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Single crystals of the double perovskite rhenates A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na) were grown out of

molten hydroxide fluxes. Single crystals of orange/yellow Ba2LiReO6, Ba2NaReO6 and Sr2LiReO6 were

solved in the cubic, Fm-3m space group with a ¼ 8.1214(11) Å, 8.2975(3) Å, and 7.9071(15) Å,

respectively, while Sr2NaReO6 was determined to be monoclinic P21/n with a ¼ 5.6737(6) Å,

b ¼ 5.7988(6) Å, c ¼ 8.0431(8) Å, and b ¼ 90.02(6) 1. The cubic structure consists of a rock salt lattice

of corner-shared ReO6 and MO6 (M ¼ Li, Na) octahedra which, in the monoclinic structure, are both

tilted and rotated. A discrepancy exists between the symmetry of Sr2LiReO6 indicated by the single-

crystal refinement of flux-grown crystals (cubic, Fm-3m) and the symmetry indicated by the powder

diffraction data collected on polycrystalline samples prepared by the ceramic method (tetragonal, I4/m).

It is possible that the cubic crystals are a kinetic product that forms in small quantities at low

temperatures, while the powder represents the more stable polymorph that forms at higher reaction

temperature.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

The perovskite family of oxides has been widely investigated
for its ability to accommodate virtually every element in the
periodic table as well as for the great variety of properties
exhibited by its members that have resulted in their applications
in the areas of photocatalysis [1], combustion of methane [2],
magnetic refrigerants [3], and magnetic devices [4,5]. Many
different synthetic routes have been used for the preparation of
perovskite oxides, including the traditional ceramic method [6–8],
chimie douce [9], combustion methods [10], and low-temperature
methods [11], which include hydrothermal synthesis [12], sol gel
method [13], metathesis [14], and flux growth [15]. The latter
approach has been used extensively by our research group to grow
single crystals of double perovskites containing late transition
metals, such as Ln2NaRuO6 (Ln ¼ La, Pr, Nd) [16], Ln2LiIrO6

(Ln ¼ La, Pr, Nd, Sm, Eu) [17], Ba2MOsO6 (M ¼ Li, Na) [18],
Sr2NiOsO6 [19], Ca2NiOsO6 [19], Ln2NaOsO6 (Ln ¼ La, Pr, Nd)
[20], and Ln2LiOsO6 (Ln ¼ La, Pr, Nd, Sm) [21] from molten
hydroxide fluxes.

The double perovskites rhenates, A2BReO6, such as Ba2MnReO6

[22], A2FeReO6 (A ¼ Ca, Sr, Ba) [23,24], Ba2(B/Re)2O6 (B ¼ Fe, Mn,
Co and Ni) [25], Sr2CrReO6 [26], Sr2Fe0.9Sc0.1ReO6 [27], and
Ba2LnReO6 [28] have been widely studied for their physical
properties. Among this group, however, the alkali metal contain-
ll rights reserved.

zur Loye).
ing rhenates are not well represented, although the first syntheses
of A2BReO6 (A ¼ Ca, Ba, Sr; B ¼ Li, Na) were carried out by Sleight
et al. [29,30] many years ago. Subsequent work using hydro-
thermal methods led to the preparation of Ba2NaReO6, which
was characterized by single crystal X-ray diffraction [31]. The
structural characterization of the analogous strontium-containing
members, however, has not been reported. In this paper we report
on the crystal growth of A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na) using
reactive hydroxide fluxes contained in silver tubes and silver
crucibles, as well as the preparation of polycrystalline samples via
the ceramic method. Their structure determination and the
formation of polymorphs are described herein.
2. Experimental section

2.1. Materials

NH4ReO4 (Engelhard Corporation, 99.5%), Re (First Reaction,
99.99%) Ba(OH)2 �8H2O (Alfa Aesar, 98%), Sr(OH)2 (Aldrich, 96%),
LiOH �H2O (Alfa Aesar, 99.9%), and NaOH (Alfa Aesar, 99.5%) were
used as received.

