
Site-Ordered Solids

DOI: 10.1002/ange.200500135

Ba8CoNb6O24: A d
0 Dielectric Oxide Host

Containing Ordered d7 Cation Layers 1.88 nm
Apart**

Phillip M. Mallinson, Mathieu M. B. Allix,
John B.Claridge, Richard M. Ibberson,David M. Iddles,
Tim Price, and Matthew J. Rosseinsky*

The search for multiproperty materials,[1] in which one
cooperative phenomenon can control another through mod-
ulation of the local structure and bonding, is complicated by
the need to separate the chemical units responsible for these
different properties. Thus, rules are required for the synthesis
of materials that assemble with spatial segregation of the
elements conferring distinct properties. These rules should be
sufficiently strict to operate at the high synthesis temper-
atures required for processing many inorganic materials.

This challenging synthetic task can be addressed by
exploiting the diversity of site chemistries[2] available in a
complex perovskite structure and harnessing the combination

of the specific bonding requirements of the d0 cations and the
site symmetries in the structure to drive the cation ordering.
Here we present the functional material Ba8CoNb6O24

comprising isolated single layers of Co2+ d7 cations separated
by intervening d0 cation layers and 1.88 nm away from the
next Co2+ layer. Most remarkable is that this long-range
ordering is driven despite the low concentration of Co2+

cations in the structure. These site-ordered solids are then
processed to permit their evaluation as microwave dielectric
resonators.

In the chemistry of transition-metal oxides, elements in
the d0 oxidation state (particularly TaV, TiIV, and NbV), with
their characteristic directional M�Omultiple bonding, are the
basic components of ferroelectric, relaxor, and high-permit-
tivity materials.[3] Transition-metal centers that bear d elec-
trons (dn centers) confer magnetic, optical, and electronic
properties on materials. The development of extended metal
oxide networks in which dn centers can be separated by long
distances with precise site order within a d0 matrix offers great
potential in materials design. The ordering of cations of
different sizes and charges is possible on the octahedral B site
of the ABO3 perovskite structure[4]—hexagonal stacking of
the AO3 close-packed layers produces face-sharing octahedral
sites in addition to the corner-sharing sites characteristic of a
cubic stacking sequence. The face-sharing sites thus intro-
duced are favorable locations for cation vacancies, with mixed
hexagonal and cubic stacking sequences resulting in the
family of “hexagonal perovskites”.[5]

Complex tantalum oxides are widely employed as micro-
wave resonators in mobile telecommunications, but the cost
of raw materials makes niobium-based alternatives desirable.
The eight-layer hexagonal perovskite Ba8ZnTa6O24 adopts a
(chcc)2 sequence (an AO3 layer (B) is described as h if its two
neighboring layers are the same (ABA) or c if they are
different (ABC)) and has interesting dielectric properties
with a moderately high Q of 20800 at 3.28 GHz (Q=

(tand)�1).[6] Our initial investigations on the Nb analogue
Ba8ZnNb6O24 consistently lead to the synthesis of polyphasic
material with several competing stacking sequences of
hexagonal and cubic layers.

Investigation of the cobalt-substituted niobate
Ba8CoNb6O24 revealed that this composition afforded
single-phase material with an eight-layer (c� 18 9 , BaO3

layer thickness� 2.3 9) repeat in contrast to the mixed
phases in the Ba-Zn-Nb-O field at this composition. Surpris-
ingly, although Ba8CoTa6O24 is isostructural with
Ba8ZnTa6O24 and tolerance factor effects associated with
stacking sequence changes[5] are absent, the new Nb phase
adopts a different eight-layer stacking sequence in which two
hexagonal ABA AO3 layer units are adjacent to each other in
an ccchhccc motif (Figure 1).[7] High-resolution electron
microscopy images directly demonstrate that this sequence
is adopted without stacking faults (Figure 2a). The P3̄m1
space-group symmetry is confirmed by electron diffraction
(Figure 2b,c) and the cation composition and homogeneity by
energy dispersive spectroscopy (EDS) in the electron micro-
scope. Although all the occupied octahedra in such a
sequence are corner sharing, and the triple layer of face-
sharing octahedral sites in the hh region of the structure
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results in a central layer of vacant sites (Figure 1),
Ba8CoNb6O24 displays essentially complete ordering of the
Co2+ and Nb5+ cations. Refinement of high-resolution time-
of-flight neutron powder diffraction data reveal the superi-
ority of fully ordered (c2= 2.92) over fully disordered (c2=
3.15) models; permitting antisite disorder between the single
Co (1a) and three crystallographically distinct Nb sites results
in 95(3)% Co occupancy of the 1a site and pure Nb(2) and
Nb(3) sites within 1s ; improvements in agreement indices
when site disorder was permitted were insignificant. (The
atomic displacement parameters in the partially ordered
model are unphysical, with several atoms refining to negative
values, and the convergence was not robust). The fully site-
ordered model was thus adopted (Table 1 and Table 2) The
bond valence sums for Co2+ and Nb5+ on the 1a site are 1.95
(3% deviation from expected) and 3.51 (30% deviation),
respectively, while the maximum deviation from the ideal
bond valence of 5 for Nb5+ cations on the other three sites in
the structure is 8%. As the Nb5+ bond valence in fully site-
ordered Ba3MgNb2O9 is 4.66,

[8] both the site occupancies and
bond-valence considerations indicate that the cation site
order is complete in Ba8CoNb6O24.

