Helmholtz-Zentrum Dresden-Rossendorf (HZDR) i_l' _= D R

HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

Structural characterization of (Sm,Tb)PO4 solid solutions and pressure-
induced phase transitions

Heuser, J. M.; Palomares, R. |.; Bauer, J. D.; Lozano Rodriguez, M. J.; Cooper, J.;
Lang, M.; Scheinost, A. C.; Schlenz, H.; Winkler, B.; Bosbach, D.; Neumeier, S;
Deissmann, G.;

Originally published:
April 2018
Journal of the European Ceramic Society 38(2018), 4070-4081

DOI: https://doi.org/10.1016/j.jeurceramsoc.2018.04.030

Perma-Link to Publication Repository of HZDR:

https://www.hzdr.de/publications/Publ-26663

Release of the secondary publication
on the basis of the German Copyright Law § 38 Section 4.

CC BY-NC-ND


https://www.hzdr.de
https://www.hzdr.de
https://doi.org/10.1016/j.jeurceramsoc.2018.04.030
https://www.hzdr.de/publications/Publ-26663
https://creativecommons.org/share-your-work/cclicenses/

Structural characterization of (Sm,Tb)POs solid solutions and pressure-induced phase transitions

J. M. Heuser®®*, R. |. Palomares®, J. D. Bauer?, M. J. Lozano Rodriguez®, J. CooperS, M. Lang®, A. C. Scheinost¢,
H. Schlenz?, B. Winkler?, D. Bosbach?, S. Neumeier?, G. Deissmann?

9Forschungszentrum Jiilich GmbH (FZJ), Institute of Energy and Climate Research (IEK-6), 52425 Jiilich, Germany
bpresent address: Karlsruhe Institute of Technology (KIT), Institute for Applied Materials (IAM), 76021 Karlsruhe,
Germany

University of Tennessee, Department of Nuclear Engineering, Knoxville, TN 37996, USA

dGoethe University Frankfurt, Institute of Geosciences, Department of Crystallography, 60438 Frankfurt a. M., Germany
¢Helmholtz-Zentrum Dresden Rossendorf (HZDR), Institute of Resource Ecology, 01328 Dresden, Germany

*corresponding author: julia.heuser@kit.edu (J. M. Heuser)

Abstract

Sm1xThxPO4 solid solutions were synthesized and extensively characterized by powder X-ray diffraction,
vibrational spectroscopy, and X-ray absorption spectroscopy. At ambient conditions solid solutions up to x =
0.75 crystallize in the monazite structure, whereas TbPO;, is isostructural to xenotime. For x = 0.8 a mixture of
both polymorphs was obtained. Moreover, a phase with anhydrite structure was observed coexisting with
xenotime, which was formed due to mechanical stress. Selected solid solutions were investigated at pressures
up to ~40 GPa using in situ high pressure synchrotron X-ray diffraction and in situ high pressure Raman
spectroscopy. SmPO4 and SmgsThosPO4 monazites are (meta)stable up to the highest pressures studied here.
TbPO, xenotime was found to transform into the monazite structure at a pressure of about 10 GPa. The
transformation of Smo,ThosPO4 xenotime into the monazite polymorph commences already at about 3 GPa.
This study describes the reversibility of the pressure-induced (Sm,Tb)PO, xenotime-monazite transformation.
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Introduction

Natural monazite and synthetic orthophosphates with monazite structure, i.e. monoclinic LnPO4 (Ln = La-Gd),
have been subject to extensive research in the last decades. Natural monazites have extensively been used in
geochronological studies for age determination of minerals and rocks (e.g. [1-5]) and serve as major source
for rare earth elements and thorium (e.g. [6-8]). Due to their outstanding materials’ properties, synthetic
monazite-type materials have been proposed and used as thermal and diffusion barrier coatings (e.g. [9-14]),
ionic conductors [15,16], heterogeneous catalysts [17], as well as electronic and optical devices [18-20].
Moreover, monazite-type ceramics are under consideration as potential nuclear waste forms for the safe
disposal of plutonium and/or minor actinides (MA: Np, Am, Cm), due to their high structural flexibility for
actinide incorporation, their resilience against radiation-induced amorphisation, and their chemical durability
(cf. [21-29]).

At ambient conditions LnPQO, crystallizes in either of two crystal structures, depending on the size of the Ln
cations. Orthophosphates of the lighter and larger lanthanides (Ln = La-Gd) form the monazite structure-type
(monoclinic with space group P 2:/n (Cgh)), while those of the heavier and smaller lanthanides (Ln = Tb-Lu)
exhibit the xenotime structure, which is isostructural to the tetragonal zircon structure (/ 4;/amd (Df,'z)) [7,30].



Lanthanide orthophosphates with Ln = Gd, Th, Dy show polymorphism at ambient conditions, i.e., one of two
structure types can be quenched to exist metastably (e.g. [31,32]). The monazite and xenotime structure-types
exhibit similar LnO-PO4 chains along the [001] direction. While the monazite structure is built up on irregular
LnOy polyhedra and slightly irregular (distorted) PO, tetrahedra, the xenotime structure has Ln cations
regularly coordinated by eight oxygen atoms (LnQOs) as well as regular PO, tetrahedra. Both, monazite and
xenotime type phosphates have extensively been studied in the past, for example with respect to their crystal
structure, miscibility, microstructure, thermodynamic properties, and dissolution behaviour (e.g. [7,30,33-
39]).

The present work is related to research on the potential application of Sm-monazite as waste form for specific
radioactive waste streams (e.g., separated Pu or Pu-contaminated materials). Sm (Z = 62) is one of those
lanthanides whose orthophosphates crystallize in the monazite structure. The formation of solid solutions, for
example due to the incorporation of actinides (as in potential monazite waste forms), requires that the
substituting cation has a radius similar to that of the substituted cation. Due to the size of Sm** (r = 1.132 A,
CN =9) [40] Sm-monazites can easily incorporate relevant radionuclides (e.g., Pu, Am, Cm) which exhibit both,
slightly larger and slightly smaller cationic radii (cf. [40]). A profound understanding of the structural behaviour
of these solid solutions as a function of chemical composition is essential for realistic assessments of their
applicability as a waste form for radioactive waste management. The ionic radii of the substituting cations (e.g.
in the case of tetravalent actinides) can be similar to those cations for which the endmembers would crystallize
in the xenotime structure. Hence, it is essential to gain an in-depth understanding of the stability and flexibility
of the monazite structure and the consequences of a structural change into the xenotime structure. Therefore,
the structural response to Tb incorporation into Sm-monazite was investigated here. As TbPQ, crystallizes in
the xenotime structure, a study of Sm;Tb«PQO, solid solutions will provide fundamental information on the
role of the size match or mismatch between the substituting and substituted ion. In addition, pressure can be
used to investigate the effect of relative changes in the ionic radii on the response to extreme conditions.

