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Abstract

Single crystals of both Ba7Li3Ru4O20 and Ba4NaRu3O12 were grown from reactive molten hydroxide fluxes. Ba7Li3Ru4O20 is a

7L-layer perovskite-related phase resulting from the stacking of six [AO3] layers and one oxygen deficient [AO2] layer, thereby

creating LiO4 tetrahedra in addition to the LiO6 octahedra and face-sharing Ru2O9 bi-octahedra formed from the [AO3] layers. The

compound crystallizes in the space group R%3 m with a ¼ 5:7927(1) Å and c ¼ 50:336ð2Þ Å, Z ¼ 3: Ba4NaRu3O12 crystallizes in the

space group P63mc with lattice parameters of a ¼ 5:8014ð2Þ Å and c ¼ 19:2050ð9Þ Å, Z ¼ 2: Ba4NaRu3O12 is identical to a

previously reported neutron refinement structure. The magnetic properties of Ba7Li3Ru4O20 are also reported.

r 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

In the field of solid-state chemistry, the perovskite
family of oxides is perhaps the most studied group of
oxides known. What has generated and sustained the
interest in this fascinating family of oxides is the large
and ever surprising variety of properties exhibited, as
well as the extensive compositional flexibility [1] that
enables this structure to accommodate almost every
element in the periodic table. Many investigations,
consequently, have focused on the study of specific
properties including complex magnetic phenomena and
electrical properties such as superconductivity, ferro-
electricity and ionic conductivity, to mention a few,
while others explored the synthesis of new compositions
or the stabilization of metals in heretofore unreported
or unusual oxidation states [1–5].

In its ideal form, the structure of the cubic ABO3

perovskite can be described as consisting of corner-
sharing BO6 octahedra with the A cation occupying the
12-fold coordination site formed in the middle of a cube
of eight such octahedra, while the 2H-hexagonal variant
consists of infinite chains of face-sharing octahedra that

are separated by chains of the A cation. Both the cubic
and the hexagonal perovskite structure can be generated
from the stacking of close-packed [AO3] layers, as
shown in Fig. 1a, and the subsequent filling of the
generated octahedral sites by the B cation, where an
ABC-type stacking results in the cubic and an AB
stacking results in the hexagonal (2H) perovskite
structure [6,7]. In addition to the cubic and hexagonal
ABO3 structures, there exist a variety of intergrowth
structures that combine the AB and ABC stacking
sequences. Thus, both the triple, A3BB

0
2O9, and the

quadruple perovskite, A4BB
0
3O12, contain both corner-

sharing octahedra, consistent with ABC stacking, and
face-sharing bi-octahedra, consistent with AB stacking.

Further structural variety in the extended perovskite
family of oxides arises from the incorporation of oxygen
deficient [AO2] layers, as shown in Fig. 1b [8]. The
stacking of such an oxygen deficient [AO2] layer with
[AO3] layers generates a layer of tetrahedral instead of
octahedral sites. Ba4Ca0.9Mn3.1O11.3 is an example of a
structure in which the presence of an [AO2] layer creates
such a layer of tetrahedral sites; these tetrahedra vertices
connect to octahedra above and below the plane,
generating a layered, oxygen-deficient structure [9].

For the past 10 years, our group has explored the
single-crystal growth of perovskite-related oxides from
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high-temperature solutions [4,10–18]. This well-estab-
lished method [19] is particularly applicable to oxides, as
exemplified by the numerous published compositions
containing elements from nearly every section of the
periodic table in a wide range of oxidation states [19].
Oxide crystals have been grown from a variety of
different high-temperature solutions, including alkali
and alkaline earth carbonates, halides, peroxides, super
oxides, and hydroxides [11,12,20–24]. Of all these
diverse solvent systems, the hydroxide melts have
proven to be particularly advantageous for obtaining
single crystals containing elements in unusually high
oxidation states, as exemplified by systems such as
Ni(IV) in Ba6Ni5O15 [25], Rh(V) in Sr3NaRhO6 [5], and
Os(VII) in Ba2NaOsO6 [4].

