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Scheelite to fergusonite phase transition in YLif at high pressures
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Yttrium lithium orthofluoride YLiF, with a tetragonal scheelite structured(/a, Z=4) has been studied
with angle-dispersive x-ray powder diffraction in a diamond anvil cell at room temperature. Upon compression
to about 10.0 GPa, the/a axial ratio increases, demonstrating that the tetragonal distortion of the fluorite
superstructure is enhanced. At 10.6 GPa, there occurs a transformation to a fergusonite strftu@ (
=4) that involves small distortions of the cation matrix and significant displacements of anions in the simple
cubic packing. There is no detectable discontinuity in the evolution of the unit cell volumes during the
14, /a—12/a transformation. Changes of the lattice parameters and axial ratios are similar to those found for
temperature-induced ferroelastic scheelite-fergusonite transitions in rare earth orthoniobates and orthotanta-
lates. A second sluggish phase transition to an as yet unidentified polymorph of &ddBrs above 17.0 GPa.
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[. INTRODUCTION tions in this compound. We have identified the high-pressure
phase present above 10 GPa as being of the fergusonite type.
Yttrium lithium tetrafluoride is a commercially used host To the best of our knowledge, the new high-pressure poly-
material for solid state lasers. YLjF isomorphous with morph of YLIiF, is the first reported fergusonite phase in
LnLiF, (Ln=Eu-Lu), has a scheelite (Caw@ype) struc-  Orthohalides. The details of the scheelite-fergusonite phase

ture (14,/a, Z=4) which is a superstructure of fluorite transition resemble those of corresponding temperature-
Cah, (Fm3m 7=2). 12 The fluorine atoms are in a dis- driven ferroelastic phase transitions in rare earth orthonio-

. . . bates and orthotantalates. We have observed a second phase
i+ +

Forted S|mple cubic arrangement and_th% vand Li _cat— transition of YLiF, near 17 GPa and discuss possible struc-

ions are eightfold and fourfold coordinated by fluorine, re-

spectively (Fig. 1). Such rare earth complex fluorides of ture candidates for this phase.
lithium are not formed for the light rare earth znLa — Sm
seriest However, the ¥* ions in YLiF, can be replaced by
light trivalent lanthanide ions, so that related optical transi-
tions between crystal field levels of the lanthanide ions lead
to luminescence properties of technological importance.

YLiF, has been extensively studied at various tempera-
ture conditions to better understand the chemical bonding
and the interactions between central cations and their crys-
talline environment. Concerning the structural behavior at
high pressures, Raman scattering measurements at room
temperature indicate a structural phase transition at about 7
GPa® Luminescence experiments on YLifEu at T
=300 K do not show any anomaly at 7 GPa but evidence a
reversible transformation in the pressure range from 10.0 to
10.5 GPa, associated with a lowering of crystal symntetry.
Low-temperature luminescence measurements of Nd-doped
YLiF, indicate a very subtle anomaly in the structural pa-
rameters of the scheelite phase near 6 GPa, and again very
clearly a structural transition near 10.3 GPa.

In this study we are interested in the structural properties
of YLiF, at high pressures. We have studied its structural
properties at room temperature using synchrotron angle-
dispersive x-ray powder diffraction in a diamond anvil cell.
Our x-ray powder diffraction data provide information on
structural details of the scheelite phase that could be used as
input for crystal field level calculations of rare earth doped FIG. 1. Crystal structure of YLIifF at ambient conditions
materials as a function of hydrostatic pressure. Our mairil4,/a, Z=4). The Li atoms are tetrahedrally coordinated. Large
focus is on the pressure-induced structural phase transformatack solid symbols are Y atoms.
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II. EXPERIMENTAL LI B B B B A S B
24.8 GPa 1

The YLIiF, crystals used in this study were doped with 2% | i
Nd. It is the same material used for the luminescence studies 19.8 GPa
in Ref. 6. A single crystal was ground to a fine powder and ]
loaded into a diamond anvil cell with a methanol-ethanol 17.4 GPa
pressure medium. We chose this medium to ensure a full I L Mo A T

comparison of the present x-ray diffraction results with the

ones of the previous room-temperature Raman scatfering
and luminescencestudies. Angle-dispersive powder x-ray

diffraction patterns were measured at the ID9 beamline at the
European Synchrotron Radiation Facility, Grenoble. Mono-
chromatic radiation at a wavelength of 0.4203 A was used
for pattern collection on image plates. The images were in- .
tegrated using the programt2p (Ref. 7) to yield intensity

10.3 GPa ]
versus @ diagrams. The instrumental resolution, i.e., the -
minimum full width at half maximum(FWHM) of diffrac-

4.9 GPa
tion peaks was 0.04°. To improve powder averaging, the

. 0.3 GPa 1
DAC was rotated by+3°. The ruby luminescence mettfod L

was used for pressure measurement.