A structural classification of ABX, phases is given by the Bastide diagram (fig. 1) [41,42]. According to the
classical Bastide diagram for ABX, compounds [41], phases crystallising in the xenotime structure at ambient
pressure are predicted to have high-pressure modifications with the monazite structure type, as the ra/rs, rs/rx
ratio is shifted to larger values with increasing pressure, due to the larger compressibility of the anion
complexes. This is consistent with the observation that TbPOs-xenotime shows a transition to monazite at
about 10 GPa [43-45]. The process of the phase transformation from xenotime to monazite was also
intensively studied by Hay et al. [42,46,47,48,49]. However and in contrast to the present work, no high-
pressure experiments were performed, but phase transitions were investigated in (Gd,Dy)PO4 xenotimes
during nano indentation and fibre push-out tests. According to Hay et al. [42] the xenotime-monazite
transition is a martensitic phase transformation [50] showing a shearing of different habitus planes. In contrast
to this behaviour, Ln-monazites seem to remain stable on pressure increase and no phase transformations
have been observed up to high pressures (CePO4 up to 20 GPa [51], (Nd,Eu,Gd)PO, up to 30 GPa [52],
(Bi,La,Ce,Pr)PO4 up to 30, 25, 29, and 29 GPa, respectively [53], CaThPO, cheralite (isomorphous to monazite)
up to 36 GPa [54]). One known exception is La-monazite that transforms into a post-barite type structure at
about 26 GPa pressure [52,55].

To the best of our knowledge the response of LnPO, solid solutions containing both monazite- and xenotime-
type phases to high pressure has not been investigated so far. The present study therefore aims to contribute
to the understanding of the structural response of the monazite crystal structure type on cation substitution
by elucidating the phase stabilities, their long- and short-range order, and pressure-induced changes in



Sm1xThxPO4 solid solutions, thus contributing to a better understanding of monazite as a potential host phase
for radionuclides in nuclear waste management [32].
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Fig. 1 Modified Bastide diagram after [42] showing the stability fields of various ABXsstructures with respect to their ionic
radii ratios. With increasing pressure both radii ratios (i.e., ra/rx, rs/rx) increase, leading to a southwest-northeast reaction
path for pressure-induced phase transformations.

Materials and methods
Sample synthesis and structural characterization

Solid solutions in the system Smi.,TbyPO, (x = 0 to 1) were synthesized at ambient temperature via a co-
precipitation route similar to that described by [56]. First, aqueous lanthanide (Ln) nitrate solutions were
mixed in the desired molar ratios. Citric acid (CA) as a chelating agent was poured into this mixture in a molar
ratio of Ln:CA = 1:2. Subsequently, an excess of phosphoric acid (P) was added (Ln:P = 1:5). To obtain a
complete precipitation, the pH was adjusted to ~10 using 25 % NH4OH while stirring. After drying at 90 °C, the
precipitates were calcined (550 °C, 3 h) and sintered (1600 °C, 5 h). The samples were ground in an agate
mortar after each thermal treatment step. In addition, pellets were fabricated from the calcined powders by
uniaxial pressing (60 kN) and sintered as described before. The pellets were not polished to prevent
contamination by the grinding material. The lanthanide ratio in the SmPO,4-TbPQ, solid solutions was verified
via energy dispersive X-ray spectroscopic (EDS) analyses on pellet samples, using a scanning electron
microscope (SEM) (Quanta 200F, FEl) equipped with an Apollo X silicon drift Detector (EDAX). The phosphate
phases were measured at five positions with a magnification of 6000x and a working distance of 10 mm in a
low-pressure vacuum (60 Pa) using an acceleration potential of 20 kV.

X-ray diffraction (XRD) analyses were performed with a D4 ENDEAVOR diffractometer (Bruker AXS GmbH)
using Cu radiation (A Cu Koy = 1.5405 A) at a power setting of 40 kV and 40 mA. Powder XRD patterns were
collected at ambient conditions in the 20 range from 10 to 130° using a step size of 0.02°/20 and a counting
time of 4 s per step. EVA software (Bruker AXS GmbH) was used for qualitative phase analysis. Structure
refinements were performed employing the Rietveld method [57] as implemented in the Topas-Academic
software (Version V4.1; [58]), using the fundamental parameter approach for X-ray line-profile fitting [59]. In
the refinement, a six coefficient background polynomial, crystallite size, sample height/displacement, lattice
parameters and fractional coordinates for all sites were allowed to vary. A potential preferential orientation
of the xenotime phase (010) was considered with spherical harmonics. As starting models, the monazite and



xenotime structures from [30] were used. For the anhydrite structured (Sm,Tb)PO4 phase, the structural model
for CaSO, published by [60] was used.

X-ray absorption fine structure spectroscopy measurements were carried out on powdered samples which
were diluted with boron nitride powder and pressed into pellets. Sm L; (6716 eV) edge and Tb L; (7514 eV)
edge X-ray absorption fine-structure (XAFS) spectra were collected at ambient temperature at the Rossendorf
Beamline (ESRF, Grenoble, France). A water-cooled, 1.4-m long, Rh-coated, meridionally-bent silicon mirror
was used for beam collimation into a water-cooled Si(111) double crystal monochromator. The
monochromatic beam was then focussed onto the sample by a 1.3-m long, Rh-coated, toroidal silicon mirror,
achieving a rejection of higher order harmonics by at least four orders of magnitude. Several spectra were
collected either in transmission mode using gas-filled ionization chambers, or in fluorescence mode using a
13-element high-purity Ge solid-state detector (Canberra) with digital signal treatment (XIA X-Map), energy-
calibrated using the absorption edge of a Mn foil (6539 eV), and averaged to improve the signal-to-noise ratio
using Sixpack [61].

Extended X-ray absorption fine-structure (EXAFS) spectra were extracted from the experimental XAFS spectra
using WinXAS [62] following routine procedures. Spectra were normalized by fitting first-order polynomials to
the pre-edge and second-order polynomials to the post-edge region, and then converted into k-space by
arbitrarily assigning the first edge inflexion point to the onset of kinetic energy of the photoelectron. The
EXAFS spectra were then extracted by fitting spline functions to the post-edge region using the auto-
background module of WinXAS. The k3>-weighted EXAFS spectra were then Fourier-transformed using a Bessel
window with the Bessel parameter set to three. The local structure was determined by shell-fitting (WinXAS)
using theoretical phase shift and amplitude functions calculated by FEFF8.2 [63] based on the structure of Sm
monazite and Tb xenotime [30].

Raman spectra were recorded at ambient pressure using a Jobin-Yvon Aramis LabRam HR Micro-Raman
spectrometer (Horiba Scientific) on sintered (Sm,Tb)PO, pellets, employing the 632.8 nm line of a He-Ne laser
as the excitation wavelength. Spectra were recorded in the wavenumber range of 100 to 1200 cm™. For each
spectrum, an acquisition time of 10 to 25 s was used with an average of 2 scans. Peak positions were analysed
using the HORIBA LabSpec software (version 5.58.25) after fitting the Raman modes using Gaussian-Lorentzian
mixed functions.

Infrared (IR) spectra were obtained with a FT-IR Bruker Equinox 55 instrument using the KBr pellet method.
Spectra were recorded in the wavenumber interval from 400 cm™ to 4000 cm™ with a resolution of 2 cm™. For
the measurements, 1 mg of sample was mixed with 250 mg KBr, pelletized and measured immediately after
preparation under ambient conditions in air. Data analysis was performed using the Opus software (version
4.0, Bruker).

High-pressure experiments

High-pressure synchrotron X-ray diffraction experiments were performed in order to investigate high pressure
structural transformations on the endmembers and selected intermediate compositions at pressures up to
~40 GPa. Each sample was loaded into a 120-150 um hole that was drilled into a Re gasket pre-indented to
25-35 um. The gaskets were used with symmetric diamond-anvil cells (DACs) with either 400 um (SmPO, and
TbPO,4) or 300 um (SmosThosPOs and Smo,ThosPO4) diamond culets. Neon gas was used as the pressure-
transmitting medium and the pressure was determined using the ruby fluorescence technique. The
experiments were carried out at the 16-BM-D station of the High Pressure Collaborative Access Team (HPCAT)
sector at the Advanced Photon Source (APS) using a 5 x 5 um? (FWHM) focused beam of 29.2 keV X-rays (A =
0.4246 A). Angle-dispersive XRD measurements were collected as a function of pressure in transmission mode



using a MAR345 image plate detector. The detector was calibrated using a NIST CeO; standard and the XRD
images were integrated into one-dimensional patterns using the Dioptas software [64]. Derivation of the
instrument parameters was performed with the XRD pattern of the CeO, standard and Rietveld refinement of
the XRD patterns was conducted in the GSAS-II software [65].

