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Abstract

:

Interest in the deformation behavior and phase transformations of rare earth orthophosphates (REPO4s) spans several fields of science—from geological impact analysis to ceramic matrix composite engineering. In this study, the phase behavior of polycrystalline, xenotime DyPO4 is studied up to 21.5(16) GPa at ambient temperature using in situ diamond anvil cell synchrotron X-ray diffraction. This experiment reveals a large xenotime–monazite phase coexistence pressure range of 7.6(15) GPa and evidence for the onset of a post-monazite transformation at 13.9(10) GPa to scheelite. The identification of scheelite as the post-monazite phase of DyPO4, though not definitive, is consistent with REPO4 phase transformation pathways reported in both the experimental and the computational literature.
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1. Introduction


Rare earth orthophosphates (REPO4s) are highly refractory and insoluble ceramics relevant to various research areas ranging from geoscience to structural ceramics [1]. Much of the world’s rare earth element supply comes from naturally occurring xenotime and monazite minerals, whose properties and formation are of great relevance in geochronology and geothermobarometry [2,3] in addition to mineral extraction. The pressure-induced phase transformations of certain REPO4 compositions have also spurred research toward their use as fiber coatings, where they can confer additional plasticity and toughening mechanisms to oxide–oxide ceramic matrix composites [4,5,6]. At ambient pressure (~10−4 GPa), REPO4s adopt either the xenotime (tetragonal, I41/amd) or monazite (monoclinic, P21/n) structure. The xenotime structure is also referred to as “zircon” (based on ZrSiO4); however, this study employs the former name because it specifically originates from YPO4 minerals [1]. At high pressures, xenotime compositions transform into the monazite or scheelite (tetragonal, I41/a) structures (see Figure 1) [7]. The scheelite-type structure has also been observed in other ABO4 materials (e.g., tungstates, molybdates, vanadates, and arsenates) [8,9,10]. The REPO4 xenotime, monazite, and scheelite structures feature chains of alternating PO4 tetrahedra (shown in gray) and RE-O polyhedra (shown in violet) with RE-O coordination numbers of 8, 9, and 8, respectively.



Figure 1 shows that the REPO4 structure becomes increasingly compact when transforming from xenotime to monazite to scheelite. This compaction can be attributed to increasing rotation and displacement of the RE-O polyhedra and resultant changes in the phosphate chain linkages (edge-sharing → corner-sharing) [10]. Although the exact unit cell volume losses during these transformations are composition-dependent, the loss associated with the xenotime → monazite transformation is significantly lower than that of the monazite → scheelite transformation [12]. This disparity likely emerges from the fact that the former transformation involves an increase in RE-O coordination (8 → 9), while the latter involves a decrease (9 → 8) [10]. An intermediate anhydrite (orthorhombic, Amma) phase has also been reported in certain xenotime compositions prior to the emergence of monazite when the xenotime composition is subject to high deviatoric stresses (e.g., TbPO4 [13]) or has a composition that is extremely close to the 1 atm (~10−4 GPa) xenotime–monazite phase boundary (e.g., GdxTb1-xPO4 [14]).



Prior studies and reviews have reported phase diagrams showing REPO4 transformation pressures based on a variety of computational and experimental techniques [5,15,16,17,18]. Recent advancements in in situ diamond anvil cell (DAC) X-ray diffraction (XRD) experiments require updating the high-pressure REPO4 phase map [12,18,19,20,21,22,23,24,25]. In contrast to Raman spectroscopy and ab initio calculations, XRD provides more direct, crystallographic proof of the existence of REPO4 phases and phase transformations. Figure 2 compiles experimentally observed phase data from DAC XRD studies for all non-radioactive, single-RE compositions except PrPO4, which has only been studied thus far using DAC Raman spectroscopy [26].



