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The Dion-Jacobson phases are increasingly gaining attention for their photoactivity and potential
applications as photocatalysts and sensors, in addition to their polar structures. The structure -
composition — property relationships for the n = 3 phases (of general formula A’/A,B:01 €.g., A’ = Rb,
Cs; A = Ca, Sr, Ba; B = Nb, Ta) are not well understood because of the lack of reliable structural models
for this series. Our combined experimental and computational study addresses this by determining and
explaining the complex structural chemistry of these materials, and provides a guide to allow structures
and properties of new materials to be predicted and understood. We find that both A’ and A cations
determine the tilts of BOg octahedra and hence small A%* ions tend to give materials with larger band
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1. Introduction

Advancing photoactive materials for catalysis and optoelec-
tronic applications requires a deep understanding of their
electronic structure (band gaps, edge positions, and density of
states), and the ability to strategically tune these properties
through structural and compositional engineering. Mastering
this control unlocks new possibilities for high-performance
materials and transformative  technologies.  Layered
perovskite-related materials including the Dion-Jacobson (D])
phases have attracted attention due to their promise as
photocatalysts,'® photovoltaics”® and X-ray- and photo-detec-
tors.’®* DJ phases have significant compositional flexibility,
attracting interest for a range of properties (including ionic
conductivity'* and ferroelectricity,'*** in addition to their pho-
toactivity), and giving them huge potential to use composition
to tune properties. However, efforts to design DJ materials
optimised to specific applications are hampered by the lack of
a full understanding of the structure-composition—-property
relationships in these materials.
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the second-order Jahn-Teller effect of the B = Nb, Ta cations is discussed.

The Dion-Jacobson phases (of general formula A’'A,_,B,-
Os,+1) adopt layered, pseudo-tetragonal crystal structures
composed of perovskite blocks n layers thick, separated by A’
cation layers (Fig. 1). As in other families of layered perovskites
such as the Aurivillius phases, the B cations are often d° ions
(such as Ti*", Nb°*, Ta>" ions) and are located in six-coordinate
octahedral sites, whilst the larger A cations (e.g., group 2 or
lanthanide ions) are in 12-coordinate sites. The A’ cations in DJ
phases are typically much larger (e.g. group 1 ions such as Cs",
Rb" in inorganic systems, or long “spacer” molecular ions in
hybrid systems)'® in more weakly-bound eight-coordinate sites
(Fig. 1). The parent structure is tetragonal (of P4/mmm
symmetry)"”*®* and much analysis (both experimental and
computational) is carried out assuming this ideal high
symmetry (centrosymmetric) structure,™*'* in part due to the
difficulty of detecting distortions primarily involving light oxide
ions by X-ray diffraction. However, the crystal structures of DJ
phases can be tuned by changing their composition, taking
advantage of both electronic and geometric factors.”® As for
other perovskite families, the DJ phases are susceptible to
structural distortions involving rotations of the BOg octahedra
about both in-plane and out-of-plane axes, and to in-plane polar
and antipolar displacements."?*** These distortions have been
explored for the n = 2 systems both experimentally and in
computational studies,***** but there has not yet been
a systematic investigation of these distortions for the triple-
layer phases, despite their importance as functional mate-
rials,>*** making it hard to predict structures and therefore
properties. Building on earlier symmetry analysis of the tilts of
BOg octahedra in n = 3 DJ phases,****** in this combined
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Fig. 1 (a) Shows the aristotype P4/mmm structure for an n = 3 DJ phase; (b) illustrates Mz* and Asz* rotations about the out-of-plane axis; (c)
illustrates Ms*, As™ and Xz* rotations about in-plane axes, (curly red/blue arrows indicate directions of rotation of BOg octahedra); (d) illustrates
in-plane polar displacements described by the I's™ irrep along [110] of the P4/mmm unit cell, indicated by yellow arrow.

experimental and computational
harmonic generation and neutron powder diffraction to deter-
mine the crystal structures for some A’A,B;0,, (A’ = Rb, Cs; A =
Ca, Sr, Ba; B = Nb, Ta) n = 3 DJ phases. We find that the A cation
size plays a significant role (related to the perovskite tolerance
factor)* in inducing tilts of BOs octahedra, but the nature of
these tilts is also influenced by A’ cation size. Comparison of

study we use second-

Nb>* and Ta®' phases gives an indication of the balance
between geometric and electronic factors in stabilising lower-
symmetry structures. Our density functional theory (DFT)
calculations are consistent with our experimental results and
give an indication of the relative energies of these distortions.
We show how this understanding of the structures (and in
particular, the magnitude of BOj tilts) explains trends in band
gap observed experimentally (in our work and previously re-
ported**®), and our understanding of polarity may be useful for
designing optimised photoactive materials.

2. Methods

Polycrystalline powders of CsA,Nbs;O;, (A = Ba, Sr, Ca) and
CsCa,Taz;04, were prepared by solid-state reaction. Stoichio-
metric amounts of Cs,CO; (in 30% excess to account for vola-
tility), BaCO3, SrCO3;, CaCO3, Nb,O5 and Ta,05 were thoroughly
ground in an agate mortar with acetone and the mixture was
pressed into 10 mm diameter pellets. The resulting pellets were
placed in an alumina crucible and heated at 550 °C for 12 h. A
subsequent heating in air at 1000 °C for 12 h for Cs4,Nb30,, (4 =
Sr, Ca) and for CsCa,Taz0, or 850 °C for 3 h (A = Ba) was carried
out. RbA,Nb;0,, (A = Sr, Ca) were prepared similarly using 30%
excess of Rb,CO; with heating at 550 °C for 12 h followed by
grinding and reheating at 1000 °C for 12 h. The initial charac-
terization of the samples was carried out by laboratory X-ray

23074 | J Mater. Chem. A, 2025, 13, 23073-23086

powder diffraction (XRD) using a Rigaku Miniflex utilising Cu
Ko radiation (40 kv, 15 mA) and a D/teX Ultra detector.

