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ABSTRACT

Neutron diffraction and total scattering are combined to investigate a series of single-phase 10-component
compositionally complex fluorite-based oxides, [(Prg.375Ndo.375Ybo.25)2(Tio.sHf0.25Z10.25)207]1-x[(DyHOErNDb)
O7]x, denoted as 10CCFBOxnp. A long-range order-disorder transition (ODT) occurs at x % 0.81 0.01 from the
ordered pyrochlore to disordered defect fluorite. In contrast to ternary oxides, this ODT occurs abruptly without an
observable two-phase region; moreover, the phase stability in 10CCFBOs deviates from the well-established
criteria for simpler oxides. Rietveld refinements of neutron diffraction patterns suggest that this ODT occurs via
the migration of oxygen anions from the position 48f to 8a, with a small final jump at the ODT; however, the 8a
oxygen occupancy changes gradually (without an observable discontinuous jump). We further discover diffuse
scattering in Nb-rich compositions, which suggests the presence of short-range order. Using small-box modelling,
four compositions near ODT (x % 0.75, 0.8, 0.85, and 1) can be better fitted by C222; weberite ordering for the
local polyhedral structure at nanoscale. Interestingly, 10CCFBOy 7snp and 10CCFBOg gnb possess both long-range
pyrochlore order and short-range weberite-type order, which can be understood from severe local distortion of the
pyrochlore polyhedral structure. Thus, weberite-type short-range order emerges before the ODT, coexisting and
interacting with long-range pyrochlore order. After the ODT, the long-range pyrochlore order vanishes but the
short-range weberite-type order persists in the long-range disordered defect fluorite structure. Notably, a drop in
the thermal conductivity coincides with emergence of the short-range order, instead of the long-range ODT.

1. Introduction

and other physical properties, including the radiation resistance [7,8].
Researchers have investigated the order-disorder transition (ODT) in

Fluorite-based oxides are a fascinating class of functional and struc-
tural ceramics with applications in solid oxide fuel cells (SOFCs) [1,2]
and thermal barrier coatings (TBCs) [3—-5], amongst other areas. They
exhibit versatile compositional space and structural diversity. Here, the
cubic fluorite (AO2.5), as well as the disordered defect fluorite (A407), is
the basis structure. The cubic pyrochlore (A2B207) and orthorhombic
weberite-type (A3BO7) structures represent two common derivative su-
perstructures (of2 2 2and 2 2 2, respectively) with ordered cations
and oxygen vacancies [6]. The phase transformations between these
structures further enable tailoring of thermal, mechanical,

fluorite-based oxides using X-ray diffraction [9,10], Raman spectroscopy
[11], transmission electron microscopy [12,13], X-ray absorption near
edge spectroscopy (XANES) [14], and neutron total scattering [15,16].
The investigation can be conducted at different length scales to probe
both long- and short-range orders. Researchers discovered that the oxy-
gen anion displacement from 48f to 8a is the major cause of the
long-range fluorite-to-pyrochlore ODT in 2- or 3-component oxides [9,
16,17]. In addition, weberite-type short-range ordering has been re-
ported in long-range-disordered defect fluorite structure [6,18,19]. For
example, Drey et al. proposed that oxygen anion migration can create
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Fig. 1. (a) XRD spectra of the 10CCFBOxnp, series with
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seven-coordinated Zr sites to form weberite-type short-range ordering in
Hoz(Tiz.yZry)O7 [20]. These authors suggested that the formation of
weberite-type nanodomains of different orientation can trigger the
long-range disordering to form defect fluorite. In general, how the long-
and short-range ordering vs. disordering form, interact, and affect various
physical properties represents open scientific questions. In a fundamental
and broader perspective, elucidating and controlling ordering vs. dis-
ordering at different length scales can open a window to tailor various
physical properties.

In the last a few years, high-entropy ceramics (HECs), which possess
high configurational entropy and compositional disorder, attracted great
research interest. Many studies have been conducted to fabricate and
characterize high-entropy rock-salt [21], perovskite [22,23], fluorite
[24-29] (including defect fluorite [25-27]), pyrochlore [29-32],
weberite [32], fergusonite [32], spinel [33] oxides, as well as
high-entropy (MB2, MB, M3B4, MB4 and MBe) borides [34-38], carbides
[39-41], (MSi2 and MsSi3) silicides [42,43], nitrides [44,45], and fluo-
rides [46], amongst others [47,48]. In particular, high-entropy fluo-
rite-based oxides have been reported for potential applications as
thermal barrier coatings (TBCs) due to their low and reduced thermal
conductivity and proper mechanical properties (e.g., moderate Young's
moduli) [24-32]. Furthermore, it was proposed to broaden HECs to
compositionally complex ceramics (CCCs) to include non-equimolar
compositional designs and/or long- and short-range ordering, which
reduce the configurational entropy, but provide additional dimensions to
tailor or improve physical properties [32,47,49,50]. The vast majority of
prior studies focused on equimolar five-component (occasionally four- or
six-component) HECs [47,48]. Three recent studies further explored
many-component (i.e., 10- to 21-compoment) non-equimolar CCCs
(including ultrahigh-entropy compositions with long-range ordering)
[32,51,52]. Here, long-range pyrochlore-to-fluorite [51,52] and
pyrochlore-to-weberite [32] phase transformations (including a

26 ()

a limited number of atoms of a given element in an
atomic column, particularly in a 10-component sys-
tem). Additional STEM EDS mapping at a lower
magnification shown in Suppl. Fig. S2 demonstrates
compositional homogeneity at ~20-100 nm scale.

redox-induced ODT [52]) have been reported. However, the atomic level
phase transformation and ordering/disordering mechanisms in these
many-component CCCs have not yet been investigated.

