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ABSTRACT: A flurry of recent theoretical studies have HY = E¥
predicted the existence of new polar materials among several
families of layered perovskites, including the double-layered
Dion—Jacobson phases. These predictions have opened up
exciting new opportunities for both fundamental studies of the

crystal chemistry of Dion—Jacobson phases and their application
as components in next-generation memories and low-power L&S

electronic devices. However, with some rare exceptions, all o @ o e e °
known double-layered Dion—Jacobson phases are nonpolar. We ) ,am 2cm

use an integrated theoretical—experimental approach to show

that several Dion—Jacobson phases that have previously been synthesized and characterized as nonpolar are in fact polar.
Additional theoretical calculations reveal that the polar phases of these materials emerge through a hybrid improper or trilinear
coupling mechanism. Finally, our work has highlighted the critical role of neutron diffraction in characterizing the structures of
double-layered Dion—Jacobson phases, which are typified by subtle oxygen atom displacements not easily resolved using even

synchrotron X-ray diffraction.

B INTRODUCTION ionic conductors,”” superconductors,” photoabsorbers® and
s 6 .7
electrocatalysts,” catalyst supports,” and noncentrosymmetric

From solar cells to high-capacity batteries, fuel cells, and next- =
gh-capacity ’ ’ and polar materials.”” '’ However, layered perovskites exist in

generation memories, solid-state inorganic materials are at the
heart of most energy and electronics technologies. However,
the remarkable versatility of such materials can also present
researchers with significant difficulties: for a given composition,
there may exist several different structure types, typically only
one of which (perhaps a metastable phase) has the desired
properties for a given application. Indeed, the ability to design
and direct atomic connectivity and crystal structure in the
synthesis of target compounds is one of the most enduring
challenges of inorganic materials chemistry. The development
of soft chemistry and thin-film synthesis techniques has in some

various structure types and can accommodate a huge number of
different compositions. In addition, the technologically relevant
properties of layered perovskites often arise from subtle
structural distortions, making structural characterization
challenging. Guiding principles from theory, coupled with
advanced synthesis and characterization techniques, are critical
for identifying promising materials among the vast space of
candidates.

In this work, we use an integrated theoretical—experimental
approach to reveal the hidden potential of the Dion—
Jacobson'""* (DJ) family of layered perovskites as multifunc-
tional materials. The D] phases form a homologous series with
the general formula A’'[A,_;B,03,,,], where A’, A, and B are all
different cations. As shown in Figure 1, A’ separates the n

ways made the challenge only greater, because it is now
possible to side step the thermodynamic limitations of
traditional solid-state syntheses and produce metastable
materials with new functionalities. Materials chemists are

faced with a daunting multitude of targets: of all the possible perovskite-like 1110}%1(5 and is typically a uniI\;alent ion, ?Isthough
compounds for a given stoichiometry and structure type, which metal f}flides, \ meztgl chalcogenides, " alcohols, . poly-
ones have new or technologically relevant properties, and how ethers,” carboxylates,”" silicon-containing species,” and
can they be synthesized?

Layered perovskites are unparalleled among inorganic Received:  August 28, 2017
materials in the diversity of their structural, chemical, and Revised:  October 4, 2017
physical properties. This family includes a number of excellent Published: October 4, 2017
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P4/mmm

A

Figure 1. (Top) Structure of the high-symmetry P4/mmm aristotype
for n = 2 Dion—Jacobson phases. The bars schematically indicate
dipoles due to displacements of the Nb atoms along the ¢ direction,
which are equal in magnitude and oriented in opposite directions
because of the inversion center in the A’ plane. The macroscopic
polarization is thus zero. (Middle) Structure of the polar orthorhombic
P2,am phase adopted by CsBiNb,O-, RbBiNb,O,, and CsNdNb,O,,
with atomic displacements due to the polar I'y mode removed.
Although the rotation modes by themselves break all inversion
symmetries, the induced atomic displacements in the Nb—O layers are
still equal and opposite. (Bottom) Polar P2,am phase with all allowed
atomic displacements. There are now dipoles in all layers, aligned
cooperatively along the orthorhombic a axis, thereby producing a non-
zero macroscopic polarization. Note that the unit cell of the P2,am
phase is larger than that of the aristotype; the lattice parameters of the
polar phase are related to P4/mmm by a \/ 2ar X \/2ap X cr
distortion, where ay and ¢y are the a and c lattice parameters of P4/
mmm, respectively.

