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ABSTRACT: Lone pair-driven distortions are a hallmark of many
technologically important lead (Pb)-based materials. The role of
Pb** in polar perovskites is well understood and easily manipulated
for applications in piezo- and ferroelectricity, but the control of
ordered lone pair behavior in Pb-based pyrochlores is less clear.
Crystallographically and geometrically more complex than the
perovskite structure, the pyrochlore structure is prone to geometric
frustration of local dipoles due to a triangular arrangement of
cations on a diamond lattice. The role of vacancies on the O’ site of
the pyrochlore network has been implicated as an important driver
for the expression and correlation of stereochemically active lone
pairs in pyrochlores such as Pb,Ru,Og s and Pb,Sn,Oq. In this work
we report on the structural, dielectric, and heat capacity behavior of

the cation- and anion-deficient pyrochlore Pb; Nb,Oy s upon cooling. We find that local distortions are present at all temperatures
that can be described by cristobalite-type cation ordering, and this ordering persists to longer length scales upon cooling. From a
crystallographic perspective, the material remains disordered and does not undergo an observable phase transition. In combination
with density function calculations, we propose that the stereochemical activity of the Pb*" lone pairs is driven by proximity to O’
vacancies, and the crystallographic site disorder of the O’ vacancies prohibits long range correlation of lone pair-driven distortions.
This in turn prevents a low-temperature phase transition and results in an elevated dielectric permittivity across a broad temperature
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range.

B INTRODUCTION

Pyrochlores have been extensively studied for a variety of
technologically important properties, including hi§h electrical
conductivity,”” ferroelectricity,” photocatalysis,”> frustrated
magnetism,é_8 ordered magnetism,9 photoluminescence,10
and ionic conductivity.ll_14 Some pyrochlores, such as
(BisZngs)(Nby sZng5)O; (BZN)»IS BizTizowm_lg and
mixed-anion Pb,Ti,Oq,F,,°" have attracted considerable
attention as high-x materials, where the large dielectric
constants are closely tied to short-range displacements of the
metal cations. Of particular recent interest are pyrochlores
where dipole moments are geometrically frustrated within a
topological lattice, leading to spin (magnetic dipoles)*' and
charge (electric dipoles)" ice behavior.

The ideal pyrochlore with the chemical formula A,B,0,
(often written A,B,0,0’) is described with the cubic Fd3m
space group.22 The A cations (typically a +2 or +3 cation) and
B cations (typically a +S or +4 cation) are located on separate
but interpenetrating A,O’ and B,Oy frameworks, illustrated in
Figure la. The A,O’ framework consists of corner-linked
A,,O’ tetrahedra, and the B,O4 framework consists of BOg
octahedra. These octahedra are corner linked, forming a six-
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membered ring (Figure 1b), where the A-site cations are
ideally positioned at the 16d site at the center of the BOg ring
and linearly coordinated to the O’ anions perpendicular to the
ring. This ring structure creates a channel within the overall
structure, and the size of this structure allows for flexibility of
atom positions; for example, the A cation can shift toward the
ring into the 96g site,'”!?*7% and the O’ can shift above and
below the ring plane to the 32e site."””” The rigid channel
structure additionally allows for compositional flexibility in the
form of vacancies on both A and O’ sites.””

The arrangement of dipoles (magnetic or electrical) on the
pyrochlore lattice has drawn considerable attention in the solid
state and condensed matter communities. Akin to the
triangular arrangement of points on a kagome lattice, the
cations in the pyrochlore structure comprise corner-sharing
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Figure 1. (a) Full A,B,040’ pyrochlore structure illustrating the interpenetrated networks of A,0’ chains and BOg octahedra. (b) Highlight of the
various atomic positions within the BO4 channel; each color corresponds to a specific Wyckoff site (16d in black, 8b in pink, 96g in yellow, and 32e

in gray).

