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Abstract
PROBING SHORT-RANGE STRUCTURAL DISTORTION OF STEREOCHEMICALLY

ACTIVE LONE PAIRS IN EXTENDED SOLID-STATE MATERIALS
Uyen Phuong Dang, PhD
The University of Texas at Arlington, 2022
Supervising Professor: Robin T. Macaluso

The structural and electronic effects of the lone pairs play an important role in magnetic,
photocatalytic, and semiconducting behaviors of materials.® Investigating the role of
stereochemically active ns? lone pairs derived from p-block cations in solid-state materials is
important to phenomena associated with polarizable bonding, e.g., ferroelectricity. The effect of
lone pairs in ferroelectric polarization has been studied on the lead metaniobate in which the
covalency between Pb and O stabilizes the in-plane polarization which leads to orthorhombic
symmetry.* PbTiOs has been widely studied for ferroelectric polarization associated with the off-
centering of Ti in TiOs due to the characteristic 6s lone pair.>® The structural distortion associated
with lone pairs can be structured with long-range periodicity. However, lone-pair induced
structural distortions can also be short-range in nature; investigation of these requires large X-ray
and/or neutron fluxes available at synchrotron and neutron sources. The general theme of this
dissertation focuses on structural characterization of Pb?* containing solid-state materials using
total elastic scattering where both Bragg and diffuse scattering of diffraction patterns are analyzed

by Rietveld and pair distribution function techniques, respectively.

Chapter 1 presents the two chemical models that explain lone pairs of electrons, their

interactions, and their influence on structural distortions. In the classical model, lone pair distortion



is explained by the hybridization of s and p atomic nonbonding. The revised lone pair model, on
the other hand, state that lone pair is formed from the interaction of the cation s and p atomic

orbitals with the oxide anion p orbital.

Chapter 2 presents the fundamentals of structural characterization of materials including
powder X-ray diffraction, Rietveld refinement and atomic pair distribution function. Rietveld
refinement is used to determine the crystallographic information and phase purity of our samples.
Since we are interested in the effect of the lone pairs on the structure and properties of the Pb2*
containing solids, atomic pair distribution function is employed to find the local structure of the

materials and ultimately characterize the lone pairs.

In Chapter 3, 1 will discuss how the Pb 6s? lone pair driven structural distortions resulting
in hybridization between the Pb 6s? lone pair and O 2p. This hybridization causes a change in the
electronic structure of PbVVO3Cl resulting in a thermochromic transition from yellow to red at 200
°C. This thermochromic phenomenon was not observed in BaVO3Cl, which does not contain a

stereochemically active lone pair.

Chapter 4 presents the structural, dielectric, and heat capacity behavior of the cation- and
anion-deficient pyrochlore Pb15Nb2Oe s upon cooling. We find that both the vacancies and the lone
pair driven distortions of the Pb cations are globally disordered in the cubic Fd3m structure, and
local distortions are present at all temperatures that can be described by cristobalite-type cation

ordering.

Finally, Chapter 5 reports the Rietveld refinement results of neutron diffraction data on

the cubic pyrochlore Fd3m Pb1.sNb,Os 5 against different models including cubic Fd3m 16d,

\



cubic Fd3m 96g, F43m, cristobalite P212121, and cristobalite P412:2 at 100K, 200K, and

300K. The data were refined using the Rietveld methods in the GSAS-II software.
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Chapter 1 Introduction

1.1. Definition of lone pairs
Lone pairs are associated with p-block cations described with ns?np® valence electron

configuration. Table 1-1 shows some examples of lone pair cations.

Table 1-1: Examples of cations carrying lone pair of electrons.

1+ 2+ 3+

]
3s23p° .
4s24p° E
5s25p° n
6s26p°

The existence of lone pairs affects the molecular shape and the Valence-Shell Electron-
Pair Repulsion (VSEPR) model of crystal molecules which was developed by Gillespie and
Nyholm in 1975.1 Lone pairs are considered to be inactive and they distribute themselves to
minimize electron repulsion. Lone pair repulsion causes ligands to be displaced to one side and
away from the lone pair leading to an asymmetric coordination of the central cation. A common
example found in many chemistry textbooks is NH3 in which the lone pair contributes to a trigonal
pyramidal geometry with bond angles distorted to be less than 109.5°, the ideal bond angle for a
regular tetrahedron. Since VSEPR treats lone pairs as predominantly nonbonding in nature, they

are considered as inert lone pairs which do not engage in orbital hybridization.



In the solid state, some lone pairs can become stereochemically active, and this activity can
be used to observe and ultimately control properties. Lone pairs of electrons are stereochemically
active when they hybridize with other orbitals, typically anion p orbitals. In many crystalline solids
with cation-centered lone pairs such as Pb?*, Sn?* and Bi®*, the hybridization of the lone pair with
anion p orbital results in distorted cation-centered polyhedra. The lone-pair repulsions can induce
oriented dipoles that trigger deviations from centrosymmetry in the crystal structure. Such
structural distortions can lead to temperature-dependent phase transitions which are important for
many applications such as ferroelectric, piezoelectric, non-linear optical and semiconductor

materials.?

1.2. Descriptive models of lone pairs
Molecular shapes and the effect of lone pairs on molecular shapes have become general

themes in chemistry. The lone pair of electrons can induce an off-centering of central metal to
form a highly distorted polyhedron.® The concept of a chemically inert lone pair, not taking part
in the formation of bonds but stereochemically active in solid state materials has long been
associated with post-transition-metal cations with ns?np° electronic configuration. Recently, the
origin of lone pair formation has been focused on the interaction of the cation s and p atomic

orbitals with the oxide anion p orbital rather than the hybridization of s and p orbitals on the cation.

1.2.1. The Orgel model
In 1959, the classical Orgel model relates structural asymmetry by lone pairs. Orgel

explained the cationic lone pair distortion through an on-site mixing of ns?np° cations nonbonding
s and p orbitals.* He showed that the hybridization of s and p orbitals cannot take place on the
cation occupying sites with inversion symmetry. Instead, such orbital hybridization may be

generated in non-centrosymmetric sites. Mixing between the s and p states results in the second-



order stabilization. However, this classical model does not explain why some crystal structures
favor the formation of stereochemically active lone pairs and exhibit one-sided coordination while
other metal cations do not exhibit similar structures despite the same electronic configuration. The
Pb?* in both PbS and o-PbO has the same electronic configuration of [Xe]4f'45d'°6s? but different
local coordination environment. Figure 1-1 shows the local coordination environment of PbS
which is cubic and forms a perfectly regular octahedron.> However, the Pb?* lone pair in a-PbO,
which does not possess an inversion symmetry, causes a distorted structure. The crystal structure
of a-PbO can be described as a distorted CsCl structure in which both the lead and oxygen are
four-coordinate rather than eight-coordinate found in CsCI.% More recently, the revised lone pair

model has been applied to explain this deficiency.’

a) O b)

O

Figure 1-1: The local coordination environment of Pb?*in a) PbS with a perfectly regular

octahedron whereas b) the tetragonal a-PbO can be described as a distorted CsCl structure in which

both lead and oxygen are four-coordinate rather than eight-coordination in a regular CsCl structure.



1.2.2. Revised lone pair model
While VSEPR assumes that lone pairs are chemically inert and the Orgel model attributes

structural asymmetry to the hybridization of s and p orbitals of the central metal ion, the revised
lone pair model attributes lone pair stereoactivity because of the cation sp-hybridization with p-
orbitals of anions. This concept had first been proposed in the origin of the lone pair of a-PbO in
1999.% In 2011, lone pairs stereoactivity was described as a pseudo Jahn-Teller effect by Walsh et

al. in a review of the stereochemistry of post-transition metal oxides.’

According to the revised lone pair model, the lone pair of a-PbO is considered to form
from the hybridization of the 6s and 6p atomic orbitals. Density functional theory calculations
indicate that the electron distribution of a-PbO is heavily distorted with the lone pair projected to
one side of the Pb cation opposite from other oxygen neighbors, leading to an asymmetric metal

cation coordination.

The s? electrons are not chemically inert, but they interact strongly with the anion p state
in the valence band giving rise to filled bonding and antibonding states at bottom and top of the
upper valence band, respectively, as shown in Figure 1-2. The interaction of the filled antibonding
states with unoccupied cation p states eventually results in a stabilization of the occupied electronic

states that induces the stereochemical activity.’



Anti-bonding

Bonding

Figure 1-2: Scheme showing the revised lone pair model

Walsh et al. also added that the contribution of the cation s state to the antibonding state in
creating interaction with the cation p state is critical to the formation of a stereochemically active
lone pair. The stronger the cation s state contribution to the antibonding state, the stronger the
stabilization of the antibonding state. Hence, the antibonding levels have a strong component of
the cation s states. The formation of stereochemically active lone pairs also depends on the relative
energy of the cation s and anion p states. The closer the cation s and anion p states are in energy,
the stronger the interaction between them and the more cation states present in the upper valence

band. This leads to an active lone pair effect.



Sn 5p Anti-bonding

) Te 5p
""'._‘ —— Se 4p

O2p

Sn 5s

.......
........
.........
________

Bonding

Figure 1-3: Scheme showing the interaction of Sn 5s with the anion p states.

Density functional theory calculations on SnO, SnS, SnSe, and SnTe in the rocksalt,
litharge, and herzenbergite structures, respectively, show a strong interaction between Sn 5s and
O 2p and gradually weaker interactions of Sn with S, Se, and Te, respectively.® This interaction is
illustrated in Figure 1-3. Due to the progressively increasing of the energy of the anion p orbitals
from O to Te, the separation of Sn 5s and the anion p states is increased. This separation reduces
the interaction between them and results in less contribution of the anion p state in the bonding
state and less contribution of Sn 5s in the antibonding state. The antibonding Sn 5s — O 2p states
is stabilized by the strong interaction between them resulting in more active lone pair. In addition,
the electron distribution around the Sn?* is found to be highly asymmetric in the litharge structure
type SnO and almost symmetric in the SnTe structure. This trend agrees with the increase of the
energy of anion p states as the atomic number in chalcogenides increases.
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1.3. Pyrochlore structure

Metal oxides such as perovskite and foordite are well-known compounds in the last decade
due to their distinctive optical, electronic, and photocatalytic properties while very few pyrochlore
compounds are explored to learn.®9 In this body of work, one of our projects involved the electron
lone pairs and pyrochlore structures which have attracted considerable attention for dielectric

properties.

The general formula of oxide pyrochlores is A2B>O7 (often written as A2B20s0’) where A
cations are typically a +2 or +3 cations and B cations are typically a +5 or +4 cations, respectively.
An ideal pyrochlore structure has a cubic structure and crystallizes in (Fd3m) space group with
two unique cation sites. The A cation sites are eight-coordinated, and the B cation sites are six-
coordinated forming two interpenetrating sublattices of corner-shared BOs octahedra and A20O’

chains as shown in Figure 1-4,1112

Figure 1-4: lllustration of the ideal cubic Fd3m pyrochlore showing BOs octahedra and the A-

cation channels



Lead-containing solid-state materials with pyrochlore structures, A2B207 or A2B2060’ (A
= Pb; B = Ns, Nb, Sb), are interesting because of their attracting applications to be pigments,*3
dielectric,** magnetic,'® and relaxor ferroelectric materials.® The pyrochlore structure tolerates a

wide range of substitutions at all three sites leading to a large diversity of electrical properties.’

Bismuth titanate Bi,Ti2OsO’ is of particular stoichiometric pyrochlore containing lone
pair-driven distortions published by Ram Seshadri and coworkers.'® In this material, the Bi** on
the A site displays an incoherent off-centering with their coordination polyhedra, and that is
revealed by the heat capacity measurement. The previous study also showed that the presence of
disordered displacements of Bi®* cations with a lone pair from the Wyckoff position 16d of the
idealized cubic pyrochlore to the 96h positions. ° From the pair distribution function data, Ram
Seshadri and coworkers suggest that lone-pair-active Bi displacements correlates with their nearest

neighbors leading to zigzag distortions of the O’Bis tetrahedra in the supercell.

Stereochemistry of lone pairs in extended solids has been studied using density functional
calculations in conjunction with the electron localization function.?%?! Pb?* lone pairs in the cubic
defect pyrochlore Pb2Sn2Os is also studied for the effect of lone pairs distortions on physical
behavior.?? From the electron localization function data, the O’ atoms are complete absence in the
crystal structure and is replaced by a vacancy resulting in topological frustration of the lone pair.
Due to this symmetry of the crystal structure, the lone pair cannot localize into a single lobe of
electron density, and instead splits into two lobes. These lone pair distortions remain frustrated

preventing coherent long-range ordering.
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Chapter 2 Methods

2.1. Diffraction in general

X-ray diffraction (XRD) is a powerful technique for characterizing crystalline materials.
X-rays are produced by high-speed electrons accelerated through a high voltage which allows to
strike a metal target. This process leads to monochromatic x-rays which in turns strikes a finely
powdered sample that contains a large number of tiny crystals in a perfectly random orientation.
The incident beam strikes various lattice planes in every possible orientation generating diffracted
beam which is detected by a movable detector. The relationship between the wavelength of the
incident X-rays, 4, the angle of incidence, or Bragg angle, 0, and the distance between pairs of
adjacent planes, the d-spacing, d, is known as Bragg’s law.! The derivation of Bragg’s law? is
illustrated in Figure 2-1. A set of parallel and equidistant planes of crystal, 11’ and 22’, is
represented with the inter-planar distance between pairs of adjacent planes which is called d-
spacing, d. A beam of monochromatic X-rays AB is incident on plane 11’ with angle 0 and
reflected along BC. Similarly, a second beam DY is incident on the adjacent plane 22° with angle
0, scatted by atom Y, and reflected along YE. The beam 22’ must travel the extra distant XY + YZ
as compared to beam 11° if the two beams are to continue traveling in phase and parallel. The XY
+ YZ distance must equal the integral multiple of the wavelength, nA, where n are the integers.
Considering the perpendicular distance between planes 11° and 22°, d, as the hypotenuse of the
triangle 4 XYB and XY as the opposite, one can use trigonometry to relate the angle of incidence,

0, to the distance XY by
XY = dsin® Equation 2-1

Because XY = YZ,
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XYZ =XY + YZ = 2XY =2 dsinf Equation 2-2

Therefore,

nA =2 dsinf Bragg’s Law Equation 2-3

Figure 2-1: Derivation of Bragg’s law

Diffraction occurs only when constructive interference from interplanar spacing satisfies
Bragg’s law, 2dsin® = nA where n is integer. Diffraction methods can identify chemical
information such as phase identification, phase purity and crystallographic information based on

Bragg’s law.?
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2.2. Rietveld refinement method

Powder diffraction data can be analyzed using different techniques such as Rietveld,
Pawley, and Le Bail methods.>® What distinct Rietveld method from other structural refinement
methods is that it allows to analyze the whole diffraction pattern or the full profile refinement.
Without Rietveld refinement method, one would not be able to analyze peak by peak from a
diffraction pattern. Rietveld refinement is a method of refining crystal structure from x-ray or
neutron powder diffraction data where the least-squares refinements are carried out until the best
fit between the observed powder diffraction pattern and the calculated pattern is obtained.® ® The
structure of a typical powder diffraction pattern is described by 26 positions, intensities, and shapes
of multiple Bragg reflections.” Each of the three components contains information about the crystal

structure of the material, the properties of the sample and the instrument parameters.

Positions of Bragg peaks contain information about the unit cell symmetry and parameters
as they are established from the Bragg’s law as a function of the wavelength and the interplanar
distances, d-spacing.” In addition, diffraction peaks appear at specific diffraction angles of
different reflections due to scattering by periodic lattices. Therefore, both unit cell dimensions and

the wavelength are the two major factors that determine the position of Bragg peaks.

The intensities of Bragg peaks in any diffraction pattern have different intensities that are
used to determine space group symmetry and atomic coordinate of atoms. The peak intensities can
be calculated for individual Bragg peaks from the structural model and are determined by several
factors including structural factors, specimen factors, and instrumental factors.” The structure

factor, Fyy;, also known as the structure amplitude, describe the amplitude f; and phase §; of a

waves diffracted from an atom. It is defined by the scattering factors of all atoms together with the
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coordinates and types of atoms in the unit cell. It is important to note that the intensity of a wave

is proportional to the square of its amplitude
Iaf? Equation 2-4

The structure factor or structure amplitude for the hkl reflection is given below
Frjq = Z f; exp(i6;) = Z fi(cos8; + isiné;) Equation 2-5
j j

where i =v—1

In an X-ray diffraction experiment, the amplitude of light scattered by a crystal is
determined by the arrangement of atoms in the diffracting planes, and the experimental intensity,
Iihki), IS directly related to the structure through the structure amplitude, as shown in the following

equation
g, @ VP2 = Z (f; cos§;)" + z (f;sin ;)" Equation 2-6
J J

| Frii |2, is the square of the absolute value of structure amplitude.

Specimen factors depend on several sample properties including shape, size, and grain size.
Instrumental factors that affect diffraction patterns include properties of radiation, type of focusing

geometry, and properties of the detector.

The shape of Bragg peaks is best described by a bell-like function or the peak shape
function. It is also represented by the two simplest peak shape functions which are Gaussian and
Lorentzian distributions of the intensity in the Bragg peak. The Lorentzian function is sharp near

its maximum with long tails on each side near its base. The Gaussian function, on the other hand,
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has rounded maximum with no tails at the base. Both functions are centrosymmetric. Figure 2-2

shows the illustration of Gaussian and Lorentzian peak shape functions.

Gaussian distribution
Lorentzian distribution

Figure 2-2: Illustration of Gaussian and Lorentzian distributions

The structural analysis was performed with the Rietveld method using the High Score Plus
software that includes solving the structure and refining the model.® The Rietveld method requires
a model of a crystal structure similar to the one being investigated. Scale factor is one of the
variables in structure refinement that shows the relative height of the experimental with calculated
intensities. Its correctness is critical in obtaining a good agreement between the observed and
calculated intensities. In typical Rietveld refinements, the observed diffraction intensities can be
modelled with the contribution of background scattering which is commonly fitted with low-order
polynomial functions.® When a diffraction pattern contains multiple phases, the scale factor, unit

cell, atomic parameters, preferred orientation, and peak profile parameters are set individually for
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each phase. The atomic parameters such as atomic position, occupancy, and thermal parameters
are refined for each atom in the phase. At this point, the positions of the observed and calculated
peaks must match well. Then, the symmetry of the peak is fitted by refining the peak profile
parameters such as the Cagliotti peak width function parameters U, V, and W, profile shape
parameters, peak asymmetry profile, and anisotropic broadening function.® The Caglioti equation

describes how peak width varies with 20 as shown below
Hx = (U tan?0 + V tan6 + W)*? Equation 2-7
where Hy is the Caglioti function, and U, V, and W are refinable parameters.
The difference plot provides clues to what to refine, which can be given as
A i = yi(obs) — yi(calc) Equation 2-8

When the difference between the observed and calculated intensities is large, there is
something affecting the peak intensity. The peak shape and position parameters are then needed to
be modified to reduce the difference. These steps are repeated until a good fit of the model to the

observed data is achieved based on statistics which are discussed later.

During the Rietveld refinement, the means of a non-linear least squares minimization are

used to solve the following equations:

yi(calc) = k y1(obs) Equation 2-9

yo2(calc) = k y2(obs)

yn(calc) = k yn(0bs)
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where yi(obs) and yi(calc) are the observed and calculated intensities of a point i of the powder
diffraction pattern, respectively, k is the pattern scale factor, and n is the total number of the

measured data points.’