phosphorus-containing species”” can also be intercalated into
the interlayer space between perovskite blocks. DJ phases thus
offer many more possibilities for chemical tuning by low-
temperature cation exchange than, say, Ruddlesden—Popper
(RP) phases, in which the di- and trivalent A cations are not so
easily exchanged. However, in contrast to the RP and other
families of layered perovskites, DJ phases have been
comparatively little studied, perhaps because of the synthesis
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and characterization challenges that have obscured their
promise as functional materials and led to many conflicting
structural reports. Previous theoretical predictions™”** suggest
that a number of double-layered n = 2 DJ phases that have been
previously synthesized and characterized as nonpolar may in
fact be polar, which has prompted a reexamination of past
experimental work. In this work, we reexamine the structures
and properties of RbNdNb,O,, CsNdTa,0,, and RbNdTa,0,
and demonstrate that all three phases are polar at room
temperature by using synchrotron X-ray and neutron
diffraction, in agreement with theoretical predictions. Interest-
ingly, although the Rb-containing phases are found to be polar,
they adopt structures that were not considered in previous
work. Additional first-principles density functional theory
(DFT) calculations confirm that the energies of the newly
characterized structures are indeed lower than those proposed
previously. Our calculations also show that, remarkably,
although the space groups and relevant structural distortions
of the Rb-containing phases differ in comparison to those of the
Cs-containing phases, the mechanism driving the polar
distortions is identical in both families of materials. Finally,
our work highlights that high-resolution neutron diffraction is
essential for accurately characterizing the structures of these DJ
phases, which, along with many other families of layered
perovskites, involve subtle displacements of the oxygen atoms.
Critically, we found that even synchrotron X-ray diffraction
experiments could not distinguish among several candidate
space groups. We have shown that the DJ phases, possibly
overlooked in the past because of incorrect structural
refinements and a lack of guidance from theory, are promising
targets for multifunctional materials, including ferroelectrics
and multiferroics.

B EXPERIMENTAL SECTION

DFT Calculations. First-principles calculations were gerformed
using the Vienna Ab Initio Simulation Package (VASP).”>"** The
PBEsol exchange-correlation functional®® and projector-augmented
wave pseudopotentials®”*' were used for all calculations. The valence
electron configurations for each pseudopotential were as follows:
5525p%6s’ for Cs, 4s4p®ss' for Rb, 5s?5p°4f'6s* for Nd (three f-
electrons frozen in the core), 5s*5p®4d*ss' for Nb, 5p%6s*5d® for Ta,
and 2s%2p* for O. Structural relaxations were considered converged
when the force on each atom became smaller than 1 meV/A. A plane
wave cutoff of 500 eV and a 6 X 6 X 4 Monkhorst—Pack mesh were
used for all P-centered structures, whereas a 6 X 6 X 6 mesh was used
for all I-centered structures. Force constants were calculated using the
finite displacement method (and checked using density functional
perturbation theory), as described in ref 24. The total macroscopic
polarization P for each material in the relevant polar space group was
calculated using the expression®”

lel "
P=— Z u,
Q Z (1)

where lel is the electron charge, Q is the unit cell volume, Z¥ is the
Born effective charge tensor of atom s in the P4/mmm reference
structure (calculated using density functional perturbation theory),
and u, is the displacement of atom s from its position in the P4/mmm
aristotype structure. This is a linear approximation to the polarization,
the fidelity of which has been explicitly verified for perovskites.*”
Crystallographic analyses were performed with the aid of the
ISOTROPY suite of programs,” and the Bilbao Crystallographic
Server.>**