tetrahedra with each cation on the vertices of the tetrahedra.
This three-dimensional triangular arrangement leads to
frustration of dipoles, as there are a number of degenerate
low energy spin arrangements. This has been detailed for
magnetic dipoles in the formation of spin ices’' and the more
recent proposal of the existence of magnetic monopoles,”” and
this effect can be observed with electric dipoles in the
analogous charge ice."” Electrical dipoles are often driven by
cations with electron shell configurations that contribute to off-
centering within their bonding environment, garticularly those
with ns? stereochemically active lone pairs®® or nd® second-
order Jahn-teller (SOJT) active cations.”” The displacement of
these dipoles can be enhanced through cooperative distortions
of lone pair and SOJT cations, such as in the prototypical
perovskite PbTiO5.*

While most pyrochlores display frustration of dipoles that
prevents long-range ordering, a few compositions overcome
this geometric constraint and exhibit polar low energy crystal
structures.””' 7*® The most prominent of these is the highly
studied ferroelectric Cd,Nb,0,.>*”*® The material undergoes
a phase transition at approximately 204 K followed by a series
of phase transitions around 196 K.>’ There are two further
phase transitions reported at approximately 85 K to an
uncharacterized monoclinic phase and the fourth at approx-
imately 45 K to another unique monoclinic phase.**~** There
is a vast amount of sometimes-conflicting literature surround-
ing the nature of the intermediate phases above 196 K,**~*
while the ferroelectric phase below this temperature is reported
as orthorhombic Ima2.*">" As a testament to the complexity of
the interpenetrating pyrochlore networks, this structural
behavior can be altered by substitution on either network
(including anion substitution on the 8b Wyckoff site), and this
is proposed to be due to changes in covalency of the overall
system.’” The existence of a polar phase in Cd,Nb,0, and the
ability to alter structural behavior point to the need to further
investigate the pyrochlore structure through related chem-
istries.

The combination of lone pair cations and vacancies in
pyrochlores significantly impacts their structure and physical
behavior. In Bi,Ti,0,, there are no vacancies on the O’ site,
and the material exhibits frustration and charge ice behavior at
low temperatures.'”” In Pb,Sn,O,, vacancies due to the

complete absence of O’ anions result in topological frustration
of the lone pair, where the lone pair cannot localize into a
single lobe of electron density and instead splits into two lobes
in adjacent vacancy sites for every fourth Pb atom in the
structure.”® These lone pair distortions remain frustrated, and
no coherent long-range ordering is achieved. In the “ordered-
ice” Pb,Ru,040’, 5, ordered vacancies of the O’ sites direct 6s*
lone pairs toward the O’, relieving geometric frustration.’
This is reflected in heat capacity measurements, where the
lattice-only contribution is significantly lower upon cooling in
the ordered Pb,Ru,040' versus the completely disordered
Bi, Ti,0,. More broadly, Pb-based pyrochlores are a fascinating
study on the stoichiometric constraints for forming the cubic
Fd3m structure, as some only have vacancies on the O site
(such as Pb,Sn, 04 and Pb,Ru,040’,;), whereas others only
form the cubic structure with vacancies on both the Pb and O’
sites (such as pyrochlores Pb, ,B,O,_, where B = Nb, Ta,
Sh2H5153Y

