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Abstract

Structural distortions in the layered perovskites CsBiNb,O; and CsNdNb,O-, belonging to the Dion—Jacobson series, have been
analyzed in detail using powder neutron diffraction. Both phases adopt the polar orthorhombic space group P2iam, with
neighboring perovskite-like blocks in ‘eclipsed’ conformation analogous to the tetragonal archetype CsLaNb,O,. The metric
relationship between these distorted derivatives and the parent structure is ao~bo~\/2aT, co~cr, with the orthorhombic
distortion being due to off-center displacements of the A4-site cation, together with cooperative BOg octahedral tilts. This mechanism
of distortion is analogous to that in the Aurivillius phase ferroelectric SrBi,Ta,Og, though the title compounds do not display

ferroelectric behavior.
© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Layered perovskite-related phases form the basis for
many interesting classes of material, with a wide range
of properties. The superconducting cuprates and giant
magnetoresistive manganites are the most widely studied
examples, both being based on the Ruddlesden—Popper
structure type [1], which consists of a regular inter-
growth of perovskite- and rocksalt-like building blocks,
with  general  stoichiometry  [40][4BOs],, or
[42][A4,—1B,0O3,,+1]. Two closely related series of layered
perovskites are the Aurivillius and Dion—Jacobson (DJ)
series [2,3]. All three families have in common the
[4,-1B,03,+1] blocks of ‘perovskite’ structure, n octa-
hedra thick. The difference lies in the intergrown blocks
which separate the perovskite layers, viz. fluorite-like
[Bi,O;] wunits in the Aurivillius phases, and layers
containing cations only (generally univalent) in the DJ
series (i.e. A'[A,_1B,O3,+1]). Typically, though not
exclusively, the Aurivillius and DJ series incorporate
d° cations (Ti**, Nb°", etc.) only at the B-site, and
the consequent materials properties depend to a
larger extent on the nature of the interlayer units;
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hence, the Aurivillius phases have been well-studied
as ferroelectrics [4], whereas the DJ series have inter-
layer ion-exchange and ionic transport properties
[5,6].

The detailed crystallographic nature of the Aurivillius
phases has recently been well-established through a
series of single-crystal X-ray [7,8] and powder neutron
diffraction [9,10] studies. However, the crystallography
of the DJ phases has been less well reported, and has
been based on only a few good-quality single crystal [11]
and PND [12] studies. Many papers have reported
partial structural information based on powder X-ray
diffraction measurements only. Consequently, there is
some ambiguity and conflict in the exact nature of the
crystallographic distortions present in these phases, with
different superlattices being reported for similar com-
positions, in some cases. For example, Dion et al. [13]
originally reported a 2 x a superlattice for tetragonal
RbNdANb,O;, whereas Kodenkandath et al. [14] more
recently suggest the simpler a~3.87 A, ¢c~109A sub-
cell, both studies being based only on powder X-ray
diffraction data. Since such distortions often arise from
subtle displacements of oxygen atoms (in particular
‘octahedral tilt’ type behavior) the preferred method
of characterization is neutron rather than X-ray
diffraction.
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Despite these problems, a simple generalization of the
type of superlattice observed for a given 4’ cation has
been given [15]. Three archetypal structures may be
considered, depending on the relative alignment of
neighboring perovskite layers: viz., eclipsed along the
a- and b-axis (for A’=Cs™, Rb¥)[11,12], eclipsed along
aor b only (4’=K ™) [16] or staggered (4'=Na™, Li™,
Ag ") [17]. These differences arise from the coordination
preferences of the A’ cation, which varies from eight- to
six- to four-coordinate for the three archetypes,
respectively.

It is reasonable to suggest that the more subtle
distortions within each of these families may be dictated
by the nature of the A cation, specifically the size of 4
versus A’ or B, and nature (‘spherical’ or non-spherical’)
of A, reminiscent of the range of distortions which occur
in three-dimensional perovskites as a function of
tolerance factor, etc. To explore this possibility we have
carried out a detailed study, by PND, of the n =2 DJ
phases CsBiNb,O; and CsNdNb,O;, which may be
compared to the previously well-characterized analo-
gues CsLaNb,O5 [11] and RbLaNb,O4 [12].