Neutron powder diffraction (NPD) data were collected at
room temperature at the Echidna High Resolution Powder
Diffractometer” in the Australian Centre for Neutron Scattering
(ACNS), with A = 2.4395 A and at 1.6215 A within the 26 range
from 10 to 165°. About 3 g of sample was contained in a vana-
dium can and data were collected for ~two hours per scan.
Rietveld refinements® were carried out using the TopasAca-
demic software.> A scale factor and background terms were
refined, followed by sample zero point and unit cell parameters.
One or more profile parameters to describe the diffraction peak
shape were refined, alongside the atomic coordinates for the
strongest scattering site (as allowed by symmetry). More atomic
coordinates were refined (as allowed by symmetry) as well as
remaining profile parameters (assuming a pseudo-Voight peak
shape) for stable refinements. Finally, atomic displacement
parameters were refined in the final stages of the refinements.
ISODISTORT was used for symmetry analysis (including
exploring group-subgroup relations) and to describe distorted
structures in terms of the parent structure with symmetry-
adapted distortion modes applied.***°

Diffuse reflectance spectra were recorded by grinding each
sample with dry NaCl (10% w/w) and placing these mixtures in
optical cuvettes and illuminating with a deuterium lamp (Oce-
anOptics DH-2000-S). Non-specular scattered light was collected
and the spectrum recorded using an OceanOptics spectrometer
(Mayer2000 Pro). A cuvette of ground NaCl was used as a refer-
ence. The data were used to calculate the reflectance spectra R(I)
and Kubelka-Munk spectra F(R).*

Preliminary second harmonic generation (SHG) measure-
ments were carried out at University of Warwick. Hand-ground
powders of each sample (of a wide range of particle sizes) were
sealed between glass microscope slides and irradiated with an

This journal is © The Royal Society of Chemistry 2025
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800 nm laser and the SHG signal (400 nm) was detected using
a photomultiplier tube (PMT), with filters to remove the
fundamental. Using the Kurz and Perry powder technique,**
further SHG measurements were carried out in Durham using
powders of each sample that were sieved into different particle
sizes and then placed into (GPE Secure 55) NMR tubes. While
SHG is highly symmetry-dependent, the Igyg efficiency of
powders also depends on the particle size and if the particle size
is not optimised, a false-negative result may be obtained.
Powders were ground into bands of 38-45, 53-65, 65-75, 75-90
& 90-106 pm. A pulsed carbide laser generates the 1028 nm
fundamental light at a rate of 150 Hz, with a pulse width of
~250 fs and this was used to irradiate the samples. The laser
(0.2-9.5 mW) passed through a dichroic mirror and was then
loosely focused on the sample using a parabolic mirror. The
reflected second harmonic light (514 nm) was (again, loosely)
collimated by the parabolic mirror, then reflected by the
dichroic mirror back to a convex lens and focused to a system of
filters to separate out remaining 1028 nm light. An amplified (10
dB) photodiode was used initially to establish SHG activity for
each sample relative to a potassium dihydrogen phosphate
(KDP) reference, as photodiodes have a large linear dynamic
range. A photomultiplier tube (PMT) was used (due to its better
sensitivity) to characterise the quadratic relationship between
Isuc and laser power for each sample, which confirms that the
detected signal was due to a two-photon process. The signal was
monitored on an oscilloscope. SHG efficiency below 0.5% KDP
are generally characteristic of centrosymmetric materials with
quadrupolar interactions, and so this is used as a threshold to
avoid false-positive conclusions.*

Electronic structure calculations were performed within the
ab initio density functional, plane-wave, pseudo-potential
formalism as implemented in the Castep code.*® The elec-
tronic wave functions are expanded in a plane wave basis set up
to a kinetic energy cut off of =1000 eV. Integrations of the
Brillouin zone were done with a k-point sampling scheme where
the k-points are spaced at 0.05 A~*. We find this converges total
energy differences to greater than 0.5 meV per atom. Our
standard DFT calculations use the PBE exchange-correlation
functional,** chosen for its balance between accuracy and
computational efficiency making it a widely used choice for DFT
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calculations. Electron-ion interactions are described using ab
initio ultra-soft pseudopotentials based on Vanderbilt's
formalism®® also generated with the PBE functional for consis-
tency. The pseudo-potentials treat some of the semicore states
as valence, which is important to obtain accurate electronic
structures. In particular, this includes the 5s, 5p and 6s states
for Cs; the 4s, 4p and 5s states for Rb; the 3s, 3p and 4s states for
Ca; the 4s, 4p and 5s states for Sr; the 5s, 5p and 6s states for Ba;
the 4s, 4p, 4d and 5s states for Nb; the 4f, 5s, 5p, 5d and 6s states
for Ta, and the 2s and 2p states for O.

3. Results & discussion
3.1 Second harmonic generation tests for A’A,B30,,

Preliminary SHG measurements carried out on hand-ground
powder samples containing particles of a range of sizes which
suggested some SHG activity for CsCa,B;0;9 (B = Nb, Ta)
samples (see ESIt). Where Igyg is not tested over multiple
particle sizes, only a positive result is conclusive, so the samples
were investigated further. Different particle size ranges were
tested for the optimum efficiency, and the optimum available
particle size for each sample was then used to qualify samples
as SHG active (resulting from a non-centrosymmetric structure).
The threshold chosen was <0.5% KDP, below which is consid-
ered a negative result.**** This is in line with contributions from
quadrupolar effects or surface contributions measured in
related perovskite materials,*® more general estimates of the
surface contribution,?*” and our own measurements of centro-
symmetric NaCl powder (Fig. 2). The photodiode-measured
SHG response to a KDP reference is shown in Fig. 2a (left
hand axis). On the right axis, the SHG response measured for
CsA,B3040 (A = Ca, Sr, Ba; B = Nb, Ta) samples is shown. All
samples showed a quadratic relationship with laser power,
suggesting the detected light arose from a two-photon process.
Isyg measurements using a PMT (Fig. 2b) revealed moderate
SHG activity (>1% that of KDP) for CsCa,Nb;O;, and for
RbCa,Nb;0;,, weak SHG activity (>0.5% that of KDP) for
CsCa,Ta;0;, and negligible SHG activity (comparable to NaCl
powder) for <45 pm CsSr,Nb3z0;4, RbSr,Nb;0;, and CsBa,Nbs-
04 (though it was not possible to do a full particle size study for
these samples).

SHG Response / mV

T

0 2 4 6 8
Laser power / mW

Fig.2 HG measurements showing (a) the response of a photodiode to the SH from KDP (75-90 pum particles; red, left red axis), CsCayNbzO;o
(<45 um particles; yellow, right axis), CsCa,TazO10 (45-53 pm particles; green, right axis), CsBa,NbzO;q (<45 pm particles; purple, right axis); (b)
shows the SHG intensity Isyg as a function of laser power measured by a PMT (showing quadratic dependence) for CsCay,NbzO4q (yellow, 45-53
pum), CsCa,TazO40 (green, 90-106 pm), RbCa,;NbzO4q (salmon, 76-90 um), NaCl (light blue, 90-106 um), CsSr,NbsO; (blue, <45, unoptimized),
RbSr,NbzO;g (black, <45 um, unoptimized) and CsBa,NbzO;q (purple, <45 pm, unoptimised).