Under hydrostatic conditions, the xenotime → monazite transformation has been reported in ErPO4, HoPO4, YPO4, DyPO4, and TbPO4 with onset pressures (Ponset) of 17.3 GPa, 17.7 GPa, 14.6 GPa, 9.1(1) GPa, and 9.9 GPa, respectively [12,20,21,22,23]. We note that for any number followed by a number in parentheses, the number in parentheses represents the standard deviation of the last digit of the number before the parentheses. In the REPO4 phase transformation literature, there has long been an assumption that the xenotime → monazite Ponset varies linearly with RE3+ radius, such as many other properties of REPO4s [5]. However, the DyPO4 Ponset of 9.1(1) GPa from our 2021 study [22] disrupts this trend, suggesting instead that xenotime → monazite Ponset values fall into two clusters: a high-pressure one around ~16 GPa (ErPO4, HoPO4, and YPO4) and another that is <10 GPa (DyPO4 and TbPO4). Alloyed compositions of GdxDy(1-x)PO4 and GdxTb(1−x)PO4 also have transformation pressures that fall within the lower-pressure group, without following a trend with average RE3+ radius [5,14,27]. Neither thermodynamic properties (e.g., enthalpies of formation) nor structural properties (e.g., bond lengths and angles) show significant discontinuities between YPO4 and DyPO4, yet these compositions’ Ponset values are known to differ by at least 5.5 GPa [7,28,29,30,31].



The xenotime → monazite transformation in REPO4s has also been described as sluggish and kinetically limited due to the experimentally observed xenotime–monazite phase coexistence being inconsistent with thermodynamic expectations (i.e., Gibbs phase rule) [12,22,23]; this is shown in Figure 2 as the regions where blue and orange bars overlap. The xenotime–monazite phase coexistence ranges for ErPO4, YPO4, and TbPO4 are 6 GPa, 4.6 GPa, and 3.9 GPa, respectively [12,20,23]. In prior experiments, HoPO4 and DyPO4 were not taken to high enough pressures to capture the full xenotime–monazite coexistence range [21,22].



Other xenotime compositions with smaller RE3+ radii undergo the xenotime → scheelite transformation, which involves no change in RE-O coordination number. ScPO4, LuPO4, and YbPO4 transform directly to the scheelite structure at Ponset values of 34.2 GPa, 19 GPa, and 22 GPa, respectively [12,19]. Their respective xenotime–scheelite phase coexistence ranges (represented by overlap of green and blue bars in Figure 2) are 10.8 GPa, 8 GPa, and 1 GPa, indicating kinetic limitations similar to the xenotime → monazite transformation [12,19].



TmPO4, as described by Stavrou et al., represents a “borderline case” between xenotime compositions that transform to monazite and those that transform to scheelite [18]. In TmPO4, the xenotime → scheelite transformation begins at 20.3 GPa, and these two phases coexist over a 2.7 GPa range. Immediately after the disappearance of xenotime at 23 GPa, monazite emerges at 23.3 GPa and coexists with scheelite until 47 GPa. Then, scheelite persists through the end of the experiment. Stavrou et al. characterize monazite TmPO4 as a “metastable minority phase” and attribute the long monazite–scheelite coexistence to the stabilization of monazite grains “when embedded in a scheelite matrix” [14].



Among the compositions, which adopt the monazite structure at 1 atm (~10−4 GPa), only LaPO4 has been shown to undergo a pressure-induced phase transformation. Lacomba-Perales et al. proposed that LaPO4 transforms to barite (orthorhombic, Pnma) based on powder XRD but could not confirm the barite structure due to significant peak overlap [20]. Ruiz-Fuertes et al. used single crystal XRD and second harmonic generation analysis to confirm the post-monazite structure as non-centrosymmetric “post-barite” (orthorhombic, P212121) [32]. Post-barite first emerges at 27.1 GPa and coexists with monazite through the end of the experiment at 31 GPa. This experimental data conflicts a bit with their ab initio calculations, which show a pressure range where barite is energetically preferred before the emergence of post-barite, but the authors argue large kinetic barriers may explain the lack of barite in their LaPO4 experiments and may hinder barite formation in other monazite REPO4 compositions [32]. Ruiz-Fuertes et al. project (based on ab initio calculations) a post-barite transformation to occur at 45 GPa and 35 GPa in GdPO4 and NdPO4, respectively, with barite as a possible, but unlikely, transition phase.



