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Abstract:

Weberite-type oxides are a family of oxides with AsBO; stoichiometry that can adopt different
space groups depending on chemical composition. There is a discrepancy in previous studies as
to whether Y3TaOy is the orthorhombic C222; or the Ccmm space group. Here, we describe the
short- and long-range structural properties of weberite-type Y3 TaO- using neutron total scattering
data, which has a high sensitivity to the oxygen sublattice. Simultaneous analysis of both short-
and long-range structural data via conventional Rietveld and small box modelling demonstrates
that Y3TaOy; is best modeled as C222;. While the Ccmm describes equally well the long-range
structure, pair distribution function analysis revealed that the local atomic configuration can be
best modelled as C222;. This is corroborated by first-principles calculations that confirm the
energetic preference of the C222; over Ccmm. Neutron total scattering data are reported for the

first time for the Y3;TaO; weberite-type ceramics.

Keywords: Neutron diffraction, Pair distribution function analysis, Density functional theory,

Crystalline oxides, Rare-earth
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1. Introduction:

Advances in the development of energy technologies require specifically engineered materials
that maintain structural stability in harsh working conditions, such as extreme radiation fields
and high temperatures [1]. Complex oxide ceramics are promising candidates for a number of
energy-related applications, such as nuclear waste-containing matrices and solid electrolyte fuel
cells. Despite the wide body of research into the radiation response of such materials [2]-[5],
there is a limited understanding of the impact of extreme environments on their atomic-scale
behavior. Recent neutron total scattering experiments have revealed that the local structure plays
an important role in understanding irradiation-induced structural disorder in pyrochlore oxides
(A2B207) [5]. Depending on the chemical composition, ion irradiation will either induce an
order-to-disorder transformation (all the while maintaining long-range crystallinity) or lead to
complete amorphization [6], [7]. Analysis of neutron total scattering revealed that the local
atomic arrangement is nearly identical in both amorphous and disordered pyrochlore oxides and
can be best described by a weberite-type structural model [8]. Intriguingly, this weberite-type
atomic arrangement also has been reported for pyrochlore compositions disordered by a variety
of other methods including high-temperature treatment, high-energy ball milling [9], chemical
doping, or deviation from ideal stoichiometry [10]. As this weberite-type configuration appears
to be a general phenomenon in disordered pyrochlore, there has recently been an increased

interest [11] in oxide materials that exhibit the weberite-type structure over all length-scales.

Weberite-type tantalates (general formula A;BO;) with the A-site occupied by a rare-earth cation
and the B-site occupied by Ta, can display either an ordered, orthorhombic weberite-type
structure or a disordered, anion-deficient fluorite structure. The size of the A-site cation

determines whether an ordered or disordered phase is formed. When the A-site cation is large
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(La, Ce, Pr) weberite-type oxides adopt a Cmcm space group, while medium-sized (Y, Pm
through Dy) and smaller cations (Er through Lu) are orthorhombic (C222;) and the disordered,
anion-deficient fluorite (Fm-3m) structures, respectively [12]. Nd3sTaO; can be synthesized as a
mixed-phase material (Cmcm and C222;), while HozTaO; can form either a C222; or Fm-3m
phase, depending on the synthesis conditions and temperature treatment. [12]. There is no
consensus in the literature [13], [14] on the best structural model for Y3;TaO; and different space
groups have been proposed, including C222; [11], [12], [15], [16], Ccmm [14] and Fm-3m [17].
Previous neutron total scattering experiments showed that the C222; space group was the best fit
to the local atomic arrangement of Yb;TaO; with a long-range disordered-fluorite structure [18].
Most of these studies utilized either X-ray diffraction with limited structural information on the
oxygen sublattice and local atomic arrangements or Raman spectroscopy that yields complex

vibrational information, particularly for low-symmetry structures.

In this study, the limitations of X-ray diffraction and Raman spectroscopy are overcome by
utilizing neutron total scattering. The weberite-type Y3TaO; has favorable elements for neutron
scattering analysis with Y having a large neutron scattering cross section and low absorption
cross-section. Neutron total scattering simultaneously provides information on both short- and
long-range structures with high sensitivity to the oxygen sublattice. Here we report, using
analysis of diffraction data and pair distribution functions, that the orthorhombic C222; is the
most appropriate structural model for the Y3;TaO; weberite-type compound. The validity of the
proposed structural model is supported by density functional theory (DFT) calculations as

energetically the most stable configuration.
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2. Experimental Methods:

2.1 Sample synthesis

Polycrystalline powder of Y3TaO; was synthesized using a solid-state reaction process. Powders
of tantalum oxide (Ta;Os) and yttrium oxide (Y,03) with a purity of 99.9998% were used as
starting materials. The powders were preheated in air at 1000 K for 12 h to remove any moisture
and subsequently mixed, ground, and pressed into pellets. These pellets were heated in air at

1200 K for 48 h, reground and pressed again into pellets and reheated in air at 1500 K for 96 h.

2.2 Neutron Total Scattering Analysis

The as prepared sample pellet was reground into a fine powder, which was then loaded into a 2
mm quartz capillary with a wall thickness of 0.01 mm. Neutron total scattering characterization
was performed at the Nanoscale-Ordered Materials Diffractometer (NOMAD) beamline BL-1B
at the Spallation Neutron Source at Oak Ridge National Laboratory [19]. The measurement was
performed at room temperature with an exposure time of 64 minutes. The six NOMAD detector
banks were calibrated using scattering from a diamond powder and silicon sample. The silicon
standard sample was individually measured and used to obtain the instrument parameter file for
the Rietveld refinements. Scattering intensity of measured sample was normalized to the
scattering intensity of a solid vanadium rod to get the correct scaling parameters for the structure
function of the sample. The scattering intensity from an empty sample position as well as from -
an empty 2 mm quartz capillary were measured as background signal and automatically

subtracted from the scattering intensity of the polycrystalline powder samples.

A Fourier transform was applied to the structure functions, S(Q), to obtain the pair distribution

function, G(r):
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Q max

G() = 4 f Q (S(Q) - 1) Sin(Qr) dQ

Q min

with maximum momentum transfer (Qmax) of 31.42 A™. A is the arbitrary scale parameter. The

momentum transfer is defined as the following:
Q = 4msinB/A
where 1 and 6 are the neutron wavelength and scattering angle, respectively.

2.3 Long-range data refinement

The long-range structure was analyzed using Rietveld refinement [20] performed in the GSAS
package [21]. The set of highest Q-resolution backscattering detector banks was used in the
refinement. The C222; phase of Y3TaO; was refined using 33 parameters: unit cell parameters
(a, b, c), scale factor, 6 background parameters (Shifted Chebyshev function type), 6 positional
parameters for cations, 9 positional parameters for anions and a total of 8 Uiso parameters for all
of the sites. Similarly, the Ccmm phase of Y3TaO; was refined using 26 parameters: unit cell
parameters (a, b, c), scale factor, 6 background parameters, 2 positional parameters (x£y) for 8g
site, 3 positional parameters (x#y#z) for 16h oxygen site, 3 positional parameters for three 4c
oxygen sites (x) and a total of 8 Uiso parameters for all of the sites. Sets of diffraction data from
three detector banks (3,4 and 5) with different space coverage and resolution [19] were refined

simultaneously.

2.4  Short-range data refinement
Small-box refinement of pair distribution functions (PDF) representing the short-range structure
was performed using PDFgui software [22]. The C222; phase of Y3TaO; was refined using 43

parameters: unit cell parameters (a, b, c), the scale factor, the delta2 factor, which is a PDFgui

7
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specific correlated motion factor used in conjunction with thermal parameters, 5 positional
parameters for the cations (x for 4a site, y for 4b site, x # y # z for 8c site), 4 harmonic thermal
displacement parameters (u'! u?? u* and u*®) for each of the 4b sites and 6 for the 8c site, 9
positional parameters for the anions (three sets of x for 4a site, and 2 sets of (x # y # z) for 8c
sites), 6 harmonic u” thermal displacement parameters for the 8c sites, 4 harmonic thermal
displacement parameters (u** u?® u*® and u?® ) for each of the 4b sites. The Ccmm phase of
Y3TaO; was refined using 34 parameters: unit cell parameters (a, b, c), the scale factor, the
delta2 factor, 2 positional parameters for the cations (x#y for 8g sit¢).and 9 harmonic (u'* # u?? #
u® ) thermal parameters, 6 positional parameters used for anions(set of 3 (x # y # z) for 16h
oxygen sites and 3 x for three 4c oxygen sites). Every oxygen 4c site had an individual set of
three harmonic (u'! # u? # u*) thermal parameters, the 16h site had 6. Partial PDF’s are
produced from the calculation of individual interatomic distances from the resultant PDF

structure using the calculation tool built-in the PDFgui software.

