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Abstract

The high-pressure behaviour of LiGdF, scheelite (14;/a, Z = 4) was studied
by measuring its angle-dispersive x-ray powder diffraction patterns as a function
of pressure and temperature in a diamond anvil cell and a large-volume Paris—
Edinburgh cell using a synchrotron radiation source. Upon compression to
about 11 GPa at room temperature, the stable structure is of the scheelite
type. At higher pressures and 7 = 298 K, new reflections occur that cannot
be explained with the fergusonite structural model previously observed for
LiYF,. Associated with this is the growth of an amorphous component. All the
transformations are largely irreversible upon decompression. Annealing of the
sample at 13.1 GPa led to a nucleation of a solid solution series Li, Gd_,F;_,
(P63/mmc, Z = 2) and traces of LiF. The new material Li,Gd;_,F3_,,
(P63/mmc, Z = 2) was recovered to ambient conditions but back-transformed
to a YFs-type phase (Pnma, Z = 4) after regrinding at room temperature for
several hours. These observations are discussed in relation to the high-pressure
high-temperature systematics of the AMXy-type compounds.

1. Introduction

Fluoride compounds of the form LiMF,, where M is a trivalent cation, have the CaWO4—tXpe
or scheelite-type structure (/4 /a, Z = 4), which is a superstructure of fluorite CaF, (Fm3m,
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Z = 4). The fluorine atoms are in a distorted simple cubic arrangement and the Li'* and
M3* cations are fourfold and eightfold coordinated by fluorines, respectively. When M is a
lanthanide atom or yttrium, these compounds are scintillators, laser hosts, and luminescence
materials [1].

Ithas recently been reported that LiYF, scheelite transforms to a fergusonite-type structure
(I12/a, Z = 4) at about 10 GPa [2]. The transition involves small distortions of the cationic
matrix and significant displacements of the anions. Like scheelite, fergusonite is an ordered
superstructure of the fluorite type. The crystal structure of an additional polymorph of LiYFy,
stable above about 17 GPa, has not been solved yet. Other crystallographic information on
the high-pressure behaviour of fluoride scheelites is not available in the literature. Molecular
dynamics simulation of pressure-induced phase transitions in LiYF, and LiYbF, has predicted
that their post-scheelite (post-fergusonite) polymorphs would be structurally related to the
LaTaOy4 type (P2,/c, Z = 4), with the Li'* and Y cations octahedrally and tenfold
coordinated to the fluorine atoms, respectively [3]. From the comparison of the total energy
differences for the BaWOy-II type (P2,/n, Z = 8), LaTaO4 type (P2, /c, Z = 4), BaMnF,
type (Cmc2, Z = 4), and NiWO, wolframite type (P2/c, Z = 2) using electronic structure
calculations, Li e al have concluded that the post-fergusonite structure of LiYF, is wolframite,
an ordered superstructure of «-PbO, (Pbcn, Z = 4), with all the cations octahedrally
coordinated to fluorines [4]. However, in the high-pressure study on CaWO;, [5], it has been
demonstrated that the transformation scheelite — wolframite, for all AMXy compounds, is
not to be expected on the basis of the high-pressure high-temperature systematics in the AX,
group of materials since the rutile-type AX, phases transform towards the fluorite type at
high pressures, with the «-PbO,-type structure as one of the possible intermediates in the
process [6, 7].

Considering all the discrepancies in the literature, one could conclude that pressure-
induced post-scheelite (or post-fergusonite) structures in oxides, fluorides, and any other
AMX,-type compounds are not really well known. Further experimental investigations to find
pressure-induced post-scheelite structures are thus warranted. This study aims to elucidate the
high-pressure behaviour of LiGdF, by measuring its angle-dispersive x-ray powder diffraction
patterns as a function of pressure and temperature using a synchrotron source.

2. Experimental details

Angle-dispersive powder x-ray diffraction patterns in a diamond anvil cell (using a
methanol:ethanol mixture as a pressure medium) were measured at room temperature on the
Swiss—Norwegian Beamlines at the European Synchrotron Radiation Facility (BM1A, ESRF,
Grenoble, France). Monochromatic radiation at 0.7100 A was used for data collection on the
image plate (MAR345). The images were integrated using the program FIT2D [§] to yield
diagrams of intensity versus 26. The ruby luminescence method [9] was used for pressure
measurements.

