Local Ordering in Disordered Nd.Zr1.+O2-0.5x Pyrochlore as Observed using

Neutron Total Scattering

Devon Drey!, Eric O’Quinn', Sarah Finkeldei?, Joerg Neuefeind®, Maik Lang!*

! Department of Nuclear Engineering, University of Tennessee, Knoxville, TN, 37996, USA
2 Department of Chemistry, University of California Irvine, Irvine, CA, 92697, USA

3 Neutron Scattering Science Division, Spallation Neutron Source, Oak Ridge National
Laboratory, Oak Ridge, TN 37831, USA

* Corresponding author: mlang?(@utk.edu

Abstract

Pyrochlore complex oxides (A2B207) are an important class of fluorite-derivative
ceramics with exceptional chemical and structural versatility which make them ideal model
systems for studying disordering mechanisms over a range of spatial scales. Neutron total
scattering methods were used to analyze the structural behavior in the non-stoichiometric
series Nd Zri1-xO2-05x (0.5 < x <£0.23) as a function of Nd content, x. Characterization of the
structure functions using Rietveld refinement and the pair distribution functions with small-
box refinement reveal complex disordering pathways; the average, long-range phase changes
over a very narrow compositional range from pyrochlore (Fd3m) to defect fluorite (Fm3m)
through full randomization of the cation and anion sublattices at x ~ 0.31, while the local,
short-range structure continuously adopts a weberite-type atomic arrangement (C2221).
Comparison to a previously studied Ho2Ti2-«Zr,O7 solid solution series reveals how changes
in chemical composition and stoichiometry modify defect formation and determine how

disordering progresses across different length scales in pyrochlore oxides.
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1. Introduction

There are a variety of complex oxides that are derived from the ideal fluorite structure
(AO2), such as delta-phases (A4B3012), weberites (A2B207), and pyrochlores (A2B207) [1-4],
where A is often a 3+ cation such as Sc**, Y**, or Ln** (Ln = La-Lu) and B is a 4+ cation, including
Ti*", Sn**, Zr*', and various transition metals. These ceramics represent an increasingly important
class of materials due to their exceptional chemical and structural stability and flexibility [5-10],
giving rise to properties like fast ion conduction, complex magnetic and electrical behavior,
thermomechanical stability, and high radiation tolerance [1, 5, 6, 8, 11-18]. Under many energy-
related applications these materials are often subject to harsh environments which can lead to
undesirable structural modifications and material degradation [6, 19, 20]. Equally important,
defects and disorder can be used to tailor desirable chemical and physical properties in these
materials. For example, zirconate pyrochlore oxides with the general formula A»Zr>O7, which are
structurally and compositionally closely related to stabilized zirconia oxides, have unique defect
dynamics [10, 13, 16, 21-24] that are of interest for applications requiring high ionic conduction
and good radiation resistance. Oxygen transport in these materials depends on temperature and the
chemistry of the system, but pre-existing disorder is also important as it produces complex oxygen
migration pathways [13, 15, 25-27]. Furthermore, zirconate pyrochlores typically have high
radiation resistance since they tend to disorder, rather than amorphize, under intense irradiation
[17, 18, 20, 28].

Ideal, cubic fluorite (Fm3m) is isostructural with the mineral fluorite (CaF») and features a
cubic array of anions with cations occupying every other interstice. Fully ordered cubic pyrochlore
oxide (Fd3m; e.g., Nd2Zr207) is a derivative of the fluorite structure and is given by the general
formula A2B,0O7V, with A and B being aliovalent cations, O being oxygen, and V, being a
constitutional oxygen vacancy. Using the Fd3m origin selection where the origin is at the B cation
site (an inversion center), the larger A cation (~1.0 A ionic radius), usually a trivalent rare earth
element, occupies the 164 site and is coordinated by eight oxygen anions, while the smaller B
cation (~0.6 A ionic radius), often a tetravalent transition metal or post-transition element, occupies
the 16¢ site and is coordinated by six oxygen anions [5]. The oxygen anions occupy the 48f and
8b sites with a constitutional anion vacancy on the 8a site. This structure is highly symmetric, the

only variable parameters being the unit cell parameter (a) and the 48f anion x-position (xssgy), but



flexible, with the stability of the pyrochlore structure being strongly correlated with the ionic radius
ratio of the cations, ra/rs [1, 5, 7, 16, 24, 29, 30]. A large variety of compositions and high level
of substitutional tolerance on the A, B, and O sites is possible while still maintaining the original
pyrochlore ordering [5]. Furthermore, this structural flexibility allows for the incorporation of high
concentrations of cation/oxygen defects and disorder, the accumulation of which will eventually
lead to an order-disorder phase transformation. Disorder can be induced by changes in chemistry
(intrinsic disorder achieved via synthesis, doping, or non-stoichiometry) [31-33], treatment by
temperature or pressure [20, 22, 31], and exposure to ion irradiation or mechanochemical
processing [20, 34]. The order-disorder transformation proceeds across the long-range structure
via randomization of the cation and anion sublattices and yields a disordered, defect fluorite
structure (Fm3m; e.g., Ln-doped ZrO). The A- and B-site coordination numbers change from
eight and six, respectively, to an average of seven for both. The 48f and 8b site oxygen anions
occupy the previously vacant 8a site until all sites contain, on average, 7/8 oxygen, essentially
generating a random vacancy in the crystal. Compositional series in which the cationic
occupancies are modified via chemical substitution or non-stoichiometry between cation and anion
sublattices are particularly useful to study details of this order-disorder transformation due to the
high level of control over the degree of disorder in the system, as demonstrated by previous work
utilizing scattering and spectroscopic techniques, thermodynamic analysis, as well as
computational simulation [13, 14, 25-27, 31-33, 35-49].

