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Abstract  

 The atomic structures of the lanthanide tantalates, Ln3TaO7, series (Ln = Pr, Tb, Dy, Ho, 

Tm, Yb) were systematically investigated using total scattering techniques. High-energy X-ray 

and neutron diffraction analysis revealed that the long-range structures can be grouped into three 

distinct families: (1) ordered Cmcm (Ln = Pr), (2) ordered Ccmm (Ln = Tb, Dy, Ho), and (3) 

disordered, defect-fluorite Fm-3m (Ln = Ho, Tm, Yb). These findings help to clarify the symmetry 

discrepancy for the already reported long-range structures in literature. The short-range analysis 

of neutron total scattering data via pair distribution functions reveals a high degree of structural 

heterogeneity across length scales for all compounds, with distinct local atomic arrangements that 

are not fully captured by the average, long-range structure. The short-range structures at the level 

of coordination polyhedra are better captured by a set of alternative non-centrosymmetric 

structural models: (1) C2cm, (2) C2221, and (3) C2mm. This establishes a short-range multiferroic 

character for weberite-type tantalates because ferroelectric interactions compete with magnetic 

correlations. These ferroelectric interactions are particularly pronounced for the disordered 

compounds Tm3TaO7 and Yb3TaO7. The structural differences among the three families are the 

result of changes in TaO6 polyhedral tilt (transition between families 1 and 2) and dipolar 

interactions of off-centered Ta cations (transition between families 2 and 3). 
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Introduction 

The chemical and structural flexibility of compounds derived from the mineral weberite 

(Na2MgAlF7, Imma) (1) displays a diverse array of physical properties, such high ionic 

conductivity, magnetic ordering, ferroelectricity, and photocatalytic activity (2–8). These 

properties make weberite-derived compounds of interest for water splitting photocatalysts (5,9), 

solid oxide fuel cell electrolytes (10), thermal barrier materials (11,12), and for applications 

exploiting their magnetic and dielectric properties (2,13–15). A specific subset of weberite-derived 

compounds, the AIII
3B

VO7 weberite-type oxides (1), exhibit a greater variety of cation 

environments (allowing broader cation sizes and charge states) with respect to the weberite oxides 

(AII
2B

V
2O7), as well as to other topologically-related oxides (e.g., A2

IIIB2
IVO7 pyrochlore). For this 

reason, many different structural models have been proposed in the literature (15–17)for weberite-

type oxides making an unambiguous classification of AIII
3B

VO7 compounds into different 

structural families challenging.  

The structures of A3BO7 weberite-type oxides (where A = lanthanide, B = Ta, Nb, Sb) 

(18),(19) are related to the fluorite structure and are generally best described by an orthorhombic  

supercell with unit-cell parameters 2𝑎𝐹 , √2𝑎𝐹, √2𝑎𝐹. Initially, structures such as weberite, 

disordered fluorite, and disordered pyrochlore (18) were proposed for weberite-type compounds 

based on laboratory diffraction experiments (X-rays and/or electrons). Later, a comprehensive 

study was performed by Allpress et al., who proposed, based on X-ray diffraction and selected-

area electron diffraction (SAED) experiments (15–17,20), three distinct structure types for 

describing weberite-type oxides with different chemical composition. Allpress et al. proposed that 

the size of the A-site lanthanide cation influences their final symmetry, as trivalent lanthanides 

exhibit a monotonic contraction of ionic radius with increasing atomic number. Results from X-
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ray diffraction experiments (in some cases revealed by SAED) (16),(21) were used to assign Cmcm 

(space group 63)  to compounds with larger lanthanides (e.g., La3TaO7, La3NbO7, La3SbO7, and 

Nd3NbO7), the C2221 (space group 20) to lanthanides with intermediate-sized ionic radius (e.g., 

Gd3TaO7, Gd3NbO7, and Ho3TaO7), and the Fm-3m (space group 225) to compounds with smaller 

lanthanide cations (e.g., Er3NbO7 and Er3TaO7). For the smaller lanthanide compounds, no 

supercell diffraction maxima were observed, and their diffraction patterns corresponded to a 

disordered, defect-fluorite structure with randomly distributed anion vacancies and random cation 

occupancy across the two available sites (16). Finally, weberite-type oxides at phase boundaries 

between structure types can exhibit different structures depending on the thermal history and 

temperature conditions during data collection (8). For example, according to Wakeshima et al., 

compounds with intermediate sized cations, such as Ho3TaO7, display a C2221 symmetry after 

prolonged annealing at 1673 K or a Fm-3m symmetry after annealing at 1973 K (15). Similarly, 

Nd3TaO7 displays two polymorphs at room temperature, a mixture of Cmcm and C2221 phases, 

that transform into a single C2221 phase at higher temperature (15),(16) .  

After those seminal studies, other research groups have investigated the structure of several 

weberite-type oxides mostly belonging to the initially assigned C2221 space group (intermediate-

sized lanthanides, e.g., Sm3TaO7 – Ho3TaO7 and Y3TaO7), though alternative structural models 

were sometimes proposed (17). The motivation for this reassessment was based on previously 

overlooked weak diffraction maxima, hardly detected in XRD patterns measured with laboratory 

diffractometer, but disagreeing with the selection rules of the C2221 symmetry. Space groups with 

mutually incompatible selection rules, such as Cmcm (or an alternative Ccmm, 63), C2221 (20), 

Cmmm (65), Amm2 (38), Cmm2 (35), and C222 (21), were proposed for some of these compounds 

(15–17,20). The fact that so many different space groups have been proposed can be explained by 
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large uncertainties of refinements resulting from weak and overlapping peaks of powder 

diffraction data.  

Looking in perspective to the set of proposed space groups, common trends emerge for 

ordered weberite-type tantalates, as these structures share similar structural motifs. The 6-

coordinated B-site cations (Ta) form rigid TaO6 octahedra, while A-site cations (Ln, Y) occupy 

two distinct polyhedra: AO8 and AO7 distorted cubes. In case of AO7 polyhedra, one of the fluorite 

oxygen atoms is replaced by a vacancy. The TaO6 octahedra share one corner with each other and 

form infinite chains projected along one of the shorter orthorhombic directions, typically the c-

lattice parameter [001]. AO8 distorted cubes share edges and form chains also parallel to [001]. 

These two chains form layers parallel to (100) with layers made of distorted AO7 cubes between 

them (Figure 1 b and c). While the weberite-type structure is complex, it is constrained by the 

orthorhombic c-lattice parameter, which is a function of the size and tilt of the octahedra. This in 

turn imposes geometric constraints upon the other polyhedra, leading to distortions in most of the 

weberite-type compounds. All structural models proposed in literature for orthorhombic weberite-

type compounds contain the same polyhedra arrangements with specific distortions: the main 

difference between them is the orientation of the tilt axis of the BO6 octahedra. Indeed, Cmcm 

structures have a [010] tilt system, as shown in Figure 1(b), while Ccmm (or C2221) structures 

have a [100] tilt system, as shown in Figure 1(c). For the reader's convenience, we will refer to 

these structure types as ordered weberite-type families 1 and 2, respectively rather than by the 

actual space group definitions.  

In this paper, we have used state-of-the-art spallation neutron and synchrotron X-ray 

scattering techniques to gain detailed insight into the structural complexity of weberite-type oxides 

that arises from proposed incompatible structural models and symmetries. Weberite-type 
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tantalates, covering a large range of lanthanide cation with different structures were synthesized 

and investigated across the long-range structure by means of combined neutron and X-ray 

diffraction experiments. The short-range structure was characterized via pair distribution analysis 

to describe the atomic arrangement and coordination polyhedra within the different long-range 

structures. This comprehensive analytical approach with high sensitivity to both the cation and 

anion positions provides a more unified description of the three structural families of weberite-

type tantalates across different length scales.  
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Experimental methods  

Sample synthesis  

Polycrystalline powders of A3TaO7 (A = Pr, Tb, Dy, Ho, Tm, Yb) were synthesized using 

a solid-state reaction process. Powders of tantalum, praseodymium, terbium, dysprosium, 

holmium, thulium, and ytterbium oxides with a purity of 99.9998% were used as starting materials. 

The powders were preheated in air at 1000 K for 12 hours to remove any moisture and 

subsequently mixed, ground, and pressed into pellets. These pellets were heated in air at 1200 K 

for 48 hours, re-ground and pressed into pellets, and reheated in air at 1600-1673 K for 140 hours 

with several intermediate re-grinding steps. Ordered, orthorhombic weberite-type Ho3TaO7 was 

prepared by annealing at 1673 K, while the disordered, defect-fluorite type Ho3TaO7 was prepared 

by annealing at 1973 K. All sample compositions were chosen based on their advantageous neutron 

scattering properties such as: sufficient scattering lengths and low neutron absorption cross-

section. 