Angle-dispersive x-ray powder diffraction experiments (A = 0.158 16 A) at high pressures
and high temperatures were carried out using the large-volume Paris—Edinburgh facility at
the ID30 Beamline of the European Synchrotron Radiation Facility, Grenoble, France. The
sample was loaded into a hexagonal BN capsule with an 0.8 mm internal diameter. Together
with a graphite furnace, it was embedded in a boron—epoxy gasket. A multi-slit system was
employed during the experiment, which allows sample diffraction patterns to be taken with
a minimum of signal from the capsule, surrounding furnace, and B—epoxy gasket. Pressures
and temperatures were estimated from known fusion curves and an internal cross-calibration
method based on the position of diffraction peaks due to boron nitride and gold internal
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standards [10]. The maximum error in pressures was evaluated to be 0.1 GPa. The relative
errors in temperatures do not exceed 10%. Two-dimensional images were recorded using
a MAR345 image plate detector and were integrated using the program FIT2D [8] to yield
diagrams of intensity versus 26.

In all the experiments carried out for this study, wavelengths were stable over the time of
the measurements (as a whole) and were compared by rechecking the distance between the
detectors and samples (with the wavelengths and calibrated sample d-spacings fixed).

3. Results

Diffraction patterns of LiGdF, collected in a diamond anvil cell at different pressures and
room temperature (Swiss—Norwegian Beamlines, ESRF) are shown in figures 1 and 2. Upon
compression to about 11 GPa, the stable structure is of the scheelite type (14,/a, Z = 4).
At higher pressures (figure 1), new reflections occur that cannot be accounted for with the
fergusonite structure previously observed in LiYF, [5]. Associated with this is the growth of
an amorphous component as seen from the emergence of broad features in the patterns. Upon
decompression, the amorphous background is observed down to atmospheric pressure while
the remaining crystalline LiGdF, transforms back to the scheelite structure (figure 2).

Figure 3 shows the pressure dependence of the lattice parameters, unit-cell volumes, and
axial ratios for the scheelite polymorph of LiGdF, to about 11 GPa. The lattice parameters at
ambient pressure are a = 5.235(1) Ac=1 1.019(2) A,V =302.0A3%. The compression data
could be fitted by a Birch-Murnaghan equation of state, giving the zero-pressure bulk modulus
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By = 76 4 GPa, the first pressure derivative of the bulk modulus B’ = 5.01 £ 1.03, and the
unit-cell volume of scheelite at ambient pressure Vy = 302.9 + 0.3 A3. These values could be
compared with those for LiYFy [5]: By = 81+£4 GPa, B’ = 4.97+0.68, Vy, = 285.1+0.5 A3,
The c/a axial ratios are a measure of the tetragonal distortion of the fluorite superstructure,
the ideal value being equal to 2 [6, 11]. Like for LiYF, [5], the ¢/a ratios in LiGdF, scheelite
increase upon compression, indicating that the distortions in both materials are enhanced at
high pressures.

In situ high-pressure and high-temperature measurements were performed using the large-
volume Paris—Edinburgh facility at the ID30 Beamline of the European Synchrotron Radiation
Facility. The sample was compressed to about 13 GPa and annealed at different temperatures
to crystallize the amorphous phase (figure 4). Annealing at 13.1 GPa and 500 K led to a
nucleation of a new material that at higher temperatures was almost completely crystallized,
while the scheelite form of LiGdF, was a minor component. The new material was recovered to
ambient conditions but back-transformed to another phase after regrinding at room temperature
for several hours (figure 5).

The x-ray powder pattern of the sample recovered to atmospheric pressure collected
immediately after the experiment (figure 5) was indexed using the program DICVOL91 [12]
with a hexagonal unit cell: a = 3.9850(9) A, c = 7.081(2) A, V = 97.39 A3, M(20) = 37.8,
F(20) = 281.1 (0.0026, 27). The systematic absences indicated that the space group is
P63/mmc or P31c [13]. The lattice parameters agreed very well with the parameters for the
tysonite type (P63/mmc, Z = 2) [14]. Indeed, the pattern of pure GdF; [15] calculated using
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Figure 3. The pressure dependence of the lattice parameters, unit-cell volumes, and axial ratios
for the scheelite polymorph (/41 /a, Z = 4). The solid curve represents the Birch-Murnaghan
equation of state.

the structural model for tysonite [14] almost perfectly matched the observed one. On the other
hand, the pattern recorded several hours after the experiment could be approximated as that
of a mixture of the tysonite (P63/mmc, Z = 2) and YF3 (Pnma, Z = 4) [16, 17] structure
types of pure GdFs, e.g., see the (011) reflection of tysonite (figure 5).