2.2. Crystal growth

Single crystals of A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na) were grown
from reactive hydroxide fluxes, where NH4ReO4 and/or Re metal
were used as rhenium sources. Yellowish crystals of A2BReO6

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
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(A ¼ Sr, Ba; B ¼ Li, Na) were grown from NH4ReO4 (0.2658 g,
1 mmol), or Re metal (0.1862 g, 1 mmol), A(OH)2 (0.5 g), and BOH
(3 g) in silver tubes that were flame sealed at one end. The other
end of the filled tubes was crimped and folded twice before being
placed upright into a programmable furnace. The filled silver
tubes were heated to a reaction temperature of 700 or 750 1C at
600 1C/h. All reactions were held at either 700 or 750 1C for 12 h,
slowly cooled to 600 1C at 5 1C/h, and then cooled to room
temperature by shutting off the furnace. The crystal quality was
typically better for reactions carried out at 750 1C; however, at
that temperature the product yield was reduced. The crystals
were isolated by dissolving the flux with methanol, aided by
sonication. Note: washing the samples with water leads to severe
crystal degradation.
2.3. Powder synthesis

Solid-state syntheses of A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na) were
carried out using stoichiometric quantities of ACO3, B2CO3 (A ¼ Sr,
Ba; B ¼ Li, Na), and rhenium metal. The thoroughly ground
starting materials were placed in alumina boats as powders and
heated at 900 1C for 4 h in air. The reaction mixtures after the first
heating cycle were again ground and further sintered at 1050,
1000, and 1100 1C for 12 h to obtain pure phases of Sr2LiReO6,
Ba2LiReO6, and Ba2NaReO6 respectively. A pure phase of Sr2NaReO6

could not be obtained and the samples always contained Re2O7 as an
impurity phase.
2.4. Scanning electron microscopy

Scanning electron micrographs of single crystals were obtained
using a FEI Quanta SEM instrument operated in the low-vacuum
mode. A representative image of a Ba2NaReO6 crystal to illustrate
the crystal morphology is shown in Fig. 1. Energy-dispersive
spectroscopy verified the presence of Sr, Ba, Na, and Re within the
detection limits of the instrument and confirmed the absence of
extraneous elements, such as silver.
Fig. 1. SEM image of a single crystal of Ba2NaReO6.
2.5. ICP elemental analysis

The presence of lithium in Sr2LiReO6 and Ba2LiReO6 was
verified by ICP analysis performed by Desert Analytics Corpora-
tion. Analysis Calculated for Sr2LiReO6: Li, 1.4%; found: Li, 1.1%.
Analysis calculated for Ba2LiReO6: Li, 1.2%; Found: Li, 1.2%).

2.6. Optical properties

The UV–visible diffuse reflectance spectra of A2BReO6 (A ¼ Sr,
Ba; B ¼ Li, Na) were obtained on a Perkin-Elmer Lambda 35
UV–visible spectrophotometer equipped with an integration
sphere.

2.7. 7Li NMR spectroscopy

7Li NMR spectra were recorded on ground samples of Sr2LiReO6

and Ba2LiReO6 on a Varian Inova 500 NMR spectrometer. The
samples were loaded on a 4 mm mass probe and spun at 10 kHz.
LiCl was used as reference.

2.8. Single crystal X-ray diffraction

Single crystal X-ray diffraction data for A2BReO6 (A ¼ Sr, Ba;
B ¼ Li, Na) were collected on a Bruker SMART APEX CCD-based
diffractometer with a crystal-to-detector distance of 5.016 cm
using monochromated Mo Ka radiation. A complete sphere
of reciprocal space was covered with different j angles (j ¼ 0,
90, 180 and 01) based on four sets of runs. Each frame covered 0.31
in o. The data were integrated using SAINTPLUS [32]. An empirical
absorption correction was applied in each case. The structures
were solved by direct methods with SHELXS97 [33] and refined
using SHELXL97 [34]. The structures of Ba2LiReO6, Ba2NaReO6, and
Sr2LiReO6, were solved in the cubic space group Fm-3m, while the
structure of Sr2NaReO6 was solved in the monoclinic space group
P21/n. The heavy atom (Sr/Ba and Re) locations in the crystal
structures were obtained by direct methods. Subsequent differ-
ence Fourier synthesis revealed (Na/Li), and O atoms in the
structures. All atoms were refined with anisotropic displacement
parameters.