The pyrochlore Pb; {Nb,Og s presents a unique opportunity
to investigate interactions between lone pairs of electrons,
cations with the potential for SOJT distortions, and vacancies
on both A and O’ sites. Herein, we have performed analyses of
temperature-dependent neutron and X-ray total scattering data
across various length scales to follow Pb and Nb displace-
ments. We found that the ideal cubic structure describes the
pyrochlore at room temperature, but short-range cristobalite-
like distortions are needed to more adequately describe the
structure at low temperatures. It appears that the crystallo-
graphic disorder of the lone pair distortions is directly related
to the proximity of the crystallographically disordered O’
vacancies in the material. We additionally observe an
emphanisis-like effect’*™>° of local symmetry breaking upon
warming associated with M—O correlations, highlighting the
complex behavior of lone pair expression and correlation in
Pb, {Nb,Og . This behavior plays a crucial role in the structural
and dielectric response of the material upon cooling,
preventing a crystallographic phase transition accompanied
by elevated dielectric permittivity down to the measured
temperature of 100 K.
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Figure 2. (a) Rietveld fit of neutron diffraction data (BT-1, NCNR, NIST) against the cubic Fd3m 16d model (resulting R,, = 7.3%). (b) Refined
structure with anisotropic atomic displacement parameters (shown at 90% probability) indicates disorder on the A and O’ sites. Note that
vacancies are not shown in this image and were assumed to be disordered on the A and O’ sites for the model.

B METHODS

Sample Preparation. Traditional ceramic synthesis routes were
utilized to synthesize a powder sample of Pb; {Nb,Oy 5. Stoichiometric
amounts of PbO (Sigma-Aldrich, 99%) and Nb,O; (Alfa Aesar,
99.9985%) were ground in a mortar and pestle and then transferred
into an alumina crucible. The crucible was placed inside a fused silica
ampoule, which was then sealed under vacuum and heated at a rate of
10 K/min to 1273.15 K. The samples dwelled at 1273.15 K for 10 h,
after which they were cooled to 298.15 K at 20 K/min. The powder
products appeared yellow in color.

X-ray powder diffraction data were collected using a PANalytical
Empyrean diffractometer to determine phase purity. The instrument
was equipped with a PIXcel®® detector and a Cu tube, operating at 45
kV and 40 mA, and a wavelength of 1.54 A. Data were collected
between the angular range of 10° < 26 < 90°. Step width and step
rate were 0.008° and 0.0557°/s, at room temperature, respectively.
Once phase purity was determined, the sample was prepared for
further measurements as described below.

The sample was prepared for dielectric measurement by placing 0.5
g of powder mixed with 1 mL of ethanol and placed in a ball-mill
chamber. The sample was ball-milled for 9 h. Sample chambers were
removed from the ball mill and placed in an oven at 373.15 K until the
ethanol evaporated and only a dry powder sample remained. The
sample was then ground with 2—3 drops of 1% polyvinyl alcohol in a
mortar and pestle for 15 min and then pressed into a pellet using a
hydraulic press. The pellet was placed in a new alumina crucible and
then placed into a tube furnace, where it was heated to 1273.15 K
with a slow ramp to remove the binding agent, resulting in a pellet
with 85% theoretical density based off of refined neutron values. After
sintering, silver paint was applied onto one side of the pellet. The
pellet was placed in an oven at 373.15 K for 10 min to dry the silver
paint. This process was repeated for the other side of the pellet, so
that there was one electrode on each side. The pellet with electrodes
was dried in a box furnace at 1073.15 K for 10 min.

Neutron Diffraction. Neutron scattering data were collected on
the sample at room temperature from a reactor source at the NIST
Center for Neutron Research. Data were measured on the BT-1
beamline in indium cans sealed under a helium atmosphere. A
Ge(733) monochromator was used with a wavelength of 1.197 A. The
data were refined using the LeBail’” and Rietveld®® methods in the
GSAS-II*? software. The LeBail method was first performed. The
background was modeled with a Chebyschev function and 12
coeflicients. Histogram scale factor, unit cell parameters, and sample
size were also refined. Following LeBail refinements, Rietveld
refinements were performed on each data set.