The 1a sites solely occupied by Co2+ are at the centers of
the seven-layer blocks of corner-sharing octahedra. This is
surprising as a statistical distribution of cobalt cations over the
four available sites might have been expected given their low
concentration (only 12.5% of the octahedral sites are
occupied by Co2+) and the existence of only corner-sharing
sites in the structure. The 1a site is the most regular
environment amongst the four symmetry-inequivalent octa-
hedral sites, as it is located necessarily at a center of symmetry

as a result of the odd number of occupied layers in the
stacking sequence. The symmetry-imposed requirement that
all the bond lengths between oxygen and the central atom on
this site are equal is inconsistent with the multiple-bonding
preference of Nb5+, which is often displaced from the center
of an octahedral environment to form multiple bonds to
oxygen (Figure 3a). This in turn favors all the Co2+ cations,
which are more commonly found in centrosymmetric oxide
octahedra (Figure 3b), occupying the site to avoid forcing
Nb5+ into an unfavorable environment. The availability of the
distinctly bonded 1a site together with the cation charge
difference (which is more pronounced here than between the
cations with charges of + 3, + 4, and + 5 of site-disordered
Ba8In0.5Ti2Nb4.5O24)

[7] drives the strict site ordering and
resulting extreme long-range separation of the cobalt cation
layers. This strict site ordering results in the separation of
Co2+ layers by 1.88 nm along c. Ordering over this distance

Figure 1. The ccchhccc stacking sequence of Ba8CoNb6O24 shows strict
ordering of the Co2+ cations (comprising only 12.5% of the total
octahedral-site cations) on the central layer of octahedral sites within
the seven-block unit of corner-sharing octahedra. Cobalt- and niobium-
centered octahedra are shown in dark gray and light gray, respectively,
and barium cations are represented as black spheres. The layer of
vacant octahedral sites in the hh region of the stacking sequence
produces a structure consisting solely of corner-sharing octahedra.

Figure 2. a) HREM image of Ba8CoNb6O24 recorded along the [010]
direction. The simulated image is embedded. Experimental [001] (b)
and [010] (c) electron diffraction patterns.
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over purely six coordinate sites is unusual (Mn2+ and W6+ are
ordered within a three-layer block in Ba2La2MnW2O10, where
the concentration of the centrosymmetric cation is consid-
erably higher than the present case[9]), although discrete Fe3+

tetrahedral layers are observed separated by mixed iron/
titanium octahedral layers in complex barium iron titanium
oxides.[10]

The Nb(2) site adjacent to the layer of vacant octahedral
sites has the most pronounced off-center displacement of
Nb5+ towards a triangular face of the octahedral oxide
environment along the threefold axis due to the absence of
other cations competing for bonding with the O2 oxide
anions. The other two Nb sites, which share all their
coordinating oxide anions with neighboring B site cations,
have off-center displacements similar to those observed in
fully site-ordered Ba3MgNb2O9,

[8] in accord with the proposed
structural model for Ba8CoNb6O24. It is interesting to note
that the separation of the BaO3 layers neighboring the vacant

site is at 1.65 9 consistent with that
of Ba5Nb4O15 but distinctly shorter
than found in the Q blocks of
ferrites,[11] where the corresponding
distance is 2.15 9.

Magnetization data for
Ba8CoNb6O24 obeyed the Curie–
Weiss law between 2 and 300 K
with an effective moment of
4.06 mB per Co (the spin-only value
is 3.87 mB) and �4.26(6) K antifer-
romagnetic Weiss constant) and no
irreversibility between field and
zero-field cooled runs (Figure 4).
This is consistent with the structural
model of Co2+ cations with near-
neighbor Co�Co distances within
the layer of 5.786 9 without direct
Co-O-Co superexchange pathways.
Deviations from the spin-only pre-
diction are commonly observed for

octahedral Co2+—the slight enhancement of the magnetic
moment over the spin-only value results from incomplete
quenching of the orbital contribution from the 4T1g state of
high-spin Co2+ by the trigonal ligand field, and agrees with the
value of 4.1 mB observed for Co2+ in anatase.[12]

For oxides containing metals with variable oxidation
states, hopping conduction offers a mechanism for dielectric
loss. However, the Co2+ oxidation state seems robust in
Ba8CoNb6O24, as indicated both by the magnetic data and the
invariance of the cell parameters to processing conditions.
The phase can be processed into resonators with a density of
89.6% of the crystallographic density with a relative permit-
tivity of 31: Q values are sensitive to processing, but
resonators with the most dense microstructure (scanning
electron micrographic images of sectioned high-Q material
shown in Figure S2 and S3 reveal lath- and platelike grains
^ 10 mm thick and of similar aspect to but with larger
dimensions than those for Ba8ZnTa6O24