Recent studies of disordered pyrochlore oxides have revealed that the local atomic
arrangement of defect fluorite is more ordered than implied by the fully randomized long-range
structure [50-52]. Using a combination of neutron and X-ray total scattering techniques and
associated pair distribution function (PDF) analysis, it was shown that the atomic coordination
environment is best described with a weberite-type (C2221) structural model that is isostructural
to Y3TaO7 [50-56]. In a weberite-type atomic arrangement having pyrochlore stoichiometry
(A2B207), general formula AB(A/B)>07Vo, the cations are partitioned unequally onto three cation
sublattices, with four A cations occupying 8-coordinated 4b sites, four B cations occupying 6-
coordinated 4b sites, and four A and four B cations randomly occupying 7-coordinated 8c sites.
The anions are distributed onto two 8¢ and three 4a sites with a constitutional vacancy at another
4a site. This structure is distinct and less ordered than pyrochlore, which contains no 7-coordinated

cation sites, but more ordered than defect fluorite, which exhibits no site selectivity of the cations



and anions. Recent work by O’Quinn et al. showed that the local weberite-type coordination
polyhedra can be derived from a pyrochlore configuration through the movement of the 48f site
oxygen to the vacant 8a site, effectively an oxygen Frenkel defect that relocates the constitutional
vacancy to an adjacent 48fsite [S1, 52]. The relaxation of this new atomic arrangement results in
the weberite-type structure observed across the short-range in disordered pyrochlore systems.
Randomization of the orientations of these local weberite-type building blocks creates the long-
range, disordered defect fluorite structure when averaged over many unit cells [52, 55].
Heterogeneous disordering processes where the short- and long-range structures differ have been
observed also in other ceramics, such as spinel [57], and other means of disordering, such as ion

irradiation and mechanical milling [50, 58].

Ordered
Pyrochlore
Nd203 [mol %]
= 0 10 20 30 40 50 60 70 80 90 100 T
c L L L - -I L L : L L L 1 L L L L L 1 L L X (;E
§—> T+DF A + e o ¢ P+ DF X DF +H &g
"q_'_) T T T T T — T T : T T T T T T T T 3
= 0.0 0.1/0.2 0.3 0.4 0.5 0.6 0.7 0.8\0.9 1.0 2
xin Nd,Zry - xO, _
Disordered X=Xz = 0.5x Disordered
Fluorite Fluorite

Figure 1: Compositional slice at 1500 °C of the Nd2O3-ZrO, phase diagram adapted from Ohtani
et al. [59]. The blue diamonds represent the compositions investigated in this study. The blue
shaded region is the thermodynamically predicted pyrochlore-defect fluorite two-phase region; the
red shaded region is the experimentally confirmed two-phase region at room temperature using

XRD.

The high-temperature phase diagrams of lanthanide-doped zirconia systems have been
extensively explored and characterized, an example of which is the Nd,O3-ZrO» system (Fig. 1)
[59, 60]. The observed phases in these solid solutions often include wide regions of stability (for
both temperature and composition) for the cubic defect fluorite structure, the structure of rare-
earth, fully stabilized zirconia (e.g., YSZ). At high temperatures even pure zirconia can transform
to the cubic fluorite phase. Zirconia (ZrO2) adopts a monoclinic structure that transforms to a

tetragonal phase at 1127 °C and then to a cubic phase at 2369 °C [61]. The same phase



transformations can also be achieved by doping ZrO, with trivalent lanthanides, Y**, AI**, Sc**,
and Ca®", which often results in greatly increased ionic and electric conductivity [25, 61-63]. For
zirconia doped with Nd>O3 and synthesized at 1500 °C (Fig. 1), the tetragonal phase changes to
the disordered defect fluorite phase at x ~ 0.2 and ultimately to ordered pyrochlore at x ~ 0.5 (i.e.,
Nd:Zr ratio is 1:1) [59]. The crystallographic study of this system has mostly been limited to XRD
[25, 33, 36, 40] and Raman spectroscopy [64], which showed that the defect fluorite-to-pyrochlore
transformation occurs over a narrow compositional range (x ~ 0.30 to 0.33) but gave limited
information on the local atomic configuration. It remains unclear whether or not the long-range
disordering process is locally associated with the formation of weberite-type domains as shown
previously for a solid-solution series with ideal stoichiometry [51]. Here, neutron total scattering
experiments were performed on five members of the non-stoichiometry series NdZr1xO02-0.5x (0.23
< x < 0.5) to comprehensively characterize the order-disorder transformation across all length
scales. With high sensitivity to the oxygen sublattice, the local defect structure was analyzed in
detail and compared to atomic-scale changes that are induced by chemical substitution that

maintain ideal pyrochlore stoichiometry.

2. Methods

2.1.  Sample synthesis

Polycrystalline samples of NdZri.,O2-05¢ (x = 0.23, 0.3, 0.32, 0.4, and 0.5) (Fig. 1) were
synthesized using a wet chemical coprecipitation method. Appropriate amounts of the aqueous
solutions of the starting materials, Nd(NOs)3 and ZrOCl,, were mixed where they precipitated as
the hydroxide precursors for the different chemical compositions; a detailed description be found
elsewhere [65]. The precursors were washed, ground, and calcined in air at 600 °C for 2 hours in
an alsint® sintering crucible before a second grinding step. The powders were sintered in air at
1500 °C for 30 hours with a heating and cooling rate of 5.3 °C/min. Following sintering, the

powders were thoroughly ground for use in neutron total scattering experiments.

