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ABSTRACT: Na-for-Rb cation exchange followed by K-for-Na cation exchange of RoNdM,O; (M = Nb, Ta) yields the correspond-
ing, metastable KNdM,0O- phases. Synchrotron X-ray and neutron powder diffraction data, combined with powder SHG data, reveal
that the KNdM,O7 phases adopt a polar structure (space group Im2m) consisting of NdM,O- double perovskite sheets stacked in a (0,
Y, z) manner with K* cations ordered within the 6-coordinate prismatic inter-layer sites. The perovskite double sheets adopt an
(a’b*c%a’-b*c?) tilting distortion, however unlike other A’AB,O; phases this distortion is not the origin of the non-centrosymmetric
structure, which is attributed to a second-order Jahn-Teller distortion of the MOg units. First-principles DFT calculations confirm the
polar Im2m phase is more stable than the corresponding centrosymmetric alternative. The role of the A’- and A- cations in directing
the stacking patterns and tilting distortions of A’AB,O; phases is discussed with reference to hybrid improper ferroelectric behavior.

Introduction

Ferroelectric materials are widely used in technology due to
their spontaneous and switchable electrical polarizations.!
However, the discovery of new ferroelectric materials is chal-
lenging because a non-centrosymmetric (NCS) crystal structure
is a prerequisite for a spontaneous electrical polarization,?2 but
acentric crystal structures tend to be energetically disfavored
compared to centrosymmetric alternatives.

A common method of favoring an NCS crystal structure is to
utilize a second-order Jahn-Teller distortion (SOJT) to break the
inversion symmetry of a material. For example, inclusion of an
octahedrally coordinated, d° transition-metal ion (e.g. Ti** in
BaTiO3)*" or a post-transition metal with an ns? electronic con-
figuration (e.g. Pb?* in PbTiO3)%*® can break local inversion
symmetry, driven by the mixing of empty cation and filled an-
ion orbital states. However, the necessity to include such metal
cations limits which elements can be included in NCS materials,
and hampers attempts to combine ferroelectricity with mag-
netism, in the search for magnetoelectric multiferroic materi-
als. ™

An alternative method of preparing NCS phases utilizes a
‘trilinear coupled hybrid improper’ mechanism.™ This mecha-
nism utilizes the low-energy tilting and twisting distortions of
the BOg units in ABOj3 perovskite phases, by exploiting the ob-
servation that suitable combinations of these tilting distortions
can combine such that two non-polar distortion modes couple
to a third, polar distortion mode (trilinear coupling) yielding an
NCS structure.’>'” As these distortion modes impose no chem-
ical requirements, the trilinear coupled hybrid improper mech-
anism offers the prospect of broadening the chemical diversity
of ferroelectric materials.

The reciprocal nature of the collective BOg rotations in 3D
perovskite frameworks means that in addition to the correct tilt-
ing distortions, A- or B-cation order is required to break the

global (rather than just local) inversion symmetry of an ABO;
perovskite phase *® — a restriction that poses significant syn-
thetic challenges.'®% However, this requirement does not apply
to layered variants of the perovskite structure, so much attention
has been focused on applying trilinear coupling to compounds
with these structure types.?*

Initially both computational and experimental effort was fo-
cused on the AsB,O7, n = 2 Ruddlesden-Popper phases, which
consist of AB,O7 perovskite double-layers, stacked in a (¥, %,
z) arrangement, separated by 9-coordinate A-cations, as shown
in Figure 1. Theory predictions of trilinear coupled ferroelectric
behavior ** have been experimentally verified in a number of
Ruddlesden-Popper phases, including (Ca, Sr)Ti.O7, SrsZr,0y,
(Sr, Ca)Sn,0; and CasMn,0,.22%

Trilinearly-coupled ferroelectric behavior has also been pre-
dicted for A’AB,0O; n = 2 Dion-Jacobson phases,?® in which the
AB,O7 perovskite layers are stacked in a (0, 0, z) arrangement,
separated by large 8-coordinate A’-cations, as shown in Figure
1. Combined experimental and computational studies have con-
firmed that Dion-Jacobson phases such as CsNdM.O; and
RbNdM,07 (M = Nb, Ta) adopt polar structures due to trilinear
coupling,?-% although ferroelectric switching is yet to be
demonstrated for these materials.

