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Abstract 
Oxides exhibiting the scheelite-type structure are an important class of functional materials with notable applications in 
photocatalysis, luminescence and ionic conductivity. Like all materials, understanding their atomic structure is 
fundamental to engineering their physical properties. This study outlines a detailed structural investigation of scheelite-
type oxide RbReO4, which exhibits a rare long-range phase transition from I41/a to I41/amd upon heating. Additionally, 
in the long-range I41/a model, the Re-O tetrahedral distance undergoes significant contraction upon warming. Recent 
studies of other scheelite oxides have attributed this apparent contraction to incoherent local scale tetrahedral rotations. 
In this study we use X-ray pair distribution function analysis to show that RbReO4 undergoes a unique symmetry 
lowering process on the local scale, which involves incoherent tetrahedral displacements. The rare I41/a to I41/amd long-
range phase transition was found to occur via a change from static to dynamic disorder on the local scale, which is due 
to the combination of the size of the A-site cation and lattice expansion. This demonstrates how careful manipulation of 
the ionic radius of the A-site in the scheelite structure can be used to induce local scale disorder, which has valuable 
implications for tailoring the physical properties of related materials. 

Introduction 
Scheelite-structured oxides have been identified as versatile functional materials due to their diverse range of physical 
and electronic properties, such as photocatalysis, luminescence, unusual magnetism and ferroelasticity1-4. The scheelite 
structure has been identified as a means to develop electronically-insulating solid electrolytes with competitive ionic 
conductivity for use in solid-oxide fuel cells (SOFCs)5-6. Scheelites have also found application in nuclear waste 
management7-8. 

The scheelites are a family of compounds with the chemical formula ABO4. This structure type, containing networks of 
AO8 dodecahedra and BO4 tetrahedra, is adopted for a large variety of atomic radii and charge combinations of cations9-

10. The archetype scheelite structure (SG I41/a, #88) features a tetragonal unit cell (Figure 1a and FigureS1-3), with the 
A- and B-site cations occupying special Wyckoff sites 4a (0, 1/4, 1/8) and 4b (0, 1/4, 5/8) respectively, while the oxygen 
anions occupy the general 16f (x, y, z) site. The AO8 dodecahedra are described by two distinct A-O distances, whereas 
the BO4 tetrahedra are described by a single B-O distance. The BO4 tetrahedra are isolated from each other and connected 
to AO8 dodecahedra via bridging oxygen anions. The corner-sharing polyhedra form A-O-B bridges that act as ‘hinges’, 
allowing the BO4 tetrahedra rotational freedom.  

Although the archetypical scheelite structure adopts space group I41/a, alternative symmetries have been observed by 
varying the ionic radius (IR) of the A-site cation. For example, both CsReO4 and CsTcO4 exhibit an orthorhombic 
structure with space group Pnma at room temperature. This structure is sometimes referred to as the pseudo-scheelite 
structure to highlight the similarities of the structural motifs, and is favoured as the size of the A-site cation increases11-

12. Although TlTcO4 also adopts the orthorhombic pseudo-scheelite structure at room temperature, TlReO4 adopts a 
unique monoclinic structure with space group P21/c at room temperature11-13.  Bastide proposed that it was possible to 
predict the tendency for a given ABO4 oxide to form the ideal scheelite structure based on the value of the ratio of rA/rO 
and rB/rO where riis the ionic radius of the eight coordinate A-type; six-coordinate B-type; and O anion respectively.  
Based on this RbReO4 is predicted to be on the edge of the stability of the I41/a structure, noting that Bastide did not 
consider the I41/amd structure observed for RbReO4 

14
. 