2.2.  Neutron total scattering measurements



Neutron total scattering measurements were performed at the Nanoscale Ordered Materials
Diffractometer (NOMAD) beamline at the Spallation Neutron Source (SNS) [66], located at Oak
Ridge National Laboratory (ORNL). The high intensity neutron beam and extensive momentum
transfer range at make it ideal for the study of disordered samples. Approximately 200 mg of each
sample composition were loaded into 2 mm diameter quartz capillaries with 0.01 mm thick walls.
NOMAD?’s time-of-flight detector banks were calibrated using measurements of diamond and
silicon powders. Scattering data were collected using six banks of *He linear position sensitive
detectors and instrument parameters were extracted from the diamond and silicon powder
measurements. Each sample and an empty quartz capillary were measured for 1 hour at room
temperature. The total scattering structure functions, S(Q), were produced by combining
diffraction data from all six banks and after background subtraction (from the empty quartz
capillary) and normalization of the sample scattering intensity to the scattering intensity from a
solid vanadium rod. The pair distribution functions (PDFs), G(r), were obtained through the
Fourier transform of S(Q) with Omin = 0.2 A and Omax =31.4 A

G(r) = 2 [ Q[S(Q) — 1] sin(Qr) dQ, (1)

7 * Qmin

where 7 is the real-space distance in A and Q is the scattering or momentum transfer vector, defined

as:

__ 4msin®

Q - A ) (2)

with 4 representing the neutron wavelength and 6 half of the scattering angle. A Lorch function
was applied to the neutron PDFs to reduce the intensities of real-space truncation ripples arising
from the finite Fourier transform [67].

The GSAS-II software package [68] was used to perform long-range structure Rietveld
refinements using either the Fd3m pyrochlore model or the Fm3m disordered defect fluorite model,
or both. For the pyrochlore model, the unit cell parameter ap and the 48/ oxygen x-position x4gr
were refined. The three oxygen site (48f, 8b, and 8a) anion occupancy fractions n; were also refined

to account for oxygen shifting from the fully occupied 48/ and 85 sites to the unoccupied 8a site



and for an excess, or a deficit, of oxygen on these sites due to the non-stoichiometry of the series.
The atomic displacement parameters (ADPs) for each site in the structure were refined, with the
8b and 8a site ADPs being refined as equal (usp = uss) to constrain the 8a site parameters. The
cation sublattice was constrained to be fully occupied, with excess Nd cations sharing the 16¢ site
with Zr. For the Fm3m disordered defect fluorite model, the unit cell parameter apr, and the ADPs
for the cation occupied 4a site and anion occupied 8c site were refined. The cations were set to
share the 4a site and the oxygen to occupy the 8c site according to the stoichiometry of the sample.
The ADPs for both models were refined anisotropically according to the symmetry of their
respective space groups. The coherent grain size was refined for each phase or set to be equal for
the refinement of both phases together. A detailed summary of the initial structures and refined
parameters is given in Table S1. The background was fitted using a shifted, 24-term Chebyshev
polynomial for the patterns showing only pyrochlore reflections and a 36-term polynomial for the
samples containing defect fluorite to better subtract the extensive diffuse scattering observed in
these patterns.

Local structure characterizations were obtained from small-box refinements of the PDFs
using the software package PDFgui [69]. The small-box refinements were performed using: 1) the
cubic Fd3m structure, ii) the orthorhombic weberite C222; structure, and iii) a local two-phase
mixed structural model consisting of i) and ii). For the Fd3m model, the unit cell parameter (a = b
= ¢), the x-position for the 48fsite, the ADPs for the 16d, 16¢, 48f, and 8b sites, the linear correlated
motion factor, and the scale factor. For the C222; model, the unit cell parameters (a # b # ¢), the
positional parameters for the two 4b, three 8¢, and three 4a sites, the ADPs for those same sites,
the linear correlated motion factor, and the scale factor. The ADPs were refined isotropically
according to the symmetry of their respective space groups. The two-phase model combining both
the Fd3m model and the C222; model retained the same parameters listed for the individual
models, but with the addition of a C222; phase fraction scaling parameter. The cation occupancy
was refined on the 7-coordinated 8c site in the C222; model to determine the relative occupancy
of Nd and Zr. The occupancies of the vacant Fd3m 8a site and C222; 4a site were refined to
determine the oxygen occupancies. A detailed summary of the initial structures and refined
parameters is given in Table S1. All refinements resulted in no parameter correlations above a

magnitude of 0.8. The quality of a fit was assessed by visually comparing the fit to the observed



data, by evaluation of the physicality of the refined parameters (e.g., magnitude and sign of

ADP’s), and by using the weighted residual, R, parameter defined as:

N ; i)— )12
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where Gops(7;) 1s the experimental intensity at radial distance i, Geaie(7;) is the calculated intensity
at r;, and w(r;) is the weight of the data point at 7; which decreases with increasing . The error bars
for the C222; phase fraction were determined following convergence of the fit by varying the
phase fraction with all other parameters fixed until a deviation in the R, parameter of 10 % was

achieved.
3. Results
3.1.  Long-range structure — neutron diffraction analysis

The neutron structure functions, S(Q), for all Nd.Zr1xO2-0.5x» compositions indicate that the
samples are well-crystallized with no detectable impurity phases (Fig. 2). The stoichiometric series
endmember Nd2Zr,07 (x = 0.50), exhibits all peaks expected of the pyrochlore structure: the
primary Bragg peaks typical of fluorite as the parent structure of pyrochlore (e.g., (222), (440),
(226), etc.) and the superstructure peaks arising from the pyrochlore ordering (e.g., (111), (311),
(331), (422), etc.). With increasing substitution of Nd by Zr (decreasing x, Fig. 2 top to bottom)
the Bragg peaks shift to higher O-space, marking the contraction of the unit cell, and the
superstructure peaks show significant reduction in intensity until they become undetectable in the
structure functions of the samples with x = 0.30 and 0.23. The overall intensity of all Bragg peaks
decrease due to the replacement of Nd by the weaker neutron scatterer Zr (scattering lengths bng
= 7.69 fm versus bz: = 7.16 fm) [70]. Diffuse scattering becomes apparent in the S(Q) for all x-
values, except in x = 0.50 but especially in x = 0.23, at low Q (<10 A!) as an increase in the
structure function baseline “background” and as broad, low intensity peaks between and beneath
the Bragg peaks. At high O (>10 A™), this is accompanied by the intensity reduction and

overlapping of many closely spaced peaks into broad “waves” of scattered intensity. The diffuse



scattering can be clearly related to the Zr-content in the samples, and it indicates the presence of

local, atomic-scale structural features lacking long-range coherency.
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Figure 2: Stacked neutron total scattering
structure functions, S(Q), of the Nd,Zr1.xO2-0.5«
series (x=0.50, 0.40, 0.32, 0.30, and 0.23) from
1 A to 25 A’!, with the intensity scaled by a
factor of ten from 10 A to 25 A-!. The Miller
indices of the three most intense pyrochlore
peaks are labelled in red for x = 0.50 and
corresponding defect fluorite peaks are labelled

in purple for x = 0.23.

Rietveld refinements were performed on all neutron diffraction patterns using either the
pyrochlore (Fd3m) or the defect fluorite (Fm3m) structural models, or a combination of both; an
example of each is shown in Figure 3. The pattern of the stoichiometric endmember Nd>Zr,O7 (x
= 0.50) is described best by a fully ordered pyrochlore structure, while the refinement of the
opposite endmember of this series, x = 0.23, agrees well with the disordered defect fluorite
structure with excess oxygen, as dictated by the stoichiometry of the sample. For the intermediate
compositions, a pyrochlore structure best fits the pattern of the x = 0.40 composition while a two-
phase model of both pyrochlore and defect fluorite yields the optimum result for x = 0.32 and x =

0.30. Select refined parameters of all members of the system are summarized in Table 1 (all refined



parameters and refinement criteria are listed in Table S2). All refinements resulted in good R
values (5.3% and less) indicating excellent agreement with the refined model and the experimental
data. The unit cell parameters, a (ar and 2apr), across the series decrease linearly with decreasing
x (Fig. 4), which closely resembles a trend that follows Vegard’s law [71], as expected from
substituting the larger Nd** cations with the smaller Zr*" cations [72]. One of the two-phase
samples in this study, x = 0.32, exhibits pyrochlore and defect fluorite unit cell parameters that
differ slightly from each other, with the pyrochlore unit cell parameter being larger than that of the
defect fluorite phase (Table 1). For the other two-phase composition, x = 0.30, both phases’ unit
cell parameters are almost equal. In contrast, Finkeldei et al. found that the two-phase
compositions in their study had highly divergent unit cell parameters, with pyrochlore parameters
that were significantly larger than those of the defect fluorite phase [33]. This discrepancy can be
related to the different analytical probes that were used in both studies. X-ray diffraction utilized
by Finkeldei et al. is not very sensitive to the oxygen sublattice, while neutrons used in this study
have no explicit dependence on the atomic number of the element, providing more reliable data on
the oxygen anions. The only other neutron diffraction study on the Nd.Zr1xO2-0.5x solid solution
series in this compositional range shows the same dependence of the unit cell parameter on Nd-
content as shown here [25, 73]. This study claimed that the pyrochlore and defect fluorite phases
have highly similar chemical compositions at a given value of x and that there is no true separation
of the two phases. If the structural information on the oxygen sublattice is included in the
diffraction experiments, the mixed-phase compositions have unit cell parameter values that are
similar and agree better with the overall linear trend. Interestingly, the slope of the unit cell
parameter trend increases from the defect fluorite region to the pyrochlore region. This is
especially apparent when results from other studies are plotted alongside our data (Fig. 4) [25, 33,
73-76]. A recent modelling study ascribed this behavior to specific relative changes in the local
coordination environments around each cation species that occur within distinct compositional

ranges [77].

Table 1. Structural parameters, defect fluorite (Fm3m) phase fraction, and uncertainties from Rietveld refinements
of neutron diffraction patterns taken from Bank 4 over a range of 0 =4.1-16.2 A"1.2
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Figure 3: Neutron diffraction patterns (blue points) and associated
Rietveld refinement fits (green curves) as a function of d-spacing from
225 A to 12.0 A, taken from detector bank 4 of the NOMAD
instrument. Sample composition, phase fraction of defect fluorite
(fFm3m), phase fraction of pyrochlore (fFd3m), and goodness-of-fit values
(Rw) are displayed beneath each pattern. The cyan line represents the

difference curve between experiment and Rietveld refinement.
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3.2.  Short-range structure — neutron pair distribution function (PDF) analysis