Thanks to their sensitivity, neutron diffraction and total scattering
can provide high-quality data to characterize both long- and short-range
orders. In 2020, Jiang et al. reported a study to combine neutron
diffraction and total scattering to analyze high-entropy pyrochlore oxides
[53]. In 2022, Wright et al. reported a neutron total scattering study to
characterize the short-range ordering in five high-entropy rare earth ni-
obates and tantalates (all in the long-range disordered defect fluorite
structure) [25]. Both studies investigated 4- to 6-component equimolar
or near-equimolar compositions, and they did not observe (therefore did
not investigate) any ODT. Thus, the atomic level mechanisms of the
compositionally induced ODT in HECs and CCCs, as well as the interac-
tion and competition of short- and long-range ordering vs. disordering,
have not yet been characterized by neutron diffraction or total scattering.
These open scientific questions, which become more interesting and
intriguing in many-component CCCs with high (or ultrahigh) configu-
rational entropy and compositional disorder, motivated this study.

Herein, we designed a series of 10-component compositionally com-
plex  fluorite-based oxides with the following formula:
[(Pro.375Ndo.375Ybo.25)2(Tio.sHf0.25Z10.25)207]1x[(DyHOErNb)O7]x,
denoted as “10CCFBOxny” for brevity, where x represents the fraction of
Nb or niobate in the formula. This series of 10CCFBOxn, composites all
possesses single phase as confirmed by multi-scale characterization, with
a long-range pyrochlore to defect fluorite ODT occurring at x ~ 0.81
0.01. In addition, weberite-type short-range ordering was found for x >
0.5, interacting and competing with the long-range ODT. The weberite-
type short-range ordering and pyrochlore long-range ordering and their
interplay in 10CCFBOxnpb, along with how the ODT takes place at the
atomic scale, were revealed by combining the state-of-the-art neutron
diffraction and neutron total scattering, along with Rietveld refinements
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Fig. 2. (a) Neutron diffraction patterns of the 10CCFBOynp series of specimens. (b) Enlarged area showing the (331) pyrochlore superstructure peaks. The long-range
pyrochlore to fluorite transition (ODT) happens in between 10CCFBOy gny and 10CCFBOy gsnp. Broad background peaks appear for 10CCFBOxnp, specimens with high Nb
contents (for x % 0.75, 0.8, 0.85, 0.9, and 1), which are attributed to the presence of short-range weberite-type orders based on a subsequent analysis. (c) A

measured neutron diffraction pattern of 10CCFBOg snp (black circles) and the best Rietveld refinement fit with the Fd 3 m space group (red line). The blue line

underneath represents the difference between experiment data and the refinement fit. The data fit for 10CCFBOg sni with Fd 3 m yields Ry, % 0.031, which indicates a

good fit. The short black lines under experimental data show the peaks index for the Fd 3 m structure. (d) Positional parameter u for 48f oxygen at the (u 1/8 1/8) and

equivalent positions in the pyrochlore unit cell and occupancy of oxygen vacancy at position 8a (1/8 1/8 1/8) with increasing x in 10CCFBOxnp. The dense symbols

stand for the pyrochlore compositions, and the hollow ones illustrate the corresponding 8a occupancy and u in defect fluorite composition. The oxygen anion has an

abrupt movement close to the ODT, indicated by the dash line. (e) Schematic illustration of oxygen position and migration from 48f to 8a with increasing x.

and small-box modelling of pair distribution functions (PDFs). In addi-
tion to uncovering the atomic level ODT mechanism and the competition
of long- and short-range ordering vs. disordering, we observed unusual
phase stability in the 10CCFBOxnp (in contrast to well-established criteria
for ternary oxides) and the correlation of thermal conductivity with the
emergent of short-range ordering instead of the long-range ODT.

2. Experimental procedure
2.1. Synthesis and fabrication of materials

All oxide precursors were purchased from US Research Nanomaterials
Inc (Houston, TX). Powder precursors of the pyrochlore endmember
(Pro.375Ndo.375Ybo.25)2(Ti0.5Hf0.25Z10.25)207 and fluorite endmember
(DyHoErNb)O7 were first prepared separately. For each endmember,
binary oxides were weighted, put in Y,03-stablized ZrO> jars with 10 mL
isopropanol, and planetary ball milled for 24 h (using a PQNO4 planetary
miller, Across International) in parallel. After drying the powder at 75 C
overnight, we mixed the powder of two endmembers with appropriate
molar ratios to fabricate a series of twelve 10CCFBOxnb or
[(Pro.375Ndo.375Yb0.25)2(Tio.5Hf0.25Z10.25)207]1-x[(DyHOErNb)O7]x  spec-
imens for x % 0, 0.02, 0.25, 0.5, 0.75, 0.8, 0.812, 0.825, 0.85, 0.9, 0.98
and 1, respectively. The nominal compositions are based on the weights
of oxide precursors used in the synthesis, which are consistent with en-
ergy dispersive X-ray spectroscopy (EDS) measurements of the synthe-
sized specimens within the typical EDS quantitative errors. The mixtures
were placed in poly(methyl methacrylate) vials with tungsten carbide

inserts and balls for high-energy ball milling for 100 min (875 cycles/min
using a SPEX 8000D miller, SPEX SamplePrep, USA). Finally, the powder
was uniaxially pressed into 13 mm diameter pellets and placed on a Pt
foil covered Al,O3 crucibles for sintering. The Pt foil prevented the re-
action between green body pellets and crucibles. The pellets were sin-
tered at 1600 C in air for 24 h and furnace cooled to room temperature.
The sintered pellets were grinded and polished for characterization.

2.2. Characterization

2.2.1. Phase identification and compositional analysis

Synthesized specimens were characterized by X-ray diffraction (XRD,
Miniflex II diffractometer, Rigaku, Japan) to probe the crystal structure.
XRD was operated at 30 kV and 15 mA to collect the spectra with 0.02
step size and 2 s dwell time. Rietveld refinements of XRD were conducted
using GSAS II to confirm the crystal structure and measure the lattice
parameters and theoretical density.

Scanning electron microscopy (SEM, FEI Apero) was applied to
examine the microstructure and elemental homogeneity of all specimens.
Specimens for SEM characterization were hot mounted in acrylic and
polished [51]. Elemental maps were generated using energy dispersive
X-ray spectroscopy (EDS, Oxford N-MAX) to examine the compositional
homogeneity with a 20 kV and 3.2 nA electron beam.