The quality of the refinement using Rietveld method is quantified by parameters such as
profile residual, Rp, weighted profile residual, Rwp, expected residual, Rexp, and goodness of fit, 2.
Criteria of fit between the entire observed and entire calculated data is based on the minimization

of those residual values. The pattern residual, Rp, and the weighted pattern residual, Rwp are given

as
_ Ylyi(obs)—y;(calc)| . i
Rp = Sy (ons) Equation 2-10
Yw;(yi(obs)—y;(calc))? 2 .
Rwp :{ — Y } Equation 2-11
Tw;(y;(obs))

where yi(obs) and yi(calc) are the observed and calculated intensities at the i step, respectively,
and wi; is a suitable weight associated to yi(obs) and yi(calc) (usually wi= 1/yi) . The yi(calc) depends
on structural and profile parameters including background, specimen displacement, zero-shift
error, scale factors, sample transparency, atomic coordinates, occupancies, lattice parameters, peak
shape, peak width, and preferred orientation.’® The progress of a Rietveld refinement can be
monitored by Rwp value which is mathematically the most meaningful residual because the
numerator is the residual being minimized. A small value of Rwp indicates a successful
minimization. Another numerical criterion is the “goodness of fit”, x2, shown in the following

equation

R 2
e :[ﬁ] Equation 2-12

Rexp
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During the refinement process, x> usually starts out large and decreases as the model produces
better agreement with data. A y2 of 1 is ideal for a good fit between a crystallographic model and

the experimental data. In our work, acceptable ? is about 1.2.

Another parameter usually refined using the Rietveld method is atomic displacement parameters
(ADP) which is also known as thermal parameters. At any temperature that is higher than absolute
zero, the atoms vibrating about their equilibrium lattice site. These vibrations are quantified by the

Debye-Waller temperature factor given below
B/ = 8m?(U?)/ Equation 2-13

where B’ is the displacement parameter, and (U2 is the mean-square amplitude of the vibration of
the j™ atom from its equilibrium position (x, y, z) in A2. In addition to the displacements caused
by thermal motion, these parameters include several effects such as preferred orientation,
deformation of the electron density, or porosity. Information on atomic displacement parameters
would also be useful since anomalous ADP’s may warrant any further characterization such as
pair distribution function measurement, hard X-ray photoelectron spectroscopy measurement, and

density functional theory calculation.

2.3. Atomic Pair Distribution Function

2.3.1. Why pair distribution function?

Conventional powder X-ray diffraction analysis relies on information in the Bragg peaks
in the diffraction pattern which yields the average structure of materials. However, traditional
crystallographic approaches to structure determination are insufficient for complex materials that
contain small randomness and local deviations from perfect periodicity. These important structural

features are buried in between or underneath the Bragg peaks in the form of diffuse scattering that
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cannot be probed using conventional crystallographic analysis. Thus, an alternative method known
as atomic pair distribution function (PDF) analysis is needed to probe the diffuse scatterings.
Because we consider both Bragg intensities and diffuse scatterings, as shown in Figure 2-3, an
experiment called total scattering experiment is employed to measure all the coherent scattering
throughout all of the reciprocal space. From X-ray scattering experiments, one can understand not
only the local structure which is the additional information that is to be gained but also the average

structure.

Bragg intensity
- long range order

Diffuse intensity
—> short range order

Normalized Intensity (a.u.)

I ’ 1 v I i 1 v
20 40 60 80 100
20

Figure 2-3: Illustration of Bragg and diffuse intensities in a powder diffraction pattern
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2.3.2. What is pair distribution function?

PDF describes the probability of finding atomic pairs separated by a distance r. The PDF
can also be understood as a bond length distribution which yields the local structure beyond the
unit cell size while Bragg intensities only give average structure within a unit cell.}! The study of
PDF analysis can be performed on different length scales to obtain information about long-range
ordered structure from the Bragg scattering and short-range structural correlations from the diffuse
scattering intensity.!2 This method uses extremely short wavelength, that is, of higher energy such
as synchrotron radiation X-rays of energy 60 keV,!2 over a wide-angular range of which they are
detected resulting a wide range of reciprocal space. Powder diffraction data are usually presented
as diffracted intensity as a function of the momentum transfer of scattering particles, Q, which is
defined as the difference between the incoming and outgoing wavevectors, as shown in Figure 2-

4. Q is the scattering vector whose magnitude is given by

41 sin @
A

Q=|Q| =2ksinb = = |koutgoing — Kincoming| Equation 2-14

where 4 is the wavelength of the probe, 0 is half of the angle formed between the incident and

scattered directions.
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Figure 2- 4: Schematic of diffracted beam of X-rays or neutrons on powder sample, and the

intensity is collected as a function of angle.

2.3.3. How does PDF work?

PDF data can be collected from angle dispersive X-ray diffraction or time-of-flight (TOF)
neutron diffraction. The time-of-flight of neutrons is the time it takes for the neutron to move from
the moderator to the detector. As a beam of X-rays or neutrons hits a powder sample in a PDF
experiments, the intensity is collected as a function of angle resulting in a raw diffraction pattern.
In the case of X-ray scattering, the distance from sample to detector is calibrated, and the data is
integrated to go from 2-dimension to 1-dimension and obtain the total intensity of scattered X-ray
beam, 1(Q). The raw data from 1-dimension TOF neutron diffraction, on the other hand, is treated

with binning and conversion of TOF to Q and I1(Q). The I(Q) equation is given by

1(Q) = lgragg *+ ldiftuse = lcon + linc + Imc +1gc Equation 2-15
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where lgragg IS the Bragg scattering intensity, laiffuse 1S the diffuse scattering intensity, lcon iS the
coherent scattering intensity, linc is the incoherent scattering intensity, Imc is the multiple-scattering

intensity, and Igc is the background intensity.

In crystallographic analysis, the background is curve-fitted and discard. The background
in the PDF analysis, on the other hand, contains a wealth of information about local structure.
Thus, the collected diffraction patterns are corrected for instrument and sample parameters and to
obtain background. Details of data correction can be found Reference #15. The corrected intensity
is then normalized with respect to the intensity of the incoming beam to obtain the total-scattering

structure function, S(Q), a dimensionless quantity related to coherent scattering signal, as shown

below
I
SQ)= (—Q)Z for X-ray scattering Equation 2-16
(F(@)
1(Q) _ .
SQ)= W for neutron scattering Equation 2-17

where (f(Q))? is the atomic form-factor, and b is the scattering length or neutron scattering cross
section. This approach results in a reduced structures function,*

F(Q)=QlS(@) -1 Equation 2-18
where Q is the momentum transferred of scattering particle during the scattering process.

Total scattering structure functions S(Q) are different from conventional powder
diffraction in the Q-range studied. In total-scattering experiments, the S(Q) must be measured over
a wide range of Q-values, potentially 30-50 A for highest real-space resolution while
conventional powder diffraction experiments typically go to a maximum Q around 8 A and 16

A for a Cu-K, tube and Mo-K, radiation, respectively.'®
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To analyze the total scattering data, the model can be fitted in reciprocal-space which is in
turn Fourier transformed to real-space to obtain the PDF. The reduced pair distribution function,
G(r), is determined by a Fourier transform of the obtained experimentally total-scattering structure

function, S(Q), according to
G(N) == ;" QIS(Q) — 1] sin(Qr) dQ Equation 2-19

where S(Q) is the corrected and normalized total-scattering structure function, Q is the magnitude
of the scattering vector, and r is the distance between the two atoms. Figure 2-5 shows the steps

for obtaining pair distribution function data and analysis.

[ Synchrotron X-ray Data } [ Time-of-flight Neutron Data }

2D Area
Detector Data

1D TOF Data

Binning and

Q)= [Bmgg + Listuse = Leon + Line T Ivic Hlpg conversion of
TOF to Q,, I(Q)

Correct I(Q) for sample

Correct I(Q) for sample
and instrument
parameters

and instrument
parameters

_ 1@ _ 1@
[ T TONE ] [ R TAY ]

[ FQ=0@-1) ]

[ G == [ QIS(Q) — 1] sin(Qr) dQ ]

Figure 2- 5: Steps for obtaining pair distribution function data and analysis

23



2.3.4. Why is atomic pair distribution function useful?

The atomic pair distribution function contains structural and size information of a material
that can be easily measured experimentally. It is also calculated from a known structure and
provides local correlation of the structure. Since the PDF is a real-space function, structural
information can be obtained directly by just looking from the PDF peaks as illustrated in Figure
2-6. The peak position in the PDF indicates the existence of a pair of atoms with that separation
including the average bond lengths and interatomic distances. The integral intensity of PDF peaks
yields information about average coordination properties, which is also related to the scattering
power of the atoms involved. For example, a PDF peak corresponding to a Pb-Pb pair will be much
larger than between two oxygen atoms. The width of a PDF peak reveals the distribution of atom-
atom distances and thermal motion of the atoms, or static disorder. The broader the peak, the larger
the distribution of the distances. This could arise from dynamic structural disorder due to thermal
atomic motions or vibration of atoms along its lattice point. The PDF peak width also depends on

a doping or nanosize induced disorder leading to static structural disorder.*?
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2.47 5.01

Figure 2- 6: Schematic of the modelling of process of finding an atom at a distance r from a given
atom using PDF. Starting with the central atom X in the structure shown in the left panel, there are
3 nearest neighboring atoms at 1.44 A away representing as the intensity at 1.44 A for the PDF in
the right panel. Then another set of atoms can be found at 2.47A away from the central atom as
well as the second peak in PDF, ect. The area under the second peak is greater than that of the first

peak because there are more pairs contribute to that distance.

2.3.5. Synchrotron X-ray and neutron scattering studies

Synchrotron and neutron powder diffraction studies play an important role in structural
solid-state chemistry such as providing characteristic fingerprint of a compound for qualitative
analysis and precisely providing the detailed structures of crystalline compounds. Most of crystal
structure determinations are performed using laboratory X-ray source, but there are some
compounds whose crystalline structure information are difficult to determine. The features
distinguishing synchrotron X-rays from conventional X-rays source is the high intensity and the

continuous spectral distribution.'® In addition, the high-resolution measurements can be uniquely
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used to investigate the subtle phase transitions that are found in some materials such as
ferroelectrics.!” The synchrotron X-ray diffraction is also advantageous in detecting the presence
and quantity of different elements, and differentiating between different oxidation states of an

element.

Because neutrons are scattered by the nucleus of atoms unlike X-rays which are scattered
by the electrons, there is only a weak dependence upon atomic number for neutron scattering. This
property has led to different applications of neutron diffraction in solid-state chemistry including
probing precisely the location of light atoms such as oxygen in the presence of elements. In
addition, atoms that are adjacent in the periodic table have similar numbers of electrons, and thus
their X-ray scattering powers are identical. Therefore, neutron diffraction will be beneficial to
differentiating between elements adjacent to each other in the periodic table. Neutron diffraction
is also a powerful technique for studying the magnetic structure of materials. Since neutrons
possess magnetic dipole moment, they are diffracted by both atomic nuclei and unpaired electrons
when interacting with unpaired electrons.! Additional peaks contain information about the spin

arrangement will appear in the diffraction patterns.

In this thesis, a complementary of synchrotron X-rays PDF and time-of-flight neutron PDF
is employed to probe the interatomic distance between lead and oxygen in the mixed-anion
PbVOsCl and pyrochlore Pb1sNb2Ogs. The PDF data reveals that Pb—O interatomic distance in
PbVOsCl compound decrease upon heating, while Pb—CI distance are only affected by thermal
motion. Hence, the change in Pb—O interatomic distance upon heating is responsible for the
thermochromic behavior at 200 °C in this material. Joint X-ray PDF and neutron PDF data showed

the local structure in the cubic pyrochlore Pb1sNb2Oe s material is best described by the cristobalite
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structure at 100 K, 200 K, and 300 K. The cristobalite structure also better describes the data out

to long length scales upon cooling suggesting a long-range structural transition upon cooling.

2.3.6. Where is PDF data collected?

X-ray pair distribution function (XPDF) experiments are mostly carried out at X-ray
synchrotron facilities using high incident energy X-rays. The first synchrotron experiments were
carried out at the Cornell High Energy Synchrotron Source (CHESS) and the National Synchrotron
Light Source 11 (NSLS-11) at the Brookhaven National Lab.'®'° Several dedicated X-ray beamlines
such as 111D-B and 111D-C have also been constructed at the Advanced Photon Source (APS) of

Argonne National Laboratory (ANL) in Lemont, IL, USA.

The neutron pair distribution function (NPDF) experiments using neutron diffractometers
require time-of-flight neutron sources that can be carried out at the Manuel Lujan Neutron
Scattering Center (MLNSC)® at Los Alamos National Laboratory (LANL), Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory (ORNL), and National Institute of Standard and
Technology (NIST) Center for Neutron Research. Several instruments at SNS facility employed
for PDF studies include Nanoscale-Ordered Materials Diffractometer (NOMAD) at BL-1B,
Spallation Neutrons and Pressure Diffractometer (SNAP) at BL-3, and Powder Diffractometer
(POWGEN) at BL-11A. These are instruments available at the time of this writing. There are more

facilities available for PDF measurements in the U.S. and the world, and it can change in the future.

2.3.7. PDF refinement

The pair distribution functions, G(r), can be obtained by the transformation of the
normalized total scattering functions, S(Q), using the program PDFgetX2, or PDFgetX3, with a

selected Qmax.222? Local structure is then investigated by least-square refinement of the real-space
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PDF data using the PDFgui software suite. A good PDF is obtained when the sample is collected
with high maximum momentum transfer, high Q resolution, good counting statistics at high Q, and
low instrument background. The purpose of PDF quantitative analysis is to fit a model to the
average structure models determined from Rietveld refinement over specific ranges. The PDF
refinement can be started with peak fitting in which the PDF peak positions and widths of the
model are fitted to the observed scattering data. The PDF widths are then fitted as a function of r
for correlated motion. PDF data can be refined with small box modelling using PDFfit or PDFgui.
This approach is for crystalline materials and a good check to see if the local structure matches the
average structure. The other possibility in the PDF refinement is large box approach — reverse
Monte Carlo (RMC) modeling — which will not be discussed in detail in this document. This
modeling approach simply a general method of structural modeling based on experimental data.
In addition to applying the small box and large box RMC techniques to study the disordered
crystalline materials, these techniques are used to study amorphous materials, liquids, and
glasses.?*°> The sample parameters in the PDF refinement includes scale factor, lattice parameters,
atomic positions expressed in fractional coordinates, anisotropic thermal parameters for each atom,

and the average atomic occupancy.?®

A distinct local structure may be possible when an average structure model fails to explain
observed material properties. For example, the average structure from X-ray diffraction data did
not explain the thermochromic behavior in PbVO3Cl1.?" Information about the coordination number
can be extracted by integrating the intensity under that peak and fitting that peak with a series of
Gaussian functions.?® As the PDF refinement progresses, signatures of disorder can be found
through complementary methods. Thermal motion or static displacements of atoms, which are

known as atomic disorder, give rise to a distribution of atom-atom distances.?® Therefore, PDF
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peaks are often broadened with the presence of atomic disorder. For instance, a non-Gaussian PDF
peak may indicate an anharmonic crystal potential. The refinement can be terminated when a best-

fit of the PDF calculated from the model and the PDF data is obtained.

For this thesis, | mainly focus on performing structural analysis using Rietveld and PDF
refinement methods. Rietveld refinement is performed on the synchrotron X-ray and neutron data
of crystalline samples using the General Structure Analysis System Il (GSAS-I11) crystallographic
analysis suite?® to obtain average structure of the powder samples. The average structures are then
used as a model to fit the PDF data, G(r), during the PDF refinement with small box modelling
approach using PDFgui software suite to investigate the local structures. The refined structures are
finally visualized using the Visualization for Electronic and Structural Analysis (VESTA) suite of

program® for interatomic distances and bond angles that are restrained in Rietveld analysis.
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Abstract

Stereochemically active lone pairs of electrons play an important role in a diverse range of
physical phenomena in many materials, ranging from semiconducting halide perovskites to
thermochromic inorganic-organic hybrids. In this paper, we demonstrate the importance of the 6s2
lone pair on the reversible thermochromic transition in the mixed-anion inorganic compound,
PbVOsCl. This 6s? stereochemically active lone pair results in subtle structural distortions upon
heating while maintaining its overall orthorhombic structure. These distortions result in competing
interactions with the Pb 6s2 lone pair and ultimately, a pronounced change between yellow and red
at ~200 °C. X-ray diffraction analyses of PbVVO3Cl demonstrate two-dimensional features in
contrast to the three-dimensional network in isostructural BaVO3sCl. X-ray and neutron pair
distribution function experiments reveal that Pb-O interatomic distances decrease upon heating,
while Pb-ClI distances are only affected by thermal motion. X-ray photoelectron spectroscopy
measurements provide experimental evidence of the presence of the 6s? lone pair at the valence
band maximum, which are corroborated by first-principles calculations. The results demonstrate a
broadly generalizable mechanism for using repulsions between lone-pair electrons of p-block

cations to drive discontinuous changes of local symmetry and electronic structure.
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3.1. Introduction

Mixed-anion systems, e.g., oxynitrides, oxysulfides and oxyhalides, stand out as a class of
materials because of the tunability of atomic and electronic structure and therefore,
semiconducting band gaps.}* Mixed-anion systems containing stereochemically active lone pairs
are particularly interesting because structural distortions associated with the lone pairs contribute
to magnetic,® photocatalytic,and nonlinear optical behavior.5® Comparing PbBi,OX (X = Cl, Br,
) to AEBi,OCI (AE = Sr, Ba) demonstrated that the hybridization between the 6s? lone pair and O
2p resulted in an upward shift of the valence band (VB) in PbBi-OX (X = Cl, Br, 1), thereby making
it a potential visible light-induced water splitting catalyst.> Thermochromic transitions due to
disorder associated with 5s? lone pairs have been recently described for the organic-inorganic
hybrid (2-MIm)Sbls (MIm — methylimidiazolium).® However, lone-pair-driven electronic
instabilities bringing about a pronounced modulation of electronic structure are much less explored

in all-inorganic systems.

Stereochemically active lone pairs derived from p-block cations have long been understood
to affect structural distortions.® It is important to point out that in inorganic solids, stability of
structural distortions associated with stereochemically active lone pairs are closely connected to
lone pair-anion interactions.!! For example, in the halide perovskite, CsSnBrs, small, localized
distortions invoked by the Sn 5s-Br 4p interactions play an important role in dielectric and optical
behavior.’> The unusual band gap widening with temperature of PbS, PbSe, and PbTe
semiconductors has also been attributed to the emphanisis effect, in which the Pb?* lone pairs
become stereochemically active upon warming, leading to local distortions at elevated
temperatures.>*>  The link between lone pair-anion interactions and structural distortion is

strongly justified by the combination of experimental spectroscopic evidence and a theoretical
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revised lone pair model,'® ¥ leading to promising predictive abilities in the area of catalysis. For
instance, the hybridization of Pb 6s? or Sn 5s? states with O 2p states in B-PbxV20s and B-SnyxV20s
yields a combination of occupied bonding and anti-bonding lone-pair—anion states. The latter is
further stabilized by mixing with unoccupied cation 5 and 6 p-states, yielding an occupied hybrid
“mid-gap” state above the O 2p valence band?® 61" with a distinctive spectroscopic signature
distinguishable by hard X-ray photoemission spectroscopy. Such lone-pair-derived mid-gap states
have been utilized to extract holes from photoexcited I1-VI quantum dots, enabling the design of
heterostructures for water splitting and mitigating the longstanding challenge of photo-anodic

corrosion of chalcogenide quantum dots that has limited their use in photocatalysis.