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 23073-23086 | 23075
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3.2 Structure refinements for A’A,B;0;,

3.2.1 Symmetry analysis for A’A,B;0;,. Before exploring the
structural chemistry of these A’A,B;0,, phases in detail, it's
useful to summarise the key structural distortions expected for
these n = 3 DJ phases. As shown in Fig. 1, the ideal aristotype
structure of P4/mmm symmetry has a single A cation site and
two B sites: the higher symmetry B(1) in the centre of the
perovskite blocks, and the lower symmetry B(2) site in the outer
layers of the blocks. As in many layered perovskite-related
phases, the B(2) ions tend to be displaced along the long
(pseudo-) tetragonal axis of the unit cell towards the A’ layers.
This lowers the B(2) site symmetry to C,,. Distortions that lower
the unit cell symmetry from P4/mmm include:

e Rotations of BO octahedra about the long axis (Fig. 1b):

- Rotations in adjacent blocks in-phase with one another;
described by M;" irrep (k = 11 0); symmetry lowered to P4/mbm
(note that rotations of B(1)Os and B(2)O, octahedra within each
block are not constrained to be either in-phase or out-of-phase),
Fig. 1b;

- Rotations in adjacent blocks out-of-phase with one another;
described by A;" irrep (k = 11 0); symmetry lowered to I4/mcm
(note that rotations of B(1)Os and B(2)Og octahedra within each
block are not constrained to be either in-phase or out-of-phase),
Fig. 1b;

e Rotations of BO, octahedra about in-plane axes (Fig. 1¢):

- Out-of-phase tilts with tilts in adjacent blocks in-phase with
one-another ((a”a ¢°) (a”a ¢°)); described by M5 " irrep (k =11
0); symmetry lowered to Phmn (cab setting of space group 53,
Pmna), Fig. 1c;

- Out-of-phase tilts with tilts in adjacent blocks out-of-phase
with one-another (a~a ¢®)~(a a ¢°)); described by A;" irrep (k =
111); symmetry lowered to Icmm (cha setting of space group 74,
Imma), Fig. 1c;

- In-phase tilts with tilts in adjacent blocks in-phase with
one-another ((a'b"c®) (a'b"c°)); described by X;" irrep (k= 01 0);
symmetry lowered to Pmmn, Fig. 1c;

e In-plane polar displacements (Fig. 1d):

- Polar displacement along [110] direction of the parent P4/
mmm unit cell; described by I's™ irrep (k = 0 0 0); symmetry
lowered to C2mm (cha setting of space group 38, Amm2), Fig. 1d;

As indicated in Fig. 1, we can expect that structural distor-
tions in these DJ phases primarily involve shifts in the oxide
positions. However these are very hard (or even impossible) to
detect using X-ray powder diffraction (XRPD) for which the
scattering of light oxide ions is very weak compared with that of
the heavier Rb, Cs, Nb and Ta ions which will dominate the X-
ray scattering. XRPD is perhaps the most accessible technique
for routine structural characterisation of samples and so most
of the phases reported in our study (and closely-related mate-
rials) have been reported to adopt the ideal aristotype P4/mmm
structure.®***?

An early single crystal X-ray diffraction study on CsCa,Nb;-
O, indicated a large orthorhombic cell and reported a struc-
ture*® very similar to ours determined from NPD analysis
(Section 3.2.4), highlighting the advantages of single crystal
diffraction over powder, if suitable single crystals are available.

23076 | J Mater. Chem. A, 2025, 13, 23073-23086
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A combined computational and experimental study using
SSNMR on RbSr,Nb;0,, indicated the P4/mbm model (consis-
tent with ours, Section 3.2.6)** but there has not been a wider
consideration of these structures and the distortions observed
to identify structural trends within this family. More recent
studies have included phases with smaller A cations as well as
ns” cations and give glimpses of the complex structural chem-
istry of the n = 3 DJ phases.***»**** This has motivated our study
to explore the structural chemistry of these materials, to
understand how it relates to their physical properties, and to
identify structural trends to allow structures and therefore
properties of n = 3 DJ phases to be predicted.

3.2.2 Structure refinement for CsBa,Nb;O,,. In the
combined analysis, the 2.44 A and 1.62 A room temperature
NPD data for CsBa,Nbz;O,, were fitted well by the aristotype
structure of P4/mmm symmetry (Fig. 1), although traces of
BazNbs0;5 (9.8(4)% by mass) are thought to contribute to a peak
at 2.11 A (~45° 26) in the 1.62 A data set (a further small peak at
~0.9 A (~125° 26) in the 1.62 A data was observed and could not
be fitted by possible impurity phases or lower symmetry
models). This refined model (Fig. 1 and ESIf) is in agreement
with that reported by Weppner et al. from analysis of XRPD
data.** Lower symmetry models that would allow rotations of
the NbOe octahedra or polar displacements did not give
significant improvements in fit and so the average structure of
CsBa,Nb;O;, (with tolerance factor of the hypothetical
“BaNbOj3” blocks of 1.05) seems to be best described by the high
symmetry P4/mmm model with no rotations of octahedra.
However we cannot rule out that such distortions may occur at
a more local length-scale, which may give more optimal coor-
dination environments for several sites.

NPD data for all other phases considered here could not be
fitted satisfactorily by the high symmetry P4/mmm model: extra
peaks were observed in NPD data indicating larger unit cells,
and/or intensities were not well fitted and the models were
unphysical (with very distorted polyhedral, and unphysical
atomic displacement parameters). This highlights the chal-
lenges of structural characterisation using XRPD data*** for
these perovskite-related materials for which many distortions
involve displacements of the light oxide ions (which give rela-
tively weaker scattering of X-rays compared with the heavier
cations present). Lower symmetry models allowing rotations of
BOg octahedra were therefore considered to fit our NPD data for
all other samples.