 

High-Energy synchrotron X-ray diffraction  

High-energy synchrotron X-ray diffraction (SXRD) was performed on Pr3TaO7, Dy3TaO7, 

and Ho3TaO7 at the Pair Distribution Function beamline (28-ID-1) of the National Synchrotron 

Light Source-II (NSLS-II) at Brookhaven National Laboratory (BNL). Additionally, a previously 

characterized Y3TaO7 structure (22) was re-measured under identical conditions and served as a 

reference sample. All samples were placed in an airtight Kapton tube sample containers with 1 

mm diameter and 0.6 μm wall thickness with plastic stoppers on both ends. These containers were 

mounted on a customized holder system, to allow for in-beam vertical movement to homogenize 

powder diffraction intensity and minimize potential texture effects. In addition, a LaB6 calibration 
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standard and an identical empty sample container were mounted on the same holder to provide 

calibration data and to subtract the Kapton background intensity. The high-energy X-ray 

diffraction data were acquired with an exposition time of 1 minute with a photon energy of 74.47 

KeV (λ of 0.1665 Å). The X-ray powder diffraction data were acquired as 2D diffractograms in a 

high-energy diffraction setting using the Perkin Elmer XRD 1621 detector. 

 

High-resolution neutron diffraction  

High-resolution neutron diffraction measurements were performed on Pr3TaO7 and 

Ho3TaO7 samples using the POWGEN (23) time-of-flight diffractometer at the beamline BL-11A 

at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL). The 

measurements were performed with 4 hours exposure time per sample at room temperature using 

the frame 2 setting of the diffractometer (λ of 0.97-2.033 Å with center wavelength of 1.5 Å). The 

samples were placed into 6 mm vanadium cans and filled with helium exchange gas before the 

measurement. The calibration standard, empty sample containers and vanadium rod were 

measured separately before the measurement to collect the data to be used in background 

subtraction and normalization. The POWGEN Automatic Changer (PAC) was used as the sample 

environment, which allowed measurements within a temperature region of 10-300 K. An 

additional low-temperature neutron diffraction measurement was performed at 100 K on Ho3TaO7, 

using otherwise similar measurement conditions and data processing procedures.  

 

Neutron total scattering  

 Neutron total scattering characterization was performed on Pr3TaO7, Tb3TaO7, two 

polymorphs of Ho3TaO7, Tm3TaO7, and Yb3TaO7, using the time-of-flight Nanoscale-Ordered 
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Materials Diffractometer (NOMAD) (24) at the beamline BL-1B at the SNS. All samples were 

loaded into 2 mm quartz capillaries with a wall thickness of 0.01 mm. The measurements were 

performed at room temperature with an exposure time of 64 minutes per sample. The six NOMAD 

detector banks were calibrated using scattering from a diamond powder and silicon sample. The 

silicon standard was used to obtain the instrument parameter file for the Rietveld refinements. The 

scattering intensity from an empty sample position as well as from an empty 2 mm quartz capillary 

were measured as background signals and automatically subtracted from the scattering intensity 

of the polycrystalline powder samples. The resulting scattering intensity of each sample was 

normalized to the scattering intensity of a solid vanadium rod to account for the spallation neutron 

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

distribution function,  

G (r)  =  𝐴 ∗ Q𝑚𝑎𝑥 ∫ Q(S(Q) − 1)Sin(Qr)dQ
𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

               (Eq. 1) 

where the maximum momentum transfer (Qmax) was 31.4 Å-1 and A is an arbitrary scale parameter 

determined during small-box modeling. The momentum transfer is defined as: Q = 4πsinθ/λ, where 

λ and θ are the neutron wavelength and scattering angle, respectively. Additional low-temperature 

neutron total scattering measurements were performed for Pr3TaO7, Ho3TaO7, and Yb3TaO7 at 100 

K using an otherwise identical instrument setup and data processing scheme. 
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Data analysis  

The long-range structure was analyzed using Rietveld refinement performed in the GSAS 

(25) and GSAS-II (26) packages. The highest Q-resolution backscattering detector banks (3, 4, 

and 5) with different Q-space coverage and resolution were refined simultaneously for the 

NOMAD diffraction data, resulting in a single cumulative reliability factor parameter (R-factor), 

referred to as wRp in GSAS-I, software or Rw in this study to avoid confusion. The POWGEN and 

SXRD diffraction data were refined using a single detector bank. During refinement of the 

POWGEN data, the diffraction patterns were divided into two d-space regions to minimize the 

effect of varying instrumental resolution across the large detector coverage in d-space. Therefore, 

the reliability factor is reported as two separate values (Rw1 and Rw2) for POWGEN diffraction 

data and as single value (Rw) for SXRD data. For all symmetries used, the following sets of 

parameters were refined: 6 Chebyshev background parameters, scale factor, respective unit cell 

dimensions (a ≠ b ≠ c for orthorhombic cells, a = b = c for cubic cells), respective allowed 

positional parameters and harmonic Uij for POWGEN diffraction and isotropic Uiso for NOMAD 

and SXRD diffraction for individual atomic sites.  

Small-box refinements of neutron pair distribution functions (PDFs), representing the 

short-range structure, were performed using the PDFgui software (27). Similar to the long-range 

refinement, scale factor, PDFgui specific delta2 parameter (to account for the correlated 

displacements of the distances between nearest neighbors), allowed unit cell parameters (a ≠ b ≠ 

c, β ≠ 90° for monoclinic cells, a ≠ b ≠ c for orthorhombic cells, and a = b = c for cubic cells), and 

positional parameters were refined.  Depending on the refinement type (discussed later in more 

detail), both isotropic (Uiso) and harmonic (Uij) atomic displacement parameters (ADP) were used 

for each applicable atomic site. The VESTA (28) software was used to visualize and produce all 
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3-D structural images for visualization and interpretation, as well as to extract necessary polyhedra 

information. So-called ‘boxcar’ refinements were performed using PDFgui software with r-series 

macros, using the initial parameters of each refinement from previous fits. The initial fit range was 

set as 1.5-12 Å (10.5 Å fit window), with subsequent fits performed by increasing the minimum 

r-value (rmin) in 1 Å increments while keeping the same fit window size (i.e., 2.5– 13 Å, 3.5-14 Å, 

etc.).  

In both Rietveld and small box refinement, the cumulative R-factor (reliability factor, Rw) 

was defined as following: 

𝑅𝑤  = √
∑ 𝑤(𝑟𝑖)[𝐺𝑜𝑏𝑠(𝑟𝑖) −  𝐺𝑐𝑎𝑙𝑐(𝑟𝑖)]2𝑁

𝑖=1

∑ 𝑤(𝑟𝑖)𝐺𝑜𝑏𝑠
2 (𝑟𝑖)

𝑁
𝑖=1

                (Eq. 2) 

Where 𝐺𝑜𝑏𝑠 and 𝐺𝑐𝑎𝑙𝑐 are observed and modelled intensities at point 𝑟𝑖, and 𝑤(𝑟𝑖) is weighting 

factor, defined by the uncertainty in the data file. 

In addition to the R-factor analysis of the PDF data, the S-factor analysis technique was 

adopted in this study. This was based on the diffraction data refinement approach and used here to 

estimate the limits of the local correlations and calculate the correlated reliability factor (Gs) for 

PDF data. Adopting equation 6 from (29), Gs is defined accordingly for the real space 𝐺(𝑟) data: 

𝐺𝑠 = ∑ 𝑤𝑗
𝑗∈𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑔𝑖𝑜𝑛

(𝐺𝑜𝑏𝑠(𝑟𝑗) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑗))
2

+ ∑ (∑ 𝑤𝑘
1/2

𝑘∈𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑔𝑖𝑜𝑛
(𝐺𝑜𝑏𝑠(𝑟𝑘) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑘)))

2

𝑚
               (Eq. 3) 

Where the first summation is the usual one; whereas the second summation, over k, is only 

defined on sets of neighboring points within each correlation region m, and it is the simple square 

of the sum of the G(r) differences, which are further summed across all correlated regions. The 
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parameters Gobs and Gcalc are the observed and calculated intensities at each point of G(r), 

respectively. Two neighboring points are deemed correlated when the product of their differences 

across two points have the same sign and the modulus exceeds a specific threshold value, that is a 

chosen function of the statistical weights wj:  

|(𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖)) ∗ (𝐺𝑜𝑏𝑠(𝑟𝑖−1) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖−1))| >  𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 

When the points are deemed uncorrelated, the Gs calculations fall back to the unnormalized 

Rw expression (Eq. 2); however, the length of the correlated regions dramatically affects the Gs 

value.  A set of threshold values based on the confidence interval of the G(r) values was then used 

to identify the regions where the error is correlated. The advantage of using Gs instead of Rw for 

the PDF analysis is that the Rw factor is biased by the assumption of uncorrelated errors, whereas 

Gs accounts for systematic correlations within the difference curve.  

The maximum r-value (rmax) used for the refinements is relatively large, typically bigger 

than the largest dimension of the unit-cell used for the different structural models (rmax ~ 12Å). 

Therefore, the Rw value is less sensitive to the fit quality in the low-r region (< 5Å), most important 

to the distortions of the coordination polyhedra, because it includes the contributions at high-r 

from the higher order atomic correlations (e.g., second-, third-, … nearest neighbors). In addition, 

the PDF data across different sample compositions is affected by a scattering-length ‘efficiency’ 

effect due to the presence of different lanthanide ions. For example, the scattering length of Yb is 

12.4 fm, which is approximately twice than the scattering length of O (5.80 fm) or Ta (6.91 fm). 