For high-pressure Raman experiments, powder samples were loaded in Boehler-Almax type [66] DAC.
Tungsten foil of an initial thickness of ~200 um was used as a gasket material. The gasket was pre-indented to
a thickness of about 80 um and a hole with a diameter of about 150 um was laser-drilled into the gasket to
serve as sample chamber. A small ruby chip (easyLab Technologies Ltd, Reading, UK) was loaded into the
sample chamber for pressure determination with the ruby fluorescence method [67]. Neon was used as
pressure transmitting medium. The gas was loaded with a custom-built gas loader at 0.18 GPa. The maximum
pressure reached in the Raman study was about 20 GPa.

Confocal micro-Raman measurements at high-pressure were carried out with a Renishaw Raman
spectrometer (RM-100) equipped with a Leica DMLM optical microscope with a grating with 1800 grooves/mm
and a Peltier-cooled charge-coupled device (CCD). For excitation the 632.81 nm line of a He-Ne laser with a
maximum power of 50 mW was used. A 20x objective lens with long working distance and a quasi-
backscattering geometry was employed. The spectra were collected in the range of 100 cm™ to 1200 cm™ with
exposure times of 60 s and a laser power of up to 100 % of the maximum power. The system was calibrated
using the band at 519 cm™ of a Si wafer [68]. The accuracy of the wave numbers was ~1 cm™ and the spectral
resolution 2 cm™. Due to the use of a notch filter our experimental set-up only allows to measure Raman shifts
>100 cm™. Data were processed using the HORIBA Scientific software LabSpec (5.58.25) using Gaussian
Lorentzian mixed functions to fit the Raman bands.

Results and discussion
Phase analyses and structural long range order

X-ray diffraction analysis was performed for phase analysis on the one hand and to investigate the structural
long range order within the solid solution on the other hand. XRD patterns of the as prepared Smi.xTbxPO4
solid solutions including the endmembers are shown in figure 2. The data show that in samples up to x =0.75
monazite is the main phase. However, a polymorph with the xenotime structure appears in traces in samples
with compositions of x > 0.65 (cf. table 1). For x = 0.8 polymorphs with monazite and xenotime structure can
be found in about equal amounts, while xenotime is the main phase for x = 1. Furthermore, in powder samples
with x 2 0.8 small amounts (<10 wt%) of another (Sm,Tb)-orthophosphate having the anhydrite structure were
detected [32]; however, this phase was not observed in sintered pellets. Lanthanide phosphates with
anhydrite structure only occur in powder samples coexisting with xenotime as the predominant phase. The
occurrence of the different phases depending on the nominal sample composition is summarized in table 1.
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Fig. 2 Characteristic powder diffraction patterns of selected Smi1xThxPOas solid solutions as well as the Sm- and Tb-
endmember (x = 0 and 1, respectively). Characteristic reflections to distinguish monazite (green) and xenotime (red) are
marked in selected powder patterns.

Table 1 Phase occurrence in sintered (1600°C) Sm1.,TbsPO4 solid solutions (powder samples): Main phase (€ ), minor phase (<) or
traces < 1.5 wt% (¢).

X 0.0 0.2 0.35 0.5 0.65 0.7 0.75 0.8 1.0
Monazite ® @® @® @® ® ® ® @® -
Xenotime - - - - ¢ ¢ ¢ @® @
Anhydrite - - - - - - - & &

The three (Sm,Tb)PO4s-phases coexisting in the sintered Smq,TbosPOspowder can be distinguished also in SEM
micrographs due to their distinct morphologies (fig. 3a), whereas in the corresponding pellets only two
coexisting phosphate phases, namely monazite and xenotime, occur (fig. 3b). The EDS analyses revealed that,
within the error of the applied analytical method, both the monazite and xenotime phase have an identical
chemical composition of stoichiometric Smo2TbosPOa.

Due to the coincidence of the main diffraction maxima of xenotime and the (Sm,Tb)-phosphate with anhydrite
structure, the structural refinement for the latter phase was limited to the lattice parameters. The detailed
results of the Rietveld refinements are compiled in tables S1 and S2 in the supporting information. The data
for the endmembers, i.e., SmMPO,4 (monazite) and TbPO, (xenotime) are in good agreement with published
structural data (cf. [28,30]).



Fig. 3 a) SEM micrograph (BSE detector) of a sintered Smg>ThosPO4 powder; X = xenomorphic xenotime grain showing twinning, M =
roundish monazite grains, A = phosphate in anhydrite structure showing a blocky habitus. b) SEM micrograph (BSE detector) of a
sintered Smo ,TbogPO4 pellet; Xenotime (X) occurs as large grains (20-60 mm) exhibiting polysynthetic twinning, while monazite (M) is
aggregated in fine-grained (2-5 um) regions.

The lattice parameters of the (Sm,Tb)POs-monazites depend linearly on composition and decrease with
increasing Tbh-content, while the monoclinic angle 8 increases (fig. 4). This behaviour is qualitatively expected
due to the smaller ionic radius of Tb3* (1.095 A; CN = 9) compared to Sm3* (1.132 A; CN = 9) (cf. [40]). The linear
trends in the lattice parameters following Vegard’s law confirm the formation of monazite-type solid solutions
in the Sm;ThsPOs-system up to x = 0.8. The average Ln-O bond length in the monazite-type solid solutions
decreases with increasing Th-content, from 2.493 A (SmPO,) to 2.467 A (Smo.2sTho.75P04); the Ln-O bond length
value obtained for the Smo2ThosPOs-monazite (2.492 A) is questionable, due to difficulties with the Rietveld
refinement caused by the presence of the anhydrite-type phase using the available laboratory XRD powder
patterns [32]. Generally, the Ln-O bond length is shorter than the sum of the average ionic radii (2.512 A for
Sm-0 and 2.475 A for Tb-O, CN = 9) indicating some covalent bonding. As expected, the average Ln-O bond
length for the eightfold coordinated Ln-ions in the xenotime solid solutions are significantly shorter (cf. [30]),
with the shortest bond length in the ToPO4 endmember (2.35 A). The P-O bond lengths in the monazite solid

solutions is rather constant (1.56 + 0.01 A), which is in good agreement with the P-O distance of an ideal PO,
tetrahedron (1.55 A).

6.90 286
6.85 M 104.05 - 285
6.80 i ]
~ 675 ~ o 284
9D 6.70 .\.\.\._“-. % 104.00 = 2834
g665] a £ o
T 6.60 = - E 2821
(1] . i = 4
T 6.40 8 103.95 S g1 ]
[ @ = J
o i) [
':E c 3(:-'“ ﬁ Q 280
1] ]
6.35 - 103.90 -
- - 279 1
278 1
630 T T T T T 10385 T T T T T N T T T T T T T T
00 02 04 06 08 00 02 04 06 08 00 02 04 06 08
x (Th) x (Th) x (Tb)

Fig. 4: Powder XRD results for Sm1_,Th,PO, monazite phases as a function of x (Tb): Lattice parameters a, b, c (left) and £ (middle) as
well as the unit cell volume (right). The error bars are in the size of the symbol.



