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ABSTRACT: The role of lone pair cations in tetragonal
tungsten bronze (TTB) ferroelectrics has so far not been
addressed in detail despite the importance of lone pairs for the
polarization mechanism in the prototype ferroelectric perovskite
PbTiO;. We report a combined experimental and computational
study of the effect of lone pairs in ferroelectric tungsten bronzes
with particular emphasis on the important high-temperature
piezoelectric lead metaniobate (PN). The ambient crystal
structure of PN is revised based on X-ray and neutron powder
diffraction. The most likely cation-vacancy configurations
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identified by the structural analysis were assessed by electron density functional theory (DFT) calculations. The ferroelectric
transition was characterized by high-temperature X-ray diffraction, and the origin of the ferroelectric polarization was studied by
DFT, emphasizing the relationship between polarization and cation—vacancy ordering. Covalency between Pb and O is identified
as the driving force for the orthorhombic distortion of the unit cell of PN and the polarization in-plane with respect to the chains
of corner-sharing octahedra. Finally, to further elucidate the role of lone pairs in ferroelectric TTBs polar lattice instabilities and

resulting polarization in the TTB model system K,R,Nb;,O5, (R = La, ..., Gd, or Bi) were investigated by DFT.

B INTRODUCTION

Oxides with tetragonal tungsten-bronze (TTB) structure
constitute the second largest group of oxide ferroelectrics,
surpassed only by perovskites.”” They are described by the
general formula (A1),(A2),C,(B1),(B2)3O5, where the Bl
and B2 cations (typically Nb°*) and oxygen anions form a
network of corner-sharing BOg octahedra.” The Al and A2 sites
form channels that extend throughout the crystal structure and
are fully or partially occupied by cations relatively larger than
the B cations such as alkali or alkaline earth metals. The C
channels are narrow and can be occupied only by smaller
cations such as Li* or Nb** and are often completely vacant.”*
The TTB structure is flexible both from a chemical and
structural viewpoint, resulting in a large number of
compositions that crystallize in this structure. One of the
simplest is lead metaniobate, Pb{Nb,,O;, (PN), which is
commercially available as a high-temperature piezoelectric
material, owing to its ferroelectric properties and high T¢ of
570 °C.°

Although the attractive properties of PN with TTB structure
have been known for decades, the mechanism for ferroelec-
tricity in PN has so far not been described in detail. It was
recently shown that in the isostructural strontium barium
niobate system, (Sr,Ba;_,)sNb;;O3, (SBN), a second-order
Jahn—Teller mechanism acting on Nb**, is responsible for the
ferroelectric polarization, which is oriented along [001] in the
tetragonal unit cell” PN, on the other hand, has an
orthorhombic unit cell with the polarization oriented along
[110] with respect to the aristotype. A possible explanation for
this difference is the 6s* electron configuration of Pb**, which is
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known to influence the ferroelectric distortion in lead titanate,
PbTiO;, where Pb—O covalency leads to a tetragonal lattice
strain, which in turn stabilizes the tetragonal polarization.8
Insight into this “lone pair effect”, assisted by first-principles
calculations,” has resulted in tremendous attention toward lone
pair cations such as Bi** and Sn*" in the ongoing search for new
lead-free ferroelectrics.'” The lone pair on Pb** has been
suggested as the origin of the in-plane polarization in the
ferroelectric TTB Pb,KNb.O, (PKN),"" but as PKN is a filled
TTB, the effect of cation—vacancy disorder still remains
unclear. A further complication originates from the fact that
TTBs often possess modulated crystal structures.'”'® The
existence of modulated structures, commensurate or incom-
mensurate with the underlying crystal lattice, has been
empirically linked to ferroelectricity in TTBs."* Incommensu-
rate structures have been reported for certain lone-pair-
containing TTBs such as Ba,Bi,Ti;NbsO;," and intermediate
compositions in the solid solution system (Pb,Ba;_,)sNb;,O5,
(PBN),'® but to the best of our knowledge, not for pure,
undoped PN.

Here, we report on the ferroelectric mechanism in PN and
on the role of lone pair cations in ferroelectric TTBs in general
by combining experiments and first-principles density func-
tional theory (DFT) calculations. The ambient temperature
crystal structure of PN was first investigated by combining X-
ray and neutron powder diffraction, and the influence on the
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Figure 1. (a) Crystal structure of PN from joint refinement of X-ray and neutron powder diffraction data (space group 38, setting Cm2m). Gray
spheres in channels: Pb (shading denotes occupancy), gray spheres in octahedra: Nb. The four symmetry-inequivalent Pb sites are indicated; split
positions are used for the Pb2 and Pb3 sites following the model of Labbé.*” Dashed red line marks the mirror plane normal to a; the 2-fold rotation

axis lies in this plane at z = % (b) Perspective view along a pentagonal (A2) channel, omitting Pb for clarity.

terroelectric polarization from cation disorder and local
symmetry breaking was probed by sampling the most relevant
cation configurations based on the revised crystal structure.
Moreover, a high-temperature X-ray study of the ferroelectric
transition in PN was conducted, and we discuss how the
chemical bonding in PN influences piezoelectric properties of
PN-based materials. Further insight into the role of lone pairs
in TTBs is gained from DFT calculations for the system
K4R,Nb,;;,0;, (KRN) with R = La, ..., Gd, or Bi, a model system
which, in contrast to PN, is a fully ordered TTB system and
hence free from cation—vacancy order—disorder phenomena.