Therefore, the signal from Yb-Yb pair correlations dominates the refinement (as these peaks are 

typically much more intense than the corresponding O-O pair correlations); this effect in turn 

affects the difference curve and the calculation of the Rw value. This bias can be somewhat 

adjusted by limiting the r-range of the PDF refinement to the region sensitive to the coordination 
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polyhedra and the nearest neighbor distances (rmax ~ 4.2 Å). Over this fit range, only cation-oxygen 

and oxygen-oxygen correlations are typically present, which reduces the relative impact of the 

scattering lengths of the different lanthanides. As a result, the difference curves between fit and 

experimental data are more comparable across the different sample compositions.  

 

Analytical derivation of the weberite-type structure  

Before new experimental data are presented, general aspects of the weberite-type structures 

are assessed, which will help to contextualize and better interpret the results presented in this study. 

In weberite-type tantalate oxides, the charge difference between the two cations (Ln+3 and Ta+5) 

can favor long-range order, with both cations and anions at specific crystallographic sites. This 

0defines a specific bonding environment resulting in a repeating configuration of four different 

coordination polyhedra: (i) an octahedron, formed by the pentavalent Ta cation, (ii) and (iii) two 

sevenfold-coordinated polyhedra, occupied by the rare-earth or lanthanide cations, typically in 

form of a mono-capped octahedral configuration, and (iv) an eightfold-coordinated distorted cube, 

occupied by the lanthanide cation. Moving across the Ln3+ series from Pr to Yb, the size of the 

lanthanide ions contract, which influences the tilt and deformation modes of the stiffer Ta-

octahedron, leading to structural changes in the other three more flexible Ln-polyhedra. For the 

smallest lanthanide cations, these changes lead eventually to a loss of the long-range order, folding 

the orthorhombic weberite-type structure into a disordered, defect-fluorite structure. In this 

disordered structure, the two cations randomly occupy a shared cation site; whereas, the oxygen 

vacancy is statistically distributed onto the anion sites. However, recent results on weberite-type 

oxides with the defect-fluorite structure (30) and structurally-related pyrochlore oxides suggest 

that short-range ordered correlations persist within such disordered compounds that are distinct 

Page 13 of 55 Journal of Materials Chemistry A



14 
 

from the average long-range structure (22,31–34). In contrast, ordered weberite-type Ln3TaO7 

oxides exhibit small distortions with respect to the parent fluorite structure, leading to an 

orthorhombic lattice with pseudo-tetragonal characteristics. To simplify the presentation of the 

results, a unique reference lattice is defined, assuming aW = 2aF and bW  cW  aF√2 , with “W” 

and “F” subscripts referring to weberite and fluorite lattices, respectively. This orientation 

convention is not always adopted in previous studies, but it aids in discussing and comparing the 

structural changes across all weberite-type oxides. In this reference frame, a set of two Ta 

octahedra form corner-sharing chains along the c-axis. As a result, half of the distorted octahedra 

tilt clockwise around either the aW or the bW axes, while the other half in the next atomic layer tilts 

counterclockwise. The extent of the octahedron distortion and the actual tilt axis determine the 

overall length of the cW-axis parameter and the final symmetry of the space group.  

As described before, three main space groups have been defined previously to describe the 

structures of Ln3TaO7 weberite-type tantalates: Cmcm, Ccmm (or C2221), and Fm-3m (Figure 1b, 

c). The use of these different structural models can be rationalized based on a prototype ‘parent’ 

structure, for which tilts and distortions are removed. This prototype (P) structure (Figure 1a), 

which is described in detail in the supplementary information (Supplementary Table 1), has a 

Cmmm (65) symmetry with a c-lattice parameter that is halved as compared with that of the C-

centered weberite-type structures (aP = aW, bP=bW, and cP = ½ cW). 
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Figure 1: Relations among the three structural families of A3TaO7 weberite-type oxides (b,c,d). 

The structures are shown with the relation to the single c-layer parent prototype structure. Thick 

solid black lines represent the respective unit cells. (a) Cmmm prototype model with A-site cations 

shown as green spheres, (b) Cmcm structural model with large radii A-site cations shown as yellow 

spheres, (c) Ccmm structural model with medium radii A-site cations shown as orange spheres and 

(d) Fm-3m structural model with small radii A-site cations shown as cyan spheres. Oxygen anions 

and Ta cations are shown in all four structures as red and brown spheres, respectively. Oxygen 

anions highlighted as smaller lime green spheres and displaced according to different tilt systems. 

The tilt systems of the (a) single layer Cmmm prototype structure produce either the bilayer 

structure (b) Cmcm with [100] tilt, or the (c) Ccmm with [010] tilt, as represented by black loops 

around the rotation axes. The white sectors within red spheres in (d) denote the partial occupancy 

of oxygen sites in the Fm-3m model, and mixed brown/cyan spheres represents a randomization 

of cations across cation sites. All coordination polyhedra are shown according to the color of their 

respective cations. Structures are projected along their conventional directions: (a,b,c) along 

[001]W and (d) [011]F with W and F subscripts denoting the weberite-type and defect-fluorite 

lattices, respectively.  

 

 

 

 

 

 

Page 15 of 55 Journal of Materials Chemistry A



16 
 

The most common structural models proposed in the literature for niobates and tantalates 

weberite-type compounds can be derived using mechanical instabilities of the irreducible 

representations at the Y, T, and Z points of the centered orthorhombic Brillouin zone of the 

prototype weberite structure. All structures of the Ta-based compounds reported in literature can 

be obtained systematically by considering Z-point irreducible representations. The most 

symmetric structural models belonging to these 8 irreducible representations are described by four 

centrosymmetric space groups, each one with two distinct origins: Z1
+

, Z2
- lead to Cmmm (65), Z2

+, 

Z1
- to Cccm (66), Z3

+, Z4
- to Cmcm (63), and Z4

+, Z3
- to Ccmm (63). Eventually, these space group 

symmetries can be further reduced if specific peaks in the diffraction patterns provide the required 

evidence. For instance, suppression of the inversion center in either Ccmm or Cmcm yields the 

C2221 symmetry. The different space groups are characterized by distinct supercell peaks, which 

can be compared with high quality diffraction data to identify the most appropriate model for any 

particular compound.  
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Results 

Long-range structural analysis 

 High-energy synchrotron X-ray (SXRD) diffraction data were collected for the ordered, 

orthorhombic Pr3TaO7, Dy3TaO7 and Ho3TaO7 samples and refined using structural models 

previously reported in literature (15–17) (Cmcm for Pr3TaO7; Ccmm or Dy3TaO7 and Ho3TaO7, 

(Figure 2a). All refinements provided reasonable fits as demonstrated by the difference curves 

and acceptable reliability factor (Rw) parameters. Only the refinement of the Pr3TaO7 diffraction 

pattern resulted in a slightly larger Rw, which can be explained by the presence of a minor impurity 

phase (less than 3% of PrTaO4). No impurities were detected in the XRD patterns of Ho3TaO7 and 

Dy3TaO7. 

Inspection of the low-Q/high d-spacing part of the diffraction patterns is critical for 

establishing the correct space group for the different weberite-type compounds. This region is very 

sensitive to site occupancy and atomic order, which produces separate peaks in the synchrotron X-

ray and neutron diffraction patterns. Of particular importance is the presence, or absence, of 0kl 

and h0l peaks: (e0o) like (201), (401), or (403) are allowed by Ccmm and forbidden for Cmcm; 

vice versa, (0eo) like (021), (041), (043) are allowed by Cmcm and forbidden for Ccmm. If the 

peaks of both sets are observed in the diffraction patterns, the inversion center is suppressed. This 

was experimentally demonstrated for the structure of the rare-earth compound Y3TaO7 (22), 

described by the C2221 space group. While not being part of this study on lanthanide tantalates 

compounds, we have re-measured this sample (22) under identical high-energy SXRD conditions 

as reference data set to compare with the ordered weberite-type lanthanide compounds (Figure 

2b). 
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Inspection of the low-Q region (Figure 2b) clearly shows that Pr3TaO7 exhibits a (021) 

diffraction maximum at ~1.85 Å-1, while the (201) peak is absent. This agrees with the 

crystallographic rules of the Cmcm space group, which confirms that this structural model reported 

in literature is indeed the most symmetrical one for Pr3TaO7 and potentially for all the other 

members of structural family 1. Rietveld refinement with the Cmcm space group yields excellent 

agreement to the XRD data for Pr3TaO7 (Rw = 3.359%). The extinction rules are reversed for 

Ccmm and the low-Q diffraction regions of Ho3TaO7 and Dy3TaO7 of structural family 2 (Figure 

2b); (201) peaks are observed at ~1.48 Å-1
, whereas (021) peaks are not observed at ~1.83 Å-1. 