More recently, we have focused our attention on
ruthenium-containing oxides and on establishing the
conditions by which high-quality single crystals can be
grown from high-temperature solutions. Ruthenium is a
particularly interesting metal in oxide chemistry as it has
been incorporated into numerous perovskite-related
structures, including simple, double, triple and quad-
ruple perovskite structures [26–31]. In these systems
ruthenium can be found in oxidation states of +4, +5,
+6, and +7 [29,30,32] which often cause interesting
magnetic interactions due to spin coupling between
different ruthenium cations [27,31,33].

In this paper, we present a new oxygen-deficient
perovskite, Ba7Li3Ru4O20, containing LiO4 tetrahedral
sites due to the presence of [AO2] layers. In addition, we
present the crystal growth conditions for preparing
single crystals of a ruthenium quadruple perovskite,
Ba4NaRu3O12, whose structure was previously re-
ported by Battle and co-workers as a polycrystalline
sample [31].

2. Experimental

2.1. Crystal growth

RuO2 (synthesized from heating Ru powder (Engel-
hard, 99.5%) in air for 24 h) (0.1336 g, 1.00mmol),
Ba(OH)2 � 8H2O (1.0315 g, 3.27mmol; Fisher, ACS
reagent), LiOH �H2O (5.83 g, 139mmol; Alfa Aesar,

ACS reagent) with KOH (3.97 g, 70.8mmol; Fisher,
ACS reagent) for Ba7Li3Ru4O20 and NaOH (11.63 g,
291mmol; Fisher, ACS reagent) for Ba4NaRu3O12, were
placed in an alumina crucible. The filled crucibles were
placed into a box furnace with no lid in the case of
Ba7Li3Ru4O20 and with a loose fitting alumina lid for
the preparation of Ba4NaRu3O12, and heated to the
reaction temperature of 7001C at 6001C/h. The crucibles
were held at temperature for 12 h and then slowly cooled
to 6001C at 151C/h followed by cooling to room
temperature by turning off the furnace. The flux was
dissolved with methanol in the case of the lithium
preparation and water for the sodium preparation. Flux
dissolution was also aided by the use of sonication
followed by manual isolation of the crystals.

2.2. Microscopy

Environmental scanning electron micrographs
(ESEM) of several single crystals were obtained using
a Philips XL 30 ESEM instrument utilized in the
environmental mode. ESEM images of representative
crystals of Ba7Li3Ru4O20 and Ba4NaRu3O12 are shown
in Fig. 2. EDS also verified the presence of barium,
ruthenium, and oxygen in all samples, and the presence
of sodium in Ba4NaRu3O12. Furthermore, within the
detection limits of the instrument, no other extraneous
elements were detected.

2.3. Magnetic susceptibility

The magnetic susceptibility of Ba7Li3Ru4O20 was
measured using a Quantum Design MPMS XL SQUID
magnetometer. For the magnetic measurements, loose
crystals of the ruthenate were placed into a gelatin
capsule, which was placed inside a plastic straw.
Samples were measured under both zero-field-cooled
(ZFC) and field-cooled (FC) conditions. In either case
the magnetization was measured in the temperature
range of 2–400K. Susceptibility measurements were
carried out in applied fields of 0.5, 5, and 20 kG. The
very small diamagnetic contribution of the gelatin
capsule containing the sample had a negligible contribu-
tion to the overall magnetization, which was dominated
by the sample signal.

2.4. Data collection

For the structure determination of Ba7Li3Ru4O20 and
Ba4NaRu3O12, a black prismatic crystal and a black
hexagonal needle, respectively, were mounted onto the
end of thin glass fibers. X-ray intensity data were
measured at 293K on a Bruker SMART APEX CCD-
based diffractometer system (MoKa radiation,
l ¼ 0:71073 Å) [34].
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Fig. 1. Schematic of (a) [AO3] and (b) [AO2] layers with A (K) cations

and O (J) anions.
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For Ba7Li3Ru4O20, preliminary scans to check crystal
quality and unit-cell parameters indicated a rhombohe-
dral system with aB5:8 Å and cB50:3 Å. Several
crystals were checked to verify the unusual cell dimen-
sions; none indicated a different cell. The data collection
for both compounds provided 99.7% coverage of