Neutron total scattering data were obtained utilizing the Mantid
software framework.®”®" The pair distribution function (PDF) was

18603

generated with a Qu, of 31.4A™". The Q,,, value was chosen to
balance between resolution and termination ripples in the reduced
data for each sample. Least-squares refinement of PDF data was
performed using PDFGUL®

Synchrotron X-ray Diffraction. Synchrotron X-ray diffraction
data were obtained with 4 = 0.1665 A at the National Synchrotron
Light Source II at Brookhaven National Laboratory in Upton, New
York. Both X-ray powder diffraction and PDF data were collected.
The data were collected on cooling, with one measurement taken per
20 K. A total of 11 measurements were taken per sample, at
temperatures between 293 and 100 K. X-ray PDF data were obtained
using the program PDFgetX3%® with a Q.. = 22 A, Least-squares
refinement of PDF data was performed using PDEGUL®

Structural Visualization. Density functional theory (DFT) for
visualization of the electron localization functions (ELFs) was
performed using the Quantum Espresso software suite.’"®
Calculations were carried out on the P4;2,2 cristobalite model
obtained from the local fit of the neutron PDF data of Pb, ;Nb,Og at
300 K. Calculations utilized a plane wave basis set and the Perdew—
Burke—Ernzerhof functional for solids (PBEsol).°*®” Calculations
were performed using a § X 5 X 5 Monkhorst—Pack grid for Brillouin
zone sampling and Gaussian smearing for self-consistent field
calculations to achieve convergence. ELFs, with an isosurface level
of 0.4 e/A3, were used to visualize the presence of stereochemically
active lone pairs in the partially occupied structures. All crystal
structures were visualized using the VESTA software suite.®

Dielectric Characterization. Dielectric characterization was
performed with in-house probes connected to a Keysight
Technologies impedance analyzer. High-temperature data were
obtained on heating, where the sample was placed between a parallel
plate capacitor and heated, such that its capacitance was measured as
a function of temperature. Samples were heated up to 423.15 K;
heating was performed with an Elite Thermal Systems tube furnace,
with one measurement being taken per degree increased. Similarly,
low-temperature data were obtained on cooling. The sample, again
placed between a parallel plate capacitor, was lowered into liquid
nitrogen via a stepper motor connected to an Arduino. Capacitance
values were measured as the sample was cooled to 173.15 K. For each
sample, capacitance values were measured at five frequencies (1, 10,
100, 250, and 100 kHz) per scan. These capacitance values were
converted to relative permittivity values factoring in sample density
and dimensions and plotted as a function of temperature.

Heat Capacity. Sintered pellets of Pb, ;Nb,Og 5 were prepared as
described above. A 5.6 mg sample was used for heat capacity
measurements on a Quantum Design DynaCool Physical Properties
Measurement System down to T = 1.8 K. High-temperature heat
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capacity measurements (170—400 K) were additionally performed on
a TA Instruments DSC 2500 using the same sample.

B RESULTS

Previous reports on Pb; ;Nb,Og indicate the room-temper-
ature structure to be cubic Fd3m.”” To verify and quantify
composition, particularly oxygen content, constant wavelength
neutron diffraction data were collected at room temperature at
BT-1, NCNR, NIST. Neutron scattering is a useful tool to
investigate relatively light elements such as oxygen within a
matrix of heavy elements, for example, Pb and Nb. In addition
to increased sensitivity to light atoms using neutron radiation,
the use of the Ge(733) monochromator provides high full
width at half-maximum resolution out to high Q, allowing
more confidence in the refined oxygen-dependent parameters.
The two best fits were achieved by modeling Pb either at the
16d Wyckoff position with anisotropic atomic displacement
parameters (ADPs) or at the 96g site with isotropic ADPs (R,
= 7.33 and 7.28%, respectively), with the fit to the 16d model
shown in Figure 2a. Vacancy disorder on the 8b site was
determined for both models as fits to an O’/vacancy-ordered
F43m model (with 4a site empty and 4c site fully occupied and
vice versa) resulted in R, = 18%, significantly higher than an
R,, of approximately 7% for the 16d and 96g models, indicating
that the vacancies are not ordered on the 8b site. Modeling Pb
at the 16d site led to enlarged U,, ADP of 0.024 A% indicating
displacement perpendicular to the Pb—O’ bond (illustrated in
Figure 2b), while modeling Pb at 96g led to a smaller Uy, value
of 0.003 A2 For both models, Pb site occupancies were refined,
with Pb vacancies disordered across the site. This reduction in
Pb U, with off-centering suggests that the Pb atoms are
statically disordered from the ideal 16d position perpendicular
to the Pb—O’ bond, as has been observed for other lone-pair-
bearing pyrochlores such as Bi, Ti,0,'” and Bi,Ru,0,.” This is
notably different than other Pb** pyrochlores such as
Pb,Ru,O4s”' and Pb,Sn,O4'° where the Pb atoms are
displaced along the Pb—O’/vacancy direction. In addition to
disorder on the Pb site in Pb; sNb,Oq 5, a large isotropic ADP
of 0.061 A* on the O’ site was found regardless of model,
indicating a large amount of disorder on this site. Refined
isotropic ADPs of the Nb site indicate reasonable behavior of
the Nb cations, with slightly elevated ADPs (0.010 A?). This
could indicate distortion due to SOJT behavior but cannot be
resolved with the Rietveld crystallographic model.