B METHODS

Powder Synthesis. Lead metaniobate with TTB structure was
made by dissolving PbO (99.999%, Sigma-Aldrich) in nitric acid and
mixing in stoichiometric amounts of Nb,O5 (99.99%, Sigma-Aldrich).
Two mol % of CaTiO; was added in the form of stoichiometric
amounts of CaCO; (99.95%, Sigma-Aldrich) and TiO, (anatase,
99.8%, Sigma-Aldrich) to stabilize the TTB phase with respect to the
rthombohedral phase as described by Sahini et al.'” The nitric acid
slurry was dried, and the powder was heated slowly to 400 °C and held
at this temperature for 2 h to decompose the nitrates. The resulting
oxide powder was pressed into 25 mm pellets and fired twice at 850
°C for 2 h with intermediate grinding between firings. The powder was
then ball milled in ethanol for 15 h with zirconia balls, dried, pressed
into 10 mm pellets, and finally fired for 1 h at 1250 °C to obtain phase-
pure ferroelectric lead metaniobate, which was ground to powder.

Diffraction Experiments and Structure Refinement. Powder
X-ray diffraction (XRD) was performed at room temperature with a
Siemens D500S diffractometer set up in Bragg—Brentano geometry
with #—26 scan mode. Cu Ka, X-rays were provided from a primary
graphite monochromator, and data were collected by a Braun position
sensitive detector (PSD) scanning a 26 range of 5—110° with a step
size of 0.015°. Twelve 2 h scans were collected at room temperature
and merged using the Bruker AXS EVA software suite.

Powder neutron diffraction data were collected at room temperature
with the PUS diffractometer at the JEEP II reactor at Institute for
Energy Technology in Kjeller, Norway.'® Neutrons with a wavelength
of 1.5537 A were provided from a vertically focusing Ge
monochromator, and data were collected in a 26 range of 10—130°
in steps of 0.05° with two detector banks, each using 6 out of 7
horizontally stacked *He-filled PSD tubes covering 20° in 26.'®

High-temperature X-ray diffraction (HTXRD) was performed with
a Bruker AXS D8 Advance set up in Bragg—Brentano geometry with

60—0 scan mode using Cu Ka radiation and a Vantec-1 PSD.
Temperatures up to 700 °C were accessed using a high-temperature
stage with a radiant heater surrounding the sample holder. A 26 range
of 20—75° was scanned with a step size of 0.015°. The temperature
was calibrated by recording diffractograms of a-AL,O; (corundum)
over the same temperature range, extracting the lattice parameters by
the Pawley method and fitting the parameters to polynomial
expressions for the lattice parameters of corundum as a function of
temperature.'”

Rietveld refinement of the crystal structure of PN at room
temperature was done with the TOPAS S software suite (Bruker
AXS) using the X-ray and neutron diffraction data simultaneously. The
background intensity was fitted to a Chebychev polynomial of minimal
degree, and peak shapes were fitted to Pearson type VII or
Thompson—Cox—Hastings pseudo-Voigt profiles for X-ray and
neutron data, respectively. The starting point for the structure
refinement was the “average” structure reported by Labbé,”® featuring
split atomic positions for Pb as an approximation to occupational
disorder. Lattice parameters and atomic positions were refined
according to the degrees of freedom allowed by the space group
symmetry, and thermal displacement factors were refined isotropically.
For the HTXRD data, a simpler Pawley fitting was used to extract the
lattice parameters as a function of temperature.

Computational Details. Total energies were calculated by DFT as
implemented in VASP*' using the PBEsol exchange-correlation
functional.”> The projector-augmented wave (PAW) method was
used”® with PAW potentials corresponding to the electron
configurations Pb (5d'%6s%6p?), Nb (4s*4p®4d3ss?), and O (2s?2p*)
for PN and for KRN in addition K (3s?3p%s'), Bi (5p®3d'°6s’6p>),
La—Sm (5s*5p®5d'6s?), Eu—Gd (5p°5d'6s?), and TI (5d'°6s’6p").
Wave functions were expanded in plane waves up to an energy cutoff
of 550 eV, and integrals in reciprocal space were sampled on a2 X 2 X
6 Monkhorst—Pack grid24 for the 45-atom unit cell (in the case of PN)
and reduced accordingly for supercells. Structures were relaxed until
the Hellmann—Feynman forces on the ions converged to below 107
eV AL

Configurational aspects of the inherently disordered unfilled TTB
structure were handled in a manner similar to what was done for PN as
well as for the analogous lead-free TTB niobates Sr;Nb,(O5, (SN) and
BagNb,,05, (BN) in our previous work.””* In the previous work,
configurational analysis was based on a 90-atom, 1 X 1 X 2 supercell of
the 45-atom aristotype unit cell. Here, the starting point is the 90-atom
unit cell for PN with average space group symmetry Cm2m, which was
also used for the structural refinements. Configurations in this cell are
sampled based on refined cation occupancies, and the relevant
configurations are used for computational studies. For the KRN
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system, structural data for the unfilled (Sr,Ba)sNb,(O;, system®® was
used as the starting point, in lieu of experimental data on the KRN
system itself. This is a reasonable approximation, as the TTB
framework is rigid and thus not very sensitive to small, local
distortions and hence not likely to get trapped in a local energy
minimum because of a poor starting point. A paraelectric aristotype
structure was found by searching for a pseudosymmetric structure with
space group P4/mbm,”” and lattice parameters and atomic positions
were subsequently optimized under the constraints imposed by the
space group symmetry.