The A’-cations in Dion-Jacobson phases exhibit a range of
facile cation-exchange reactions.?3! If large cations such as Cs*
or Rb*are exchanged for smaller cations, such as Na* or Li*, the
resulting A’AB,O; phases adopt Ruddlesden-Popper structures,
with the change from a (0, 0, z) to a (*2, %, z) stacking of the
AB,O7 perovskite sheets motivated by the formation of 4-coor-
dinate, pseudo tetrahedral sites to accommodate the small A’-
cations (Figure 1).5% However, if K* cations are substituted
into the A’-cation sites, the resulting KAB,O; compounds adopt
layered perovskite structures in which the AB,O; layers stack in
a (0, %, z) arrangement with the K* cations accommodated
within 6-coordinate trigonal prismatic sites (Figure 1).32 3637
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Figure 1. The structures of the aristotype n = 2 layered perovskite phases and the coordination polyhedra of the A- and A’-cations that reside
between the perovskite double-sheets. Half-shading of the 4-CN and 6-CN A’-cation sites indicates a disordered 50% occupancy.

Here we report the detailed structural characterization of
KNdTa,07; and KNdNb,O;, synthesized from the correspond-
ing RbNdMO7 phases using low-temperature cation exchange
reactions. Both potassium compounds adopt polar structures at
room temperature, which do not appear to be stabilized by the
trilinear coupling mechanism. Instead their polar structures are
attributed to an SOJT distortion of the Nb%*Og and Ta%*Og pol-
yhedra, suggesting that these two stability mechanisms are of-
ten in competition in layered perovskite oxides.

Experimental

Synthesis. Samples of KNdNb,O; and KNdTa,O; were pre-
pared by first synthesizing the corresponding RbNdM,0O; (M =
Nb, Ta) phases,?” then converting them to the corresponding
NaNdM,O; phases via Na-for-Rb cation exchange,® and finally
converting them to the KNdM,0O- phases via K-for-Na cation
exchange.

Specifically, samples of RbNdNb,O; and RbNdTa,O; were
prepared from Rb,CO; (99.8%), Nd-O3 (99.99%, dried at 900
°C) and Nb,Os (99.9985%, dried at 900 °C) or Ta2Os (99.993%,
dried at 900 °C) as described previously.?” Suitable stoichio-
metric ratios of the oxides were ground together in an agate pes-
tle and mortar and then combined with a 50% excess of Rb,CO3
(to compensate for metal loss due to volatility at high tempera-
ture). 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,O; were heated in
air for four periods of 48 h at 1050 °C. All samples were re-
ground 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.

Sodium cation-exchange reactions were performed by react-
ing RbNdNb,0O; and RbNdTa,O7 with 10 mole-equivalents of
NaNO; (>99.0%) as described previously.® These mixtures
were ground together and loaded into an open ended silica tube
and heated in air for two periods of 48 h at 400 °C. Between

heating cycles, samples were washed with distilled water, dried
for 12 h at 140 °C in air and mixed with a further 10 mole-
equivalents of NaNOs. After the final heating step, all samples
were washed with distilled water to remove the NaNO3 and then
dried for 12 h at 140 °C in air.

Potassium cation-exchange reactions were performed by re-
acting NaNdNb,O- and NaNdTa,O; with 10 mole-equivalents
of KNOj3 (99.995%). These mixtures were ground together and
loaded into an open ended silica tube and heated in air for two
periods of 48 h at 370 °C. Between heating cycles, samples were
washed with distilled water, dried for 12 h at 110 °C in air and
mixed with a further 10 mole-equivalents of KNOs. After the
final heating step, all samples were washed with distilled water
to remove remaining NaNO; and then dried for 12 h at 110 °C
in air.