Neutron pair distribution functions (PDFs) provide insight into the local atomic
arrangement and the associated changes with replacing Nd with Zr across the series (Fig. 5). Peak
positions in the PDFs give information on interatomic distances, peak areas on coordination
numbers, and peak widths on the atomic thermal vibrations and accumulated disorder. At large r-
values (r > 10 A), peaks shift to lower r with decreasing Nd-content, x, which highlights the
shrinking unit cell in agreement to the long-range data (Fig. 5a). This is accompanied by increasing
disorder across all r-space as distinct peaks broaden and overlap into perceivably fewer peaks (e.g.,

10 A and 13 A). The most pronounced changes in the PDFs are observed across the first few
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compositions (x = 0.50, 0.40, and 0.32), especially at low-7 where extensive modifications in peak
height, position, and width are observed (Fig. 5b). The other two compositions (x = 0.30 and 0.23)
are highly similar indicating local changes are minor in this compositional range. The first peak at
r = 2.1 A corresponds to nearest neighbor M-O bonds (Nd-O and Zr-O) and shows a marked
increase in intensity, position, and width with decreasing Nd-content, x, indicating a general
increase in the lengths of M-O bonds. The merging of this peak with the low-intensity shoulder
peak at 2.4 A further indicates the adoption of a wider range of M-O bond lengths. The peaks at
2.7 A and 3.1 A correspond to nearest neighbor Oug-Oass and Oag-Oss coordination distances,
respectively, and the merging of these two peaks with decreasing x into one broad shoulder
highlights the wide range of O-O distances adopted. Changes in the relative intensities and
positions of the peaks at 3.7 A and 4.4 A, which represent the nearest neighbor M-M correlations
(Nd-Nd, Zr-Zr, and Zr-Nd), is a direct result of the replacement of the larger and slightly stronger
scattering Nd cation with the smaller Zr cation and conversion of the nominally 6- and 8-
coordinated cation sites to 7-coordinated sites with polyhedra of intermediate size. The x = 0.5
composition has highly distinct peaks compared to the other compositions, especially at 3.1 and
3.7 A, which show the extensive ordering of the cation and oxygen sublattices in pyrochlore and

the following loss of this order in compositions with higher Zr-content and excess oxygen.
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Figure 5: (a) Stacked neutron pair distribution functions (PDFs), G(r), from 1.7 to 50 A for the Nd,Zr:-
+O2.05¢ series. Curves are offset by 12.0 A2, (b) Overlay of PDFs at low- from 1.7 A to 5.0 A.
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Small-box structural refinement was performed on the PDF of each composition to
determine, more comprehensively, the local atomic arrangement. Initially, the structural models
determined from the long-range Rietveld refinements were applied to the corresponding PDFs
across the range » = 1.7 to 50 A to assess the agreement between PDF and diffraction data. Aside
from the pyrochlore member x = 0.50, which showed good agreement with the average structural
model (R, = 5.81 %), the refinements for all other compositions resulted in progressively poorer
fits (9 % < Ry < 21 %) with decreasing Nd-content x, especially at low r-values where local
distortions create a large degree of mismatch between the calculated PDF and the experimental
data. This behavior suggests that the local bonding environment is no longer captured by the long-
range structural model and symmetry. To better describe the changes to the atomic environment
that are imposed by the replacement of Nd by Zr, a two-phase model was applied in the small-box
refinement across the range = 1.7 to 12.5 A. Select fits are given in Figure 6. The r-range to 12.5
A was determined from box-car modelling, a technique which involves fitting 10 A windows of
the PDF with the long-range structural model from low- to high-r to determine the distance at
which the average structure no longer adequately reproduces the PDF [51, 55, 57]. While the two
compositions x = 0.50 and 0.23 were modelled locally with cubic Fd3m pyrochlore and
orthorhombic C222; weberite-type phases, respectively, the PDFs of the compositions x = 0.40,
0.32, and 0.30 were modelled best by a combination of these two phases. The same two-phase
approach was successfully applied previously to model local defects and distortions in the PDFs
of a pyrochlore solid-solution series across an order-disorder transformation [51], and a similar
procedure was also utilized to capture inversion in spinel at the atomic-scale [57]. The phase
fraction of weberite-type ordering was obtained from small-box refinement, and it showed a
systematic increase with increasing Zr-content and excess oxygen (Table 2). A detailed analysis
of the refinement results showed that the Zr cations occupy the 6-coordinated and 7-coordinated
sites in the weberite-type structure, while the Nd cations only occupy the 8-coordinated sites. The
general formula for this arrangement is NdZr;O7+,, The location of the excess oxygen was
determined by performing small-box refinements with several different models: (i) where the
excess oxygen occupies only the vacant 4a site in the weberite-type model, (i) where it only
occupies the 8a site in the pyrochlore model, and (iii) where oxygen is allowed to occupy both

sites. Case (i) provided the best quality fits, resulted in the most physical structure (based on static
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distortions and thermal parameters), and gave the closest values to the expected oxygen
stoichiometry which were determined from the chemical composition of the sample (Table 2).
Thus, the excess oxygen introduced by non-stoichiometry was found to only occupy the vacant 4a
oxygen site of the weberite-type structure instead of the 8a vacant oxygen site of the pyrochlore
structure, indicating that the extra oxygen contributes to further disordering and is thus associated
with the weberite-type arrangement. Detailed results for the final two-phase models can be found
in the supplementary materials (Table S3) along with a description of how the calculated phase
fractions and stoichiometries were determined. Other models using different sets of parameters
were tested to determine the impact of including the more complex C222; model in the refinements
(Table S4); a detailed discussion of these results and supporting figures can be found in the
supplementary materials. The two-phase model discussed previously using only isotropic ADPs

was found to be sufficient to model the local distortions observed in the PDFs.
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Figure 6: Neutron PDFs (black points) and associated small-box
refinement fits (red curves) from r-values 1.7 A to 12.5 A. Sample
composition, phase fraction of weberite-type phase (fc222:), phase

fraction of pyrochlore (fFa3m), and goodness-of-fit values (R,) are
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displayed beneath each PDF. The cyan line represents the difference

curve between experiment and small-box refinement.