This agrees with the proposed Ccmm space group by Fu et al. for Sm3TaO7 (17), a compound of 

the same structural family. Refinement of the measured SXRD patterns of Ho3TaO7 and Dy3TaO7 

with this Ccmm space group provides excellent agreement with very low Rw of 2.409% and 

2.691%, respectively, confirming the choice of this highly symmetrical space group. The 

centrosymmetric nature of this space group is further corroborated by the reported absence of any 

second harmonic generation signal at room temperature, as described by Astafyev et al. (35) for 

Ln3TaO7  (Ln = Sm-Gd). Therefore, it is reasonable to expect that the Ccmm space group is the 

common representation for all structural family 2 compounds. On the other hand, the C2221 

symmetry is confirmed by the existence of (201) and (021) peaks in Y3TaO7 (Figure 2b), and this 

compound can no longer be considered as the room temperature structural model for the long-

range structures of family 2 weberite-type tantalates. 
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Figure 2: (a) Stacked high-energy synchrotron X-ray diffraction patterns for A3TaO7 (A = Pr, Dy, 

Ho) as measured (black circles) and modeled (orange, cyan and red curves). Blue curves represent 

the difference between measurement and calculated model (space groups Cmcm and Ccmm). The 

reliability factor (Rw) is reported for every sample. Diffraction patterns are offset by values of 

10’000 and 20’000 respectively. (b) Expanded view of the low-Q range of (a) using the same color 

labeling, along with diffraction data of Y3TaO7 (black circles), which serves as reference 

measurement. Cyan ticks represent diffraction conditions allowed in (top) Cmcm and (bottom) 

Ccmm space groups. Asterisks (*) mark the PrTaO4 impurity phase reflections for Pr3TaO7. The 

red tick mark at ~1.93 Å-1 indicates the location of the (021) diffraction peak, which serves as 

space group distinction between C2221 and Ccmm (and it is only allowed for C2221). Diffraction 

patterns are offset by values of 200, 400 and 800 respectively. Enlarged version of this figure is 

available in the supplementary section. 

 

Rietveld refinement of the high-resolution time-of-flight neutron diffraction patterns (POWGEN) 

with high sensitivity to the oxygen positions yielded a good agreement with the Cmcm model (Rw1 

= 2.501% and Rw2 = 4.769%) for Pr3TaO7 (Supplementary Figure 1) and the Ccmm model (Rw1 

= 4.940% and Rw2 = 4.770%) for ordered Ho3TaO7 (Supplementary Figure 2). The amount of 

PrTaO4 impurity phase in Pr3TaO7 was 1.7%, and neutron characterization did not reveal any 

impurity phases in Ho3TaO7. In agreement with the SXRD results, the time-of-flight neutron 

diffraction results also show strong evidence of the (021) peak for Pr3TaO7 with no apparent signal 

of the (201) peak; whereas, Ho3TaO7 shows a pronounced (201) peak. The absence of the (021) 

Page 19 of 55 Journal of Materials Chemistry A



20 
 

peak (expected at ~1.92 Å in Q-space or ~3.3 Å in d-space) confirms the centrosymmetric Ccmm 

model for Ho3TaO7 (Supplementary Figure 3). The diffraction pattern of Ho3TaO7 measured at 

100 K with reduced effect of thermal vibrations show the same structural behavior and supports 

this conclusion (Supplementary Figure 4).  

Neutron diffraction patterns of A3TaO7 (A=Pr, Tb, Ho, Tm, and Yb) collected at NOMAD 

revealed three distinct structures across the lanthanide series (Figure 3). Rietveld refinement 

confirms that these patterns belong to the three distinct structural families of weberite-type 

tantalates. The NOMAD diffraction patterns (Figure 3) are in good agreement with SXRD and 

POWGEN data obtained for the two ordered families. Family 1 is described by the orthorhombic 

Cmcm model (Pr3TaO7, Rw = 5.43%) and family 2 by the orthorhombic Ccmm model (Tb3TaO7 

and Ho3TaO7 synthesized at 1673 K with Rw = 7.39% and 7.99%, respectively). As already 

reported in the literature (15,30), structural family 3 of disordered weberite-type tantalates is 

described by the defect-fluorite (Fm-3m) space group: disordered Ho3TaO7 synthesized at 1973 K, 

Tm3TaO7, and Yb3TaO7 , with Rw = 8.40%, 9.85% and 6.47%, respectively. The Pr3TaO7 

refinement is the best in terms of cumulative Rw value among all samples, despite the minor 

impurity phase. The complete structural information obtained from Rietveld refinement of 

NOMAD data are summarized in Supplementary Table 2. In the disordered, defect-fluorite 

compounds, the orthorhombic superstructure peaks, characteristic of the weberite-type ordering, 

are only detectable as a weak and broad diffuse scattering signal, which carries information about 

specific short-range atomic correlations. These were analyzed in real space using pair distribution 

functions (PDFs) to obtain valuable insight into the atomic-scale structure of the different 

weberite-type oxides. 
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Figure 3: Neutron diffraction patterns of A3TaO7 (A=Pr, Tb, Ho, Tm, and Yb) measured at 

NOMAD’s detector bank 4. The experimental data (shown as black circles) were refined using 

small-box modeling based on the following space groups: (a) Cmcm (green curve), (b,c) Ccmm 

(amber curve) and (d,e,f) Fm-3m (red curve). The blue curves are the difference between 

experimental data and calculated models. Rw values are reported for each refinement. 

 

Short-range structural analysis 

Analysis based on long-range derived structural models 

High-resolution PDF data of all samples are shown in Figure 4 over a r-range between 

about 2 Å and 11 Å. The peak positions are characteristic of specific atomic-pair correlations 

(sometimes leading to several unresolved contributions within one peak), the area under the peak 

depends on the coordination number, and the width is related to the spread of the interatomic 

distances that increases with the displacive disorder in the system. The PDFs across the sample 

series show variations in peak intensities and widths and, as a first step, the long-range structural 

models from diffraction data (Figure 3) were used for small-box modeling: Cmcm for weberite-

type compounds with large lanthanides, Ccmm for the medium-sized lanthanides, and Fm-3m for 
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small lanthanides (Figure 4). All ordered orthorhombic models (either Cmcm or Ccmm) provide 

a reasonably good agreement with the experimental data (Pr3TaO7, Tb3TaO7, and long-range 

ordered Ho3TaO7, with Rw values typically less than 10%). However, refinement of long-range 

disordered Ho3TaO7, Tm3TaO7, and Yb3TaO7 with the Fm-3m defect-fluorite model resulted in an 

extremely poor fit quality (Rw values well above 20%) (Figure 4), which motivates further 

detailed analysis of the short-range structure, as discussed later in this section. The complete 

structural information obtained from PDF refinement of NOMAD data are summarized in 

Supplementary Table 3. 

Figure 4: Neutron pair distribution functions (PDFs) of Ln3TaO7 (Ln=Pr, Tb, Ho, Tm, and Yb). 

Data (black circles) obtained at room temperature and modelled with long-range derived structural 

models (green, amber, and red curves for each family) using (a) Cmcm, (b, c) Ccmm and (d, e, f) 

Fm-3m space groups, respectively. The blue curves are the difference between the experimental 

data and the small-box refinement calculated models. Rw values are reported for each refinement. 
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Small-box analysis of weberite-type compositions with larger and medium sized lanthanides 

(ordered, orthorhombic structural families) 

The previously reported Cmcm and Ccmm models, which described well the corresponding 

long-range structures of the ordered weberite-type samples, also provide a reasonably good 

agreement for the short-range data as expressed by the reasonably low Rw values. There was no 

strong dependence of the Rw values on the spatial range considered for these small-box 

refinements. However, there are certain PDF sections, particularly at ~2.9 Å, sensitive to O-O 

correlations in Tb3TaO7 and Ho3TaO7 (Figure 5, asterisks markers), that evidence systematic 

discrepancies between experiment and model. A similar behavior has been previously reported for 

weberite-type Y3TaO7, and changes in these O-O correlations were instrumental to the assignment 

of C2221 symmetry (22). On the other hand, there is no obvious localized systematic discrepancy 

between data and refinement for Pr3TaO7 (Figure 5a), but the Rw value is still somewhat higher 

than expected. 

 

Figure 5: Enlarged view of the neutron PDFs of Fig. 5 covering the very local r-range (1.7-5.3 Å) 

where 1st and 2nd nearest neighbor correlations are observed in ordered weberite-type A3TaO7 

(A=Pr, Tb, Ho) with (a) Cmcm and (b, c) Ccmm space group models, respectively. Black circles 

represent the experimental data and red lines are the refined models. The blue lines are the 

difference curves between data and the small-box refinements. Rw values are reported. Asterisk 

symbols (*) highlight the O-O correlation misfit of the Ccmm model at ~2.8 Å for Tb3TaO7 and 

Ho3TaO7. 
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To improve the small-box PDF refinement, a set of alternative symmetries were employed 

to improve the description of the displacive distortions affecting the O-O pair correlations. The 

approach was to systematically explore the subgroup structures deduced from the Brillouin zone 

center (Γ) irreducible representations of the respective Cmcm and Ccmm space groups 

corresponding to the long-range structures of weberite families 1 and 2, respectively. Seven 

additional structural models were derived for each space group.  For the Cmcm model (Pr3TaO7, 

[100] tilt), the order parameter of the 8 irreducible representations (Γ) lead to the following space 

groups: Cmcm (63, (a, b, c), Γ1
+), P21/m (11, unique axis c, Γ2

+), C2/m (12, unique axis a, Γ3
+) and 

C2/c (15, unique axis b, Γ4
+), which are centrosymmetric, and the four non-centrosymmetric C2221 

(20, (a, b, c), Γ1
-), Cmc21 (36, (a,b,c), Γ2

-), C2cm (40, (-c, b, a), Γ3
-), Cm2m (38, (b, c, a), Γ4

-). For 

the Ccmm model (ordered Ho3TaO7, [010] tilt), the tested Γ-point space groups were: Ccmm (63, 