Characterization. X-ray powder diffraction data were col-
lected using a PANalytical X pert diffractometer incorporating
an X’celerator position-sensitive detector (monochromatic Cu
Kay radiation). High-resolution synchrotron X-ray powder dif-
fraction (SXRD) data were collected using the 111 instrument
at the Diamond Light Source Ltd. Diffraction patterns were col-
lected using Si-calibrated X-rays with an approximate wave-
length of 0.825 A from samples, sealed in 0.3 mm diameter bo-
rosilicate glass capillaries. Time of flight neutron powder dif-
fraction (NPD) data were collected using HRPD diffractometer
at the ISIS neutron source from the samples loaded in 8 mm
vanadium cans. Rietveld refinements were performed using the
GSAS suite of programs.® The powder second harmonic gen-
eration (SHG) response of samples was recorded and compared
to a standard sample of a-SiO,. 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. First-principles density func-
tional theory (DFT) calculations were performed using the Vi-
enna Ab Initio Simulation Package (VASP).“:** The PBEsol
exchange-correlation functional * and projector-augmented
wave pseudopotentials 64" were used for all calculations. The



valence electron configurations for each pseudopotential were
as follows: 3s23p%4st for K, 5s25p®4d*5st for Nb, 5s25p®4fl6s?
for Nd (three f-electrons frozen in the core), and 2s?2p* for O.
Structural relaxations were considered converged when the
force on each atom became smaller than 1 meV/A. All calcula-
tions were performed with a 700 eV plane wave cutoff and a
6x6x3 k-point mesh. Crystallographic analyses were performed
with the aid of the ISOTROPY suite of programs “ and the Bil-
bao Crystallographic Server.3-5°

Results

Cation exchange route to synthesize KNdM:07 phases.
While the high-temperature solid-state synthesis of KLaNb,O-
has been reported 32 % the analogous neodymium phase is not
accessible by direct heating of K,CO3, Nd203 and Nb,Os. When
this combination of reagents is heated at 1100 °C the major
product obtained is NdNbOy, indicating that KNdNb,Oy is not
the thermodynamically most stable product of these reagents,
and so cannot be prepared by their direct combination at high
temperature. Therefore, we have synthesized the metastable po-
tassium phases KNdNb,0O; and KNdTa,Oy by a two-step cation
exchange route starting from the corresponding RbNdM,Oy
Dion-Jacobson phases and proceeding via the NaNdM,0O; Rud-
dlesden-Popper phases.

Structural  Characterization of KNdTa.0; and
KNdNb207. High-resolution synchrotron X-ray and neutron
powder diffraction data collected from KNdTa.,O; and
KNdNb,O7 could initially be indexed using the unit cell re-
ported for KLaNb,O; 3¢ and previously reported for
KNdNb,07.3* However, close inspection of diffraction data re-
vealed a series of small peaks which can only be indexed using
ana’=2xa,b’=b, ¢’ =cgeometric expansion of the aristotype
unit cell (KNdTa,0-: a=7.702 A, b=3.862 A c=21772 A;
KNdNb,O7: a=7.709 A, b=23.871 A, ¢ = 21.556 A) as shown
in Figure S1.

Deducing the subtle structural distortions of layered perov-
skite phases from diffraction data can be challenging. To assist
this process we have performed a symmetry analysis using the
ISODISTORT software 5! to produce a list of ‘chemically plau-
sible’ distortions of the n =2 (0, %%, z) stacked framework, listed
in Table S1 in the Supporting Information. We define ‘chemi-
cally plausible’ distortions as those which retain the equiva-
lence of the BOg octahedra, and our initial assumption was that
KNdNb,O7 and KNdTa,0; adopt structures on this list. Consid-
ering these assumptions, we observe that only two distortions,
Ammm (Glazer tilt a®b*c%a%*c%%2% and Immm (Glazer tilt
a%h*c%a’-b*c? are consistent with the observed lattice parame-
ters of the KNdM,0O- phases. However, further examination of
the NPD data allows us to eliminate the Ammm space group
based on extinction conditions as shown in Figures S2 and S3
in the Supporting Information.

A structural model was constructed based on the Immm
(a%*c%al-b*c?) distortion. In this structure there are two inde-
pendent trigonal prismatic crystallographic sites (4i and 4j) on
which to locate 4 potassium cations. As a result, the potassium
cations can either be ordered on one or other of these sites or
disordered across both of them. Potassium disordered structural
models were constructed for KNdNb,O7 and KNdTa,0; and in
both cases, when refined against NPD data, the occupancy of
the 4i site approached unity, while that of the 4j site approached
zero. Thus, models with the potassium ions ordered on the 4i

Space | 2 Rp (%) | wRp(%) | Number
group of variables
KNdTa207

Immm | 3559 | 6.09 6.67 67

Im2m 28.26 | 5.50 5.94 77

1222 34.99 6.04 6.61 70
KNdNb207

Immm 48.91 7.17 7.52 69

Im2m 38.88 6.61 6.70 7

1222 44.74 | 6.63 7.19 72

Table 1. Fitting statistics for the structural refinement of
KNdTa,07 and KNdNb,O7 against neutron powder diffraction
data.

sites were constructed for KNdNb,O; and KNdTa,O; and re-
fined against the NPD data to give reasonable fits to the data, as
described in Table 1.