Scanning transmission electron microscopy (STEM) specimens were
prepared by a dual-beam focused ion beam (FIB, FEI Scios Dualbeam).
The STEM images and EDS analysis were obtained using a 300 kV, double
aberration-corrected STEM (JEOL JEM-ARM300CF, Japan) with a high-
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Fig. 3. (a) Normalized area of the (331) peak vs. x curves for the I0CCFBOxnp series and linear least square fittings. The normalized peak areas were calculated based on
the neutron diffraction (ND) patterns (indicated by the diamond symbols) and XRD (circle symbols). The left y axis was labeled with two scales for the data points
calculated based on neutron/X-ray patterns. Reciprocal Full Width Half Maximum (1/FWHM) was determined from fitting the broad diffuse scattering peaks in
neutron diffraction. The extrapolated x value for the vanishing of superstructure peaks from the best linear fittings are 0.82 0.02 for neutron diffraction and 0.87 0.03 for
XRD, respectively. (b) Enlarged region near ODT. This analysis suggests an abrupt (331),, vanishment of the (331) superstructure peak during the ODT occurring at x
~ 0.81 (accelerated from the linear extrapolated values, suggesting a final discontinuous jump). (c) The position of the (331),, (represented by square symbols) and the
diffuse scattering in long-range pyrochlore (dense circles for x % 0.75 and 0.8) and defect fluorite (hollow circles for x % 0.85, 0.9, 0.98, and 1) vs. x curves in the
10CCFBOxnp series. (d) Lattice parameter vs. x in the 10CCFBOxnp, series. The pyrochlore lattice parameters (square symbols) are divided by two to correlate with
those of the defect fluorite structure (circle symbols). All results here are based on neutron diffraction patterns obtained at the Vulcan diffractometer. (e) Plot of averaged
cation radii ratio (rge/rtm) and molar rafio (Xre/Xtm) for the 10CCFBOxny, series, where a rather abrupt ODT occurs between x % 0.8 and x % 0.812. For references, the
rre/ rrm vs. molar ratio (Xre/Xtm) for the pyrochlore-fluorite dual-phase equilibria (phase boundaries) for three ternary RE;Hf>07 oxides are also plotted based on phase
diagrams [ACerS-NIST database: Gd;Hf>,07 (No. 9299), EupHf,07 (No. 11158) and SmyHf,07 (No. 9333)], where the dual-phase compositional region increases with
increasing rre/ rrm ratio. (f) The replotted phase diagram of Gd,Hf>07 (N0.9299) to illustrate the dual-phase regions. The solid and hollow icons for the ternary hafnates
in Panel (a) stand for the equilibrium compositions of pyrochlore (denoted as Pp) and fluorite phase (denoted as Fp) forthe A/B > 1 or Xg4 > 0.5 side of the tie-line of the
dual-phase region. Unlike ternary RE,Hf,O7 oxides, the ODT in the0CCFBOxny, series takes place almost abruptly without an observable dual-phase region, despite it
has a higher averaged cation radii ratio rge/rrm-. T

angle annual dark field (HAADF) detector.

2.2.2. Neutron diffraction and Rietveld refinements

Neutron diffraction data were collected at the VULCAN diffractom-
eter, at the Spallation Neutron Source (SNS), at the Oak Ridge National
Laboratory (ORNL) [54]. Ten 10CCFBOxnb samples were sintered pellets
with 10 mm in diameter and 2.5 mm in thickness. The diffraction ex-
periments were carried out at 290 K. All data shown in this paper used
diffraction data from detector Bank 2 by optimizing the neutron path to
reduce the neutron absorption.

The Rietveld refinements of all diffraction patterns were done with
GSAS software. The refined parameters included the histogram scale
factor, lattice parameter, isotropic atomic displacement parameters for A
and B site metal cations and all oxygen positions (Ua, U, Uoss), Uo(sb),
Uo(8a)), 36 coefficients of Chebyshev polynomial background, 2 co-
efficients describing Gaussian contributions to the Bragg peak shapes and
finally the absorption factor due to elements like Dy. The pyrochlore
structure does not have much flexibility for a cation position change and
the only positional parameter allowed to be refined is the position u of

0O(48f) at (u, 1/8, 1/8); noting that we adopt “u” here for the positional
variable since “x” is used to denote the composition. The occupancy of
three oxygen sites were also refined while maintaining the site balance:

48 O(48f) b 8 O(8b) p 8 O(8a) % 56 O sites per unit cell.

2.2.3. Neutron total scattering and pair distribution function

Pair distribution function (PDF) G(r) were obtained via neutron total
scattering at Nanoscale-Ordered Materials Diffractometer (NOMAD BL-
1B) at the SNS, ORNL. For 10CCFBOxnb powder specimens (x % 0.75,
0.8,0.85,and 1) were loaded into a 2.8 mm ID, 3 mm OD quartz capillary to
a height of 30 cm with around 0.6 g total mass. The total scattering
experiments were carried out at 290 K for a total accelerator proton
charge of 8C, corresponding to about 92 min acquisition time at the full
power. To produce the total scattering function S(Q), the background was
subtracted for the data from six defector banks and the data were
normalized to the intensity of vanadium. This function was Fourier-
transformed with a sliding Qmax to obtain the neutron weighted pair
distribution functions, GOrP % 1%gdb 1. The shortest distance
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Fig. 4. (a) Neutron total scattering patterns with
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correlations were transformed with a Qmax % 31:4 A'. The momentum

transfer, Q, is given as Q % 48508 where 6 and A are the scattering angle
and the neutron wavelength, respectively.

The analysis of PDF data was done with small-box modelling by the
PDFgui software. Three different structures used to model the data were
pyrochlore (Fd 3 m), defect fluorite (Fm 3 m), and weberite-type (C2221)
structures. The refined parameters for the pyrochlore, defect fluorite, and
weberite-type structures are listed in the Supplementary Method section
(in Supplementary Material). We note that there are more degrees of
freedom for cation and anion displacements for the weberite-type
(C2221) structure. Hence, 27 parameters were refined for the space
group C222;. Multiple elements occupying A or B site were refined with
the same XYZ position and ADP.