Our 2021 XRD study [22] reported a DyPO4 xenotime → monazite Ponset at 9.1(1) GPa under a quasi-hydrostatic loading rate but did not go to high enough pressures to resolve the xenotime–monazite phase coexistence range [22]. This XRD study aims to identify the end of the xenotime–monazite phase coexistence range by going to higher pressures. Results reveal a xenotime–monazite phase coexistence range of 7.6(15) GPa and a previously unreported phase transformation to a post-monazite phase at 13.9(10) GPa. Comparison to the experimental and the computational literature strongly suggests this post-monazite phase adopts the scheelite (tetragonal, I41/a) structure.




2. Materials and Methods


Phase-pure xenotime DyPO4 powder was obtained via precipitation reaction involving Dy(NO3)3 · 5H2O (≥99.9% RE oxide basis, Alfa Aesar) precursor and H3PO4 (85% w/w aqueous solution, Alfa Aesar) and subsequent calcination. These two steps are detailed elsewhere [33]. The sample powder consists of sub-micron grains, which exhibit the anisotropic, elongated crystal habit expected of tetragonal materials (see the scanning electron micrograph in Figure S1, see supplementary materials). An energy-dispersive X-ray spectrum of the powder (shown in Figure S2) shows no elemental impurities. In situ DAC XRD was conducted at room temperature at beamline 16-ID-B, HPCAT, Advanced Photon Source, Argonne National Laboratory. Two-dimensional diffraction patterns were collected with the PILATUS 1M-F detector. The X-ray wavelength was 0.42459 Å, and the beam spot size (full width at half maximum) was ∼2 μm by ~4 μm. We used a Diacell Helios DAC with a membrane (both from Almax easyLab Inc., Cambridge, MA, USA) driven by a Druck PACE 6000 pressure controller [34]. DAC preparation involved successively loading DyPO4 powder, gold powder (>99.96% metals basis, Alfa Aesar, Ward Hill, MA, USA), ruby chips (Almax easyLab Inc., Cambridge, MA, USA), and 16:3:1 methanol–ethanol–water mixture (MEW) pressure medium into the hole of the 301 stainless steel gasket. The gasket hole diameter and indented thickness were 220 μm and 80 μm, respectively. For pressure marking during initial membrane engagement, ruby was used (R1 fluorescence calibration [35]), while gold was used (third order Birch-Murnaghan EoS [36]) during diffraction data collection. Data collection started at 3.1(2) GPa due to some initial compression required to confirm membrane engagement. There are no reported DyPO4 phase transitions below this starting pressure (as corroborated by our 2021 XRD study) [22]; therefore, the initial jump does not preclude any material insight.



XRD pattern integration, masking, and background subtraction were performed using Dioptas [37]. Pattern fitting was then performed using X’Pert HighScore Plus [38]. This software fits monazite using the P21/c cell setting as a default. Although both the P21/c and P21/n cell settings are valid descriptions of monazite (space group No. 14), fitted lattice parameters were converted to the P21/n cell setting to facilitate comparison to the literature. The LeBail fitting approach [39] was used instead of traditional Rietveld structural refinement to accommodate the significant preferred orientation present in all scans. This apparent preferred orientation appears due to the small spot size of the beam with respect to the grain size of the sample (effectively sampling a finite number of grains) rather than any inherent orientation of the sample grains. The atmospheric-pressure volume of xenotime DyPO4 (289.39(2) Å3) was derived from a prior synchrotron XRD pattern of a sample from the same batch as the sample in this study [22]. The following reference structures were used in this study: xenotime DyPO4 from Milligan et al. [40], monazite DyPO4 from Heuser et al. [41], gold from Couderc et al. [42], ruby from Jephcoat et al. [43], and calculated scheelite TbPO4 from López-Solano et al. [23]. Importantly, the scheelite TbPO4 structure file was not employed in LeBail fitting—only in peak position comparison. For the computation involving derived data (e.g., unit cell volume, gold-based pressure, cell setting conversion), Python was used to propagate error with an assumed covariance of zero.