Gamma-point phonons were calculated by the direct method as
implemented in PHONOPY>® using atomic displacements of 0.01 A
for calculation of interatomic forces. Starting from high-symmetry
structures with the aristotype space group symmetry P4/mbm,
dynamically unstable modes were manifested as phonons with
imaginary frequencies. Polar structures were obtained by displacing
atoms at fixed volume according to the eigenvectors of the unstable
modes and then relaxing the atomic positions and lattice parameters
starting from a point close to the energy minimum.” For doubly
degenerate modes, linear combinations were taken corresponding to
the high-symmetry directions in order parameter space.*

B RESULTS

Refinement of PN at Ambient Temperature. The room-
temperature crystal structure of ferroelectric lead metaniobate is
shown in Figure la based on simultaneous refinement of X-ray
and neutron diffraction data (goodness of fit: R,=829%R,, =
10.70%, y* = 1.46). The two diffractograms and the refined
profiles are shown in Figure 2, and the atomic positions and site

T T T T T

Intensity (a.u.)

Intensity (a.u.)

Figure 2. (a) Powder X-ray and (b) powder neutron diffractograms for
PN at ambient temperature plotted as a function of the scattering
vector (Q = 2x/d). Refinement profiles and difference curves are
shown for simultaneous refinement of both data sets.

occupancies determined by the refinement are presented in
Table 1. The neutron diffraction data revealed that the crystal
structure of PN is not as distorted as previously reported””’’
with less deformed NbOg octahedra and a more regular shape
of the channels along the “pseudo-tetragonal” c-axis. A view
along this axis is displayed in Figure 1b, demonstrating the
anisotropy of the structure. The split-atom model for PN used

here was first introduced by Labbé””** as an approximation to

the apparent occupational disorder on the A2 sites in this
structure. In this model, all Pb atoms are in 4e Wyckoff
positions but with occupancies constrained so that the total
number of Pb atoms sums to 10 for the 90-atom Cm2m cell. In
our refinement, we additionally constrain the Pb occupancy to
be the same for all the A2 sites, effectively refining the
distribution of Pb between Al and A2 sites. In the original
work, the occupancy of Pb was not refined, it was simply
assumed that Pb preferentially occupies the pentagonal (A2)

sites, leading to an occupation of % for the square (A1) sites.

The refined occupancies (Table 1) confirm that this
assumption holds up within the framework of this crystallo-
graphic model.

Spontaneous Polarization in PN. As a first approach, the
spontaneous polarization was calculated based on a simple
point-charge model where the polarization is given by’

e
P=P =— iniA);_
’ VZ (1)

where e and V are, respectively, the elementary charge and the
volume of the unit cell, and the sum is taken over all atomic
sites in the cell taking multiplicities into account. y; is the
fractional occupancy of each site (occ. in Table 1); Z; is the
nominal ionic charge assuming Pb**, Nb>* and O*, and Ay, is
the atomic displacement along y relative to a nonpolar
reference structure (the polarization is confined to the y
direction by symmetry). To find a suitable reference structure,
we construct a minimal nonpolar supergroup of the
experimental Cm2m structure, which in this case has space
group symmetry Cmmm.”” This simple model gives a
spontaneous polarization of 40 4C cm™ for the experimentally
determined structure.

A corresponding DFT calculation of the spontaneous
polarization cannot be performed without making approx-
imations to the crystallographic data. More specifically, cation
configurations must be chosen such that the occupancy of each
atom is either zero or one. An occupancy of Pb of 0.96 at the
A2 sites and 0.59 at the Al sites was determined by the
structural refinement (Table 1). The cation configurations that
are most relevant for further consideration are therefore the
ones where all of the A2 sites and half of the Al sites are
occupied by Pb. There are four configurations of this type for
the 90-atom Cm2m cell; these configurations are presented in
Table 2 where they are numbered 1—4, and the local space
group symmetry is given for each case.”® In this context, local
space group symmetry refers to the lowering of symmetry from
the average Cm2m structure when the Pb atoms are localized as
described above. For the configurations considered here, the
space group symmetry is lowered to orthorhombic Pb2,m or
Pm2m or monoclinic Pm (Table 2). The symmetry affects the
properties in the sense that the monoclinic structure allows for
a spontaneous polarization along any in-plane direction,
whereas the orthorhombic structures have a unique polar
direction, b in the setting used here, along a twofold rotation or
screw axis.

