)°
04 96 0.0079(6) 0.00796) —0.1104(7) 0.204(10)° 8.0(1)

HUiso = (Un1 + Uny + Us3)/3.

°The partial occupancies of 02, 03, and 04 were refined with a restraint
that would satisfy the charge neutrality condition of the compound.

“Isotropic temperature factors of 02, O3, and O4 were constrained to be

the same.
Table 5
Selected interatomic distances (A) and angles (deg) in Ba;;W40,; at room
temperature
Bal-Ol1 x 12 3.0496(19) 01-W1-01 180.0
Ba2-O1 x 4 2.7595(6) 89.82(8)
Ba2-O1 x 2 3.0405(19) 90.18(8)
Ba2-02 x2 2.727(6)
Ba2-03 x 4 2.592(5) 04-W2-04 180.0
Ba2-04 x 2 2.926(14) 98.0(5)
Ba2-04 x 4 3.3525(12) 82.0(5)
Ba3-Ol x 3 2.8544(16) 04-W2-02 131.0(3)
Ba3-02x6 2.732(3) 98.6(4)
Ba3-03 x 6 3.1097(14) 81.4(4)
Ba3-04 x3 2.126(12) 49.0(3)
04-W2-03 138.9(3)
WI1-0O1 x 6 1.9305(14) 90.0
W2-02 x 6 1.915(5) 41.13)
W2-03 x 6 1.922(9) 02-W2-02 180.0
W2-04 x 6 1.907(11) 115.5(3)
64.5(3)
02-02 %2 2.045(10) 02-W2-03 90.0
02-03x2 1.852(7) 122.3(2)
02-04 x4 1.585(12) 57.7(2)
03-03x2 1.922(9) 03-W2-03 180.0
03-04 x 2 1.344(9) 120.0
60.0

the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: +49 7247808 666;
e-mail: crysdata@fiz-karlsruhe.de) on quoting the deposi-
tory number CSD 418208 for single-crystal Ba; (W3 Rug9)
05,5, CSD 418207 for powder Ba;;W40»3, and CSD 418209
for powder Ba;;W40»5 at 1100 °C.

3. Results and discussion
3.1. Single-crystal study of Ba;;( W3 ;Rug )02 5

The crystal structure solved using the direct method
followed by routine refinement procedures resulted in a
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Fig. 3. In situ high-temperature X-ray diffraction patterns for Ba;;W40,3
that was quenched to liquid nitrogen from 1100°C: (a) heating and
(b) cooling.
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Fig. 4. X-ray (A = 1.5405 A) Rietveld refinement profiles for Ba;; W40,3,
recorded at 1100 °C. The cross line marks experimental points and the
solid line is the calculated profile. The lower trace shows the difference
curve, and the ticks denote expected peak positions. The inset shows the
high angle data in detail.

perovskite-related or cryolite-related structure with A-site
metal-vacancy ordering. At the early stage of refinement, in
the observed map as shown in Fig. la, the octahedrally
coordinating oxygens (O1) around W1 were well located,
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Table 6
Aotomic coordinates, site occupancies and isotropic displacement
(A% x 10%) for Ba;;W,40,3 at 1100°C

Atom Site x y z Occupancy Ujs,

Bal 8 0.375 0.375 0.375 1 6.2(2)
Ba2 48 0.39938(10) 0.125 0.125 1 5.9(1)
Ba3  32¢ 0.22638(9) 0.22638(9)  0.22638(9) 1 11.0(1)
Wi 16d 0.5 0.5 0.5 1 3.5(1)
w2 16¢c 0 0 0 1 4.1(1)
(0] 96g 0.4936(5) 0.4936(5) 0.6150(4) 1 3.93)
02* 969 0.0787 0.0787 —0.0054 0.408 14(1)°
03*  96h 0 0.0791 —-0.0791 0.310 14(1)°
04 96g 0.0079 0.0079 —0.1104 0.204 14(1)°

SG = Fd-3m, no. 227, Z=8; a=17.4966(2)A; V =5356.3(2)A%;
WRy, = 6.74%, R, = 5.19%, Rexp = 4.54%, Rp = 11.6%; =22

#The values of O2, O3, and 04 positions and occupancies were from
room temperature results.

bIsotropic temperature factors of 02, O3, and O4 were constrained to
be the same.