The refinements of Ba2LiReO6, Ba2NaReO6, and Sr2LiReO6

proceeded without problems; however, the refinement of mono-
clinic Sr2NaReO6 required the inclusion of oxygen positional
disorder with partial site occupancies. The initial structure
refinement resulted in an R factor of 7% with high thermal
parameters on all oxygen atoms. The difference Fourier map
revealed residual electron densities of 6 e/Å3 on atoms O(1), O(2),
and O(3), indicating positional disorder. These electron density
peaks were assigned as oxygen atoms O(4), O(5), and O(6) and
their occupancies were refined, restricting the sums of occupan-
cies at each pair of split oxygen sites (O(1), O(4); O(2), O(5); and
O(3), O(6)) to unity. The occupancy refinements indicated partial
occupancies of oxygen at each site and the R index dropped to
�5% with negligible electron density (�1.31 e/Å3) around the
oxygen atoms. No deviation from unity occupancy was observed
for either of the heavy atoms. The atomic coordinates are listed in
the supplementary information. Crystallographic data and details
of the single crystal data collection of A2BReO6 (A ¼ Sr, Ba; B ¼ Li,
Na) are given in Tables 1a and 1b. Table 2 lists the atomic
coordinates of all the four oxides.

2.9. Powder X-ray diffraction

Powder X-ray diffraction patterns were collected on a Rigaku
Dmax/2100 powder diffractometer using Cu Ka radiation. Data for
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Table 1a
Crystallographic data of Sr2LiReO6 and Sr2NaReO6

Empirical formula Sr2LiReO6 Sr2NaReO6

Crystal habit, color Hexagonal, yellow Hexagonal, orange

Crystal size (mm3) 0.023�0.015�0.009 0.1�0.05�0.04

Crystal system Cubic Monoclinic

Space group Fm-3m P21/n

Cell dimensions

a (Å) 7.9071(15) 5.6737(6)

b (Å) 5.7988(6)

c (Å) 8.0431(8)

b (deg) 90.02(6)

Volume (Å3) 494.37(16) 264.62(5)

Formula weight 464.37 480.82

Dx (g/cm3) 6.239 6.035

Z 4 2

F(000) 808 420

ymax (deg) 35.63 36.08

Recording reciprocal

space

�12php12, �11pkp12,

�12plp5

�9php7, �9pkp9,

�13plp9

Number of measured

reflections

1320 2701

Number of independent

reflections

84 With I43s(I)

[R(int) ¼ 0.0313]

1199 With I43s(I)

[R(int) ¼ 0.0323]

m (mm�1) 45.87 42.938

Refinement F2 F2

No. of variables 7 76

R(F) 0.0246 0.0498

wR(F2) 0.0639 0.1478

GoF 0.969 1.21

Max./min. Dr (e/Å3) 0.999/�1.10 1.431/�2.38

Table 1b
Crystallographic data of Ba2LiReO6 and Ba2NaReO6

Empirical formula Ba2LiReO6 Ba2NaReO6

Crystal habit, color Hexagonal, yellow Hexagonal, yellow

Crystal size (mm3) 0.02�0.01�0.008 0.031�0.02�0.009

Crystal system Cubic Cubic

Space group Fm-3m Fm-3m

Cell dimensions

a (Å) 8.1214(11) 8.2975(3)

Volume (Å3) 535.66(13) 571.27(4)

Formula weight 563.817 579.85

Dx (g/cm3) 6.991 6.742

Z 4 4

F(000) 952 984

ymax (deg) 29.67 35.85

Recording reciprocal space �3php11, �11pkp11,

�11plp11

�9php13, �13pkp8,

�9plp13

Number of measured

reflections

831 878

Number of independent

reflections

105 With I43s(I)

[R(int) ¼ 0.0546]

92 With I43s(I)

[R(int) ¼ 0.0323]

m (mm�1) 37.036 34.807

Refinement F2 F2

No. of variables 7 7

R(F) 0.0434 0.0352

wR(F2) 0.0889 0.0906

GoF 0.896 0.823

Max./min. Dr (e/Å3) 0.999/�2.21 1.431/�2.38

Table 2
Atomic coordinates and equivalent isotropic displacement parameters for

Sr2LiReO6, Sr2NaReO6, Ba2LiReO6, and Ba2NaReO6

x y z Occupancy Ueq

Sr2LiReO6 1

Sr(1) 0.25 0.25 0.25 1 0.0117(3)