(b, a, -c), Γ1
+), P21/m (11, unique axis b, Γ2

+), C2/m (12, unique axis b, Γ3
+) and C2/c (15, unique 

axis a, Γ4
+) and the non-centrosymmetric counterparts C2221 (20, (b, a,-c), Γ1

-), Ccm21 (36, (b, a, 

-c), Γ2
-), Cc2m (40, (b, c, a), Γ3

-), C2mm (38, (-c, b, a), Γ4
-). Initially, to provide the best model 

selectivity, the structural analyses were performed on Pr3TaO7 and ordered Ho3TaO7 measured at 

100 K. Indeed, the low-temperature measurement greatly reduced the effect of thermal smearing 

and improved the positional parameter analysis for each compound representative of families 1 

and 2 tilt systems. The quality of the fit for each model was evaluated by two criteria: (i) the 

conventional Rw value (Eq. 2) and (ii) the correlated Gs-value (Eq. 3), which ‘penalizes’ correlated 

errors of the difference curve, apart from purely stochastic deviations. The most accurate model is 

the one with the lowest Rw value and with the least correlated difference curve, particularly within 

the low-r PDF section sensitive to 1st and 2nd nearest neighbor correlations.   
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The results of this detailed PDF analysis with refinements based on these eight models are 

shown in Figure 6 for Pr3TaO7 measured at 100 K. Qualitative inspection shows that most models 

describe the local structure of Pr3TaO7 quite well (Figure 6a), though some space group choices 

lead to unstable refinements and to an increased Rw. These models were rejected as unsuitable. 

Rw values reveal that non-centrosymmetric models (Г1-4
-) generally produce slightly better fits to 

the neutron PDF data as compared with centrosymmetric models (Г1-4
+), including the long-range 

Cmcm model, in particular. This reliability factor analysis favors in the r-range of 1.5 – 12 Å 

especially the Cmc21 (Г2-), C2cm (Г3-), Cm2m (Г4-), C2/c (Г4+), and marginally C2221 (Γ1-) 

models with Rw values close to 8%. 

The Gs-factor analysis also demonstrates that non-centrosymmetric models are preferable 

as they generally have smaller Gs-values, indicative of reduced systematic errors. Considering 

both Rw and Gs criteria, this reduces the initial eight possible choices for the [100] tilt system to 

the models Г3
- (C2cm) and Г4

- (Cm2m). Providing similar agreement, both models were judged 

based on their number of refined parameters, which were 49 and 54, respectively. Thus, Г3
- (C2cm) 

is the preferred description of the coordination polyhedra environment and the best fit to the short-

range structure of Pr3TaO7. This is supported by the evolution of the difference curve (Figure 6b), 

which exhibits only uncorrelated intensity fluctuations, specifically in the r-range significant for 

the critical O-O correlations (2.5 – 3 Å, shaded region in Figure 6b). 
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Figure 6: (a) Neutron pair distribution function (PDF) of weberite-type Pr3TaO7 measured at 100 

K (black circles) and refined with the long-range Cmcm space group (purple) and with the models 

derived at the Brillouin zone center (red, orange, gold, green, cyan, magenta, and royal blue) of 

Cmcm. The four non-centrosymmetric models (Г1-4
-) are the bottom curves and the four 

centrosymmetric models (Г1-4
+) are the top curves. (b) Difference curves (multiplied by a factor 5) 

between as-collected data and respective models in the r-range between 1.7 – 12 Å. The turquoise 

shaded area enclosed by the vertical dashed lines between 2.5 and 3 Å highlights the region most 

sensitive to the O-O atomic correlations. The red box around the C2cm space group highlights the 

best structural model to describe the PDF of Pr3TaO7. 
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The same systematic PDF refinement procedure was also applied to Ho3TaO7 measured at 

100 K (Figure 7). All models provided reasonable fits. The Ccmm structural model used for the 

long-range diffraction data produced the largest Rw value; therefore, it is not a good choice for the 

short-range structure. Several models do not capture the details of the O-O pair correlations around 

2.5 – 3 Å and produce systematically positive residuals in the difference curves. The quantitative 

Gs-factor analysis (Figure 7) identifies the Г1
- model as the best in terms of uncorrelated regions, 

followed by the Г3
+ (C2/m) model. However, close inspection of the Г3

+ model reveals that the 7-

coordinated Ho cations exhibit unusually large harmonic (Uij) atomic displacement parameters, 

despite the measurement being performed at 100 K (Supplementary Figure 5). The effect is 

particularly pronounced along the [010] direction, a side effect related to positional coordinates 

constrained along this direction by the space group symmetry. This effect is not observed for the 

Г1
- (C2221) harmonic model: considering that the C2221 model has also a smaller set of refined 

parameters (43 for Г1- versus 50 for Г3
+), we conclude that the short-range organization of 

Ho3TaO7 is best described by the non-centrosymmetric C2221 space group. 
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Figure 7: (a) Neutron pair distribution functions of weberite-type Ho3TaO7 measured at 100 K 

and modelled with 7 displacive small-box models in addition to the Ccmm long-range space group. 

Black circles represent the experimental data. Red, orange, gold, green, purple, cyan, magenta and 

royal blue lines are fits of the respective models. (b) Difference curves (multiplied by a factor 5) 

between as-collected data and respective models in the r-range between 1.7 – 12 Å. The turquoise 

shaded area enclosed by the vertical dashed lines between 2.5 and 3 Å highlights the region most 

sensitive to the O-O atomic correlations. The red box around the C2221 space group highlights the 

best structural model to describe the PDF of Ho3TaO7. 
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When comparing the neutron PDF data measured at room temperature refined with the 

initial long-range symmetry (Figure 5) with the improved (low temperature derived) short-range 

models (Figure 8), it is apparent that the average, long-range structure is not the best model for 

the actual atomic arrangement. This leads to the conclusion that there exists a cross-over between 

the long-range and short-range symmetry in ordered orthorhombic weberite-type tantalates. 

Family 1 (Pr3TaO7) with Cmcm long-range symmetry has a short-range structure that is better 

described by a C2cm local atomic configuration, while family 2 (Tb3TaO7 and Ho3TaO7) with a 

Ccmm long-range symmetry by a C2221 local atomic configuration. In both cases, a non-

centrosymmetric space group is the most suitable model able to fully capture the subtle, local 

atomic relaxations and distortions, which are particularly evident for the O-O nearest neighbor 

correlations in the PDFs of the two compounds of family 2. In general, the much-improved fit 

quality of the C2221 model for structural family 2 reflects the increased degrees of freedom for the 

Ta cations in TaO6 octahedra, which is only allowed in non-centrosymmetric space groups (Ta 

cations are located at the inversion center of the long-range space group structure). Indeed, there 

are significant displacements of Ta cations observed in the C2cm and C2221 models, shifting Ta 

away from the barycenter of the O anions. In this process, the ADPs of the displaced Ta cations 

are also satisfactorily reduced in both non-centrosymmetric models according to the expected stiff 

and tight octahedral environment. The ADPs of the remaining atomic constituents of the structure 

(Ln cations and O anions) remain unchanged or are slightly reduced. 
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Figure 8: A segment of very local (1.7-5.3 Å) neutron pair distribution functions showing 1st and 

2nd nearest neighbor correlations of weberite-type A3TaO7 (A=Pr, Tb, Ho) modelled with (a) 

C2cm and (b, c) C2221 space groups, respectively. Black circles represent the experimental data 

while green and orange curves are fits with the respective models. Difference curves between 

data and models are displayed in blue. 

 

Small-box analysis of weberite-type compositions with smaller lanthanides (disordered, defect-

fluorite structural family) 

Discrepancies between the long- and short-range structures (Figure 4) are most 

pronounced in the disordered weberite-type compounds of family 3 with defect-fluorite symmetry 

(Ln = Ho, Tm and Yb) expressed by unacceptable reliability factors (Rw values between 22 and 

28%). These findings are consistent with previous observations by King et al. (30). The fit quality 

of the Fm-3m model to the PDFs depends on the considered r-range, and box-car refinements have 

been used to determine the extension in real space for which the long-range structure provides an 

unsatisfactory fit for disordered Ho3TaO7, Tm3TaO7, and Yb3TaO7 (Figure 9). Particularly, the 

low-r regions of the PDFs characteristic for the nearest neighbor coordination polyhedra (up to 3 

Å) are very poorly described by the Fm-3m structural model with Rw values up to 30%. The fit 

quality progressively improves for larger r regions but remains poor well beyond the size of the 

defect-fluorite unit cell. This behavior clearly indicates that these compounds have a distinct local 

atomic arrangement not represented by the disordered long-range structure.  
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Figure 9: Reliability factors, Rw, determined from “boxcar” refinements of neutron PDFs of 

disordered A3TaO7 (A = Ho, Tm, and Yb) measured at room temperature and Yb3TaO7 measured 

at 100 K using the long-range Fm-3m structural model. The x-axis represents the minimum r-value 

(rmin) for each 10.5 Å refinement window and the data points correspond to the Rw obtained in 

each refinement window. The bold black dashed line is to guide the eyes with respect to the Rw 

behavior and the vertical dashed lines represent the characteristic distances corresponding to the 

polyhedra, the lattice parameter aF of the defect-fluorite unit cell (F), and the aW lattice parameter 

of the weberite-type unit cell (W). The different symbols represent individual compounds of the 

disordered weberite-type family 3 as labelled in the legend. 