The atomic positions were optimized for the four relevant
cation configurations described above with the split atomic
positions replaced by single Pb atoms in the average positions
(in the mirror plane). The optimization of atomic positions was
performed under the symmetry constraints imposed by the
local space group symmetry dictated by the cation config-
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Table 1. Atomic Positions for PN Based on Joint Refinement of X-ray and Neutron Diffraction Data Given in the Cm2m Setting

of Space Group 38 (90 atoms; 2 units of Pb;Nb,;,03,)"

atom wp x y z occ. B,
Pbl (A2) 4e 0.3246(2) 0.0222(53) 1 0.955(3) 0.44(6)
2
Pb2 (A2) 0.0135(5) 0.1889(5) 1 1% 0955(3)
2 2
Pb3 (A2) 0.4818(4) 0.3373(5) 1 1% 0955(3)
2 2
Pb4 (Al) 0.2529(6) 0.2377(7) 1 0.590(7) 1.6(2)
2
Nbl 2a 0 0 0 1 0.42(3)
Nb2 0 0.4913(7) 0 1
Nb3 4d 0.1840(4) 0.1055(6) 0 1
Nb4 0.3172(4) 0.3869(5) 0 1
NbS 0.3961(4) 0.1762(6) 0 1
Nb6 0.1162(4) 0.3150(6) 0 1
o1 2b 0 0.9714(7) 1 1 1.17(3)
2
02 0 0.4794(10) L 1
2
03 4e 0.2009(5) 0.0966(7) 1 1
2
04 0.3323(5) 0.3774(6) 1 1
2
0os 0.4019(5) 0.1657(7) 1 1
2
06 0.1146(5) 0.2902(7) 1 1
2
o7 4d 0.0768(5) 0.0698(7) 0 1
08 0.1460(5) 0.2034(7) 0 1
09 0.2170(4) 0.9932(7) 0 1
010 0.2897(5) 0.1275(7) 0 1
0o11 0.4222(5) 0.0622(7) 0 1
o12 0.0811(6) 0.4054(7) 0 1
013 0.2214(5) 0.3331(6) 0 1
014 0.3561(5) 0.2731(7) 0 1
015 0.4191(5) 0.3991(7) 0 1
016 2a 0 0.6943(9) 0 1
017 0 0.2708(8) 0 1

“Al and A2 refer to square and pentagonal sites in the TTB structure. WP, Wyckoff position; occ., occupancy; B, isotropic thermal displacement
factors (constrained to be the same for all Nb, all O, and all Pb on A2 sites). Occupancies are refined for Pb and constrained to be the same for the
A2 sites (Pb2 and Pb3 are split sites, hence the occupancy of these sites is half of the occupancy of the Pb1 site). Lattice parameters: a = 17.6483(5)

A, b =17.9487(5) A, ¢ = 3.87109(10) A.

Table 2. Cation Configurations Possible for the \/ 2 X \/ 2 X 1 Supercell Considered for PN

Pm2m

“Light colored spheres: vacancies. Local space group symmetry of each polar configuration is given (average symmetry Cm2m). Setting and

orientation of the cell is the same as that in Figure 1.

urations, while the lattice parameters were kept fixed at the
experimental values (Table 1). The resulting energy landscape
is presented in Figure 3a, which shows that configurations 1
and 2 possess an energy per 90-atom cell about 0.5 eV lower
than that of configurations 3 and 4. It should also be noted that
configuration 1, while having the lowest symmetry (monoclinic
Pm) and hence the highest number of atomic degrees of

freedom, is not the lowest-energy configuration. The energy
difference between configurations 1 and 2, however, is on the
order of 7 meV per Pb atom, which is small enough that these
configurations should be regarded as equally energetically
favorable. The same holds for a comparison of the
configurations 3 and 4. At the same time, the energy difference
between the high- and low-energy configurations corresponds
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Figure 3. (a) Energy landscape for the four cation configurations
considered for PN (Table 2) after optimizing atomic positions at
constant experimental lattice parameters. Energies given per 90-atom
supercell relative to configuration 2 which has the lowest energy. (b)
Spontaneous polarization for the for cation configurations.

to 43—49 meV per Pb atom, suggesting that order—disorder
between all four configurations is possible at temperatures
relevant for synthesis of PN.

The crystal structure of PN allows for an in-plane
spontaneous polarization, and the calculated polarization of
the four relevant cation configurations is presented in Figure
3b. The polarization is high, about 109 C cm™ for all the four
configurations (ranging from 108.5 to 109.4 uC cm™).
Configurations 2—4, which are locally orthorhombic, have a
spontaneous polarization that lies strictly along the 2-fold
rotation or screw axis (along b in the Cm2m cell).
Configuration 1, which is monoclinic, has the main component
of the polarization in the same direction in addition to a small
component along a, which leads to the net polarization forming
a 1.5° angle with b for this configuration.

The mechanism stabilizing the in-plane polarization can be
understood from the charge density, shown for configuration 2
in Figure 4, which provides an intuitive interpretation of the
chemical bonding in the material. Covalent bonding has a
significant influence on the structural distortion, and Pb bonds
more strongly to four of the surrounding oxygen anions (Figure
4a). This leads to a substantial displacement of Pb inside both

Figure 4. Charge density sections for PN optimized in configuration 2.