Synthesis. Powder samples of RbNdNb,O,;, CsNdTa,O, and
RbNdTa,0, were prepared via a ceramic synthesis method from
Rb,CO; (99.8%), Cs,CO; (99.994%), Nd,O; (99.99%), Nb,Os
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(99.9985%), and Ta,05 (99.993%). Nd,05, Nb,Os, and Ta,O5 were
dried at 900 °C before being used. A suitable stoichiometric ratio of
the oxides was ground together in an agate pestle and mortar and then
combined with a 50% excess of Rb,CO; or Cs,CO; (to compensate
for metal loss due to the volatility of these reagents). These mixtures
were then heated at 850 °C in air for 12 h, reground, and pressed into
pellets. Samples of RbNdNb, O, were heated in air for four periods of
48 h at 1000 °C and a further 48 h at 1050 °C. Samples of
RbNdT4a,0, and CsNdTa,O, were heated in air for four periods of 48
h at 1050 °C. All samples were reground and pressed into pellets
between heating cycles. As a final step, all samples were washed in
distilled water, to remove any remaining excess Rb or Cs oxides, and
then dried for 12 h at 140 °C in air.

Characterization. Reaction progress and final sample purity were
assessed by X-ray powder diffraction data collected using a PANalytical
X’pert diffractometer incorporating an X'celerator position sensitive
detector (monochromatic Cu Ka, radiation). High-resolution
synchrotron X-ray powder diffraction patterns were collected using
instrument I11 at Diamond Light Source Ltd. Diffraction patterns
were measured using Si-calibrated X-rays with an approximate
wavelength of 0.825 A, from samples sealed in 0.3 mm diameter
borosilicate glass capillaries. Neutron powder diffraction data were
collected from samples contained within vanadium cans, using the
HRPD diffractometer (ISIS neutron source). Rietveld profile refine-
ment was performed using the GSAS suite of programs.®® The particle
size-dependent second-harmonic generation (SHG) response of
samples was measured by grinding sintered pellets of material and
then sieving the resulting powders into distinct particle size ranges
(<20, 20—45, 45—63, 63—75, 75—90, and 90—25 um). The SHG
intensity was then recorded from each particle size range and
compared to that of a standard sample of KH,PO, (KDP) in the same
particle size ranges. No index matching fluid was used in any of the
experiments. A detailed description of the experimental setup and
process has been reported previously.>’

B RESULTS AND DISCUSSION

Origin of Polar Structures in the Dion—Jacobson
Family. New insights gained from recent experimental and
theoretical studies have led to the formulation of design
principles for polar and noncentrosymmetric layered perov-
skites. In particular, previous work that focused on polar
materials has highlighted the key role played by nonpolar
structural distortions, commonly rotations or twists of the
transition metal octahedra, in driving the emergence of polar
phases in the Rp,>3840 D],23’41_43 Aurivillius,*~"® and double-
perovskite”~>* families. Among the n = 2 DJ phases, only
CsBiNb,0,,"" RbBiNb,O,,”> and CsNdNb,O,"" have been
observed to form in polar space groups; polarization-field
hysteresis has been demonstrated™ for RbBiNb,O,, and some
evidence of ferroelectricity has been presented for CsBiN-
b,0,.”° CsLaNb,O,, CsLaTa,0,, RbLaNb,0., and RbLaTa,0,
have been shown experimentally to be at least noncentrosym-
metric” (though perhaps nonpolar), though their crystal
structures have not been definitively determined. All of these
materials, except for CsNdNb,O, and the two Bi-containing
compounds, were initially reported to adopt the undistorted
P4/mmm aristotype structure.

