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ABSTRACT: Cation-exchange reactions performed on the n
= 2 Dion—Jacobson phases RbNdNb,O, and RbNdTa,0,,
using LiNO; and NaNQj, yield the corresponding LiNdM, 0,
and NaNdM,0, (M = Nb, Ta) phases. Synchrotron X-ray
and neutron powder diffraction data, in combination with
second-harmonic generation data and supported by first-
principles DFT calculations, reveal that the LINdAM,O-, phases
adopt n = 2 Ruddlesden—Popper type structures with an
a~a~c¢*/—(a"a"c") distortion described in the polar space
group B2¢m. In contrast, the NaNdM, O, phases adopt n = 2
Ruddlesden—Popper type structures with an a b°°/b% "
distortion, described in the centrosymmetric space group P4,/

LiNdNb,O, NaNdNb,O,

a~a~ct/-(a~a~c*) a~b0c0/p0a-co
B2cm P4,/mnm
Polar Non-Polar

mnm. The differing structures adopted by the LINdM,0, and NaNdM,O, phases are rationalized on the basis of a competition
between (i) optimizing the size of the Li/Na coordination site via octahedral tilting and (ii) ordering the Na/Li cations within
the (Li/Na)O, sheets to minimize cation—cation repulsion—the former appears to be the dominant factor for the Li phases,
and the latter factor dominates for the Na phases. The strong A’-cation dependence of the tilting distortions adopted by the
A’NdM, 0, phases suggests that by careful selection of the substituting cation the tilting distortions of layered perovskite phases
can be rationally tuned to adopt polar configurations, and thus new ferroelectric phases can be synthesized.

B INTRODUCTION

Ferroelectric materials—those which exhibit a spontaneous,
switchable electrical polarization—are utilized in a wide variety
of technical applications." However, the discovery and design
of new ferroelectric materials is challenging because a
prerequisite for a material to exhibit ferroelectric behavior is
the adoption of a noncentrosymmetric (NCS) polar crystal
structure.”” This is a taxing requirement because, in general,
symmetric packing schemes are more efficient than asymmetric
arrangements, and thus NCS structures tend to be energeti-
cally disfavored compared to centrosymmetric alternatives.
The most common approach used to try to stabilize NCS
structures is the exploitation of second-order Jahn—Teller
(SOJT) distortions to break symmetry locally. For example, by
including either octahedrally coordinated d° transition metal
cations (e.g, Ti*" in BaTiO;)*™" or post-transition elements
with ns® electronic configurations (e.g,, Bi** in BiFeQ,)* "’
SOJT interactions can be used to favor NCS structures.
However, this route restricts which elements can be included
in ferroelectric materials, and is especially limiting if the desire
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is to combine ferroelectricity with ferromagnetism to prepare
magnetoelectric multiferroic materials.'*

Recently theoretical analysis has been used to develop a
strategy of harnessing the collective tilts and rotations of the
octahedral units in perovskite phases and their layered
analogues to break inversion symmetry.">~"” By combining
two nonpolar distortion modes (typically rotations around the
x- and y-axes combined with rotations around the z-axis) a
third polar distortion mode becomes allowed via the “trilinear”
coupling mechanism.'>'® Thus, the inversion symmetry of the
centrosymmetric aristotype structure can be lifted by
harnessing common, low-energy structural distortions, without
the need to include any special chemical elements. This insight
provides a rational pathway by which NCS structures can be
stabilized and ferroelectric behavior induced, because the
tilting distortions of perovskite lattices and their layered
analogues can be controlled through simple packing effects
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arising from the sizes of the ions which make up a phase.'”~'

A number of studies have demonstrated this behavior
experimentally, most notably in the A;B,O0, n = 2
Ruddlesden—Popper structure where (Ca,Sr);Ti,0,,>
Ca;Mn,0,,> and Sr;Zr,0,”* have been shown to adopt not
only NCS structures, but also ferroelectric behavior.

The trilinear mechanism for symmetry breaking is not
limited to the n = 2 Ruddlesden—Popper framework. Recently
it has been shown that it can also operate in the A’AB,O,
Dion—Jacobson phases,””*° leading to a series of polar,
potentially ferroelectric materials.”’~>’ An additional feature
of the Dion—Jacobson phases is that they exhibit a wide variety
of cation-exchange reactions®*~*” in which the monovalent A’
cation (typically Rb* or Cs*) can be exchanged for a broad
range of other cations, > >® metal salts,”’ ™ or complex
molecules”*™* to yield phases which are often metastable and
unpreparable by more direct routes. This diverse cation-
exchange chemistry offers a simple method to tune the tilting
distortions of the Dion—Jacobson lattice and hence induce
terroelectric behavior.