Structural short range order

Complementary to the XRD investigations, vibrational spectroscopy (i.e., IR and Raman) was applied to address
the short range order in the system (Sm,Tb)PO,. Figure 5 (left) depicts the IR spectra of the Sm;_,TbsPO4
samples, focussing on the wavenumber range that is influenced by PO, modes of monazite and xenotime. In
the IR spectra, the two polymorphs monazite and xenotime are evidenced, whereas no anhydrite type Ln-
phosphate was observed at x > 0.8. Representative spectra for a monazite-type structure were obtained for
the monazite solid solutions with x < 0.75, showing all IR active vibrations related to the stretching and bending
of the PO4 group of monatzite (cf. [69,70]). A broad band between 1104 and 1003 cm™ and a narrower, sharper
band at 962 to 966 cm™ can be assigned to antisymmetric (vs) and symmetric (v1) stretching modes,
respectively. The antisymmetric bending modes (v4) are located between 631 and 540 cm™, while the precise
position of the symmetric bending mode (v,) (~490 cm™), occurring at the shoulder of vq, is difficult to
ascertain. The TbPO, endmember shows a spectrum typical for xenotime-type structures, lacking the modes
related to symmetric vibrations, due to its higher symmetry (cf. [69,71]). For the sample with the nominal
composition x = 0.8, containing approximately equal amounts of monazite and xenotime, a mixed spectrum
was obtained with undetectable v; and v, modes.

Within the Sm-Tb-monatzite solid solution series, the position of the IR modes shifts to higher wavenumbers
with increasing Th-contents (cf. figure S1 in the supporting material) due to the decrease in the length of the
Ln-0 bonds and the resulting lattice contraction. The split-up of the va mode and partly its intensity decreases
with an increasing content of the smaller Tb-ions, indicating a concomitant decrease in the distortion of the
PO,-tetrahedra in the monazite structure [32,72].
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Fig. 5 Vibrational spectra of Sm1-xTbxPOa: IR spectra (left) and Raman spectra (right).

The Raman spectra are depicted in figure 5 (right). Spectra characteristic for monazite- and xenotime-type
structures were observed for x < 0.75 and x = 1, respectively. Both phases were observed for x = 0.8 resulting
in a mixed spectrum. According to factor group analysis, 36 Raman active modes are allowed for monazite-
type structures, however not all could be identified unambiguously. Especially the modes related to the



bending and stretching of the phosphate group are clearly evident in the spectra. For the monazite-type solid
solutions, the vi, v,, vs and v, vibrations were observed in the range from 981 to 988 cm™ (symmetrical
stretching mode), 473 to 475 cm™ (symmetrical bending mode), 1065 to 1070 cm™ (antisymmetrical stretching
mode) and 628 to 631 cm™ (antisymmetrical bending mode), respectively. In the pure TbPO4 xenotime not all
17 expected Raman modes were observed, however all nine expected belonging to the normal modes of the
PO, tetrahedra.

In figure 6, the Raman shifts of the v; to va modes of the Sm14ThxPO4 samples are plotted vs. the mole fraction
of Tb. In addition to the previously mentioned xenotime phase at x = 1, also data for TbPO, in monazite
structure from another synthesis [32] is given (cf. fig. 6 open symbols). For x < 0.8 the four modes v; to v4 show
a linear increase of the wavenumbers with increasing Tb content, confirming the formation of monazite-type
(Sb,Tb)PO4 solid solutions. Although this blue shift was already reported previously for monazite solid solutions
(e.g. [39,73-75]), its origin is still debated. Begun et al. [76] and Hobart et al. [77] proposed the compression
of the POs-tetrahedron, resulting in shorter P-O distances and a denser packing of the polyhedra as a cause
for the higher vibration frequencies. Contrarily, Podor et al. [78] and Santos et al. [79] attributed the blue shift
to the lattice contraction resulting from decreasing Ln-O distances, while the phosphate tetrahedron is not
compressed or further distorted. The structural data obtained by XRD indicate that the P-O distances in the
(Sb,Tb)-monazites remain constant, while the average Ln-O bond length decreases with increasing Tb-content.
Therefore, it is likely that the blue shift observed here can be attributed to the progressive lattice contraction
originating from the increasing content of a smaller Ln-cation (here Tb) in the monazite structure, as suggested
also by Hirsch et al. [39] and Neumeier et al. [75] for Lai«LnPOs-monazites (Ln = Pr, Gd, Eu).

With the change from the monazite structure to the xenotime structure at x > 0.8, a significant jump in the
wavenumbers of the main modes of the vy, v, and v, vibrations is observed. In contrast, the wavenumber of
the Biz mode of the antisymmetric stretching vibration vs of xenotime is significantly lower compared to
monazite. However, compared to the Bi-mode of the vs-vibration of monazite (cf. fig. 6, grey symbols), the
wavenumber of the vs-vibration of xenotime is again higher (cf. [76]). These higher frequencies of the bending
and stretching vibrations in the PO4-groups can be attributed to the closer restrictions imposed on the
(undistorted) POa-tetrahedra in the tetragonal xenotime structure and the stronger bonding forces in the
eightfold coordinated LnOs polyhedra, compared to the LnOg polyhedra in monazite [32]. This effect seems to
affect in particular the frequencies of the symmetrical and antisymmetrical bending vibrations v, and vs.



x (Tb) x (Tb)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 1

996 1 1 1 1 1 1 1 1 1 1
] L 484
994 Vi ¢ | V2 3 ¢ |
"= 9924 L [482 ¢
[&] E [&]
~ 990 - 480 <
S 988 L 478 <
c 1 [ c
© 986 476 ©
S e T
S 984+ 474 v
982 - I
] L 472
: ’
1070 - Vi’//./.-—l-r”’n V4 ® - 650
g 1065-_ | 645 'g
= 1060 - =
= 1055 - 640 =
2] ] | )
é 1050 1 . . 635 é
§ 1045+ - @
1040 ] ./_/./-/"'h/n L 630 X
1035 - I
1 T T 1 T 1 1 1 1 1 1 1 625

———
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x (Tb) x (Tb)

Fig. 6 Raman-peak shift behaviour of the normal modes 11 to 14 as a function of the Th-content (X) in Sm1-4ThxPO4 for different
phases: monazite (black/grey squares), xenotime (red diamonds) and Th-monazite for comparison (open symbols; [32]; see text for
more detailed information).

0.65

2 \/\/\/\/\’w 0.70

0.80

Fourier transform magnitude
o

1.00

4 5 6 7 8
R/A
Fig. 7 Sm-L3 EXAFS spectra of the Sm1.4TbxPO4 solid solutions up to x = 0.8, compared to the Th-L; edge spectrum for x = 1.00. Black
lines are the experimental spectra, red lines their reconstruction with two principal components. The large figure gives the k3-weighted

Fourier transform magnitudes, the insert the k3-weighted chi-spectra. The position of the major backscattering contributions from O,
P and lanthanide shells are given by blue dashed lines.



EXAFS was carried out to evaluate the local structure of the Smi,ThsPO4 solid-solutions between the Sm
endmember with monazite and the Tb endmember with xenotime structure. Figure 7 shows from top to
bottom the EXAFS spectra of the pure Sm-monazite endmember, of the Tb-doped Sm-phosphate samples
sorted along increasing Tb atom-percent, and finally of the pure Th-xenotime endmember.