3. Results


During the experiment, the gold lattice parameter decreases steadily as shown in Figure 3a. In Figure 3b, the pressure increases steadily with time and yields an effective sample loading rate of ~20 MPa/s, an order of magnitude faster than that of our 2021 XRD study [22].



Figure 4 shows the pressure evolution of integrated background-subtracted XRD patterns. The square root of intensity is plotted against Q to show weak peaks more clearly.



In Figure 4a, sample XRD peaks drift to higher Q and broaden with increasing pressure due to uniform and non-uniform strain, respectively. The first scan shows peaks from xenotime DyPO4, gold (triangles), and ruby (circles). Figure 4 also illustrates the relative loss of sample signal compared to the strong gold signal as pressure increases. Ponset values are determined by visual inspection of individual XRD patterns as shown in Figure 4b, not by the coloring in Figure 4a. Figure 4b shows the LeBail fits of key patterns (initial scan, onset of monazite, onset of new phase, and final scan). The first discernible monazite peaks emerge at 9.6(7) GPa at Q = 1.60, 2.05, and 2.14 Å–1; these are the (110), (002), and (02  1 ¯  ) reflections. At Ponset, the monazite lattice parameters are a = 6.134(1) Å, b = 6.695(1) Å, c = 6.276(1) Å, and β = 99.79(1) °, and the unit cell volume loss during transformation is 7.90%. Although these lattice parameter uncertainties appear quite small, several checks on the LeBail fits do not change the outcome. The xenotime → monazite Ponset is below the hydrostatic limit of the MEW pressure medium (10.5(5) GPa), meaning non-hydrostatic stresses likely do not influence the onset of this transformation. At 10.5(5) GPa, MEW undergoes a glass transition into an amorphous phase that contributes no XRD peaks [44]. Above this hydrostatic limit, the sample stress state is understood to be non-hydrostatic. Starting at 17.2(13) GPa, there are no longer any peaks uniquely attributable to xenotime (based on visual inspection of individual patterns). The disappearance of xenotime peaks by this pressure is also apparent in Figure 4a and yields a xenotime–monazite phase coexistence range of 7.6(15) GPa.



Interestingly, a new set of previously unidentified XRD peaks emerge at 13.9(10) GPa at Q = 2.42, 2.58, and 3.94 Å–1 and persist as the pressure increases (see diamonds in Figure 4). These peak positions are inconsistent with xenotime, anhydrite, monazite, ruby, gasket material, gold, or even a “monazite II” phase reported in CeVO4 [45]. Peak positions for the post-monazite phase of TbPO4, scheelite (derived from ab initio calculations at 20.5 GPa), are shown in Figure 4 as there are no available structural data on any post-monazite phases of DyPO4. The final scan at 21.5(16) GPa contains peaks corresponding to monazite, gold, ruby, and the unidentified phase.



Next, we examine the pressure-dependence of lattice parameters more closely, finding consistent lattice parameter deviations around the pressure at which the post-monazite phase emerges. Figure 5 shows the pressure evolution of DyPO4 lattice parameters for the xenotime (ax and cx) and monazite (am, bm, cm, and βm) phases.