Li(1) 0 0.5 0 1 0.030(14)

Re(1) 0 0 0 1 0.0064(2)

O(1) 0 0.2358(10) 0 1 0.0279(19)

Sr2NaReO6

Sr(1) 0.5006(2) 0.0448(2) 0.24836(14) 1 0.0141(2)

Na(1) 0 0 �0.5 1 0.0182(17)

Re(1) 0 0 0 1 0.00787(16)

O(1) 0.074(4) 0.022(4) �0.224(2) 0.39(1) 0.013(4)

O(2) 0.261(3) �0.184(4) 0.038(2) 0.43(2) 0.011(3)

O(3) 0.176(3) 0.261(3) 0.0458(18) 0.50(1) 0.010(3)

O(4) �0.076(3) 0.030(3) �0.227(3) 0.62(1) 0.027(3)

O(5) 0.178(3) �0.273(4) �0.043(3) 0.50(1) 0.021(4)

O(6) 0.265(3) 0.183(3) �0.031(3) 0.57(2) 0.026(4)

Ba2LiReO6

Ba(1) 0.25 0.25 0.25 1 0.0082(6)

Li(1) 0 0 0 1 0.020(15)

Re(1) 0.5 0 0 1 0.0091(7)

O(1) 0.2681(13) 0 0 1 0.0108(17)

Ba2NaReO6

Ba(1) 0.25 0.25 0.25 1 0.0093(4)

Na(1) 0 0 0 1 0.011(3)

Re(1) 0.5 0.5 0.5 1 0.0049(3)

O(1) 0.2753(7) 0 0 1 0.0146(13)

Table 3
Rietveld refinement data for Sr2LiReO6

Empirical formula Sr2LiReO6

Crystal system Tetragonal

Space group I4/m

Cell dimensions

a (Å) 5.5467(2)

c (Å) 7.9197(4)

Volume (Å3) 244.289(11)

No. of reflections 1512

No. of parameters 43

Rp 0.151

Rwp 0.198

Rexp 0.067

Rbragg 0.080
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polycrystalline samples were collected and Le Bail profile fits were
performed using JANA2000 [35] to confirm the purity of the
samples in each case. The Le Bail profile fits and details of
refinement of Ba2NaReO6 and Ba2LiReO6 are shown in Supple-
mentary Information (Figures S1, S2 and Table S1). The data for
Sr2LiReO6 were also used to perform a Rietveld refinement to
confirm the tetragonal structure of the polycrystalline sample. The
data for the Rietveld refinement were collected over the two-theta
range of 51 to 801 using a step size of 0.051. The lattice parameters,
atomic positions, and thermal parameters were refined. The
background was modeled using the Chebyshev polynomial. The
peak shapes were modeled using a pseudo-Voigt function.
Crystallographic data and details of the Rietveld refinement are
given in Table 3.
3. Results and discussion

3.1. Crystal structures of A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na)

The ideal ABO3 perovskite structure is cubic with the A-cation
located in a 12-fold and the B-cation in a six-fold coordination
environment and forms when the radii of the A and B cations
fall into a specific size regime. If the A-cation is small, relative to
B and O, then the structure distorts by a process that involves a
combination of tilting and rotation of the BO6 octahedra, and the
cubic symmetry is lost. This is true for the simple ABO3 perovskite,
as well as for the A2BB0O6 double perovskite. The likelihood of a
distortion for a specific cation size is indicated by the Goldschmidt
tolerance factor [36] t, defined by t ¼ ðrA þ rOÞ=

ffiffiffi

2
p
ðrB þ rOÞ, where

rA, rB, and rO are the ionic radii of the respective ions. For t�1, the
perovskite structure is expected to be cubic, while for smaller
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values of t, the structure distorts and becomes tetragonal or
monoclinic. To determine t for double perovskites, A2BB0O6, rBB0,
the average value of rB and rB’ is used instead of rB, and the
equation changes to t ¼ ðrA þ rOÞ=

ffiffiffi

2
p
ðrBB0 þ rOÞ.