Recent theoretical predictions suggest that there may be
more polar materials among the D] phases than previously
appreciated.”"*® Benedek™* used first-principles density func-
tional theory calculations, in combination with symmetry
principles, to show that the energy of the polar P2,am space
group adopted by CsNdNb,O, and the Bi-containing
compounds is signficantly lower than that of the P4/mmm
structure for the series A’ANb,O, (A’ = Cs or Rb, and A = La,
Nd, or Y). We report in this work that the polar P2,am phase is

9491

also a low-energy structure for CsNdTa,0, and RbNdTa,O;
both materials were assigned to the P4/mmm space group in
prior work.”” "' Table 1 summarizes our theoretical results in
the context of previous experimental findings.

Table 1. Energy Difference (per formula unit) from Our
DFT Calculations between Fully Relaxed P4/mmm
Artistotype and Distorted Polar P2;am Structures with a
Summary of Previous Experimental Findings®

compound (meV/formula unit) comments

CsNdTa,0, —267 nonpolar (P4/ {nmm) from previous
experiments*” ™"

RbNdTa,0, —297 nonpolar (P4/mmm) from previous
experiments*” ™"

CsNdNb,O, -320 polar (P2,am) from previous
experiments

RbNdNb, O, —349 nonpolar (P4/mmm) from previous

experiments” "

“Negative energy differences indicate that the polar P2;am phase is
more stable than the P4/mmm phase. Theoretical data for
CsNdNb,O, and RbNdNDb,O, were first reported in ref 24.

The hybrid improper mechanism has been shown to account
for the preference of these materials to adopt a distorted polar
structure over the undistorted aristotype.”* Briefly, the
transition to a polar structure in materials that exhibit this
mechanism is driven by combinations of symmetry-distinct
nonpolar lattice distortions, which couple to a polar mode. In
the discussion that follows, we use both Glazer notation®* and
group theoretical mode labels®™" to denote different
structural distortions. In the case of the DJ phases, the
symmetry of the P2,am phase is established by two different
rotations, one mode transforming like the irreducible
representation (irrep) Mj (a’a’*-like rotation) and one
mode transforming like Ms (a~a”*like rotation). These two
nonpolar modes by themselves break all inversion symmetries
to produce polar space group P2,am; however, as the middle
panel of Figure 1 shows, the macroscopic polarization due to
ionic displacements is still zero (these modes do produce local
dipoles in the Nb—O layers, but they are oriented in equal and
opposite directions and thus cancel each other out). It is the
coupling of the two rotation modes to the polar I'y; mode that
produces a macroscopic polarization (bottom panel of Figure
1). Although the phenomenological aspects of hybrid improper
terroelectricity have been described in several previous
publications, *****~7% its crystal chemical basis can be difficult
to visualize. An especially important aspect of this mechanism is
that the origin of the transition from the nonpolar to polar
phase is not chemical hybridization, in contrast with classical
perovskite ferroelectrics such as BaTiO;, where the transition to
the polar phase is driven by charge transfer between the
formally empty Ti 3d states and the filled O 2p states.”'
Instead, nonpolar rotation modes are the primary drivers of the
transition to the polar phase in the majority of hybrid improper
materials that have been studied so far. These distortions
generally arise from electrostatic or ion size-mismatch effects
and optimize the A cation coordination environment, which is
underbonded in the high-symmetry aristotype structure. Hence,
hybrid improper ferroelectrics need not contain a ferroelectri-
cally active d° or lone pair cation. The reader should keep this
in mind throughout the discussion that follows because all the
materials studied here do in fact contain ferroelectrically active
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cations (Nb** 4d° and Ta®* 5d°). However, as Figure 1
illustrates, although d—p hybridization contributes to the total
polarization for these materials (by inducing displacements of
the Nb and Ta atoms), it is not the driving force.