Figure 5a shows ax decreasing fairly steadily and monotonically with two slight disruptions at pressures consistent with the xenotime → monazite Ponset (9.6(7) GPa) and with the hydrostatic limit of MEW (10.5(5) GPa). Starting at ~14 GPa, however, ax stops decreasing, and the lattice parameter uncertainty expands significantly; this change in behavior coincides with the emergence of the unidentified peaks. Figure 5b shows similar behavior in cx, except this parameter starts decreasing rapidly at ~14 GPa. The axial ratio of xenotime (shown in Figure S3) also shows a dramatic trend change at ~14 GPa. Figure 5c shows am decreasing monotonically with slight disruptions at the hydrostatic limit and ~14 GPa. After ~15 GPa, am becomes non-monotonic with pressure, and its error bar expands significantly. Figure 5d,e does not show any anomalies in bm and cm around 14 or 15 GPa—only minor disruptions around the hydrostatic limit. Figure 5f shows βm changes monotonicity around the hydrostatic limit, steadily increases with smaller error bars after 12 GPa, then remains almost constant after ~15 GPa with larger error bars. Figure 6 shows all DyPO4 lattice parameters plotted together to better illustrate their relative values and relative compressibilities. The cx, am, bm, and βm parameters stand out with the most significant changes in behavior beginning at ~14 GPa, coinciding with the emergence of the third (post-monazite) phase of DyPO4.



Axial compressibilities of the xenotime and monazite phases are obtained by linearly fitting lattice parameter data from pressures below the hydrostatic limit (10.5 GPa). These values are summarized in Table 1. The monazite beta angle (βm) was not analyzed as this parameter’s non-monotonic behavior precludes a meaningful linear fit.




4. Discussion


This experiment shows the Ponset of DyPO4 xenotime → monazite phase transformation is 9.6(7) GPa when loading at ~20 MPa/s. This pressure is nominally higher than the 9.1(1) GPa Ponset observed in our 2021 DyPO4 study under quasi-static loading (~2 MPa/s) [22]; however, the magnitude of the Ponset error unfortunately precludes any conclusions regarding rate-dependence of the xenotime → monazite transformation (e.g., thermal activation, mechanism). The xenotime axial compressibilities (see Table 1) and the monazite lattice parameters at Ponset are not notably different from those reported in our 2021 DyPO4 study [22], while the monazite axial compressibilities differ significantly in their absolute and relative values. The discrepancy in compressibilities is likely due to this study having a much smaller quasi-hydrostatic pressure regime in which monazite exists (~1 GPa); therefore, there is a much smaller range and significantly fewer monazite datapoints suitable for fitting in this study than in our previous study.



This work also provides, for the first time, an estimate of the full DyPO4 xenotime–monazite phase coexistence range. Figure 4 shows that the xenotime phase is present up to 17.2(13) GPa (also reflected in Figure 2 as the upper bound of the blue bar). This value establishes that, while there is not a trend in the experimentally observed monazite Ponset with rare-earth radius, there is a general compositional trend in which the upper pressure bound of xenotime decreases with increasing RE3+ radius (see Figure 2). The DyPO4 xenotime–monazite coexistence range is then 7.6(15) GPa, which is significantly larger than that of both neighboring compositions (4.8 GPa for YPO4 and 4.6 GPa for TbPO4) and slightly larger than that of ErPO4 (6.0 GPa) [12,20,23]. Comparison to HoPO4 is precluded by incomplete xenotime phase transition [13].



Beyond characterizing the xenotime → monazite transformation, this study provides proof of the existence of a new, post-monazite phase of DyPO4. As a reminder, it is crucial to note that no DyPO4 structures other than xenotime and monazite were used during the LeBail fitting (as no other experiment-based DyPO4 structures have been reported). As a result, the fitting process attempted to accommodate the unidentified peaks at Q = 2.42, 2.58, and 3.94 Å–1 (emerging at 13.9(10) GPa as seen in Figure 4) with the xenotime and monazite structures. This accommodation explains the anomalies in ax, cx, am, and βm after 13.9(10) GPa as shown in Figure 5. The gold lattice parameter variation with time (and its corresponding pressure profile) is smooth and has no interruption at the post-monazite transition pressure (see Figure 3), showing that anomalies in xenotime and monazite lattice parameters do not result from experiment instabilities. Indexing the unidentified peaks to a certain structure or space group is extremely difficult because of a weak sample signal at pressures >14 GPa as well as monazite peaks covering most of the Q range.