The simple like-for-like exchange of monovalent cations in
Dion—Jacobson phases has been extensively studied, and it has
been observed that when the large A’-cations (Rb* or Cs*, for
example) within the lattice are exchanged for smaller cations,
such as Li* or Na*, the AB,O, double perovskite sheets change
their stacking arrangement from a simple “primitive” stacking
to the “body-centered” stacking of the Ruddlesden—Popper
framework. This shifting of the perovskite sheets creates a
series of 4-fold, pseudotetrahedral interlayer coordination sites
in which the small Li* and Na* cations reside, as shown in
Figure 1" Here we describe the detailed structural

cation
exchange

AAB,O,
Dion-Jacobson

Ruddlesden-Popper

Figure 1. Structural transformation when an A’AB,O; (A’ = Rb, Cs)
Dion—Jacobson phase is converted into an A’AB,O, (A’ = Li, Na)
Ruddlesden—Popper phase. In the latter structure the pink A’-cation
sites are 50% occupied.

characterization of LINdM,O, and NaNdM,O, (M = Nb, Ta)
prepared via the cation exchange of the corresponding
RbNdM,O; phase, and show in contrast to previous reports
that both the lithium and sodium phases adopt distorted
structures, with the lithium phases adopting NCS polar
structures.

B EXPERIMENTAL SECTION

Synthesis. Samples of RbNdNb,O, and RbNdTa,O, were
prepared from Rb,CO; (99.8%), Nd,0; (99.99%, dried at 900 °C),
and Nb,O; (99.9985%, dried at 900 °C) or Ta,05 (99.993%, dried at
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900 °C) as described previously.”® Suitable stoichiometric ratios of
the oxides were ground together in an agate pestle and mortar and
then combined with a 50% excess of Rb,CO; (to compensate for
metal loss due to volatility at high temperature). 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
RbNdTa,0, were heated in air for four periods of 48 h at 1050 °C.
All samples were reground and pressed into pellets between heating
cycles. After heating, all samples were washed with distilled water to
remove any remaining excess rubidium oxide, and then dried for 12 h
at 140 °C in air.

Lithium and sodium cation-exchange reactions were performed by
reacting RbNdNb,0, and RbNdTa,0, with 10 molar equiv of either
LiNO; (99.98%) or NaNOj; (>99.0%). These mixtures were ground
together and loaded into an open ended silica tube. Lithium-exchange
reactions were heated in air for two periods of 48 h at 300 °C.
Sodium-exchange reactions were heated in air for two periods of 48 h
at 400 °C. Reaction vessels were kept in a vertical orientation during
the heating cycles as both lithium and sodium nitrate melt at the
applied reaction temperatures. Between heating cycles, samples were
washed with distilled water, dried for 12 h at 140 °C in air, and mixed
with a further 10 molar equiv of lithium or sodium nitrate. After the
final heating step, all samples were washed with distilled water to
remove remaining lithium or sodium nitrate, and dried for 12 h at 140
°C in air. Samples of NaNdNb,O, and NaNdTa, O, then dried under
flowing argon for 12 h at 300 °C to eliminate all water and were then
transferred into an argon-filled glovebox for storage.

Characterization. Reaction progress and final sample purity were
assessed using 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 data 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 at the ISIS neutron source. Rietveld
profile refinement 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—4S, 45—63, 63—75, 75—90, 90—25 um). SHG
intensity was then recorded from each particle-size range and
compared to a standard sample of a-SiO, 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.*®

First-Principles Calculations. The first-principles calculations
were performed using the PBEsol exchange-correlation functional*®
and projector augmented wave (PAW) pseudopotentials,*”*® as
implemented in the VASP package.” > The valence electron
configurations for each pseudopotential were as follows: Li 1s*2s’,
Na 25%3s'2p%, Nd 55%6s*5p®3d’, Nb 4s?5s'4p®4d*, Ta 5p®5d*6s’, and
O 2s"2p*. Good convergence of structural parameters (lattice
parameters and Wyckoff positions) was achieved for a plane wave
cutoff of 700 eV and a 6 X 6 X 2 Monkhorst—Pack mesh, compared
to higher plane wave cutoffs and denser k-point meshes. Structural
relaxations were considered converged when the force on each atom
became smaller than 1 meV/A.

B RESULTS

Structural Characterization of LiNdNb,O; and LiNd-
Ta,0;. Synchrotron X-ray and neutron powder diffraction data
collected from LiNdNb,O, and LiNdTa,O, can be indexed
using orthorhombic unit cells (LINANb,O,, a = 5450 A, b =
5.397 A, ¢ = 20.455 A; LiNdTa,0,, a = 5443 A, b = 5409 A, ¢
= 20.501 A) consistent with distorted #n = 2 Ruddlesden—
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Popper type structures. This contrasts previous reports of an
undistorted (I4/mmm) structure for LiNdNb,0,.*> We did
not observe any evidence by diffraction for mixed cation (Li/
Rb)NdNb,O; or (Li/Rb)NdTa,0, phases during the cation-
exchange reactions, with RbNdM,O, starting materials
converting directly to LINdAM, O, product phases.

Directly determining the distortion adopted by an n = 2
Ruddlesden—Popper phase can be challenging from powder
diffraction data. To assist us, we have built on the work of
Aleksandrov and Bartolome™ (who listed all the mathemati-
cally possible distortions of the n = 2 Ruddlesden—Popper
framework) by performing a symmetry analysis using the
ISODISTORT software™ to produce a list of the “chemically
plausible” distortions of the framework, listed in Table S1 in
the Supporting Information. We define the “chemically
plausible” distortions as those that retain equivalence of all
the BOg octahedra in the framework, and we have henceforth
assumed that LiNdNDb,O, and LiNdTa,O, adopt one of the
distorted structures listed in Table S1. For ease of comparison
we will describe all distorted structures using unit cells in
which the stacking direction is aligned parallel to the z-axis
(column 5 in Table S1).