Structural Characterization. To test the theoretical
predictions discussed above, CsNdTa,0,, RbNdNb,O,, and
RbNdTa,0, were synthesized and synchrotron X-ray powder
diffraction data collected. All three materials could be indexed
using orthorhombic unit cells, which are an approximate /2 X

2 X 1 geometric expansion on the aristotype Dion—Jacobson
unit cell. Close inspection revealed very weak additional
diffraction peaks in the diffraction data collected from the
two rubidium-containing samples, suggesting a further doubling
of the ¢ axis to give a 4/2 X 1/2 X 2 expanded cell consistent
with the Imam symmetry, a”a”c’/—a”—a"® distorted structure
reported for RbLaNb,O,”” (the rotation pattern after the
forward slash refers to that in neighboring perovskite blocks; in
this case, the rotation pattern is the same in neighboring blocks
but of the opposite phase or sense, which is denoted by the
prefactor minus signs). However, comparing Rietveld refine-
ments using models based on the P2;am, a a™¢" distorted
structure of CsNdNb,O,"" and the Imam distorted structure of
RbLaNb,O, revealed that both models gave fits of statistically
equivalent quality to the data collected from all three samples,
as described in detail in the Supporting Information. These
results demonstrate that even high-resolution synchrotron X-
ray powder diffraction data are not capable of accurately
determining the distorted structures of Dion—Jacobson phases.
We have therefore used a combination of SHG measurements
and neutron diffraction data to structurally characterize these
phases.

Measurements show that RbNdNb,O,, CsNdTa,0, and
RbNdTa,0; all exhibit SHG activity (see Figure 2 for data for

noncentrosymmetric space group P2,am, as shown in the
bottom panel of Figure 1. A model based on the reported
structure of CsNdNb,O,, was refined against these data to give
a good statistical fit, confirming that CsNdNb,O, and
CsNdTa,0, are isostructural.”'

In contrast, neutron powder diffraction data collected from
RbNdNbD,0, and RbNdTa,O, could both be indexed using
only an orthorhombic cell with a \/ 2 X 4/2 X 2 expansion of
the aristotype cell, and extinction conditions consistent with a
body-centered space group. While the observed cell expansion
and symmetry are compatible with an a a ®/—(a"a ")
distorted structure, the observation of SHG activity in both
phases is incompatible with this centrosymmetric distortion.
However, the addition of an in-phase rotation of the MO
octahedra around the z axis to give an a a c¢"/—(a”a"c")
distortion fits the crystallographic criteria and results in polar
space group I2cm. Thus, structural models based on this
distortion type were refined against the neutron diffraction data
collected from RbNdNb,0, and RbNdTa,0, and gave good
statistical fits in both cases. Full details of the refined structures
of CsNdTa,0,, RbNdNb,O,, and RbNdTa,O, are given in
Tables S1—S3, along with parameters from the structural
refinements (Tables S4—S6), selected bond lengths (Tables
§7-S89), and plots of the observed and calculated data (Figures
$1—S5 and S8—S10).

Theory Revisited. A polar I2cm structure has not been
considered in prior theoretical works, nor have any previously
synthesized n = 2 Dion—Jacobson phases been reported in this
space group, as far as we are aware. Why do the Rb-containing
compounds adopt structures that differ from those of their Cs-
containing counterparts? To answer this question, we first
checked whether the energy of the I2cm phase is indeed lower
than that of the P2,am phase. Table 2 shows that in the case of
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Figure 2. Observed, calculated, and difference plots from the structural

refinement of RbNdNb,O, using an I2cm model, against neutron

powder diffraction data (y* = 8.23). The inset shows a plot of SHG

activity of RbNdNb,O; as a function of particle size, compared to that
of a KH,PO, (KDP) standard.