This paper establishes the unique effect of thermally induced structural distortions derived
from a stereochemically active lone pair on a thermochromic transition in the mixed-anion
inorganic compound, PbVOsCl. Previous work on this material was motivated by the Pb 6s? lone
pairs.*® Unlike other mixed anion compounds containing lone pairs where the harder cation
interacts with the oxide while the softer metal interacts with the softer anion, e.g., chalcogenide or
halide, the 6s® lone pairs in PbVOsCl simultaneously interact with both O and Cl, and thus
PbVOsCl presents a special opportunity to evaluate the structural stability of lone pair interactions
with anions of very different electronegativities. We show that thermally driven electrostatic
repulsions between stereochemically active lone pairs on PbCls units and the concomitant lattice
distortion alters the hybridization of Pb 6s? lone pair states with O 2p states, resulting in a
thermochromic transition at ~200°C, which brings about a reversible color change between yellow
and red because of local distortions of the atomic structure strongly coupled with modulation of
the electronic structure. BaVOsCl, which does not contain a stereochemically active lone pair of

electrons, was also prepared as a control for the comparison of the local structure of the two
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compounds. Total X-ray and neutron scattering were used to elucidate long and short-range crystal
structures as a function of temperature. Density functional theory (DFT) calculations in
conjunction with X-ray absorption near-edge structure (XANES) and hard X-ray spectroscopies
(HAXPES) provide theoretical and experimental evidence of the key involvement of the Pb 6s?

lone pair in the electronic structure of PbVVO3CI.

3.2. Materials and Methods

3.2.1. Synthesis

Powder samples of PbVVOsCI were prepared in a manner similar to procedures described
elsewhere.'® A mixture of PbO, PbCl,, and V20s in a 1:1:1 molar ratio was ground in an agate
mortar and pestle. The powders were pressed into a pellet and placed inside a fused silica ampoule.
The ampoule was subsequently sealed under vacuum, heated at 3 °C/min to 450 °C, where it
dwelled for 12 hours, and then cooled to 25 °C at 3 °C/min. The product was visibly yellow with
a typical yield of ~86%. The impurity was found to be PbCl. which could be removed by washing

the sample with DI water.

The synthesis of BaVO3Cl was based on a previously reported two-step procedure.® First,
V05 and BaCOs were ground in an agate mortar and pestle and placed in a platinum crucible. The
mixture was heated at 5.6 °C/min to 700 °C, where it dwelled for 6 hours, and then cooled to 25
°C at 5.6 °C/min to yield BaV20s. In the second step, a mixture of BaCl, and BaV20s in a 1:1
molar ratio was ground, pressed into pellet, placed in a fused silica ampoule and sealed under
vacuum. The sample was heated at 30 °C/h to 480 °C, where it dwelled for 24 hours and then
cooled at 8 °C/h down to 300 °C. The ampoule was removed from the furnace and quenched in an
ice bath. The powder product was visible yellow with typical yields determined by X-ray powder

diffraction of ~91% to ~94%.
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Safety Precautions: Pb and V containing compounds cause irritation on contact with the
body. Ingestion of these compounds is toxic. Follow normal laboratory safety procedure by
wearing gloves, wearing goggles, working in a vent hood, and avoiding any direct contact with the

chemicals.

3.2.2. Structural Characterization

3.2.2.1. Powder X-ray Diffraction

Powder X-ray diffraction (XRD) data were collected using a PANalytical Empyrean
diffractometer equipped with a PIXcel®P detector and Cu (A = 1.5405980 A) tube, which was
operated at 45 kV and 40 mA. Data were collected over the angular range 10° < 26 < 90° with a
step width of 0.008° and step rate of 0.0557 °/s at room temperature. The background was
estimated by a polynomial function varying four coefficients. Atomic coordinates, scale factor,

peak shape function (U, V, W), and isotropic displacement parameters were refined.

3.2.2.2. Total Scattering Measurements

Time-of-flight (TOF) neutron scattering data were collected at 100, 300, and 500 K on the
nanoscale ordered materials diffractometer (NOMAD) at the Spallation Neutron Source (SNS),
Oak Ridge National Laboratory (ORNL) with a collection time of approximately 2 to 4 h per
sample.?’ The samples were loaded into quartz capillaries and an empty capillary was subtracted
as background. The pair distribution functions (PDF), G(r), were obtained by the transformation
of the normalized total scattering function, S(Q), with a Qmax = 28.0 A%,

Synchrotron X-ray total scattering measurements were collected on the 11-1D-B beamline
at the Advanced Photon Source (APS) located at Argonne National Laboratory (ANL) with a

photon wavelength of 0.1432 A from 300 to 575 K. Samples of fine powder were transferred into
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a Kapton capillary (1.1 mm OD, 1.0 mm ID) tightly compacted by glass wool to ensure the
maximum packing fraction. The two samples were separated in the capillary by glass wool. Data
were collected every 2 min upon warming at a rate of 5 K min™2. Corrections to obtain the S(Q)
and subsequent Fourier transform with a Qmax of 27.55 A™* to obtain the G(r) was performed using
the program PDFgetX2.2! The local structure was investigated via analysis of the real-space PDF
using the PDFgui software suite.?? Crystal structures were visualized using the VESTA suite of

programs.®
3.2.2.3. Density Functional Theory

First-principles calculations were performed using density functional theory, as
implemented within the Vienna ab initio simulation package (VASP). The projector augmented
wave (PAW) formalism was used to model electron—ion interactions.?*?A kinetic energy cutoff
of 520 eV was used for plane-wave basis restriction. Electronic exchange and correlation effects
were included using the generalized gradient approximation based on the
Perdew—Burke—Ernzerhof functional (GGA-PBE).?” The strong electronic correlation of the V 3d
electrons was accounted for using a Hubbard correction Ut = 3.25 eV.32 Supercells with
dimensions 1 x 2 x 2 were used to relax the PbVO3Cl and BaVOsCl structures. For geometry
optimization, the supercells were relaxed until the cartesian components of the forces were below
+0.01 eV-A"L. A uniform I'-centered 6 x 6 x 4 Monkhorst—Pack k-point grid was used for structure
relaxations and density of states (DOS) calculations. Self-Consistent Field (SCF) DFT calculations
were further performed as implemented in VASP on structural models derived from the refinement
of PDF data. Refined PDF data collected over a range of 1—4.5A at 300 K and 570 K was used

for SCF calculations.
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3.2.2.4. Hard X-ray Photoelectron Spectroscopy

Valence band HAXPES measurements were performed at the National Institute of
Standards and Technology beamline 7-1D-2 of the National Synchrotron Light Source Il at the
Brookhaven National Laboratory. Measurements at an incident photon energy of 2 keV were
performed with a pass energy of 200 eV, whereas the measurements at the incident photon energy
of 5 keV were collected at a pass energy of 500 eV. The data was collected with a step size of 0.85
eV and the analyzer axis oriented parallel with the photoelectron polarization vector. The higher
excitation of HAXPES circumvents deleterious charging issues that are common to ultraviolet and
soft X-ray photoelectron spectroscopy. Photon energy selection was accomplished using a double
Si (111) crystal monochromator. No evidence of charging was observed during our measurements.

The beam energy was aligned to the Fermi level of a silver foil before measurements.

3.2.2.5. X-ray Absorption Near-Edge Structure Spectroscopy

V L-edge and O K-edge measurements were performed at beamline 7-1D-1 of the National
Synchrotron Light Source 11 of Brookhaven National Laboratory device beamline operated by the
National Institute of Standards and Technology. A horizontally polarized x-ray beam with a spot
size of 10 um was used for data collection. A grid bias of -300 V was used to reduce the low-
energy electrons and improve surface sensitivity. A charge compensation gun was used to avert
the charging of the samples. The data was collected with a resolution of 0.5 eV for all plotted
spectra. The partial electron yield signals were normalized to the incident beam intensity from a
freshly evaporated gold mesh. The spectra were energy calibrated to O K-edge for a standard TiO-

sample.
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3.3. Results and Discussion

3.3.1. Average Crystal Structure

Both PbVO3Cl and BaVOsCl adopt the orthorhombic Pnma space group, in agreement
with previous structural reports.’® Results from powder X-ray diffraction analyses of both
compounds are provided in Tables 3-S1 and 3-S2. X-ray fluorescence results (Table 3-S3) indicate

1 mol Pb:1 mol V ratio, in agreement with powder XRD.

Since PbVVO3Cl and BaVO3Cl share the same space group and atomic positions, similarities
in their crystal structures are expected. Their crystal structures are compared in Figures 3-1a and
3-1b. Both compounds include chains of edge-sharing VOs square pyramids running in the b
direction. Square pyramids within a chain are in a trans-configuration in which the apical oxygen
points alternately in the ac plane as shown in Figure 3-1a. The VOs square pyramids in both
compounds are similarly distorted. The vanadium atom is slightly off-center in the VOs square
pyramid with a short doubly bonded apical V-O bond (1.599 - 1.611 A) and four long bonds of
1.824 - 1.920 A and of 1.805 - 1.956 A for Pb and Ba, respectively. These results agree with

previous structural reports.18

In both compounds, the chains are connected by the divalent cation (Pb?* or Ba?");
however, the connectivity of Pb?* is distinct from its Ba?* counterpart. Each BaOsCls polyhedron
in BaVO3Cl connects to the oxygen atoms of three unique VOs square pyramids to form a three-
dimensional network as shown in Figure 3-1b. In PbVVOsClI, on the other hand, each PbOsCl3
polyhedron connects two VOs square pyramids from two neighboring chains, resulting in two-
dimensional sheets in the bc plane, with a clear separation between layers of ~3.3 A. This interlayer
separation and coordinate undersaturation of the main-group cation is diagnostic of the role of

stereoactive lone pairs, which have an approximate volume of an oxide or fluoride ion.
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Figure 3-1: Average crystal structures of (a) PbVVOsCl and b) BaVOsCl. Local coordination
environments and interatomic distances of the divalent cation environment in (c) PbO3Clz and (d)

BaOsCls at room temperature.

Coordination environments around the divalent cations in PbVO3Cl and BaVOsCl are
depicted in Figures 3-1c and 3-1d, respectively. The Pb?" cation is coordinated by three oxygen
atoms and three chlorine atoms while Ba?* is linked to five oxygen atoms and four chlorine atoms.
Two of the oxygen atoms also form one edge of the VOs square pyramid base. Their interatomic
distances — Pb-O and Pb-Cl and to that of Ba-O and Ba-Cl —are slightly shorter than bond distances

calculated by summing their radii, Pb?* (1.19 A), Ba?*(1.47 A), 0* (1.40 A) and CI- (1.80 A).%®
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3.3.2. Total Scattering

To better understand the local structure of the two samples, analysis of the X-ray Pair
Distribution Function (XPDF) was performed. The PDF is a histogram of all atom-atom
correlations in a material and incorporates both Bragg and diffuse scattering from a sample,
representing the local bonding and atom-atom interactions. Therefore, by analyzing how well (or
how poorly) the XPDF data is fit by the crystallographic Pnma structure, we can understand
deficiencies in the model in the form of structural disorder. Fits of XPDF data, provided in Figure
3-2, against the structural model based on conventional laboratory X-ray diffraction for Pb\VVO3Cl
and BaVOsCl illustrate that the average Pnma structure more accurately describes the local
structure for BaVOsCl. Although the XPDF data agree well with the average structural model for
all temperatures (all Rw values are between 7-10% for the fits over the r-range of 1-6A), the peaks
at ~2.5 — 2.8 A, which arise from Pb-O and Pb-Cl pair correlations, are poorly described by the
average structural model for PbVVO.CI at all temperatures, indicating that there is more disorder in
the local coordination of Pb than the average structure can describe. In BaVO3Cl, the analogous
peaks (at ~2.9 — 3.0 A) shift towards larger r as the temperature increases due to thermal expansion,
yet the peak remains well fit. Pair correlations were determined from the partial neutron and X-
ray pair distribution functions (Figure 3-S1). Additional fitting of the XPDF data over various

length scales can be seen in Figures 3-S2 and 3-S3.
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Figure 3- 2: Left: Fits of XPDF data against the average Pnma structures for Pb\VVO3Cl [(a) 300 K
and (b) 573 K and BaVOCI;s [(c) 300 K and (d) 573 K]. Peaks highlighted in the dashed box
indicate regions where the data is poorly fit in the Pb-analogue. Right: Isotropic atomic

displacement parameters (Uiso) of Pb and Ba from XPDF data Isotropic atomic displacement

parameters (Uiso) of Pb and Ba from XPDF data.

Atomic displacement parameters (ADP) provide insight into structural disorder. The
unrealistically low Uiso of O1 obtained in our Rietveld refinements of powder X-ray diffraction
data for PbVVOsCl (Table 3-S2) may be attributed to the relatively low scattering power of O
(compared to Pb) or local disorder. Hence, we were motivated to investigate ADPs using pair
distribution function using X-ray and neutron total scattering. Isotropic ADPs (Uiso) of Pb and Ba
as a function of temperature are shown in the right panel of Figure 3-2. The Uiso values increase
with temperature as expected with increasing thermal motion. Three additional trends in Figure 3-
2b indicate the presence of the lone pair: consistently higher Uiso values, larger error and faster

rate of increase of Uiso for PbVVO3Cl with temperature. Because Pb (Z = 82) possesses more electron
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density than Ba (Z = 56), it would be reasonable to anticipate that the Uiso of Pb to be smaller than
Uiso of Ba; however, we observe the opposite trends at all temperatures, posited to arise from
additional disorder from the stereochemically active lone pair of Pb?*. Figure 3-3 provides a closer
view of evolution of the XPDF data upon warming. The peak at ~3.0 A indicates the Pb/Ba—Cl
bond (see Supplemental Figure 3-S1 for partials), which remains relatively unchanged in shape
upon warming. A large difference in peak shape corresponds to the Pb-Pb and Ba-Ba correlations
at ~5.5 A. The Pb-Pb correlation develops a notable asymmetry in comparison to Ba-Ba
correlations, indicating that the Pb displacements lack long-range correlation. This asymmetry

becomes more pronounced at higher temperatures.
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Figure 3- 3: XPDF data for (a) PbVVO3Cl and (b) BaVOsCl indicate that the Pb-Cl and Ba-Cl peak
shape (indicated by a dashed line) remains relatively unchanged with temperatures, whereas the
Pb-Pb correlation (indicated by a dashed line) develop a distinct asymmetry upon warming, in

contrast to the same Ba-Ba correlation in BaVOs3Cl.
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Because oxygen in the presence of lead has much higher scattering lengths via X-ray
analysis, neutron pair distribution function (NPDF) data were collected to probe the oxygen
environment. Fits of the neutron data against the Pnma structure can be found in Figure 3-S4.
Interestingly, the positive temperature dependence of the Pb Uiso (Figure 3-4) agrees with the
trends observed in the XPDF data (Figure 3-2b); however, the temperature dependence of the O
Uiso and Cl Uis, remain consistent across the temperature range (Figure 3-4). The right panel of
Figure 3-4 provides intriguing insight into the dynamics of the crystal structure with temperature.
We observe that while the VOs square pyramids expand with increasing temperature as expected,
the Pb-O distance decreases with temperature and results in overall smaller PbO3Clz polyhedra at
higher temperatures. The Pb-Cl distance, however, is maintained at all temperatures, indicating
that the primary structural effects on orbital overlap and thus observed physical properties are due
to the changing Pb-O bond length. Therefore, the lone pair shifts towards oxygen are very subtle
and that the pair distribution function is essential to identifying the structural changes resulting
from the presence of the 6s? lone pair. The displacement of Pb is also temperature-dependent, and
the Pb atoms shift towards the 2D layer in which it already resides. While small-box modeling
does provide insight into the presence of disorder (observed as a poor fit by the crystallographic
structure), it is noted that PDFgui applies a harmonic approximation and thus generates Gaussian
peak shapes.?® Therefore, as the lattice becomes more anharmonic as a result of the lone pair
stereochemistry, a Gaussian peak becomes a less accurate model of the data, resulting in larger
error in the fit parameters. The anisotropy of the disorder will be further investigated with

temperature-dependent single crystal X-ray diffraction studies.
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Figure 3-4: (a) Isotropic ADPs of Pb, Cl, and O and (b) V-O, Pb-O, and Pb-ClI distances with

temperature.

To probe the electronic structure origin of the differences in the local atomic structure of
PbVOsCl and BaVOsCl, HAXPES measurements have been performed at incident photon energies
of 2.0 and 5.0 keV. In contrast to XPS, which primarily probes surface electronic structure, the
high excitation energies accessible in HAXPES enable interrogation of the bulk electronic
structure. HAXPES further serves as an excellent, and indeed, quantitative probe of orbital
contributions at the valence band.'®*"-3 In general, photoionization cross-sections decay rapidly
with an increase in incident photon energy; however, this effect is much more pronounced for
subshells with higher orbital angular momentum.3!-3 Therefore, by varying the incident photon
energy in photoemission experiments, the relative energy positioning and orbital contributions of
states with s, p, and d character can be disentangled. Indeed, the relative spectral weights of
different bands can be evaluated using energy-variant HAXPES.3* Photoemission profiles
obtained for both PbVVO3Cl and BaVOsCl at incident photon energies of 2.0 and 5.0 keV are plotted

in Figures 3-5a and 5b.161": %0 A direct comparison of the photoemission spectra of PbVVOsCl and
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BaVOsCl shows two major distinctions. First, a strong band centered at a binding energy of ~10.5
eV is observed for PbVVOsCl with no similar band for its s-block counterpart; the intensity of this
feature increases with increasing incident photon energy, indicating the presence of electronic
states with considerable Pb 6s? character. Second, the valence band maximum of PbVO3Cl exhibits
states higher up in energy (shaded as red in Figs. 3-5a and 3-5b) that are not observed for BaVOsCl.
These states become more pronounced with an incident photon energy of 5.0 keV, again indicating
their pronounced s character. The presence of these two features can be explained considering the
revised lone pair model and are further assigned with the aid of DFT calculations. The
hybridization of the Pb 6s? stereoactive lone pairs with O 2p and Cl 3p states leads to the formation
of hybrid Pb 6s — O 2p and Pb 6s — CI 3p bonding (B) and antibonding states (AB). The Pb 6s — O
2p and Pb 6s — CI 3p bonding states collectively give rise to the feature centered at 10.5 eV in the
valence band HAXPES spectra. The Pb 6s — O 2p and Pb 6s — CI 3p antibonding states are further
stabilized by an overlap with empty Pb 6p states in the conduction band wherein this energetic
stabilization drives a second-order Jahn—Teller distortion. The resulting hybrid states have
considerable s-character, are situated at the valence band maximum, and have been represented as
the shaded lone pair states in Figures 3-5a and 3-5b. Since O 2p states are closer in energy to Pb
6s states, greater mixing is expected in comparison to Cl 3p states, which induces a substantially
greater splitting of B and AB states resulting in the Pb 6s>—O 2p states being positioned at the

valence band maximum.
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Figure 3-5: (a) HAXPES of PbVO3Cl and BaVOz3Cl at an incident photon energy of 2.0 keV. (b)

12 10

HAXPES of PbVOsCl and BaVOsCl at an incident photon energy of 5.0 keV. (c) XANES

spectroscopy plots for a-V20s, BaVOsCl and PbVVO3Cl at the V L-edge and O K-edge.

Electronic structure calculations were performed for both BaVO3Cl and PbVOsCl to
further understand the role of Pb 6s? lone pair states in mediating the thermochromic transition.
DFT is constrained in the treatment of strongly correlated systems because of band gap and
localization errors, but the results nevertheless provide a guide to interpreting the origins and
relative energy positioning of states observed in X-ray emission and absorption spectra. The
projected density of states (PDOS) and total density of states (TDOS) for the ground state
electronic structures of BaVO3zCl and Pb\VVOsCl are plotted in Figure 3-6. The PDOS of BaVO3Cl
and PbVOzCl indicates that in both compounds the valence band primarily comprises contributions
from Cl 3p and O 2p states, whereas the conduction band is derived primarily from V 3d states. In
addition to Cl and O p-states, notable contributions from Pb states, specifically Pb 6s and 6p states,
can also be observed in the valence and conduction bands. The Pb 6s — O 2p and Pb 6s — Cl 3p
bonding states reside deep in the valence band (as shaded in Figure 3-6b), as also observed in the

HAPXES data shown in Figures 3-5a and 3-5b. No comparable contributions are discernible for
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the Ba analog. The lone-pair-derived Pb 6s hybrid states at the top of the valence band are more
pronounced in comparison to Ba 6s states in BaVO3Cl. In other words, the DFT results corroborate
the assignment of the HAXPES features at the valence band as arising from states with
considerable Pb 6s? character. Notable Pb 6s—O 2p hybrid states are further observed at the
conduction band edge that are substantially more pronounced than for BaVO3Cl and have been

further probed through XANES measurements.