2.3. Thermal conductivity measurements
The thermal diffusivity was measured using a Laser Flash Analyzer

(LFA 467 HT HyperFlash, NETZSCH, Germany). All measurements were
conducted from room temperature (25 C) up to 600 C in an Ar gas

3
r(A)

e

environment, with five individual measurements at each temperature
point. Thermal conductivity was determined from thermal diffusivity (a),
density (p), and specific heat (c,) with the following equation:

kmeasured % QPCp (1)

The thermal conductivity was further corrected for porosity based on
the following equation [55]:

kmeasure
! 2)

k 1 —measured
" 81 pp*

3. Results and discussion

3.1. Single-phase formation in 10-component oxides

All XRD patterns of the 10CCFBOxnp specimens exhibit either single-
phase defect fluorite A4O7 (Fm 3 m) or single-phase pyrochlore A2B207
(Fd 3 m) structure (Fig. 1a), which can be differentiated by the (331),
superstructure peak due to the cation and oxygen anion ordering in the
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Fig. 5. Goodness-of-fit parameter (Ry) of four
(a) (b) 10CCFBOxy: (a) (DyHoErNb)O; (x % 1), (b)
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of more fitting parameters), while the dependence on
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pyrochlore structure. No secondary phase was detected in XRD (Fig. 1a)
or EDS elemental mapping (Suppl. Fig. S1). There is an ODT from ordered
pyrochlore to disordered defect fluorite structure between 10CCFBOg snb
and 10CCFBOg.g12nb, evident by the vanished (331),, superstructure peak
in Fig. 1b. Here, we monitor the ODT via examining the (331), peak,
which has the highest intensity among the pyrochlore superstructure
peaks. To further exclude the possible existence of fluorite and pyro-
chlore dual-phase region, SEM/EDS was applied to check the elemental
homogeneity of 10CCFBOxnb, as shown in Suppl. Fig. S1. The images
were taken by backscattered electron on polished pellet samples and EDS
mapping showed homogeneous elemental distribution with no detect-
able secondary phase in all samples examined. The nanoscale elemental
homogeneity was further confirmed by STEM based EDS elemental
mapping, as shown in Suppl. Fig. S2 at the length scale of ~20-100 nm
(including a grain boundary) and Fig. 1c at the atomic scale (noting that
the compositional inhomogeneity at ~1 nm scale cannot be measured by
STEM EDS since the TEM specimen thickness is > 20 nm; thus, the var-
iations in the EDS intensities at ~1 nm scale are likely due to measure-
ment noises and statistical fluctuations at the atomic scale). Combining
both microscale and nanoscale EDS mapping and XRD patterns confirms
the formation of single-phase 10CCFBO with homogenous chemical
distribution, to the best that we can reasonably characterize.

We recognize that inhomogeneous distribution of metal elements
caused by chemical short-range ordering (noting that it differs from the
weberite-type structural short-range disordering) likely exist in these
10CCFBOs. However, it is extremely challenging, if not infeasible, to
directly characterize such compositional inhomogeneity at ~1 nm scale
in these specimens with 10 different metal cations. For example, STEM
EDS mapping averages the composition along the TEM specimen thick-
ness direction (for at least >20 nm) so that the compositional in-
homogeneity at ~1 nm scale cannot be measured by the EDS elemental
maps. Nonetheless, such compositional inhomogeneity caused by

chemical short-range ordering likely exists, and it can further interact
with long- and short-range structural orders to produce new and inter-
esting phenomena.

The finding that the ODT takes place between x % 0.8 and 0.812
(where the percentage differences in many elements are close to errors so
we cannot probe finer compositional step) without observable dual-
phase region is somewhat a surprise. This finding in 10-component ox-
ides (10CCFBOxnp) is also in contrast to prior reports of a similar ODT in
simpler HozTizyZryO7, which suggested a pyrochlore and defect fluorite
coexisting dual-phase region during ODT at y ~ 1.2 [15,20]. In a 10-
component system, the Gibbs phase rule allows the co-existence of up to
10 phases at equilibrium. Yet, this series of 10CCFBOxnb specimens all
possess single-phase, where a pyrochlore-fluorite phase transformation
occurs with increasing compositional variable x abruptly without a
detectable dual-phase (or multi-phase) region. This may be related to the
so-called “high-entropy effect” (i.e., the stabilization a single
solid-solution phase due to its high configurational entropy [56-58]) that
reduces or suppresses the dual- or multi-phase region (that will have
lower configurational entropies). However, the underlying mechanism
needs to be further investigated via thermodynamic modeling (that is
non-trivial for a 10-component system and beyond the scope of this
work).

3.2. Atomistic mechanism of the long-range ODT

To analyze the atomic level mechanism of the long-range ODT, we
conducted neutron diffraction experiments at VULCAN, at SNS, ORNL.
Ten 10CCFBOxnb specimens were tested in a sequence at 290 K in air for
structural analysis. Fig. 2a shows all neutron diffraction patterns of the
10CCFBOxnp series with a transition from pyrochlore to defect fluorite
structure. Within the enlarged region of pyrochlore (331), and (511)p
superstructure peaks shown in Fig. 2b, the intensity of superstructure
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peaks gradually decreases and completely vanishes after x > 0.8, which
confirms the ODT observed from XRD. In the neutron diffraction, the
10CCFBOxnpb near the ODT (x % 0.75, 0.8, 0.85, 0.9, 0.98, and 1) also
show diffuse scattering background peaks near the pyrochlore (331), and
(511)p peaks (but a careful analysis later suggests that they are not from
pyrochlore ordering, but from short-range weberite ordering). These
diffuse scattering background indicates short-range ordering in these
10CCFBOxnb, akin to previously reported fluorite systems [9,16,59],
which will be discussed in detail later.