2. Experimental

Pure polycrystalline samples of CsBiNb,O; and
CsNdNb,O, were prepared by solid-state reaction of
stoichiometric quantities of CsCOj3; (20% molar excess),
M>05; and Nb,Os which were thoroughly ground and
heated at 1000°C for 24 h. Powder neutron diffraction
data were collected at 25°C on the high-resolution
diffractometer HRPD at the ISIS Facility, UK, with
approximately 10g samples packed in a thin-walled
vanadium can. Data from both the 168° and 90°
detector banks were used in the subsequent Rietveld
analyses (GSAS [18]) leading to overall data ranges of
0.7<d<3.3A.

3. Results and discussion

Previous work has provided a precise structural model
for only one Cs-containing n =2 RP phase, viz. the
single-crystal X-ray study of CsLaNb,O. This structure
was refined in the archetypal P4/mmm model, with
ar~3.9 and cT~ll.2A. From both our raw X-ray
powder data and raw PND data it was immediately
clear that this model was not appropriate for either of
our materials, and a significant orthorhombic distortion
was present. Indeed, Subramanian et al. [5] suggested a
complex superlattice for CsBiNb,O,, involving cell
doubling along each of the three crystallographic axes
(i.e. a=7.599, b="7.714, ¢ =22.738 A). On the other
hand, Armstrong [12] suggested a different orthorhom-
bic superlattice for RbLaNb,O, involving a \/2aT X

2¢r X y/2at cell in space group Imma. Attempts to fit
either of our PND data sets in these models were
unsuccessful. Instead, it was found that a primitive cell
corresponding to a simpler \/2ar x \/2ar x ¢r distor-
tion was adequate to fit both phases, systematic
absences being compatible with space groups Pmam or
P2iam. Initial refinements in Pmam converged to rather
unsatisfactory fits (> = 24.9 and 6.8 for CsBiNb,O; and
CsNdNb,O4, respectively) and led to some unusually
large thermal parameters. Significant improvements in
both fits, together with improvements in the behavior of
the thermal parameters were found in the polar space
group P2yam, which was therefore adopted as the
optimum model. In the final stages of refinement,
oxygen atoms were treated anisotropically, metal atoms
isotropically; for the Bi compound, a preferred orienta-
tion correction (along [001]) led to a significant
improvement in the fit. A portion of the final Rietveld
plot for CsBiNb,O; is given in Fig. 1. The successful fit
to superlattice reflections incompatible with either of the
previous two structure types reported above is clearly
highlighted. The full Rietveld plot for CsNdNb,O; is
given in Fig. 2. Structural details of these final models
are presented in Tables 1-3 and Figs. 3-5.

The structural distortions are characterized by sig-
nificant out-of-center shifts of both the 4- and B-cations
within the perovskitic site, with cooperative BOg
octahedral tilting. Although the Nb cations display the
‘ferroelectric’-type displacements typical of d° cations,
leading to very short Nb-O,picai bond lengths, the
imposition of mirror symmetry perpendicular to the
c-axis precludes any net polarization in this direction.
However, the A-cation displacement does lead to a net
polarization along the a-axis. This is analogous to the
behavior in the Aurivillius phase ferroelectrics, such as
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Fig. 1. Portion of the final Rietveld refinement for CsBiNb,O;. The
lower set of tick marks corresponds to the refinement reported here, in
P2,am. The upper set and the middle set correspond to the variations
previously reported for RbLaNb,O; and CsLaNb,0-, for comparative
purposes only.
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SrBi,Ta,Oy (space group A2,am). However, a measure-
ment of the dielectric behavior of CsBiNb,O; by a.c.
impedance spectroscopy demonstrates a rather low and
temperature-independent dielectric constant (&, ~4),
with no evidence for ferroelectric behavior.
Displacements within the A4- and B-sites may be
compared to those in the two-layer Aurivillius phases
Bi;TiNbOg [19] and CaBi,Nb,Oy [20], both of which
also show significant orthorhombic distortions (orthor-
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Fig. 2. Final Rietveld plot for CsNdNb,O,, 168° detector bank.