Particle-size dependent SHG data, shown in Figure 2,
indicate that both LiNdNb,O, and LiNdTa,O, are SHG
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Figure 2. Plot of SHG activity of LINdNb,O, and LiNdTa,0; as a
function of particle size, compared to that of an @-SiO, standard.

active, and thus adopt noncentrosymmetric crystal structures.
This information allows us to eliminate all of the
centrosymmetric structures in Table S1, leaving 4 non-
centrosymmetric candidate space groups: Bb2,m, P2nm,
B2c¢m, and P2cm. Further examination of the diffraction data
allowed us to eliminate the Bb2;m structural models on the
basis of extinction conditions, as described in Figure S1 in
Supporting Information, to leave 3 candidate structures.

Structural models were constructed for LiNdNb,O, and
LiNdTa,0; in space groups P2,nm, B2cm, and P2cm. The
lithium cations reside in 4-coordinate, pseudotetrahedral sites
located between the perovskite double-layers of the phase. As
there are twice as many of these sites in the aristotype structure
than are required to satisfy the LINAM,O, stoichiometry, it is
possible to arrange the lithium cations in either ordered or
disordered configurations. The structural model in space group
P2,nm locates the lithium coordination positions on two
separate 4b crystallographic sites. The model in space group
P2cm has two 2a and two 2b sites while in space group B2cm
there is one 4a and one 4b site to describe the 4-coordinate
lithium sites. As a result the lithium cations can adopt a variety
of ordered or disordered arrangements in these models.

Refinement of the three remaining candidate models against
the neutron powder diffraction data proceeded smoothly for
both phases. During the refinements all atomic positional and
displacement parameters were refined freely, and the
occupancies of the lithium sites were also refined (within the
constraint of the overall sample stoichiometry) to determine if
the lithium cations were ordered or disordered. It was observed
that ordered lithium configurations gave superior fits for both
the P2cm and B2cm models while the P2,nm model with a
disordered lithium configuration gave a better fit than an
ordered configuration.

Fitting statistics for the three structural models reveal that
for both LiNdNDb,O, and LiNdTa,O, the P2cm and B2cm
models give far superior fits to the data than the lithium-
disordered P2;nm model (Table 1); however the difference
between the quality of the fits for the “unconstrained P2cm”
and B2c¢m models is too small to pick a “correct” structural
solution.

Close examination of the refined structures from “uncon-
strained” P2cm models reveals they are very irregular. The
P2¢m model has 2 Li, 2 Nd, 2 Nb/Ta and 8 oxide ions in the
asymmetric unit—twice as many as the B2cm model. This
lower symmetry allows the model to yield a structure in which
chemically equivalent atoms reside in different local environ-
ments. As a result bond valence sums (BVS)*>* calculated for

Table 1. Fitting Statistics from the Structural Refinement of LiNdNb,O, and LiNdTa,0O, against Neutron Powder Diffraction

Data
space group tilt system Glazer tilt Ve wRp (%) Rp (%)

LiNdNb,0,

P2,nm D,0,¥,/0,0,¥, a b~ c"/bac* 111.3 16.18 13.35

P2em D,0,¥,/—(P,0,)¥, a b~ c/—(ab7)c* 10.10 4.88 5.61

P2 (constrained) D,0,¥,/—(P,0,)¥, ab=ct/—(a"b7)c 17.79 6.48 6.52

B2cm POY,/—(P,D,¥,) a~a~ct/—(a"a"c") 12.78 549 6.04
LiNdT2,0,

P2,nm D,0,¥,/0,0,¥, abc*/ba ¢ 83.51 14.41 13.66

P2cm D,0,¥,/—(P,0,)¥, a b~ c"/—(ab7)c* 4.57 337 4.02

P2 (constrained) D,0,¥,/—(0,0,)¥, ab~ct/—(a"b7)c 8.52 4.61 4.73

B2cm DPOY,/—(P,D,¥,) aa~ct/—(a"ac") 5.76 3.79 4.38

8917

DOI: 10.1021/acs.chemmater.8b04136
Chem. Mater. 2018, 30, 8915—-8924



Chemistry of Materials

Table 2. Parameters” from the Structural Refinement of LiNdNb,O, against Neutron Powder Diffraction Data Collected at
298 K Compared to Structural Data from Our First-Principles Calculations

atom site X
Li(1) 4a 0.5820(20)
4a 0.56127
Nd(1) 4¢ 0.2957(8)
4¢ 0.282 81
Nb(1) 8d 0.3136(7)
8d 0.31942
0(1) 8d 0.3101(8)
8d 0.31082
0(2) 8d 0.1225(5)
8d 0.12826
0(3) 8d 0.5598(6)
8d 0.550 02
0(4) 4¢ 0.3195(10)
4¢ 0.344 69

y z Uy, (&%)
0 1/2 0.0294(22)
0 1/2
0.2520(5) 1/4 0.0161(6)
0.248 73 1/4
0.7518(4) 0.1390(1) 0.0162(4)
0.750 86 0.13948
0.8386(3) 0.0566(1) 0.0172(5)
0.840 89 0.05598
0.4556(5) 0.1443(1) 0.0216(6)
0.449 69 0.144 45
0.0154(7) 0.1719(1) 0.0227(6)
0.03124 0.173 02
0.6819(5) 1/4 0.0201(8)
0.677 19 1/4