Based on this equation, and using the oxidation state specific
ionic radii compiled by Shannon and Prewitt [37], the room
temperature tolerance factors for Sr2LiReO6, Sr2NaReO6, Ba2LiReO6

and Ba2NaReO6, are 0.98, 0.92, 1.04, and 0.98, respectively. We can
use these values in a somewhat predictive manner, since, in
general, perovskites with tolerance factors in the range 0.98–1.07
crystallize into the cubic Fm-3m space group, while those in
the range 0.97–0.99 crystallize into the tetragonal I4/m space
group [38]. Compositions with even smaller tolerance factors
(0.86–0.97) are typically monoclinic [38,39]. Thus, we would
expect Ba2LiReO6, Ba2NaReO6 and Sr2LiReO6, to crystallize in the
cubic Fm-3m system, and Sr2NaReO6 in the monoclinic P21/n
system. These symmetry predictions were confirmed for all but
Sr2LiReO6, which proved contentious in that the single crystal
analysis indicated a cubic Fm-3m system, while the Rietveld
analysis of the polycrystalline powder indicated the tetragonal
I4/m system.

Compounds that have tolerance factors close to structure
boundaries, however, often surprise us. Thus, Ba2CuTeO6 [40]
(t�1.042) and Ba2WCuO6 [41] (t�1.042) crystallize in the tetra-
gonal I4/m system, despite tolerance factors greater than unity. In
our case, Sr2LiReO6 with tolerance factor t ¼ 0.98 crystallizes
very close to the cubic Fm-3m/tetragonal I4/m border, and its
Fig. 2. Single-crystal structures of (a) Ba2NaReO6, Sr2LiReO6 and Ba2LiReO6. (b) Sr2Na

Sr2LiReO6 based on powder X-ray diffraction data. The octahedra in all cases are corne
single crystal structure refines as cubic and its polycrystalline
powder structure as tetragonal. It is worth noting that a majority
of strontium-containing double perovskites with tolerance factors
in the range of 0.98–0.99 crystallize in the tetragonal I4/m, rather
than in the cubic Fm-3m, space group [38].

3.2. Ba2LiReO6 and Ba2NaReO6

Yellow/orange crystals of A2BReO6 (A ¼ Ba; B ¼ Li, Na) were
grown from molten hydroxide fluxes in sealed silver tubes, where
the flux acted as both melt and reactant. A preliminary structure
analysis by powder X-ray diffraction indicated the formation of
the cubic form of the double perovskite, which was confirmed by
single crystal X-ray diffraction. Ba2LiReO6 and Ba2NaReO6 crystal-
lize in the cubic crystal system, Fm-3m, with a ¼ 8.1214(11) Å and
a ¼ 8.2975(3) Å, respectively. The lattice parameters and coordi-
nates of Ba2NaReO6 are in agreement with the earlier report [31].
The crystal structures of these two double perovskites, shown in
Fig. 2a, consist of a rock salt lattice of corner-shared BO6 (Na, Li)
and ReO6 octahedra, with barium occupying the 12-fold coordina-
tion environment located at the center of a cube of eight corner-
shared octahedra. The alkali metal and the rhenium cations are
located on alternating octahedral sites in the structure, where the
large difference in their oxidation states (+1/+7) drives the charge
ordering. The Re–O bond distances in Ba2LiReO6, 1.883(11) Å, are
slightly longer than those in the sodium analog, Ba2NaReO6,
1.865(6) Å, similar to the trend observed for the isostructural
ReO6 (disordered oxygen atoms are omitted for clarity). (c) Crystal structure of

r shared with each other.
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Fig. 3. Solid-state 7Li NMR spectra of Sr2LiReO6 and Ba2LiReO6 (inset).
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osmates, Ba2LiOsO6 and Ba2NaOsO6 [18]. Furthermore, the Li–O
and Na–O bond distances in Ba2LiReO6 and Ba2NaReO6 are in
good agreement with the values reported for the isostructural
osmates [18].

Because lithium is a light atom that is difficult to refine in the
presence of the heavier barium and rhenium atoms, we performed
solid-state 7Li NMR studies to confirm the presence of lithium in
Ba2LiReO6. The NMR spectrum, shown in inset to Fig. 3, consists of
a central band flanked by side bands generated by first-order
quadrupolar coupling. Similar 7Li NMR results were obtained for
Sr2LiReO6 (Fig. 3).