Boxcar refinement was performed by monitoring the resulting Rw values from PDF small-

box modeling as a function of a constant r-range window (10.5 Å) with increasing minimum fit 

boundary, rmin. The behavior is consistent for all compounds with an initially very high Rw value 
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(rmin =1.5 – 3 Å) that gradually decreases until reaching a minimum of approximately 10% for a 

rmin of about ~15 Å (Figure 9). This means that the defect-fluorite model provides only a good 

description of the structure for interatomic distances and pair correlations exceeding 3-4 times the 

dimension of the cubic defect-fluorite unit cell (approximately 2 times of the conventional 

orthorhombic weberite-type unit cell). This trend holds even if the PDF was obtained at low 

temperature as for Yb3TaO7 measured at 100 K. Therefore, an improved structural model must be 

found to describe the short-range structural details below a r-range of about ~15 Å.  

For all disordered compounds, Yb3TaO7 has the most favorable scattering conditions due 

to its large neutron scattering length of Yb (12.4 fm); thus, the PDF of this sample was used for 

the most selective analysis of the short-range structure. Based on the boxcar refinements (Figure 

9), the small-box modeling was limited to a region of r-space where the Fm-3m long-range model 

did not provide a good fit quality (1.5 to 12 Å). As alternative structural models for the disordered 

compounds of family 3, the eight displacive orthorhombic models with tilt system [010], derived 

from the zone-center representations of the Ccmm long-range symmetry (of the neighboring 

structural family 2), were initially tested. The short-range analysis with these alternative models 

followed the same approach as described for the ordered weberite-type Ho3TaO7 (Figure 7).  To 

obtain the best structural model for these disordered atomic configurations, the following approach 

was adopted: (i) the sample was measured at 100 K, where the effect of thermal vibrations is 

greatly reduced, and (ii) the number of allowed thermal parameters was decreased by using only 

isotropic thermal factors (Uiso) to increase the selectivity of the model on the atomic positions. The 

Uiso parameters in each model were set to be distinct for all cation sites and the oxygen sites 

forming TaO6 polyhedra and identical for all remaining oxygen sites. This resulted in a smooth 

convergence of the refinements as shown in Figure 10a. 
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Figure 10: (a) Neutron pair distribution functions of Yb3TaO7 measured at 100 K (black circles) 

and refined with the Fm-3m defect-fluorite model (top). The eight alternative models are shown 

as red, orange, gold, green, purple, cyan, magenta, and royal blue curves. (b) Difference curves 

(multiplied by a factor 5) between data and models in the r-range between 1.7 – 8 Å. The turquoise 

shaded area enclosed by the vertical dashed lines between 2.5 and 3 Å highlights the region most 

sensitive to the O-O atomic correlations. The red box around the C2mm space group highlights the 

best structural model to describe the PDF of Yb3TaO7.  

 

All alternative lower symmetry models significantly improved the fit quality (Rw values 

of 10 – 18.6%). Among these models is the one proposed by King et al., who used C2221 to model 

the short-range structure of Yb3TaO7 (30). However, the best small-box refinements in this study 
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were obtained with the Г2- (Ccm21) and Г4- (C2mm) models (Rw values of 12.2 and 8.65%, 

respectively), while refinement with Г1- produced a significantly higher Rw value of 16%. As 

mentioned before, the most accurate model must describe particularly the PDF region (1.5-3.5 Å) 

representative of the nearest neighbor distances and coordination polyhedra. Careful inspection of 

the difference curve in the low-r region (Figure 10b) reveals that all centrosymmetric models, 

with the exception of Г2+ (P21/m), produce a systematic misfit in the region between 1.5 and 2.5 

Å for the Ta-O (first positive residual in PDF) and Yb-O nearest neighbor correlations (second 

positive residual in PDF). In addition, the O-O nearest neighbor correlations show distinct 

residuals for these models (shaded region in Figure 10b). Overall, the four non-centrosymmetric 

models agree much better to the data with respect to the Ta-O and Yb-O correlations, but they 

differ in the description of the O-O correlations. Quantitative analysis of Gs confirms that the Г4- 

(C2mm) model also has by far the lowest correlated residual among all models. Therefore, we 

conclude that this is the most accurate model in describing the short-range structure of Yb3TaO7. 

The complete structural information obtained from PDF refinement of 100 K short-range data are 

summarized in Supplementary Table 4.   

The use of this non-centrosymmetric space group indicates an inversion center loss at the 

atomic scale. This space group provides more degrees of freedom and differentiates Ta-O bond 

lengths, allowing more pronounced distortions of TaO6 octahedra. Nonetheless, despite this 

displacive disorder, a high level of occupational order is locally maintained, which contrasts the 

fully disordered character of the long-range defect-fluorite structure. However, there are still some 

regions in the PDF that are not fully captured by the C2mm model (e.g., feature at 3.9 Å). This 

suggests that mesoscale polyhedra stacking and ferroelastic boundaries among nanoscale C2mm 
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domains can produce detectable correlations in the PDF, which cannot be described with a simple 

small-box model.    

To test the broader transferability of the newly established model, the PDFs of all three 

defect-fluorite structured samples (Ho3TaO7, Tm3TaO7, and Yb3TaO7) measured at the room 

temperature were refined with the same C2mm space group over the same r region (1.5-12.0 Å). 

Small box modeling using this model (Figure 11) provided excellent agreement to the 

experimental data with a significant drop in Rw values compared to the initial fits with the long-

range Fm-3m structural model (Figure 4). The lower Rw value for Yb3TaO7 at room temperature 

compared to low temperature can be explained by the effect of thermal broadening. The overall 

good agreement, for all disordered samples studied here, leads to the conclusion that the 

compounds of weberite-type family 3 with a long-range Fm-3m structure, are best described by 

the orthorhombic C2mm space group.  

 

Figure 11: Neutron pair distribution functions (black circles) of disordered Ho3TaO7, Tm3TaO7, 

and Yb3TaO7 measured at room temperature and modeled (red curves) using the C2mm space 

group derived from PDF refinement of Yb3TaO7 measured at 100 K (Fig. 10). The blue curves 

represent the difference between experimental data and refinement.  
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The simultaneous characterization of the short-range and long-range structure by total 

scattering experiments revealed that all studied weberite-type tantalates exhibit some degree of 

structural heterogeneity across different length scales. In all cases, the space groups, which 

modeled the diffraction data the best, did not accurately describe the PDFs. Alternative structural 

models were required to capture the local atomic configurations, an exploration that yielded 

improved small-box refinements. To summarize this behavior and derive general trends among the 

three structural families, the Rw values of initial and improved PDF models were compared 

(Figure 12). The improved model used for disordered family 3 compounds showed a large Rw 

drop, suggesting that the atomic arrangements in disordered compounds are most distinct from the 

long-range average structures. The local structure is in fact quite similar to the short-range 

organization of intermediate lanthanides of family 2 (Tb, Ho) that display an ordered long-range 

orthorhombic structure. The refinement of the PDFs of family 2 samples with the improved local 

model showed a more limited decrease of Rw. This indicates that the short-range structure of these 

compounds has only minor deviations from the long-range centrosymmetric model. For the larger 

lanthanides, Pr3TaO7, of the ordered orthorhombic family 1, the reduction in Rw values is 

somewhat larger again as compared with family 2 compounds, suggesting more pronounced 

deviations of the local atomic arrangement from the long-range centrosymmetric structure. While 

this Rw-value analysis (Figure 12) is partially biased by the different neutron scattering lengths of 

the individual lanthanide elements (ranging from 4.6 fm for Pr to 12.4 fm for Yb), it still highlights 

the structural complexity across all weberite-type tantalates, showing a strong dependence on 

chemical composition and characteristics of the long-range structure. 
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Figure 12: Reliability factors (Rw) of neutron PDF refinements of Ln3TaO7 compounds displayed 

as a function of the ionic radius of the Ln cation. Rw values based on Cmcm and Ccmm structural 

models are shown as downward oriented dark green triangles, and as black squares for Fm-3m 

structural model. Rw values based on alternative C2cm, C2221 models are shown as upward 

oriented red triangles and as blue chevrons for C2mm model respectively. Red and blue arrows 

denote decrease in Rw factors for improved models. Green, yellow and red shaded regions 

represent the long-range structural families: green = family 1 (Cmcm), yellow = family 2 (Ccmm), 

and red = family 3 (Fm-3m). 
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Discussion  

Considering the structures of weberite-type tantalates as a derivative of the high-symmetry 

prototype Cmmm structure, provides a unified framework for explaining the findings of this study. 