“For each atomic species, the first row of fractional coordinates corresponds to experimental data (with the corresponding isotropic displacement
parameter), whereas the second row is from our DFT calculations. LINdNb,O,—space group B2cm (#39). Lattice parameters from experiment: a
= 5.4498(2) A, b = 5.3974(2) A, ¢ = 20.4556(8) A, volume = 601.70(7) A>. Lattice parameters from theory: a = 543799 A, b = 537584 A, ¢ =
20.470 48 A, volume = 598.43 A®. Formula weight: 448.99 g/mol, Z = 4. Radiation source: neutron time of flight. Temperature: 298 K. y* = 12.78,

wRp = 5.49%, Rp = 6.04%.

Table 3. Parameters” from the Structural Refinement of LiNdTa, 0, against Neutron Powder Diffraction Data Collected at 298
K Compared to Structural Data from Our First-Principles Calculations

atom site x
Li(1) 4a 0.5782(16)
4a 0.561 32
Nd(1) 4c 0.2994(7)
4c 0.284 95
Ta(1) 8d 0.3178(6)
8d 0.32224
o(1) 8d 0.3115(7)
8d 0.310 69
0(2) 8d 0.1170(4)
8d 0.125 07
0(3) 8d 0.5563(5)
8d 0.550 12
0(4) 4c 0.3232(8)
4c 0.343 33

y z Uiso (A3)
0 0 0.0235(15)
0 0
0.2547(4) 1/4 0.0132(4)
025071 1/4
0.7540(3) 0.1397(1) 0.0108(3)
0.752 42 0.139 89
0.8374(2) 0.0564(1) 0.0158(4)
0.840 79 0.05575
0.4611(4) 0.1457(1) 0.0195(5)
0.452 47 0.14523
0.0182(5) 0.1721(1) 0.0155(4)
0.02957 0.173 41
0.6833(3) 1/4 0.0174(6)
0.678 99 1/4

“For each atomic species, the first row of fractional coordinates corresponds to experimental data (with the corresponding isotropic displacement
parameter), whereas the second row is from our DFT calculations. LINdTa,0,—space group B2cm (#39). Lattice parameters from experiment: a =
5.4427(2) A, b = 5.4092(2) A, ¢ = 20.5011(7) A, volume = 603.57(6) A3. Lattice parameters from theory: a = 544156 A, b = 538892 A, ¢ =
20.52571 A, volume = 601.90 A®. Formula weight: 625.07 g/mol, Z = 4. Radiation source: neutron time of flight. Temperature: 298 K. y* = 5.76,

wRp = 3.79%, Rp = 4.38%.

the pairs of chemically equivalent cations (listed in Table S2, in
the Supporting Information) are very uneven for the
“unconstrained P2c¢m” model, breaking the chemical plausi-
bility criterion described above. To address this situation, we
added constraints to the P2cm model to make the pairs of
cation sites more equivalent. This more symmetric model
(labeled P2c(constrainea)) fitted the data much more poorly
than the B2cm model, as shown in Table 1, indicating that the
a b c"/—(a"b")c* distortion of the P2cm model is incorrect
and that LINdNb,O, and LiNdTa,0, adopt a~a"c*/—(a"a"¢c")
distorted, B2cm symmetry Ruddlesden—Popper structures.
Our DFT calculations confirm that a structure with B2cm
symmetry is more stable than P2cm; however the energy
difference between the phases is very small (less than 0.05
meV/formula unit). Indeed, the P2cm model essentially relaxes
to the B2cm structure.
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Observed, calculated, and difference plots from the refine-
ment of B2cm symmetry models of LiNdNb,O, and
LiNdTa,0; against neutron powder diffraction data are
shown in Figures S2 and S3, respectively. Complete
descriptions of the refined structures of LiNdNb,O, and
LiNdTa,O;, are detailed in Tables 2 and 3, respectively, with
selected bond lengths in Table 4. Tables 2 and 3 also show that
our relaxed computational structures are in excellent agree-
ment with the experimentally refined structures.

Since these Li phases are polar they will exhibit a
macroscopic polarization, which if switchable, would make
these materials ferroelectric. It is usually reasonably straightfor-
ward to calculate the polarization from first principles, but this
is not the case here. This is because we require a reference
paraelectric structure to calculate the polarization, in addition
to the polar, distorted structure (we calculate the change in
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Table 4. Selected Bond Lengths from the Structures of
LiNdNb,O, and LiNdTa,0, Refined in Space Group B2cm