Comparison to the literature strongly suggests the post-monazite phase is scheelite (tetragonal, I41/a). Based on preliminary Raman spectroscopy experiments, Stavrou et al. deduce a xenotime → monazite → scheelite transformation pathway in DyPO4 with a monazite → scheelite Ponset at ~33 GPa [18]. This Ponset value may be a significant overestimation, as the Raman spectroscopy-based xenotime → monazite Ponset has also proven to be a significant overestimation when compared to XRD work [22]. Further analysis of this Raman spectroscopy-based monazite → scheelite Ponset is complicated by the fact that the underlying Raman spectra have yet to be published. Nevertheless, the pressure-induced phase transformation pathways of other xenotime REPO4s support the existence of a monazite → scheelite transformation in DyPO4. Figure 2 shows scheelite evolves from monazite (in YPO4) or directly from xenotime (in ScPO4, LuPO4, YbPO4, and TmPO4) with increasing pressure. Experimental studies of ErPO4, HoPO4, and TbPO4 neither confirm nor deny transformation to scheelite due to limited experimental pressure ranges [20,21,23]. In the case of TbPO4, Lopez-Solano et al. point to “kinetic energy barriers” possibly hindering transformation to scheelite [23]. However, ab initio calculations performed by Bose et al. and Lopez-Solano et al. show ErPO4, HoPO4, and TbPO4 are expected to follow the xenotime → monazite → scheelite phase transformation pathway. Bose et al. predict monazite → scheelite Ponset values of ~11 GPa, ~12 GPa, and ~14 GPa for ErPO4, HoPO4, and TbPO4, respectively [17]. Lopez-Solano et al. predict a slightly higher TbPO4 monazite → scheelite Ponset of 15.5 GPa [23]. Barite and post-barite also bear consideration for the post-monazite phase, but both seem unlikely given experimental and computational data on LaPO4 put the transition for this and other compositions at pressures above 26 GPa [20,32]. Additionally, Lopez-Solano et al. found the scheelite structure to be energetically favorable to the barite structure [23]. No studies to date report a similar comparison between the scheelite and post-barite structures. Given that the unidentified XRD peaks in this study emerge at a pressure consistent with the expected monazite → scheelite transformation in neighboring compositions, it is likely that these peaks belong to a scheelite DyPO4 phase.



In the absence of scheelite unit cell data for DyPO4, we use TbPO4 for comparison. Lopez-Solano et al. predicted unit cell data of scheelite TbPO4 at 20.5 GPa, which are added to the top of Figure 4 as “S(TbPO4)” peak position ticks. Although the new peaks from DyPO4 do not exactly match these ticks in scans around 20.5 GPa, the peaks are reasonably close to the ticks given the differences in methods, RE, temperature, kinetics, and stress state, which together have confounding effects on the unit cell. If this post-monazite DyPO4 phase is further confirmed to be scheelite, 13.9(10) GPa would be the lowest pressure at which scheelite has been reported in REPO4s to date.




5. Conclusions


This work significantly extends the characterization of the high-pressure phase behavior of DyPO4, which has been limited, particularly at pressures above 15 GPa. Our 2021 XRD study reported a xenotime → monazite Ponset at ~9 GPa but did not go to high enough pressures to reveal the xenotime–monazite phase coexistence range. This XRD study goes to higher pressures, showing a xenotime–monazite phase coexistence range of 7.6(15) GPa as well as the emergence of new peaks at 13.9(10) GPa. Contextualizing these new peaks within the experimental and the computational literature provides compelling evidence that monazite DyPO4 undergoes a pressure-induced phase transformation to the scheelite structure. Our results also motivate further XRD studies of other REPO4s (e.g., ErPO4, HoPO4, and TbPO4) at higher pressures to explore possible monazite → scheelite transformations and to elucidate high-pressure phase transformation pathways more broadly.
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Figure 1. [001] views of REPO4 structure in the (a) xenotime, (b) monazite, and (c) scheelite phases. RE-O polyhedra are shown in violet, PO4 tetrahedra are shown in grey, and the unit cell boundaries are shown as thin black boxes. The 90° rotation of monazite axes with respect to those of xenotime and scheelite is a result of the monoclinic cell setting of monazite, as shown in detailed transformation schemes reported by Hay et al. [5]. Structures are visualized using the VESTA software [11]. 