Tc is both a blessing and a curse: 99mTc is the most used diagnostic radioisotope, being employed in over half of all 
nuclear medicine procedures, whereas 99Tc is the source of considerable activity in spent nuclear fuel. The management 
of 99Tc is compounded by the stability of the water soluble pertechnetate TcO4

− ion. In the absence of any stable Tc 
isotopes, Re is routinely used as a non-active surrogate. In our recent work, we showed that RbMO4 (M = Re, Tc, Os) 
adopts a tetragonal structure described in space group I41/a at room temperature11-12, 15. Furthermore, high-resolution 
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synchrotron X-ray powder diffraction (XRD) showed that RbMO4 undergo a phase transition to tetragonal I41/amd upon 
warming11-12, 15. The two tetragonal structures differ by their orientation of the BO4 tetrahedra, as illustrated in Figure 1b 
and FigureS4-6. The I41/a to I41/amd transition involves the rotation of the BO4 tetrahedra designated by the irreducible 
representation (irrep.) Γ3+.12 Evidently the I41/amd structure of RbMO4 is the strict scheelite aristotype, although it is 
rarely observed. While a pressure-induced first order zircon (I41/amd) to scheelite (I41/a) phase transition has been 
observed in NdVO4

16 and YVO4
17, the tetragonal zircon structure18 has a significantly smaller cell by approximately 

1/√2 along the a-axis. 

There have been various studies on scheelite-structured compounds suggesting the presence of local scale disorder12, 19-

22. In particular, variable temperature X-ray total scattering of AMoO4 (A = Ca, Sr, Ba)20-21 indicated the presence of 
rotational disorder of the MoO4 tetrahedra in the I41/a structure. This was influenced by both the IR of the A-site cation20 
and temperature (100 – 500 K)21, where MoO4 rotational disorder was thermally activated21. There is an early report of 
rotational disorder near the melting point of KReO4 based on vibrational spectroscopy 23. 

In this study, we employ variable temperature XRD and X-ray pair distribution function (PDF) to understand the rare 
I41/a to I41/amd phase transition in RbReO4. Very different behaviour was observed between the long-range structure 
derived from the XRD and the local structure derived from the PDF. Additionally, the PDF analysis revealed a 
disordering mechanism upon warming, which, to our knowledge, is unique among metal oxide compounds. The 
identification of these structural features enables for the rational design of scheelite materials for functional applications.  

     
Figure 1: Representation of the scheelite structure in space group I41/a (a) and I41/amd (b). Additional visualizations can be viewed in FigureS1-
6. The Rb, Re and O atoms are represented by fuschia, mink and red colored spheres, respectively.   

Methods 
The synthesis of RbReO4 is outlined in our previous work12. X-ray total scattering experiments were performed at 
beamline I15-1 of the Diamond Light Source, UK (λ = 0.161669 Å, 76.69 keV). A small amount of finely ground sample 
was loaded into a borosilicate capillary (inner diameter of 0.78 mm) to a height of 3.5 cm. Data were collected under 
ambient conditions for the sample, an empty capillary, and the empty instrument. The temperature was controlled using 
a Cryostream (Oxford Cryosystems) for data measured in the range 100 – 500 K and a Hot Air Blower (Cyberstar) for 
400 – 800 K. Both temperature devices were calibrated using an external standard prior to data collection. Diffraction 
data was collected using two area detectors at different distances relative to the sample for Rietveld refinement (860 
mm from sample) and PDF analysis (200 mm from sample). 2D diffraction data was corrected for polarization, detector 
transmission and flat field, and badly performing pixels were masked, prior to integration to 1D using DAWN24. 

The PDFs G(r) were calculated using the PDFgetX325 software from the xPDFsuite26 with a Qmax of 25 Å-1. Rietveld 
refinements against the diffraction and PDF data were carried out using the software package TOPAS27. The R parameter 
referenced in the PDF fits is defined as follows: 

b) – I41/amd a) – I41/a 
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𝑅𝑅 = �
∑[𝐺𝐺(𝑟𝑟)𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐺𝐺(𝑟𝑟)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐]2

∑[𝐺𝐺(𝑟𝑟)𝑜𝑜𝑜𝑜𝑜𝑜]2
× 100 

Where G(r)obs and G(r)calc are the observed and calculated data respectively. A broad Gaussian peak at Q ≈ 1.5 Å-1 was 
included in the Bragg Rietveld refinements to account for a feature from the capillary. A spherical correlation function 
was used to model the change in Biso with respect to r in the PDF refinements28. Structural illustrations were drawn using 
the program VESTA29. 