Table 2. Structural parameters, weberite-type (C2221) phase fraction, and uncertainties from small-box refinements of neutron
PDFs across r =1.7-12.5.

Composition Structure (2221 phase | Calculated €222 Refined O Expected O R (%)
X in NdxZr1+02-0.5x fraction phase fraction® | stoichiometry | stoichiometry?®
0.50 Fd3m 0 0.00 0.875° 0.8750 5.81
0.40 Fd3m + C222, 0.40+0.03 0.40 0.90 0.9000 5.93
0.32 Fd3m + C222, 0.66+0.03 0.72 0.92 0.9200 6.00
0.30 Fd3m + C222, 0.72+0.03 0.80 0.92 0.9250 6.35
0.23 C222; 1 1.08 0.93 0.9425 6.43

® See supplementary materials for detailed information on how the expected values were determined
P Error bars determined by varying the phase fraction, with all other parameters fixed, around the refined value to induce a 10 %
increase in Ry

4. Discussion

Neutron total scattering experiments with analysis of the long-range structure and the local
atomic bonding environment have further elucidated the complex and heterogeneous nature of the
order-disorder transition in the non-stoichiometric Nd,Zr1.xO2.0.5x series. As shown previously for
other disordered pyrochlore oxides [51, 52], the weberite-type (C2221) phase fraction is a suitable
measure for the extent of local disorder accumulating with increasing disordering species, in this
case Zr cations and excess oxygen. The weberite-type atomic arrangement is less ordered than
pyrochlore, as it contains 7-coordinated cation sites and some disorder across the vacant oxygen
sites; it is more ordered than defect fluorite by maintaining 8- and 6-coordinated cation sites and
some oxygen vacancy order. Comparing the amount of weberite-type phase for each composition
(Table 2) with the corresponding amount of defect fluorite phase (Table 1) reveals a distinct
disconnect between the short-range and long-range disordering behavior (Fig. 7). While the
weberite-type fraction increases linearly as Nd is replaced by Zr, the defect fluorite phase fraction
follows a sigmoidal-like trend where most of the phase transformation occurs within a narrow
compositional range at lower Nd levels. Other similar systems of Nd-doped ZrO; have been
investigated using XRD, showing a long-range phase transformation with decreasing Nd-content
that closely matches the behavior observed in the neutron diffraction data of this study [33, 36,
40]. Previous high temperature solution calorimetry measurements of Ln-doped ZrO,/HfO,/CeO,

revealed compositional trends in the thermodynamical quantities (e.g., the enthalpy of drop
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solution, AHgs) of these materials which agrees well with the more gradual local phase behavior in
this study [33, 43, 44, 46, 47, 78-80]. The enthalpies of mixing from these studies point toward the
existence of locally ordered domains within defect fluorite, which supports the weberite-type
ordering found here. Other studies on Ln-doped ZrO» using Raman spectroscopy, Time-Resolved
Laser Fluorescence Spectroscopy (TRLFS), and local X-ray probes (e.g., Extended X-ray
Absorption Fine Structure, EXAFS) also highlight a gradual change in the local bonding
environment, rather than the sharp transition observed using XRD [64, 81]. In this study,
decreasing the Nd-content from 50 % to 33 % (x = 0.50 to 0.33) increases the amount of weberite-
type ordering locally to a phase fraction of ~ 0.70, at which point the long-range structure starts to
change to defect fluorite. Once this point is reached, only a 5 % decrease in Nd (x = 0.33 to 0.28)
changes the long-range structure completely, with the defect fluorite phase fraction accumulating
from 0 to 1, while over the same compositional range the weberite-type phase fraction grows only
from 0.7 to 0.8. These results show that the order-disorder transformation is highly heterogeneous
in Nd,Zr1.O2-0.5c with distinct behaviors across the long-range and short-range atomic structure.
These decoupled disordering processes allow one to adjust the degree of disorder in such
compounds across different length scales by changing the chemical composition and

stoichiometry.
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Figure 7: Quantitative analysis of disorder in the form of phase
fractions deduced from neutron total scattering data in the Nd.Zri-
xO2.0.5x series. Phase fractions of long-range defect fluorite (blue

squares) and short-range weberite-type (red circles) are plotted as
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a function of decreasing Nd-content, x. The 50% defect fluorite
phase fraction is labeled with a black diamond. Error bars represent
uncertainties in the refinement process and are, for defect fluorite,
smaller than the symbols. A symmetric sigmoid function (blue
dashed line) and a linear trend (red dashed line) were fitted to the
defect fluorite and weberite-type data points, respectively, with a

goodness-of-fit value R’ of more than 0.998 each.