4. Discussion

At ambient conditions, the trifluorides of rare earths from Sm to Lu crystallize in the YF;
structure (Pnma, Z = 4) with the cations ninefold coordinated to fluorines [16, 17].
Lanthanide trifluorides from La to Nd have the structure of fluocerite (P3¢1, Z = 6), in which,
depending on the interpretation of interatomic distances, lanthanides are ninefold or elevenfold
coordinated to fluorines [16, 18]. Mixed lanthanide trifluorides, such as (La, Ce, ...)F3,
are tysonites [16]. According to generalized P-T phase diagrams for transition metal
trifluorides [17, 19], one should expect the Pnma — P3cl phase transition for LnF3 (Ln:Sm—
Lu) at high pressures. The high-pressure forms of LaF3 and CeF; (Cmma, Z = 8) are distorted
modifications of hypothetical fluorite-like trifluoride [20]. At atmospheric conditions, the
tysonite or fluocerite structures allow non-stoichiometric solid solutions and composites in
the systems LiF-RF3 [21] and NaF-RF; [22] (R = rare earth element). The LiF-GdF; phase
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o temperatures; A = 0.158 16 A (ID30
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diagram has two invariant points: a eutectic at 25 mol% GdF; and 973 K as well as a peritectic
at 34 mol% GdF; and 1023 K [23]. LiGdF, (50 mol% GdF;) itself has a strong incongruent
melting behaviour.

The data presented in figures 4 and 5, in which the x-ray powder patterns of the sample
recovered to ambient conditions from high pressures and high temperatures could be well
explained with calculated diagrams assuming the tysonite or YF; structural models for pure
GdF3, provide evidence for a pressure-induced decomposition of LiGdF, scheelite. Although
our data do not give any hint on the exact chemical composition of the dissociation products,
the most probable formula of the components is the tysonite-like phase as a solid solution
LiyGd;_,Fs_5, and LiF; see the weak (111) reflection of LiF at 3.9° (figures 4 and 5).
A similar solid solution based on lanthanide trifluorides has been found in the NaF-RF;
(R = rare earth element) systems at atmospheric pressure [22]. In fact, substituting lithium
and varying fluorine occupancies in the tysonite structural model have a very weak effect on
the calculated x-ray powder diffraction intensities [15]. It is interesting to note that the x-ray
powder patterns of LiGdF, collected above 11 GPa at room temperature have broad features
that are due to an amorphous phase (figure 1). The formation of the amorphous component is
irreversible (figure 2). Thus, all our data indicate that the pressure-induced amorphization of
LiGdF, scheelite is in fact due to its chemical decomposition, the process recently found in
several other compounds under compression [24-26]. The decomposition and amorphization
processes are linked to coordination changes around the cations, and especially around the
Gd** cations, which in the tysonite-type compound Li,Gd,_,F;_, are ninefold or elevenfold
coordinated to fluorines [16, 18].
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Figure 5. Comparison of measured patterns for the recovered sample immediately after the
experiment and after 42 h (ID30 Beamline, ESRF) with calculated patterns [15] for pure GdF3
in the tysonite (P63/mmc, Z = 2, a = 3.985(1) A, ¢ = 7.081(2) A) and B-YF3 (Pnma, Z = 4,
a = 6.696(2) A, b = 6.962(2) A, ¢ = 4.342(1) A) structures; A = 0.158 16 A. The (011)
reflection in the tysonite type is marked. The arrows indicate the (111) reflection due to LiF.

Our observation that LiGdF, scheelite decomposes at high pressures is very similar to the
behaviour of some silicate zircons and monazites, both closely related to the rutile TiO, type
(P4,/mnm, Z = 2), that under compression firstly forms scheelites and then, in several cases,
dissociates to component oxides [27]. For instance, ZrSiO,4 scheelite directly decomposes
to ZrO, cotunnite (Pnam, Z = 4) and SiO; stishovite (P4,/mnm, Z = 2) with the phase
boundary between ZrSiOy4 and the ZrO, + SiO, composite having a positive Clapeyron slope.
This behaviour is in contrast with that of zircon-like sulfates and selenates stable in post-barite
(scheelite) conditions since silicate zircons could in fact be considered as double oxides, while
zircon-like sulfates and selenates are salts [28]. Work is in progress to investigate the behaviour
of sulfate and silicate phases with the aim of finding out the crystal-chemical reason for this
divergence at high pressures [28]. The results of our study on LiGdF, clearly demonstrate
that additionally to scheelite phase transformations into the BaWOy4-1I (P2,/n, Z = 8),
LaTaO4 (P2 /c, Z = 4), or BaMnF, (Cmc2,, Z = 4) types [2-5, 29], a decomposition of
fluoride scheelites has to be considered in order to establish the high-pressure high-temperature
systematics of the AMX4 type compounds. In particular, the behaviour of scheelite structured
fluorides differing in the rare earth metal as well as in their structural relationship with LiYF4
should be further investigated.
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5. Conclusions

The results of high-pressure high-temperature investigations on LiGdF, scheelite (/4;/a,
Z = 4) using synchrotron angle-dispersive x-ray powder diffraction show that above 11 GPa
it progressively decomposes into a solid solution series Li,Gd|_,F3_»,(P63/mmc, Z = 2)
and LiF.
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