The three structural families can be described by two distinct tilt systems, [100] and [010], 

corresponding to distinct irreducible representations of this prototype structure at the Z-point of 

the Brillouin zone. The two tilt systems were unambiguously determined through analysis of peak 

extinctions in high-resolution diffraction data. Structural family 1 compounds with large 

lanthanides (Pr3TaO7) exhibit a Cmcm long-range structure with the [100] tilt system, while 

structural family 2 compounds with intermediate lanthanides (Tb3TaO7 and ordered Ho3TaO7) 

display the Ccmm space group with the [010] tilt system. Only one weberite-type tantalate 

compound can display both tilt systems: Nd3TaO7, at the boundary between families 1 and 2 

undergoes a first order semi-reconstructive transition from a low temperature [010] tilt system to 

a high temperature [100] tilt system as reported in (15). Finally, family 3 compounds with small 

lanthanides (disordered Ho3TaO7, Tm3TaO7, and Yb3TaO7) with a defect-fluorite structure Fm-3m 

exhibit the same tilt system as structural family 2, but with a very short correlation length. The 

average tilt angle of TaO6 octahedra is directly related to the c-axis of weberite-type structures. 

The amplitude of this tilt was extracted using the lattice parameters determined in the present study 

(neutron total scattering and X-ray diffraction results) and those reported by Wakeshima et al. 

(15). In the case of the defect-fluorite structure, the c-axis was reconstructed by using the metric 

transformation between the two lattices (aF√2). The average tilt angle increases linearly as a 

function of decreasing ionic radii of the lanthanide ions across all three structural families (Figure 

13, white squares). While the transition from structural family 2 to family 3 (Ho3TaO7) displays 

a continuous evolution at the macroscopic scale, there is an apparent discontinuity between 
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families 1 and 2 (Nd3TaO7). This is a result of the change in the Ta-O-Ta inter-polyhedra tilt system 

occurring between the low- and high-temperature polymorphs of Nd3TaO7. 

 

 

Figure 13: Ta-O-Ta tilt angles between TaO6 octahedra in Ln3TaO7 derived from c-lattice 

parameters published by Wakeshima et al. (15) as a function of ionic radius of the lanthanide 

cations shown as white squares and connected by a black dashed line. The c-lattice parameter for 

(long-range) defect-fluorite structured compounds (Ln = Ho-Yb) was estimated as 𝑎𝐹√2. Tilt 

angles determined from c-lattice parameters measured in this study by SXRD and neutron 

diffraction data (long-range) are shown as red and blue triangles. Tilt angles determined from 

short-range structures are shown as green spheres for room temperature data and as orange 

chevrons for 100K data. Fully filled circles and chevrons denote PDF models obtained from 

ordered compounds (Pr, Tb, Ho) whereas partially filled colored symbols denote models obtained 

for disordered compounds (Ho, Tm, Yb) with blue dashed line serves as a guide to the eye. Green, 

yellow and red shaded regions represent the long-range structural families: green = family 1 

(Cmcm), yellow = family 2 (Ccmm), and red = family 3 (Fm-3m). 
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None of these long-range structural models provide an accurate description of the local 

structure. Improved models were derived for all three families and allowed the description of local 

tilts and deformations of coordination polyhedra across the entire lanthanide series. The evolution 

of the tilt angle of TaO6 octahedra derived from the PDF refinements shows excellent agreement 

with the results from the long-range analysis for families 1 and 2 at room temperature and low 

temperature (Figure 13, colored symbols). The structure analysis of the PDF data of family 3 

allows direct determination of the tilt angle beyond the estimation based on the lattice parameter 

of the defect-fluorite structure. The evolution of the tilt angle with decreasing ionic radii remains 

linear for the three compositions of family 3 with no explicit dependence on the sample 

temperature (Figure 13, partially filled symbols); however, there is a distinct discontinuity 

between families 2 and 3, occurring for the ordered and disordered polymorphs of Ho3TaO7. 

Despite the observed discontinuities, a single slope seems to describe all data. 

The systematic increase in tilt angle across the entire series can be explained by the 

contraction of the lanthanide ionic radii. The linear dependence suggests that rigid TaO6 octahedra 

are a good approximation because the tilt angle produces a linear reduction of the available volume 

for the lanthanide polyhedra. This also explains the two observed discontinuities; the tilt angle is 

larger for the high-temperature polymorph of Nd3TaO7, but is reduced for low-temperature phase, 

thus maintaining an optimum volume available for the Nd cation. For Ho3TaO7, the ordered 

polymorph has a larger tilt, reducing the volume required for the Ho cation, a configuration that 

cannot be achieved in the disordered polymorph where the Ho experiences significant positional 

disorder. 
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Figure 14: Various polyhedra parameters of Ln3TaO7 (Ln = Pr, Tb, Ho, Tm, and Yb) extracted 

from PDF refinements using C2cm (Pr), C2221 (Tb, Ho), and C2mm (disordered Ho, Tm, Yb) 

models. (a) Bond angle variance (downward oriented red triangles) and quadratic elongation 

(upward oriented blue triangles) parameters of TaO6 octahedra with the dashed black curve serving 

as a guide to the eyes. (b) Magnitude of the displacement vectors (distance between the Ta position 

and the O6 barycenter) and respective vector directions. (c) Respective volumes of TaO6, BO7, and 

BO8 polyhedra from short-range structures (C2cm, C2221, C2mm) shown as completely filled 

symbols for Ln = Pr, Tb, and ordered Ho and as semi-filled symbols for Ln = disordered Ho, Tm, 

and Yb. Additionally shown as white-filled symbols are the average polyhedra volumes from the 

long-range structures (Cmcm, Ccmm and Fm-3m). Circles, upward-oriented triangles and squares 

indicate TaO6, LnO7 and LnO8 polyhedra, respectively, whereas white-filled red stars indicate 

average (Ta/Ln)O7 polyhedra from long-range Fm-3m models. For the ease of visualization, the 

legend is also shown within the white box above the data, denoting polyhedra from long-range 

diffraction and short-range PDF models as ‘Diffr’ and ‘PDF’, respectively. Green, yellow, and red 

shaded regions represent the three weberite-type tantalate long-range families with green (family 

1, Cmcm), yellow (family 2, Ccmm), and red (family 3, Fm-3m). The error bars in (a) represent 

propagated uncertainties from quadratic elongation and bond angle variance formulas, while in 

(b), uncertainties are calculated by the VESTA crystallographic software.  
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For the discussion of the octahedral tilt, TaO6 octahedra were approximated as rigid units; 

however, small internal distortions may occur that can be assessed through analysis of the short-

range structure. Two parameters are important to describe such distortions: the bond-angle 

variance and the quadratic elongation  (36),  which were both determined by atomic positions from 

the PDFs for all compounds (Figure 14a). The TaO6 octahedra in family 1 compounds (Pr3TaO7) 

have six almost identical Ta-O bonds, and therefore, an extremely small value of quadratic 

elongation (15), but slightly different O-Ta-O angles (whose distributions are described by the 

bond angle variance), a feature characteristic of a pure trigonal distortion. For family 2 (Tb3TaO7 

and ordered Ho3TaO7), the Ta-O bonds display larger trigonal distortions, and a tetragonal 

distortion also develops with the Ta-O bond lengths splitting into three pairs of distances for these 

compounds. At the boundary between family 2 and family 3 there appears another discontinuity, 

which is apparent in both distortion parameters of the ordered and disordered polymorphs of 

Ho3TaO7. For family 3 compounds (disordered Ho3TaO7, Tm3TaO7, and Yb3TaO7) both 

parameters further increase with decreasing ionic radii of the lanthanide cations, mirroring the 

behavior already observed for the octahedral tilts (Figure 13).  

While the underlying mechanisms of these distortions are not fully understood, this seems 

to be a secondary effect of the octahedral tilts; for family 3, the larger amplitudes can be related to 

the loss of long-range order. The distortion of the TaO6 octahedra might be explained by a pseudo-

Jahn-Teller type mechanism as observed in perovskite compounds (37), because the Ta5+ cations 

in an octahedron have d0 electronic configuration, known to promote off-center displacements. 

From this analysis, such octahedral distortions are significant in weberite-type tantalates and 
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suggest an increasing covalent bonding character of the corner-shared TaO6 framework in 

compounds with smaller lanthanide cations. Weberite-type compounds have often been studied 

for their magnetic properties (15); however, the short-range analysis reveals the ferroelectric 

character of the TaO6 octahedra due to the non-centrosymmetric nature of the local atomic 

arrangement. It would be therefore more appropriate to classify these compounds as multiferroic 

systems.  

The off-center displacements of the Ta5+ cations within the coordination polyhedron can 

be precisely captured by the dipolar vector defining the position of the geometric center of mass 

of the O6 group of anions relative to the actual Ta position (Figure 14b). Following the same trend 

of the distortion parameters (Figure 14a), the dipolar vector increases slightly from Pr3TaO7 to 

ordered Ho3TaO7, then followed by a sharp increase for disordered Ho3TaO7, a trend which 

extends to the other disordered compounds of family 3.  

All changes to the rigid TaO6 framework (tilts and distortions) are likely to impact the other 

polyhedra. Since LnO7 and LnO8 are irregular, it is hard to develop equivalent distortion 

parameters to describe their changes; therefore, we analyzed the changes in polyhedra volumes 

measured across all structural families as a function of ionic radii (Figure 14c) for both local short-

range (colored symbols) and long-range (white symbols) structures. As expected, the TaO6 

octahedra experience no significant change across the series, being the most rigid element of the 

structure. On the other hand, LnO8 and LnO7 polyhedra show a monotonic decrease of their 

volumes as a function of Ln ionic radii, with LnO8 decreasing more rapidly than LnO7, a trend 

accelerating in disordered compounds. No significant discrepancy between short-range and long-

range polyhedra volume is observed in ordered compounds, whereas at the frontier between family 

2 and 3, disordered compounds display an abrupt change in volume leading to smaller polyhedra 
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than what can be estimated from long-range trends. Moreover, in C2mm local structure (Г4-) there 

are two independent LnO7 polyhedra: the volume of one of them converges to the volume of LnO8, 

whereas the other one is consistently smaller. 