2.5 Density functional theory

First principles calculations were used to evaluate relative stabilities of the two orthorhombic
phases. These electronic structure calculations were performed within the DFT framework using
the projector augmented wave (PAW) approach for the core-valence interaction and the general
gradient approximation with Perdew-Burke-Ernzerhof (PBE) [23] generalized gradient
approximation for the exchange-correlation functional as implemented in the VASP code
[24].The potentials included 11 valence electrons for Ta, 11 for Y, and 6 for O. A plane-wave
Kinetic energy cutoff was determined at 520 eV, with a uniform k-point mesh (6x6x5) for
Brillouin zone sampling based on the Monkhorst-Pack scheme that was found to be sufficient to

achieve well-converged energies. These parameters were used for static self-consistent

Gussev et al. 2020



Journal Pre-proof

calculations of the primitive cells having Cmcm and C222; symmetries respectively. Electronic
self-consistency was considered to be achieved when the total energy change between electronic
steps was less than 1 ueV. The lattice metric was relaxed for all crystal symmetries and the
internal structural parameters were relaxed until all Hellmann-Feynman forces on each ion were
less or equal 2 meV/ A. Cmem and C222; (b,a,-c) structures acquired from the DFT calculations
were later transposed into Ccmm and C222; (a,b,c) via simple lattice vector exchange for

comparison with experimental results.

3. Results and Discussion:

Refinements of neutron diffraction data confirmed that the as-prepared Y3;TaO; material was a
pure single phase. The diffraction patterns (NOMAD detector banks 3 through 5) could not be
indexed with a disordered, anion-deficient fluorite (Fm-3m) phase due to the obvious presence of
peaks not indexed by the Fm-3m space group. The refinements with the two orthorhombic
structural models proposed in literature, Ccmm and C222;, are shown in Figure 1. These
refinements (Table 1) revealed that both orthorhombic models yield nearly identical refinement
quality as expressed by the goodness-of-fit parameter R, (8.84% and 8.75% for Ccmm and
C222,, respectively).The two orthorhombic structural models acquired from the Rietveld
refinements (Figure 2) are similar in terms of symmetry, and they are related to the cubic fluorite
structure. The idealized orthorhombic structure (Figure 2a) consist of 6-coordinated Ta cations
forming octahedra (TaOg) as well as 8 and 7-coordinated Y cations forming distorted cubes (YOg
and YOy, where one oxygen site is replaced by a vacant site). The TaOg octahedra are tilted
toward [100], share one oxygen atom, and form an infinite one-dimensional zig-zag chain

projected along the [001]. The YOg distorted cubes share edges and form chains parallel to [001].
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Combinations of those two chains form slabs parallel to (011); whereas the YOy distorted cubes

are located between these slabs.

Although both orthorhombic structure types share the same cation sublattice, there is a difference
in symmetry of the anion sublattice, as shown in Figures 2b and 2c. Oxygen atoms located at the
16h Wyckoff site in the Ccmm structure are split into two identical 8c Wyckoff sites in the C222;
structure. The latter allows for subtle distortions of the 6-coordinated Ta polyhedron, as well as
the 7- and 8-coordinated yttrium polyhedra. This effect leads to slight variations in the <O-O>
interatomic distances among both structure types. Although these variations are very small, they
impact Rietveld refinement of the diffraction patterns and have an influence on the goodness-of-
fit parameter Ry. This value is slightly lower for the C222; model (Figure 1), which indicates
that this structure-type fits the data somewhat better. Application of a significance test developed
by Hamilton [25] results in a confidence value of 99.95% that C222, is a more appropriate
structural model, despite the addition of several refinement parameters. This similarity in R
factors of both structural models explains the discrepancy in literature [12]-[17] and highlights
that diffraction experiments alone, even with neutron probes, are most likely not unambiguous

for the accurate determination of the structure of Y3;TaO;

Insight into the short-range structure was obtained through analysis of the pair distribution
function (Figure 3). Small-box refinements based on the Ccmm and C222; structural models
yield Ry, values of 7.18 % and 5.54% for Ccmm and C222;, respectively (Table 1). As indicated
by the difference curves of data and model fit, the higher Ry, value for Ccmm is primarily related
to deviations in intensity and position of the peak at 2.8 A, denoted by an asterisk. The origin of
this behavior can be better seen in the PDF data capturing only the r-range of local coordination