LiNdNb,0, LiNdTa,0,
cation anion length (A) BVS  length (A) BVS
Li(1) o(1) x 2 1.909(12) 0.99 1.930(7) 0.98
o(1) x 2 2.072(13) 2.054(8)
Nd(1) 0(2) x 2 2.602(4) 3.07 2.609(3) 3.03
0(2) x2 3.215(4) 3.150(4)
03) x2 2.501(5) 2.479(4)
0(3) x2 2.507(5) 2.546(4)
0(4) 2.324(4) 2.322(4)
0(4) 2.620(8) 2.613(7)
0(4) 2.877(8) 2.871(7)
0(4) 3.080(4) 3.094(4)
Nb/Ta(1) o(1) 1.751(3) 5.09 1.767(3) 5.18
0(2) 1.911(5) 1.929(4)
0(2) 2.025(5) 2.005(4)
0(3) 1.986(6) 1.996(4)
0(3) 2.068(5) 2.042(4)
0(4) 2.302(2) 2.294(2)

polarization upon application of an electric field, and not the
polarization itself, since this quantity is ill-defined in a solid).
The choice of reference paraelectric structure is not
immediately obvious. We could propose a structure with
Bmcm symmetry (for example) as our paraelectric reference
structure, since this space group is connected to B2c¢m by a
single distortion that breaks inversion symmetry and trans-
forms like the irreducible representation I',”. However, if
polarization switching actually proceeds through a different
structure, then our prediction may be quite poor. Rather than
muddy the literature with theoretical results of questionable
physical value, we have chosen not to calculate a polarization
value in this instance.

Structural Characterization of NaNdNb,O, and
NaNdTa,0,. Synchrotron X-ray and neutron powder
diffraction data collected from NaNdNb,O, and NaNdTa,0O,
could be indexed using tetragonal unit cells (NaNdNb,O;, a ~
b=5483 A, c =20911 A; NaNdTa,0,, a ~ b= 5469 A, ¢ =
21.134 A) consistent with distorted n = 2 Ruddlesden—Popper
type structures. Again this contrasts previous reports of an
undistorted (I4/mmm) structure for NaNdNb,0..*> We did
not observe any evidence by diffraction for mixed cation (Na/
Rb)NdNb,O; or (Na/Rb)NdTa,0, phases during the cation-

exchange reactions, with RbNdM,O, starting materials
converting directly to NaNdM, 0O, product phases.

SHG measurements revealed that neither NaNdNb,O, nor
NaNdTa,0, are SHG active, indicating that both phases adopt
centrosymmetric crystal structures. Given that it is possible for
phases to be metrically tetragonal but described in an
orthorhombic space group, our symmetry analysis (Table
S1) indicates there are 12 possible centrosymmetric tetragonal
or orthorhombic models for the NaNdM, O, phases: P4,/mcm,
P4,/mnm, Pccm, Pbcb, Pbcm, Pnnm, Pnab, Pnam, Bbmm, Bbcm,
Bmcm, and Bbcb. Again these are described with the stacking
axis aligned along z.

Synchrotron X-ray diffraction data allow us to eliminate all
the centered models on the basis of extinction conditions as
shown in Figure S4. Further examination of the diffraction data
shows that the P4,/mcm, Pccm, and Pbcm structural models
can be eliminated for NaNdNb,O,, and the Pbcb and Pnab
models can be eliminated for both NaNdNb,O, and
NaNdTa,0,, which leaves only 3 candidate structural models
for the NaNdNb,O, (P4,/mnm, Pnnm, and Pnam) and 6
candidate structural models for the NaNdTa,0, (P4,/mcm,
P4,/mnm, Pccm, Pbcm, Pnnm, and Pnam).

In a direct analogy to the lithium phases, the sodium cations
reside within 4-coordinate, pseudotetrahedral sites located
between the perovskite double-layers, and can also adopt
ordered or disordered configurations. In the structural model
in space Pnam, the sodium cations reside on an 84 site which
must be half-occupied to respect the sample stoichiometry, and
as a result the sodium cations are in a disordered configuration.
In contrast, the model in space group P4,/mcm has one 4e, one
2b, and one 2d sodium site; P4,/mnm one 4d and one 4e
sodium site; Pccm one 2e, one 2f, one 2g, and one 2h sodium
site; Pbcm two separate 4¢ sodium sites; and Pnnm one 4e and
one 4f sodium site, allowing the sodium cations to adopt a
range of ordered and disordered configurations in these five
models.

Structural models were constructed in all the remaining
candidate space groups and refined against the neutron powder
diffraction data. During the refinements all atomic positional
and displacement parameters were refined freely. The
occupancies of the sodium sites were refined (within the
constraint of the overall sample stoichiometry) to determine if
the sodium cations were ordered or disordered, and it was
observed that ordered sodium configurations gave superior fits
for the P4,/mnm and Pnnm models, while disordered sodium
configurations gave superior fits for the P4,/mcm, Pccm, and

Table S. Fitting statistics from the structural refinement of NaNdNb,O, and NaNdTa,O, against neutron powder diffraction

data
space group tilt system Glazer tilt 7 wRp (%) Rp (%)