but no clear atomic density was seen around W2. Non-
octahedral electron densities around W2 were weak, but
were observed in the difference Fourier map as shown in
Fig. 1b. The total number of oxygen positions around W2
is 18, 3 of which are asymmetric (02, O3, and O4) and are
too close to each other to be occupied simultaneously.
Because of the suspect coordination that could come from
incorrect symmetry, possible lower symmetries were
considered. For cubic Fd-3 (no. 203), tetragonal I4,/amd
(no. 141), and trigonal R-3m (no. 166), which are maximal
non-isomorphic subgroups of Fd-3m (no. 227), similar
oxygen densities were found around the corresponding W2.
Neither a more sensible model nor better refinement results
were obtained. Thus, it was concluded that these dis-
ordered oxygens could indeed be a characteristic of the
compound, not just a crystallographic misinterpretation.

The formal oxidation state of Ru was not confirmed
experimentally, which would, by the charge neutrality
condition, determine the oxygen content from 22.1 (for
Ru4+) to 22.5 (fOI' Ru5+) in Ball(W3A1RUOA9)Oz3,y.
However, assumptions of either Ru*" or Ru’* did
not make any significant difference in the refinement
results. Even though the higher oxidation Ru’" was
presumed for the refinement, giving a chemical formula
of Ba;1(W;.1Rug9)O», 5, one cannot exclude a possibility of
Ru** or a mixed state in the compound.

Structural investigation suggested later that Ba;;(W3 Rugo)
05,5 (single crystal) and Ba;;W40,3 (powder) are iso-
structural. Neutron scattering data would be very helpful
to determine and confirm the positions of the disordered
oxygens of interest because neutron scattering length
for oxygen atom is comparable with those for Ba or
W. However, the neutron data were available only for
the powder Ba;;W40,3, not for the single crystal of
Ba;;(W31Ruy9)O5, 5. Thus, only the crystal structure of
Ba;;W40,3 will be described in order to avoid repetition.

3.2. Phase stability

During synthesis, it was observed that the slow cooling
of Ba;;W40,3 always resulted in a non-cubic phase with an
unidentified crystal system. In order to confirm the stability
region of the cubic phase, an in situ high-temperature XRD
study was performed as shown in Fig. 3. Upon heating, the
quenched cubic phase transformed to other phases. At
200 °C, only a small change was observed, as some single
peaks started to split. Dramatic changes, new peaks for
new phases, were observed between 400 and 900 °C,
indicating that the quenched phase is quite unstable when
heated. The cubic phase was recovered at 1100°C. The
precise recovering temperature was not determined in this
investigation, but several different synthesis experiments
demonstrated that the cubic phase could be obtained by
quenching when it was heated above 1000 °C. Stepwise
cooling resulted in less change, only showing a distortion
from the cubic structure (Fig. 3b). More work is being
undertaken to characterize the intermediate and slow
cooled phases that will not be discussed in this paper.

3.3. Superstructure

The cubic cryolite A3;BO¢ structure with a unit cell
dimension of ~2a, can be regarded as a 2 x 2 x 2 super-
structure of simple cubic perovskite ABOz with a,,. The off-
stoichiometric Ba, 75 WOs 75 (or Ba;; W40,3) from Baz;WOg
has ~4a,,. In the present study, even before determining the
problematic oxygen positions, the metal positions deter-
mined in the early stage of refinement suggested the
composition as either (Ba,7500,5)WOs750g25 or
(Ba;7500,5)BaWOs 750 »5. The latter emphasizes the
relationship with the double perovskite, AA'BB'O¢. The
oxygen content of 5.75 was computed by the charge
balance of the compound. The structure may be regarded
as a cation-vacancy-ordered cryolite or double perovskite
structure, forming a novel superstructure. Bal and Ba2 in
Tables 2 and 4 correspond to A4-site cations, while Ba3 and
W correspond to B-site cations. It is interesting to note that
similar compounds such as Bas(B3.[;4Sb)O¢ (B = Ce
[8,9], Zr [10]), Bax(Cay/4Y 340 14U)O¢ [25], Bay(Baz;g[15U)
05.875 [26], and Baz(Bal3/léBz/16D 1/16U)06 [27], are known
to be B-site vacancy-ordered, while the present compound
(Ba7/40,,4)BaWOs 55 is A-site vacancy-ordered with a
cubic 4 x 4 x 4 superstructure of a simple perovskite. It is
similar in composition but different from other A-site
vacancy-ordered perovskites with a tetragonal 2+/2 x
242 x 4 type superstructure as in (Ba7;4,4)BaOsOg [5]
or (Sry40,,4)SrReOg [6], or an orthorhombic 2 x4 x 2
type structure as in (Lag/;300,,3)MgWOg [7].