Figure 1. [001] views of REPO4 structure in the (a) xenotime, (b) monazite, and (c) scheelite phases. RE-O polyhedra are shown in violet, PO4 tetrahedra are shown in grey, and the unit cell boundaries are shown as thin black boxes. The 90° rotation of monazite axes with respect to those of xenotime and scheelite is a result of the monoclinic cell setting of monazite, as shown in detailed transformation schemes reported by Hay et al. [5]. Structures are visualized using the VESTA software [11].



[image: Crystals 13 00249 g001]







[image: Crystals 13 00249 g002 550] 





Figure 2. High-pressure phase map of the experimentally observed phases of all single-RE REPO4s except PmPO4 because Pm is both radioactive and extremely rare. The legend lists the phases with their corresponding space groups. For each composition, the upper limit of the highest bar(s) represents the highest pressure at which data are reported and does not represent a phase boundary. See text for references to the sources of phase data. All phase data are compiled from XRD studies except for PrPO4, which has only been characterized via Raman spectroscopy * [26]. 
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Figure 3. Plots showing (a) gold lattice parameter and (b) pressure against time during the experiment. Error bars represent standard deviation. The linear fit of the pressure data yields an effective loading rate of 17.2(1) MPa/s. Green, shaded areas represent the pressure range in which a third (post-monazite) phase of DyPO4 appears in the patterns. 
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Figure 4. Synchrotron XRD patterns. X, M, and S(TbPO4) ticks show Bragg reflections of xenotime DyPO4, monazite DyPO4, and scheelite TbPO4, the last based on ab initio structural data reported by Lopez-Solano et al. [23]. Star symbols mark emerging monazite peaks at 9.6(7) GPa, and diamond symbols mark emerging peaks of the unidentified phase at 13.9(10) GPa. (a) A contour plot showing all XRD patterns. Peak positions of gold and ruby are marked with triangles and circles, respectively. (b) The LeBail fits of key patterns (initial scan, onset of monazite, onset of unidentified phase, and final scan). 
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Figure 5. Pressure dependence of xenotime (x) and monazite (m) DyPO4 lattice parameters. Green, shaded areas represent the pressure range in which a third (post-monazite) phase of DyPO4 exists. The thin gray shaded area represents the hydrostatic limit of the pressure medium: (a) ax; (b) cx; (c) am; (d) bm; (e) cm; (f) βm. All parameters show some irregularity around the hydrostatic limit (10.5(5) GPa). The ax, cx, am, and βm parameters exhibit notable changes in behavior after ~14 GPa. 
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Figure 6. Pressure evolution of all DyPO4 lattice parameters for the xenotime (ax and cx) and monazite (am, bm, cm, and βm) phases. Error bars represent standard deviation. The vertical dashed line indicates the xenotime → monazite Ponset. Green, shaded areas represent the pressure range in which a third (post-monazite) phase of DyPO4 exists. The thin gray shaded area represents the hydrostatic limit of the pressure medium. The inset shows the monazite beta angle. 
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Table 1. DyPO4 axial compressibilities derived from linear fits of lattice parameter data at pressures below the hydrostatic limit. Negative values indicate compression.
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	Lattice Parameter
	Axial Compressibility (Å,°/GPa) × 103
	Intercept at 0 GPa (Å,°)
	R2 of Linear Fit





	ax
	−16.09 (12)
	6.907 (1)
	0.9871



	cx
	−6.238 (127)
	6.045 (1)
	0.8876



	am
	−10.67 (22)
	6.236 (2)
	0.9921



	bm
	−11.64 (72)
	6.807 (7)
	0.9326



	cm
	−11.10 (21)
	6.382 (2)
	0.9934



	βm
	–
	–
	–
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