() z= % plane, showing the Pb—O bonds stabilizing displacement of
Pb in the Al and A2 channels. Note that oxygens above and below the
z= % plane are shown as atoms not surrounded by a charge density.

(b) z = 0 plane, showing the Nb—O bonds that define the NbOg
octahedra (outline of octahedra drawn with black lines in both panels).
The charge density isosurfaces are drawn at 2 and 6% of the maximum
charge density, respectively.

the square (A1) and the pentagonal (A2) channels, while the
displacement of Nb inside the NbOg octahedra (Figure 4b) is
less pronounced.

Lattice Parameters of PN Across the Ferroelectric
Phase Transition. The high-temperature behavior of PN was
investigated by HTXRD, and representative diffractograms are
displayed in Figure S. As the temperature is lowered below the

26(°)
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Figure S. Diffractograms of PN at different temperatures. 26 scale for
Cu Ka radiation given on top axis. Inset: magnification of the data set
marked with a rectangle in the main plot.

phase transition, some of the diffraction lines are split as a
consequence of the transition from tetragonal to orthorhombic
symmetry. The ferroelectric transition occurs at T = (595 + S)
°C, compared to literature values from 534 to 570 °C.*'"%
The lattice parameters of PN were obtained by Pawley fitting
with space group symmetry P4/mbm above Tc and Cm2m
below, as shown for two selected diffractograms in Figure 6.
The lattice parameters are presented as a function of
temperature in Figure 7a. In the tetragonal paraelectric phase,
the two in-plane lattice parameters are identical (a = b) but
become different (b > a) below T, when the symmetry is
reduced to orthorhombic Cm2m. Extrapolation of the in-plane
lattice parameter of the paraelectric phase (Figure 7a) coincides
perfectly with the a lattice parameter of the ferroelectric phase,
and it is therefore logical to define a spontaneous strain®® for
the Cm2m phase as ¢,, = (b — a)/a, as shown in Figure 7b. The
notation e,, reflects that it is a strain along b, the polar
direction, in the ferroelectric Cm2m phase, but it can
equivalently be described as a shear strain along [110] referred
to the aristotype P4/mbm structure. The strain has a magnitude
of 1.7% at room temperature. For comparison, the ambient-
temperature spontaneous strain in PKN is around 1.2%,"" while
the prototypical perovskites KNbO;, BaTiO3, and PbTiO; have
strains of 0.5, 1, and 6%, respectively.37’38
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Figure 6. Pawley fitting of X-ray diffractograms recorded above (a)
and below (b) the ferroelectric transition for PN. 26 scale for Cu Ka
radiation given on the top axis.
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Figure 7. (a) Temperature evolution of the lattice parameters for PN.
a and b are scaled by a factor 1/(2\/10) (T < T¢) or 1/\/10 (T>Te)
so that all dimensions are directly related to the size of an NbOy
octahedron. (b) Spontaneous strain as a function of temperature.

Effect of Lone Pair Cations in the KRN System. To
further elucidate the role of lone pairs in TTBs, calculations
were performed for the model system KRN (K,R,Nb,,0;, with
R =La, .., Gd, or Bi). The KRN compounds are filled, ordered
TTBs,” which eliminates the need to consider cation—vacancy
disorder, while at the same time making it possible to compare
the effects of cation size and the presence of lone pair cations.
The structures were first optimized by relaxing the atomic
positions and lattice parameters within the symmetry

constraints of the aristotype space group P4/mbm. The
resulting lattice parameters and cell volumes are displayed in
Figure 8a and can generally be seen to increase with increasing
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Figure 8. (a) Lattice parameters and volume for the KRN series in the
aristotype space group P4/mbm. The in-plane lattice parameter is
reported as a/4/10 to make it directly comparable to the ¢ parameter
(both related to the size of an NbOg octahedron). (b) Squared
frequencies for unstable polar phonons in KRN. Two unstable
phonons exist for all compounds, one giving rise to a polarization
along z (A,,, left axis) and the other in the xy plane (E,, right). The
displacement patterns of the two modes are drawn schematically. Note
the deviation from the trend for the E, mode in KBiN.

radius of R. The only exception to this trend is a slight volume
contraction for the Bi compound, mainly due to a contraction
of the in-plane lattice parameter.

Phonon calculations for the optimized high-symmetry KRN
structures revealed two kinds of unstable modes, both polar,
transforming like the irreducible representations (irreps) A,,
and E,. The A,, mode, which takes the structure to the isotropy
subgroup P4bm, consists mainly of Nb displacements within
the NbOg octahedra, leading to a polarization along z. This type
of instability was also found to exist for all possible cation
configurations in the unfilled TTB ferroelectric SBN.” The
doubly degenerate E, mode mainly involves in-plane displace-
ments of the Al and A2 cations inside the channels, giving a
polarization in the xy plane. There are three symmetry-
inequivalent order parameter directions for this mode: (a,0),
(aa), and (a,b), corresponding to the isotropy subgroups
Pb2,m, Cm2m, and Pm, respectively, where the Pb2,m solution
was found to have the lowest energy. The frequencies of these
modes are plotted as a function of the R** radius in Figure 8b,
which also shows schematic illustrations of the displacement
patterns described above. The frequency of the out-of-plane
polar (A,,) mode follows a linear trend, while the in-plane (E,)
mode shows a parabolic dependency on the cation radius. The
two modes display different trends in the sense that the A,,
mode is most strongly unstable (largest imaginary frequency)
for the largest R** cations (La and Bi), while the E, mode is
most strongly unstable for the smallest cation (Gd). The
exception is the E,, instability for the Bi compound, abbreviated
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KBiN in the following, which has the most strongly imaginary
frequency of all the cases investigated.