SHG data collected from KNdTa,O; and KNdNb,O- indicate
that both compounds are SHG active (0.5 and 0.56 times a—SiO>
respectively, compared to a minimum sensitivity of 5% of the
a-SiO; signal) and thus adopt non-centrosymmetric crystal
structures, so the Immm symmetry models cannot be correct.
Given that none of the distortions in Table S1 are non-centro-
symmetric, and noting the good fit achieved by the Immm
(a%*c%a’b*c?% distorted model, non-centrosymmetric struc-
tures based on a further distortion of this Immm model were
constructed, again using the ISODISTORT software.>* This
analysis revealed two candidate non-centrosymmetric struc-
tures, described in the space groups Im2m and 1222, which are
generated by applying the I';- and I'y irreducible representa-
tions of the Immm space group respectively to the centrosym-
metric Immm model. Refinement of the structural models de-
scribed in space groups Im2m and 1222 against the NPD data
proceeded smoothly. A visual comparison of the fits to the data
by the different models (Figure S4 and S5, Supporting Infor-
mation), and the fitting statistics listed in Table 1, indicate that
the Im2m model gives a marginally better fit to the data than
either the centrosymmetric Immm model or the non-centrosym-
metric 1222 model.

Close inspection of the different refined structures of
KNdNb,O; and KNdTa,O; provides further confirmation that
the Im2m structural model is the best description of these
phases. As shown in Tables 2 and 3, lowering the symmetry
from Immm to 1222 lowers the site symmetry of the Nb/Ta po-
sition from 8m to 8k, allowing the y-coordinate of this site to
take a non-zero value. However, it can be seen that in the re-
fined 1222 models the Nb/Ta cations remain at y = 0, within
error, thus the atomic configuration of the 1222 models remains
centrosymmetric, within error. In contrast lowering the sym-
metry to Im2m allows all 4 crystallographically distinct cation
sites to adopt non-zero y-coordinates, and as can be seen in Ta-
bles 2 and 3, in the refined Im2m structures all 4 cations displace
from y = 0 by amounts significantly greater than the error
bounds, providing further validation of the Im2m models.

A complete description of the refined structures of
KNdTa,0; and KNdNb,O; are given in Tables S2 and S4 re-
spectively with selected bond lengths in Tables S3 and S5 re-
spectively in the Supporting Information. Observed and calcu-
lated data plotted in Figure 2, and a representation of the refined
structure of KNdNb,O; shown in Figure 3.



Atom ‘ Site ‘ X y ‘ z ‘ BVS
Immm

K 4i 0 0 0.2334(4) | 0.943
Nd(1) | 2a |0 0 0 2.923
Nd(2) | 2b | 0.5 0 0 2.585
Ta 8m | 0.7541(5) | O 0.3991(1) | 5.522
Im2m

K 4 |0 0.0074(37) | 0.2354(4) | 0.973
Nd(1) [2a | O 0.0182(36) | 0 3.023
Nd(2) | 2b | 0.5 0.0405(27) | O 2.672
Ta 8e | 0.7516(5) | 0.0194(11) | 0.3992(1) | 5.293
1222

K 4i 0 0 0.2325(5) | 0.956
Nd(1) [2a | O 0 0 2.907
Nd(2) | 2b | 0.5 0 0 2.602
Ta 8k | 0.7543(5) | 0.0008(18) | 0.3991(1) | 5.540

Table 2. Fractional co-ordinates and cation bond valence
sums from the structural refinement of KNdTa207 against
powder neutron diffraction data.