The peak positions, relative intensities of spectral features, and line shapes of XANES
spectra provide insight into atom-projected density of states (modified by self-energy effects),
thereby serving as an excellent element-specific probe of electronic structure above the Fermi
level.® XANES measurements were performed at the V L-edge (2p—3d) and O K (1s—2p)-edge
to map the conduction band of BaVO3Cl and PbVVO3CIl. XANES data for BaVO3Cl and PbVVOsCl
are plotted in Figure 3-5c and compared with a-V20s where reliable assignments of the spectral
features are available from excited state time-dependent DFT calculations.®® The V Lu-edge is
characterized by sharp features corresponding to transitions from V 2p core states to V 3d states
split by crystal field splitting in the square pyramidal coordination geometry.*-3 The V Ly-edge
cannot be interpreted solely in terms of electronic structure as a result of spectral broadening
derived from Coster—Kronig Auger decay processes. The O K-edge comprises transitions from
O 1s core states to O 2p states hybridized with V 3d states that are split by crystal-field splitting.
The fine structure represents the transitions to © and c-bonded hybrid states.*In accordance with
our calculated PDOS for V in Figures 3-S1a and 3-S1b, the V L-edge XANES plots for BaVO3ClI
and PbVO3Cl exhibit similar spectral features. Despite the similar VOs square pyramids observed
in both PbVVO3Cl and BaVOsCl, several finely structured features are observed in O K-edge spectra

for the former that are not observed for the latter. Based on the DFT calculations, Pb 6s and 6p
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hybridization with O 2p states is expected (Figure 3-6d) and indeed these lone-pair hybridized

states are clearly discernible in O K-edge spectra.
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Figure 3-6: (a) GGA+U calculated ground state total density of states (TDOS) for BaVO3Cl. (b)
TDOS for PbVVO3Cl, Pb states are shaded in brown. (c) Calculated PDOS of Ba 6s in BaVO3CI.

(d) PDOS of Pb 6s and 6p showing the presence of lone pair states at the VBM.

Lone pair states and concomitant structural distortions have been previously observed for

lead oxides and chalcogenides as a result of the hybridization of unoccupied Pb 6p states with the
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antibonding states originating from the interaction of Pb 6s states with anion p states (Figure 3-
7).1018 However, in mixed-anion PbVOsCl, in addition to the Pb-O hybridization, the stereoactive
lone pair states are also amenable to mixing with Cl states. Based on photoemission measurements,
the Cl 3p (~6 eV) atomic states are higher in the valence band as compared to O 2p (~ 9eV) atomic
states. The closer proximity of Pb 6s states with O 2p states facilitates improved hybridization and
substantial s-character in hybrid B and AB states, which in turns promotes hybridization with Pb
6p states as sketched in Figure 3-7. Electronic structure calculations indicate that filled anti-

bonding Pb-O and Pb-ClI lone pair states are present at the valence band maximum (Figure 3-6b).

3.4. Conclusion

The change in color from yellow to red observed for Pb\VVO3Cl above 200°C has no parallels
in the alkaline-earth or rare-earth counterparts and suggests a thermally driven diminution of the
bandgap. To understand the role of Pb 6s? lone pairs in inducing a thermochromic transition in
PbVOsCl, the coupling between geometric and electronic structure needs to be understood. The
XPDF and NPDF analyses show that warming the Pb\VVO3Cl sample leads to an off-center Pb atom,
likely because of lone-pair repulsions. The lattice anharmonicity arising from the Pb displacement
brings the Pb and O atoms closer, whereas the Pb—CI distances remain essentially unchanged.
The stronger Pb—O interactions suggest improved mixing of Pb 6s? and O 2p states, resulting in
greater splitting of the B and AB states sketched in Figure 3-7. As a result, the occupied AB state
will be positioned higher in energy, decreasing the effective bandgap of the system. A distinctive
feature of V—O bonds in oxides is their highly tunable covalency/ionicity, which is manifested in
the vast available array of binary vanadium oxide polymorphs.*® The decreased bond length and
increased hybridization of Pb—O states is furthermore compensated by an increase in V—O bond

lengths and expansion of the VOs square pyramids, which is directly observed in the NPDF
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measurements. In other words, the lattice anharmonicity invoked by the anisotropic movement of
Pb atoms because of lone pair repulsions strengthens Pb—O interactions and weakens V—O
interactions. The diminished V 3d—O 2p hybridization furthermore reduces the splitting of the O
2p-derived valence band and the V 3d-derived conduction band. As sketched in Figure 3-7, the
effective bandgap shrinks because of the shifting of Pb 6s>—O 2p hybrid anti-bonding states to
higher energies and the accompanying shift of the V 3d—O 2p hybridized conduction band edge
to lower energies. XPDF data support this hypothesis; density of states plots calculated from
structural models derived from the refined XPDF data for Pb\VO3Cl at 300 K and 570 K are shown
in Figure 3-S6 and furthermore support the notion of the reduction of the band gap as a result of
the shift of Pb 6s>—O 2p hybrid states in the valence band to higher energy (as a result of stronger
Pb—O hybridization) and the concomitant shift of V 3d—O2p states in the conduction band to
lower energy (as a result of expansion of the VOs square pyramids) as a result of the structural
distortions induced with increasing temperature. The lone-pair driven structural distortions
resulting in hybridization between a lone pair and O 2p and the covalency between the transition
metal and O 2p are reminiscent of BiMnO3.*%? The strongly correlated changes in lattice and
electronic structure thus synergistically drive a decrease of the effective bandgap of PbVOsCl
resulting in a thermochromic transition from yellow to red at 200 °C. Future work will focus on
single-crystal diffraction and ab initio molecular dynamics modeling to examine the evolution of

atomistic and electronic structure with temperature.
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Figure 3-7: Pictorial representation of changes in the local geometric structure of Pb upon warming
and its effects on the bandgap which enables the thermochromic transition in Pb\VVO3ClI. The Pb-O
lone pair states constitute the HOMO (valence band maximum), whereas the empty V 3d — O 2p
molecular states represent the LUMO (conduction band minimum.) The bandgap before and after

the thermochromic transition is highlighted.
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Chapter 4 Vacancy-Driven Disorder and Elevated Dielectric Response in the Pyrochlore
Pb1.5Nb20s¢.5
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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 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 Pb2Ru2Oe5 and Pb2Sn2Oe. In this work we
report on the structural, dielectric, and heat capacity behavior of the cation- and anion-deficient
pyrochlore Pb1sNb20s 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 range.
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4.1. Introduction

Pyrochlores have been extensively studied for a variety of technologically important proper-
ties, including high electrical conductivity,}? ferroelectricity,® photocatalysis,*® frustrated
magnetism,®® ordered magnetism,® photoluminescence,’® and ionic conductivity.’*** Some
pyrochlores, such as (Bi1sZnos)(Nb1sZnos)O7 (BZN),*® Bi;Ti.07,'%1° and mixed-anion
Pb2Ti20s.4F12% have attracted considerable attention as high-x materials where the large dielectric
constantsare closely tiedtoshort-range displacements of the metal cations. Of particular recentinterest
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 A2B207 (often written A2B2060’) is
described with the cubic Fd3m space group.?? The A cations (typically a +2 or +3 cation) and B
cations (typically a +5 or +4 cation, respectively) are located on separate but interpenetrating A20’
and B>Os frameworks, illustrated in Figure 4-1a. The A2O’ framework consists of corner-linked
A0’ tetrahedra, and the B2Os framework consists of BOe octahedra. These octahedra are corner-
linked, forming a six-membered ring (Figure 4-1b) where the A-site cations are ideally positioned
at the 16d site at the center of the BOs 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 towards the ring
intothe 96 site,1%23-26 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 the A and O’ sites.?

The arrangement of dipoles (magnetic or electrical) on the pyrochlore lattice hasdrawn
considerable attention in the solid state and condensed matter communities. Akin to the triangular
arrangement of points on kagomé lattice, the cations in the pyrochlore structure comprise corner-
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sharing 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,
particularly 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 PbTiO3.%

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.®>31® The most prominent of these is the highly-studied ferroelectric Cd2Nb,O7.%3738
The material undergoes a phase transition at approximately 204 K followed by a series of phase
transitions around 196 K.2° There are two further phase transitions reported at approximately 85 K
to an uncharacterized monoclinic phase, and the fourth at approximately 45 K to another unique
monoclinic phase.*#2 There is a vast amount of sometimes-conflicting literature surrounding the
nature of the intermediate phases above 196 K,*°*9 while the ferroelectric phase below this
temperature is reported as orthorhombic Ima2.4t%° 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 Cd2Nb,O7 and the
ability to alter structural behavior points to the need to further investigate the pyrochlore structure

through related chemistries.
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The combination of lone pair cations and vacancies in pyrochlores significantly impacts
their structure and physical behavior. In Bi2Ti2O7, there are no vacancies on the O’ site, and the
material exhibits frustration and charge ice behavior at low temperatures.’® In Pb,Sn,Os, 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” Pb2Ru2060’0 35,
ordered vacancies of the O’ sites direct 6s? lone pairs towards 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 Pb2Ru,0sO’05 vs. the completely disordered
Bi>TioO7. 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 Pb2Sn20e and PbRu2060’0:5), whereas others only form the cubic structure with vacancies on
both the Pb and O’ sites (such as pyrochlores Pb,-xB207-x where B= Nb, Ta, Sh.?2%2%3)

The pyrochlore Pb1sNb2Oes presents a unique opportunity to investigate interactions
between lone pairs of electrons, cations with the potential for SOJT distortions, and vacancies on
both the A and O’ site. Herein we have performed analyses of temperature-dependent neutron and X-
ray total scattering data across various length scales to follow Pb and Nb displacements. 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 crystallographic 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> 0 of local symmetry breaking upon warming associated with M

—0O correlations, highlighting the complex behavior of lone pair expression and correlation in
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Pb15Nb20es. 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 100K.

16d
32e
96g
8b

Figure 4-1: (a) The full A2B2060O’ pyrochlore structure illustrating the interpenetrated networks of A>O’
chains and BOs octahedra. (b) Highlight of the various atomic positions within the BOs channel; each

color corresponds to a specific Wyckoff site (16d in black, 8b in pink, 969 in yellow, and 32e in grey).

4.2.Methods
4.2.1. Sample Preparation

Traditional ceramic synthesis routes were utilized to synthesize apowder sample of Pb1.5sNb2Osg 5.
Stoichiometric amounts of PbO (Sigma-Aldrich, 99%) and Nb2Os (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 hours, after which they were cooled to 298.15K

at 20K/min. The powder products appeared yellow in color.
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X-ray powder diffraction data was collected using a PANalytical Empyrean diffractometer to

determine phase purity. The instrument was equipped with a PIXcel3P detector and a Cu tube,
operating at 45 kV and 40 mA, and a wavelength of 1.54 °A. Data was collected between the angular
range of 10° <20 <90°. Step width and step rate were 0.008" and 0.0557 °/s, at room temperature,
respectively. Once determined phase pure, the sample was prepared for further measurements as
described below.

The sample was prepared for dielectric measurement by placing 0.5g of powder mixed with
1 mL of ethanol and placed in a ball-mill chamber. The sample was ball-milled for 9 hours. Sample
chambers were removed from the ball-mill and placed in an oven at 373.15K until the ethanol
evaporated and only a dry powder sample remained. The sample was then ground with 2-3 drops of
1 % polyvinyl alcohol (PVA) in a mortar and pestle for 15 minutes, and then pressed into a pellet
using a hydraulic press. The pellet was placed in a new alumina crucible and 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
minutes 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 minutes.

4.2.2. 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
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GSAS-11°° software. The LeBail Method was first performed. The background was modeled with a
Chebyschev function and 12 coefficients. 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.%%6
The PDF was generated with a Qmax 0f 31.4 A1, The Qmax 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 PDFGUI.52

4.2.3. Synchrotron X-ray Diffraction

Synchrotron X-ray diffraction data were obtained with A = 0.1665 A at the National
Synchrotron Light Source 11 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 12 measurements were taken persample, at temperatures
between 293 K and 73 K. X-ray PDF data were obtained using the program PDFgetX3% with a Qmax

=22 A, Least-squares refinement of PDF data was performed using PDFGUI.5?

4.2.4. Structural visualization

Density Functional Theory (DFT) for visualization of the electron localization functions
(ELFs) was performed using the Quantum Espresso software suite. 4% Calculations were carried
out on the P432:2 cristobalite model obtained from the local fit of the neutron PDF data of
Pb1sNb.Oe 5 at 300 K. Calculations utilized a plane wave basis set and the Perdew-Burke-Ernzerhof
functional for solids (PBEsol).®5¢" Calculations were performed using a5 x 5 x 5 Monkhorst-Pack
grid for Brillouin zone sampling and Gaussian smearing for self-consistent field (SCF) calculations
to achieve convergence. Electron localization functions (ELFs), with an isosurface level of 0.4 /A3,
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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.®

4.2.5. 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.

4.2.6. Heat Capacity

Sintered pellets of Pb1sNb2Ogs 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 capacity measurements (170 — 400

K) were additionally performed on a TA Instruments DSC 2500 using the same sample.
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4.3. Results

Previous reports on Pb1 sNb,Qs 5 indicate the room-temperature structure to be cubic with Fd3m
space group.®® 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 auseful tool to investigate relatively light elements such as oxygen within a matrix of heavy elements,

e.g., Pb and Nb.
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Figure 4-2: (a) Rietveld fit of neutron diffraction data (BT-1, NCNR, NIST) against the cubic Fd3m 16d
model (resulting Rw = 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.

In addition to increased sensitivity to light atoms using neutron radiation, the use of the
Ge(733) monochromator provides high FWHM 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 969
site with isotropic ADPs (Rw = 7.33% and 7.28%, respectively), with the fit to the 16d model shown

in Figure 4-2a. Vacancy disorder on the 8b site was determined for both models as fits to an
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O’/vacancy- ordered F43m model (with 4a site empty and 4c site fully occupied and vice versa)
resulted in Ry = 18 %, significantly higher than an Rw 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 Uxx ADP of 0.024 A2 indicating displacement perpendicular to the Pb—O’ bond
(illustrated in Figure 4-2b) while modeling Pb at 969 led to a smaller Uis, value of 0.003 AZ. For
both models, Pb site occupancies were refined with Pb vacancies disordered across the site. This
reduction in Pb Uisos With off-centering suggests 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.O7'° and Bi,Ru.07.” This is notably different than other Pb?* pyrochlores
such as Pb2Ru2065°" and Pb2Sn,0g'® where the Pb atoms are displaced along the Pb-O’/vacancy
direction. In addition to disorder on the Pb site in Pb1sNb2Oss, a large isotropic ADP of 0.061A2
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 4-3 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 4-3a. The A-site atoms can displace in a 2-in-2-out
fashion, resulting in an ordered P 43m model,’*"2illustrated in Figure 4-3b. Alternatively, their local
displacements can be characterized with a beta-cristobalite model*”"37# in which the tetrahedral
sub-units can rotate about the corner-shared vertices (depicted in Figures 4-3c and 4-d). The

cristobalite-like displacements can be described with either the P43212 (#96) or P41212 (#92) space
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groups, which are structural enantiomers and result in equivalent models for powder experiments. In
the cristobalite model (either space group #96 or #92), the OPb4 tetrahedral rotations break the planar
symmetry of the ideal ring of OPb. tetrahedra in the Fd3m 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 Pb1sNb2Os s.
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Figure 4-3: lllustration of Pb-distortions in the local models used for analysis of PDF data: (a) the cubic
Fd3m with no OPby distortions, (b) cubic P43m model with “two in two out” distortions of Pb, (c) and
(d) cristobalite-type distortions, shown here as the two enantiomorphic space groups with rotations of

the OPb4 tetrahedra.
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Rietveld analyses of variable temperature neutron powder diffraction data (NOMAD, SNS,
ORNL) indicate that an Fd3m model (either 16d or 96g variations) accurately describes the average
structure at room temperature down to 100 K, with Ry values less than 10 % for all temperatures
(fits shown in Supporting Information Figure 4-S1). The refinements indicate an increase in Ry
with cooling, accompanied by elevated ADPs for Pb and O’ at all temperatures. The Nb Uis, values
decrease slightly upon cooling. This suggests the off-centering is static, and disorder on Pb and O’
sites persist at all measured temperatures. A summary of the Rietveld refinements can be found in
the Supporting Information Table 4-S1. To investigate the nature of the disorder on the Pb and O’
site, joint analysis of the neutron (NOMAD, SNS, ORNL) and X-ray (PDF, NSLS-I1, BNL) pair
distribution function (PDF) was performed at 300, 200, and 100K. The data was 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 4-S2. Structural candidates were comparedand evaluated by the
goodness-of-fit metric Rw 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 datafor the
16d and 96g models can be seen in the supporting information Figures 4-S3 and 4-S4,
respectively. The data is well-described by the models over the long-range (r > 6 A), but it can be
observed that the peaks are not completely described in the local range (r <6 A) , indicated by
dashed lines in the fits. This suggests that the local arrangements of atoms is lower in symmetry
than Fd3m, and prompts investigation using the distorted P43m and cristobalite models.

The Rw values of the fits against the four candidate models - Fd3m (Pb in 16d), Fd3m (Pb
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in 96g), P43m, and P43212/P4,212 cristobalite - across different real-space distances (upper bound
of fit indicated by rmax) are shown in Figure 4-4. 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
either cubic Fd3m structure is the best description of the data at and greater than rmax of 12 A. Upon
cooling, the cristobalite structure appears to equally or better describe the data out to longer length
scales (rmax of 30 A). The Ry of the fit against the cristobalite model data is lowest for all length

scales at 100 K, suggesting a long-range structural transition upon cooling.
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Figure 4-4: Goodness-of-fit parameter Ry 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 K, (b) 200 K, and (c) 100 K.
The most local fit (r =1.6-6 A) is best described with the lowest Rw by the cristobalite model at all
temperatures, as well as intermediate (r =1.6-12,18 A) and long-ranges (r =1.6-24, 30 A) at lower
temperatures, whereas the lowest Ry is observed for the cubic Fd3m (96g) model with the intermediate

and long-range data at 300 K.
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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
Rw 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 measurements 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 4-5a, which is 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
there may be a structural change at this temperature, which is consistent with or 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 4-5b) and using a physical properties measurement system (PPMS) to investigate
behavior at lower temperatures. Heat capacity measurements 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.
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Figure 4-5: (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.
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4.4. 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 4-6) by
capturing the metal coordination environments more successfully. 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 are needed to investigate distortions in the Nb
coordination environment. In addition to the coordination environments, the peaks between 4-4.5
A are better captured with this cristobalite model. The partial PDFs from the high symmetry Fd3m
are plotted in Figure 4-S2, and it can be seen that the peaks between 4-4.5 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 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 the Figures 4-S3 and 4-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 analysis that the material does not undergo a clear phase transition, but
suggests that the global structure, while cubic, might be better described somewhat disordered

version of the cristobalite structure that averages out to appear cubic.
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Figure 4-6: 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 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.
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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 temperatures (and
higher C/T ®) the more disordered the material. Figure 4-7 illustrates our data presented in context
with data from other pyrochlores in the literature. Y,Ti>O7 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>O7, the charge-ice Bi,Ti>O7 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 Pb2Ru20Oe 5 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 a
higher temperature and lower value of the peak maximum.>! It should be noted that even though
these lone pairs are ordered, they still contribute to the phonon behavior inexcess of the Debye model.
Our Pb1s5Nb20e s measurements exhibit temperature and peak maximum values closer to that of
Bi,Ti207, which is in agreement with disordered vacancies and lone pair driven distortions in the

material.
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Figure 4-7: (a) Specific heat (C) and (b) C/T 3vs. T of Pb1sNb2Oss (black) compared with data
from the literature on other pyrochlores (error bars represent one o). Y2Ti207 (grey) exhibits the
least amount of disorder and Debye-like behavior (data from ref. 75.) Pb2Ru2Os5 (yellow) has a
small degree of disorder due to stereochemically active lone pairs (data from ref. 51.), but the
correlated ordering of these distortions results in a much more ordered structure than the charge ice

Bi,Ti2Oy7 (red), which has the highest amount of disorder of the samples (data from ref. 75).
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The existence and ordering of the O’ vacancies in Pb2Ru20¢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 Pb1sNb2Oes, density functional theory (DFT) calculations were
performed on the distorted cristobalite model to understand the nature of the stereochemically active
lone pair. Electron localization functions (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 4-8, where
localized lone pair density is present on the undercoordinated Pb site next to a vacancy (indicated
by a dashed circle) and faces towards 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,Os5,°! where ordering of these vacancies is
tied to the ordering of the lone pair distortions. In Pb1sNb2Og 5, 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 the A and O’ sites. Such pyrochlores, including Pb1sNb20ss %% and Pb1sTa:0s5,% possess
relatively electropositive B-site cations with a 5+ oxidation state. Other Pb-based cubic pyrochlores,
such as PbTc207-x,”” PboRU206 5,5t PbaR207-x, "8 PbaRe207-x,”® Ph20s207-x,8 and Pbalr206 5,
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
Pb2Sn,06%°), the A-site is fully occupied and the O’ vacant to maintain charge neutrality. This

suggests that the identity and chemistry of the B-site cation is a critical component in the formation
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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 Pb1.sNb2Og s is the subject of

a forthcoming manuscript.