Full Rietveld refinements of the x-ray diagrams were car-
ried out using the progranssas® The refined parameters
were cell parameters, the fractional coordinates, isotropic g 2. X-ray powder diffraction patterns of YLiF4 upon com-
thermal parameters, a Chebyshev polynomial backgroungyession without prior annealing of the sample. A smooth back-

S_tephen_s profile function parameté?and an over_all inten-  ground arising mainly from Compton scattering in the diamond
sity scaling factor. A preferred orientation correction was notanyils is subtracted from all diagrams.

considered. The Stephens function was used in this work

because It incorporates broadening of reflections due tgf the cations is surrounded by four near-neighbor cations of
strain, stacking faults, and shear stress that could develg e same kind and eight near-neighbor cations of the other

under not fully hydrostatic conditions. Hence, systematic er;

rors in Rietveld refinements due to the nonhydrostatic eﬁectkind' Al these cation-cation distances would be exactly
are minimized y %qual for ac/a axial ratio of two, i.e., for cations in the ideal

fluorite arrangement. Such an arrangement would be favored
by the electrostatic cation-cation repulsive interactions. On
the other hand, the packing of the atoms forces the axial ratio
to be greater than two, i.e., it induces a tetragonal distortion

Diffraction diagrams of YLif; measured at different pres- Of the fluorite structuré:*?Itis evident in Fig. 4 that there is
sures aff=300 K are shown in Fig. 2. At pressures up to N0 anomaly in the pressure dependence of the intercationic
about 10.5 GPa, all diffraction peaks are due to the scheelite
structure (4,/a, Z=4). At higher pressures, a peak splitting
and appearance of additional weak reflections indicate &
phase transition to a polymorph with a structure that appears  teeo
to be a distortion of the low pressure one. This first high-
pressure phase sluggishly transforms to another polymorpl.
starting at about 17.0 GPa and with a broad pressure range :‘é soor
which the first and second high-pressure phase coexist. Upog ; 4 6 8 1:0 1:2 1:4 1:6 1:8 2:0 2:2 2:4 26
decompression from 24.8 GPa, diffraction patterns character- .l
istic of the second phase are observed down to about 10 GPi
The scheelite phase is obtained again upon fully releasing th

I ﬁ 14.8 GPa |

12.5 GPa
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Selected patterns of the scheelite polymdrptvere re-
fined with the Rietveld methddo obtain detailed informa- i = e T A e TR
tion on the pressure evolution of structural parameters. As ar 2 4 6 8 10 12 14 16 18 20 22 24 26

example, we show in Fig. 3 the result of the refinement for 20 () [ = 04203 A]

the pattern collected at 10.3 GPa. The convergence was gG. 3. Observed, calculated, and difference x-ray powder pat-

achieved with a subtracted backgroundRyf,=0.8%, R,  tems for the scheelitel4,/a, Z=4) and fergusonite I@/a, Z

=0.5%, andR(F?)=9.0%. Corresponding structural param- =4) phases of YLiF4 at 10.3 GPéottom) and 13.3 GP4top),

eters are given in Table I. respectively. Vertical markers indicate Bragg reflections. The pat-
The pressure dependence of interatomic distances in thern of the fergusonite phase was obtained after precompressing the

scheelite phase is illustrated in Fig. 4. In this structure, eackample to 17.0 GPa and annealing at 423 K for 3 h.
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TABLE I. Structural parameters obtained from a full Rietveld

refinement of the diffraction diagram for YLiFcollected at 10.3
GPa. The space group igd,/a (Z=4) the lattice parameters are
a=4.9589(1) A,c=10.5050(5) A, and the unit cell volume is

V=258.332) A3. Positional parameters are given in the upper part,
interatomic distances in the bottom part. All distances are in A.