Table 1

hombicity values, (2(a — b)/(a + b)): 13.4, 4.5, 8.4 and
7.5% 1077, for CsBiNb,O;, CsNdNb,O;, Bi;TiNbO
and CaBi,Nb,Oy, respectively). The B-sites in the
present DJ phases show significantly larger displace-
ments towards the apical O-site than the Aurivillius
phases (B—Ogpicai=1.82A for both Bi;TiNbOo and
CaBi,Nb,Og) demonstrating the need to compensate
the relative ‘underbonding’ of the apical O site by the
interlayer Cs cations; indeed the O(2) site actually
becomes overbonded in the presents cases (Table 3). For
the A cation sites the most extreme distortion is shown
for CsBiNb,O; (Fig.5) and the smallest for
CsNdNDb,O7; the corresponding A—O equatorial dis-
tances are 2.33, 3.16 A for CaBi,Nb,Oy and 2.30, 3.18 A
for BisTiNbOy. These values directly follow the trends
in orthorhombicity.

The octahedral tilt pattern involves in-phase rotation
of adjacent octahedra around the c-axis, and out-of-
phase rotation around the a/b-axes. This is analogous to
the a a ¢’ scheme (tilt system no. 10) in the Glazer
notation for three-dimensional perovskites [21], and is
also observed in the two-layer Aurivillius phases, e.g.
SrBi,Ta,O9 and CaBi,Nb,Oy. It is not surprising that
CsBiNb,O; displays octahedral tilting, and a very
marked orthorhombic distortion, driven by the Bi**
inert-pair effect. However, ‘tolerance factor’ arguments
would perhaps suggest that related DJ phases such as
CsLaNb,0O; and RbNdNb,0O; would also show a small

Refined structural parameters for CsBiNb,O; at 25°C, space group P2yam, a = 5.49528(7) A b= 5.42251(7) A, ¢ =11.37663(14) A. Ry, = 0.063,

72 = 7.6, for 61 variables, 0.7<d <3.1 A

Atom x y z U1y UQ22) U(33) U(12) U(13) UQ@3)
Cs(1) 0.2536(7) 0.2590(5) 0.5 0.022(1) 0.022(1) 0.022(1) 0.0 0.0 0.0
Bi(1) 0.3046(3) 0.2776(4) 0.0 0.014(1) 0.014(1) 0.014(1) 0.0 0.0 0.0
Nb(1) 0.2456(4) 0.7577(4) 0.2078(1) 0.012(1) 0.012(1) 0.012(1) 0.0 0.0 0.0
o(l) 0.2157(5) 0.6840(5) 0.0 0.019(2) 0.013(2) 0.017(2) ~0.0132) 0.0 0.0
0Q) 0.2474(4) 0.7797(4) 0.3617(2) 0.016(1) 0.011(1) 0.015(1) 0.011(2) ~0.011(2) 0.002(2)
0(3) 0.0099(5) 0.0267(4) 0.1604(2) 0.015(1) 0.028(2) 0.009(1) 0.009(2) ~0.006(2) ~0.006(2)
0(4) 0.4287(4) 0.4480(4) 0.1861(2) 0.035(2) 0.016(2) 0.028(2) 0.016(2) —0.009(2) —0.008(2)

# Note: all metal atoms refined isotropically.

Table 2

Refined structural parameters for CsNdNb,O; at 25°C, space group P2iam, a = 5.47219(4) A b= 5.44743(4) A, c= 11.16945(7)/0%. Ryp =0.043,