Results 
Rietveld refinements were conducted against the experimental XRD data of RbReO4 using the models corresponding to 
the tetragonal I41/a (100 – 790 K) and I41/amd (400 – 790 K) structures, with example fits shown in Figure 2. The high 
quality fits confirm the average structure previously reported12 and the phase purity of the sample.  

 
Figure 2: Fits to the X-ray Bragg data of RbReO4 at 100, 300 and 500 K using the I41/a model.  The broad feature in the background around Q = 
1.5 Å-1 is from the glass capillary used to hold the sample. 

Figure 3a shows the experimental X-ray PDF of RbReO4 at 100 – 500 K in increments of 100 K, with the corresponding 
F(Q) shown in Figure S7 and the PDF for the remaining temperatures shown in Figure S8-9. At 100 K, the local structure 
of RbReO4 is well described by the long-range average structure of tetragonal I41/a, which is shown by the excellent 
small-box (aka real-space Rietveld) fit in Figure 4a. The first peak at r ≈ 1.74 Å in Figure 3a corresponds to the Re-O 
distance that occurs within the ReO4 tetrahedra. The subsequent O-O peaks are not observed due to the relatively weak 
scattering of oxygen with X-rays. The Rb-O peaks, which occur at r ≈ 2.8 – 3.0 Å, along with the 2nd Re-O peak at r ≈ 
3.5 Å, are weakly observed at 100 K. The subsequent peaks in the PDF correspond to the various cation-cation pairs in 
the structure, with the 5 nearest cation-cation pairs of the I41/a model marked in Figure 3a and illustrated in Figure 3b,c. 
The 1st cation-cation peak (r ≈ 4.1 Å) corresponds to a single Rb-Re distance in the a,b plane. The 2nd cation-cation peak 
(r ≈ 4.37 Å) corresponds to the Re-Re, Re-Rb and Rb-Rb distances in the a,c or b,c plane, which are all equal in the 
I41/a model. The 3rd cation-cation peak (r ≈ 5.82 Å) corresponds to the equidistant Re-Re and Rb-Rb pairs along the a- 
or b-axis. The 4th cation-cation peak (r ≈ 6.53 Å) corresponds to the single Re-Rb pair along the c-axis. The 5th cation-
cation peak (r ≈ 7.27 Å) corresponds to the next equidistant Re-Re, Re-Rb and Rb-Rb pairs involving all axes. 
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Observing the temperature dependence of the PDF in Figure 3 and Figure S8-9 shows that the first Re-O peak (r ≈ 1.74 
Å) appears to be unchanged, indicating the presence of rigid tetrahedra across this wide temperature range for RbReO4. 
The remaining peaks (r > 3.5 Å) in the PDF data in Figure 3, which correspond to the various cation-cation pairs, show 
very different behavior with increasing temperature compared to the Re-O peak. The cation-cation peaks broaden with 
increasing temperature, which can occur due to increased thermal motion. However, observing the Rb-Rb/Re-Re peak 
at r ≈ 5.8 Å, there is a significant increase in peak width at 400 and 500 K which is more indicative of splitting into 
multiple peak positions than simply thermal broadening of a single environment 30-31. In the I41/a model that describes 
the long-range structure at these temperatures, the Rb-Rb/Re-Re peak at r ≈ 5.8 Å is described by a single peak, as 
evident in the 100 K PDF. The extra features, due to peak splitting, have been labelled with black arrows. For peak 
splitting to occur in the PDF, there must be multiple cation-cation distances that are not allowed by the symmetry of 
either the I41/a or I41/amd models. Similar peak splitting can be observed for 3.7 < r < 5.0 Å, which no longer appear 
as a double peak at 500 K, as shown by the extra shoulder at r ≈ 4.75 Å. This can also be observed in the full variable 
temperature PDF dataset in Figure S8-9. Peak splitting is indicative of differences between the local and long-range 
structures and suggests that symmetry lowering is occurring on the local scale of RbReO4 upon warming. 