The pyrochlore structure is prone to both short-range
atomic displacements and long-range correlated distortions
depending on the chemistry of the composition and the nature
of the distortions. Figure 3 compares two models of correlated
distortions that have been observed in the literature. In the
cubic Fd3m structure, the cations are found on the vertices of
regular tetrahedra, displayed for the A-site sub-network in
Figure 3a. The A-site atoms can displace in a 2-in-2-out
fashion, resulting in an ordered P43m model,”""? illustrated in
Figure 3b. Alternatively, their local displacements can be
characterized with a beta-cristobalite model,'””>”* in which
the tetrahedral sub-units can rotate about the corner-shared
vertices (depicted in Figure 3c,d). The cristobalite-like
displacements can be described with either the P4;2,2 (#96)
or the P422 (#92) space group, which are structural
enantiomers and result in equivalent models for powder
experiments. In the cristobalite model (either space group #96
or #92), the OPb, tetrahedral rotations break the planar
symmetry of the ideal ring of OPb, tetrahedra in the Fd3m
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Figure 3. Illustration of Pb distortions in the local models used for
analysis of PDF data: (a) cubic Fd3m with no OPb, distortions; (b)
cubic P43m model with “two in two out” distortions of Pb; (c,d)
cristobalite-type distortions, shown here as the two enantiomorphic
space groups with rotations of the OPb, tetrahedra.

model. These established structural displacements, along with
our observations of enlarged ADPs on the Pb and O’ site, led
us to perform variable temperature neutron total scattering
experiments at NOMAD to further investigate the nature of
the disorder across various length scales in Pb; {Nb,Oyqs.

Rietveld analyses of variable temperature neutron powder
diffraction data (NOMAD, SNS, ORNL) indicate that an
Fd3m model (either 16d or 96¢g variations) accurately
describes the average structure at room temperature down to
100 K, with R,, values less than 10% for all temperatures (fits
shown in Supporting Information, Figure S1). The refinements
indicate an increase in R, with cooling, accompanied by
elevated ADPs for Pb and O’ at all temperatures. The Nb U,
values decrease slightly upon cooling. This suggests that the
off-centering is static, and disorder on Pb and O’ sites persists
at all measured temperatures. A summary of the Rietveld
refinements can be found in the Supporting Information, Table
SI.

To investigate the nature of the disorder on the Pb and O’
sites, joint analysis of the neutron (NOMAD, SNS, ORNL)
and X-ray (PDF, NSLS-II, BNL) PDF was performed at 300,
200, and 100 K. The data were fit against various structural
models over different real-space ranges in order to determine
the best structural descriptor of the data over a given length
scale. For example, the local structure is fit from 1.6—6 A,
which captures the coordination environments of the Nb and
Pb cations as well as intraoctahedral interactions such as Nb—
Nb and O—O. The partial contributions to the PDF can be
found in the Supporting Information, Figure S2. Structural
candidates were compared and evaluated by the goodness-of-fit
metric R,, and by observations of the fits of specific peaks in
the data informed by the partial PDFs.