reciprocal space to 2ymax ¼ 80:51 (Rint ¼ 0:0304; average
redundancy=5.75) and 99.0% coverage of reciprocal
space to 2ymax ¼ 75:61 (Rint ¼ 0:0326; average redun-
dancy=10.8) for Ba7Li3Ru4O20 and Ba4NaRu3O12,
respectively. The raw data frames were integrated with
the Bruker SAINT+program [34], which also applied
corrections for Lorentz and polarization effects. The
final unit-cell parameters were based on the least-
squares refinement of 5182 reflections for Ba7Li3Ru4O20

and 5495 reflections for Ba4NaRu3O12 with I45sðIÞ
from the data set. Analysis of each data set showed
negligible crystal decay during data collection. An
empirical absorption correction based on the multiple
measurement of equivalent reflections was applied with
the program SADABS [34].

For Ba7Li3Ru4O20, systematic absences in the inten-
sity data clearly ruled out a c-glide operation, leaving
the space groups R3; R%3; R32; R3m and R%3m; the latter
of which was eventually confirmed. For Ba4NaRu3O12,
systematic absences in the intensity data indicated the
space groups P63mc and P63=mmc; the structure was
subsequently solved in the noncentrosymmetric space
group P63mc: The structures of both compounds were
solved by a combination of direct methods and
difference Fourier syntheses, and refined by full-matrix
least-squares against F2; using the SHELXTL software
package [35]. For Ba7Li3Ru4O20, all metal atoms are
located on three-fold axes. The oxygen atoms are
located on mirror planes. Oxygen O4 at the apex of
the Li(1)O4 tetrahedron occupies a split position around
a three-fold axis, distributed over the three sites with
occupancy 1/3. Initial refinement of O4 on the three-fold
axis resulted in an aberrantly large disk-shaped ellipsoid.
Eventually, all atoms were refined with anisotropic
displacement parameters. At convergence, the largest
difference peak and hole were +3.87 and �2.84 e�/Å3,
located near Ba3 and Ba4, respectively. Relevant crystal-
lographic information for Ba7Li3Ru4O20 is gathered
in Table 1, while the atomic positions are located in
Table 2.

In the case of Ba4NaRu3O12, subsequent examination
of the structure confirmed the space group choice of
P63mc: Ba4NaRu3O12 is isostructural with the pre-
viously published sample, which was refined against
powder neutron data [31]. Near the end of the present
refinement, the value of the absolute structure (Flack)
parameter was 0.44(4), indicating racemic (inversion)
twinning. This was accounted for using the TWIN –
1 0 0/0 –1 0/0 0 –1 command in SHELX, with the Flack
parameter as the twin proportion. Eventually, all atoms
were refined with anisotropic displacement parameters.
The final difference map featured maxima of +5.70
and �3.05 e�/Å3, located o1 Å from Ru1 and Ba3,
respectively. Relevant crystallographic information for
Ba4NaRu3O12 is compiled in Table 3, and the atomic
positions are located in Table 4.
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Fig. 2. ESEM images of flux grown crystals of Ba7Li3Ru4O20 (a) and

Ba4NaRu3O12 (b and c).
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3. Results and discussion

3.1. Crystal structures

Small black hexagonal plates of Ba7Li3Ru4O20 and
needles of Ba4NaRu3O12, were isolated from molten
hydroxide fluxes, where the flux acted both as the
melt and reactant. The crystals measured, on average,
0.1–0.3mm in length. ESEM images of both ruthenates
are shown in Fig. 2. Ba7Li3Ru4O20, shown in Fig. 2a,
exhibits a more hexagonal plate-like morphology, in
comparison to Ba4NaRu3O12, shown in Figs. 2b and c,
which has a more rod-like morphology. Interestingly,
crystals of Ba4NaRu3O12 appear to start as a plate and
then elongate into a rod, where the crystals resemble

nails on the micro-scale. EDS analysis verified the
presence of barium, ruthenium, and oxygen for both
samples and sodium for Ba4NaRu3O12; however,
lithium was not observed for Ba7Li3Ru4O20 as it is
below the detection limit of the instrument. In both
cases, no extraneous elements were identified within the
detection limits of the instrument.