 
Figure 3: a) Variable temperature X-ray PDF data of RbReO4 at 100, 200, 300, 400 and 500 K. Vertical markers correspond to some of the nearest 
atom-atom pairs in the I41/a structure at 100 K. The color of cation-cation pairs marked in the structures in b) and c) correspond to the color of the 
markers in a). In b,c) the Rb, Re are represented by fuschia and mink colored spheres, respectively, while the oxygen atoms have been omitted. 
Black arrows in a) indicate extra features in the PDF at 400 and 500 K that are not described by the I41/a model. 

Fits to the PDF data were conducted using the long-range models of tetragonal I41/a (100 – 790 K) and I41/amd (550 – 
790 K) for 1.2 < r < 30.0 Å. When fitting the PDF data, a spherical correlation function was used to model the change 
in Biso with respect to r. This accounts for the change in correlations for atom-atom pairs with shorter and longer 
interatomic distances32. Additionally, a constant Biso for the O and Re sites was used for 1.2 < r < 2.3 Å, which will be 
referred to as Blocal. A single Blocal parameter was refined against the 100 K PDF to give Blocal = 0.220 (11). This was 
kept fixed for all temperatures and example fits (Figure 4) show that this approach did not prevent high quality fits to 
the PDF data, further demonstrating the rigid nature of the ReO4 tetrahedra.   

a) b) c) 
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Figure 4: Fits to the X-ray PDF data of RbReO4 at a) 100, b) 300 and c) 500 K using the I41/a model. 

The resultant structural parameters of interest from the fit to the PDF and diffraction data for all measured temperatures 
are shown in Figure 5, with a vertical black line at 615 K used to mark the I41/a – I41/amd phase transition. To assess 
the suitability of the structural models from the fits to the PDF data, R-values (Figure 5a) were calculated for 3.5 ≤ r ≤ 
30.0 using the equation described in the methods section. This r-range was used to assess the modelling based on the 
information in the PDF that significantly changes with temperature, whilst excluding the low-r termination ripples. The 
Rwp, which was output from the refinement software27, is used to assess the quality of the Rietveld refinements against 
the diffraction data (Figure 5e).  

In the temperature range of 100 ≤ T ≤ 300 K (where T is temperature), the R-value from the PDF fitting (Figure 5a) 
decreases due to the broadening of the peaks, which reduces the relative intensity of the termination ripples. The R-
value from the I41/a fit at 400 K is similar to that at 300 K. This R-value remains approximately constant for 400 ≤ T ≤ 
450 K and then increases noticeably for 450 ≤ T ≤ 500 K before becoming approximately invariant of temperature for 
500 ≤ T ≤ 615 K. Given there are no changes in the long-range structure between 400 and 500 K, it is unexpected for 
the R-value to increase with increasing temperature. These changes occur well below the phase transition temperature 
and will be discussed further below. After the transition to the long-range I41/amd structure, the R-value from the PDF 
fitting decreases and then remains approximately constant, except for the temperatures approaching the melting point 
(800 K). However, the trend in the residual parameters from the modelling of the local and average structures show 
different behavior. This is most noticeable past the phase boundary where the long-range structure becomes I41/amd. In 
the Rietveld refinements, the residual parameter from the I41/amd model is lower than the I41/a model. However, this is 
the opposite in the PDF refinements. This indicates the presence of local features that the I41/amd model cannot capture.  

The lattice parameters derived from the PDF and Rietveld refinements are shown in Figure 5b,f. Throughout the 
measured temperature range, fits to the PDF data of RbReO4 with the I41/a model replicate the lattice parameters of the 
long-range structure. Equivalent lattice parameters were obtained when fitting with the I41/amd model. The change in 
the trend of the lattice parameters at ~615 K corresponds to the change in the long-range structure from I41/a to I41/amd. 
The phase transition switches the lattice expansion from being driven along the c-axis to the a-axis. These consistent 
lattice parameters between the fits to the Bragg and PDF data indicate no major distortions of the repeating unit for 
describing local scale correlations, despite the symmetry lowering features observed in Figure 3.  
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The Biso, corresponding to the atomic displacement parameters (ADPs), derived from the PDF fits, is shown in Figure 
5c and correspond to those describing the longer-range correlations. Observing the Biso is important, because an incorrect 
structural model that is used to fit the PDF can result in large Biso values31. The Biso derived from the PDF refinement 
(Figure 5c) show very different behavior compared to those from the Rietveld refinement (Figure 5g). In the long-range 
structure, the Re Biso is larger than the Rb Biso. However, this is the opposite in the local structure. Additionally, there is 
a rapid increase in the Rb Biso for 500 ≤ T ≤ 615 K. This results in 2 different temperature dependent trends of the Rb 
Biso for T < 500 K and T > 615 K, which is not observed in the results from the long-range modelling (Figure 5g).  