Displacement of atoms along the unstable mode eigenvectors
leads to a lowering of the energy in all cases, as demonstrated in
Figure 9. Consistent with the imaginary frequencies of the
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Figure 9. Energy as a function of mode amplitude* for the 4,, (a)
and E, (b) phonons in KRN. Note the different energy scales. Arrows
indicate decreasing ionic radius.

modes (Figure 8b), the Bi compound experiences the largest
energy lowering for the A,, mode (Figure 9a), and the Gd
compound the least. For the E, mode (Figure 9b), the trend for
the phonon frequencies is also mirrored by the energies, with
KBiN deviating substantially from the other compounds by
being the only compound with a significant energy lowering of
0.22 eV per unit cell. Starting from a point close to the
minimum on the energy surface for the E, mode in KBiN (at
around 0.62 A in Figure 9b), relaxation of the lattice parameters
and atomic positions leads to a polar structure with space
ground symmetry Pb2,m and an in-plane polarization of 68 ;C
cm™? along b. This is a high value, around two-thirds of that
calculated for PN (Figure 3b). As for PN, calculation of the
polarization in KBiN according to a simple point-charge model,
eq 1, gives a lower value of 33 4C cm™ The charge density of
relaxed KBiN, displayed in Figure 10, demonstrates that the
chemical bonding is similar to that in PN (Figure 4) with
covalent Bi—O bonds contributing to stabilization of the in-
plane polarization in addition to displacement of Nb*" within
the NbOg octahedra. K* is, however, not ferroelectrically active
and is more or less centrosymmetrically positioned in the A2
channels also in the polar KBiN structure.

B DISCUSSION

Crystal Structure of PN. The combination of X-ray and
neutron diffraction data improved the quality of the description
of the crystal structure of PN relative to that from previous data
(Table 1). Compared to structure data based solely on X-ray

Figure 10. Charge density sections for KBiN in the polar space group
Pb2,m (polarization along b); compare to Figure 4. (a) Bi—O plane
and (b) Nb—O plane; both panels show the outline of the NbOg
octahedra (black lines). Isosurface values are 2 and 4% of maximum
charge density, respectively.

diffraction, the present work provides a good description also of
the oxygen positions, which in practice leads to more physically
realistic atomic arrangements with NbOg octahedra less
deformed than those in previous reports on PN.”>*" Similar
results have recently been reported for the stable rhombohedral
polymorph of PN.*' The temperature factors, By, in Table 1,
are relatively large for Pb4 and O at 1.6 + 0.2 and 1.17 + 0.03,
respectively. Pb4 is located on the Al site in the TTB structure,
and its average occupancy of 0.59 creates the possibility for
local disorder, which is here accounted for by probing the most
relevant cation configurations as described above. The oxygen
positions are also affected by the disordered cation config-
urations, which is reflected in higher temperature factors also
for oxygen. It can be noted that in the original investigation of
strontium barium niobate (SBN) by Jamieson,” it was deemed
necessary to introduce split atomic positions for the oxygens
above and below Nb along the tetragonal axis to get a
reasonable fit for the oxygen thermal factors. In the case of
SBN, this oxygen disorder was later shown to be related to
incommensurately modulated structures.'” As mentioned in the
introduction, modulated structures are a common feature
among ferroelectric TTBs,'* ' and while it has not been
reported for pure ferroelectric PN to the best of our knowledge,
the possibility cannot be excluded.

The structure refinement used in this work relies on the split
A2-site model originally proposed by Labbé.’*** The key
feature of the model is split atomic positions for Pb in the
pentagonal channels. This makes it possible to describe the
terroelectric structure with a 4/2 X \/ 2 X 1 supercell relative to
the aristotype P4/mbm, while the true cell is a four times larger
2 \/2 X \/2 x 2 cell with space group symmetry Bb2,;m.”" The
two models are related by the ordering of Pb inside the
pentagonal channels, specifically an alternating in-plane
displacement of Pb in the pentagonal channels in a direction
normal to the polar axis. We assume here that the use of the
simpler of these models does not significantly affect the
discussion of the ferroelectric mechanism. Our HTXRD
investigation of the ferroelastic strain (Figure 7b) supports
this: the spontaneous strain associated with the ferroelectric
transition consists of an expansion of the b axis, referred to the
Cm2m setting used in Figure la, upon cooling through T¢. At
the same time, the a unit cell parameter demonstrates normal
thermal contraction with no deviation from linearity. If the
displacement pattern of Pb along a plays a significant role in the
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ferroelectric mechanism, one would expect the displacements
to change abnormally upon approaching the Curie temperature,
in turn affecting the g lattice parameter at T¢. No such behavior
is observed, which we take as an indication that the split-site
model captures the essential physics of the ferroelectric
transition. We do note that the slope of the ¢ unit cell
parameter changes slightly close to T, but the effect is small
compared to the change in b.