Up to x =0.75, the spectra of the Sm1.,Tb,PO4 series are almost identical to the pure Sm monazite endmember.
For x = 0.8, however, the spectrum has already many features of the xenotime endmember shown on the
bottom. A principal component analysis using the ITFA analysis software package was performed to identify
the number of statistically significant components in all spectra [80,81]. Both the Malinowski indicator
calculated by ITFA as well as the good reproduction of the experimental spectra by two components as shown
in figure 7 suggest that the local structure of the solid solutions consists of only two main structural motifs, a
Sm-monazite and a Tb-xenotime motif. Assuming that the samples at x = 0 and x = 1 represent the pure
monazite and xenotime endmember structures, their fractions in the solid solution series were determined by
the iterative target test transformation module of ITFA (see table 2). In agreement with the visual observation,
the spectra up to x = 0.75 are almost pure monazite-type, while the sample at x = 0.8 consists of the monazite
and xenotime endmembers in equal amounts in accordance with the XRD data. Note that the ancillary (<10 %)
anhydrite phase detected by XRD does not show up in the EXAFS as a separate phase, most likely because of
its similar short-range structure.

Table 2. Mol fraction x of Sm;.,Tb,POs monazite and xenotime determined by ITFA; data (wt%) from Rietveld refinement of XRD
patterns shown in brackets for comparison.

X Monazite Xenotime

0.0 1.00 (100) 0.00 (0)

0.35 0.99 (100) 0.01 (0)

0.5 0.96 (100) 0.04 (0)

0.65 0.96 (99.4+0.1) 0.04 (0.6%0.1)
0.7 0.92 (98.8+0.1) 0.08 (1.2+0.1)
0.75 0.93 (98.7+0.1) 0.07 (1.3£0.1)
0.8 0.44 (45.7+0.3) 0.56 (50.3+0.3)
1.0 0.00 (0) 1.00(91.1+0.3)

Table 3. EXAFS shell fit results of the Sm-monazite and the Th-xenotime endmembers.

Sample Path CN R/A o/ A AEo /[ eV S5 Jres | %
SmPO, Sm-0 9 2.44 0.0103 10.9 0.90 11.2
Sm-P 2 3.24 0.0142
Sm-P 5 3.68 0.0120
Sm-Sm 3 3.98 0.0044
Sm-Sm 3 4.19 0.0030
TbPO, Tb-0 8 2.37 0.0050 14.3 0.90 8.6
Tb-P 2 3.06 0.0027
Tb-P 4 3.79 0.0080
Tb-Tb 4 3.79 0.0056
MS 8 3.85 0.0050

CN: coordination number, R: radial distance, o%: Debye-Waller term, AEo: phase shift, S%: amplitude reduction factor, yres: residual
error, MS: multiple scattering path.

Table 3 gives the fit results for the local structures of these two endmembers. With space group P 12:/n1 (14),
the monazite structure shows poor radial distribution ordering of the atoms around the cation centres.



In SmPO, the coordination shell of nine oxygen atoms has Sm-O distances (Rsm-0) between 2.39 and 2.77 A,
two P atoms from phosphate units sharing edges with the SmOs polyhedra have distances between 3.13 and
3.25 A, five P atoms from corner-sharing phosphate units have distances varying between 3.45 and 3.73 A,
followed by three Sm neighbours from 4.02 to 4.06 A and another three Sm neighbours from 4.23 to 4.25 A.
Since the distal resolution of EXAFS is limited by m/(2-Ay), shells have to be separated by at least 0.21 A given
the limited k-range available (2.0 to 9.5 A). Therefore, the different individual interatomic distances were
grouped into shells for EXAFS fitting according to the scheme outlined above. The fitted distances shown in
table 3 are in good agreement with published Sm monazite structure data [30].

Radial distances in the tetragonal xenotime structure are much more uniform, hence only for the Tb-O
coordination shell two different distances had to be combined into one shell, while all further backscattering
shells could be fitted based on the crystallographic data. The shorter Th-P distances of 3.06 A correspond to
the edge-sharing phosphate groups and the longer Tb-P distances at 3.79 A to the corner-sharing phosphate
groups. The Tb-Tb distances at this latter distance result from edge-sharing TbOs-polyhedra. These fitted radial
distances of the short-range structure are in good agreement with the long-range monazite structure (table 3)
[30].

Discussion of the structural analyses:

Powder XRD, Raman as well as IR spectroscopy show a gradual incorporation of Tb into the Sm-monazite
crystal structure up to x = 0.8. However, at x = 0.8 a xenotime phase coexists with the monazite phase in about
equal amount. For higher Tb content, the xenotime phase replaces the monazite phase with regard to the
chosen compositional steps. In contrast to XRD and the vibrational spectroscopy methods, EXAFS is able to
reveal differences in the Ln-O bond lengths in the different compositions. An increasing tension going along
with the Sm substitution by Tb occurs due to shorter Tb-O bond lengths and finally leads to the preferential
formation of the xenotime structure.

Moreover, in compositions with x 2 0.8 a minor phase with anhydrite structure is observed, coexisting with
the xenotime phase. Ln-orthophosphates with anhydrite structure were first described by Hay et al. [46], who
observed GdosDyosPO. and GdoaDyosPO4 in anhydrite structure as a result of a phase transformation from a
xenotime-type phase during ball milling. Furthermore, a transformation from a xenotime-type phase into a
polymorph with anhydrite-type structure was observed in TbPO4, Gdo3Tho7P04, and Gdo 4DyosPO4 as effect of
grinding or polishing pellet samples [42]. Tschauner et al. [82] published the first refined crystal structure for
a rare-earth orthophosphate in anhydrite structure using single crystal XRD data suggesting the space group
C mem.

Hay et al. [42,46,47] explained the reversible transformation of xenotime-type Ln-orthophosphates into an
anhydrite-type phase as a consequence of high shear stress, occurring at relatively low pressures (<200 MPa).
In general, the xenotime to anhydrite transformation is favoured with decreasing rg/ro and thus at low
pressures [42]. Hay et al. [42] as well as Tschauner et al. [82] observed the transformation path xenotime —
anhydrite — monazite with increasing pressure. However, Tschauner et al. [82] pointed out a deviation from
the typical trend of equal polyhedral compression as described in the Bastide diagram. As this is not completely
consistent with the typical trend of equal polyhedral compression [82] as described in the Bastide diagram,
Hay et al. [42] expanded the stability field of the anhydrite structure of LnPO4 in a modified Bastide diagram
(see fig. 1). Moreover, the LnPO4 polymorphs with the anhydrite structure were found to be stable up to
sintering temperatures of 1400 °C [46], but did not occur at sintering temperatures as high as used within the
present work (1600 °C). The occurrence of the Smi.,TbyPO4 in anhydrite structure at x > 0.8 in powdered
samples, and its absence in the unpolished pellet samples sintered at 1600 °C in the current study, is thus



thought to be the consequence of a partial transformation of the xenotime-type phase due to the shear stress
inflicted during sample grinding.

High-pressure experiments
High-pressure-synchrotron XRD

High-pressure XRD experiments were performed in order to investigate the structural response of the
endmembers SmPO; (monazite-type) and TbPO, (xenotime-type), as well as selected solid solution
compositions, namely SmgsThosPOs (monazite) and Smg,ThosPOs (monazite- + xenotime-type). XRD
measurements were collected as a function of increasing and decreasing pressure and the data are presented
in figure 8. Figure 9 shows the unit cell parameters a, b, and c as function of increasing pressure for all sample
compositions studied.