The Re-O distances determined from the two types of refinements are shown in Figure 5d,h. It should be noted that the 
Re-O distance derived from the PDF refinement (Figure 5d) displayed significant error values (Figure S10). However, 
the peak position, derived from single peak fitting against the local Re-O peak in the PDF, resulted in the same trend 
with minimal error values. The Re-O distance shows the clearest difference between the local and long-range structural 
models. In the long-range structure, the Re-O distance appears to be decreasing significantly between 400 and 615 K, 
before becoming approximately constant for higher temperatures. Additionally, the I41/amd model results in a shorter 
Re-O distance. In the local structure modelling, the Re-O distance shows very different behavior, with only subtle 
changes. This includes a small increase in the range 500 – 615 K. Additionally, the I41/a and I41/amd models result in 
the same Re-O distance. This is expected given that the Re-O distance derived from PDF fitting is influenced by the 
peak at r ≈ 1.74 Å. This is consistent with the local B-O trends previously reported due to lattice expansion from chemical 
pressure20, but differs from the reported trends due to thermal expansion21. 

 

    
Figure 5: Results from fits of the X-ray PDF (a – d) and Bragg (e – h) data of RbReO4 at 100 – 800 K using I41/a and I41/amd models. a,e) Residual 
parameters. b,f) lattice parameters from the I41/a fits. c,g) Biso of the Re and Rb sites. d,h) Re-O distances derived from fits. Vertical black line 
corresponds to the I41/a to I41/amd transition.   

Discussion 
Across the temperature range 100 ≤ T ≤ 400 K, there are no unusual trends in the lattice parameters or Biso for RbReO4, 
although the Re-O distance shows some small variations. However, insufficient temperature points were measured in 
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this temperature range to draw any conclusions regarding trends. Hence, the following analysis will focus on the results 
from refinements for T ≥ 400 K. 

Over the temperature range of 400 – 500 K, peak splitting was observed for r > 3.5 Å in the PDF data (Figure 3). For 
the same temperatures, the R-value (Figure 5a) is constant (400 – 450 K) and then increases (450 – 500 K). This unusual 
trend in the R-value over this temperature range is undoubtedly correlated with the peak splitting observed in the PDF 
data that the I41/a structure cannot model. Over this temperature range, the Re-O distance (Figure 5d) remains constant, 
indicating a lack of any appreciable expansion or contraction of the ReO4 tetrahedra. Additionally, the Biso for both the 
Re and Rb cations from the PDF fitting (Figure 5c) gradually increase. The increase in the Re Biso between 400 – 500 
K indicates that upon warming, the longer-range correlations for the Re-Re and Re-Rb cation pairs are better described 
with a larger amount of Re atomic off-centering, i.e. displacement from the 4b (0, ¼, 5/8) site. Such off-centering of the 
Re cation will lift the degeneracy of the Re-O bond distances and would manifest itself in broadening of the Re-O peak.  
This contradicts the invariance in the Re-O peak in the PDF at r ≈ 1.74 Å, which suggests there is no change in the Re 
atomic off-centering over this temperature range. This invariance is consistent with the constant Blocal that is used to 
describe the Re-O peak (1.2 < r < 2.3 Å) in the correlation function and the approximately constant Re-O distance over 
400 – 500 K. The larger Biso could be a result of the split peaks, whereby the larger Biso in the I41/a model broadens the 
peaks of the PDF fit in the least squares minimization. This suggests the presence of incoherent tetrahedral disorder that 
cause deviations away from a long-range ordered structure and create split peaks in the PDF. 