The lattice parameters and strain change continuously across
T¢, as seen in Figures 7a and b, at least within the experimental
uncertainty. This is in contrast to earlier works which report
discontinuous changes in lattice parameters across Tc.”>* It is
evident from Figure 7b that the strain does not follow the (T
— T)"? behavior expected from Landau theory for a continuous
ferroelastic transition, which would require the slope to diverge
at Tc. However, the strain is in this case a secondary order
parameter, and its slope is not required to diverge at the
transition unless it belongs to the same irrep as the primary
order parameter.”” Cm2m is an isotropy subgroup of P4/mbm
belonging to the irrep I'5, which is the active irrep and primary
order parameter for the transition.””** The spontaneous strain,
a shear strain in the xy plane referred to the P4/mbm aristotype,
transforms as the irrep I}, which is a secondary order
parameter for the transition. In light of this, there is no reason
to expect the spontaneous strain to behave as a §ood
macroscopic order parameter for the phase transition.***

Polarization and Ferroelectric Transition of PN. The
structure refinement, given the assumptions discussed above,
leads to four particularly relevant cation configurations (Table
2). Interestingly, two of the configurations (1 and 2) have
significantly lower energy than the two others, and these two
are therefore in principle more likely to be the dominant
configurations. At the same time, all configurations have a high
spontaneous polarization, which is practically the same,
approximately 109 4C cm™ This mirrors the behavior of the
related system SBN, where a spontaneous polarization also
exists for a large range of cation configurations.”” As the
calculated charge densities show (Figure 4), the polarization is
due to a combination of Pb—O and Nb—O bonding
cooperatively creating an in-plane polar distortion. The local
coordination environment of Pb is reminiscent of that in
tetragonal PbTiO3,8’45 where Pb tends to displace toward, and
bond to, 4 of the 12 oxygen ions it is coordinated by on the A
sites. The structure and charge densities in Figure 4 are
consistent with the analysis performed by Labbé,* which
concluded that both Nb*" and Pb** contribute to the
polarization through in-plane displacements. The same
conclusion was also reached by Guo and colleagues in a similar
analysis.”* This particular behavior contrasts lead-free TTBs
such as SBN and BNN (Ba;_,Na, Nb,;05,), where the A-site
cations do not contribute significantly to the out-of-plane
pc>210arization, even though the space group symmetry allows for
it.

The spontaneous polarization calculated by DFT is 109 uC
cm™2, which is a very high value. As we are not aware of single
crystal measurements of spontaneous polarization in pure PN,
it is hard to directly compare this to experimental values. In
fact, it was hypothesized early on that pure lead metaniobate
has the character of a “frozen-in” ferroelectric,” in the sense
that its spontaneous strain is too high to permit an easy reversal
of the polarization at realistic electric field strengths. More data
is available for the solid solution system (Pb,Ba;_,)sNb;oOs,
(PBN) than for pure PN, which is likely also due to the fact

that solid solution stabilizes the TTB structure with respect to
the nonferroelectric rhombohedral polymorph, making it easier
to synthesize the material.'"” The PBN system is known to show
significant improvements in piezoelectric properties over that of
pure PN, with peak performance at around 40% Ba.
Substitution of Ba for Pb in PBN presumably reduces the
strain and makes it easier to switch the polarization.*” For the
composition (Pby¢Bag,)sNb;Os0 a point charge calculation
similar to the one performed here gave a polarization of 42 uC
cm™2, highly consistent with experimental values which lie in
the range 38—46 uC cm™2* However, a calculation based on a
simple point charge model captures only the ionic and not the
electronic contribution to the polarization, whereas the Berry
phase method includes both. In this sense, the value of 40 uC
cm™? we obtain for pure PN should be regarded as a lower
bound. This is also supported by the calculations of polarization
in KBiN, where the point charge model gives a value of 33 uC
cm™ and the Berry phase method 68 yC cm™, demonstrating
that electronic contribution accounts for more than half of the
total polarization.

The idea that pure PN has a high polarization which is not
easily accessible in experiments is supported by the fact that
ceramic samples generally show a low remanent polarization on
the order of 1 uC cm™, while solid solutions of PN usually
show an increased piezoelectric performance.'” Finally, while
the DFT values of spontaneous polarization obtained here are
highly coherent, as shown in Figure 3b, they represent only four
possible configurations in a structure which is inherently
disordered. In our previous work, we considered the energetics
of cation ordering in TTBs within the constraints ofa 1 X 1 X 2
supercell, considering only the paraelectric state.”> Within this
framework, we found that there are several configurations with
vacancies partially occupying A2 sites which are close in energy
to the ones where vacancies are located on Al. Due to high
vacancy diffusion barriers in TTBs, some degree of disorder is
likely to freeze in during synthesis and persist down to ambient
temperature. Such a cation disorder will reduce the polarization
observed in the average Cm2m structure compared to the
idealized cases we investigated here.