In general, the two phases monazite and xenotime respond differently to elevated pressures. While monazite
remains stable at high pressures, the xenotime phase undergoes a phase transformation into the monazite
structure. In the following the high-pressure behaviour analysed by in-situ XRD measurements is described in
detail for all four investigated compositions.

High-pressure XRD measurements on SmPO, monazite were performed up to a maximum pressure of 41 GPa
(fig. 8a). Significant peak broadening was observed as the pressure was increased; however, no phase
transformation from the starting monazite-type phase was evident. The broadening of diffraction maxima at
higher pressures is likely due to an increase in heterogeneous microstrain caused by the quasi-hydrostatic
pressure environment. During pressure release, the width of the diffraction maxima is decreasing again. The
unit cell parameters a, b and ¢ showed a linear decrease with increasing pressure due to the compression of
the monazite structure (fig. 9a). Similarly, significant peak broadening without a structural transformation was
observed with increasing pressure for SmosThosPO4 up to 33 GPa (fig. 8b). Also here, the unit cell parameters
decrease steadily with an increase of pressure, however showing slight deviations from linearity (fig. 9b).

The Smo.2ThosPOs sample consists of a mixture of monazite- and xenotime-type polymorphs at ambient
conditions (fig. 8c). At pressures of 9.6 GPa the intensities of the xenotime reflections decrease compared to
that of the monazite-type phase. At pressures of and above 13.6 GPa, only the monazite-type phase is present
and no other transformation was observed up to the maximum pressure applied in this experimental run (~20
GPa). Both phases reveal a linear decrease of their lattice parameters with increasing pressure (fig. 9¢). The
XRD pattern of the quenched sample shows again both phases, however the amount of monazite had
increased compared to the initial sample. The TbPOs-endmember, which exhibits the xenotime structure at
ambient conditions, underwent an analogous phase transformation into the monazite structure starting at 9.8
GPa with full completion at <16.8 GPa; no further phase transition occurred up to a pressure of ~21 GPa
(fig. 8d, 9d). Up to a pressure of about 11.5 GPa, the xenotime structure is compressed linearly (cf. fig. 9d).
With the transformation into the monazite structure, a distinct change in the ¢ unit cell parameter occurs,
corresponding to the larger c-axis in monazites compared to (isochemical) xenotimes. For example, at ambient
pressure the ¢ unit cell parameter of the (metastable) TbPOs-monazite is significantly larger (6.317 A)
compared to the corresponding unit cell parameter of TbPOs-xenotime (6.073 A) (cf. [32]). Once the
transformation to monazite is completed for TbPQ,, the unit-cell parameters decrease linearly under further
compression.
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however the amount of monazite is too small to receive reliable lattice parameters. Moreover, xenotime is still present at 13.75 GPa,
however no reliable lattice parameters could be obtained.

High-pressure Raman spectroscopy

To gain insights into pressure effects on the short-range order in (Sm,Tb)PO, solid solutions, high-pressure
Raman experiments were performed using three specific compositions in the Sm1.,TbPO, series: SmosTbosPO4
(monazite type), Smo2ThosPOs (monazite- + xenotime-type), and pure TbPO. (xenotime-type). Again a
different pressure dependent behaviour of monazite and xenotime was observed. Figure 10a shows selected

Raman spectra of SmosThosPOa4, which exhibits the monazite structure at ambient conditions, up to a pressure
of 20.5 GPa.

As a function of increasing pressure all observed Raman modes shift to higher wavenumbers due to the
compression of the crystal structure (cf. [51]). However, no pressure-induced phase transformation was
observed and the spectrum of the recovered sample after pressure release (top in fig. 10a) is similar to the
one before pressurisation. The pressure-induced shifts of the Raman modes depend linearly on the pressure
and are fully reversible (fig. 11a).
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Fig. 11 Evolution of selected Raman band positions of a) Smg sTho sPO4 (monazite main bands of normal modes), b) Smg 2Tho gPO4 (pos.
1, xenotime-type phase at ambient pressure), and c) TbPO, (xenotime) with increasing (black circle = monazite, red diamond =
xenotime) and decreasing pressure (green circle = monazite, yellow diamond = xenotime). The error bars are similar to the size of the
symbols.

For the Smo2ThbosPO4 sample comprising the two co-existing monazite- and xenotime-type phases at ambient
pressure, it was possible to obtain spectra from single-phase Smg;ThosPOs-xenotime in the diamond anvil cell
(pos. 1, fig. 10b). Spectra recorded at a different sample location were indicative for a phase mixture (pos. 2,
spectra shown in figure S2 the supporting information).

On compression, initially all but one Raman bands are shifting to higher wavenumbers. The exception is the
B, mode, which corresponds to a symmetric bending vibration v, that shifts to lower wavenumbers and
increasingly overlaps with the adjacent (rotational) E; mode. A further pressure increase above 3.2 GPa
induces more substantial changes in the Raman spectra. Additional Raman bands appear that can be
attributed to the transformation into the monazite high-pressure polymorph. The onset of the phase
transformation is shown by the emergence of a vi-vibration at about 1000 cm™, which becomes more intense
with increasing pressure (cf. fig. 11b). The Raman spectra indicate that at pressures of 28 GPa the phase
transformation into the monazite structure is complete. As expected, Smo,ThosPOs-monazite remains stable
on further pressure increase up to the maximum pressure achieved in the experiment (~19 GPa). During and
after the release of pressure the monazite phase does not transform back into the xenotime-type polymorph
(cf. fig. 10 and 11b), which is not consistent with the results of the high-pressure XRD measurements. The
same behaviour was also observed in the spectra obtained from the phase mixture (pos. 2, see fig. S2 in the
supporting material), where the bands associated with the xenotime-type structure vanish at about 7.5 GPa
due to the phase transformation, while the monazite bands are still present up to 19 GPa, and where after
pressure release, only the bands of a monazite phase can be observed.

Selected high-pressure Raman spectra of the endmember TbPO, are depicted in figure 10c. The pressure-
induced changes in band positions on increasing and decreasing pressures are plotted in figure 11c.

The spectrum at ambient conditions is characteristic for xenotime-type compounds [76,83]. Similar trends as
for Sm1.4TbxPO4 xenotime are observed for TbPO,4 regarding the initial shift of Raman modes on pressure
increase. Apart from the B,z mode, all bands shift to higher frequencies with increasing pressure, as already
seen for Smg,ThosPOs xenotime. At a pressure of 9.8 GPa monazite is formed and the increase of
wavenumbers of the associated Raman modes proceeds with further pressure increase. The modes
characteristic for xenotime-type phases can be observed up to a pressure of about 14 GPa. The high pressure
monazite-type phase is stable up to the maximum pressure reached in this experiment (approx. 18 GPa). On



pressure release, the Raman spectra indicate that the high pressure Th-monazite phase transforms back into
the polymorph with xenotime structure in the pressure interval from ~14 to 10 GPa (cf. fig. 10 and 11c).

Discussion of the high-pressure experiments

The high-pressure experiments on monazite phases, investigated on the endmember SmPO, and the solid
solution SmosThosPO4, show that the structure of monazite is compressed and decompressed gradually.
However, a phase transition does not occur up to 35 to 40 GPa; thus Sm-monazite exhibits a high stability
under increasing pressure. This agrees well with other high-pressure studies on monazite endmembers with
Ln cations larger than La and smaller than Tb, where phase stability was reported for up to 30 GPa [51,52].