3.2.3 Structure refinement for CsSr,Nb;04,. Attempts to fit
the room temperature NPD data for CsSr,Nbz;O4, by the aris-
totype P4/mmm model (as reported by Weppner et al. from
XRPD data)® weren’t successful: there was a significant
mismatch between observed and calculated intensities (see
ESIf) and an unfeasibly high atomic displacement parameter
for O(1) (Uiso x 100 = 8.5(2) A? for the equatorial site at the
centre of the perovskite layers). Allowing this to refine aniso-
tropically suggested significant displacement of O(1) away from
the ideal 2f site, consistent with rotation of the NbOg octahedra
about [001],. This prompted us to consider models that allowed
rotation of the octahedra about the out-of-plane axis and the fit
improved significantly for the P4/mbm model (M;") (see ESIT). A

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(a) Refined P4/mbm (M3™) structure for CsSr,NbzO;g and (b) refined P2,cn (As™ + Xs* (+M3™) + I's ) model for CsCa,NbzO;, with Nb(1)Og

and Nb(2)Og octahedra in dark and light blue, Cs™, (Sr, Ca)®>* and O~ ions in purple, green and red, respectively.

non-centrosymmetric model of P2;am symmetry was also
considered but gave negligible improvement in fit (see ESIT).
This suggests that the average structure is best described by
a non-polar model P4/mbm symmetry (ESIt and Fig. 3),
consistent with the negligible SHG activity (see Section 3.1).
However, as noted above for CsBa,Nb;0;,, we cannot rule out
the possibility that additional distortions (such as rotations of
octahedra, or polar displacements) may occur at a more local
length-scale in order to give more optimal coordination envi-
ronments for several sites e.g. Sr site which is noticeably over-
bonded in the P4/mbm model (Table S14+).

Although the hypothetical “SrNbO;” perovskite blocks in
CsSr,Nb;0; again have tolerance factor close to 1 (¢ = 0.99), the
decrease as Ba>" is replaced by smaller Sr** (12-coordinate ionic
radii of 1.44 A and 1.61 A for Sr*" and Ba*', respectively)* is
sufficient to stabilise rotations of the NbOg octahedra about this
out-of-plane axis. Presumably this occurs to optimise bonding
within the perovskite layers, and it results in a significant
reduction of the in-plane unit cell parameter (3.97705(5) A for
CsBa,Nb;0;, compared with 3.90786(6) A for CsSr,Nb;0;,
(normalised by dividing by /2 for comparison with the P4/mmm
model)).

3.2.4 Structure refinement for CsCa,Nb;04,. Attempts to fit
the room temperature NPD data for CsCa,Nb;O;, using the
parent structure were not successful with unindexed peaks and
significant mismatch in intensities (see ESIf). Allowing high
atomic displacement parameters to refine anisotropically gave
anisotropic values consistent with rotation of NbOg octahedra
about the out-of-plane axis. This led us to consider lower
symmetry models to allow these rotations. Refinements using
the P4/mbm (M;" rotations) model gave improved fits but some
peaks were not well-matched (see ESIt), and atomic displace-
ment parameters for the apical oxide sites refined to high values
(and anisotropic refinements suggested displacements in the ab
plane). These results prompted us to consider models allowing
additional rotations of NbOg octahedra about an in-plane axis. A
mode inclusion analysis*” was carried out (see ESIt), to identify
which group of displacive modes (in addition to the M;" rota-
tions) would give the biggest improvement in fit (assuming
a lower symmetry unit cell up to 2a; x 2a, x 2¢,). This indicated
that the fit improved significantly if A;" or X;" distortions (which

This journal is © The Royal Society of Chemistry 2025

both describe rotations of NbOg octahedra about an in-plane
axis) were included (see ESIf). Combining As' rotations with
the X;" (+M;") rotations gives a large unit cell of Pnma symmetry
(2¢¢ x 2a, X 2a,). This model gave a good fit to the data and is
consistent with that reported from single crystal X-ray diffraction
for CsCa,Nb;0;, (reported as 30.185(3) A x 7.740(2) A x 7.746(2)
A in space group Pnam (ach setting of space group 62),® and so is
equivalent to our model in the standard setting, Pnma).'®
Subsequently our As" + X;" (+M;") Pnma model will be referred to
in the non-standard Pmcn (bca) setting (to give the long axis along
¢) for ease of comparison with other structural models. The
atomic displacement parameters for sites derived from the same
site in the parent P4/mmm structure were constrained to be
equal, given the large unit cell which is pseudo-tetragonal. This
model allows a complex modulation of NbOg rotations and gives
lower symmetry sites for A>* cations (four 4c sites of m symmetry
in this Pmcn model, compared with the single 4f site of 2mm
symmetry for the P4/mbm model described above for CsSr,Nbs-
0,0). This complex structure presumably results from the lower
tolerance factor (¢ = 0.96) for the “CaNbO;” blocks with more
significant tilts needed to optimise bonding around the smaller
Ca®" jon. It is striking that the earlier structural study by Dion
et al. using single crystal X-ray diffraction® is in good agreement
with our study using NPD data, in contrast with other studies on
related materials using X-ray powder diffraction data, high-
lighting the advantages of single crystal X-ray diffraction
compared with XRPD for these systems.

Given the significant SHG response for this sample (Section
3.1), polar models of Pna2; and Pmn2, symmetries were
considered. These models allow the same tilts as the Pmcn
model as well an in-plane polarisation (described by the I's™
irrep) along different in-plane directions (see ESIY). It is hard to
confirm either of these polar Pna2, and Pmn2; models from
analysis of our diffraction data: the improvement in fit over the
Pmcn model was not visible but was noticeable in the fitting
statistics for both models. Full details are given in the ESI{ and
the Pna2, model is illustrated in Fig. 3. Again for ease of
comparison between models, the cba setting, P2,cn, of space
group 33 Pna2, will be used (with polar axis along a and long
axis along c), and the cab setting, P2 ,mn, of space group 31
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Pmn2, will be used (with polar axis along a and long axis
along c).