The data was initially fit against the two Fd3m models, and
the fits to the data for the 16d and 96g models can be seen in
the Supporting Information, Figures S3 and S4, respectively.
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Figure 4. Goodness-of-fit parameter R,, of the various local models fit
against joint NPDF (NOMAD, SNS) and XPDF (28-ID-1, BNL)
data as a function of r-range at (a) 300, (b) 200, and (c) 100 K. The
most local fit (r = 1.6—6 A) is best described with the lowest R, by
the cristobalite model at all temperatures as well as intermediate (r =
1.6—12, 18 A) and long range (r = 1.6—24, 30 A) at lower
temperatures, whereas the lowest R,, is observed for the cubic Fd3m
(96g) model with the intermediate and long-range data at 300 K.

At all temperatures, the local structure (fits up to 6 A) is best
described by the cristobalite model. At 300 K, this distortion is
only observed locally, as cubic Fd3m structure is the best
description of the data at and greater than r,,,, of 12 A. Upon
cooling, the cristobalite structure appears to equally or better
describe the data out to longer length scales (ry,, of 30 A).
The R, of the fit against the cristobalite model data is the
lowest for all length scales at 100 K, suggesting a long-range
structural transition upon cooling.

To investigate the presence of a phase transition upon
cooling, the reciprocal space neutron diffraction data
(NOMAD, SNS, ORNL) was fit against the cristobalite
models obtained from the 30 A fits at 300, 200, and 100 K.
Compared to the Fd3m model, the cristobalite model yielded a
higher R, at room temperature (5.5% for cubic vs 10.2% for
cristobalite). Fits with the cristobalite model improved with
lower temperature but were not statistically significant enough
to suggest a long-range phase transition (6.2% for cubic vs
9.1% for cristobalite at 100 K).

To further investigate the existence of structural transitions
upon cooling and the structural influence on physical
properties, heat capacity and dielectric permittivity measure-
ments were performed on the samples. The dielectric
permittivity at room temperature is in agreement with previous
literature on lead niobates’® and indicates a feature at
approximately 220 K, shown in Figure Sa, which is

Figure S. (a) Dielectric permittivity as a function of temperature at
various frequencies; (b) heat capacity as a function of temperature
measured by differential scanning calorimetry. * indicates where the
data was connected, collected by separate low temperature and high
temperature probes.

reproducible with other samples of the same composition. A
relatively high and consistent dielectric permittivity is observed
across the measured range, accompanied by low loss (tand less
than 0.01). The shape of the 220 K feature does not indicate a
ferroelectric phase transition—which would be indicated by a
peak in the dielectric data at a transition temperature—it does
suggest that there may be a structural change at this
temperature, which is consistent with observations of a
cristobalite-type distortion persisting at longer length scales
upon cooling.

The heat capacity measurements were performed through
differential scanning calorimetry (DSC, Figure Sb) and using a
physical properties measurement system (PPMS) to inves-
tigate behavior at lower temperatures. Heat capacity measure-
ments do not indicate any apparent long-range phase
transitions in the sample upon cooling, which supports Fd3m
as the best structural description of the diffraction data at all
temperatures.