The solid solution of Smg;Tho sPO4 xenotime is transformed into the monazite structure at elevated pressures.
The beginning of this phase transformation could be observed in Raman spectra already at lower pressures
compared to the high-pressure XRD experiments. The powder sample measured by XRD consisted of a ~50/50
monazite-xenotime-mixture. Therefore, the observation of the gradual decrease of the xenotime phase going
along with an increase in monazite phase, respectively, is impeded. However, the complete transformation
from xenotime into monazite is detectable in the high-pressure XRD powder patterns. After the pressure
release, again both phases are observed in the XRD patterns with an increased amount of the monazite phase.
Therefore, the high-pressure monazite phase partly retransformed to xenotime after pressure release and
partly remained in the monazite structure, due to a quenching of the sample. In contrast to that, the Raman
spectrum after pressure release revealed only the monazite phase. However, small amounts of xenotime
possibly stayed undetected due to the poor quality of the Raman spectrum of the recovered sample.

For the endmember TbPO,4 xenotime pressure-induced phase transition into monazite was observed. First
evidence of a high-pressure monazite phase is given at 9.8 GPa with both techniques. XRD patterns as well as
Raman spectra reveal the retransformation into the xenotime structure. However, a small amount of the high-
pressure monazite phase was still metastably existing after pressure release in the XRD measurements due to
a quenching of the sample. In general, the transformation is reversible.

In comparison to the xenotime-type solid solution Smg>TbosPO4, the endmember TbPO, comprises a lower
disorder or distortion, respectively. In general, the different ionic radii of Sm** and Tb3* cause tensions in the
regularly coordinated LnOg polyhedra of the xenotime structure. Therefore, the irregular coordinated LnQq in
the monazite structure is favoured. The Sm content lowers the activation energy for the phase transition from
xenotime to monazite which can be seen in the lower pressure required for the phase transformation in
Smo.2ThosPOs compared to TbPO..

TbPO, xenotime has been previously studied under high pressure [43-45] and a phase transformation to the
monazite structure was observed in the same pressure range as in the present study. A co-existence of both
phases was described up to 10 GPa [43,44] and up to 14 GPa [45], respectively and the onset of the
transformation agrees perfectly with the present data. The opposing shift and softening of the B,; mode was
also observed [43-45] and ascribed to the beginning of the phase transition. However, the observed behaviour
of the Th-endmember under pressure release is significantly different to previous experiments. While the
phase transformation of Th-xenotime to Th-monazite has been thought to be irreversible so far [43,44] or the
observations are inconsistent [45], this study clearly demonstrates the reversibility of the pressure-induced
transformation of xenotime into monazite.

This is even more remarkable as the number of data points obtained during decompression of ToPO, within
this work indicates a significant faster pressure release compared to the experiments of Tatsi et al. [44]. Hence,



a quenching of the high pressure monazite phase would have been more likely in the present study and it
partly occurred. Hay et al. [48] also observed a back transformation from monazite to xenotime in TEM
investigations of a TbPO, sample that had been transformed from xenotime to monazite by nano-indentation
several months before. While Lacomba-Perales et al. [52] observed a reversible pressure-induced xenotime-
monazite transition for ErPO4 and YPQ,, Errandonea et al. [84] and Yuan et al. [85] found an irreversible
transformation for PrVO, and CeVO,4 which also crystallize in the zircon structure. Lacomba-Perales et al. [52]
suggested the observed reversibility of the transformation might be related to the effect of the used pressure
transmitting medium and the hydrostatic conditions. However, the pressure transmitting media in the present
study and in the study of [45] was the same and can thus not explain the different results.

Conclusions

The solid solution series of Sm1.,TbPO4 (x = 0-1) was synthesized and characterized in this study. The monazite
structure is the dominating phase up to x = 0.75. At x = 0.8 xenotime and monazite both occur as main phases
at about equal amounts. The endmember TbPO, clearly exhibits xenotime as the main phase. Additionally, a
phase with anhydrite structure could be ascertained in compositions with x > 0.8 as a consequence of a phase
transition from xenotime induced by mechanical stress at low pressures. The detailed phase analyses of the
monazite solid solutions (x < 0.8) confirmed the formation of regular solid solutions and imply that no
preferential incorporation of dopants on host cation sites with similarly sized cationic radii occurs. EXAFS
analysis reveals an increasing distortion in the solid solution due to different Ln-O bond lengths.

Moreover, the behaviour under pressure of four selected compositions showing monazite (x = 0 and 0.5),
xenotime (x = 1.0) or a mixture of both phases (x = 0.8) was investigated by in situ high-pressure XRD as well
as Raman experiments up to ~40 GPa. High-pressure experiments of the monazite phases SmPQ, and the solid
solutions SmosTbosPO4 and Smo2ThosPO4s show a steady compression of the crystal lattice with increasing
pressure. Therefore, the monazite crystal structure remains stable at elevated pressures. In contrast, xenotime
phases with compositions of Smo,TbosPO4 and TbPO, reveal a phase transition into the monazite structure at
about 3.2 and 9.8 GPa, respectively. This study demonstrates for (Sm,Tb)PQ4, that the pressure-induced
xenotime-monazite phase transformation is reversible.

These results contribute to examinations on structural changes in Ln-orthophosphates that cannot only occur
at high pressures, but can also be induced by local tensions and stress within the crystal structure.
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Table S1: Crystal structure information obtained from Rietveld refinements for Sm,.,Th,PO. monazite (M)-type phases.

X 0 0.2 0.35 0.5 0.65 0.7 0.75 0.8

r/A 1.132 1.125 1.119 1.114 1.108 1.106 1.104 1.102

Phase M M M M M M M M

a/h 6.69035(4) 6.67673(4) 6.66670(4) 6.65707(6) 6.64616(3) 6.64290(3) 6.63933(3) 6.63707(14)

b/A 6.89207(4) 6.87610(4) 6.86391(4) 6.85316(6) 6.83970(4) 6.83609(3) 6.83185(3) 6.82891(14)

c/A 6.37219(4) 6.36197(4) 6.35453(3) 6.34756(5) 6.33876(3) 6.33558(3) 6.33268(3) 6.33282(13)

8/° 103.8632(4) 103.9084(4) 103.9455(4) 103.9784(6) 104.0210(4) 104.0310(3) 104.0431(3) 104.0595(17)

v/A: 285.2647(3) 283.5141(3) 282.2102(3) 281.0123(41)  279.5609(3) 279.1241(2) 278.6586(2) 278.4302(101)

p/ g/em? 5.71237(6) 5.78777(6) 5.84474(5) 5.90001(9) 5.96116(5) 5.98068(4) 6.00087(4) 6.01601(22)

wt% 100 100 100 100 99.374(105) 98.762(89) 98.747(87) 45.737(297)

Ln X 0.28175(15) 0.28143(16) 0.28144(14) 0.28165(17) 0.28146(13) 0.28149(11) 0.28161(11) 0.28144(58)
y 0.15682(16) 0.15669(18) 0.15628(15) 0.15516(19) 0.15474(14) 0.15485(12) 0.15466(12) 0.15738(58)
z 0.09823(17) 0.09764(18) 0.09768(16) 0.09696(20) 0.09695(16) 0.0968(13) 0.09682(13) 0.09795(68)
B/ A? 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28