3.2.5 Structure refinement for CsCa,Ta;0,,. To investigate
the role of the SOJT effect for the transition metal B cations, the
Ta analogue CsCa,Taz;0,, was investigated. As for CsCa,Nb301,
additional peaks were observed that could not be indexed by the
P4/mmm unit cell suggested from previous work using XRPD,**
and atomic displacement parameters suggested some rotations
of TaOg octahedra about both in-plane and out-of-plane axes. As
for CsCa,Nb;0,,, mode inclusion analysis indicated that the fit
was most improved by allowing rotations about an in-pane axis
(either X;" or A" tilts), but models allowing these modes alone
did not index all reflections. Again the A;" + X;" (+M;") Pmcn
model described above for CsCa,Nbz;O;, gave a good fit to the
data. Given the weak SHG activity, polar models of P2,cn and
P2,mn symmetries were also considered, as for CsCa,Nbz0;,.
Again these models gave similar fits and it is hard to distinguish
between them and both models include some sites for which
bond valence sum values are not ideal. These likely suggest
some deficiencies in our models: these might arise from the
complexity of the model and the fact that the unit cell is close to
metrically tetragonal, giving rise to pseudo-symmetry issues.
Full refinement details are given in the ESL.}

Two Rb analogues, RbSr,Nb;O;, and RbCa,Nb;0;,, were
also studied for comparison with the Cs phases to understand
the role of the interlayer 4’ cations Cs" and Rb".

3.2.6 Structure refinement for RbSr,Nb;0,,. As for CsSr,-
Nb;0;, attempts to fit the RbSr,Nb;0;, NPD data by the ideal
P4/mmm model gave some mismatch of intensities and an
unfeasibly high atomic displacement parameter (Ujs, X 100 =
9.6(2) A?) for the equatorial oxide site O(1). Allowing this atomic
displacement parameter to refine anisotropically suggested
significant displacement of O(1) away from the ideal 2f site,
consistent with rotation of the NbOg octahedra about [001];.
Both P4/mbm (M;" rotations) and I4/mcm (A;" rotations) models
gave significant improvements in fit (see ESIt), with the P4/mbm
(M;") model being slightly better, as found above for CsSr,-
Nb3O,4. As for CsSr,Nb;O,, discussed above, a polar P2,am
model was also considered for RbSr,Nb;0;, but gave negligible
improvement in fit. These observations and the negligible SHG
signal (see Section 3.1) suggest that the average structure, at
least at the length scales probed by neutron diffraction, is best

Fig. 4
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described by non-polar P4/mbm symmetry. This is consistent
with studies using NPD and Raman spectroscopy reported by
Kurzman and Geselbracht.*® Refinement details are given in the
ESIf and the structure is illustrated in Fig. 4; the refined
amplitude for the M;* distortion mode was 0.64 A.

3.2.7 Structure refinement for RbCa,Nb;0,,. As for CsCa,-
Nb;O,, described above, additional peaks were observed in
RbCa,Nb;0;, NPD data that could not be fitted by the ideal P4/
mmm model, and this model also gave high atomic displacement
parameters for equatorial O(1) site and apical O(2) site (when
refined anisotropically, these suggested some rotation of NbOg
octahedra about both the out-of-plane axis and an in-plane axis).
Mode inclusion analysis suggested the greatest improvement in
fit came from allowing X;" rotations about an in-plane axis.
Models allowing these X;" rotations (including a Pmma model
(2a; x a. x ¢;) and a Pmmn model (2a, x 2a, x c;)) gave some
mismatched intensities, and fairly high atomic displacement
parameters for some oxide sites (see ESIT). A second round of
mode inclusion analysis suggested that also allowing M;" rota-
tions (again about an in-plane axis) would improve the fit further.
Similar to CsCa,Nb;0;,, symmetry analysis indicates that Xs"
tilts (with order parameter (a,b)) also allows M;" rotations about
the out-of-plane axis, and when M tilts (about an in-plane axis)
are also allowed, the symmetry is lowered to P2,/m. This model
gave a significant improvement in fit and refinement details are
given in the ESL{ A P2,/m model has also been proposed for
RbCa,Nb;0,, by Kurzman and Geselbracht, but with the long
axis doubled, although atomic coordinates are not given so it’s
hard to make a detailed comparison.*®

Given the moderate SHG activity measured for RbCa,Nb;0;,
(Section 3.1), models allowing for an in-plane polar displace-
ment (described by the I's™ mode) were also considered. The
polar P2; model gave a slight improvement in fit. Refinement
details are given in the ESIf and the structure is illustrated in
Fig. 4. We note that the polar displacement is relatively small
(mode amplitudes of 0.53 A, 0.77 A, 0.64 A and 0.26 A for M;",
X;', Ms" and I's™ modes, respectively), comparable to that
refined for CsCa,Nb;0,,. However, with a single set of NPD data
for RbCa,Nb;0,, the uncertainties in refined positions are
nearly three times larger for RbCa,Nb;0;, than for CsCa,Nb;-
04, and most sites for the Rb phase refine to positions close to

(a) Refined P4/mbm (M3*) structure for RoSraNbzO,q and (b) refined P2; (Ms* + X3 (+M3*) + I's~) model for RbCa,NbzO10, with Nb(1)Og

and Nb(2)Og octahedra in dark and light blue, Rb*, (Sr, Ca)?* and O%~ ions in purple, green and red, respectively.
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within an uncertainty of the non-polar model, making it hard to
confirm this polar distortion from analysis of our NPD data.

3.3 Diffuse reflectance measurements of optical band gap

Diffuse reflectance measurements for these A’A,B;0,, phases
showed a decrease in reflectance for A > 300 nm. The diffuse
reflectance spectra after the Kubelka-Munk treatment are
shown in Fig. 5. The intercepts of the linear increase in
Kubelka-Munk function F = (1 — R)*/2R (where R is the diffuse
reflectance) with the energy axis can be used to estimate the
optical band gap, and suggest gaps ranging from 3.25 to 3.65 eV
for CsA,Nb3;0;, with gap increasing with decreasing A cation
size. Similar gaps were measured for RbA,Nb;0,, samples. Data
for CsCa,Taz0,, are very noisy but suggest a slightly larger gap
than for CsCa,Nbz;0,,, broadly consistent with the combined
experimental and computational study by Zahedi et al.*

These results are consistent with the white-off-white colour
of the samples, and bandgaps in the visible-UV region of the
electromagnetic spectrum.”** The low absorption observed for
these materials is consistent with their indirect band gaps.*

3.4 Geometry optimisations from density functional theory
calculations

Geometry optimisations of possible lower symmetry structures
were carried out using DFT and the relative energies of distorted
structures with respect to the ideal P4/mmm parent structure are
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Fig. 5 Diffuse reflectance spectra collected for A’A;NbzO1o samples
diluted in dry NaCl after Kubelka—Munk treatment showing bandgaps
in the UV region; upper panel shows spectra for CsCa,NbzO4q (blue),
CsSroNbzOqg (grey) and CsBa,NbzO4q (black), and lower panel shows
spectra for RbCa;NbzO14 (purple) and RbSroNbzO4q (pink).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

summarised for several compositions in ESI| and Fig. 6. The
first observation is that the structures calculated to be low in
energy are in good agreement with those determined experi-
mentally from NPD analysis (Section 3.2):

e For CsBa,Nb;0;,, only very small decreases in energy are
calculated for possible distortions, consistent with the P4/mmm
experimental model.

e For CsSr,Nb;O;, the single irrep that gives the greatest
decrease in energy is M;" (tilts about the out-of-plane axis, in-
phase between blocks), consistent with the P4/mbm experi-
mental mode.