¥ = 3.4, for 60 variables, 0.7<d<3.3A

Atom x y z U1y UQ2) U@33) U(12) U(13) U@3)
Cs(1) 0.2450(10) 0.2655(6) 0.5 0.020(1) 0.020(1) 0.020(1) 0.0 0.0 0.0
Nd(1) 0.2645(6) 0.2552(4) 0.0 0.009(1) 0.009(1) 0.009(1) 0.0 0.0 0.0
Nb(1) 0.2451(5) 0.7537(4) 0.2020(1) 0.010(1) 0.010(1) 0.010(1) 0.0 0.0 0.0
o(l) 0.2198(10) 0.6791(5) 0.0 0.024(3) 0.019(2) 0.028(2) ~0.004(2) 0.0 0.0
0Q) 0.2454(6) 0.8021(4) 0.3552(2) 0.016(1) 0.010(2) 0.018(1) —0.005(2) 0.017(2) —0.007(1)
0(3) 0.0072(6) 0.0278(6) 0.1443(2) 0.004(1) 0.024(1) 0.024(1) 0.001(1) ~0.009(2) ~0.005(2)
0(4) 0.4323(4) 0.4532(5) 0.1906(2) 0.027(2) 0.017(1) 0.022(1) —0.010(2) 0.001(1) ~0.005(1)

# Note: all metal atoms refined isotropically.



312 A. Snedden et al. | Journal of Solid State Chemistry 173 (2003) 309-313
Table 3 .
Bond distances (A) and bond valence sums for CsBiNb,O; and
CSNdszO7
CsBiNb,O, CsNdNb,O,
Cs(1) 0(2) x2 3.038(4) 2.988(4)
x 2 3.144(4) 3.198(6)
x 2 3.202(3) 3.202(6)
x 2 3.232(3) 3.341(4)
Nb(1) o(1) 2.403(1) 2.297(1)
0(2) 1.755(2) 1.731(2)
0(3) 1.941(3) 1.972(5)
2.024(4) 2.083(4)
04) 1.973(3) 1.935(4)
2.082(3) 2.053(4)
Bi(1) o(1) 2.257(3) 2.322(4)
2.269(3) 2.517(7)
3.243(3) 3.002(7)
3.256(3) 3.148(3)
0(3) x 2 2.707(3) 2.473(4)
x2 2.794(3) 2.596(3)
04) x 2 2.409(2) 2.558(2) b
x 2 3.311(3) 3.219(3)
BVS: Cs(1) 1.12, Bi(1) 2.97, Nb(1) 4.92, O(1) 1.89, O(2) 2.09, O(3) 2.00,
0(4) 1.94. > a

BVS: Cs(1) 1.12, Nd(1) 2.99, Nb(1) 5.07, O(1) 1.74, O(2) 2.16, O(3)

2.11, O(4) 1.99.

®

Fig. 3. Crystal structure of CsBiNb,O». CsNdNb,O4.

®

Fig. 4. Perovskite layer in CsBiNb,O,, viewed down the c-axis.
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Fig 5. Local environment around the A-sites in CsBiNb,O; and
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distortion from the reported tetragonal symmetry. For
example, the tolerance factor, ¢, for the [SrNb,O-] block
in SrBi;Nb,Oy is much larger (0.99) than that for the
[LaNDb,O] block in CsLaNb,O5 (0.96). Despite this, the
former shows a small orthorhombic distortion, whereas
the latter does not. Bond—valence sum analysis [22] also
suggests a small degree of underbonding, particularly
at the La site in CsLaNb,O; (BVS(La)=2.88,
BVS(Cs)=0.98). These may be compared to the values
in Table 3, where the distortions allow more optimal
bonding at the A-site, at the expense of the Cs site.
Further detailed structural work is clearly necessary to
define more precisely the role of the interlayer units in
these systems in influencing the behavior of the
perovskite blocks.

In conclusion, we have shown that both CsBiNb,O,
and CsNdNb,O5 display a novel mechanism of distor-
tion within the Dion-Jacobson family of layered
perovskites. Large polar displacements of the perovskite
A cation with cooperative octahedral tilting occur,
reminiscent of the behavior in the Aurivillius phase
ferroelectrics. The present compounds, however, appear
not to exhibit ferroelectricity. In the light of the lack of
definitive structural data on many related members of
the DJ series, a more detailed study of the structural
chemistry of these materials is merited.
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