Oxygen defects can form in pyrochlore as Frenkel pairs, where the movement of a 48fsite
oxygen anion to a nearby vacant 8a site (either through an adjacent 85 site or directly) creates a
new coordination environment around the neighboring cation sites (Fig. 8). Some of the cations
adopt 7-coordinated configurations through this oxygen movement, creating atomic arrangements
that upon relaxation form the weberite-type C222; building block observed in the PDFs [52]. In
the Nd.Zri.«O2.05¢ series studied here, oxygen defects are introduced simultaneously by two
coupled processes: (i) by replacing Nd with Zr and shifting oxygen to new sites and (i7) through
incorporation of excess oxygen from non-stoichiometry. When the larger Nd cation in pyrochlore
(Fig. 8a) is substituted with the smaller Zr cation (Fig. 8b), the 8-coordinated A-site previously
occupied by Nd becomes too large for the Zr cation. To reduce the size of the polyhedron and
better accommodate the Zr cation, a 48f oxygen anion shifts to a nearby vacant 8a site, creating a
smaller 7-coordinated cation site upon relaxation (Fig. 84). In the second process, excess oxygen
is introduced to balance the change in charge from cation exchange in (i) (one extra O anion per
additional two Zr*" cations). This additional oxygen fills the nominally vacant 8a site, upon which
four 6-coordinated B-sites (occupied by Zr) become 7-coordinated sites (Fig. 8c). Relaxation of
the structure yields a similar final atomic weberite-type configuration (Fig. 8d) as achieved by only
cation substitution, but the constitutional vacancy at the 4a site in the C222; weberite-type
structure is also partially occupied. The oxygen fraction on this site was refined (Table 2) and
found to closely match the expected stoichiometry of the sample (see supplementary materials for
information on how the expected values were obtained). Interestingly, small-box refinements also
showed that Nd cations do not occupy the 7-coordinated sites, likely due to its large ionic radius
which prevents Nd from sharing a site with the smaller Zr cation. The local structural model used

in this study to describe the atomic arrangement within the disordered phase is in excellent
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agreement with results from a recent modelling study by Bukaemskiy et al. [77]. Unit cell
parameters of a variety of A,Zr1.xO2-0.5x solid solution series (A = Ln, Y) were modeled across their
compositional range which yielded detailed information on the progression of coordination
environments around the A- and B-site cations. In the compositional range 0.33 < x < 0.50, they
found that the unit cell data for the Nd.Zr«O2-0.5x series can be accurately fit using a short-range
ordering scheme containing only 8-coordinated Nd, and 6- and 7-coordinated Zr [77], which
closely matches the weberite-type bonding environment found in this study. The data presented
here supports the assessment that the anion sublattice, and particularly the oxygen defect
configurations (Fig. 8), play an important role in the formation of disorder in the NdZr1+O2-0.5x

series and its heterogenous accumulation with Nd-content, x, across length scales.
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Figure 8: (@) 3-D polyhedral rendering of stoichiometric
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oxygen to the 8a site in pyrochlore upon substitution of an A-
site cation with a B-site cation forming 7-coordinated sites. (¢)
Non-stoichiometric pyrochlore with excess oxygen at the 8a
site forming 7-coordinated sites. (d) 3-D polyhedral rendering
of hyper-stoichiometric NdZr3O7+. weberite-type that forms
after structural relaxation of the defect configurations

displayed in (a) and (b).

A recent neutron and X-ray total scattering study investigated disorder that occurs within
a stoichiometric solid-solution series (Ho2Ti2xZr:O7) [51] and the major findings are in good
agreement with the disordering behavior presented here for the Nd.Zri..O2.0.5¢ series. Box-car
analysis of the PDFs for the Nd\Zri..O2.0.5x was performed to ensure the r-range of the local
ordering coincided with that of the Ho2Ti2..ZrO7 series. The r-range determined for the Nd,Zr-
+02.05: series was ~13 A, a result close to the value of 12.5 A for the Ho,Ti»..Zr,O7 series. For both
series, the local structure continuously transforms to a weberite-type atomic arrangement with
increasing Zr-content, while the long-range structure follows a sigmoidal trend over a narrow
compositional range to form defect fluorite. However, both series differ in their chemistry and
stoichiometry which impacts how disorder accumulates across length scales. For Nd.Zr1xO2-0.5x,
50 % of the long-range structure has transformed to disordered defect fluorite when 72 % of the
local structure has transformed to weberite-type, while only a local phase transformation to 60 %
weberite-type is needed to create 50 % defect fluorite in Ho2T12..ZrO7 (Fig. 9). This behavior can
be related to subtle differences in the defect structure and local bonding environment associated
with cation substitution in both series. The formation of local weberite-type building blocks in the
NdZr1-+O2-0.5¢ series was explained above by the two coupled processes (i) and (ii) as shown in
Figure 8. Both replacement of the larger A-site Nd** cation by the smaller B-site Zr** cation and
the introduction of excess oxygen anions results in a coordination environment that is best
described by building blocks with a C222, symmetry. The process is different in the Ho2Ti2-.ZrO7
series, where disorder is induced by replacing a smaller B-site Ti*' cation with a larger B-site Zr*"
cation, with no changes to the A-site Ho>* cations. Stoichiometry is therefore maintained and the
weberite-type building blocks with 7-coordinated sites form by movement of 48f oxygen anions

from the 8-coordinated polyhedra to the 8a site of the 6-coordinated polyhedra [52]. The
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rearrangement of oxygen changes the smaller 6-coordinated Ti polyhedra to a larger 7-coordinated
polyhedra when Ti is replaced by Zr. These 7-coordinated sites are occupied randomly by both Ho
and Zr because these cations are more similar in size, which contrasts with the Nd,Zr1.xO2-¢ sx series
where only Zr cations occupy the 7-coordinated polyhedral due to the large size difference between
Nd and Zr. The differences in the 7-coordinated site occupancies qualitatively explains the
deviation in the correlation of short-range and long-range disordering among both series (Fig. 9).
Defect fluorite ultimately forms from the quasi-random averaging of weberite-type domains [51,
52, 82]; the more similar the polyhedra in the weberite-type domains are to those of defect fluorite
(i.e., randomly occupied cation sites and randomly distributed vacancies), the more readily the
long-range phase forms. The 7-coordinated polyhedra containing both A- and B-site cations in
HooTiz.xZr,O7 are more defect fluorite-like due to the randomly occupied 7-coordinated sites, and
less of the short-range weberite-type phase is needed (60 %) to reach the same amount of long-
range defect fluorite phase than with 7-coordinated polyhedra with no cation mixing, as in Nd.Zri-