) X 0.30303(49) 0.30335(52) 0.30589(45) 0.30565(53) 0.30604(42) 0.30368(35) 0.30314(36) 0.30368(145)
y 0.16041(50) 0.16051(53) 0.16238(45) 0.16127(56) 0.16254(43) 0.16347(37) 0.16150(36) 0.14876(166)
z 0.61252(48) 0.61036(51) 0.60961(44) 0.61158(54) 0.61068(43) 0.61318(35) 0.61117(35) 0.61553(156)
B/ A2 0.32 0.32 0.32 0.32 0.32 0.32 0.32 0.32

o1 X 0.24939(129)  0.24298(142)  0.24611(119)  0.24892(145)  0.24823(112)  0.24987(90) 0.24815(90) 0.23291(454)
y 0.00196(85) 0.00068(89) -0.00125(75) 0.00092(94) -0.00220(72) 0.00082(61) 0.00024(60) -0.00227(236)
z 0.43236(104)  0.43228(111)  0.43371(97) 0.43308(117)  0.43843(92) 0.43690(76) 0.43261(75) 0.43739(275)

02 X 0.38771(89) 0.37999(95) 0.38054(83) 0.38742(101)  0.38290(80) 0.38327(59) 0.38418(65) 0.37535(258)
y 0.33419(87) 0.33572(91) 0.34037(78) 0.33695(98) 0.34034(76) 0.33731(59) 0.33874(63) 0.31366(235)
z 0.50165(109)  0.49757(115)  0.49782(99) 0.50045(121)  0.50050(94) 0.49996(68) 0.50091(76) 0.48384(267)

03 X 0.47752(97) 0.48026(101)  0.47645(91) 0.48054(109)  0.47880(85) 0.47730(62) 0.47361(62) 0.49353(252)
y 0.10836(108)  0.10933(115)  0.10147(97) 0.10834(123)  0.10829(97) 0.11063(73) 0.10109(70) 0.09840(337)
z 0.81477(91) 0.81124(96) 0.81389(83) 0.81345(102)  0.81405(79) 0.81523(60) 0.81378(59) 0.79654(279)

04 X 0.12048(71) 0.12033(77) 0.12162(67) 0.12090(83) 0.12070(64) 0.12066(55) 0.12149(54) 0.11182(204)
y 0.20997(120)  0.20684(128)  0.20911(110)  0.20943(134)  0.20958(104)  0.21285(83) 0.20939(84) 0.18537(434)
z 0.71353(100)  0.71427(104)  0.71041(91) 0.71358(111)  0.71196(87) 0.71784(73) 0.71754(71) 0.70787(277)

0i B/ A? 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62

Rexp 1.136 1.100 1.074 1.035 0.982 0.892 0.869 0.983

Rup 2.147 2.232 2.001 2.310 1.872 1.649 1.683 3.535

GoF 1.891 2.028 1.864 2.233 1.906 1.848 1.936 3.596




Table S2: Crystal structure information obtained from Rietveld refinements for Sm;.TbPO4 xenotime (X)- and anhydrite (A)-type phases.

X 0.8 1.0 0.8 1.0
r/A 1.048 1.040 1.048 1.040
Phase X X A A
alA 6.95972(10) 6.94271(7) 6.9555(9) 6.9462(5)
b/A 6.9580(10) 6.9393(6)
c/A 6.08976(13) 6.07323(7) 6.1294(6) 6.1423(4)
v/ A3 297.641(368) 296.641(176) 296.151(163) 294.9746(106) 292.7368(66) 296.6357(63) 296.0669(37)
p/g/cm? 5.67859(20) 5.76085(13) 5.64688(12) 5.6961(7)
wt% 50.268(305) 91.057(302) 3.995(291) 8.943(302)
Ln X 0 0

y 0.75 0.75

z 0.125 0.125

B/ A? 0.35 0.35
P X 0 0

y 0.25 0.25

z 0.375 0.375

B/ A? 0.43 0.43
o1 X 0 0

y 0.07650(145) 0.07555(62)

z 0.22056(180) 0.21163(82)

B/ A? 0.6 0.6
Rexp 0.983 0.806 0.983 0.806
Rwp 3.535 4.485 3.535 4.485
GoF 3.596 5.567 3.596 5.567




Table S3: Summary of pressure induced phase transitions on lanthanide phosphates and LaVOa.

. Structure Test method; . Phase after
Composition “ ” Characterisation method . Ref.
As synth. max. pressure decompression
TEM

(Gd,Dy)POa4; X fiber push out; Three transformations observed: X, A, M [42,46,47]
TbPO4 indentation; Low-p: X = A; A > M; assumed to be rev.

10-80 MPa and high-p: X > M

X = A;rev.
(high shear stress, low pressure)
XRD Raman
P
Pressure (GPa) PT t;eGs;:)re PT

LnPOg, X DAC; Ne 19.7-23.5(Y) X = M; rev. [52]
Ln=Y, Er 28 GPa 17.3-23.3 (Er) X > M; rev.
LaPOs M 30 GPa 26 M = B; irrev.
LnPO4 M 28, 25, 30 GPa 30
Ln =Nd, Eu, Gd
LaVO4 Nanorods X DAC; M/E-Mix 5-11 X = M;irrev. M, X [84]

12 GPa

DAC; Si-oil 12.9 M - undet.;

17.2 GPa rev.
LnPOg4 DAC; M/E-Mix 437
Ln=Y, Er, X 7.9 --- X
Ln=Tb, Tm X 15.5 9.5 (Th) X—->M; irrev. M

Structure type abbr.: M: monazite; X: xenotime; A: anhydrite; B: barite; PT: Phase transition; #These studies were performed on parts of the same TbPO, single crystal
DAC: Diamond anvil cell; M/E-Mix: Methanol/Ethanol-Mix
undet.: undetermined



Table S3 Continued: Summary of pressure induced phase transitions on lanthanide phosphates and LaVOa.

.. Structure Test method; . Phase after
Composition “ ” Characterisation method . Ref.
As synth. max. pressure decompression
XRD Raman
Pressure
P J PT PT
ressure (GPa) (GPa)
Gdo.5sTbo.sPO4 X DAC; Ne 42-58 X->A [81]
10.6 GPa 10.0-10.6 A->M
TbPO4 X DAC; Ne [45]%
16 GPa 9.9-13.8 X > M; rev. X
25 GPa 10.2-15 X > M;irrev. M, X
TbPO4 X DAC; M/E-Mix 15.5 9.5 X->M; irrev. M [44]*
GPa
SmPOs4 M DAC; Ne; M This study
41 GPa -
SmMo.s5ThosPO4 M DAC; Ne - M
33 GPa
DAC; Ne M
M 21 GPa
SmMo.2Tho.sPO4 X, M grinding X->A X, M, A
SmMo.2Tho.sPO4 X, M DAC; Ne 9.6-13.6 X > M; rev. X, M
20 GPa
DAC; Ne 3.2-8 X->M; irrev. M
X, M 19 GPa
TbPO4 X grinding X>A X, A
TbPO4 X DAC; Ne 9.8—-16.8 X > M; rev. M
21 GPa
X DAC; Ne 9.8-14 X->M; rev. X
18 GPa

Structure type abbr.: M: monazite; X: xenotime; A: anhydrite; B: barite; PT: Phase transition; “These studies were performed on parts of the same TbPO, single crystal
DAC: Diamond anvil cell; M/E-Mix: Methanol/Ethanol-Mix

undet.: undetermined
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Fig. S1 Selected IR band of Sm14ThxPO4 solid solutions with monazite structure. For comparison values for Th-monazite
are plotted with open symbols [32]. To distinguish the vibrations that have split up, increments (i) were added that count
up from low to high wavenumbers.
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Fig. S2 Pressure dependent Raman spectra of composition Smo.2Tho.sPO4 showing both existing phases monazite and
xenotime at ambient pressure. The asterix indicates a broad fluorescence line resulting from the ruby. The pressure

values are given in GPa. The spectrum of the recovered sample is shown at the top.