NaNdNb,O,

Pnnm #58 D, D,0/P,P,0 ab=/bma™ 8.40 4.67 4.68

Pnam #62 PPV, /DY, aa~c/a a —c" 9.97 5.08 5.20

P4,/mnm #136 ®00/0D0 a b’ /b%a° 8.86 4.79 4.82
NaNdTa,0,

Pccm #49 ®,0,0/—(D,P,)0 abc"/—(b"a") 19.70 6.95 5.31

Pbem #57 POV, /—(PD)Y, a~a~ct/—(a"a”)c 16.85 6.42 5.09

Pnnm #58 D,D0,0/D,D,0 a b~ /bma 6.30 3.93 3.82

Pnam #62 DOV, /PO, aac/a"a —c" 5.99 3.83 3.94

P4,/mcm #132 ®00/0—D0 a b’/ b—a " 21.78 7.31 5.57

P4, /mnm #136 ®00/0P0 a b’/ b%a° 6.96 413 3.98
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Table 6. Parameters” from the Structural Refinement of NaNdNb,O,, against Neutron Powder Diffraction Data Collected at
298 K Compared to Structural Data from Our First-Principles Calculations

atom site x
Na(1) 4e 0
4e 0
Nd(1) 4f 0.2587(3)
af 0.262 41
Nb(1) 8j 0.2531(3)
8j 0.253 45
o(1) 4g 0.8034(4)
4g 0.809 66
0(2) 4e 1/2
4e 1/2
0(3) 4e 0
4e 0
0(4) 8h 1/2
8h 1/2
0o(s) 8j 0.7138(2)
8j 0.71507

y z U, (A%)
0 0.2649(3) 0.0346(17)
0 026413
0.2587(3) 0 0.0049(4)
0.262 41 0
0.2531(3) 0.3943(0) 0.0030(3)
0.253 45 0.394 45
0.8034(4) 1/2 0.0182(10)
0.809 66 1/2
1/2 0.5725(1) 0.0029(8)
1/2 0.57197
0 0.6071(2) 0.0252(12)
0 0.608 10
0 0.4153(1) 0.0218(7)
0 0.41723
0.7138(2) 0.6885(1) 0.0122(5)
0.715 07 0.689 83

“For each atomic species, the first row of fractional coordinates corresponds to experimental data (with the corresponding isotropic displacement
parameter), whereas the second row is from our DFT calculations. NaNdNb,O,—space group P4,/mnm (#136). Lattice parameters from
experiment: a = 5.4829(2) A, b = 5.4829(2) A, ¢ = 20.9112(8) A, volume = 628.63(6) A’. Lattice parameters from theory: a = 548088 A, b =
5.480 88 A, ¢ = 20.806 76 A, volume = 625.04 A®. Formula weight: 465.04 g/mol, Z = 4. Radiation source: neutron time of flight. Temperature: 298

K. * = 8.56, wRp = 4.79%, Rp = 4.82%.

Table 7. Parameters” from the Structural Refinement of NaNdTa,0, against Neutron Powder Diffraction Data Collected at
298 K Compared to Structural Data from Our First-Principles Calculations

atom site i
Na(1) 4e 0
4e 0
Nd(1) 4f 0.2569(3)
4f 0.263 26
Ta(1) 8j 0.2543(3)
8j 025327
o(1) 4g 0.8009(4)
4g 0.806 97
0(2) 4e 1/2
4e 1/2
0(3) 4e 0
4e 0
0(4) 8h 1/2
8h 1/2
o(s) 8j 0.7181(3)
8j 0.717 83

y z Uy, (A7)
0 0.2608(4) 0.0427(17)
0 0.262 05
0.2569(3) 0 0.0043(4)
026326 0
0.2543(3) 0.3957(1) 0.0050(3)
0.25327 0.39503
0.8009(4) 1/2 0.0130(9)
0.806 97 1/2
1/2 0.5742(2) 0.0101(9)
1/2 0.57203
0 0.6020(2) 0.0352(15)
0 0.605 41
0 0.4160(1) 0.0216(7)
0 0.417 61
0.7181(3) 0.6883(1) 0.0099(5)
0.717 83 0.689 68

“For each atomic species, the first row of fractional coordinates corresponds to experimental data (with the corresponding isotropic displacement
parameter), whereas the second row is from our DFT calculations. NaNdTa,O,—space group P4,/mnm (#136). Lattice parameters from
experiment: a = 5.4686(2) A, b = 5.4686(2) A, ¢ = 21.1345(9) A, volume = 632.03(7) A>. Lattice parameters from theory: a = 548525 A, b =
5.48525 A, ¢ =20.946 28 A, volume = 630.23 A®. Formula weight: 641.12 g/mol, Z = 4. Radiation source: neutron time of flight. Temperature: 298

K. y* = 6.96, wRp = 4.13%, Rp = 3.98%.

Pbcm models. NANbO, was added as a second phase for the
refinement of NaNdNb,O,.

Refinement of all models against the neutron powder
diffraction data proceeded smoothly. Fitting statistics (Table
5) show that the models in space groups Pnnm, Pnam, and
P4,/mnm achieve the best fits to the data for both
NaNdNb,O, and NaNdTa,0,. However, close inspection of
the fits using the Pnam models reveal these do not account for
the intensity of the [114] and [112] diffraction peaks at 3.12
and 3.63 A, respectively, as shown in Figures SS and S6 in the
Supporting Information, indicating this model is incorrect.
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The remaining two models P4,/mnm (a~b°°/b%c°) and
Pnnm (a”b™c®/ba"c®) describe similar octahedral tilting
patterns, with the P4,/mnm describing a special case of the
Pnnm model in which the “b” tilt has zero magnitude. Close
inspection of the atomic coordinates of the Pnnm models
refined for NaNdNb,O, and NaNdTa,0, reveals O—0—-0O

»

bond angles corresponding to “a” and “b” tilts are very
different, and the magnitude of the “b” tilt is very close to zero,
as shown in detail in Figure S7 in the Supporting Information.
Given the similarity of the fitting statistics of the P4,/mnm and
Pnnm models and the small magnitude of the “b” tilt it is hard
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to differentiate between these two models on the basis of
diffraction data alone.