Estimated standard deviations are given in brackets.

Atom

Site X

z

Y
Li
E

Atoms

4b 0
4a 0
16f 0.22064)

Distance

1/4
1/4

0.58138)

Atoms

No.

5/8
1/8
0.540Q4)

Distance

Y-Li’
Y-Li”
Y-F’
Y-F”

3.611789)
3.5064719)
2.1664)
2.2144)

Li-F’

Li-F"
F-F
Y-y

4
4
6
4

1.8483)
2.7614)

2.4785)
3.611789)

distances, while the difference between the Y-and Y-L{"
distances increases with pressure. In addition,ctlzeaxial

ratio in this structure also increases, demonstrating that the . . . . . .
tetragonal distortion of the fluorite structure is being en- °o 5 1015 o 5 1 1

hanced(Fig. 5.

3.8
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FIG. 5. Pressure dependence of lattice parameters for the
scheelite (4,/a, Z=4) and fergusonite1@/a, Z=4) phases of

YLiF4 (open and solid symbols, respectivelyp to 17.4 GPa.
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To determine the structure of the high-pressure phase oc-
curring above 10.3 GPa we used a pattern of the sample
pre-compressed to 17.0 GPa and annealed at 423 K for 3 h.
After quenching the sample to room temperature, the mea-
sured pressure was 13.3 GPa. Such a procedure dramatically
improved the quality of the diffraction diagrafeee diagram
in Fig. 3. The pattern can be indexgcn the basis of ah
centered monoclinic unit cell witha=5.050(2) A, b
=10.437(3) A,c=4.788(2) A, and3=95.264)° [index-
ing figures of meritM (20)=19.3 andF(20)=73.1]. The
volume of 251.25 A suggests that thé parameter is equal
to 4. A peak splitting and appearance of weak reflections at
the phase transitiotFig. 2), together with the values of the
lattice parameters, imply that this new structure, related to
scheelite, is of the fergusonite typE2(a, Z=4). It is found,
for instance, in rare earth orthoniobates and orthotantatates.
Indeed, application of direct methddso solve this structure
yields the Y, Li, and F atomic positiofiR(F?) =15.1% with
no Rietveld refinemeijtthat can approximately be derived
on the basis of thé4,/a—12/a subgroup relationship.

The full Rietveld refinement of the profile at 13.3 GPa
with the fergusonite model, obtained with direct methods, is
shown in Fig. 3. The convergence was achieved with a sub-
tracted background aR,,=2.0%, R,=1.2%, andR(F?)
=12.3%. The corresponding structural parameters are given

FIG. 4. Pressure dependence of interatomic distances iff? Table Il. In the high-pressure fergusonite structure of
scheelite YLiF4 (4,/a, Z=4) up to 10.3 GPa. Representative YLiF4, which is a monoclinic superstructure of fluorite, none
estimated standard deviations are given in Table I. Lines are guidef the Y-Li intercationic distances is equal to the Y-Y ones.
to the eye.

The Li-F bonds and next near-neighbor Li-F distances are
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TABLE Il. Structural data obtained from a full Rietveld refine- syre\/,=285.1+0.5 A%. Our value ofB, essentially agrees,
ment of the pattern for YLif collected at 13.3 GPa +2/a (Z  jthin experimental uncertainty, with the result derived from
=4), a=5.0416(3) A, b=104174(9) A,c=4.7808(4) A, B jrasonic experimentsB,=80 GPa, Ref. 16
=95.2796)°, V=250.03(3) A. Positional parameters are given Unfortunately, our x-ray powder data for the second high-
in the upper part, interatomic distances in the bottom part. All dis-, ressure phase observed above 17 GPa do not allow for a
tances are in A. Estimated standard deviations are given in bracke aliable structure solution. Prolonged annealing of the

sample at high pressures and moderate tempera#fsosK)