A possible mechanism for the peak splitting is rotation of the rigid ReO4 tetrahedra. Thermally induced local scale 
tetrahedral rotations have been observed in other scheelite compounds and have been used to explain the apparent B-O 
shortening in the average structure20-21, 33. The way in which the structure distorts for symmetry lowering to occur is via 
rotation of the BO4 tetrahedra11-12, analogous to that commonly observed for the BO6 octahedra of ABO3 perovskites. 
With the lowering of symmetry, the number of possible cation-cation pairs increases due to the change in the symmetry 
of the unit cell34. For example, in the Pnma pseudo-scheelite unit cell12, the different lattice parameters that describe the 
a,b plane results in a double peak for the cation-cation distances at r ≈ 5.8 Å. Symmetry lowering also occurs through 
either ordering of different cations on the tetrahedral sites or through more complex patterns of rotation of the BO4 
tetrahedra12, 22. To further understand the impacts on the lattice, PDF refinements with the I41/a model and a variable r-
range35 were conducted, which involved keeping rmin = 1.2 Å, but changing the value of rmax. This was then used to 
determine Δl = l2 – l1, where l1 and l2 correspond to a lattice parameter from the PDF refinement with an rmax of 10.0 
and 30.0 Å, respectively. The resultant Δl values of interest for the I41/a model are the a and c axes and the lattice 
volume (V), as shown in Figure 6.  
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Figure 6: Results from the variable r-range X-ray PDF refinements with the I41/a model. Δl = l2 – l1, where l1 and l2 correspond to a lattice 
parameter from the PDF refinement with an rmax of 10.0 and 30.0 Å, respectively. a, c and V correspond to the axes and volume of the tetragonal 
unit cell. Vertical black line corresponds to the I41/a to I41/amd transition. 

At 100 K the Δl values are minimal, which correlates with the equivalent description of the short- and long-range 
structure. Similarly, no significant Δl values are observed at 200 or 300 K. For T ≥ 400 K, interesting trends in the Δl 
values are observed: Δa decreases slightly, while Δc and ΔV increase significantly. This suggests that for T ≥ 400 K the 
short-range features (r ≤ 10 Å) are better described with a smaller lattice than the long-range average structure. This is 
unusual and presents further disparity between the local- and long-range structure of RbReO4 for T ≥ 400 K. The local 
scale disordering mechanism that results in the peak splitting appears to be more exaggerated at larger length scales. 

Cation displacements could be a possible mechanism for the observed peak splitting. However, this is unlikely to occur 
on the Re site given that the single Re-O peak at r ≈ 1.74 Å does not split or broaden. There is the possibility of 
displacements of the Rb ions (i.e. on the A-site). However, if Rb displacements were the sole mechanism for the observed 
peak splitting upon warming, then this should not influence the temperature dependence of Biso (r > 2.3 Å) of Re. The 
Re-Re correlations are impacted by the Biso of Re, which increases with temperature. A further possible mechanism that 
would influence the Re-Re correlations is translation of the ReO4 tetrahedra upon warming. These tetrahedral 
displacements are disordered such that they do not form long-range correlations, resulting in symmetry lowering of the 
average structure. This is consistent with the r-dependent trends observed in Figure 6, where at larger length scales the 
displacements appear more exaggerated than at smaller length scales. Although tetrahedral rotations can increase the 
number of cation-cation pairs, they are less likely to exhibit the same r-dependent trends. However, further work with 
neutron PDF may be necessary to confirm this. This displacive mechanism is distinct from previous temperature 
dependent local scale disorder mechanisms in scheelite-structured compounds20-21, 33 and presents a new mechanism to 
account for the apparent decrease in the Re-O distance in the average structure (Figure 5h).   