polyhedra with the <Ta-O>, <Y-O>, and <O-O> nearest neighbor distances (Figure 4). The
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partial PDFs reveal that the <O-O> interatomic correlations are responsible for the peak in the
PDF data around 2.8 A. The 16h Wyckoff oxygen site is too constrained by symmetry in the
Ccmm structural model to fully capture the pair correlations of the major coordination polyhedra.
The <O-O> nearest neighbor correlations in the experimental PDF data are broader and shifted
to larger r-values (Figure 4). This is better captured by the C222; structural model, which allows
for less symmetric oxygen arrangement due to the presence of two 8c oxygen sites. While overall
both structural models fit the data very well across the short-range, this small difference related
to the oxygen sublattice indicates that the C222; structural model is indeed most appropriate for
the weberite-type Y3TaO;. Only a local probe with high sensitivity to the oxygen sublattice is
able to capture the actual atomic arrangement as demonstrated in this study by neutron total
scattering utilizing the pair distribution function analysis. Thus, the present neutron total
scattering study resolves the discrepancy .in literature and confirms the validity of the C222;
structural model from the local atomic arrangement to the long-range behavior. This also in
agreement with physical properties measurements of ordered weberite-type oxides [11], [12].
The occurrence of a second harmonic in laser-related applications can only be understood by
distortions of the Ta polyhedron and the absence of an inversion center as required by the C222,

symmetry.

Density functional theory (DFT) modeling was employed to gain further insight into the
energetic stability of both orthorhombic structural models for Y3TaO; (structural parameters are
given in Table 2). The DFT results revealed an energy value at 0 K of -207.0408 eV and -
207.1525 eV, for Cmcm and C222;, respectively. This confirms that the atomic configuration
with the lowest energy state for Y3TaO- is best described with the C222; structural model in

agreement to the neutron PSF results. The difference between the cohesive energies at 0K is
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significant though small enough to consider a possible phase transition to the centrosymmetric
structure at high temperature. A comparison of the C222; structure from DFT modelling and
experimental results from small-box analysis reveals small deviations between experiment and
simulation While the backbone of the structure, the 6-coordinated Ta polyhedra, is identical, the
8-coordinated Y polyhedra are slightly shifted against each other within the reference frame.
This offset leads to a small difference that is only visible along the [001] in the weberite-type
unit cell in the DFT model, which is compensated for by an increased bond distance of the two
weakly bound oxygen atoms away from the 8-coordinated cation. This elongates the 8-
coordinated polyhedral parallel to [100] and changes their size (larger in the DFT model)
inducing a more pronounced zig-zag type pattern of the Y polyhedra in the DFT structure
observed along [001].

The small discrepancy between the structural model from DFT calculations and PDF refinements
can be explained by the absence of thermal effects in the calculation (performed at 0 K). In
addition, the [100] and [001] lattice dimensions are more rigid in terms of electronic structure
and the system compensates for any distortion or rotation of polyhedra by adjusting the “soft”

dimension of the electronic structure, which is [010] or the b-lattice parameter.

4. Conclusion:

Weberite-type Y3TaO; was investigated using neutron total scattering analysis by the means of
Rietveld refinement, small-box modelling and by applying first-principles calculations. Neutron
total scattering with high sensitivity to the oxygen sublattice along with simultaneous access to
short- and long-range structures identify the C222; space group as most appropriate structural
model. While the long-range structure shows only subtle differences between C222; and Ccmm,
the local structure is much better described by the C222; structural model. The only difference

12
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between both orthorhombic structural models is within the local atomic arrangement of the anion
sublattice, which is inaccessible by conventional X-ray diffraction experiments. These
experimental results are corroborated by DFT calculations that show that the C222; structural
model is energetically more stable (-207.1525 eV) as compared with the Ccmm model (-
207.0408 eV). These results may also impact the local weberite-type ordering that was recently

reported for disordered pyrochlore oxides.

13
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6. Figure and Tables
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Figure 1: Neutron diffraction pattern of Y3;TaO; (NOMAD detector bank 4) as measured (black
circles) and modeled using Ccmm (orange line, bottom profile) and C222; (red line, top profile)
space groups. The blue lines represent the difference curves between the experimental data and
the model fit with the Ry, values being the goodness-of-fit parameter. The green line represents

the difference in diffraction profiles between the C222; and Ccmm model, respectively.
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(b)