- M;" and A;" modes (tilts about the out-of-plane axis, in-
phase between blocks and out-of-phase, respectively) give very
similar energy decreases, reflecting the weak dispersion (and
reduced connectivity between blocks) as reported for
CsLn,Ti,NbO;,.>°

- The X;" tilts (tilts about an in-plane axis) combined with
M;" tilts give negligible stabilisation over the M;"-only P4/mbm
model, and similarly M5" and A" tilts (about in-plane axes) give
negligible stabilisations.

e For A'Ca,B;0;, (A’ = Rb, Cs; B = Nb, Ta) the single irreps
that give the greatest stabilisation are those that describe rota-
tions about in-plane axes (Ms' for A’ = Rb; A;' for A’ = Cs), in
contrast to the Sr analogues. Tilts about the out-of-plane axis
(A;", M3") also give some stabilisation.

- Combining the M;" or A;" mode with the X;* mode (which
also allows M;" tilts) gives non-polar models of P2,/m symmetry
(RbCa,Nb30;,) or Pmcn symmetry (CsCa,B30,4, B = Nb, Ta).

- For both 4’Ca,Nb3;0;, (A" = Rb, Cs), there’s a noticeable
energy stabilisation by adding an additional in-plane polar
distortion (I's™) to give polar models of P2, symmetry (RbCa,-
Nb;0,,, energy gain 5 meV per formula unit) or P2;cn symmetry
(CsCa,Nb304, energy gain ~12 meV per formula unit)
compared with the non-polar P2,/m or Pmcn models, respec-
tively. The amplitude of the polar distortion from DFT calcula-
tions is comparable for these two phases, and consistent with
the moderate SHG activity measured for these phases
(Section 3.1).

- In contrast, for CsCa,Taz;0,, there’s only a negligible energy
decrease (0.2 meV per formula unit) by allowing this additional
in-plane polar distortion, and the amplitude of the polar
distortion in the DFT-optimised models is negligible. This is
consistent with the very weak SHG activity measured for
CsCa,Taz04 (Section 3.1).

4. Discussion

Exploring trends in the experimentally refined structures gives
a deeper understanding of the structural chemistry and physical
properties of these systems. Fig. 7 summarises the unit cell
parameters for these five compositions. As expected given their
ionic radii (eight-coordinate radii are 1.61 A and 1.74 A for Rb
and Cs, respectively),*® the Rb phases are smaller than the Cs
analogues. The long ¢ parameter is much larger for the Cs
phases whilst both series have very similar in-plane unit cell
parameters, reflecting this in-plane direction being more con-
strained against compression by the widths of the perovskite

J. Mater. Chem. A, 2025, 13, 23073-23086 | 23079


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02587g

Open Access Article. Published on 12 June 2025. Downloaded on 4/3/2026 5:00:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

GM5- A5+ X3+ M5+ X3+
(a,a) A3+ (a) M3+ (a) A5+ (a,0) M5+ (a,0) X3+ (a,b) (+M3+) (+M3+)
C2mm 14/mcm  P4/mbm Ilcmm Pbmn Pmmn Pmcn P21/m
0 _I'I - -
__ =100
%
£ -200
3
5 -300
5]
o -400
=
g -500
-600
-700
m CsBa2Nb3010 CsSr2Nb3010 mRbCa2Nb3010 mCsCa2Nb3010 CsCa2Ta3010
-800

Fig. 6 Summary of the calculated energies of lower symmetry structures for several A’A;Bz030 (A’ = Rb, Cs; A = Ca, Sr, Ba; B = Nb, Ta)
compositions relative to the ideal P4/mmm structures (energies were calculated per formula unit). Note that allowing additional an in-plane polar
distortion to the Pmcn and P2;/m models to lower the symmetries to P2;cn and P24, respectively, gives further energy gains of ~12 eV and 0.2 eV
for CsCa;NbzO;9 and CsCa,TazO1q, respectively, and 5 eV for RoCa,NbzO4q.

blocks. It is striking that the ¢ parameter for CsBa,Nb;0;, (with
highest tolerance factor and no octahedral rotations) is smaller
than expected compared with other phases, reflecting the
reduced height of the CsO layers to give optimal Cs bonding
when stacked with the wider (and untilted) “BaNbOs” perov-
skite blocks.

The orthorhombic strain®* (Fig. 7d) is calculated from the
normalised in-plane unit cell parameters according to the

eqn (1)
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and CsBa,Nb30;y, CsSr,Nb3;O,, and RbSr,Nbz;0,, (with no
rotations of octahedra about an in-plane axis) remain tetragonal
with zero orthorhombicity. CsCa,Nb3;0;4, CsCa,Taz;0;, and
RbCa,Nb;0;, all adopt orthorhombic or monoclinic structures
with rotations of BOg octahedra about in-plane axes and to
explore the different degrees of orthorhombicity for these three
Ca phases (and in particular the origin of different behaviour
for Nb and Ta analogues, given their identical ionic radii (six-
coordinate radii of 0.64 A))," the rotations and cation
displacements need to be considered. It is clear that the rota-
tions of octahedra (and therefore the orthorhombic strain) are
strongly influenced by the sizes of A>* cations (12-coordinate
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Fig. 7 Summary of key unit cell parameters (a—c) and orthorhombic strain (d) from refinements using room temperature NPD data for CsA,-
NbzOg (blue), RbA;NbsO;g (orange) and CsCa,TazO;q (green); A = Ca, Sr and Ba. Normalised values for unit cell parameters for models with
larger unit cells are calculated for these plots to aid comparisons between models.
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ionic radii of Ca**, Sr** and Ba®* are 1.34 A, 1.44 A and 1.61 A,
respectively).*®

We note that the structures suggested here for CsCa,B;0;, (B
= Nb, Ta) are challenging to refine experimentally because of
their complexity (particularly for B = Ta with unit cell close to
metrically tetragonal) leading to pseudo-symmetry issues and
some correlation between refined parameters. The refined
models include some irregular octahedra and large distribu-
tions of tilts and out-of-centre displacements (see uncertainties
in ESIf) and these features are unlikely to give a good repre-
sentation of the average structure. For comparison between B =
Nb, Ta models, the geometry-optimised models from DFT
calculations (assuming 0 K) might be more helpful for eluci-
dating trends within this series.