Figure 4-8: Electron localization function (ELF) of the distorted cristobalite structure shown along
a (110) slice of the unit cell with an isosurface level set to 0.4. The location of an O’ vacancy is

indicated by the red dashed circle.
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4.5. Conclusion

It is evident through this work that the lone pair behavior of Pb1sNb2Oss is complex and
directly tied to the nature of the vacancies on the O’ site of the pyrochlore network. Both the
vacancies and the 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. Interestingly, closer inspection ofthe variable temperature data
(displayed together in the supporting information Figure 4-S5) 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 CsSnBrs,*® 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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Refined crystallographic data for the nominal Pb1.sNb2Og s with the A-site cation in the ideal
16d position. Fits of the neutron diffraction data (NOMAD, SNS, ORNL, bank 5) at (a) 300K, (b)
200K, and (c) 100K against the Fd3m model with Phin the 16d Wyckoff position. Experimental data
collected at various temperatures compared to calculated partials from cubic Fd3m model with the

A-site cation in the 16d Wyckoff position. Fits of the NPDF data (NOMAD, SNS, ORNL) against
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the cubic Fd3m model at (a) 300K, (b) 200 K, (c) 100K. Fits of the NPDF data (NOMAD, SNS,
ORNL) against the cubic Fd3m model at 300K, (b) 200 K, (c) 100K. Variable temperature (a)

neutron (NOMAD, SNS) and (b) X-ray (28-1D-1, BNL) PDF data from 300 to 100 K.
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Chapter 5 Rietveld Refinement on Cubic Pyrochlore Fd3m against Different Models at

Different models including cubic Fd3m 16d, cubic Fd3m 96g, F43m, cristobalite

100K, 200K, and 300K in Pb15Nb20s.5

P212121, and cristobalite P41212 were used for analysis of PDF data at 100 K, 200 K, and

300 K. The data were refined using the Rietveld methods in the GSAS-I11 software. The A-

site cation atoms occupy at the Wyckoff 16d position which is in the center of the BOs

hexagonal ring in an ideal pyrochlore structure, with Fd3m space group. When the

symmetry of the cubic pyrochlore structure is reduced, the A-site cation is displaced into

different Wyckoff positions including 96g (toward the ring) and 32e (above and below the

ring plane) site. Banks 4 and 5 cover different d-spacing when collecting neutron

diffraction data from the NOMAD instrument. Bank 5 has higher resolution than bank 4.
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using bank 4 (resulting Rw = 8.32%).
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Figure 5-2: Rietveld fit of neutron diffraction data against the cubic Fd3m 16d model at 300 K

using bank 5 (resulting Rw = 6.96%).
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Figure 5-3: Rietveld fit of neutron diffraction data against the cubic Fd3m 16d model at 200 K

using bank 4 (resulting Rw = 9.58%).
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Figure 5-4: Rietveld fit of neutron diffraction data against the cubic Fd3m 16d model at 200 K

using bank 5 (resulting Rw = 7.51%).
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Figure 5-5: Rietveld fit of neutron diffraction data against the cubic Fd3m 16d model at 100 K

using bank 4 (resulting Rw = 9.91%).
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Figure 5-6: Rietveld fit of neutron diffraction data against the cubic Fd3m 16d model at 100 K

using bank 5 (resulting Rw = 8.20%).

Figures 5-1 to 5-6 show the Rietveld fit of diffraction data against the cubic Fd3m
16d model at 300 K, 200 K, and 100 K using banks 4 and 5. The summary of these
refinements is reported in Figures 5-7 and 5-8 with banks 4 and 5, respectively. The cubic
structure is best fit at 300 K and get worse upon colling based on our Ry values for both

banks 4 and 5.
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0 Pbl Pb F 0.50000 0.50000/ 0.50000 0.7386 -3m(111) (16 || 0.02416
1 Nb1 'Nb F 0.00000 0.00000/ 0.00000 1.0060 -3m(111) (16 || 0.00923
2 01 0 F 031342 012500 0.12500 09992 mm2(d100) 48 || 0.00963
3 049 O F 0.37500, 0.37500| 0.37500/ 0.4630 -43m 8 | 0.06176

NOMAD Cubic Yellow at 100K_Bank 4_Fd-3m_16d R, =9.92%
| General | Data | /Atoms | Draw Options | Draw Atoms | RBModels | Mappeaks = MC/SA | RMC | Texture

Name Type refine x y z frac sitesym <mult I/A  Uiso
0 Pb1 |Pb |F 0.50000, 0.50000 0.50000 0.7386 |-3m(111) (16 | 0.02110
1 Nb1 Nb F 0.00000, 0.00000, 0.00000 1.0058 |-3m(111) (16 | 0.00801
2 01 o} F 0.31362| 0.12500| 0.12500| 0.9994 mm2(d100) 48 || 0.00801
3 049 O F 0.37500| 0.37500| 0.37500, 0.4587 -43m 8 I 0.05979

Figure 5-7: Refined crystallographic data of cubic Fd3m 16d at 100 K, 200 K, and 300 K

from bank 4.
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NOMAD Cubic Yellow at 300K_Bank 5_Fd-3m_16d R, =6.96%

| General | Data  Atoms | Draw Options | Draw Atoms  RBModels | Map peaks = MC/SA  RMC = Texture
Name Type  refine x y z frac sitesym | mult I/A  Uiso

0 bl_]Pb 050000 050000 050000 0.7440 -3m(111) |16 || 0.02582

1 Nbl  Nb 0.00000 0.00000 0.00000 1.0000 -3m(111) 16 || 0.01003

2 ) 031358 012500 0.12500 1.0000 mm2(d100) 48 | 0.00989

3 049 © 037500 037500, 037500 04740 -43m g 0.05606

NOMAD Cubic Yellow at 200K_Bank 5_Fd-3m_16d R, =7.53%
| General | Data  iAtoms Draw Options = Draw Atoms | RBModels =Map peaks MC/SA RMC | Texture

Name Type refine x y z frac sitesym <mult I/A  Uiso
0 Pb1  Pb F 0.50000, 0.50000 0.50000 0.7319 -3m(111) (16 |l 0.02279
1 Nb1 Nb |F 0.00000 0.00000, 0.00000 1.0113 -3m(111) (16 || 0.00901
2 o1 o) F | 031362] 0.12500 0.12500 0.9992 mm2(d100) 48 | 0.00850
3 04 O F 037500, 0.37500, 0.37500 0.4718 -43m 8 | 0.05487
NOMAD Cubic Yellow at 100K_Bank 5_Fd-3m_16d R, =8.20%
| General | Data Atoms: Draw Options  Draw Atoms | RBModels | Map peaks MC/SA  RMC | Texture
Name | Type refine x y z frac sitesym | <mult I/A  Uiso
0 Po1 Pb F | 050000 050000 050000 07270 -3m(111) 16 | 0.01973
1 Nb1 Nb F 0.00000 0.00000, 0.00000 1.0114 -3m(111) (16 || 0.00840
2 o1 0] F 0.31379) 0.12500 0.12500 1.0008 mm2(d100) 48 || 0.00766
3 04 O F 0.37500, 0.37500, 0.37500 0.4699 -43m 8 | 0.05376

Figure 5-8: Refined crystallographic data of cubic Fd3m 16d at 100 K, 200 K, and 300 K

from bank 5.
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General  Data Draw Options | Draw Atoms | RB Models | Map peaks MC/SA | RMC = Texture Phases & Data

ob
L2 Name Type refine x y z frac sitesym mult I/A  Uiso : calsc
0 Pbl Pb F | 051457 051457 049095 01229 m(=-) 9% | 000688 <~ bkg
1 Nb1 Nb F 000000 0.00000 000000 1.0048 |-3m(111) |16 | o142, —— dff
1.00 4 | Fd-3m_96g_300K
2 o o F 031331 012500 012500 1.0004 mm2(d100) 48 | 0.01213
3 049 0 F 037500 037500 037500 0.4662 -43m g |l 0.05740

R,=8.91%

Normalized intensity

—0.25

4000 6000 8000 10000 12000 14000 16000

TOF, us

Figure 5-9: Rietveld fit of neutron diffraction data against the cubic Fd3m 96g model at 300 K

using bank 4 (resulting Rw = 8.91%).

os{  General | Data Draw Options | Draw Atoms = RB Models = Map peaks = MC/SA | RMC | Texture Phases & Data
Name Type refine x y z frac sitesym mult I/A  Uiso ; °b|5
| l | | | | l | | | — calc
0 |Pb1 PbF 051390 0.51390 049045 0.1218 m(+-0) % | 0.00686 — bkg
1 Nb1 Nb F 0.00000, 0.00000 0.00000 1.0041 -3m(111) |16 | 0.01138 — diff
06 2 01 (0] F 031369 0.12500 0.12500 1.0018 'mm2(d100) 48 | 0.01131 | Fd-3m_96g_300K
3 049 O F 037500, 0.37500 037500, 0.4747 -43m 8 | 0.05571
- 0,
R,=7.25%

Normalized intensity

o
~

| . . |
00 WANMMM\MUAWWWV\QWMM L~

4000 6000 8000 10000 12000 14000

TOF, ps

Figure 5-10: Rietveld fit of neutron diffraction data against the cubic Fd3m 96g model at 300 K

using bank 5 (resulting Rw = 7.25%).
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General | Data ||Atoms | Draw Options | Draw Atoms | RBModels = Map peaks = MC/SA | RMC | Texture

- 0
= Name Type refine x y z frac sitesym mult I/A  Uiso RW_IOZSA
0 Pl P F 051373 051373 049117 01228 m(+-0) (% | | 0.00595
100 1 [Nt Nb F 000000 000000 000000 1.0036 -3m(111) 16 | | 001042
2 |ot o F 031371 012500 012500 1.0015 mm2(d100) 48 || | 0.01037
3 049 0 F 037500 037500 037500 0.4603 -43m 8 I | 006432

Normalized intensity
7,

L L TR LT (A 1 Y A A A | koA I | bl I [

Phases & Data
—+— obs

|
-0.25 !
|
! — calc
1
1
|
1

— bkg
— diff

-0.50
| Fd-3m_96g_200K

4000 6000 8000 10000 12000 14000 16000

TOF, pus

Figure 5-11: Rietveld fit of neutron diffraction data against the cubic Fd3m 96g model at 200 K

using bank 4 (resulting Rw = 10.25%).

General = Data % Draw Options  Draw Atoms | RB Models = Map peaks | MC/SA  RMC | Texture Phases & Data
—+— obs
08 Name Type refine x y z frac sitesym ~mult I/A  Uiso —— calc
0 [Pb1  PbF 051331 051331 049063 0.1215 m(+-0) % | 0.00510 — bkg
1 Nbl Nb F 0.00000 0.00000 0.00000 1.0076 -3m(111) (16 || 0.01007 — diff
2 [ot 0o F 031375 012500 0.12500 1.0013 mm2(d100) 48 | 0.00964 | Fd-3m_96g_200K
06 3 049 0 F 037500 037500 037500 04744 -43m g | 0.05545
R,=7.52%

Normalized intensity
o
4

o
I~

! 1 l A " I " P
o MWWWMWWUMWWWMMMM
1 I
4&00 6000 8000 10000 12000 14000 I
TOF, ps

Figure 5-12: Rietveld fit of neutron diffraction data against the cubic Fd3m 96g model at 200 K

using bank 5 (resulting Rw = 7.52%).

94



General = Data Draw Options = Draw Atoms = RB Models = Map peaks = MC/SA | RMC = Texture Phases & Data

—+— obs
Name Type refine x y x frac sitesym mult I/A  Uiso — calc
125 0 Pb1  Pb F 051344 051344 049108 0.1230 m(+-0) 9% | 000387 —_ ::;?
1 Nb1 Nb F 0.00000 0.00000 0.00000 1.0052 -3m(111) 16 | 0.00814 | Fd-3m_96g 100K
100 2 o1 0 F 031361 0.12500 0.12500 1.0001 |/mm2(d100) |48 | 0.00843
3 049 O F 037500 0.37500 0.37500 0.4618 |-43m 8 | 0.05705

R,=10.05%

Normalized intensity
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Figure 5-13: Rietveld fit of neutron diffraction data against the cubic Fd3m 96g model at 100 K

using bank 4 (resulting Rw = 10.05%).

General = Data Draw Options | Draw Atoms = RBModels Map peaks = MC/SA RMC | Texture Phases & Data
ob:
08 Name Type refine x y z frac sitesym mult I/A  Uiso : calsc
Pb1  Pb F 051296 051296 049103 01217 m(+-0) 9% | 0.00274 = :kf?
— O
Nbl Nb F 0.00000, 0.00000° 0.00000 1.0075 -3m(111) (16 | 0.00864 | Fd-3m_96g_100K
|01 0o F 031381 0.12500° 0.12500 1.0014 mm2(d100) 48 | 0.00778
0.6 049 O F 037500, 0.37500 037500 0.4749 -43m 8 | 0.05292

0.4

Normalized intensity
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R,=7.80% 5
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Figure 5-14: Rietveld fit of neutron diffraction data against the cubic Fd3m 96g model at 100 K

using bank 5 (resulting Rw = 7.80%).
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Figures 5-9 to 5-14 show the Rietveld fit of diffraction data against the cubic Fd3m
96g model at 300 K, 200 K, and 100 K using banks 4 and 5. The summary of these
refinements is reported in Figures 5-15 and 5-16 with banks 4 and 5, respectively. Similar
to the Rietveld fit of neutron data against the Fd3m 16d, the cubic Fd3m 96g is also best

fit at 300 K and gets worse upon cooling.

NOMAD Cubic Yellow at 300K_Bank 4_Fd-3m_96g R,=8.91%
General | Data Draw Options = Draw Atoms | RB Models Map peaks = MC/SA | RMC | Texture
Name | Type refine x y z frac sitesym | mult I/A  Uiso
0 Pb1 Pb F | 051457 051457 049095 01229 m(+-0) 9% || 0.00688
1 [Nb1  'Nb F 0.00000, 0.00000, 0.00000, 1.0048 -3m(111) 16 | 0.01142
2 |01 0 F 0.31331) 0.12500| 0.12500| 1.0004 'mm2(d100) 48 || 0.01213
3 049 O F 0.37500/ 0.37500, 0.37500, 0.4662 -43m 8 | 0.05740
NOMAD Cubic Yellow at 200K_Bank 4_Fd-3m_96g R, =10.25%
General | Data m Draw Options = Draw Atoms = RB Models | Map peaks = MC/SA  RMC | Texture
Name Type refine x y z frac sitesym <mult I/A| Uiso
0 |Pb1 Pb F | 051373 051373 049117 01228 m(+-0) 9% | 000595
1 [Nb1T 'Nb F 0.00000/ 0.00000 0.00000 1.0036 |-3m(111) 16 | 0.01042
2 |01 0 F 031371 0.12500 0.12500 1.0015 'mm2(d100) 48 I 0.01037
3 |049 O F 037500 0.37500| 0.37500/ 0.4603 -43m 8 I 0.06432
NOMAD Cubic Yellow at 100K_Bank 4_Fd-3m_96g R, =10.05%
General | Data m Draw Options | Draw Atoms = RB Models = Map peaks | MC/SA = RMC Texture
Name Type refine x y z frac sitesym mult I/A  Uiso
0 Pb1 Pb F | 051344 051344 049108 01230 m(+-0) 9 | 000387
1 [Nb1  'Nb |F 0.00000| 0.00000, 0.00000 1.0052 -3m(111) 16 | 0.00814
2 |01 0 F 0.31361| 0.12500° 0.12500, 1.0001 'mm2(d100) 48 I 0.00843
3 049 O F 0.37500| 0.37500, 0.37500 0.4618 |-43m 8 I 0.05705

Figure 5-15: Refined crystallographic data of cubic Fd3m 96g at 100 K, 200 K, and 300 K

from bank 4.
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NOMAD Cubic Yellow at 300K_Bank 5 Fd-3m_96g R,=7.25%

[ General I Data BAtoms}I Draw Options ] Draw Atoms I RB Models I Map peaks I MC/SA I RMC I Texture
Name Type refine x y z frac sitesym mult I/A| Uiso
0 Pb1 Pb F 0.51390  0.51390 049045 0.1218 m(+-0) % |l 0.00686
1 Nb1 Nb F 0.00000° 0.00000 0.00000 1.0041 -3m(111) 16 | 0.01138
2 o o F 031369 0.12500 0.12500 1.0018 mm2(d100) 48 | 001131
3 049 O F 037500 0.37500) 0.37500/ 0.4747 -43m 8 I 0.05571
NOMAD Cubic Yellow at 200K_Bank 5 Fd-3m_96g R, =7.52%
| General | Data  iAtomsi Draw Options = Draw Atoms = RBModels = Map peaks = MC/SA  RMC | Texture
Name Type refine x y z frac sitesym mult I/A| Uiso
0 Pb1 Pb F 0.51331) 051331 0.49063 0.1215 m(+-0) |96 | 0.00510|
1 Nb1 Nb F 0.00000  0.00000 0.00000 1.0076 -3m(111) 16 | 0.01007
2 o1 0 F 031375 0.12500, 0.12500 1.0013 ' mm2(d100) 48 | 0.00964
3 049 O F 037500, 037500 0.37500) 0.4744 -43m 8 I 0.05545
NOMAD Cubic Yellow at 100K_Bank 5 _Fd-3m_96g R, =7.80%
| General | Data | |Atoms | Draw Options | Draw Atoms = RBModels = Map peaks = MC/SA  RMC | Texture
Name Type refine x y z frac sitesym |<mult I/A  Uiso
0 Pbl  Pb F 051296, 0.51296 0.49103| 0.1217 m(+-0) % | 0.00274
1 Nb1  Nb F 0.00000 0.00000 0.00000, 1.0075 -3m(111) |16 | 0.00864
2 o1 0 F 031381 0.12500 0.12500 1.0014 mm2(d100) 48 | 0.00778
3 049 O F 0.37500, 0.37500| 0.37500| 0.4749 -43m 8 I 0.05292

Figure 5-16: Refined crystallographic data of cubic Fd3m 969 at 100 K, 200 K, and 300 K

from bank 5.
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General ~ Data Draw Options = Draw Atoms = RB Models = Map peaks MC/SA RMC | Texture Pz R = 50 2 7(y :
124 - - - wo . (o] '
Name Type refine x y z frac sitesym mult I/A  Uiso :
0 [Pb1 Pbe2 | 089392 089392 089392 -04323  3m(111) 16 | 022606, :
107 1 Nb2 Nb+5 036784 036784  0.36784 1843012.3280 3m(111) 16 | 245124 :
2 |01 0-2 0.32429,  0.00000 0.00000 1.2904 mm2(d100) 24 | 0.03968 1
3 |02 0-2 0.40172) 0.25000 0.25000 0.6752 mm2(d100) 24 | 0.00473 :
g8 4 03 |02 0.75000 0.75000 0.75000 14174  |-43m 4 | -0.03365 .
= I
2 i i
g | Phases & Data !
-_s 0.6 : +— obs :
o I — calc I
= | |
'E" y  — bkg |
5 o4 I — diff !
= : | Lead ruthenium oxide (2/2/6.5) :
I I
I I
0.2 1 I I
1 | 1
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Figure 5-17: Rietveld fit of neutron diffraction data against the F43m model at 300 K using bank

4 (resulting Rw = 50.27%).