An approximate [110] view of Ba7Li3Ru4O20 is shown
in Fig. 3. The structure consists of two layers of Ru2O9

bi-octahedra that are connected to one another via
corner-shared octahedra. Above and below this struc-
ture block are layers of LiO4 tetrahedra that vertex share
to the bi-octahedra. Three such tetrahedra–bi-octahedra–
octahedra–bi-octahedra–tetrahedra blocks are arranged
in an ABC repeat, creating the long (50.3 Å) c-axis.

ARTICLE IN PRESS

Table 1

Crystallographic data and structure refinement for Ba7Li3Ru4O20

Empirical formula Ba7Li3Ru4O20

Formula weight 1706.48

Temperature 293(2)K

Wavelength 0.71073 Å

Crystal system Trigonal

Space group R%3 m

Unit-cell dimensions a ¼ 5:7927ð1Þ Å a ¼ 901

b ¼ 5:7927ð1Þ Å b ¼ 901

c ¼ 50:336ð2Þ Å g ¼ 1201

Volume 1462.77(6) Å3

Z 3

Density (calculated) 5.812mg/m3

Absorption coefficient 16.975mm�1

Reflections collected 7216

Independent reflections 1252 [R(int)=0.0304]

Absorption correction Semi-empirical from

equivalents

Data/restraints/parameters 1252/0/48

Goodness-of-fit on F 2 1.247

Final R indices [I42sðIÞ] R1 ¼ 0:0320; wR2 ¼ 0:0791

R indices (all data) R1 ¼ 0:0345; wR2 ¼ 0:0805

Extinction coefficient 0.00075(4)

Largest diff. peak and hole 3.872 and �2.841 e Å�3

Table 2

Atomic coordinates and equivalent isotropic parameters for

Ba7Li3Ru4O20

Atom Occupancy x y z Ueq (Å2)

Ba(1) 1 0 0 0 0.050(1)

Ba(2) 1 0 0 0.1917(1) 0.013(1)

Ba(3) 1 0 0 0.2783(1) 0.011(1)

Ba(4) 1 0 0 0.4307(1) 0.011(1)

Ru(1) 1 0 0 0.0690(1) 0.008(1)

Ru(2) 1 0 0 0.1236(1) 0.008(1)

Li(1) 1 0 0 0.3657(3) 0.012(2)

Li(2) 1 0 0 1/2 0.022(4)

O(1) 1 0.3018(5) 0.1509(3) 0.0962(1) 0.011(1)

O(2) 1 0.1591(3) 0.3181(5) 0.1427(1) 0.013(1)

O(3) 1 0.1589(3) 0.3179(6) 0.0490(1) 0.015(1)

O(4) 1/3 0.6143(14) 0.3857(14) 0.0034(2) 0.036(3)

Table 4

Atomic coordinates and equivalent isotropic parameters for

Ba4NaRu3O12

Atom x y z Ueq (Å2)

Ba(1) 0 0 0.1173(1) 0.010(1)

Ba(2) 1/3 2/3 0.3715(1) 0.011(1)

Ba(3) 2/3 1/3 0.4947(1) 0.012(1)

Ba(4) 1/3 2/3 0.7471(1) 0.009(1)

Ru(1) 0 0 0.2990(1) 0.007(1)

Ru(2) 0 0 0.4371(1) 0.008(1)

Ru(3) 1/3 2/3 0.1810(1) 0.006(1)

Na(1) 1/3 2/3 0.5608(5) 0.011(1)

O(1) 0.1621(6) 0.3241(12) 0.2449(4) 0.012(1)

O(2) 0.3012(10) 0.1506(5) 0.3652(4) 0.010(1)

O(3) 0.1583(6) 0.3166(12) 0.4887(4) 0.015(1)

O(4) 0.5146(5) 0.4854(5) 0.6277(3) 0.009(1)

Table 3

Crystallographic data and structure refinement for Ba4NaRu3O12

Empirical formula Ba4NaRu3O12

Formula weight 1067.65

Temperature 293(2)K

Wavelength 0.71073 Å

Crystal system Hexagonal

Space group P63mc

Unit-cell dimensions a ¼ 5:8014ð2Þ Å a ¼ 901

b ¼ 5:8014ð2Þ Å b ¼ 901

c ¼ 19:2050ð9Þ Å g ¼ 1201

Volume 559.77(4) Å3

Z 2

Density (calculated) 6.334mg/m3

Absorption coefficient 17.874mm�1

Reflections collected 7149

Independent reflections 942 [R(int)=0.0326]