Role of Lone Pairs in Ferroelectric TTBs. The
calculations for the KRN system suggest that the out-of-plane
polar (A,,) mode is an inherent feature of Nb-based TTB
terroelectrics. We have previously shown that a similar polar
mode exists for a wide range of cation configurations in the
unfilled SBN system’ and hence can be described as robust
with respect to cation—vacancy disorder. The results presented
above therefore point to the strongly unstable in-plane polar
(E,) mode in KBiN as being the exception rather than the rule
and closely linked to the presence of stereochemically active
Bi** on the Al sites. In fact, calculations where T1* (ionic radius
1.7 A and stereochemically active) was substituted for K* (1.64
A but no 6s* lone pair) on the A2 sites, producing the
compounds TIBiN and TILaN, revealed that the additional
presence of a lone pair cation on the A2 sites has only a
negligible effect on the stability of the in-plane polarization.”’
The TI compounds behave similarly to their K counterparts in
that the out-of-plane polar instability is the most strongly
unstable mode and that Bi on the Al sites triggers an in-plane
instability which is not present for any of the rare earth
compounds.

What is the origin of the in-plane distortion for compounds
with Al-site lone pair cations? In the undistorted aristotype
TTB structure, the Al site is similar to the 12-coordinated A
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site in a cubic perovskite. The effect of the in-plane polar
distortion seen in PN and in KBiN is to optimize the chemical
bonding of Pb or Bi by making the coordination environment
much less symmetric. One way to quantify this change based on
crystallographic data is by the effective coordination number
(ECoN). The calculation of ECoN is implemented in VESTA*®
and is defined as follows:*

6

I

ECoN = w, w,=exp|1l —|—
%= o [l]

@)

_ Z,‘ llexp[l - (Zi/lmin)]
v Z,’ exp[l - (Zi/lmin)] (3)

The quantity w; in the above equations is a “bond weight”
which describes the effective contribution of metal—oxygen
bond i to the coordination sphere of the metal cation, and [, is
to be interpreted as a weighted average bond length. For
regular, undistorted polyhedra, the ECoN equals the nominal
coordination number and decreases with increasing distortion.
If the sum is taken over the 12 nominal bonds in the Al-site
polyhedron of KBiN, we find that the ECoN for Bi changes
from 11.9 in the high-symmetry structure to 5.4 when the in-
plane polarization emerges. This is consistent with the
asymmetric bonding visualized in Figure 10a. The ideal Al-
site coordination number of 12 is never achieved in TTBs due
to the octahedral connectivity requiring some degree of
distortion even in the aristotype. The bonding environment
for Pb or Bi in the distorted structures is reminiscent of that in
tetragonal PbTiO;, where Pb and O are arranged in a similar
square-pyramidal coordination,”® which is favored due to the
well-known and strong Pb—O covalency.® The same Pb—O
coordination is also found in @-PbO (Iitharge)50 and is due to
Pb—O covalency similar to that in PbTiO,.”" This interaction
and subsequent distortion therefore seems to be inherent to the
lone pair cations Pb** and Bi**. An important difference
between the perovskite PbTiO; and the TTBs we focus on
here, however, is the aforementioned slight distortion of the Al
site in the aristotype structure. The undistorted BiO,,
polyhedron in aristotype KBiN is slightly elongated in the
out-of-plane ¢ direction with 4 short (2.60 A) and 8 longer
(2.69 A) bonds. The shorter in-plane Bi—O bonds make it
easier for an in-plane distortion to optimize chemical bonding
than an out-of-plane distortion, and this is manifested in a
much larger “lone pair effect” for the in-plane mode than the
out-of-plane mode, directly demonstrated by comparison of
Figures 9a and b. As a final observation, we note that the out-of-
plane elongation of the Al-site polyhedra in TTBs is not
reflected in the c¢/a ratio as it would be in the perovskite
structure. The HTXRD lattice parameters for PN (Figure 7a)
show that the normalized ¢/a < 1 also in the high-symmetry
structure, and the same holds for KBiN.

B CONCLUSION

The crystal structure of ferroelectric lead metaniobate was
revised by a combination of X-ray and neutron powder
diffraction. Refinements where Pb disorder was treated with a
split-site model confirmed that lead preferentially occupies the
pentagonal A2 sites in the TTB unit cell. DFT calculations
based on the structural data gave a high spontaneous
polarization of 109 uC cm™ for all relevant cation
configurations, demonstrating that the ferroelectric polarization

in PN is robust against cation—vacancy disorder. The
calculations further confirmed that the in-plane polarization,
which leads to orthorhombic symmetry, is stabilized by Pb—O
covalency. The ferroelastic strain and the ferroelectric transition
of PN at Tc = (595 + 5) °C was investigated by high
temperature X-ray diffraction, which suggests that ordering of
Pb on the A2 sites does not play a significant part in the phase
transition mechanism. Calculations performed for the model
system KRN provided evidence that an out-of-plane polar-
ization is fundamental to Nb-based TTBs but that the presence
of lone pair cations on the perovskite-like Al sites can stabilize
an in-plane polarization. In addition to PN, this effect is seen
for K,Bi,Nb,,0;, (KBiN), which has a spontaneous in-plane

polarization of 68 uC cm™.
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