B DISCUSSION

Of the candidate distortion models considered, the cristobalite-
type distortion better describes the M—O bond lengths
(compared to the Fd3m structure, illustrated in Figure 6) by
capturing the metal coordination environments more success-
fully. The areas of the PDFs that are most improved with the
cristobalite model are the Pb-dependent correlations, and
while the distorted model may be a better description of the
Nb—O peaks (indicating SOJT activity), it is difficult to assess
given the overlap with the broadened Pb—O peaks. An
element-specific local probe such as solid-state NMR or X-ray
absorption is needed to investigate distortions in the Nb
coordination environment. In addition to the coordination
environments, the peaks between 4 and 4.5 A are better
captured with this cristobalite model. The partial PDFs from
the high symmetry Fd3m are plotted in Figure S2, and it can be
seen that the peaks between 4 and 4.5 A are primarily the first
M—M interaction as well as O—O correlations, indicating that
the cristobalite structure is the best description of the
interactions between neighboring tetrahedral sub-units. In
addition to these local structural interactions, the cubic Fd3m
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Figure 6. Local fits of the NPDF data (NOMAD, SNS) as a function
of temperature against the (a) cubic Fd3m model and the (b)
cristobalite model indicates that a better fit is obtained at all
temperatures with the cristobalite-type distortion. Dashed lines
indicate M—O bond lengths, which are still not well described at
room temperature, indicating a further distortion of the local structure
upon warming.

models show poorer fits to the data up to approximately 13 A
(approximately the distance of the diagonal of the face of one
unit cell), but the difference curves shown in Figures S3 and S4
fits show a qualitatively better fit to the cubic model at all
temperatures past 13 A up to 30 A. This supports our
observations through Rietveld and calorimetric analyses that
the material does not undergo a clear phase transition but
suggests that the global structure, while cubic, might be better
described as a somewhat disordered version of the cristobalite
structure that averages out to appear cubic.

It is well understood that the low-temperature specific heats
of highly disordered materials such as glasses and other
amorphous systems illustrate deviation from the Debye
model,”> which estimates the phonon contribution to the
specific heat in a solid material. The observed excess specific
heat arises from low energy vibrational modes that are not
captured by the Debye model and is observed as a peak in a
plot of C/T? as a function of temperature. This deviation from
Debye behavior has been observed in pyrochlores that exhibit
charge ice frustration of lone pair-bearing cations, with the
temperature of the peak maxima occurring at lower temper-
atures (and higher C/T?) the more disordered the structure.
Figure 7 illustrates our data presented in context with data
from other pyrochlores in the literature. Y2T1207 serves as a
good reference pyrochlore for Debye behavior,® as it lacks
lone pair cations and its low temperature heat capacity can be
predicted by the Debye model. Contrary to Y,Ti,O,, the
charge-ice Bi,Ti,O, is documented to have a high degree of
disorder due to the stereochemically active lone pair cation
Bi**.”® It can be observed that the data for Bi,Ti,O, peaks at
the lowest temperature and has the highest value at its peak, a
result of the highly disordered lone pairs. While Pb,Ru,Oq
also has lone pairs associated with its A-site cation, the
presence of ordered O’ vacancies allows the lone pair
distortions to order, resulting in 2 hlgher temperature and
lower value of the peak maximum.’’ It should be noted that
even though these lone pairs are ordered, they still contribute

18606

(black) compared with data from the literature on other pyrochlores
(error bars represent one o). Y,Ti,O; (gray) exhibits the least amount
of disorder and Debye-like behavior (data from ref 76). Pb,Ru,Oq
(yellow) has a small degree of disorder due to stereochemically active
lone pairs (data from ref S1), but the correlated ordering of these
distortions results in a much more ordered structure than the charge
ice Bi,Ti,O; (red), which has the highest amount of disorder of the
samples (data from ref 76).

to the phonon behavior in excess of the Debye model. Our
Pb, {Nb,O4s measurements exhibit temperature and peak
maximum values closer to that of Bi,Ti,O, which is in
agreement with disordered vacancies and lone pair-driven
distortions in the material.