The first observation across all of the lower-symmetry
structural models is that the rotations of BOg octahedra about
the long axis (the M;" rotations) are much larger for the B(1)O,
octahedra in the centre of the perovskite blocks, and are
minimal (often negligible) for the B(2)O¢ octahedra in the outer
layers of the octahedra (see refinement details in the ESIT).
Overall, there’s little change in the magnitude of these tilts
across these A’A,B;04 (A" = Rb, Cs; A = Sr, Ca and B = Nb, Ta)
compositions, suggesting that these tilts about the long axis
occur to optimise bonding around the A cations. If these M;"
rotations occur to optimise A** bonding (e.g. to reduce Sr-O
bond lengths for a given Nb-O bond length) there must be some
maximum M;" tilt angle, limited by the A’ = Rb, Cs cation size,
beyond which the in-plane unit cell parameters would decrease
too much to avoid overbonding of the A’ cations. This might
explain the slightly larger M;" tilts (particularly for the outer
Nb(2)O¢ octahedra) for the Rb phases compared with their Cs
analogues (see ESIY).

These M;" tilts alone are therefore not sufficient to give good
bonding about the smallest A = Ca cations and so additional
tilts about in-plane axes are observed for CsCa,B30;, (B = Nb,
Ta) and for RbCa,Nb;O;,. These are surprisingly complex,
involving two tilt modes to give tilts of different magnitudes
through the structure. The experimentally observed models are
consistent with those expected from DFT calculations (see Fig. 6
and ESI{): considering single tilts, A;" and Ms" tilts give the
largest energy stabilisations for CsCa,B;0;, and for RbCa,-
Nb;0;, respectively. This can be understood in terms of the

As* rotations
(aac®) —(aac?)
(k = %% 1)
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effect of these tilts on the coordination environments of the A’
cations:

o A;" tilts with k = (21 1) (to give a model of Icmm symmetry)
rotate BOg octahedra about [110] of the parent structure, with
tilts in successive perovskite blocks in opposite directions
(Fig. 8). This results in the apical oxide sites above and below
a given A’ cation being displaced in the same direction.
Presumably this becomes increasingly unfavourable with
decreasing size of A'.

e M5 tilts with k = (21 0) (to give a model of Pbmn symmetry)
again rotate BOg octahedra about [110] of the parent structure
but in this case, the tilts in successive perovskite blocks are in
the same directions, and so for these three-layer systems, Ms"
tilts cause the apical oxide sites above and below an A’ cation to
be displaced in opposite directions, likely to be more electro-
statically favourable as the A’ cation (and therefore the distance
between apical oxide sites across these layers) get smaller.

The same logic can be applied to the n = 2 DJ phases, noting
that for these structures containing an even number of layers of
octahedra in the perovskite blocks, the irreps are the other way
around:

e A5~ (k= (112) modes describe (a~a ¢°)-(a”a ¢°) rotations
with displacements of apical oxide sites above and below the A’
layer in opposite directions, hence these tilts are favoured for 4’
— Rb;15,22,52

e M;~ (k= (210)) modes describe (a”a ¢°) (a~a ") rotations
with displacements of apical oxide sites in the same direction,
AI — CS.15,22,52

The X;" tilts are more unusual: with k = (0 2 0) they describe
tilts about [100] of the parent structure, with tilts in successive
blocks in the same direction. In our case (with order parameter
(a, b) to give a model of Pmmn symmetry) there are unequal tilts
about both [100] and [010] of the parent structure, and this
distortion breaks sufficient symmetry elements to also allow
M;" rotations about the long axis (hence the large energy sta-
bilisation calculated for this model from DFT, see Fig. 6). These
complex models involving multiple tilts are unusual, but are
consistent with the large unit cells reported for CsCa,Nb;0,,
and RbCa,Nb;0,,."*** Being able to describe the structures in
terms of symmetry adapted distortions helps explain these
complex models.

Ms* rotations
), (aac®) (aac?)
(k = % %0)

Fig. 8 Figure illustrating (left) As* rotations of B(2)Oe octahedra and (right) Ms* rotations of B(2)Og octahedra with B(2)Og octahedra in blue, Cs/
Rb ions and oxide ions in purple and red; cooperative rotations of octahedra are shown by curly arrows and resulting oxide displacements by

straight red arrows.
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To summarise our findings of rotations of BOs octahedra in
the n = 3 Dion-Jacobson series, slight underbonding of A>*
cations is relieved by rotations about the long axis (e.g., M5, As"
tilts), but the extent of these tilts is limited by the size of the A"
cation (Rb*, Cs"): smaller A" ions will therefore induce addi-
tional tilts about in-plane axes. Again the A’ size also determines
the nature of these tilts: for these odd-layer DJ phases, tilts
described by k = (x y 0) (k = (x y 3)) modes give antiparallel
(parallel) displacements of apical O(4) ions immediately above
and below the A’ cations and so smaller A" cations favour tilts
described by k = (x y 0) modes.

Much of the recent work on Dion-Jacobson phases is moti-
vated by their optoelectronic and catalytic activity***" and
hence understanding their band gaps and edge positions is
critical. The optical band gap increases with decreasing A>" size
(Fig. 5 and ref. 5, 26, 49 and 53), even though electronic struc-
ture calculations have shown that A>* orbitals make negligible
contribution to the density of states around the valence band
maximum (VBM) and conduction band minimum (CBM).!
We’ve shown that decreasing the A** cation size increases the
BOg rotations, reducing the B-O-B angles from 180°. Compu-
tational studies (assuming the ideal P4/mmm structure) have
shown that the VBM/CBM are predominantly composed of
hybridised B 4d/5d and O 2p orbitals.*** This hybridisation is
likely to be reduced as B-O-B bond angles deviate from 180°,
giving more narrow bands and wider band gaps.