Atom Site X y z did not improve the x-ray patterns. Therefore, the structure
Y 4e 1/4 0.879@3) 0 of the second high-pressure polymorph of Ykikas yet to
Li 4e 1/4 0.3624) 0 be determined.
F(1) 8f 0.4302) 0.03177) 0.75641)
F(2) 8f 0.93711) 0.29627) 0.1362) IV. DISCUSSION
Atoms  No. Distance Atoms NoO Distance The observation of the phas_e transition of Yj,_iﬁ 10.6
i i GPa is in accord with luminescence experiments on
Y-Y 4 3.5664) Li-F(1) 2 2.763) YLiF,:Eu atT=300 K which evidenced a reversible, pos-
Y-Li 2 3.55(3) 2 1.832) sibly continuous, transformation in the pressure range from
2 3.3152) Li-F(2) 2 1.892) 10.0 to 10.5 GPa, due to lowering of the crystal symm%try.
2 3.6342) 2 2.782) The low-temperature luminescence study of crystal field
2 3.613) F(1)-F() 2.471) transitions in YLiF:Nd also indicated a phase transition
Y-F(2) 2 22168 F(1)-FQ2) 2.521) near 10 GPa, which, however, showed pronounced hysteresis
2 212a8) F(2)-F(2) 2 2.5776) effe_cts‘.5 The very subtle changes in pressure coefficients of
Y-F(2) > 2.1288) 2.462) Iumlnescence band energies near_6.GPa reported in the latter
> 2.2299) 2.191) study possibly have a structural origin, but the details are not
5 3.271) resolved of the present experiments. The rather abrupt

change in the pressure dependence of internal vibrational
LiF,®>~ modes at 7.0 GPa seen in the Raman spectra of
1.83-1.89 A and 2.76-2.78 A. Hence, the J3F tetrahedra  YLiF, (Ref. 4 cannot be understood on the basis of our
are still isolated but largely deformed. In fact, the fergusonitestructural data. It remains to be seen whether the phase tran-
structure of YLiF, at high pressures is a distorted and com-sition at 7 GPa indicated by the Raman data was possibly
pressed version of the scheelite tyffdg. 1) obtained by a driven by nonhydrostatic conditions or is due to the fact that
small distortion of the cation matrix and significant displace-the results were obtained for undoped YLiF
ments of aniond,in a fashion similar to the atomic displace- ~ The transition to the fergusonite structure2fa, Z=4)
ment scheme in rare earth orthoniobates andnvolves small distortions of the cation matrix and significant
orthotantalate? displacements of anions away from a simple cubic packing.
We note that the nonstandard setting of space group Nd3oth scheelite and fergusonite polymorphs are superstruc-
15 (12/a, Z=4) is used here because in that way thetures of the fluorite typeKm3m, Z=2). There is no discon-
scheelite and fergusonite structures can easily be comparetihuity in the evolution of the unit cell volumes during the

The lattice parameters given in Table Il beconse 14,/a—I|2/a structural change.

=6.6211 A, b=10.4174 A, c=5.0416 A, B=134.028°, The observed changes of tlaeand c lattice parameters
and V=250.03 &, respectively, in the standai@2/c set- as well ash/c and b/a ratios are strikingly similar to
ting. those found for temperature-induc¢éd (or negative

The pressure dependence of ti2#a lattice parameters is pressure-inducéd) scheelite-fergusonite transitions in rare
plotted up to 17.4 GPa in Fig. 5. During the scheelite-earth orthoniobates and orthotantalates. The temperature-
fergusonite phase transition, there is no discontinuity in thénduced transitions are ferroelastic with the order parameter
evolution of the unit cell volumes and tletetragonal and  being an elastic strailf:*” Several efforts have been made to
monoclinic lattice parameters. It indicates that the volumeunderstand the mechanism of this transformation, but it still
difference between the two polymorphs either is negligibleremains uncertain whether it is of the first or second
or is below the detection limit of our x-ray powder diffrac- order'”*® Associated with the transformation is the aniso-
tion experiment. Thg8 angle, that along with the difference tropic phonon softening of a transverse acoustic mode at the
between théb/a andb/c axial ratios is the measure of the Brillouin zone center. Our x-ray powder diffraction data on
monoclinic distortion, increases with pressure. It back-YLiF, at high pressures, e.g., the evolution of the lattice
extrapolates to 90° at about 10.6 GPa. parameters, do not provide any direct evidence for a