Atom ‘ Site ‘ X y ‘ z ‘ BVS
Immm

K 4i 0 0 0.2358(4) | 0.961
Nd(1) [2a | O 0 0 2.584
Nd(2) | 2b | 0.5 0 0 2.924
Nb 8m | 0.7505(5) | O 0.3987(1) | 5.397
Im2m

K 4c | O 0.0078(38) | 0.2371(4) | 0.972
Nd(1) | 2a | O 0.0123(29) | O 2.894
Nd(2) | 2b | 0.5 0.0113(25) | O 2.996
Nb 8e | 0.7515(5) | 0.0230(10) | 0.3985(1) | 5.324
1222

K 4i 0 0 0.2362(4) | 0.973
Nd(1) | 2a | O 0 0 2.642
Nd(2) | 2b | 0.5 0 0 2.849
Nb 8k | 0.7512(5) | 0.9983(15) | 0.3986(1) | 5.402

Table 3. Fractional co-ordinates and cation bond valence
sums from the structural refinement of KNdNb2O7 against
powder neutron diffraction data.

We also performed first-principles DFT calculations on the
Immm, Im2m and 1222 phases of KNdNb,O- to determine which
was lowest in energy. Structural relaxation of KNdNb,O; in
1222 symmetry resulted in a structure with Immm symmetry.
The T'y~ distortion, which connects the Immm and 1222 phases,
was essentially ‘pushed out’ of the structure during the relaxa-
tion, suggesting that the 1222 phase is not favored by our DFT
calculations. We found the Im2m phase to be very marginally
more stable than Immm, however the energy difference between
the two phases is very small (< 1 meV/formula unit). The lattice
parameters and atomic coordinates of KNdNb,O7 in Im2m are
shown in Table S6 and are in excellent agreement with those
determined experimentally.
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Figure 2. Observed calculated and difference plots from the struc-
tural refinement of KNdTa.07 (top) and KNdNb20O7 (bottom)
against neutron powder diffraction data collected at room tempera-
ture using the detector bank cantered around 168 °. Black tick
marks indicate peak position for the majority phase, red tick marks
(bottom panel only) for an NdNbO4 secondary phase.

Figure 3. The a®b*c%al-b*c® distorted structure of KNdNb20Oy.
Green, orange, red, purple and grey spheres represent Nb, Nd, O,
K and K-vacancies respectively.



Discussion

The synthesis of KNdTa.0O; via the K-for-Rb cation ex-
change of RbNdTa,O7, has been reported previously.®* In this
work we have confirmed that this conversion is facile, as is the
2-step route RoNdTa;O7 — LiNdTa,07; — KNdTa,07 using se-
quential Li-for-Rb and K-for-Li cation exchange. However, to
prepare the KNdM,0O; (M = Nb, Ta) compounds in this study
we have used the 2-step process: RbNdM,07; — NaNdM,0; —
KNdM0- using sequential Na-for-Rb and K-for-Na cation ex-
change. This is because we wanted to ensure that the observed
SHG activity of the KNdM,0O- phases was not due to the pres-
ence of small quantities of the non-centrosymmetric com-
pounds RbNdM,0; and/or LiNdM»0O- due to incomplete cation-
exchange, so we utilized a route via the centrosymmetric
NaNdM,07 intermediates.

The polar structures of KNdTa.0; and KNdNb,O; can be de-
rived from the aristotype n = 2 (0, ¥, z) structure (space group
Ammm #65) by the sequential application of two distortion
modes, the T;* mode which adds an a°b*c%a’-b*c? cooperative
tilting distortion of the MOs octahedra, and a I’y polar distor-
tion. Considering the tilting distortion first, we note that the col-
lective tilting and twisting distortions of ABO; perovskite
phases, and related layered analogues, occur in response to a
size mismatch between the A- and B-cations, because the rota-
tion of the BOs units can shorten the average A-O bond length
without changing the average B-O bond length. For the 3D
ABO; perovskite structure the magnitude of the size-mismatch
between A- and B-cations can be evaluated using the structural
tolerance factor, t = <A-O>/(N2<B-0>),% with small values of
t (t << 1) indicating a large mismatch in the sizes of A- and B-
cations, and thus predicting large magnitude tilting and twisting
distortions. However, the situation for layered A’AB,O- phases,
such as KNdMOy, is more complex because the tilting of the
BOs units must accommodate both the size mismatch between
A- and B-cations and the mismatch between A’- and B-cations.