3.4. Oxygen disordering
It was difficult to refine and confirm the structure using

only with the powder X-ray data because of the weak
scattering from the partially occupied oxygen atoms. The
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neutron scattering data for Ba;;W40,3, however, provided
quite clear results, and the oxygen positions were readily
defined. Fig. 5 shows the (001) section of the Fourier
synthesis map of neutron scattering density at z =0 for
Ba;;W40,3. The octahedral oxygen (O1) around W1 was
well located with an almost equal density to WI, as
expected from the similar neutron scattering lengths of W
and O, whereas the oxygens 02, O3, and O4 around W2
have weaker but still clear densities. These are similar to

Fig. 5. (001) section of the Fourier synthesis map of neutron scattering
density at z = 0 for Ba;;W40,3. The map width is 16A, and the center of
the map is W2 at (0,0,0). The contour levels are adjusted so that weaker
densities can be seen clearly.

the densities from the single crystal of Ba;1(W3 1Ru(9)O55 5
shown in Fig. 1b. The weak densities coincide with the
partial occupancies of the statistically distributed oxygens.

Oxygen disorder or delocalization is uncommon, but is
observed in some double perovskites such as Pb,CoWOgq
[28] and Pb,MgWO¢ [29], where the B-site cation is
surrounded by 24 or 48 oxygens, respectively. Such anionic
delocalization is also observed in fluorite structure as in the
fast oxide ion conductor §-Bi,O5 [30]. Fast Ag™ cation
conductors as in a-Agl or -Ag,S shows cation delocaliza-
tion [31].

Fig. 6 shows the unit cell structure of Ba;;W40,3, where
WO, is shown as a hatched one. The W2 environment
may be represented as a W20, g3 polyhedron to empha-
size the total number of atoms (18) and the number of
asymmetric sites (3) surrounding W2. In reality, the
coordination polyhedron in W(2)018/3 would, on a local
scale, be one of the typical polyhedra observed in oxides.
Fig. 7 displays a simple model where the W(2)018/3
polyhedron on the left can be decomposed into the
octahedron and four tetrahedra shown on the right,
although other polyhedral coordinations such as square
pyramidal WO5 cannot be excluded.

The distinct environments around W1 and W2 are also
of great interest (see Fig. 8). W1 has a typical perovskite
B-site local environment. The nearest A-site cations are
eight barium cations (two Bal and six Ba2) occupying the
vertices of a slightly distorted cube. The distances of
d(W1-Bal) and d(W1-Ba2) are 3.720 and 3.490 A,
respectively. The distances between W1 and O1 and
between Ol and the neighboring B-site atom (Ba3) are
1.931 and 2.854A, respectively, as expected from their
ionic radii sums [32]. On the other hand, the other B-site
atom W2 has shorter distances to oxygens: 1.915, 1.922,

Fig. 6. (110) view of the crystal structure of Ba;;W40,3. WPOg are shown as hatched octahedra, and W(Z)Olg/g are shown as white polyhedra. Bal and
Ba2 are shown as gray spheres, and Ba3 is represented as smaller darker spheres. The unit cell is outlined.
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Fig. 7. Details of the W0, s/3 polyhedron are on the left, and a simple model is shown on the right, where it is decomposed into an octahedron and four
tetrahedral. Oxide ions on WO g/3 are statistically distributed over three sites (02, O3, O4) with occupancies of ~30% on average.

Fig. 8. A slab of the (001) plane around z = 0 with a thickness of ~5.0A for Ba;;W40,;. WOy is shown as a hatched octahedron. The lower left corner
of the map is W2 at (0,0, 0). Ba-vacancy sites are denoted as V,, and Vy, located above (at z = 0.125) and below (at z = —0.125) the slab, respectively. Ba-
vacancies are ordered in between adjoining W®0, g3 polyhedra.