DFT calculations confirm that P4,/mnm is more stable than
Pnnm. The energy difference between the two phases in the
case of NaNdNb,O, is less than 0.05 meV/formula unit,
suggesting that the two structures are likely identical within the
calculation precision. This is confirmed by close inspection of
the relaxed structures, revealing that the optimized Pnnm
model has essentially zero b tilt, consistent with P4,/mnm
symmetry. This also happens for NaNdTa,0,; however the
Pnnm structure ends up more stable than P4,/mnm by less
than 1 meV/formula unit. Given the tiny energy difference
between the two structures and the fact that the Pnnm model
relaxes to P4,/mnm, we conclude that the best and simplest
description of the structures of NaNdNb,O, and NaNdTa,O,
are given by the P4,/mnm models.

Observed calculated and difference plots from the refine-
ment of P4,/mnm symmetry models against neutron powder
diffraction data are shown in Figures S8 and S9. Complete
descriptions of the refined structures of NaNdNb,O, and
NaNdTa,0, are detailed in Tables 6 and 7, respectively, with
selected bond lengths in Table 8. Parameters from the relaxed

Table 8. Selected Bond Lengths from the Structures of
NaNdNb,O, and NaNdTa,0; Refined in Space Group P4,/
mnm

NaNdNb,O, NaNdTa,0,

cation anion length (A)  BVS  length (A) BVS

Na(1) 0O(s) x2 2.303(5) 0.88 2.279(6) 0.91
o(s) x2 2.424(4) 2.431(5)

Nd(1) o(1) x2 2.413(4) 2.96 2.430(3) 295
0o(1) x 2 3.092(4) 3.060(3)
0(2) x 2 2.514(3) 2.531(3)
0(3) x2 2.918(4) 2.860(5)
0(4) x 4 2.627(3) 2.625(3)

Nb/Ta(1) o(1) 2.253(1) 5.15 2.245(1) 521
0(2) 2.036(2) 2.004(3)
0o(3) 1.963(2) 1.967(2)
0(4) x 2 1.988(2) 1.981(2)
o(s) 1.750(2) 1.788(2)

computational structures of NaNdNb,O-, and NaNdTa,0O- are
shown in Tables 6 and 7, again showing excellent agreement
with the experimentally determined structures.

B DISCUSSION

The crystal structures of LINAM,0, and NaNdM,0, (M =
Nb, Ta) differ in two key respects: (i) the tilting distortion of
the MOg network and (ii) the ordering of the Li and Na
cations within the interlayer tetrahedral coordination sites.
Considering the tilting distortions first, as noted above, the
collective rotations of the connected MOy octahedra in
perovskite lattices occur in response to a size mismatch
between the average B—O bond lengths (B = Nb, Ta) and the
A—O and A’—O lengths (A = Nb, Ta; A’ = Li, Na) as these
low-energy structural deformations allow the A—O and A’'—O
lengths to contract without changing the B—O length. The
magnitude of the cation size mismatch can be conveniently
parametrized in the case of the 12-coordinate A-cations usin
the Goldschmidt tolerance factor, t = (A—O)/(\/Z(B—O)).5
Using tabulated ionic radii (Nd*" = 1.27 A; Nb*>" = 0.64 A; O
= 1.40 A)*® a value of t = 0.925 can be determined for the
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NdNb,O, perovskite sheets, indicating this double-layer will
have a strong geometric drive to adopt a significantly distorted
configuration in the absence of any influence from the A'-
cations. It should also be noted that the 6-coordinate ionic
radius of Ta®" is also 0.64 A; thus it is no surprise that the
corresponding niobium and tantalum phases are isostructural.

It is also possible to formulate a tolerance factor, ¢/, for the
A’ tetrahedral cation sites, by considering the (B—O) and
(A’—0) bond lengths of the undistorted aristotype framework,
as described in detail in the Supporting Information (Figure
S10), as t' = (A/—O>/[(\/3/\/2)(B—O>]. Utilizing the
tabulated 4-coordinate ionic radii of Li* (0.59 A) and Na*
(0.99 A) we can obtain values of ¢ = 0.796 and t' = 0.956 for
Li/Nb and Na/Nb, respectively. The significantly smaller value
of t' for the Li/Nb combination compared to the Na/Nb
combination provides a simple explanation for the differing
tilting patterns of the Li and Na phases; however close
inspection of the crystal structures reveals more subtle drivers.

Calculating BVS values for the Na* cations in the refined
structures of NaNdNb,O, and NdNdTa,O, (Table 8) reveals
that in both structures the Na cations are “underbonded” (BVS
Nayy, = 0.88; Nap, = 0.91) indicating that the 4-coordinate Na
sites are larger than ideal. In contrast the BVS values for the Li*
cations in LINdNb,O, and LiNdTa,O, (Table 4) are close to
ideal (BVS Liy, = 0.99; Lip, = 0.98). This indicates that the
tilting distortions of the lithium-containing phases have
optimized the size of the Li coordination sites, while the
corresponding distortions of the Na-containing phases have
not optimized the Na sites. Why the difference?