3.3. Sr2NaReO6

Yellow/orange crystals of Sr2NaReO6 were grown from molten
hydroxide fluxes in sealed silver tubes, where the flux acted as
both melt and reactant. A preliminary structure analysis by
powder X-ray diffraction indicated the formation of the mono-
clinic form of the double perovskite, which was confirmed by
single crystal X-ray diffraction. The single crystal structure of
Sr2NaReO6 was refined in the monoclinic space group P21/n
system with a ¼ 5.6737(6) Å, b ¼ 5.7988(6) Å, c ¼ 8.0431(8) Å, and
b ¼ 90.02(6) 1. To obtain a satisfactory structure refinement,
oxygen disorder had to be included in the structure solution.
The structure is shown in Fig. 2b and consists of a distorted rock
salt framework of corner-shared NaO6 and ReO6 octahedra, with
strontium occupying an eight fold coordination environment
in the middle of eight corner-shared NaO6 and ReO6 octahedra.
The Re–O bond distances are in the range 1.849(16)–1.91(2) Å. The
distortion from the ideal perovskite structure results from
the tilting of the NaO6 and ReO6 octahedra to accommodate the
strontium cation. There is considerable distortion in the Na–O–Re
bond angle from the ideal value of 1801 to 1551, indicating the
degree of structural distortion.

3.4. Sr2LiReO6

3.4.1. Single crystal structure

Yellow/orange crystals of Sr2LiReO6 were grown from molten
hydroxide fluxes in sealed silver tubes, where the flux acted as
both melt and reactant. The single crystal X-ray diffraction data
for Sr2LiReO6 were refined as cubic in the space group Fm-3m,
with a ¼ 7.9071(15) Å. This was unexpected, since the preliminary
powder X-ray diffraction data had indicated a tetragonal structure
with unit cell parameters a ¼ 5.5467(2) Å and c ¼ 7.9197(4) Å.
Forcing the single crystal X-ray data into the tetragonal I4/m system
yielded a structure with lattice parameters a ¼ 5.5030(9) Å and
c ¼ 7.7567(25) Å; however, this did not turn out to be a satisfactory
structure solution. The ReO6 octahedra in the tetragonal solution of
Sr2LiReO6 exhibited axial elongation, as manifested by the slight
variations in the Re–O bond distances (1.82(4)–1.84(1) Å). The poor
standard deviations for bond distances Re–O (1.82(4) Å) and Li–O
(2.06(4) Å) and a high R factor (�0.06) suggest that the cubic
structural model is the best fit for the single crystals. Because the
yield of cubic crystals was very poor, we were unable to collect
enough single crystals to crush and use for powder X-ray diffraction.
Eight crystals from different batches were analyzed by single crystal
X-ray diffraction and all were found to be cubic. The Re–O and Sr–O
bond distances obtained from the cubic refinement are 1.864(8) and
2.7978(6) Å, respectively.

3.4.2. Polycrystalline powder structure

To confirm the tetragonal symmetry of the polycrystalline
powder of Sr2LiReO6, we fitted the data using the Rietveld method
in the tetragonal space group I4/m. The starting structural model
for the tetragonal symmetry was taken from SPuDS [42], which
provided estimated lattice parameters and atomic positions.
The refinement quickly converged on refinement of the lattice
parameters and the atomic coordinates (Fig. 4). We fixed the atomic
coordinates of the lithium using the SPuDS coordinates, as it is not
reliable to refine such a light atom in the presence of heavy atoms
when using laboratory X-ray diffraction data. The Re–O bond
distances (1.8753(1) and 1.8889(1) Å) obtained from this refinement
agreed well with those obtained from the single crystal data
discussed above. Furthermore, electron diffraction data (collected
on a Hitachi H8000 Scanning Transmission Electron Microscope) on
the polycrystalline portion from flux synthesis clearly indicated
tetragonal symmetry consistent with the powder X-ray data.