RbNdNb,O,), which increases with an increase in particle size
(Figures S6 and S7), indicating that all three phases adopt
noncentrosymmetric crystal structures. High-resolution neu-
tron powder diffraction data collected from CsNdTa,O, can be
unambiguously indexed using a primitive, orthorhombic unit
cell that is a 1/2 X 4/2 X 1 geometric expansion of the
aristotype cell, with extinction conditions consistent with
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Table 2. Energy Differences (in millielectronvolts per
formula unit) between the Aristotype P4/mmm and Selected
Distorted Phases and Total Macroscopic Polarizations for
the Lowest-Energy Polar Phase for Nb- and Ta-Containing
Compositions

AE (meV/formula unit)

P2,am DRcm P (uC cm™2)
RbNdANDb,O, —349 —360 30
RbNdTa,0, —297 -307 25
CsNdNb,O, -320 ~309 29
CsNdTa,0, —267 ~258 23

CsNdTa,0, and CsNdNb,O,, the energy of the P2,am phase is
lower than that of the I2cm phase, whereas the opposite is true
for RbNdTa,0,; and RbNdNb,O,. Table 2 also shows the
polarization from our first-principles calculations for the lowest-
energy polar phase of each material. We note that polarization
switching in layered perovskites is more complex than in
structurally simpler ferroelectrics (such as PbTiO;, for
example), and hence, experimentally measured polarization
values will likely deviate from those listed in Table 2. We
therefore provide the polarization values as estimates and to
demonstrate trends as a function of composition.

It seemed reasonable to assume that there must be some
structural reason for the differences between the two sets of
compounds, so we calculated bond valence sums for the cations
and for the apical oxygens that point into the interlayer gallery
for RbNdND,O, and CsNdNb,O; in both the P2,am and I2cm
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space groups. However, as Table 3 shows, although there are
some differences in the bond valence sums between the two
structure types, they are generally too small to be significant.

Table 3. Bond Valence Sums (in valence units) for the Polar
P2,am and I2cm Phases for RbNdNb,O, and CsNdNb,O,”

P2,am I2cm
RbNdANDb,O,
Rb 091 0.93
Nd 3.09 3.09
Nb 4.93 4.92
(0] —-1.90 -191
CsNdNb,O,
Cs 113 1.14
Nd 3.06 3.0
Nb 491 491
(0] —2.01 -2.01

“The bond valence sum for oxygen refers to the apical oxygen atom
that points into the interlayer gallery between perovskite blocks.

The P2am structure adopted by CsNdNb,O, is charac-
terized by an a”a"¢" rotation pattern in each perovskite double
layer, with the origin of adjacent layers related by a simple
primitive (0,0,'/,) stacking. In contrast, RbNdNb,O, adopts an
I2em structure with the same a”a ¢ cooperatively distorted
perovskite double layers, but these are now stacked with a
('/,,0,'/,) origin shift to give an overall distortion of a~a"¢*/—
(a"a"c"). We can see why the Rb phase adopts the ('/,,0,'/,)
stacking of layers by comparing the (experimentally) refined
structure to a hypothetical structure in which the perovskite
double layers in the refined I2cm structure are now stacked in a
primitive way, as shown in Figure 3. Note that this is not exactly
the same as the P2,am structure because there are more degrees
of freedom to displace the Rb and Nd centers in P2 am.

As the perovskite double layers are identical in the refined
and hypothetical structures, it follows that both the Nb—O and
Nd—O bond lengths are identical in both structures, and the

o O O

o O o

O O O O O ©
RbNdNb,O, RbNdNb,0,
2cm ‘I2cm layers’

Primitive stacking

Figure 3. Refined (left) and hypothetical (right) structures of
RbNdAND,O,. Equivalent Nb—O polyhedra are colored blue in both
structures to illustrate the differences in stacking between adjacent
perovskite blocks in the two different structures. The coloring scheme
is otherwise identical to that in Figure 1.
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only difference lies in the Rb—O layers. Considering the Rb—O
bond lengths (Figure 4), we can see the symmetry relationship
between the two stacking types leads to equivalent Rb—O bond
lengths, and thus identical bond valence sums for Rb, in the
refined and hypothetical structures. However, the ('/,,0,'/,)
displacement in the I2cm stacking means that the “opposed”
oxide ions (the apical oxygen atoms that point into the
interlayer gallery) are displaced in opposite directions,
compared to the primitive stacking where they are displaced
in the same direction. As a result, the O—O distances in the
Iem structure are larger than in the primitively stacked
structure, even though the Rb bond valence sums are the same
for both structures. Hence, via adoption of the I2cm-type
stacking, the O—O bond lengths can be increased without
changing the Rb—O bond lengths, an obvious advantage.