The atomic level long-range structural evolution was analyzed by

400 600

Temperature (°C)

Rietveld refinements of the neutron diffraction patterns. For the pyro-
chlore (Fd 3 m) structure, we chose to maintain an exact A:B ratio (1:1)
and designate the larger ions to occupy A sites and smaller ions to take
the B sites. Thus, the general ordered chemical formula for the A2B,07
pyrochlore can be written as:

[(Pro.375Nd0.375)1-x(Dy0.5sH00.5)xErx/2Yb(1-3x)/4]2[ Ybx(-
TiMHfo‘stroAzs)1.bex/2]2O7 forx < 1/3 or

[(Pro.375Ndo.375)1-x(Dyo0.5sH00.5)xEr(1-x)/4]2[Er(3x-1)/4Yb(1-xy
4(Tio.5Hfo.25Zr0.25)1-xNbx/2]207 for x > 1/3.
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To further verify this hypothesized configuration, we conducted
Rietveld refinements of the neutron diffraction assuming several
different cation arrangements, which all produced larger fitting errors
(Suppl. Fig. S3). For example, the ordered pyrochlore structure of
10CCFBOg gnb has the ideal configuration of
(Pr0.075Ndo.075Dy0.4H00.4Er0.05)2(Hf0.05Ti0.1Z10.05Nb0 4Er0 35Yb0.05)207
(albeit some inevitable anti-site defects due to entropic effects). This
structure can preserve exact A:B (1:1) stoichiometry and generate the
best refinement fittings (with weighted profile residual Ry,  0.03).

In Rietveld refinements, cations on the A site were constrained to
have the same isotropic atomic displacement parameters U, as that for
the B site (Up). For oxygen anions in the pyrochlore structure (Fd 3 m),
there are three different positions: (1) 48f (u, 1/8, 1/8) (again, we used u
here to differentiate x in 10CCFBOxnp); (2) 8b (3/8, 3/8,3/8); (3)8a(1/8,
1/8, 1/8) (vacant site). In the initial refinement of the pyrochlore
endmember (Pro.375Ndo.375Ybo.25)2(Tio sHfo 25710 25)207, we assumed
the O(48f) and O(8b) were fully occupied and O(8a) were fully vacant as a
starting point. With increasing x in 10CCFBOxnp, the prior refinement
results of oxygen anion parameters were used as an initial state for the
subsequent compositions.

Fig. 2¢ displays an example refinement result of 10CCFBOg snp with a
Rw % 0.031, where the experimental data can be well fitted by the cubic
pyrochlore model. All other Rietveld refinement results were docu-
mented in Suppl. Fig. S4, which all produced low fitting errors. There are
two important parameters to understand the pyrochlore to defect fluorite
transition: (1) the positional parameter u of O(48f) and (2) the occupancy
of O(8a) site. During the ODT, u will move towards 0.375 and O(8a) will
reach 0.875, which were reported for simpler ternary or quaternary
fluorite-based oxides [16,17,59].

Fig. 2d shows the evolution of the refined O(8a) site occupancy and
0(48f) positional parameter u with increasing compositional variable x
in 10CCFBOxnp. The dense and hollow symbols represent the best fitted
parameters in pyrochlore and defect fluorite, respectively. With
increasing compositional variable x, the oxygen atoms at occupied
0(48f) position appear to migrate to nominally vacant O(8a) site, and
“fill” some vacant O(8a) sites (with increasing 8a occupancy), while
O(8b) site is kept fully occupied. In pyrochlore structure, O(48f) and
O(8a) are the nearest neighbors, so that the migration between those two
sites is possible (Fig. 2e). As x increases from O to 0.8 near the ODT, the
occupancy of O(8a) increases from O (for x % 0) to 0.89 (for x % 0.8,
which is almost equal to the ideal value of 0.875 for defect fluorite) with
an almost linear increase and apparently no discontinuous jump at the
ODT. The positional parameter u of O(48f) increases from 0.330 (x % 0) to
0.358 (x % 0.8) but with a rather abrupt jump from 0.358 (x % 0.8) to
0.375 (x % 0.85) during the ODT. This behavior indicates that the oxygen
anions need to cross an energy barrier during the ODT. Thus, the ODT is
likely a discontinuous phase transformation (with an order parameter
vanished discontinuously).

3.3. Unique character of the ODT and unusual phase stability

On the one hand, our 10-component 10CCFBOxnp series behave
similarly in terms of oxygen anion movement during the long-range ODT
as that reported for simpler 3-component Y2(ZryTii.y)207 [16,59]. The
oxygen anion migration remains the key for the long-range ODT in this
series of 10-component oxides, regardless of the ultrahigh-entropy
compositions. On the other hand, one interesting difference between
our 10CCFBOxnb and simpler quaternary systems is that there is no
observable dual-phase region (coexistence of defect fluorite and pyro-
chlore) to the best that we can characterize. Such dual-phase regions
were suggested for Hox(ZryTi1.y)207 [20] and Y2(SnyZriy)207 [9]. In
contrast, there was no detectable phase separation in 10CCFBOxnp by
neutron diffraction, XRD, and EDS elemental mapping in different length
scales (Figs. 1 and 2 and Supplementary Fig. S1-S2). However, we note
that diffuse scattering of weberite-type shorting-range ordering was
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observed in both ordered pyrochlore 10CCFBOxnp (x % 0.75 and 0.8) and
disordered defect fluorite structures (Suppl. Fig. S5), which will be dis-
cussed in the subsequent section.