Absorption correction Semi-empirical from

equivalents

Data/restraints/parameters 942/1/51

Goodness-of-fit on F2 1.236

Final R indices [I42sðIÞ] R1 ¼ 0:0320; wR2 ¼ 0:0791

R indices (all data) R1 ¼ 0:0345; wR2 ¼ 0:0805

Extinction coefficient 0.0031(4)

Largest diff. peak and hole 5.699 and �3.051 e Å�3
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The repeat unit of the structure closely approximates
a triple perovskite structure in which the repeat is two
face-sharing octahedra followed by a vertex-shared
octahedra; however, in Ba7Li3Ru4O20, due to the
presence of an oxygen deficient [AO2] layer, a tetra-

hedral site takes the place of the expected octahedral
site. This similarity is highlighted in Fig. 4, which shows
the triple perovskite structure next to one of the repeat
blocks of the Ba7Li3Ru4O20 structure. In terms of layer
stacking, the Ba7Li3Ru4O20 structure is best described
as a 7L-layer sequence along the c-direction with a
hexagonal stacking of [AO3] layers (h), cubic stacking of
[AO3] layers (c), and cubic stacking of [AO2] layers (c

0)
according to the sequence (chcchcc0)3.

The presence of oxygen-deficient layers in perovskites
is not new; however, this structure, nonetheless, is the
first of its kind, and represents a clear expansion of
the known perovskite crystal chemistry. Furthermore, it
suggests that the pursuit of other oxygen-deficient
structures related to the triple and quadruple perovskites
should be a worthwhile undertaking.

Using the crystal growth conditions described for this
compound, it is possible to force high oxidation states
onto the metals in the crystals; however, there are
chemical limitations as to what the highest achievable
oxidation state is for any particular metal. Conse-
quently, in structures where the elemental stoichiometry
would force the metal to take on too-high an oxidation
state, one often observes oxygen deficient layers that
charge compensate and enable the metal to remain in a
slightly lower oxidation state. The presence of oxygen-
deficient layers, such as [AO2] layers, creates tetrahedral
sites, as previously described.

Interestingly, if Ba7Li3Ru4O20 were a fully oxidized
compound, the composition would be Ba7Li3Ru4O21,
resulting in three Ru(VI) and one Ru(VII) and an
average oxidation state of Ru+6.25, which would be
quite unusual for a ruthenium oxide prepared under
ambient pressure conditions. Hence, perhaps by chemi-
cal necessity, the presence of the [AO2] layer eliminates
this problem, and lowers the overall oxidation state to
+5.75.

Selected interatomic distances for Ba7Li3Ru4O20 are
compiled in Table 5. For Ba7Li3Ru4O20, the Li–O
distances in the tetrahedra of 1.939(7) and 1.877(18) Å

ARTICLE IN PRESS

Fig. 3. Approximate [110] view of the structure of Ba7Li3Ru4O20

consisting of light gray Ru2O9 face-sharing bi-octahedra and dark gray

LiO4 tetrahedra and LiO6 octahedra. Barium cations are shown as

black spheres.

Fig. 4. The structural similarity between (a) Ba7Li3Ru4O20 and the triple perovskite (b) A3A
0B2O9 is readily apparent from the [110] views. The

insertion of an [AO2] layer creates the tetrahedral sites in Ba7Li3Ru4O20 instead of the corresponding octahedral sites in the triple perovskite.
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are comparable with those found in the literature [36].
Likewise, the Li–O distance in the octahedra of
2.125(3) Å is consistent with octahedral distances found
in similar perovskite-related phases [4,37]. The grouping
of three short Ru–O distances at 1.863(3) and 1.885(3) Å
and three long at 2.043(3) and 2.045(3) Å within the
Ru2O9 bi-octahedra is typical for the bi-octahedra in
triple perovskites. By analogy with ruthenium triple
perovskites, the short Ru–O distances of B1.87 Å
and the long Ru–Ru separation of 2.747(7) Å in
Ba7Li3Ru4O20, correlates with the average oxidation
state of ruthenium in the complex [37], and is consistent
with an oxidation state between +5.5 and +6. By
charge balance, Ba7Li3Ru4O20 consists of three Ru(VI)
and one Ru(V) yielding an average oxidation state
of Ru+5.75.