Figure 2: Schematic representations of the Y3TaO; structures with dashed black lines
representing the unit cells. (a) Idealized structural model with cations are shown for tantalum as
golden-sand colored spheres and yttrium as teal color spheres (8-coordinated) or as orange
spheres (7-coordinated). Selected coordination polyhedra are represented using similar shades
(YO7 polyhedra are not shown). (b) Structure resulting from GSAS refinement using Ccmm
symmetry viewed along [001]. 16h oxygen sites are shown as smaller magenta spheres, while
three 4a oxygen sites are displayed as white spheres. (c) Structure resulting from GSAS
refinement using C222; symmetry viewed along [001]. Two 8c oxygen sites are drawn as red
and green spheres while three 4a oxygen sites are shown as white spheres. The C222; structure is
shifted by ¥ ¢ along [001] for the ease of comparison.
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C222, Rw = 5.54%
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Figure 3: Neutron pair distribution functions (PDF) of Y3TaO; modeled with Ccmm and C222;
space groups (bottom and top profiles, respectively). Black circles represent the experimental
data and red and orange lines are model fits. The blue lines are difference curves between data
and the model and the green line is the relative difference between the C222; and Ccmm model
fits. The asterisk (*) at 2.8 A in bottom figure indicates the deviation between experimental data

and refinement with the Ccmm model.
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Figure 4: Neutron pair distribution function (PDF) of Y3;TaO; (blue circles) with refined small-
box models using a Ccmm (dashed black curve) and a C222; (solid red curve) symmetries. To
highlight nearest neighbor bond distances, partial PDFs are shown for both structural model

(dashed lines for Ccmm and solid line for C222;). Partial PDFs are shifted for the ease of

visualization.
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(b)

Figure 5. Schematic representations of Y3TaO; using a C222; structural model from (a)
experimental data via small-box refinement and (b) DFT calculations. Yttrium cations are shown
as cyan spheres (8-coordinated) or as orange spheres (7-coordinated), while tantalum cations are
shown as golden sand spheres. Two 8c oxygen sites are shown as red and green spheres while
three 4a oxygen sites are shown as white spheres. Both structural models are shifted by % ¢
along [001] for ease of comparison with the Ccmm structure. The dashed black line represents

the reference cells.
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C222; GSAS PDFgui DFT
a(A) b (A) c(A) a(A) b (A) c(A) a(A) b (A) c (A
10.4902 7.4187 7.4650 10.54 7.41 7.43 10.55300  7.46687 7.58406
0.0005 0.0004 0.0004 0.05 0.02 0.03
Wyckoff
Atom site X y z X y z X y z
Tal 4b 0 0.001 0.25 0 0.009 0.25 0 0.001992 0.25
0.003 0.010
Y1l 4b 0 0.494 0.25 0 0.517 0.25 0 0.537869 0.25
0.004 0.015
Y2 8c 0.2445 0.2471 0.0039 0.228 0.242 0.002 0.232739 0.232731 0.009088
0.0004 0.0011 0.0011 0.004 0.004 0.015
o1 8c 0.1266 0.2282 0.2650 0.131 0.196 0.276 0.129368 0.177242 0.294986
0.0012 0.0012 0.0011 0.005 0.010 0.011
02 8c 0.1272 0.7957 0.2860 0.116 0.782 0.277 0.122899 0.794258 0.273819
0.0015 0.0013 0.0013 0.005 0.007 0.009
03 4a 0.1244 0.5 0 0.124 0.5 0 0.128338 0.5 0
0.0015 0.004
04 4a 0.1343 0.5 0.5 0.146 0.5 0.5 0.140589 0.5 0.5
0.0011 0.004
05 4a 0.0690 0 0 0.058 0 0 0.067749 0 0
0.0014 0.006
Rw=8.75% Rw = 5.54%
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Ccmm GSAS PDFgui DFT
a(A) b (A) c(A) a(A) b (A) c(A) a(A) b (A) c (A
10.4904 7.4182 7.4651 10.52 7.42 7.44 10.54693  7.45364  7.50949
0.0006 0.0004  0.0004 0.04 0.02 0.02
Wyckoff
Atom site X y z X y z X y z
Tal 4a 0 0 0 0 0 0 0 0 0
Y1 4b 0 0.5 0 0 0:5 0 0 0.5 0
Y2 89 0.2450 0.2463 0.25 0.229 0.243 0.25 0.233278  0.232870 0.25
0.0004 0.0009 0.003 0.004
o1 16h 0.1274 0.2182  -0.0249 0.1227 0.211 -0.027 0.124876  0.196962 -0.032695
0.0005 0.0005  0.0005 0.0013 0.003 0.004
02 4c 0.0669 0 0.25 0.056 0 0.25 0.066518 0 0.25
0.0013 0.005
03 4c 0.1237 0.5 0.25 0.125 0.5 0.25 0.128885 0.5 0.25
0.0015 0.003
04 4c -0.1333 0.5 0.25 -0.147 0.5 0.25 -0.138357 0.5 0.25
0.0010 0.004
Rw = 8.84% Rw = 7.18%

Table 1: Structural information for long- and short-range data refinements along with density functional theory calculations. Unit cell

parameters and fractional positional coordinates are followed by sigma values.
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