To further analyze the character of this long-range ODT in
10CCFBOxnb, we plotted the normalized peak area of (331), vs. x from
both neutron diffraction and XRD patterns (Fig. 3a). The diffuse scat-
tering identified (Suppl. Fig. S5) was also fitted as a single Gaussian/
Lorentz peak, and the 1/FWHM (reciprocal Full Width Half Maximum)
was calculated and also shown in Fig. 3a. We note that the integrated
peak area of (331), has a virtually linear relation with compositional
variable x for both neutron diffraction and XRD results (R2 % ~0.99); the
extrapolated x value of zero peak area was found to be 0.82 0.02 for
neutron diffraction and 0.87 0.03 for XRD, respectively. Fig. 3b dis-
plays the enlarged region of the ODT and the hollow symbols stood for
10CCFBOxnb with defect fluorite structure, for which the area of (311),
was set to 0. The ODT can be narrowed down to 0.81 0.01 (between 0.8 and
0.812 according to XRD shown in Fig. 1). A close-up shown in Fig. 3b also
suggests a rather abrupt vanishing of (331), superstructure peak
intensity near the ODT, deviated from the linear extrapolation of peak
intensities far away from the actual ODT. Thus, both neutron diffraction
and XRD exhibit an abrupt (accelerated) disappearance of the (331)p
peak at the ODT (at x % 0.81 0.01, vs. 0.82 and 0.87 projected from
linear extrapolations). This observation can be explained from the abrupt
0(48f) migration during the ODT revealed by Rietveld refinements of the
neutron diffraction patterns (Fig. 2d). It again suggests that this ODT is
likely discontinuous phase transformation, where an order parameter
(e.g., that represented by the superstructure peak intensity) vanishes
discontinuously at the ODT). In summary, the long-range order of
10CCFBOxnp vanishes almost continuously with increasing x, but with a
final small abrupt (discontinuous) transition at the ODT that can be
attributed to a small jump of the O(48f) position (Fig. 2e).

Interestingly, as x decreases from 0.85 to 0.8 (passing through ODT
with the merging of long-range pyrochlore order), a concurrent decrease
of the 1/FWHM in the diffuse scattering is observed, which may repre-
sent the shrinkage of the domain (coherent) size of the short-range
weberite-type order (discussed later) as a result of the interaction with
the long-range pyrochlore order.

Prior studies suggested the ionic radii ratio (ra/rg) can determine the
pyrochlore vs. fluorite phase stability in ternary A>B,O7 (with ordered
pyrochlore forming at ra/rg > 1.46) [60]. In the 10CCFBOxnpb series,
T8AP/r8BP was calculated based on the chemical formula discussed above
assuming that Yb3P and Er’P occupy the B site to keep an exact 1:1 ratio

of A:B. The weighted average ionic radii ratio r6AP/rdBP vs. x for the
10CCFBOxnyb series is shown in Suppl. Fig. S6. As x increases, the aver-
aged ionic radii ratio (rdAP/rdBP) decreases. Compared to the pyrochlore
formation threshold of ra/rg > ~1.46 in simpler A2B,07 ternary oxides,
the 10CCFBOxNp series show an ODT with a lower threshold of ~1.39
between 10CCFBOg gn, and 10CCFBOg g5nb. This appears to even more
surprising as we have vb>" and Er’P occupy the B site in 10CCFBOxnb,
which intuitively should make the ordered pyrochlore structure unstable
(prone to disorder). In most pyrochlores, larger sized rare earth elements
usually occupy A site and smaller transition metal elements like Ti and Zr
occupy B site. Thus, in the proposed model for 10CCFBOxnp, large size
Yb3P and Er3P dwell at the B site to maintain exact A:B stoichiometry.
Hence, roBp has a larger value compared to the ionic radii of Zr and Hf in
the typical ternary oxides [60].

We also calculated the ionic radii and molar ratio between all rare
earth elements (RE % Pr3b, Nd3b, Yb3b, Dy3b, H03b, and Er3b) and all
other transition metal elements (TM % Ti*, zr*?, Hf*P and Nbsb). Fig. 3¢
shows the molar ratio Xgrg/XTMm vs. ionic radii ratio Tre/ttm for the
10CCFBOxny series, along with those for three selected ternary REoHf,07
hafnates. For ternary hafnates, there are two phase boundary composi-
tions (denoted at “Pp” and “Fp” for the rare earth element rich side of
dual-phase tie-line), representing the equilibrium pyrochlore and fluorite
compositions in the pseudo-binary phase diagram; see Fig. 3d for an
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example of GdHf,07 (replotted after ACerS-NIST phase diagram No.
9299). For these ternary hafnates, the molar ratio range of the dual-phase
(F p P)region increases with the ionic radii ratio rge=rrm. In contrast, the
10CCFBOxnb series has a virtually abrupt phase transition (ODT) be-
tween 10CCFBOg sny and 10CCFBOg g12nb Without an observable (F p P)
dual-phase region. This again suggests the uniqueness of this abrupt ODT
(lacking a discernible dual-phase region) in the 10-component CCFBOs,
deviating from the projection from ternary oxides (Fig. 3).

3.4. Short-range order and its interaction with long-range ODT

Diffuse scattering was found in 10CCFBOxnp near the ODT (for x %
0.75, 0.8, 0.85, 0.9, 0.98, and 1), which can be attributed to nanoscale
weberite-type ordering (akin to those observed in simple oxides [14,61,
62]), based on analysis of the peak position and its shift (Fig. 3e), which
are further confirmed by small-box modeling (discussed later). Interest-
ingly, the short-range order can form in both disordered defect fluorite (x
% 0.85, 0.9, 0.98, and 1) and barely ordered pyrochlore (x % 0.75 and
0.8).

To further illustrate this interaction, both the (331), peaks in the
pyrochlore structure (for x % 0, 0.25, 0.5, 0.75, and 0.8) and the diffuse
scattering for weberite-type short-range ordering (for x % 0.75, 0.8, 0.85,
0.9, 0.98, and 1), respectively, were fitted as single Gaussian and Lorentz
peaks, respectively. The peak position vs. x is displayed in Fig. 3e. The
square and circle symbols, respectively, in Fig. 3e stand for the positions
of (331), and diffuse scattering, respectively. The reciprocal peak width
(1/FWHM) vs. x of the fitted diffuse scattering is shown in Fig. 3a.