The crystal structure of Ba4NaRu3O12 is shown in
Fig. 5 and is consistent with the one reported by Battle
and co-workers [31]. The structure consists of a repeat of
face-sharing Ru2O9 bi-octahedra followed by vertex-
shared RuO6 octahedra and NaO6 octahedra. The layer
stacking can be described as (hccc)2 where (h) is the
hexagonal stacking of [AO3] layers and (c) is the cubic
stacking of [AO3] layers.

The interatomic distances of Ba4NaRu3O12 are
consistent with those previously reported [31]. It is
again possible to use the structural information for
the ruthenium bi-octahedra to make assignments of the
average ruthenium oxidation state. In this structure,
the short Ru–O distances of 1.931(6) and 1.875(7) Å and
the Ru–Ru distance of 2.653(13) Å are consistent with
the expected average oxidation state of Ru+5.

3.2. Magnetism

The temperature dependence of the magnetic suscept-
ibility for Ba7Li3Ru4O20 in an applied field of 20 kG is
shown in Fig. 6. The susceptibility decreases to a
minimum at B40K followed by an increase. The ZFC

and FC data completely overlay at all temperatures, and
thus the FC data have been omitted for clarity. It can be
observed from the plot of the inverse susceptibility, also
shown in Fig. 6, that even at temperatures up to 400K,
the material does not follow Curie–Weiss-type behavior.
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Fig. 5. Approximate [110] view of the structure of Ba4NaRu3O12

consisting of light gray Ru2O9 face-sharing bi-octahedra and

octahedra singles and dark gray NaO6 octahedra. Barium cations are

shown as black spheres.

Table 5

Selected interatomic distances for Ba7Li3Ru4O20 and Ba4NaRu3O12

Atom–atom Distance (Å) Atom–atom Distance (Å)

Ba7Li3Ru4O12

Ru(1)–O(1) 2.043(3) (� 3) Li(1)–O(3) 1.939(7) (� 3)

Ru(1)–O(3) 1.885(3) (� 3) Li(1)–O(4) 1.877(18) (� 3)

Ru(2)–O(1) 2.045(3) (� 3) Li(2)–O(2) 2.125(3) (� 6)

Ru(2)–O(2) 1.863(3) (� 3)

Ru(1)–Ru(2) 2.747(7) (� 1)

Ba4NaRu3O12

Ru(1)–O(1) 1.931(6) (� 3) Ru(3)–O(4) 1.839(5) (� 3)

Ru(1)–O(2) 1.977(6) (� 3) Ru(1)–Ru(2) 2.653(13) (� 1)

Ru(2)–O(2) 2.048(7) (� 3) Na(1)–O(3) 2.238(9) (� 3)

Ru(2)–O(3) 1.875(7) (� 3) Na(1)–O(4) 2.229(7) (� 3)

Ru(3)–O(1) 2.114(6) (� 3)
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K.E. Stitzer et al. / Journal of Solid State Chemistry 175 (2003) 39–4544



Moreover, because of the mixed site occupancy, we were
unable to model the magnetism using an isolated dimer
model, as the three Ru(VI) and one Ru(V) cations are
disordered over two crystallographic sites. The shape
of the susceptibility curve, however, is very similar to
those observed for compounds, Ba3CaRu2O9 [33] and
Ba5Ru2O10 [38], in which the Ru2O9 bi-octahedra
were modeled magnetically as antiferromagnetically
coupled ‘‘isolated dimers’’. Consequently, it seems
reasonable to suggest that the dimers are coupling
antiferromagnetically in this system as well.

4. Conclusion

A novel layered ruthenate was grown from a molten
hydroxide flux. The structure consists of a 7L-layer
stacking sequence of (chcchcc0)3 where (c

0) is an oxygen-
deficient layer creating tetrahedral sites within the
structure. The Ru–O and Ru–Ru interatomic distances
within the Ru2O9 bi-octahedra are consistent with an
average oxidation state of Ru+5.75. The crystal growth
of Ba4NaRu3O12 is also reported.
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