I = = I
vel | General | Data |[Atomsl | Draw Options | Draw Atoms | RBModels | Mappeaks | MC/SA | RMC | Texture R =49.42% |
84| w— . (o] 1

Name Type refine x y z frac sitesym mult I/A  Uiso :
0 [Pbl  Pbe2 | 091949 091949 091949 10854 3m(111) |16 | | 000243 :
1 N2 Nb+S 038398 038808 038898 09278 3m(111) 16 || | 000303 .
os 2 |o1 o2 030657 000000 000000 10343 mm2(d100) 24 |I | 000522 :
3 02 |02 047134] 025000 025000 0.6412 mm2(d100) 24 || | 0.01585 :
- 4 03 02 075000 075000 075000 1.3641 -43m 4 I o217 ;
— ] 1
g : Phases & Data :
€ os = l
- | — calc |
Y | —— bkg l
35 — aff |
1S , | Lead ruthenium oxide (2/2/6.5) '
S 1 1
= 0.2 I I’ I
I I
I I
I I
T i “:‘ K I
A M o

Mo WA AN
0.0 4 | “ I A 1 \ \ !
V R A VO T T W Y T ATy vywwvw \vvvauvuuw\/\/ \WJV\/J\J\N o e Lot
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Figure 5-18: Rietveld fit of neutron diffraction data against the F43m model at 300 K using bank

5 (resulting Rw = 49.42%).
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: I
. General = Data ‘ Draw Options | Draw Atoms | RB Models Map peaks = MC/SA | RMC | Texture P R _ 5 3 6 2 % N :
- . I
Name Type  refine x y z frac sitesym mult I/A  Uiso w |
| ! ! ! l I
Lo 0 Pbl  Pb+2 0.90002  0.90002 0.90002| 0.5780 3m(111) 1% | -0.00576 I
I
1 INb2  Nb+5 0.36967 0.36967 0.36967 0.9868 3m(111) 16 | -0.00937 |
%‘ 0.8 2 o1 0-2 0.35918  0.00000 0.00000| 1.1326 mm2(d100) 24 || 0.01004 ;
] 3 02 0-2 047654 025000 0.25000 1.189 mm2(d100) 24 | -0.00094 I
=
S 6 4 03 0-2 0.75000  0.75000  0.75000 -121406.3234  -43m 4 | 1.74736 :
5 |
g : Phases & Data :
© I —+— obs l
0.4 I — calc 1
g I —— bkg |
= I — diff |
02 1 | Lead ruthenium oxide (2/2/6.5) |
1 I
I
0.0 1 -
1 I
| T T R T T C L T T O O T R TR A T [ N I (N} | (B | [
-0.2 ! !
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2
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Figure 5-19: Rietveld fit of neutron diffraction data against the F43m model at 200 K using bank

4 (resulting Rw = 53.62%).

General = Data Draw Options | Draw Atoms = RB Models = Map peaks = MC/SA  RMC = Texture

08 Name Type | refine x y z frac sitesym mult /A Uiso RW=4958%
0 Pl Pbe2 089380 089380 09380 1.1819 3m(111) 16 | 001842
1 Nb2  Nb+5 040128 040128 040128 10355 3m(111) 16 | | 0.00065
2 |o1 02 032725 000000 000000 05499 mm2(d100) 24 || | 002704
o 3 02 |02 042357 025000 025000 1.0286 mm2(d100) 24 | | 0.00838
4 |03 02 075000 075000 075000 1.5020 -43m 4 I | -01020

Phases & Data
0.4
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—+— obs
| Lead ruthenium oxide (2/2/6.5)
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Figure 5-20: Rietveld fit of neutron diffraction data against the F43m model at 200 K using bank

5 (resulting Rw = 49.58%).
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| General | Data Draw Options | Draw Atoms

RB Models | Map peaks = MC/SA | RMC | Texture
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Figure 5-21: Rietveld fit of neutron diffraction data against the F43m model at 100 K using

bank 4 (resulting Rw = 55.27%).

| General | Data |[Atoms] | Draw Options | Draw Atoms | RBModels | Mappeaks = MC/SA | RMC | Texture

R,=51.12%

|
1
& Name Type  refine x y z frac sitesym mult I/A  Uiso :
0 [Pl Pbe2 | 089560, 089560 0.89560 1.0508 3m(111) |16 | | 001326 |
T |
1 Nb2 Nb+5 040153 040153 040153 1.0911 |3m(111) 16 | 0.00834 \
2 |01 0-2 0.32563  0.00000, 0.00000 0.5767 |/mm2(d100) 24 | 0.04256' |
3 |02 0-2 042322 0.25000 0.25000 0.9447 |/mm2(d100) 24 | 0.00144 :
0.6 4 |03 0-2 0.75000° 0.75000' 0.75000 0.9792 |-43m 4 | -0.04754 |
| |
2 : Phases & Data :
g | = obs '
N | =—— calc |
£ o4 | —— bkg 1
B D — diff !
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]
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Figure 5-22: Rietveld fit of neutron diffraction data against the F43m model at 100 K using bank

5 (resulting Rw = 51.12%).
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Figures 5-17 to 5-22 show the Rietveld fit of diffraction data against the F43m
model at 300 K, 200 K, and 100 K using banks 4 and 5. The summary of these refinements
is reported in Figures 5-23 and 5-24 with banks 4 and 5, respectively. Based on the Ry
values, the F43m model does not fit to the data at all temperatures. Therefore, our data

cannot be described by this model.

NOMAD Cubic Yellow at 300K_Bank 4_F-43m R,=50.27%
General Data Etomj‘ Draw Options | Draw Atoms | RB Models | Map peaks MC/SA | RMC Texture | Pa
Name‘ Type refine x y z frac sitesym 'mult I/A  Uiso
0  Pbl  Pbe2 | 089392 089392 089392 -04323  3m(111) 16 | 022606
1 |[Nb2  Nb+5 0.36784 0.36784  0.36784 1843012.3280 3m(111) 16 I 245124
2 |01 0-2 0.32429  0.00000, 0.00000, 1.2904 mm2(d100) 24 | 0.03968
3 |02 0-2 0.40172] 0.25000| 0.25000 0.6752 mm2(d100) 24 | 0.00473
4 |03 0-2 0.75000 0.75000, 0.75000, 1.4174 -43m 4 | -0.03365
NOMAD Cubic Yellow at 200K_Bank4 _F-43m R,=53.62%
| General | Data | m }VDraw Options j‘rDrawAtoms | RB Models f Map peaks = MC/SA _VRMC7 Texture | P
Name Type refine x y z frac site sym ‘mult I/A  Uiso
0  Pbl  Pbe2 | 090002 090002 090002 05780  3m(111) 16 || -0.00576
1 [Nb2  Nb+5 036967 0.36967 0.36967 0.9868 3m(111) 16 | -0.00937
2 |01 0-2 0.35918  0.00000 0.00000 1.1326 mm2(d100) 24 | 0.01004
3 |02 0-2 0.47654  0.25000 0.25000 1.1896 mm2(d100) 24 | -0.00094
B |03 0-2 0.75000 0.75000  0.75000 -121406.3234 |-43m 4 | 1.74736
NOMAD Cubic Yellow at 100K_Bank4 F-43m R, =55.27%
General Data :_ Draw Options ‘ Draw Atoms | RB Models ‘ Map peaks = MC/SA  RMC | Texture
Name Type refine x y z frac ’ sitesym |mult I/A  Uiso
0  |Pb1 Pbe2 | 090577 090577 090577 10373 3m(111) 16 || | 0.01764
1 |[Nb2  Nb+5 033441 033441 033441 0.2585 3m(111) 16 | 1.66339
| 2 101 0-2 0.31185 0.00000 0.00000 1.0128 |'mm2(d100) 24 || 0.02947
3 |02 0-2 0.49028 0.25000 0.25000 1.1874 'mm2(d100) 24 || -0.00154
4 03 0-2 0.75000, 0.75000, 0.75000 0.9291 |-43m 4 I -0.02877

Figure 5-23: Refined crystallographic data of F43m at 100 K, 200 K, and 300 K from bank

4,
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NOMAD Cubic Yellow at 300K_Bank 5_F-43m R, =49.42%

[ General T Data “AtomﬁT Draw Options I Draw Atoms T RB Models I Map peaks I MC/SA T RMC T Texture
Name Type refine x y z frac sitesym mult | I/A  Uiso
0 Pbl  Pbs2 | | 091949 091949 091949 1.0854 3m(111) 16 | | 0.00243
1 Nb2 Nb+5 038898 0.38898| 0.38898 0.9278 3m(111) 16 | 0.00303
2 o1 |02 | | 030657 000000 0.00000 10343 mm2(d100) 24 | 0.00522
3 02 0-2 047134 0.25000) 0.25000 0.6412 'mm2(d100) 24 I 0.01585
4 03 0-2 0.75000/ 0.75000, 0.75000/ 1.3641 -43m 4 | 0.21798
NOMAD Cubic Yellow at 200K_Bank 5 F-43m R, =49.58%
| General | Data ||Atoms ' Draw Options | Draw Atoms | RBModels = Map peaks = MC/SA = RMC | Texture
Name Type refine x y z frac sitesym | mult I/A| Uiso
0 Pb1 Pb+2 0.89380 0.89380 0.89380 1.1819 3m(111) 16 | 0.01842
1 Nb2 Nb+5 040128 040128 040128 1.0355 3m(111) 16 | 0.00065
2 01 0-2 032725 0.00000 0.00000 0.5499 mm2(d100) 24 | 0.02704
3 02 0-2 042357 0.25000 0.25000 1.0286 'mm2(d100) 24 | 0.00838
4 03 0-2 0.75000, 0.75000 0.75000, 1.5020 |-43m 4 | -0.10260
NOMAD Cubic Yellow at 100K_Bank 5 F-43m R,=51.12%
| General | Data | {Atoms Draw Options | Draw Atoms = RBModels | Map peaks MC/SA RMC | Texture
Name Type refine x y z frac sitesym | <mult I/A| Uiso
0 Pb1  Pb+2 0.89560 0.89560 0.89560 1.0508 3m(111) 16 | 0.01326
1 Nb2 Nb+5 040153 040153 040153 1.0911 3m(111) 16 | 0.00834
2 01 |0-2 032563  0.00000  0.00000 0.5767 mm2(d100) 24 | 0.04256
3 02 0-2 | 042322/ 0.25000 0.25000 0.9447 'mm2(d100) 24 | 0.00144
4 03 0-2 0.75000, 0.75000 0.75000, 0.9792 |-43m 4 | -0.04754

Figure 5-24: Refined crystallographic data of F43m at 100 K, 200 K, and 300 K from bank

5.
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General ' Data = Atoms | Draw Options | Draw Atoms = RBModels = Map peaks = MC/SA | RMC | Text :
= Phases & Data
1.25 Name Type refine x y z frac  sitesym mult /A  Uiso RW—9,06% ob I
—+— obs 1
o [ Je 098315 -000590 074547 0740 1 4 1| 002105 Al \
1 |Pbs  Pb 026186 0.76224 1.00037| 0.7440 1 a | 0.02161 |
Loo 2 [Nb1  Nb 099774 049736 025104 1.0000 1 a4 |l 0.00978 — bkg !
’ 3 NbS Nb 075065 075229 050270 1.0000 1 4 | 0.01064 — diff :
4 o1 o0 0.18793| 093989 037683 1.0000 1 4 |l 0.01042 | P212121 300K -
5 05 0 031282 093992 062336 1.0000 1 4 | 0.01024 = |
> o7 6 ) 081112 006155 0.12455 1.0000 1 4 |l 001476 1
@ 7 013 o0 068820 0.06197 0.87547| 1.0000 1 a |l 0.01331 !
S 8 017 0 050051 0.24959 0.06283 1.0000 1 4 I 0.01045 :
2 9 021 0 000047/ 024947 031308| 1.0000 1 a |l 0.00913 ;
- 050 10 05 O 0.01902] 025560 0.65282| 04740 1 4 | 0.03209 | I
s |
= 1
g i
1
g 025 !
_J !
" e . |
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Figure 5-25: Rietveld fit of neutron diffraction data against the cristobalite P212:2; model at 300

K using bank 4 (resulting Rw = 9.06%).

General = Data = Atoms | Draw Options = Draw Atoms | RB Models | Map peaks = MC/SA  RMC & Textt !
R,=10.14% e |
— Name Type refine  x y z frac | sitesym mult I/A  Uiso w s Phases & Data :
o e _Je 100135 099987 0.75006 0.7440 1 4 I | 003005 + obs |
1 Pb5 Pb 025869 0.75074 0.99557 0.7440 1 4 | 0.01533 calc !
i6 2 Nb1  Nb 099906/ 050020 0.25078 1.0000 1 4 | 0.00912 — bkg :
’ 3 NbS  Nb 0.75107] 074976 0.50112] 1.0000 1 4 | 0.00868 — diff )
4 01 (o] 0.18710. 0.93948 0.37539' 1.0000 1 4 | 0.00660 | P212121_200K :
5 05 (o] 0313200 093946 0.62571 1.0000 1 4 | 0.00628 i
g 0.75 4 6 09 (o] 0.81041  0.06009 0.12560' 1.0000 1 4 | 0.00584 |
0:.) 7 013 (o] 0.68343  0.06145 0.87504 1.0000 1 4 | 0.00596 [}
*E 8 017 O 049532 0.22741 0.05898 1.0000 1 4 | 0.05642 !
'.; 0504 9 01 o 0.00264 022780 0.94046 1.0000 1 4 | 0.04011 :
& 10 021 o} 0.00061 024987 0.31779/ 1.0000 1 4 | 0.01154 |
'?; 1 025 O 0.03509 0.24582  0.64251 04740 1 4 | 0.03285 |
g |
S 025 :
2 1
|
|
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i
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] |
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Figure 5-26: Rietveld fit of neutron diffraction data against the cristobalite P2:2:2: model at 200

K using bank 4 (resulting Rw = 10.14%).
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General | Data | [Aoms| | Draw Options | Draw Atoms | RBModels | Mappeaks | MC/SA | RMC | Texti 13 =10.56% :
1254 —lidz—=] o - - frac | sitesym|muit| VA| Ubo w X
0 Pb1  Pb 099178 099865 0.74224 0.7161 1 R 0.01545 [
1 PbS  Pb 025499 0.76797 0.00047 07777 1 4 0.01759 !
1004 2 Nb1  Nb 000067 050001 025199 09917 1 4 0.00822 :
3 NbS  Nb 074802 075355 049918 10137 1 4 0.00789 ,
4 o1 o 018951 093830 037431 1.0047 1 4 0.00881 !
5 05 © 031141 093876 0.62583 1.0078 1 4 0.00829 [
o 0754 6 09 © 080962 0.06197 0.12603 09940 1 4 0.00648 !
g 7 o3 0 068983 0.06148 0.87409 09898 1 4 0.00641 :
g 8 07 0 049818 025072 0.06304 10036 1 4 0.00724 |
S 9 021 0 000031 025169 031325 09806 1 4 0.01267 X
° 10 05 0 1 4 1
L V 1
:—‘G 1 1
g 0254 : :
g 1 1
|

1

0.00
. V\n /\I—L__,,_/—'\\,_,__J !
| O O NN (OO 1 NOON 0CURORR OUUNNNR DRRRRAN O HORD RURRRRD D RRRT RN Wi mmwnp !
! Phases & Data I
-0.25 1 —— obs !
! — calc !
1 — kg l
1 — diff 1
~0.50 4 : | P212121_100K :
4000 6000 8000 10000 12000 14000 16000
TOF, ps

18000

Figure 5-27: Rietveld fit of neutron diffraction data against the cristobalite P212:2; model at 100

K using bank 4 (resulting Rw = 10.56%).

[ General

d Al Model: M M RM: Te !
Data EE Draw Options = Draw Atoms = RB Models ap peaks C/SA C | Textw RW=9 L 2 0% :
125 Name Type refine x y z frac | sitesym muilt I/A Uiso D
0 Pb1 Pb U 024359 0.99884 0.12545 0.7440 1 8 | 0.02451 :
1 Nb1 Nb U 0.24794 049923 0.62600 1.0000 1 8 | 0.01041 !
1
109, 2 01 (0] U 0.44512] 093864 0.74859 1.0000 1 8 | 0.01351 '
3 03 o U 0.55137/ 0.89553  0.02082 1.0000 1 8 | 0.18923 :
4 09 o U 0.06448 0.06448 0.50000/ 1.0000 2(xy) 4 | 0.01103 |
> 5 o3 0 U 094077 005923 025000 1.0000 2(+-0) 4 I 0.01382 :
2 6 017 ©O U 0.75029) 0.25050 0.43802 1.0000 1 8 | 0.00722 1
‘g - T 025 o} U 0.26592| 0.26592  0.00000/ 0.4740 2(xy) 4 | 0.05873 :
‘S ‘ 1 1
N ' |
"\; 1 1
1 1
g 025 i 4
g | |
1
R : et 1 et
0.00 t
RS e e e BV LSS e T
T T R R L O R E R T N N R B A A B B A !
1 1
025 ! Phases & Data !
| —— obs !
! — calc !
| vy |
1 — diff f
-0.50 | '
i | P41212_300K .
4000 6000 8000 10000 12000 14000 16000
TOF, ys

18000

Figure 5-28: Rietveld fit of neutron diffraction data against the cristobalite P412:2 model at 300

K using bank 4 (resulting Rw = 9.20%).
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General | Data | Atoms | Draw Options | Draw Atoms = RBModels = Map peaks = MC/SA  RMC | Text 28 o3 0 094534 005466 025000 1.0000 2(+-0) 4 | -0.02112
e e > > frac | sitesym| mutt|vA| Uiso 29 |ou o 005466 094534 075000 10000 2(+-0) |4 I | -0.02112
0 Pl Pb 020017] 097594 009251 0740 1 s 1| oooem ——0 101 0 QA534 OMS34 050000 10000 2by) 14 0 | 00212
1 b2 b 075996 000967 063382 07440 1 8 | 0.00755 2 016 10 35466] 033400 0.00000] 300001260, 8 [} ez
2 |3 b 051267 072955 036953 0.7440 1 8 I 0.00804 NI 017 {O T010] 024%66) 0ASH5] 1000 1 8 1 00793
5 e P T T T — i 33 o o 024990 075015 093835 1.0000 1 s |l 0.00791
4 s Pb 027781 048417 013722 07440 1 8 I | o007 SIEENIOY 10 025014 02500] 0688351 1.0000 1} 8 |l | 0007
5 |pbs Pb 073%3 051038 061548 07440 1 8 I | o007 EONENI00 10 fL7a0651 _-O7400] 0188331 10000 11 8|l | 000w
6  Pb7 P 098991 024320 086409 07440 1 8 I | ooon7 EUN 021 |0 OF4000]._10.74%65) 081163 14000 11 8 Il 000791
7 b8 IPb 000246 074034 036673 07440 |1 T 000642 31 |02 o 025010, 025014 031165 1.0000 1 g 0.00791
8 [Nb1  Nb 025926 049377 0.62458 1.0000 1 8 0.00282 38 |03 |0 024986  0.75010, 0.56165 1.0000 1 L 0.00791
9 Nb2  Nb 074398 050609 0.12430 1.0000 1 g | 0.00400 39 |04 O 075014 0.24990 0.06165 1.0000 1 g | 0.00791
10 |Nb3  Nb 000628  0.75585 0.87433| 1.0000 1 8 | 0.00372 40 1025 0 026376  0.26376| 0.00000 0.4740 2(xy) 4 | 001175
1 [Nb4  Nb 099424 024912 036911 1.0000 1 s |l 0.00601 4“1 1026 0 073625 073625 050000 04740 2(xy) 4 |l 001175
122 |Nbs Nb 024604 099538 062622 1.0000 1 8 0.00505 2 |ozz o 023625 076375 025000 04740 2(=-0) 4 I 001175
13 Nb6  Nb 071460, -001256 0.10398 1.0000 1 8 _|i 0.01052 43 |0 0o 076375 023625 075000 04740 2(+-0) 4 I 001175
14 Nb7 Nb 049500 025403 037612 1.0000 1 8 Il 0.00481 ; e — .
15 |Nbe Nb 050244 076492 087808 1.0000 1 8 0.00658 S B =9 99% - i
601 o© 044219 093736 074950 1.0000 1 8 |l 0.00857 : w . s :
17 |02 o 055751 006300 025063 1.0000 1 8 0.00857 10 — '
) 056300 094249 1.00063 1.0000 1 8 | oot & : 1 beata oo :
19 o2 o0 043716 005763 050022 1.0000 1 s |l 00087 § e ! !
20 |05 o 005795 043747 0.50078 1.0000 1 8 ooes7, £ | | :
21 06 © 094214 056260 000074 1.0000 1 s |l 000857 3 ' :
2 o7 o 093709] 044244 024933 1.0000 1 8 |l 000857 = 5] i
23 o o 0.06281  0.55765 074927 1.0000 1 L 000857, E d !
24 09 o0 007219 007219 050000 10000 2(xy) |4 | | -00212 S oo - - -
25 jowo 0 092781 092781 000000 1.0000 2(xy) |4 || | -002212 i R T TR Y 1
2% on o 042781 057219 075000 10000 2(=-0) |4 || | -002212 a1 ]
217 o2 o 057219 042781 025000 1.0000 2(+-0) |4 || | -002212 / .
28 o o 094534) 005466 025000 1.0000 2(=-0) |4 || | -002112 B L
o0 400 2000 10500 12600 1480 16500 18000
TOF, us

Figure 5-29: Rietveld fit of neutron diffraction data against the cristobalite P412:2 model at 200

K using bank 4 (resulting Rw = 9.99%).