The effect of the differing bonding requirements of the A- and
A’-cations on the tilting distortions of layered perovskite phases
can be seen in the evolution with A’-cation radius, of the
ground-state structures of A’NdNb,O7 (A’ = Group 1 metal)
compounds shown in Figure 4. We can calculate the tolerance
factor of the NdNb,O- perovskite double sheets present in the
A’NdNb,07 phases using the ionic radii of the ions (Nd** = 1.27
A, Nb> =0.64 A, 0% = 1.40 A) to yield a value of t = 0.925,
indicating that in the absence of any A’-cation influence the
NdNb,O; sheets should exhibit large magnitude tilting and
twisting distortions.

At room-temperature CsNdNb,O- and RbNdNb,O- adopt po-
lar n = 2 Dion-Jacobson structures with relatively large magni-
tude aac*and aac*/~(aac™) tilting distortions respectively
(Figure 4), consistent with the calculated tolerance factor of the
NdNb,O- sheets.?” 5 However, as noted previously, while the
NdNb,O- sheets present in CsNdNb,O- and RbNdNb,O- are re-
markably similar (same tilting pattern, same magnitude of tilt),
the structures of the Cs and Rb compounds differ in the manner
in which these distorted perovskite sheets are stacked — a differ-
ence which can be attributed to ‘larger’ Cs* and ‘smaller” Rb*
cations requiring subtly different structures to optimize the
bonding requirements of the two different A’-cations and those
of the formally 12-coordinate Nd*" A-cations simultaneously.?”

Exchanging the large Cs*/Rb* cations for much smaller

Na*/Li* cations leads to a change from the (0, 0, z) sheet stack-
ing of the Dion-Jacobson framework to the (%, %, z) sheet

stacking of the Ruddlesden-Popper framework, driven by the
need to convert the 8-coordinate A’-cation sites in the Dion-Ja-
cobson framework into 4-coordinate sites in the Ruddlesden-
Popper framework to accommodate the much smaller Li* and
Na* cations. LiNdNb,O; adopts a polar n = 2 Ruddlesden-Pop-
per structure with a relatively large magnitude aac*/~(aac")
NdNb,O- layer distortion (Figure 4), which can simultaneously
satisfy the bonding requirements of the 4-coordinate Li* cations
and the 12-coordinate Nd** cations, as illustrated by close to
ideal BVS values (Li = 0.99, Nd = 3.07).%® However, the larger
ionic radius of Na* means this LiNdNb,O; framework is unsuit-
able for NaNdNb,O;. Instead NaNdNb,O; adopts a non-polar
structure in which the NdNb,O; sheets exhibit only a small
magnitude a"b°% blc? tilting distortion (Figure 4).3® The de-
crease in the degree of the distortion of the NdNb,O- layers,
compared to the analogous Cs, Rb and Li compounds, is moti-
vated by the need to expand the 4-coordinate A’-cation sites to
accommodate Na*, however this inevitably means also expand-
ing the 12-coordinate Nd*" A-cation site weakening the bonding
of this ion, highlighting the potential conflict between the need
to optimize the bonding of both the A- and A’-cations simulta-
neously, and illustrating the role of the A’-cation in determining
the type and magnitude of the NdNb,Oy layer tilting-distortion
in A’NdNb,O; phases.

In light of the examples provided by the other A’NdNb,O-
phases, the structure of KNdNb,O- can also be seen as the result
of a compromise between the bonding requirements of the A-
and A’-cations. The intermediate ionic radius of K* drives the
adoption of a (0, ¥, z) stacking of the NdNb,O7 sheets, which
leads to the formation of 6-coordinate trigonal prismatic A’-cat-
ion sites to accommodate the K* ions. The small magnitude
a%0*c%al-b*c® tilting distortion of the NdNb,O; sheets in
KNdNb,O- (Figure 4) can be seen as the result of a need to ex-
pand the 6-coordinate A’-cations sites to accommodate K* cati-
ons, and again this also expands the 12-coordinate A-cation site
compromising the bonding of the Nd** as illustrated by the non-
optimal BVS values (Nd(1) = 2.894; Nd(2) 2.996). To further
demonstrate the competition between A- and A’-cation bonding
we have constructed a hypothetical structure in which the aa
c” distorted NdNb,O- layers from CsNdNb,Oy are stacked in a
(0, ¥, z) manner, as shown in Figure S8 in the Supporting In-
formation. This hypothetical structure represents a situation
where only the bonding requirements of the Nd®* A-cations de-
termine the type and magnitude of the NdNb,O- layer distor-
tion, as this framework has a close to ideal Nd** A-cation site
(BVS = 3.06).>° However, examination of the 4 different A’-
cation sites in this framework, reveals they are far from ideal to
accommodate K* with 2 being too small (BVS = 1.37, 1.41) and
2 being too large (BVS = 0.81, 0.85), consistent with the idea
that the change in tilt pattern of the NdNb,O; sheets from the
large magnitude aac* distortion of the Cs, Rb and Li phases,
to the small magnitude a’o*c%a’-b*c® distortion observed in
KNdNb,O; occurs to better accommodate the K* cations. To-
gether these features demonstrate that the A’-cations not only
define the stacking pattern of the perovskite sheets (Cs, Rb = (0,
0, 2); K= (0, %, 2); Na, Li = (%, %, z)) but also have a large
influence on the type and magnitude of the AB,O tilting distor-
tions.