The existence and ordering of the O’ vacancies
Pb,Ru,Og 5 are consequential on the ordering of lone pair-
driven distortions in the material. To understand the interplay
between vacancy and lone pair distortions in Pb; {Nb,Ogq,
DEFET calculations were performed on the distorted cristobalite
model to understand the nature of the stereochemically active
lone pair. ELF reveal that lone pair density forms on Pb sites
which are undercoordinated by O’ and directly adjacent to a
vacancy. However, lone pair density is not apparent on Pb sites
which are fully coordinated by O’ species, and the electron
density around the Pb atom is spherical and more s-like in
nature. Such behavior is demonstrated in Figure 8, where

in

Figure 8. ELF of the distorted cristobalite structure shown along a
(110) slice of the unit cell with an isosurface level set to 0.4 e/A3. The
location of an O’ vacancy is indicated by the red dashed circle.
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localized lone pair density is present on the undercoordinated
Pb site next to a vacancy (indicated by a dashed circle) and
faces toward the vacant O’ site. This suggests that a lone pair-
driven distortion only occurs when a Pb cation is near a
vacancy. This is similar to conclusions about the role of
vacancies in the formation of dipoles in Pb,Ru,Ogs,”" where
ordering of these vacancies is tied to the ordering of the lone
pair distortions. In Pb; {Nb,Oy s, the vacancies are not ordered,
and thus, any lone pair-driven dipoles are spatially disordered,
preventing any global phase transition and giving rise to the
observed low temperature structural and heat capacity
behavior. This work additionally poses the question of
chemical considerations and vacancy formation in the cubic
Fd3m structure. A limited number of Pb-based pyrochlores
form the cubic structure with vacancies on both A and O’ sites.
Such pyrochlores, including Pb, {Nb,Ogs>* and Pb; sTa,045,>”
possess relatively electropositive B-site cations with a S5+
oxidation state. Other Pb-based cubic pyrochlores, such as
PbZTCZO7—xl77 szRuzos.s;S1 szRh207—x»78 szRe207_x,79
Pb,0s,0,_,,”" and Pb,Ir,O¢s,"" possess more electronegative
B-site cations with mixed-valent 4+/5+ oxidation states and
exhibit vacancies on the O’ site. When the B-site cation only
exhibits a 4+ oxidation state (such as in Pb,Sn,O¢'"”), the A-
site is fully occupied and the O’ site is vacant to maintain
charge neutrality. This suggests that the identity and chemistry
of the B-site cation is a critical component in the formation of
vacancies (and by extension lone pair behavior) in Pb-
pyrochlores. A detailed DFT study of the relationship between
vacancy formation, ordering schemes, proximity to Pb (and Pb
vacancies), and consequent lone pair expression in the high
symmetry Fd3m phase of Pb, Nb,Og; is the subject of a
forthcoming article.

B CONCLUSIONS

It is evident through this work that the lone pair behavior of
Pb, {Nb,Og s is complex and directly tied to the nature of the
vacancies on the O’ site of the pyrochlore network. Both
vacancies and lone pair-driven distortions of the Pb cations are
globally disordered in the cubic Fd3m structure, and local
analysis reveals that these distortions can be described by the
cristobalite structure. This cristobalite distortion persists to
longer length scales upon cooling, and at low temperatures, it is
suggested that the global structure may be more accurately
described as a disordered cristobalite-type structure. Interest-
ingly, closer inspection of the variable temperature data
(displayed together in the Supporting Information, Figure
SS) reveals the appearance of shoulders on the peaks that
correspond to the Pb—O’ bond distances in the pyrochlore
structure. This apparent lowering of the local symmetry at high
temperatures is similar to the observation of emphanisis in lone
pair containing materials PbTe,** SnTe,*” and CsSnBr3,56
suggesting that there may be multiple effects of the lone pair
cation on the resulting structural behavior. This work reiterates
the impact of vacancies on lone pair expression in Pb
pyrochlores and demonstrates that controlling the ordering
of vacancies is critical to long-range correlations of lone pair
distortions on the pyrochlore network, which in turn are
critical to driving properties, such as the sustained elevated
dielectric behavior shown herein.
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