As shown in Fig. 3e, the peak position of (331), undergoes a small
increase with increasing x, which follows the same trend as in the
measured lattice parameter because the defect fluorite endmember
(DyHOErNb)O7 has the larger lattice parameter than the pyrochlore
endmember (Pro.375Ndo.375Ybo.25) (Tio.sHfo.25Zr0 25)O7 (Fig. 3f). During
the ODT (x % 0.8 t0 0.85), the (331), peak disappears, and peak position of
the diffuse scattering moves slightly towards the higher d spacing. The
appreciable position difference of (331), peak (d 4 2.407 A) and diffuse
scattering (d % 2.35 A) at x % 0.8 suggests that the diffuse scattering
cannot be attributed to broadening of the (331), peaks, but it may
represent weberite-type short-range ordering (e.g., the (041) peak in the
weberite-type structure C222; that broadens and merges with other
peaks to become diffuse scattering).

Passing the ODT into ordered pyrochlore region with reducing x, the
short-range order interacts with the long-range order, resulting in
changes in both the width (Fig. 3a, implying reduced domain sizes in
long-range ordered region) and position (Fig. 3e, virtually continuous at
ODT, but with an altered slope with varying x) of the diffuse scattering.

To further confirm hypothesized weberite-type short-range ordering
in 10CCFBOxnb more directly, we conducted neutron total scattering to
probe the compositions near the ODT (x % 0.75, 0.8, 0.85, and 1) using
the Nanoscale-Ordered Materials Diffractometer NOMAD (SNS, ORNL),
which offer much improved sensitivity to probe short-range orders (in
comparation with conventional neutron diffraction). The total radial
distribution function G(r) is obtained by Fourier transform of the struc-
ture factor, S(Q) for further analysis.

Fig. 4a shows neutron diffraction data from bank 3 of the NOMAD in
(331)p peak region for four 10CCFBOxnb compositions (x % 0.75, 0.8,
0.85 and 1) near the ODT. Here, clearer diffuse scattering can be
observed for all four compositions. The diffuse scattering of
10CCFBOg.75sn0 and 10CCFBOg gny were plotted by fitted Chebyshev
backgrounds. Notably, no diffuse scattering can be observed at the (331),,
region when x reaches 0.5 (Suppl. Fig. S7), suggesting the vanishing of
the short-range order. Neutron pair distribution functions (PDFs) of the
10CCFBOxnp series (Fig. 4b) can provide information of short-range
atomic arrangement. As x increases, the peaks at larger r values (r > 15
A) slightly shift to higher r, which corresponds to the expansion of unit cell
in concert with lattice parameters measured by conventional neutron
diffraction at the Vulcan diffractometer (Fig. 3f).
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For the peaks at small r values (<10 A), all four compositions exhibit
similar curve shapes, which suggest similar first and second nearest
neighbors’ environments. On a close look, the intensity of peak at around
1.95 A decreases as x decreases.

To investigate this local structural evolution, small-box modelling was
conducted using the PDFgui software. For each composition, three struc-
tural models were used to fit the PDFs: (1) pyrochlore (Fd 3 m), (2) defect
fluorite (Fm 3 m), and (3) weberite-type (C222;) structures. The same
pyrochlore and defect fluorite models from previous refinements of long-
range structure were adapted here for small-box modelling as the initial
structures. For the weberite-type structure (A3BO7), we tried several
combinations. The best fitting is achieved with the smallest error when Ti
and Nb occupied the B site with coordination number of 6. For example,
10CCFBOg 7580 can be modeled as: (Pro.0625Ndo.0625
Ybo.0417Dy0.25H00.25E10.25Hf0.0417Z10.0417)3(Ti0.25Nb0.75)O7. The modeling
results of other combinations with substantially larger errors were docu-
mented in Suppl. Fig. S8 for comparison. Notably, only the weberite-type
structure can depict the low r region (<10 A) with the small errors (Suppl.
Fig. S9-S10). Neither pyrochlore nor defect fluorite model can produce the
1.95 A peak. This suggests the presence of short-range weberite-type
orders.

Fig. 4c displays the small-box modeling of all four compositions (x %
0.75, 0.8, 0.85, and 1) with the weberite-type C222; structure. The good
fitting further confirmed the short-range ordering at smaller length scales
(deviated from the long-range pyrochlore or defect fluorite ordering).
Fig. 4d shows the partial PDFs for several major bonds fitted with the
weberite-type C222; structure in 10CCFBOg 75nb, where M stands for all
elements occupying the A site (Pr, Nd, Dy, Ho, Er, Yb, Hf and Zr) in
A3BO7. The Nb—-O and Ti-O signatures both locate at around 1.95 A with
opposite neutron scattering. As x decreases from 1 to 0.75, Ti gradually
replaces with Nb on B site for weberite-type structure, which correlates
well with the decreasing peak intensity at r % 1.95 A. Additional partial
PDFs results were shown in Suppl. Fig. S11. “Boxcar” refinement was
applied to examine the short-range ordering deviation from the overall
structure (Fig. 5) [20,63]. In general, the weberite-type C222; structure
can produce better fitting results. In contrast, the exclusion of r-range
below 5 A that contained the first and second nearest neighbor poly-
hedral and coordination substantially improved the Ry of the pyrochlore
and defect fluorite structural fitting. As rmin further increases, both
pyrochlore and defect fluorite fittings converge to values comparable to
that of the weberite-type structure fitting. The pyrochlore structure fits
better for 10CCFBOg.75nb and 10CCFBOg gnb, which is consistent with the
analysis of long-range ordering above. For 10CCFBOg.gsnb, the pyro-
chlore and defect fluorite generated similar Ry, values because this
composition is near the ODT. Note that the defect fluorite endmember
(DyHoErNb)O7 (that has a long-range fluorite order with strong
short-range weberite order) cannot be modeled as a pyrochlore structure
with a reasonable error, which is consistent with our hypothesis.