Further interesting behavior in the local structure occurs between 500 – 610 K. In particular, the significant increase in 
the Re-O distance and in Rb Biso, that occurs before the I41/a to I41/amd phase transition at ~615 K. To further understand 
these trends, the change in the Rb Biso and Re-O distance were compared to the trend from their line of best fit for 400 
≤ T ≤ 500 K. This was then used to determine ΔP(T) = Pobs(T) – Pcalc(T), where P is the parameter of interest, Pcalc(T) is 
calculated from the curve fit for 400 ≤ T ≤ 500 K and Pobs(T) is the observed values in Figure 5. This was also normalized 
by the value at Pobs(650) to highlight the substantial changes in the Rb Biso and Re-O distance for 500 ≤ T ≤ 615 K. This 
approach has proven highly effective in other local structure analyses31. The resultant curves, along with the R-value, 
are plotted in Figure 7 over the temperature range of 400 – 800 K.  
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Figure 7: Normalized difference between measured and calculated parameters, P, for Rb Biso and Re-O (I41/a). ΔP(T) = Pobs(T) – Pcalc(T), where 
Pcalc(T) is determined from the line of best fit for 400 ≤ T ≤ 500 K.  PDF R-values have been overlaid with the right y-axis. Vertical black line 
corresponds to the I41/a to I41/amd transition. The horizontal black lines correspond to values of 1.0 and 0.0 for the left axis.  

After increasing for 450 ≤ T ≤ 500 K, the R-value stays constant for 500 ≤ T ≤ 610 K, which could indicate that no 
further peak splitting is occurring in the PDF. However, given the increase in the Biso of Re over these temperatures, it 
is more likely that the disordered nature of the cation-cation correlations has reached a saturation point, such that it no 
longer substantially changes the information present in the PDF upon warming. For 500 ≤ T ≤ 610 K, the increase in 
the Re-O distance suggests expansion of the ReO4 tetrahedra and the rapid increase in the Rb Biso means there is a large 
increase in the Rb off-centering. This could indicate displacive disorder of the Rb away from the 4a (0, 1/4, 1/8) special 
position in the I41/a model, with expansion of the rigid ReO4 tetrahedra.  

After the transition to the long-range I41/amd structure (T > 615 K), the R-value from the PDF fitting decreases and then 
remains approximately constant, except for the temperatures approaching the melting point (800 K). A comparison 
between the PDF before and after the phase transition is shown in Figure S11-13, illustrating clear differences in the 
cation-cation peaks. The Re-O distance becomes approximately constant and the Rb Biso returns to the same trend as 
400 ≤ T ≤ 500 K. However, deviations start to occur close to the melting temperature. The reduction in the R-value at 
the phase transition suggests a reduction in local scale disorder, which indicates that changes in the Rb off-centering 
and ReO4 tetrahedra displacement for 500 ≤ T ≤ 610 K result in more ordered cation-cation correlations. In general, 
high temperatures favour a high symmetry long-range structure, but with increased disorder (ADPs) of the constituent 
atoms. Hence, it is unlikely that increasing temperatures would result in a more ordered state of the structure. A more 
likely scenario is that a transition from static to dynamic disorder occurs in the temperature range 610 ≤ T ≤ 620 K. This 
results in slightly broader features in the PDF that are more easily described by the unit cell model, resulting in a lower 
R-value.  

There is a direct relationship between the size of the A-site cation, and the presence of tetrahedral rotations in scheelites.  
Whereas the tetragonal I41/a structure is derived from the I41/amd aristotype by rotation of the BO4 tetrahedra in the ab-
plane, the tetrahedra are rotated about the c-axis in the orthorhombic Pnma structure. In the AReO4 compounds, the I41/a 
to I41/amd transition is unique for A = Rb12, which has an ionic radius, IR, of 1.61 Å. For smaller A-site cations, such as 
K (IR = 1.51 Å), the structure is I41/a and does not transition into I41/amd upon warming12. For A = Cs (IR = 1.81 Å), 
the orthorhombic Pnma structure is observed at room temperature12, where the tetrahedral rotations are required to 
satisfy the bonding requirement of the A-site.   

In the case of RbReO4, the combination of the size of Rb and thermal expansion of the unit cell gives rise to local scale 
distortions that deviate from the I41/a model in order to satisfy the bonding requirement of the Rb cation. For 400 ≤ T ≤ 
500 K, this is in the form of tetrahedral displacements. With further lattice expansion, due to increasing temperatures 
(500 ≤ T ≤ 610 K), these tetrahedral distortions are no longer sufficient and expansion of the ReO4 tetrahedra along with 
Rb displacements ensues. These local scale tetrahedral expansions and Rb displacements reach their limit at the phase 
boundary (T ≈ 615 K), which leads to a transition from static to dynamic disordering for T > 615 K. There is no loss in 
tetrahedral displacements on the local scale, but the dynamic disorder results in the observed long-range I41/amd 
symmetry. This is akin to the order-disorder model used to describe the high temperature cubic perovskite phase of 
BaTiO3

36. These local scale temperature dependent features in RbReO4 result in the apparent unphysical trend in the Re-
O distances in the long-range model (Figure 5h). 