The combined compression data for the scheelite and fepressure-induced ferroelastic phase transition in this mate-
gusonite polymorphs up to 17.4 GPa have been fitted by &al. In this context we note, however, that Blanchfield
Birch-Murnaghan equation of statsolid line in Fig. 9, giv- et al® investigated the elastic behavior of fluoroscheelites
ing the zero-pressure bulk modull=81+4 GPa, the under pressure and observed a softening of near-zone-center
first pressure derivative of the bulk modull® =4.97 acoustic modes in these crystals.
+0.68, and the unit cell volume of scheelite at ambient pres- To the best of our knowledge, the new high-pressure poly-
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morph of YLIF, is the first reported fergusonite phase inthese post-scheelif@ost-fergusonitestructures, the coordi-
orthohalides. Lanthanide tetrafluorides of sodium and potag?ation of theB cation is higher than four while the anions are
sium are also derivatives of the fluorite type; however, theh @ distorted he_xagonal close packing. It should be recalled
ideal cubic structure is present in LnNafEn = Ho—Lu, Y) that the wolframite related structures already occur for some
(Ref. 20 and LnKF, (Ln = La, Ce (Ref. 21 while the orthc_:chlorides at ambient pressure: LnNaQln=Eu-Yb,
compounds LnKE (Ln = Gd—Lu, Y) (Ref. 22 have a trigo- Y) in space group P2/c (2=2)(8,9), Zf;‘rz‘g ScNagl
nal superstructureR3;, Z=18). CeKF, is dimorphous with ~@nd LuNaC} in space groufPbcn (Z=4).7"" Based on

. = B . _ these considerations, it cannot be ruled out that the second
cubic (Fm3m, Z=2) and orthorhombic Rnma Z=4) high-pressure polymorph of YLjoccurring above about
phase$?® The structural systematics in corresponding tetra- gn-p polymorp ; 9
chlorides is more complicated. GdLiChas the scheelite 17.0 GPa has a hexagonal close packed arrangement of the

o - anions.
structuré®* At low temperatures, a triclinic latticePl, Z
=2) of the LnNaC} compoundgLn = Eu-Yb, V) is de- V. CONCLUSIONS
rived from the fluorite typé>?® Their high-temperature . . _
structure is of the wolframite (Fe,Mn)WCQlype (P2/c, Z The present structural study of YLjFprovides quantita-

—2), that is a superstructure of rutile @P4,/mnm Z tive information on pressurg-induced changes of the cation
=2), in which the metal atoms occupy one-quarter of thec_oordlna_tlons in the scheellt_e phase. These results are con-
octahedral sites in a distorted hexagonal close packieg) sidered important for modell!ng .the pressure—depenQence of
of the anions. ScNagland LuNaC] are orthorhombic crystal f|elq levels of Ianth'anlde ions |ntro§juced in this laser
(Pbcn, Z=4) and related to wolframit&/:23 host material. The scheelite ph_a_se of YLiB found to un- _

All structural relationships both in the fluorides and chlo- 9790 @ structural phase transition near 10 GPa. The high-
rides and the change from the simple cubic to hexagondi’€SSure phase has. the fergusqnlte strgqtur(_e. Thg structural
close packing of the anions could be explained on the basid€tails of the scheelite-fergusonite transition in Y, how
of ionic radii, similar to the high-pressure structural system-Stiking similarities  to  temperature-driven  scheelite-
atics inABO, ternary oxide€®*Some known high-pressure fergusonite transitions in rare earth orthon|obate§ and orthq-
phases may illustrate general trends and lead to possib@ntalate,s- Our observqtlons warrant further stud!es to eluci-
structure candidates for the second high-pressure phad@te this transformation of YLiF and examine the
of YLiF,. The scheelite structure is the high-pressureposs'b'“ty of the soft acous_tlc phonon involved in |t._\_Ne
form of the zircon ZrSiQ (14,/amd, Z=4), monazite haye obseryed a second high-pressure phasg transition of
CePQ (P2;/n, Z=4), and CrvQ (Cmcm Z=4) types. YLI'F4, starting at 17 GPa. The structure of this phase re-
Pressure-induced transformations scheelite—wolframite haJ/&@ins to be solved.
been proposed for molybdates and tungstitésiother pos-
sible transition in scheelite-structured materials is to the
BawWQ,(Il) type (P2,/n, Z=8). The rare earth orthonio- The authors acknowledge stimulating discussions with F.
bate and orthotantalate fergusonites transform to the LaTaQ). Manjon and S. Jandl. We thank U. Oelke for technical
(P2,/c, Z=4) or BaMnF, (Cmc2,, Z=4) types**In all  assistance during the experiments.
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