1501 | General | Data = Atoms | Draw Options | Draw Atoms = RBModels | Mappeaks = MC/SA | RMC | Text.

Phases & Data

Name Type refine x y z frac | sitesym mult /A Uiso —+— obs
125 I = | 025918 098841 012244 0.7415 1 & I | 001668 — calc
1 [Nbl Nb 025528 049757 062543 1.0048 |1 8 | | oo0omn — bkg
2 Jot o 043845 093785 075003 09329 1 8 I | 000938 — diff
1001 3 Joo o 006129 006129 050000 10056 2(y) 4 || | 000945 | P41212 100K
4 |oz o 093935 006065 025000 10652 2(+-0) |4 || | 000819 =
5 o7 o 074993 024957 043858 1.0238 |1 8 | | 000601
075 6 |05 0 026711 026711 000000 04587 2(xy) 4 |l

0.25 4
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= 1 R,=10.18%
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Figure 5-30: Rietveld fit of neutron diffraction data against the cristobalite P412:2 model at 100

K using bank 4 (resulting Rw = 10.18%).
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Figures 5-25 to 5-27 and 5-31to 5-33 show the Rietveld fit of diffraction data against
the cristobalite P212:2; at 300 K, 200 K, and 100 K using banks 4 and 5, respectively. The

data is best fit at 300 K when using bank 5 and get worse upon cooling for both banks.

Figure 5-28 to 5-30 and 5-34 to 5-36 show the Rietveld fit of diffraction data against
the cristobalite P4:2:2 at 300 K, 200 K, and 100 K using banks 4 and 5, respectively. The

data is best fit at 300 K when using bank 4 and get worse upon cooling for both banks.

General = Data = Atoms | Draw Options = Draw Atoms = RBModels | Map peaks MC/SA | RMC = Text - 0, Phases & Data !
- R,=31.76% ,
Name Type refine x y z frac  sitesym mult I/A  Uiso —+— obs !
|
o PoiJee x 100136 000439 073760 0.7440 1 4 0.03463 — alc I
1 Pb5 Pb X 0.24882 0.75183| 0.97879 0.7440 1 4 | 0.03123 — bkg |
06 2 Nb1 Nb X 099239 0.50102 0.25289, 1.0000 1 4 0.01869 — diff :
' 3 NbS Nb X 075107 074947 051832 1.0000 1 4 I | 00070 | P212121 300K |
4 01 o X 0.19656, 0.93911 0.33341| 1.0000 1 4 | 0.01459 = !
5 05 0 X 0.30715 093606/ 0.62557 1.0000 1 4 | 0.00858 :
.é\ 6 09 o X 0.80984  0.06142] 0.11150 1.0000 1 4 | 0.01010 |
g 0.4 7 013 o X 0.69500 0.05969 0.83942' 1.0000 1 4 | 0.01700 1
‘g 8 017 © X 049883  0.24788) 0.01703| 1.0000 1 4 | 0.02387 !
;E 9 021 0 X 0.00057 024905 0.32538 1.0000 1 4 | 0.00912 :
ﬁ 10 025 O X 0.02334 0.26629 0.65444 04740 1 4 | 0.04179 |
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Figure 5-31: Rietveld fit of neutron diffraction data against the cristobalite P212:2; model at 300

K using bank 5 (resulting Rw = 31.76%).
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General | Data = Atoms  Draw Options | Draw Atoms = RBModels | Map peaks =MC/SA  RMC | Text: R e 10 ) 2 3 % Phases & Datal
0.8 Name Type refine x y z frac | sitesym mult I/A  Uiso w —+— obs
o Per ] v 101396 099908 074677 07440 1 4 1| 002065 — alc
1 Pb5 Pb U 0.24815  0.75099 1.00059 0.7440 1 4 | 0.01853 — bkg
2 Nb1  Nb U 1.00213 0.49887| 0.25002] 1.0000 1 4 | 0.00805 — diff
06 3 INb5 Nb U 0.75218  0.75107| 0.50148 1.0000 1 4 | 0.01070 | P212121_200K
4 |01 (0] U 0.18695 0.94000| 0.37601 1.0000 1 4 | 0.00916
.é‘ 5 05 0 U 031349 0.93%44 0.62517/ 1.0000 1 4 | 0.00840 :
:13, 6 09 o u 0.81247  0.05936, 0.12597| 1.0000 1 4 | 0.00725 1
:‘E 7 013 0 U 0.68791 0.05952| 0.87731 1.0000 1 4 | 0.00940 :
S 04 8 017 O u 0.51687 023454 0.06672| 1.0000 1 4 | 0.12247 \
& 9 o1’ o U -0.01023 0.24383| 0.94210/ 1.0000 1 4 | 0.01194 1
% 10 021 (] U 0.00298 0.25327| 0.31542| 1.0000 1 4 | 0.00826 :
§ 1 025 O Y 0.01501 0.24428| 0.65114 0.4740 1 4 | 0.02812 |
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Figure 5-32: Rietveld fit of neutron diffraction data against the cristobalite P212:2; model at 200

K using bank 5 (resulting Rw = 10.23%).

General = Data Draw Options | Draw Atoms = RB Models = Map peaks = MC/SA = RMC | Textur o Phases & Data :
s Name Type refine x y frac | sitesym mult I/A  Uiso RW_11'14A —+— obs !
X L 1
0 Pb1  Pb 098048 099798 074946 0.7437 1 4 |l 001322 — aalc |
1 PbS  Pb 024841 0.77042 -0.00005 0.7356 |1 4 |l 001833 —— bkg 1
2 Nb1  Nb 000029 049817 025053 1.0060 1 4 | 0.00914 — diff !
|
3 NbS  Nb 074884 075507 050033 1.0123 1 4 0.00867
|
4 o1 o 018953 093948 037600 1.0163 1 4 0.00824 | P212121 100K i
a8 5 05 © 031195 093833 0.62562 0.9910 1 4 0.00834 |
> 6 09 o 081036 0.06149 0.12427 0.9897 1 4 |l 0.00873 |
B 7 o3 0 068985 006173 087410, 1.0011 1 4 |l 0.00859 !
S 8 o017 © 049488 024688  0.06289| 09939 1 4 0.00989 :
< 9 o o -000376 025006 0313% 1.0033 1 4 | 0.00966 ;
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Figure 5-33: Rietveld fit of neutron diffraction data against the cristobalite P2:2:2: model at 100

K using bank 5 (resulting Rw = 11.14%).
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General | Data | Atoms | Draw Options | Draw Atoms | RBModels | Map peaks = MC/SA | RMC | Text Phases & Data
08 - —+— obs
Name Type | refine x y ‘ z frac  sitesym mult I/A  Uiso calc
0 o Jeb U | 025112 100076 012615 0740 1 & 1| o026 bkg
1 Nl Nb U 025120 0.50026] 0.62612 1.0000 1 8 I | oowon diff
2 oo o v 044076 094003 073345 1.0000 1 8 I | 02199
06 3 o3 o 056050 093904 000353 1.0000 1 8 || | 001087 1 PAIEiL S0dR
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> 5 |o3 o Ju 093689 006311 025000 10000 2(+-0) 4 || | 001123 :
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Figure 5-34: Rietveld fit of neutron diffraction data against the cristobalite P412:2 model at 300

K using bank 5 (resulting Rw = 9.34%).

General | Data | Atoms | Draw Options | Draw Atoms = RB Models iMappuks MC/SA | RMC | Textu
Name Type refine x y z frac ﬁtesymimm VA Uiso

o e e v 025548 1.00201 0.10316 0.7440 1 8 |l 003303 ,
1 Pb2 Pb U 074452 -0.00291 060316 07440 1 8 | 003343 2
2 Pb3 Pb U 049709 0.75548 035316 0.7440 1 8 | 003746 S
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4 s P U 024452 050291 0.14634 07440 1 8 i 002079 £
5 P6 Pb U 075548 049709 064684 0.7440 1 8 i 0.03374
6 7 Pb U 100201 025548 089684 0.7440 1 8 i 0.02875
7 P& Pb U 000291 074452 039684 07440 1 g |l 0.03369
8 N6l Nb U 024784 049724 064164 1.0000 1 g 0.00874
9 Ne2 Nb U 075216 050276 0.14164 1.0000 1 8 0.00883
0 N3 Nb U 000276 074784 089164 1.0000 1 8 i 0.00859
11 Ne4 Nb U 099724 025216 039164 1.0000 1 8 i 0.00889
12 NS Nb U 025216 099724 060836 1.0000 1 8 I 0.00923
13 N6 Nb U 074784 000276 0.10836 1.0000 1 8 i 0.00888
4 N7 Nb U 049724 024784 035836 1.0000 1 g 0.00907
15 N8 Nb U 050276 075216 0.85836 1.0000 1 g 0.00908
%6 01 o0 U 044032 094091 072185 1.0000 1 8 |l 0.04246
17 o2 o 055068 005009 022185 1.0000 1 8 i 0.04625
8 03 o U 055900 094032 097185 1.0000 1 g8 i 0.05059
19 jo4 o v 044091  0.05968| 047185 1.0000 1 g i 0.03492
20 |05 o v 005968 044091 052815 1.0000 1 8 | | -0am67
2t o5 0 v 094032 055909 0.02815 1.0000 1 g | 0.03809
2 |07 0o v 094091 044032 027815 1.0000 1 8 I | -007756
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Figure 5-35: Rietveld fit of neutron diffraction data against the cristobalite P412:2 model at 200

K using bank 5 (resulting Rw = 37.27%).
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Figure 5-36: Rietveld fit of neutron diffraction data against the cristobalite P412:2 model at 100

K using bank 5 (resulting Rw = 38.54%).

Rietveld refinement results show that average structure is best described by Fd3m
16d model 300 K and gets worse upon cooling among all models. The data is also described
well with cristobalite structure at 300 K and get worse upon cooling. The fit gets worse
with temperatures indicating that the cubic model might not be best descriptor at low
temperature. This does agree with what we were seeing in the PDF data at 30 A (long-range
order). Based on PDF Ry, values, the cristobalite models show best fit at lower temperatures
as at long-range order. Therefore, an outstanding question is a presence of phase transition

or is this reflecting that disorder?
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Table 5- 1: Goodness-of-fit parameters Ry of the various local models at 100 K, 200 K,

and 300 K.

Temperature | Fd3m 16d | Fd3m 96g P21212; P412:2

Bank 4 300 K 8.32 8.92 9.06 9.2

200 K 9.58 10.26 10.14 9.99

100 K 9.92 10.05 10.57 10.18

Bank 5 300 K 6.97 7.27 31.76 9.34

200 K 7.53 7.54 10.23 37.27

100 K 8.23 7.82 11.42 38.54
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Chapter 6 General Summary

In this work, we focused the role of stereochemically active lone pair in the Pb 6s? on the
crystal structure and physical properties in the Pb-containing solid-state materials. The structural
characterization was studied using total elastic scattering where both Bragg and diffuse scattering
of diffraction patterns are analyzed by Rietveld and pair distribution function techniques,

respectively.

Chapter 1 describes the classical and revised lone pair models to explain lone pairs of

electrons, their interactions and their influence on structural distortions

Chapter 2 focuses on the fundamentals of structural characterization of materials including

powder X-ray diffraction, Rietveld refinement and atomic pair distribution function.

Chapters 3 describes the study of the lone pair-driven thermochromic behavior in
oxychloride PbVVOsCl. BaVOsCl, which does not contain stereochemically active lone pair, is used
as a control. Local structure details of PbVVOsCl and BaVO3Cl were studied via X-ray and neutron
diffraction pair distribution function. X-ray photoelectron spectroscopy measurements were
employed to probe the evidence of the presence of the 6s? lone pair at the valence band maximum,

which are corroborated by first-principles calculations.

Chapter 4 describes the study of the vacancy-driven disordered and elevated dielectric
response in the defect pyrochlore Pb1sNb20ss. Local distortions are presented by comparing two
models of correlated distortion at all temperature using X-ray and neutron diffraction pair
distribution function analysis. The structural transition upon cooling and the structural influence
on physical properties were investigated by heat capacity and dielectric permittivity

measurements.
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Chapter 5 reports the Rietveld refinement results of neutron diffraction data on the cubic
pyrochlore Fd3m against different models at 100K, 200K, and 300K in Pb15Nb20s.5 using

the GSAS-II software.
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Table 3-S1: Refinement results from powder X-ray diffraction of Pb\VO3Cl and BaVO3ClI

PbVOsClI BaVOsCl
BaVOsCl BaV206
Weight fraction (%) 100 93.7 6.3
Space group (No.) Pnma (62) Pnma (62) C222 (21)

Crystal system

Orthorhombic

Orthorhombic

Orthorhombic

a(A)

10.05000(5) 10.46226(8) 8.4793(3)
b (A) 5.28646(7) 5.28578(5) 12.6061(6)
c(A) 7.18302(5) 7.35569(6) 7.9126(4)

a (°) 90 90 90

() 90 90 90

v (%) 90 90 90
GOF 1.80 1.71
Rwp (%) 16.150 8.230
Rp (%) 12.120 5.944
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Table 3-S 2: Refined Atomic Positions and Occupancies Obtained from Powder X-ray Diffraction

for PbVO3Cl and BaVO3ClI

PbVOsCl
X y z Uiso (A2) Occupancy
Pb 0.17094(5) Yy 0.38505(9) | 0.0254(1) 1
v 0.5285(2) Y, 0.5676(3) 0.0111(7) 1
o) 0.0934(4) -0.006(1) 0.1143(8) 0.003(2) 1
0@2) 0.1359(6) Yy 0.775(1) 0.000(2) 1
Cl 0.3929(3) Yy 0.0556(5) 0.022(1) 1
BaVOsCl
X y z Uiso (A2?) Occupancy
Ba 0.19519(7) Yy 0.1002(1) 0.0074(2) 1
Y -0.0428(2) Yy 0.4519(2) 0.0094(6) 1
o) 0.0946(3) 0.5074(7) 0.4093(6) 0.009(2) 1
oQ) 0.3544(5) % 0.2130(8) 0.010(3) 1
Cl 0.3934(2) Y, 0.4305(4) 0.0068(9) 1
BaV20s
X y z Uiso (A?) Occupancy
Ba(1) 0.000000 0.000000 0.000000 0.0063 1
Ba(2) 0.000000 0.1660(7) Y 0.0063 1
V(1) 0.178(2) 0.549(2) 0.256(3) 0.0063 1
V(2) n Y 0.071(3) 0.0063 1
0(@) 0.000000 0.500000 0.240(9) 0.0063 1
0(2) 0.158(5) 0.001(4) 0.294(6) 0.0063 1
0(@3) -0.136(8) 0.253(5) 0.175(7) 0.0063 1
0(4) 0.409(6) 0.103(5) 0.73(1) 0.0063 1
0(5) 0.199(8) %, 0.272(8) 0.0063 1
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Table 3-S3: X-Ray Fluorescence Results for Pb\VVO3Cl

Element Line Concentration Mol/L
(mg/L)
Pb L1 53.1(2) 0.256(5)
\V K12 13.16(5) 0.259(1)
I v | | | I | | \ | | 5 | v | ' |
@ N oaneor | i
“‘/\/\’\/\/\/\N\/ total XPDF \/\/\/\’\/\/ total XPDF
o« i 1 v-O o 1 V.0
St o Mot XN NYevo: B e N\ Ba0
(G : O i o :
M Pb-CI /L ,\/\; Ba-Cl
‘ 4 CI-Cl - Cl-Cl
| Pb-Pb Ba-Ba
| N 1 | | | |
2 3 4 5 6 7
r(A)

r(A)
Figure 3-S1: Partial neutron (NPDF) and X-ray pair distribution function (XPDF) data for (a)

PbVOsClI and (b) BaVO3Cl. Total PDF data is the experimental 300 K data for the respective
sample.
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Figure 3-S2: Fits of the XPDF data against the Pnma crystallographic structure for PbVVO3Cl at
300 K [(a) fit range of 1-6 A, Rw = 9%; (b) fit range of 6-20 A, Rw = 14%)] and 573 K [(c) fit
range of 1-6 A, Rw = 10%; (d) fit range of 6-20 A, Rw = 14%] and BaVO3Cl at 300 K [(e) fit
range of 1-6 A, Rw = 10%; (f) fit range of 6-20 A, Rw = 16%] and 573 K [(c) fit range of 1-6 A,

Rw = 7%; (d) fit range of 6-20 A, Rw = 17%].
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Figure 3-S3: Fits of the XPDF data against the Pnma crystallographic structure for Pb\VO3Cl at (a)
570 K (left panel: fit range of 1.75 - 4.5 A, Rw = 30%; right panel: fit range of 5- 10 A, Rw =
12%) and (b) (left panel: fit range of 17.5 - 4.5 A, Rw = 37%; right panel: fit range of 5 - 10 A,
Rw = 14%) indicate that the poor local fit is not a result of correlations arising from poor scatterers;
a poor fit to the local coordination environment is still observed over length scales where the data
is not dominated by scattering from Pb, suggesting disorder of the local coordination environment

of Pb.
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Figure 3-S4: Neutron PDF data of Pb\VVOsCI fit against the Pnma structure at (a) 100 K (Rw =

11%), (b) 300 K (Rw = 10%), and (c) 500 K (Rw = 13%).
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Figure 3-S5: Projected density of states calculated using GGA+U for a) vanadium states in
BaVOsCl; b) vanadium states in PbVO3Cl; c) chlorine states in BaVO3Cl; (d) chlorine states in

PbVOsCl; (e) oxygen states in BaVO3Cl; and (f) oxygen states in PbVVOsCI.
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Figure 3-S6: Total density of states calculated using DFT for Pb\VVO3Cl using structural models

derived from XPDF measurements at 300 K and 570 K.
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Table 4-S1: Refined crystallographic data for the nominal Pb1.5Nb206.5 with the A-site cation

in the ideal 16d position.