Three different space groups were used to model the local structure of all weberite-type 

tantalates using small-box refinement of the PDFs. This is required to obtain an accurate 

description of the atomic arrangement of each compound. Nevertheless, the changes across the 

short-range structure are more gradual and are captured by the cooperative tilts and distortions of 

the coordination polyhedra (Figures 13 and 14). The spatial extent of these modifications over 

macroscopic length scales is highly dependent on the ionic radii of the lanthanide cations and 

determines the apparent symmetry of the long-range structure. The two observed tilt systems, 

which were described as instabilities of the Cmmm prototype structure, explain the two observed 

long-range symmetries of family 1 and 2. For a given tilt angle, tilt system [010] of family 2 is 

more effective in achieving the necessary polyhedra volume reduction to accommodate the 

lanthanide cations in the structure. With further increase in tilt, dipolar contributions of the Ta 

cations also increase, competing energetically with the tilts. Above a given threshold in lanthanide 

ionic radii, the dipolar energy begins to dominate and prevents a long-range tilt organization, 

leading to a long-range disordered structure. This marks the transition between families 2 and 3. 

For Ho3TaO7, this cooperative ordering of the dipoles depends on the annealing conditions, which 

explains the existence of the ordered and disordered polymorphs.  

The rank ratio of the space groups of the local structure and long-range structure provides 

the number of domain variants required to achieve the apparent long-range symmetry (38,39). The 

long-range structure is the configurational average of these correlated local domain variants (40). 

For example, in structural family 1, the long-range space group is Cmcm, while C2cm was used to 
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describe the short-range structure; therefore, only two variants exist as a result of the loss of the 

mirror plane. In family 2 (long-range Ccmm, short-range C2221), two variants also exist, but they 

are related to each other by the loss of the inversion center. In both cases, configurational averaging 

of the two variants yields the ordered long-range structure. For family 3 (long-range Fm-3m, short-

range C2mm), 96 variants are involved in the configurational average that forms the disordered 

defect-fluorite long-range structure since the space groups belong to different crystal systems 

(orthorhombic and cubic). It is interesting to note, that only Y3TaO7 is fully described by the C2221 

space group at any length-scale and therefore no configurational averaging is required (16,22). 

All of these structural descriptions and underlying effects can be summarized in the 

following manner: the monotonic decrease Ln ionic radius dictates the formation of three long-

range structural families. Family displays a [100] tilt of Ta-O-Ta chains, while structural family 2 

displays a [010] tilt and both ordered structures retain the same motif of TaO6, LnO7, and LnO8 

polyhedra. In the structural family 3 with defect-fluorite structure, these polyhedra and not 

distinguishable and tilt definition is lost. Across the structural family 1, the Ln ionic radius 

decreases, which causes a monotonic contraction of the unit cell, accompanied by the increase of 

[100] tilt, linked with the c-lattice dimension. The [100] tilt becomes incompatible with the ionic 

radius of Nd cation, and Nd3TaO7 displays a semi-reconstructive first order phase transition, from 

[100] to [010] tilt systems, which results in a discontinuity in tilt angles for Nd3TaO7. As Ln ionic 

radius continues to decrease, the respective unit cell volumes continue to contact monotonically 

and Ln cations smaller than Nd adopt [010] tilt system instead, to counteract this behavior. The 

decrease of orthorhombic unit cell volumes, and especially the ‘rigid’ c-lattice parameter, causes 

a monotonic increase of the [010] tilt, reaching maximum for the Ho3TaO7 compound. A 

polymorph of Ho3TaO7 and Ln cations smaller than Ho display a disordered structure with almost 
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no structural information. The alternative short-range structures are identified for all three families 

to counter this issue and to characterize the following structural features: (i) an inter-polyhedra 

loss of inversion center, governed by increasing polarizability of Ta cation (ii) corresponding 

distortions of polyhedra across the compositional series, (iii) Ta-O-Ta tilt angle, an intra-

polyhedral character and (iv) the respective sizes of ‘rigid’ TaO6, ‘soft’ LnO8 and LnO7 polyhedra. 

Within these short-range structures, several trends can be observed. The decreasing ionic radius of 

Ln cation results in (i) an increasing polarization of Ta, thus an increasing offset of Ta cation from 

TaO6 barycenter, which in turn dictates the necessity of non-centrosymmetric space groups to 

describe the local organization, (ii) an increasing amount of local trigonal (Pr) and then both 

trigonal and tetragonal (Tb-Yb) distortions across the series, (iii) increasing Ta-O-Ta tilt angle, 

necessary to compensate the decrease of c-lattice parameter and (iv), a monotonic decrease of 

polyhedra size across the series. As all of these effects are accumulated, the structure becomes 

unable to compensate for accumulated distortions and collapses to a long-range defect-fluorite 

configuration for a smaller Ln. Locally, this effects progresses even across structural family 3, as 

Ta-O-Ta, polyhedra distortions and increased polarization of Ta cation mark a consistent trend 

across the local organization. 

It remains to be shown whether the findings of this study on weberite-type tantalates have 

implications to other weberite-type compounds, such as niobates (Ln3NbO7) and antimonates 

(Ln3SbO7). The electron affinity increases in the sequence Ta5+ - Nb5+ - V5+ and Jorgensen et al. 

(41) has discussed the nephelauxetic effect in several octahedral compounds establishing that 

covalency, described by the formation of molecular orbitals from the metal ion orbitals and the 

orbitals of the surrounding oxygen anions, increases in the sequence 5d-4d-3d. The Nb5+ and Ta5+ 

cations have no d electrons, whereas the Sb5+ cation has a completely filled d shell. The structural 
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differences between mixed metal oxides containing Nb5+, Sb5+, and Ta5+ cations can be 

qualitatively understood by the different metal interactions, which are very effective for Nb5+, not 

effective for Sb5+, and only weakly effective for Ta5+ (42). Therefore, it can be expected that 

displacements are strongly enhanced in Nb5+, weaker in Ta5+, and unfavorable for Sb5+. The 

expected ferroelectric character should then be distinct in the three series of weberite-type oxides 

as well as the competitive magnetic interactions. 

The complex structural behavior with ordered local atomic configurations within a highly 

disordered long-range structure found in this study for family 3 appears to be a broader 

phenomenon.  A similar behavior was reported before for disordered, defect-fluorite structured 

A2B2O7 pyrochlore (32,33,40) , inverse AB2O4 spinel (43), and A4B3O12 delta phase (44). These 

results show that atomic arrangements describing the ground state of a material may differ from 

that derived from analysis of X-ray diffraction data providing information on the long-range 

structure. The discrepancy between short- and long-range structures appears to be most 

pronounced for disordered systems. A more comprehensive multi-scale analysis is therefore 

required to accurately describe the structure-property relations in complex oxides.    
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Conclusion 

This study revealed that lanthanide-bearing weberite-type tantalates exhibit three distinct 

long-range structures over the range of lanthanide ionic radii. Structural models were derived 

based on high-resolution, low-temperature X-ray and neutron diffraction characterization. Family 

1 compounds (Pr3TaO7) have a Cmcm structure, represented by systematic TaO6 octahedral tilt 

along [100]. The structure of family 2 compounds was reassessed; the members of family 2 

(Tb3TaO7 and Ho3TaO7) display a Ccmm structure, for which the octahedral tilt is along [010]. 

Family 3 compounds (disordered Ho3TaO7, Tm3TaO7, and Yb3TaO7) have a disordered, defect-

fluorite Fm-3m structure with no long-range tilt system. However, analysis of the short-range 

structure by means of neutron PDF analysis revealed that each long-range structure is the result of 

configurational averaging of local atomic domains with distinct displacements and orientations. 

The derived structural models for the short-range structure, best described for the three families 

by non-centrosymmetric C2cm, C2221, C2mm space groups, respectively, are the true ground 

states that accurately capture all atomic relaxations, tilts, and distortions. All of these effects are 

the result of an increased local polarization of Ta cation: the local loss of inversion center, which 

results in a distortion of polyhedra and progresses monotonically across the series. When the 

critical quantity of local distortions is acquired, the system experiences a frustration, leading to a 

change in the direction of the octahedral tilt system, which explains the long-range transition 

between families 1 and 2. Furthermore, the dipolar interactions with increasing tilt angles are 

responsible for the loss of long-range order and the transition to family 3. Detailed knowledge of 

this atomic-scale structural behavior is essential to fully describe the multiferroic character of these 

compounds. The structural heterogeneity across multiple length scales, particularly pronounced in 

long-range disordered compounds, may have also implications on other physical properties at the 
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equilibrium and out-of-equilibrium (e.g., thermomechanical gradients, mass-transport, and 

irradiation environments) as domain boundaries and interfaces can lead to the formation of a 

percolating network capable of accommodating large concentrations of point defects.  
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