Figure 3 shows that the sodium cations order within the
interlayer cations sites to form a network of corner-linked
NaO, tetrahedra. This arrangement minimizes Na—Na
repulsions in line with Pauling’s third crystallographic rule.>”
However, a feature of this arrangement is that it is not possible
to contract the average Na—O bond length via octahedral
tilting as the displacement of an oxide ion to shorten one Na—
O length necessarily elongates another, and as a result the
average Na—O distance does not change; however, the average
O—O0 separation declines making large angle tilts unfavorable.
The only mechanism which allows a contraction of the average
Na—O bond length is to shrink the interlayer separation, but
again this also shrinks the average O—O separation, and so can
only occur to a limited extent. Thus, it can be seen that the
small magnitude of the MOy tilting distortion observed for the
NaNdM,0, phases, and thus the underbonding of the Na
cations, is a consequence of the Na cation ordering scheme,
suggesting that in this instance minimizing Na—Na repulsion is
energetically more important than optimizing the size of the A’
coordination sites.

These same factors (minimizing A’—A’ repulsion vs
optimizing the size of the A’ coordination site) are also
operative in determining the structure of the LiNdM,0,
phases; however the smaller size of the Li* cation means that
a different balance is struck. Figure 3 shows that the lithium
cations order within the interlayer cations sites of the
LiNdM,0, phases to form chains of edge-linked LiO,
tetrahedra. This is a less optimal configuration with respect
to minimizing A’'—A’ repulsion than the corner-linked
configuration adopted in the sodium phases. However, this
edge-shared connectivity allows the tilting distortions of the
MOg network to decrease the size of the occupied tetrahedral
cation sites and optimize the coordinations of the A’-cations,
resulting in a near ideal coordination environment for the Li
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LiNdNb,O, S
a~act/-(a-a-c*) ; = . -
B2cm \ ¢
a . [ ‘ ¢

Badil

NaNdNb,O,
a-boco/b0a-co
P4,/mnm

Figure 3. Structures of LINdNb,O; (left) and NaNdNb,O, (right). Purple, blue, red, dark-gray, and light-gray spheres represent Nd, Nb, O, Li, and

Na, respectively. White spheres indicate the positions of empty A'O, sites.

cations. Thus, we propose that the differing structures adopted
by the NaNdM,O, and LiNdM,O, phases arise from a
competition between minimizing the A’—A’ repulsion and
optimizing the A’-cation coordination site, with the former
being the dominant factor for the Na phases and the latter for
the Li phases.

This idea can be supported by examining the energy
minimized, hypothetical structures of the Na and Li phases
with the alternate structure type. That is to say NaNdNb,O,
with a B2cm symmetry structure and LiNdNb,O, with a P4,/
mnm structure. As shown in Tables S4 and SS, the energy
minimized, hypothetical B2cm structure of NaNdNb,O,
adopts a much more distorted MOy framework than the
experimental structure. This increased distortion acts to
contract the size of the Na coordination site raising the Na
BVS to a value of +1.23. However, despite this improvement to
the local Na—O bonding, this B2cm configuration is 88 meV/
formula unit less stable than an equivalent, energy minimized
structure with P4,/mnm symmetry. This is consistent with the
idea that an unfavorable increase in Na—Na repulsion, which
occurs when the Na cations are arranged in an edge-sharing
configuration within the B2cm structure, outweighs the
improved Na—O bonding arising from contraction of the Na
coordination site, making the P4,/mnm symmetry structure the
optimal configuration for NaNdNb,O..

Similarly, inspection of the energy minimized, hypothetical
P4,/mnm symmetry structure for LINdNb,O, (Tables S6 and
S7) reveals it is 289 meV/formula unit less stable than the
equivalent energy minimized B2cm phase. This lower stability
can be attributed to the significant expansion of the Li
coordination site which occurs on switching to the P4,/mnm
symmetry structure. The resulting BVS value for Li (0.73) in
this site is too small to be chemically sensible, indicating this
site is much too large to accommodate Li* (it is essentially only
three-coordinate), consistent with the proposal that optimizing
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the size of the Li coordination site has a larger impact on the
energy of LiNdM,O, phases than the increase in Li—Li
repulsion arising from the edge-sharing of LiO, units, making
the B2cm symmetry structure the optimal configuration for
LiNdNb,O.,.

B CONCLUSION

The contrasting balance between minimizing the A'—A’-cation
repulsions and optimizing the A" coordination reached by the
lithium and sodium phases has echoes of the similar balance in
the A'NdM, O, (A’ = Rb, Cs) Dion—Jacobson phases between
minimizing O—O repulsion and optimizing the A’ coordina-
tion.”® Together these observations suggest that the tilting
distortions of A’AB,O, phases with either Ruddlesden—Popper
or Dion—Jacobson frameworks can be tuned by careful
selection of the A’-cation. This feature is further emphasized
by observing that, in order for the tilting distortions of the
MOg network to contract the lithium coordination site
uniformly, the x and y tilts in adjacent perovskite double
sheets have to have the opposite sign, ie., aPbic'/—(aPb?)+c".
Thus, it can be seen that the small size of the lithium cations
directs the lattice into the polar a"a”c*/—(a"a"c") tilting
distortion. It therefore seems likely that, by careful selection of
A’-cations, a series of novel polar configurations can be
constructed.
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