Formula Pb1.492)Nb206.482) | Pb1.472)Nb206.46(2) | Pb1.472)Nb206.46(2) | PD1.472)ND206 46(2)
Source Neutron Neutron Neutron Neutron
Beamline BT-1, NIST NOMAD, ORNL | NOMAD, ORNL | NOMAD, ORNL
Temperature 300 300 200 100
(K) _ _ _ _
Space Group Fd3m (#227) Fd3m (#227) Fd3m (#227) Fd3m (#227)
a(A) 10.5618(1) 10.5648(3) 10.5616(2) 10.5555(2)
Volume a (A3) 1178.19(1) 1179.18(5) 1178.12(6) 1176.09(4)
z 8 8 8 8
Formula weight 597.86 597.7 597.7 597.7
(g/mol)
Pb Uyx (A?) 0.024(3) 0.023(4) 0.020(2) 0.018(2)
Pb Uy (A?) -0.004(2) -0.003(3) -0.003(2) -0.003(2)
Nb Uiso (A2) 0.009(2) 0.010(4) 0.009(3) 0.008(3)
O (48f) Uiso A?) 0.0092(8) 0.009(2) 0.007(2) 0.006(3)
O (8b) Uiso (A?) 0.062(5) 0.053(5) 0.054(4) 0.053(4)
O (48f) x (A?) 0.3133(5) 0.3139(7) 0.3140(6) 0.3140(6)
Rup (%) 7.28 5.47 5.82 6.21
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Figure 4-S1: Fits of the neutron diffraction data (NOMAD, SNS, ORNL, bank 5) at (a) 300 K, (b)

200 K, and (c) 100 K against the Fd3m model with Pb in the 16d Wyckoff position.
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Figure 4-S2: Experimental data collected at various temperatures compared to calculated partials

from cubic Fd3m model with the A-site cation in the 16d Wyckoff position.
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Figure 4-S3: Fits of the NPDF data (NOMAD, SNS, ORNL) against the cubic Fd3m model at
(a) 300 K, (b) 200 K, (c) 100 K. For these fits the A-site cation was placed in the 16d Wyckoff

position and anisotropic ADPs were allowed to refine.
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Figure 4-S4: Fits of the NPDF data (NOMAD, SNS, ORNL) against the cubic Fd3m model at
(a) 300 K, (b) 200 K, (c) 100 K. For these fits the A-site cation was placed in the 969 Wyckoff

position and isotropic ADPs were allowed to refine.
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Figure 4-S5: Variable temperature (a) neutron (NOMAD, SNS) and (b) X-ray (28-1D-1, BNL)
PDF data from 300 to 100 K. Highlighted regions in the NPDF data illustrate the evolution of new
peaks upon warming. Note that this trend is not as evident in the XPDF data, which is dominated
by Pb-Pb correlations due to the high scattering power of Pb relative to the other elements in the

system.
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1. Preliminary data of the cubic and rhombohedral lead niobates

The lead niobate systems, PbnNb2Os+n (1.5 < n < 2.5), show great promise for the
development of tunable dielectric materials as changing the Pb concentration changes the relative
dielectric constant. Moreover, the relative dielectric constant, &,, and the Q-factor, Q, show a
dependence upon n.? In addition, different synthetic actions such as rapid quenching and post-
synthesis annealing temperatures can affect whether the final product includes mixed phases or a
single phase.®> Cook and Jaffe were the first to synthesize and report the existence of the
stoichiometric lead niobate, PboNb,O7, which has a distorted fluorite structure of rhombohedral
symmetry whereas Pb1sNb,Os 5 possesses a cubic pyrochlore structure.* Since then, several other
groups have prepared Pb2oNb.O7 by conventional solid-state methods. There remain, however,
unanswered questions with the composition and structure of Pb2Nb2Oy. Variation in ¢, have raised
concerns about the oxygen concentration due to the volatility of one of the starting reagents, PbO.%
3

It is well known that lone pair electrons contribute to asymmetric coordination and
resulting in acentric or even polar crystal structures with potential dielectric properties.> We
attempted to synthesize the stoichiometric lead niobate, Pb2Nb20O7, to investigate the relationship
between the Pb?* 6s? lone pair and rhombohedral distortion of pyrochlore structure, which is not
yet understood. We aimed to prepare powder sample of PboNb2O7 based on a phase equilibrium
diagram for the system PbO-Nb,Os.® The phase diagram shows Pb,Nb2O7 as a congruently melting
compound. Pb1sNb2Oss was prepared by using stoichiometric amounts of PbO and Nb2Os and
Pb2Nb20O7 was prepared with 2PbO:1Nb,Os molar ratio. For both samples, starting materials were
ground in an agate mortar and pestle. The mixtures were transferred into an alumina crucible and

subsequently placed inside a fused silica ampoule. The ampoule was sealed under vacuum, heated
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at 10 °C/min to 1000 °C, where it dwelled for 10 hours, and then cooled to 25 °C at 20 °C/min.
The powder products were visibly light yellow with typical yield of ~93%. Upon annealing at 1000
°C, the light-yellow sample appeared as a pale gray powder as shown in Figure 1. Two different

phases of cubic Pb1sNb20e.s and rhombohedral Pb2Nb207.

1000 °C
10 °c/min / 10 hours \ 20 °C/min Anneal
Pale gray
Cubic phase: 3PbO + 2Nb,05 > Pb; sNb,Og 5

Rhombohedral phase: 2PbO + Nb,O5 = Pb,Nb,O;

Figure 1: Heating profile of cubic and rhombohedral lead niobate. Yellow powders appear to be

light gray after annealing.

Powder X-ray diffraction data were collected on all samples at room temperature using
laboratory PANalytical Empyrean diffractometer equipped with Cu K, for phase identification.
The yellow samples of rhombohedral phase were indexed with a mixture of Pb231Nb20O7.31 and
Pb2.44Nb207.44 compositions which adopt the R3mh space group while the yellow cubic lead

niobate crystallizes in the Fd3m space group.
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Cubic Pb1.5Nb20s 5

UD-11-074a lead niobate cubic™|

UD-074a lead niobate cubic

UD-II-075gkead niobate cubic reheated

N e 0\ }l , : A |
UD-1I-075a lead niobate cubic reheated™

Gray sample

Intensity

Pos. [°26] (Cu)

Figure 2: X-ray diffraction patterns of cubic lead niobate on yellow and gray samples. A peak-
shifting to lower 2-theta angle of the (hkl) at 28.5° is observed.
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Rhombohedral lead niobate

D076 Tﬂm ombo UD-II-076a lead niobate rhombo

UD-I1-077a lead niobgte homboreheated

za 850 29 0
Pos. [26] (Cu)

Intensity

UD-II-077a lead niobate rhomboreheated ™|
Gray sample

O 50 60
Pos.[°28] (Cu)

Figure 3: X-ray diffraction patterns of rhombohedral lead niobate samples. Peak-shifting is not

observed in the diffraction pattern of the gray sample, but peak-splitting of the (hkl) peaks at 26 =
29.4°, 48.9°, and 57.3°, respectively.
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Figure 4: Diffuse reflectance data of the cubic a) and rhombohedral b) lead niobate samples.
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Figure 5: Tauc plots for cubic a) and rhombohedral b) phases of lead niobate. Tauc plots show that

the band gaps of the yellow and gray sample in each phase are very close to each other.
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2. Rietveld refinement on Rhombohedral pyrochlore Pb2.31Nb207.31 and Pb2.44Nb207.44

Neutron scattering data were collected on both yellow and gray samples of the
rhombohedral Pb2.31Nb207.31 and Pb244Nb20O7.44 at room temperature at the National Institute of
Standards and Technology (NIST) Center for Neutron Research. Rietveld refinement was
performed using GSAS-II software’, and the refinement results were shown in Table 1. Figures
6, 7, 8,9, and 10 show Rietveld fits of neutron diffraction data collected for the yellow and gray
rhombohedral phase samples modeled as a mixture of Pb2.31Nb207.31 and Pbz.44Nb207.44 phases.®
Refined crystallographic data of rhombohedral yellow sample modeled as solely Pb2.31Nb2O7.31

are shown in Figures 11 and 12.

Table 1: Summary of Rietveld refinement results on neutron data

Rhombohedral Rhombohedral gray
Pb2.31Nb207.31 Pb2.4aNb207.44 Pb2.31Nb207.31 Pb2.4sNb207.44
Weight fraction (%) 47.0 53.0 42.0 58.0
Space group R3mh R3mh R3mh R3mh

a(A) 7.4707(4) 7.4648(3) 7.4703(6) 7.4673(7)
b(A) 7.4707(4) 7.4648(3) 7.4703(6) 7.4673(7)
c(A) 66.832(4) 95.139(9) 66.813(4) 95.181(7)

GoF 1471 1.446
Rw (%) 9.348 8.724
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Figure 6: Rietveld fit of neutron diffraction data of the yellow sample modeled with R3mh space

group with both Pb2.31Nb207.31 and Pb2.44Nb207.44 compositions. The best fit was achieved with

Rw = 9.348%.
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Figure 7: Rietveld fit of neutron diffraction data of the gray sample modeled with R3mh space
group with both Pb2.31Nb20O7.31 and Pb244Nb207.44 compositions. The best fit is achieved with Ry

= 8.724%.
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Figure 8: Rietveld fit of neutron diffraction data of yellow sample modeled with R3mh space
group with both Pb2.31Nb207.31 and Pb2.44Nb207.44 compositions was zoomed in for peak-fitting
analysis. Inset is the zoom-in of peaks from 26 ~ 20.5° to 23.0°. The model is not fitted well to the
data indicating by the mis-fit of peaks at 26 ~ 28.5°, 32°, and 34°. Atomic displacement parameters

and thermal parameters were allowed to refine.
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Figure 9: Rietveld fit of neutron diffraction data of gray sample modeled with R3mh space group
with both Pb2.31Nb207.31 and Pb..44Nb207.44 compositions was zoomed in for peak-fitting analysis.
Inset is the zoom-in of peaks from 20.5° to 23.0° 2-theta. Similar to the Rietveld fit of the
rhombohedral yellow sample, the model does not fit well at 26 ~ 28.5°, 32°, and 34°. The
diffraction patterns of the yellow and gray samples are quite similar except the peaks at 26~ 32°
which have left shoulder for the yellow sample and almost a doublet for the gray sample. Other
than that, the average structures determine from Rietveld refinements are similar for both yellow

and gray samples despite different optical colors.
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Figure 10: Rietveld fit of neutron diffraction data of the yellow sample against R3mh model using

single phase Pb231Nb20O731. (220) peak at 26~ 37.3° contains only Pb and Nb atoms which are at

Pb(2), Pb(4), Pb(6), Pb(7), Nb(1), Nb(3), and Nb(5) positions. (207) peak at 20~ 22.5° contains

only oxygen atoms at O(2), O(4), O(8), O(10), O(12), O(15), and O(20) positions. Panel a) and b)

are the XRD patterns from Refinement 1 and Refinement 2, respectively.
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Name’Type tef'nc‘ x ‘ y l z ‘ frac sitesymlmult’llA Uiso

[NeT_Inb-s 051871 048129 0.18394 1.0000 m(110) 9 | 0.01812
INb2  Nb+5 000000 0.00000 047056 1.0000 3m(100) 3 || | -0.04927
INb3  Nb+5 0.16609 0.83391 009172 1.0000 m(110) 9 | 0.00204
INb4  Nb+5 000000 0.00000 0.04968 1.0000 3m(100) 3 | 0.01134
N5 Nb+5 083429 0.16571| 0.00220 1.0000 m(110) 9 | 0.01757
N6 Nb+5 000000 0.00000 0.61968 1.0000 3m(100) 3 || | -0.00143
INb7  Nbs5 000000 0.00000 090345 1.0000 3m(100) 3 | 0.01625
Pb1  Pbs2 000000 0.00000 0.18172 1.0000 3m(100) 3 | 0.01277
Pb2  Pbs2 083139 0.16861 0.14502 1.0000 m(110) 9 | 0.03664
Pb3  Pbe+2 0.00000 0.00000 076713 1.0000 3m(100) 3 | | -0.00188
Pbd  Pbs2 049823 050177 004400 1.0000 m(110) |9 || 0.00979
Pb5  Pbe+2 0.00000 0.00000 0.33106 1.0000 3m(100) 3 | 0.00078
Pb6  Pbs2 083548 0.16452] 028471 1.0000 m(110) 9 | 0.01666
Pb7  Pbs2 016712 083288 023920 1.0000 m(110) 9 | 0.01923
o1 |02 078434 021566 0.17974 1.0000 m(110) 9 | 0.00740
02 |02 045728 054272 015533 1.0000 m(110) 9 || 0.0139
03 02 020343 079657 0.12101 1.0000 m(110) |9 | 0.01484
04 02 087180 0.12820| 009697 1.0000 m(110) 9 || | -0.00465
05 02 045686 054314 008491 1.0000 m(110) 9 | 0.00546
06 02 012868 087132 006389 1.0000 m(110) 9 | 0.00799
07 |02 087290 0.12710/ 003030 1.0000 m(110) |9 || 0.00969
08 02 0.53875 046125 000466 1.0000 m(110) 9 || | -0.00080
09 02 012550 0.87450 099612 1.0000 m(110) 9 | 0.01248
o010 |0-2 079004 020996 097275 1.0000 m(110) 9 || | -0.00407
o1 02 012104 087896 091126 1.0000 m(110) 9 | 0.01142
o012 02 054643 045357 085566 1.0000 m(110) 9 | 0.01908
013 02 087135 0.12865 0.87809 1.0000 m(110) 9 | 0.00234
014 0-2 053830 046170 093889 1.0000 m(110) |9 I | -0.00910
015 0-2 000000 0.00000 0.15532 0.8417 3m(100) 3 | 0.01527
016 0-2 0.00000 0.00000 037633 08417 3m(100) 3 | 0.00364
017 0-2 0.00000 0.00000 029392 0.8417 3m(100) 3 | 0.00809
018 0-2 000000 0.00000 021691 0.8417 3m(100) 3 | 0.02737
019 0-2 000000 0.00000 079290 0.8417 3m(100) 3 || 0.15212
020 0-2 000000 0.00000 072866 0.8417 3m(100) 3 | 0.01203
021 0-2 000000 0.00000 094470 0.8417 3m(100) 3 | 0.01400
02 02 000000 0.00000 059049 08417 3m(100) 3 | 0.00381

Figure 11: Refined crystallographic data of rhombohedral yellow sample modeled with single
phase Pb2.31Nb20O731. There are 7 Nb positions and 7 Pb positions. The oxygen atoms are found in
O1 to O14 for O positions, and O15 to 022 for O’ positions. Setting the occupancies/fraction of
Nb, Pb, and O atoms to 1 and that for O’ to 0.8417 led to negative values of the atomic

displacement parameters Uiso 0N some atomic positions.
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Nane}'l’ype fefhe‘ x ‘ y ‘ z | frac  site sym multillA‘ Uiso ‘

|Nb1 INb+5 0.51790, 0.48210/ 0.18399 1.0000 m(110) 9 | 0.01860
Nb2  Nb+5 0.00000' 0.00000, 0.47054/ 1.0000 3m(100) 3 | 0.01000
Nb3  Nb+5 0.16429) 0.83571| 0.09208 1.0000 m(110) 9 | 0.01000
Nb4  Nb+5 0.00000 0.00000 0.04996 1.0000 3m(100) 3 | 0.01115
Nb5 Nb+5 0.83135 0.16865 0.00200° 1.0000 m(110) 9 | 0.01702
Nb6 Nb+5 0.00000 0.00000 0.61899 1.0000 3m(100) 3 | 0.01000
Nb7  Nb+5 0.00000, 0.00000| 0.90322/ 1.0000 3m(100) 3 | 0.01465
Pbl  Pb+2 0.00000 0.00000 0.18107 0.4715 3m(100) 3 | 0.01000
Pb2  Pb+2 0.83328 0.16672 0.14562° 0.9939 m(110) 9 | 0.03198
Pb3  Pb+2 0.00000 0.00000 0.76732 1.2998 3m(100) 3 | 0.01000
Pb4  Pb+2 049931/ 0.50069 0.04413 0.9394 m(110) 9 | 0.00893
Pb5 Pb+2 0.00000, 0.00000, 0.33164, 1.6817 3m(100) 3 | 0.01092
Pb6  Pb+2 0.83393) 0.16607) 0.28453 0.9501 m(110) 9 | 0.00769
Pb7 Pb+2 0.16568 0.83432 0.23895 1.1569 m(110) 9 | 0.01871
01 0-2 0.78441| 0.21559 0.17965 1.1587 m(110) 9 | 0.011%4
02 0-2 045504 0.54496 0.15601 0.8433 m(110) 9 | 0.01000
03 0-2 0.19913  0.80087 0.11966, 0.9377 m(110) 9 | 0.01405
04 0-2 0.87269/ 0.12731 0.09734 1.1651 m(110) 9 | 0.01000
05 0-2 045983  0.54017 0.08521 1.2228 m(110) 9 | 0.01140
06 0-2 0.12556/ 0.87444 0.06304 1.0865 m(110) 9 | 0.01422
07 0-2 0.86964 0.13036 0.03045 1.0646 m(110) 9 | 0.01000
08 0-2 0.53941) 0.46059 0.00448 1.1880 m(110) 9 | 0.01000
09 0-2 0.12565, 0.87435 0.99661 1.1504 m(110) 9 | 0.01274
010 0-2 0.78907 0.21093 0.97233 13097 m(110) 9 | 0.01000
o011 0-2 0.11978| 0.88022 0.91078 0.7056 m(110) 9 | 0.00719
012 0-2 0.54677) 0.45323) 0.85557 0.6262 m(110) 9 | 0.01000
013 0-2 0.87166, 0.12834| 0.87787 1.5203 m(110) 9 | 0.00959
[014 | 0-2 0.53925 0.46075  0.93909 0.8829 m(110) 9 | -0.00704
i015 0-2 0.00000 0.000000 0.15374 0.7599 3m(100) 3 | 0.02678
016 0-2 0.00000° 0.00000 0.37553 0.4418 3m(100) 3 | -0.00463
017 |0-2 0.00000° 0.000000 0.29367 0.5974 3m(100) 3 | 0.00370
:018 0-2 0.00000 0.00000, 0.21578 1.6220 3m(100) 3 | 0.06975
019 0-2 0.00000 0.00000 0.79197 1.4763 3m(100) 3 | 0.26493
020 0-2 0.00000 0.00000 0.72816 1.6062 3m(100) 3 | 0.04635
021 |0-2 0.00000 0.00000 0.94507 0.9783 3m(100) 3 | 0.01399
02 0-2 0.00000° 0.00000 0.59025 0.1310 3m(100) 3 | -0.07106

Figure 12: Refined crystallographic data of rhombohedral yellow sample modeled as single phase
Pb231Nb20O7.31. This is from the Refinement 2. In this refinement, occupancies of Nb atoms were
fixed to 1 while the others were refined. Then occupancies for all atoms were fixed, and the Uiso

was refined. Then the Uiso with values less than 0.01 were set to 0.01. Since we were interested in

143



the effect of lone pair on Pb?* coordination environment and the interaction between Pb and O, Nb
occupancies were fixed to 1 and occupancies of Pb and O atoms were allowed to refine. Large

values of occupancy, greater than 1, on the Pb and O sites point towards some structural disorder.

Further refinement needs to be investigated.
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