3.5. Polymorphism of Sr2LiReO6

The crystal growth of Sr2LiReO6 resulted in the formation of a
modest amount of cubic crystals with the vast majority of product
consisting of polycrystalline powder. The polycrystalline powder
was indexed as tetragonal in the powder X-ray diffraction
analysis, while the crystals were determined to be cubic by single
crystal X-ray diffraction. To explain the formation of both cubic
crystals and tetragonal polycrystalline powder, we propose that
the cubic crystals are a kinetic product that forms in small
quantities at low temperatures, while the powder represents the
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Fig. 5. UV–visible spectra of A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na).
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more stable polymorph that forms at the higher reaction
temperature. This is consistent with the fact that a solid-state
synthesis results in the tetragonal polymorph.

Another possibility worth considering is the preferential loss of
lithium during the ceramic synthesis. In that case, the change in
symmetry may be due to a lithium deficiency in the sample. On
the other hand, polycrystalline Sr2LiReO6 synthesized by the flux
method, (where it is less likely that any lithium loss would take
place) also has tetragonal symmetry, arguing against this
possibility. ICP analysis, although consistent with the formula, is
not accurate enough to reveal the small lithium deficiencies in the
sample. Hence, establishing the precise lithium content of the
samples is extremely difficult.

Varying the heating and cooling profile did not result in improved
yields of single crystals and only when the samples were heated to
750 1C were good quality single crystals obtained. The quality of the
polycrystalline product was also sensitive to the reaction conditions
and deteriorated when the cooling rate was decreased. Interestingly,
the best products were obtained for a slow cooling step from 750 to
650 1C, while only poorly crystalline products were obtained for a
more extensive slow cooling from 750 to 300 1C.

To investigate if tetragonal Sr2LiReO6 undergoes a phase
transition on heating, DTA/TG analyses were performed on it
and on the other A2BReO6 (A ¼ Sr, Ba; B ¼ Li, Na) compositions.
There was no indication in the DTA data that any of these
compositions undergo a structural transition as a function of
temperature. Finally, on heating samples to 1100 1C and higher,
Sr2LiReO6, Sr2NaReO6, and Ba2LiReO6 undergo transformation to
the fluorite-related A5Re2O12 (A ¼ Ba, Sr) structure type. Ba2NaReO6

alone is stable up to 1200 1C, the limits of our measurement.
It is known that some double perovskites undergo a phase

transition to lower symmetry on cooling. Since it appears that
Sr2LiReO6 is close to a cubic/tetragonal phase transition we explored
the possibility of a low-temperature structure transition in
Sr2LiReO6 and collected a low-temperature data set on the cubic
single crystals at 100 K. It also was found to be cubic, indicating that
the cubic phase, once formed, is stable down to 100 K.
3.6. Optical properties

The UV–visible absorbance spectra of A2BReO6 (A ¼ Sr, Ba;
B ¼ Li, Na) are shown in Fig. 5. The measurements were made on
powder samples consisting of ground single crystals of Ba2LiReO6,

Ba2NaReO6, and Sr2NaReO6, while in the case of Sr2LiReO6,
polycrystalline powders were used. Orange crystals of Sr2NaReO6

were carefully separated from the Re2O7 impurities under an
optical microscope prior to grinding. As expected, the measured
absorption edges are all similar at 504 nm (2.46 eV), 502 nm
(2.47 eV), 508 nm (2.44 eV), and 501 nm (2.47 eV) for Sr2LiReO6,
Sr2NaReO6, Ba2LiReO6, and Ba2NaReO6, respectively.
4. Conclusion

Single crystals of double perovskite rhenates, A2BReO6 (A ¼ Sr,
Ba; B ¼ Li, Na), were grown from reactive hydroxide fluxes from
sealed silver tubes. Single crystals of Sr2LiReO6, Ba2LiReO6, and
Ba2NaReO6 exhibit cubic symmetry, while Sr2NaReO6 crystallizes
into the monoclinic form. Polycrystalline powders of Sr2LiReO6

show tetragonal symmetry. UV–visible spectra indicate similar
values of absorption edges for all the phases.
Supplemental information

Further details of the crystal structure investigations can be
obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: +49 7247 808 666;
e-mail: crystdata@fiz-karlsruhe.de) on quoting the depository
numbers CSD-18990-418994.
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