This is an important observation because the tilting distor-
tions exhibited by A’NdM,0- phases can have a decisive influ-
ence on the physical properties of these materials. For example,
the polar (potentially ferroelectric) structures of CsNdMOy,



CsNdNb,O,
(aa'ct)

RbNdNb,O,
(aach)/-(aach)

KNdNb,O,
(a0b*c0)/(a0-b*c0)

NaNdNb,O,
(a™bOc0)/-(b%-ac9)

LiNdNb,O,
(a’act)/-(aact)

Figure 4. The crystal structures of the distorted, layered A’"NdNb207 (A’ = Group 1 metal) perovskite phases.

RbNdM07 and LiNdM,Oy arise via a trilinear coupling mech-
anism in which a combination of two tilting-distortion modes
(e.g. the Mz" and Ms~ modes of CsNdNb,O-) break the inversion
symmetry of the lattice and couple to a third polar distortion
mode (e.g. the I'ss mode of CsNdNb,O;) resulting in the ob-
served polar structures. The observation that only a single tilting
distortion mode (T1*) accompanies the I's;~ polar distortion mode
in the KNdM,O7 phases rules out trilinear coupling as the origin
of the polar structures of these phases. Instead it is likely that
the T point polar distortions of the KNdM,O- phases are driven
by a second-order Jahn-Teller distortion of the NbOg¢/TaOs
units, as is commonly observed for octahedrally coordinated d°
transition metal cations.

Analysis of the local NbOg and TaOs coordination polyhedra
reveals that, as expected, the Nb/Ta cations are significantly dis-
placed from the centers of the MOs units. The degree of off-
centering can be quantified geometrically, as described in de-
tail in the supporting information, to yield values of A4 = 0.569
and Aq = 0.709 for KNdTa;O; and KNdNb,O- respectively.
These values are larger than typically observed for Ta>*Os (Ag
=0.38) and Nb%*Og (A4 =0.62), but follow the general trend that
Nb > Ta. It should be noted that the majority of the off-centering
of the M®* cations is aligned along the c-axis, pointing ‘out’ of
the NdM,07 sheets, and as a result does not contribute to the
polarization of the materials because pairs of MOg units are re-
lated by a mirror plane perpendicular to the c-axis. It is only the
off-centering of the M®* cations parallel to the b-axis which can
contribute to the polarization of the materials, which can be
measured as 0.074(5) A and 0.089(3) A for KNdTa,0; and
KNdNb;O7 respectively. As a result these materials could be
considered as weakly canted antiferroelectrics.

Conclusion

Careful, sequential cation-exchange reactions have allowed
us to unambiguously demonstrate that KNdNb,O; and
KNdTa,O7 adopt polar crystal structures in which the NCS ar-
rangement of atoms is not stabilized by a trilinear coupled hy-
brid improper mechanism but is instead attributed to a SOJT
mechanism. This contrasts with other members of the
A’NdM,0y series and suggests a competition between these two

inversion-symmetry breaking mechanisms which can be tuned
by the selection of the A’-cation.

ASSOCIATED CONTENT

Symmetry analysis of n = 2 (0, %, z) layered perovskite phases;
complete description of crystallographic analysis of KNdNb207
and KNdTa207; energy minimized structure of KNdNb207. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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