Given the advantage in adopting the I2cm structure, the
question then becomes why does CsNdNb,O; not do this?
Again, we can make a comparison between the refined P2,am
structure of CsNdNb,O, and a hypothetical structure in which
the same perovskite double layers are stacked with a (*/,,0,'/,)
displacement to yield a stacking pattern analogous to that of the
I2cm structure. We note again that the additional degrees of
freedom in the P2;am layers mean that this hypothetical
structure is not exactly the same as the I2cm structure. The only
difference between these refined and hypothetical structures
also lies in the Cs—O layer. However, now when we look at the
CsOy polyhedra (Figure S) in the two structures, the additional
displacement of the Cs centers in P2,am (the Wyckoff site for
the alkali cation has two free parameters in P2,am and only one
in I2cm) leads to different Cs—O bond lengths in the two
stacking configurations. The additional displacement of the Cs
in the P2,am structure means that when the perovskite double
layers are stacked with a (1/,,0,'/,) displacement, a very short
Cs—O bond length is formed, and the CsOj site is too small for
Cs in this configuration.

The choice between adopting the P2,am or I2cm structures is
thus a compromise. The rare earth cation size dictates which
cooperative rotation pattern is adopted by the Nb—O
framework (the Nb—O frameworks of CsNdNb,O, and
RbNdNb,O, are remarkably similar), but the stacking of
adjacent layers, primitive versus ('/,,0,'/,), is determined by
the identity of the A" cation. The I2¢m structure minimizes O—
O repulsion between the apical oxide ions but forces the A’
cation into a high-symmetry site, potentially compromising the
bonding in the A'Oy4 polyhedron. The P2,am structure allows
the A’ cation more degrees of freedom to displace within the
A’Og polyhedron but has greater apical O—O repulsion.

In summary, RbNdNb,O, adopts the I2cm structure because
it can satisfy the local bonding requirements of both Nd and Rb
without the need for additional A and A’ cation displacements
and therefore opts for a ('/,,0,'/,) stacking to minimize O—O
repulsion. In contrast, the larger difference in size between the
A and A’ cations in CsNdNb,O, means that it is beneficial to
utilize the extra degree of freedom in the A and A’
displacements to optimize their local coordinations even
though this leads to enhanced O—O repulsion. Even when
this is done, the cation coordinations are still quite strained (Nd
BVS = 3.16, Cs = 1.07 in the experimentally refined structure).
In other words, rotations by themselves cannot simultaneously
optimize the A and A’ coordination environments for the Cs-
containing phases, so additional degrees of freedom (cation
displacements) are required to relieve bond strain at these sites.
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3.150A
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2977A s34k
RbNNb,0,
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Primitive stacking

Figure 4. Rb—O coordination polyhedra of the refined (left) and hypothetical (right) structures of RbNdNb,O, shown in Figure 3. Each RbOy
polyhedron has the same eight Rb—O bond lengths, but the arrangement in the refined I2cm model results in longer O—O separations, denoted by

the double-headed arrows.

2.9984 31984
32014, [+ o""
9 Q 3.341A
2.998A .o o)
52014
CsNdNb,0,
P2 am

2.998A

32014,

° )

‘P2 am layers’
I2cm-type stacking

Figure S. Cs—O coordination polyhedron of the refined (left) and hypothetical (right) structures of CsNdNb,O-.