Optoelectronic effects such as catalytic activity’ and the
photovoltaic effect®* are also reported to be influenced by
polarity in the crystal structure. On one hand, the B cation
environment may be polar e.g., the B(2) cations may be dis-
placed from the centre of the BOs octahedra along the long axis
towards the A’ layers, lowering the B(2) site symmetry from Oh
or Dy to Cy,. Our experimental and computational results do
not indicate any clear trend in the magnitude of this displace-
ment across the compositions studied.

It is also important to consider any overall polarity in the
crystal structure. It is difficult to confirm the loss of inversion
symmetry from powder diffraction data® (particularly for these
DJ systems which often have quite subtle polar distortions) and
SHG measurements (Section 3.1) are extremely valuable for
exploring this aspect of the structure and symmetry.>® Our
experimental and computational studies (ESIf) suggest
inversion-symmetry-breaking polar distortions of similar
magnitudes for CsCa,Nb3;0,, and RbCa,Nb;04,. The stronger
SHG intensity measured for CsCa,Nbz;O;, than for the Rb
analogue may reflect need to optimise the particle size for the
Rb-containing sample, or the greater hyperpolarizability of
Cs-0O bonds compared with Rb-O bonds.>”

Comparison of the CsCa,Nb;0,, and CsCa,Taz0,, models
and properties is more tricky: the much reduced orthorhombic
distortion for CsCa,Ta;0;, compared with the Nb analogue
leads to greater uncertainty in the experimentally refined
models, and to explore the role the B>" ions, comparison
between the DFT models might be more reliable. The magni-
tude of M;" and A" tilts (about out-of-plane and in-plane axes,
respectively) are similar for both Nb>* and Ta>" phases, but the
magnitude of the X;" tilts (also about an in-plane axis) and the
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polar T';~ displacement are noticeably smaller for the Ta®*
phase. It should be noted that tilts about in-plane axes (e.g. As"
and X;" tilts here, or M5" tilts) and T's~ displacements are not
coupled by symmetry (as observed for some tilts in hybrid-
improper ferroelectric systems),”® and yet the magnitude of
these distortions appear to be somewhat correlated in our
models. Given the almost identical ionic radii of Nb>" and
Ta’",* any differences between these two phases suggests the
role of electronic factors, and in particular, the weaker second-
order Jahn-Teller effect for 5d° Ta>" ion.®®

The non-polar Pmcn models (X;" (+M;') + As") allow anti-
polar in-plane displacements (described by Zs* irreps)* e.g.,
anti-polar displacements of B(2) ions along the A" tilt axis, and
our DFT geometry-optimised Pmcn models for CaCa,B;014
phases have very similar magnitude antipolar distortions (for
the overall structures, and for B(2) ions specifically) for both
phases, perhaps reflecting the very similar geometric effects for
B = Nb, Ta phases. There is little difference in magnitude of the
anti-polar Z;" distortion for the two compositions in the
geometry-optimised polar P2;cn and P2;mn models, but the
additional in-plane polar displacement gives a small energy
gain for CsCa,Nb;0;,, and the magnitude of the displacement
is small but non-zero for B = Nb. On the other hand, for B = Ta
the polar displacement and the energy gain are both negligible.
This polar mode perhaps reflects the additional electronic
driving force for lower symmetry (often polar) coordination
environments for nd° cations due to the second-order Jahn-
Teller effect, known to be stronger for Nb>* than for Ta>*.%® The
degree of orthorhombic strain seems to be correlated with the
strength of this in-plane polar distortion (Fig. 7). The fact that
a non-zero SHG activity is measured for CsCa,Ta;04, (Section
3.1) highlights the sensitivity of this technique and likely indi-
cates very subtle polar distortions (associated with only tiny
energy gains, see ESIT) that our powder diffraction techniques
(which probe the average structure over long length scales) are
barely sensitive to.

It is interesting to consider the relative energies of the
various structural distortions discussed above. The energy gains
for tilts of BOg octahedra are always greater than the energies of
polar distortions (Fig. 6) for these A’A,B;04, (A = Ca, Sr, Ba)
phases, as observed for A = Ln (lanthanide) phases.”® The
energies of these non-polar distortions are also similar to those
calculated for the proper ferroelectric CsBi,Ti,NbO,; the key
difference is that for CsBi,Ti,NbO;,, containing the second-
order Jahn-Teller Bi** cation, polar and antipolar distortions
give much larger energy gains driven by this electronic effect.>
It should be noted that for the A’A,B;0;, (A = Ca, Sr, Ba) phases
considered here, any polar nature does not arise from hybrid-
improper mechanisms® (the non-polar tilts described above
do not couple to break inversion symmetry), and although the
energies associated with polar distortions in A'Ca,Nbz;0,, (4’ =
Rb, Cs) are small, polarity must arise by proper mechanisms.
The difference between CsCa,Nbz;0,, and CsCa,Taz;0;, (which
must have very similar geometric factors) demonstrates the
extent of electronic driving forces to stabilise polar structures in
these A = Ca, Sr, Ba phases - significantly reduced compared
with the role Bi** plays in CsBi,Ti,NbO;, compared with the
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CsLn,Ti,NbO;, phases,*”* and consistent with work on related
A'Cd,Nb;0, phases.*

5. Conclusions

Our experimental approach, using second-harmonic generation
measurements and neutron powder diffraction, combined with
DFT calculations, reveals the range of structural distortions
observed for n = 3 DJ phases and allows us to determine the
crystal structures and symmetries for several phases. This study
shows how the structure is determined by composition: with
decreasing size of A*" cations, BOg octahedra first tilt about the
out-of-plane axis, and then tilt about an in-plane axis, in order
to optimise the bonding environment around increasingly
small A>* cations. Larger A’ = Cs cations allow tilts about the in-
plane axis to be out-of-phase from block to block, but the
repulsion between apical oxide sites means that for smaller A’ =
Rb phases, the tilts about the in-plane axis are in-phase from
block to block (Fig. 7). These tilt distortions are largely driven by
geometric factors. Previous work has highlighted the electronic
role of certain A cations (e.g. Bi**, Cd*") in stabilising polar
phases,** and our comparison here of B = Nb, Ta analogues
indicates that the second-order Jahn-Teller effect involving nd®
B cations can also play a role (albeit weaker than for ns> cations)
in stabilising polar D] phases for the more distorted structures
RbCa,Nb;0;, and CsCa,Nb;04,. It would be interesting to apply
these insights from purely inorganic systems to the hybrid and
halide Dion-Jacobson phases,”'*®* taking into account the
additional bonding influences of the molecular cations.*?
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