0205 (72 %) (Fig. 9).
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Figure 9: Comparison of the weberite-type local
phase fractions at 50% average defect fluorite
phase for the two series Nd.ZrixO205. (this
study) and Ho:TixZriO7 (from [51]). Phase
fractions were obtained in both cases by neutron

total scattering experiments.
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Fundamental chemical rules (Pauling’s rules) have been used to rationalize why the
weberite-type building block is the preferred atomic arrangement of disorder in pyrochlore oxides,
which is well reproduced with the C222; structural model for Y3TaO7 [52]. This local ordering is
observed in pyrochlore oxides that have been disordered by changes in the chemical composition
through the replacement of smaller B-site, 4+ cations with larger 4+ cations (i.e., Ti*" with Zr*")
[51], swift heavy ion irradiation [50, 55, 83, 84], and mechanical milling [83]. This study expands
this general concept of disordering in pyrochlore oxides by revealing the same local weberite-type
phase from exchange of the larger A-site, 3+ cation (Nd*") with the smaller B-site, 4+ cation (Zr*")
and the introduction of excess oxygen anions. However, the weberite-type building blocks found
here have a higher degree of internal order as compared to those observed in stoichiometric A2B,O7
pyrochlores disordered either intrinsically (chemical changes) or extrinsically (ion irradiation or
milling): there is no mixing of cations on the 7-coordinated sites and oxygen anions partially
occupy the normally vacant sites. Since local weberite-type domains are not only present in a fully
disordered, defect fluorite sample, but also in a long-range ordered pyrochlore (Fig. 7), one must
be careful when using only long-range analytical probes to determine structural characteristics that
are important for the expression of physical properties. While the weberite-type local structure has
been shown to form through a variety of disordering mechanisms, this study shows that differences
in both disordering progression and structure are subtle; not only does the internal structure of the
building blocks of disorder change but so does the relative disorder between the short-range and

long-range structure, i.e., the heterogeneous nature of the disordering process (Fig. 9).

5. Conclusions

Using neutron total scattering we have investigated the progression of disorder and local
ordering in the non-stoichiometric solid solution series NdxZr1.xO2.0.5x. Analysis of the long- and
short-range atomic configurations using both Rietveld refinement of the structure functions, S(Q),
and small-box refinement of the pair distribution functions (PDFs), G(r), shows a complex
disordering behavior with increasing substitution of Nd with Zr. The transition from the pyrochlore
phase (Fd3m) to defect fluorite (Fm3m) occurs over a narrow compositional range (x ~ 0.33 to
0.28) following a sigmoidal trend while the phase change locally from pyrochlore to a weberite-
type configuration (C222;) proceeds linearly across the entire series. The local weberite-type

fraction can be predicted by using a simple linear equation, = 2 - 4x. Detailed investigation of the
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local structure through analysis of the nearest neighbor atomic correlations reveals two anion
defect formation pathways that are important for disordering in this series: (/) movement of a 48f
site oxygen anion to a nearby vacant 8a site associated with the substitution of Nd with Zr and the
required adjustment of polyhedra to 7-coordinated sites, and (ii) introduction of excess oxygen,
due to the greater charge of Zr cations, that occupies the vacant 8a site, creating 7-coordinated
sites without the substitution of nearby Nd. Both initial defects form the weberite-type building
blocks with 6-, 7-, and 8-coordinated polyhedra after structural relaxation. Nd cations occupy only
the 8-coordinated sites in the weberite-type structure while the Zr cations occupy the 6- and 7-
coordinated sites. With increasing Zr-content and excess oxygen, the weberite-type domains
accumulate randomly at the short-range which yields the long-range defect fluorite. Comparing
disorder in the NdiZri.+O2.0.5x non-stoichiometric solid solution series (substitution of A-site
cations by B-site cations and inclusion excess oxygen) to the stoichiometric Ho,Ti2.,ZrO7 series
(only B-site cation substitution) studied previously reveals overall a very similar behavior with
weberite-type local ordering and heterogeneous phase accumulation across length scales.
However, the weberite-type building block in the NdZri.xO2-0 5. series is more ordered with greater
cation site selectivity (no site sharing between Nd and Zr) and contains extra oxygen due to non-
stoichiometry. This leads to a different correlation between the short-range and long-range
structure, with the required accumulation of weberite-type ordering being 72 % and 60 % to reach
50 % defect fluorite for the NdZr1.xO2-0.5x and Ho2Ti2-«Zr,O7 series, respectively. This study shows
that heterogeneous disordering in pyrochlore oxides is complex and that changes in both the cation
species and the stoichiometry affect the entire disordering process by changing the local bonding
environment, which in turn modifies the long-range structure. This provides opportunities when
designing materials with defects and disorder that enable desirable physical properties; however,
further experimental and modelling studies are needed to better understand these processes and the
role of the intermediate-range structure that links atomic-scale behavior with the observable long-
range structure. Further, how these findings apply to the high temperature phase space of these

materials is unclear; in situ experiments are needed to address this knowledge gap.
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