If our reasoning presented above is correct, then the P2,am
structure should become increasingly favorable as the difference
in size between the A (rare earth) and A’ cations increases. An
additional set of first-principles calculations shows that this is
indeed the case. Table 4 shows that for the Cs-containing

Table 4. Differences in Energy between the Aristotype P4/
mmm Phase and Distorted Phases for a Series of Cs- and Rb-
Containing Materials from First-Principles Calculations”

P2,am (meV/formula unit)  I2cm (meV/formula unit)

CsLaNb,0, ~102 -96
CsNdNb,0, -320 -309
CsYND,O, —1017 —998
RbLaNb,0, —119 —131
RbNdNb,O, —349 —360
RbYNb,0, —1064 —1072

“Negative energy differences indicate that the distorted phase is more
stable than the aristotype.

compounds, the difference in energy between the P2,am and
I2cm structures increases as the size of the A cation decreases.
By the time A =Y, there is a very large size difference between
the A and A’ cations and the structure needs all available
degrees of freedom (cation displacements) to relieve bond
strain at as many sites as possible. It is willing to “pay the price”
in terms of O—O repulsion to achieve this. In contrast, the Rb-
containing compounds show the opposite trend. As the A
cation size decreases, the difference in energy between the
P2jam and I2cm space groups decreases. This is because
rotations are initially enough to satisfy the bonding preferences
of both the A and A’ sites, so the Rb systems adopt the I2cm
structure because it results in less O—O repulsion, as discussed

9494

above. However, as the size of the A cation decreases, the Rb-
containing phases run into the same problem as the Cs-
containing materials. Rotations can no longer efficiently relieve
bond strain at both the A and A’ sites, so the I2cm structure is
not as favorable as it is for larger A cation sizes. Given the
synthetic and chemical constraints of real materials, i.e, when
the difference in size between the A and A’ cations becomes
very large, a structure (or mixture of structures) other than a D]
phase will probably be formed; Cs-containing phases will likely
always adopt the P2am structure, whereas Rb-containing
phases will likely always adopt the I2cm structure.
Mechanism. Now that we have established the crystal
chemical origin of the preference of the Rb-containing materials
for the I2cm structure, we consider the mechanism through
which the polar phase emerges. Is it through a hybrid improper
mechanism, or via some other route? A symmetry analysis can
provide some immediate clues. The polar I2cm phase is related
to the parent P4/mmm aristotype by a combination of
distortion modes transforming like irreps A; and Aj. These
modes arise at the A-point of the primitive tetragonal Brillouin
zone with wave vector k = ('/,,'/,,'/,), which means that
distortions associated with the A-point will double the P4/
mmm unit cell along all three crystallographic axes. The Ay
mode is analogous to the My distortion and corresponds to an
a~a~¢’/—(a"a"°) rotation pattern. Similarly, the A] mode is
analogous to the Mj distortion and corresponds to an a%a’c*/—
(a°a’c*) rotation pattern. Crucially, the combination of the A3
and AJ modes establishes the symmetry of the I2cm space
group, and these modes also couple to the polar I'; mode. This
is precisely the situation for DJ phases that adopt the P2,am
space group and suggests that the I2cm structure of the Rb-
containing materials also emerges through a trilinear coupling
or hybrid improper mechanism. However, the fact that the A}

DOI: 10.1021/acs.chemmater.7b03604
Chem. Mater. 2017, 29, 9489—9497



Chemistry of Materials

Table S. Force Constants of Listed Modes for Rb-Containing Materials in the P4/mmm Space Groups and Differences in Energy
between Fully Relaxed and Distorted Structures”

force constant (eV/A?) AE (meV/formula unit)
material AY A3 Iy Imma I4/mcm C2mm 2cm
RbNdANb, O, —2.347 —0.486 —0.866 —206 —69 =7 —360
RbNdTa,0, —2.206 —0.416 —0.610 —-179 —47 -3 -307

“Imma is the space group that results from freezing in the Aj mode along the direction required to produce the I2cm space group when combined
with the A} and I'; modes (I4/mcm results from freezing in the A} mode, and polar group C2mm results from freezing in the I'; mode). Results for
the force constant and energy lowering of the I'; mode for RbNdNb,O, were originally reported in ref 24.

and Ay modes are allowed by symmetry does not mean that B ASSOCIATED CONTENT
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