The above discussion explains why RbMO4 (M = Re, Tc, Os) falls into the “Goldilocks zone”, that allows it to exhibit 
the rare I41/a to I41/amd transition. The A-site cation is the perfect size to influence the bonding arrangement and distort 
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the tetrahedra for certain amounts of thermal expansion. With a particular threshold in temperature, the long-range 
I41/amd structure, with dynamic local disorder, provides a more favourable bonding arrangement for the Rb. For A-site 
cations smaller than Rb (e.g. A = K), the size does not influence the bonding arrangement sufficiently to induce these 
tetrahedral distortions and hence the disordered I41/amd phase does not occur.  In theory it should be possible to use 
first principles DFT methods to establish the ground state of RbReO4 and to understand the importance of the Rb cation 
in the valence band of this oxide.  However, as decently demonstrated for BiVO4 establishing an appropriate strategy to 
calculate the ground state of scheelite materials containing heavy cations such as Rb or Re is not trivial 37. 

Conclusion 
A detailed investigation of the long-range and local structure of RbReO4 was conducted using variable temperature 
XRD and X-ray PDF. Overall, the temperature dependent structural behavior of RbReO4 is much more complicated 
than initially anticipated. In the average structure, the I41/a to I4/amd phase transition proceeds via a change in the 
orientation of the ReO4 tetrahedra, rotating about the c-axis of the unit cell12. Our previous work identified the nature of 
this phase transition by observing their modes, with the rotation of the ReO4 tetrahedra in I41/a designated by the irrep 
Γ3+.12 However, the I41/a average structure model also indicates significant unphysical shortening of the Re-O distances 
upon warming.  

Analyzing the local structure showed that this is not the case, with no evidence of contraction of the ReO4 tetrahedra 
with increasing temperature. It was also shown that RbReO4 undergoes symmetry lowering on the local scale, evidenced 
by peak splitting in the PDF. This is unique from the local scale disordering observed in other scheelite oxides, where 
no peak splitting was reported20-21, 33. Previous studies have shown that symmetry lowering upon warming can occur in 
solid-state materials30-31, 38, a phenomenon previously referred to as emphanisis. However, this was typically observed 
in compounds containing lone pair-bearing cations30-31, 38. RbReO4 does not contain such cations, and hence, 
demonstrates unique emphanitic behaviour. These features are believed to be due to the presence of disordered ReO4 
displacements.  

The rare I41/a to I41/amd long-range phase transition was found to occur via a change from static to dynamic disorder 
on the local scale. This is due to the combination of the size of the A-site cation and lattice expansion. This influences 
the bonding arrangement sufficiently for the locally disordered I41/amd phase to become energetically favourable. 
Therefore, it is possible to induce subtle local scale distortions of the scheelite structure through careful manipulation 
of the IR of the cations. The importance of displacements of the Rb cations could be probed by NMR spectroscopy and 
the directional nature of the tetrahedral displacements probed by 3D-ΔPDF. Future investigations on the temperature 
dependent local structures of related compounds, such as KReO4 and CsReO4, should be conducted to further understand 
this relationship, possibly using neutron-PDF methods to increase the sensitivity to the anion sublattice. This is of great 
significance to the manipulation of the physical properties of scheelite structured compounds in practical applications 
and warrants detailed investigation of their local structure.  
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Pair distribution  function analysis of X-ray total scattering data shows that the unusual I41/a to I41/amd phase transition 
in RbReO4 is proceeded by local scale symmetry lowering involving  incoherent tetrahedral displacements. The change 
from static to dynamic disorder on the local scale in this scheelite type oxides is likely to influence the average structural 
transition. 
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