and 1.907 A for 02, 03, and O4, respectively. W2 also has Because of the A4-site vacancy, only six A-site cations are
different nearest-metal surroundings. It has 12 Ba cations surrounded instead of eight, but the distance from W2 to
with similar distances: 6 A-site Ba2 and 6 B-site Ba3. the A-site Ba2, 3.984 A, is much longer than those for W1
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(3.720 or 3.490 A). More interestingly, the distance from
W2 to the nearest B-site metal (Ba3), 3.916 A, is shorter
than the distance to the A-site (Ba2), exhibiting a strong
distortion of the local structure around W2. O4 lies in
midway between the two B-site metals of W2 and Ba3,
resulting in a very short Ba3—O4 distance of 2.13 A. This
makes the O4 position unstable, consistent with the
smallest occupancy factor of 0.204. There are some
reported examples showing such short Ba—O distances,
most of which involve mixed metal atoms and/or partially
occupied oxygen sites: 2.20A for BaGd,Mn,O, [33],
2.197 A for Bay sBi; 505 16 [34], and 1.980 A for Bi; sBag 1s
LaCu208.25 [35]

3.5. Polyhedra arrangement

Fig. 8 shows a slab of (00 1) plane around z = 0 with a
thickness of ~5 A. Slabs at different heights such as z = 1/4,
1/2, or 3/4 have the same environment, but with translation
in the ab-plane or at 90° orientations. While W10
octahedra are isolated from each other by Bal and Ba2
atoms, the W(2)018/3 polyhedra arrangement along the [110]
direction passing through the origin in Fig. 8 displays 1-D
arrangement without blocking atoms. Each W2 has six
nearest W2 atoms in the 3D network of the crystal
structure, thus three linear W(2)018/3 polyhedra arrange-
ments are passing through W2 in the direction along [110],
[101] and [O11].

The metal vacancies, indicated as V, and V4 in Fig. 8, lie
at the 8a (4, 1, §) site, and are located at the top (at z =)
and bottom (at z = —%) of the slab, respectively. It should
be noted that the vacancies lie in between two adjoining
W(2)018/3 polyhedra. In three dimensions, the vacancies are
in the center of the tetrahedron formed by the four nearest
W(2)018/3 polyhedra. The O2 ions of the W(2)018/3
polyhedron are directed to the neighboring W(2)018/3
polyhedra. The closest inter-polyhedral O-O contact is
02-02 with a distance of 2.05 A, too close to be occupied
simultaneously, as indicated by the partial occupancy of
less than one half. Ba2 bridges such inter-polyhedral O2
ions with d(Ba2-02) of 2.727A, and an (02-Ba2-02)
angle of 49.0°. The other oxygen O3 bridges the two
nearest Ba2 ions with a distance of 2.592A and a
(Ba2—-03-Ba2) angle of 113.6°.

3.6. Bond-valence summations (BV'S)

The empirical expression for bond valence, which has
been widely adopted to estimate valences in inorganic
solids, was used to check the Ba;;W40,3 crystal structure.
The bond-valence sums [36] calculated with the program
Bond_Str [37] for Bal, Ba2, Ba3, W1, W2, O1, 02, O3, and
04 are 1.52, 2.23, 2.51, 5.78, 5.56, 1.99, 1.91, 2.07, and
2.74 v.u., respectively. These match the expected charges of
the ions reasonably. The lower valence sum for Bal
resulted from the longer Bal-O1 bond distances (3.050 A).

The higher sums for Ba3 and O4 resulted mainly from the
short Ba3—-04 distance (2.13 A).

3.7. Crystal structure at 1100°C

Rietveld refinement (Fig. 4; Table 6) and Fourier map
analysis for the in situ high-temperature X-ray data for
Ba;;W;053 at 1100°C showed that the structure is
basically isostructural to the quenched structure. Electron
densities surrounding W1 and W2 at high temperature
were almost identical to those observed for the quenched
phase at room temperature. Because neutron diffraction
data at 1100 °C were not available, positional parameters
and occupancies for O2, O3 and O4 could not be refined
sufficiently using X-ray data alone. Instead, these para-
meters were adopted from the quenched phase data
and fixed in the Rietveld refinement. The unit cell
increases by 1.8% from room temperature (17.1823 A) to
1100 °C (17.4966 A). As expected, all the thermal para-
meters at high temperature are much larger than those
at RT.

4. Conclusions

The important contribution of the present study is the
discovery of a new type of perovskite-related super-
structure with A4-site metal-vacancy ordering, disordered
oxygens and anionic vacancies. Since the structure—
property relationship is important for many applications,
it is expected that substitution at the Ba, W, and/or oxygen
sites with the present chemical formula or a small variation
thereof would produce new materials with novel properties
of interest.
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