As x increases in 10CCFBOxnpb, the movement of O(48f) to vacant
O(8a) can create a new local coordination environment. To accommo-
date the charge balance induced by this oxygen anion migration, some of
the cations should adopt a change in the coordinated configuration, e.g.
Zr adopts a 7-, instead of 6-, coordinated configuration, which can lead to
the local weberite-type structure [64—67]. In the weberite-type order in
the C222; (A1A2BO7) structure, A is 8-, Az is 7- and B is 6-fold coordi-
nated. In niobate systems, Nb tends to occupy the 6-coordinated B site in
local ordering [25]. Ti also prefers the B site due to its smallest ionic radii.
Other cations in 10CCFBOxnyp likely distribute in the A and A; sites
evenly. Compared to pyrochlore and defect fluorite structures,
weberite-type ordering has more flexibility to tune the atomic positions
for both cations and oxygen anions, which enables more flexibility of the
local coordination environment change due to oxygen anion migration
near the long-range ODT. In other words, the interplay of the short-range
weberite-type ordering with long-range ODT is important.

The competition of long-range ODT and short-range ordering is
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schematically illustrated in Fig. 6, based on the Rietveld refinements of
the neutron diffraction patterns and small-box modelling of PDFs. In the
10CCFBOxnp series, the ordering vs. disordering may be decoupled in two
different length scales. For long-range ordering (x from O to 0.5 to 0.75),
the migration of O(48f) gradually alters the pyrochlore structure (Fig. 2d)
and finally triggers a long-range ODT at around x % 0.81 to form disor-
dered defect fluorite for the long-range order. As x increases from 0.5 to
0.75, where the long-range order is still ordered pyrochlore, weberite-
type short-range order forms with Ti/Nb occupying the 6-coordinated
site and all other cations evenly distributed among 7- and 8-coordinated
sites. The weberite-type short-range ordering persists into the long-range
defect fluorite structure after the ODT, but gradually vanishes at smaller x
values.

Here, we acknowledge the possible anti-site mixing of cations on the
A vs. B sites, which is inevitable due to an entropy effect, and it can be
pronouncing near the ODT. In our pyrochlore structure model for the
Rietveld refinements, the cation position is fixed, which is a simplifica-
tion since anti-site disordering can also occur during the ODT. However,
it is infeasible to capture this scenario with 10 different cations
(including similar rare earth elements) the Rietveld refinements.

3.5. Thermal conductivity

Fig. 7a shows the room temperature thermal conductivity of
10CCFBOxnb. In general, the thermal conductivity shows a decreasing
trend with increasing x. Around the long-range ODT (for x between 0.8
and 0.85), the change of thermal conductivity was (surprisingly) small
(comparable to the error bars). However, the short-range weberite-type
ordering was present in 10CCFBOg_ 75nb and 10CCFBOg gnb, as shown by
diffuse scattering and the following PDFs data analysis showed the phase
transformation (Figs. 2 and 4). No obvious diffuse scattering beneath
(331), diffraction peak of 10CCFBOg.snp was observed (Suppl. Fig. S7),
which suggests that the short-range transformation took place in between
10CCFBOg.sny and 10CCFBOg 75nb. Interestingly, a larger drop in the
thermal conductivity takes place in between 10CCFBOgsn, and
10CCFBOg 75np from 1.17 W m'eK! to 1.08 W m'EK' (in contrast to a
smaller 1.05 W m'BK! to 1.07 W m'BK' change in between
10CCFBOg.snb and 10CCFBOg gsnpy for the long-range ODT). Thus, we
hypothesize that the formation of weberite-type local structure (short-
range ordering) can more appreciably alter thermal conductivity in
10CCFBOxnp (in comparison with the long-range pyrochlore-to-fluorite
ODT). It was proposed that the thermal conductivity can be significantly
affected by the formation of dispersed nanodomains [68]. Prior studies
also found that the weberite-type short-range ordering can lower the
thermal conductivity in high-entropy rare earth niobates and tantalates
[25].

The temperature dependent thermal conductivity of 10CCFBOxnb
shows an amorphous-like trend (Fig. 7b), where the thermal conductivity
primarily increases with temperature due to increasing heat capacity.

4. Conclusions

In summary, we have investigated the long-range vs. short-range
ordering and disordering, as well as the interplays between them, in a
10-component compositionally complex oxide system at different length
scales by combining neutron diffraction and neutron total scattering. The
synthesized compositions all exhibit nominally single high-entropy
phases with either defect fluorite or pyrochlore in their long-range
order. Rietveld refinements of long-range atomic configurations based
on neutron diffraction shows a continuous oxygen anion migration from
fully occupied 48f to vacant 8a sites with increasing x in 10CCFBOxnp,
following a final jump during the long-range ODT at x % 0.81 0.01,
while the 8a oxygen occupancy increases almost linearly without an
apparent discontinuous jump at the ODT.

As a notable and interesting discovery, the long-range ODT takes
place in the 10-component ultrahigh-entropy 10CCFBOxn, without a
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detectable dual- or multi-phase region, in contrast to the simpler 3- and 4-
component oxides. The pyrochlore vs. fluorite phase stability of the 10-
component ultrahigh-entropy 10CCFBOxnp does not follow the criteria
that are well established based on simpler 3- and 4-compomnent oxides.

The coexistence of (331), and diffuse scattering in 10CCFBOo.75Nb
and 10CCFBOg gny show the coexistence and competition of long-range
pyrochlore order and short-range weberite-type order in these speci-
mens. Four Nb-rich 10CCFBOxnp (x % 0.75, 0.8, 0.85, and 1) near the
ODT maintain similar local polyhedral environments when r < 10 A,
which can only be well fitted with the weberite-type structure €222
with the small-box modeling. The further “boxcar” refinements indicate
that pyrochlore and defect fluorite can describe the structure well, if and
only if the first and second nearest neighbor environment (r < 5 A) is
excluded. The combination of these analyses suggests the existence of
short-range weberite-type order that overlaps and interplays with the
long-range ODT in both ordered pyrochlore and disordered fluorite
regions.

The room temperature thermal conductivity only has a negligible
change during long-range ODT, but an appreciable drop when the short-
range weberite-type ordering appears. This suggests that nanodomain
structural distortion (short-range ordering) can reduce thermal conduc-
tivity more appreciably than the long-range ODT. In a broader context,
elucidating and controlling the short- and long-range ordering vs. dis-
ordering may open a new window to tailor the structure, stability, and
properties of HECs and CCCs with substantial compositional disorder
(high configurational entropy).
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