[13]) have Q of 16700
at 3.2 GHz (Qf= 53200 GHz). The temperature coefficient of
the resonant frequency, tf, is 16 ppmK�1. EDS analysis of the
grains (Figure S2) at both interior and exterior surfaces of the

Table 1: Refined coordinates of Ba8CoNb6O24. Space group P3̄m1; a=5.789813(10), c=18.89355(6) K;
c2=2.9R(F2)=5.88% R(F)=4.34%. The global instability index,[14] which measures the mean deviation
of the bond valence sum of all ions in the structure from their formal valence, is 0.21, which is consistent
with that observed in high-permittivity niobates based on site-ordered cubic perovskites.[8] The weighted
average deviation from the ideal bond valence sums is 0.058, which is consistent with those observed in
cubic perovskite niobates. The valence sums at Ba of over 2 indicate compression around these sites, as
is commonly observed in perovskite niobates.[8]

x y z 100 U
[K�2]

Symm. Site BVS[a]

Ba1 0 0 0.1862(2) 0.9(1) 3m 2c 2.45
Ba2 1/3 2/3 0.0609(3) 0.77(9) 3m 2d 2.32
Ba3 1/3 2/3 0.4564(2) 0.70(9) 3m 2d 2.08
Ba4 1/3 2/3 0.6826(2) 0.12(8) 3m 2d 2.51
Co1 0 0 0 0.1(2) 3̄m 1a 1.95
Nb2 0 0 0.3849(1) 0.44(6) 3m 2c 4.93
Nb3 1/3 2/3 0.2549(2) 0.52(8) 3m 2d 4.64
Nb4 1/3 2/3 0.8789(1) 0.61(9) 3m 2d 4.58
O1 0.1679(2) 0.8321(2) 0.3074(1) 0.82(6) m 6i 2.03
O2 0.1630(2) 0.8369(2) 0.5706(1) 1.05(6) m 6i 2.15
O3 0.1710(3) 0.8289(3) 0.9351(1) 0.72(4) m 6i 2.03
O4 0.4985(2) 0.5014(2) 0.1868(1) 0.92(6) m 6i 1.94

[a] BVS is the bond valence sum for the atom.

Table 2: Bond lengths [K] and angles [8] in Ba8CoNb6O24. The magnitude
of the off-center distortion at the Nb sites, computed as
1/6

P

n¼1,6
((dn�d̄)/d̄)2, where d̄ is the mean bond length at the site, is

0.0094 (Nb2), 0.0017 (Nb3), and 0.0014 (Nb4) compared with 0.0016 in
fully site-ordered Ba3MgNb2O9.

[8]

Co1�O3 L6 2.108(3) Nb3�O1 L3 1.933(4)
O3-Co1-O3 L6 89.6(1) Nb3�O4 L3 2.097(3)
O3-Co1-O3 L6 90.4(1) O1-Nb3-O1 L3 96.0(2)
O3-Co1-O3 L3 180.0(1) O1-Nb3-O4 L3 173.1(2)

O1-Nb3-O4 L6 88.60(7)
Nb2�O1 L3 2.231(3) O4-Nb3-O4 L3 86.3(2)
Nb2�O2 L3 1.837(3)
O1-Nb2-O1 L3 81.6(1) Nb4�O3 L3 1.942(4)
O1-Nb2-O2 L3 166.2(2) Nb4�O4 L3 2.095(3)
O1-Nb2-O2 L6 87.9(1) O3-Nb4-O3 L3 93.0(2)
O2-Nb2-O2 L3 100.8(2) O3-Nb4-O4 L3 176.7(2)

O3-Nb4-O4 L6 89.2(1)
O4-Nb4-O4 L3 88.4(1)

Figure 3. a) The asymmetric multiple bonding to oxide by Nb5+

produces displacement of Nb(2) from the center of the octahedron
towards the face of three O2 oxide anions bordering the layer of
vacant face-sharing octahedral sites, whereas in b) the Co2+ cation is
located in a centrosymmetric environment that does not permit
ordered displacements of the type required to optimize the bonding at
Nb. The c axis (layer stacking direction) is vertical in both structures.
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resonator ceramics confirms the homogeneity of the Co
distribution and the absence of Ba3CoNb2O9 perovskite.

The structure of Ba8CoNb6O24 shows that subtle differ-
ences in bonding are sufficient to produce long-range order
over nanometer-distance scales even in high-temperature
reactions producing complex structures containing solely six
coordinate corner-sharing sites. The extension of this motif to
compositionally more complex arrays in which three or more
metal centers can be manipulated spatially in this manner is
now a significant challenge.
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Figure 4. a) Fit of the magnetic susceptibility of Ba8CoNb6O24 to the
Curie–Weiss law. A single-ion Kotani fit gives an unphysical value for
the spin-orbit coupling constant and thus the assignment of the
observed value of q to exchange coupling between the cobalt cations
is preferred. b) Plot of the inverse susceptibility versus temperature.
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