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Scheelite to fergusonite phase transition in YLiF4 at high pressures
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Yttrium lithium orthofluoride YLiF4 with a tetragonal scheelite structure (I41 /a, Z54) 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, thec/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 structure (I2/a, Z
54) 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
I41 /a→I2/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 YLiF4 occurs above 17.0 GPa.

DOI: 10.1103/PhysRevB.65.104102 PACS number~s!: 61.50.Ks, 62.50.1p, 77.80.Bh
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I. INTRODUCTION

Yttrium lithium tetrafluoride is a commercially used ho
material for solid state lasers. YLiF4, isomorphous with
LnLiF4 ~Ln5Eu–Lu!, has a scheelite (CaWO4-type! struc-
ture (I41 /a, Z54) which is a superstructure of fluorit

CaF2 (Fm3̄m, Z52).1,2 The fluorine atoms are in a dis
torted simple cubic arrangement and the Y31 and Li11 cat-
ions are eightfold and fourfold coordinated by fluorine, r
spectively ~Fig. 1!. Such rare earth complex fluorides
lithium are not formed for the light rare earth Ln5 La – Sm
series.1 However, the Y31 ions in YLiF4 can be replaced by
light trivalent lanthanide ions, so that related optical tran
tions between crystal field levels of the lanthanide ions le
to luminescence properties of technological importance.

YLiF4 has been extensively studied at various tempe
ture conditions to better understand the chemical bond
and the interactions between central cations and their c
talline environment.3 Concerning the structural behavior
high pressures, Raman scattering measurements at
temperature indicate a structural phase transition at abo
GPa.4 Luminescence experiments on YLiF4 :Eu at T
5300 K do not show any anomaly at 7 GPa but evidenc
reversible transformation in the pressure range from 10.
10.5 GPa, associated with a lowering of crystal symmet5

Low-temperature luminescence measurements of Nd-do
YLiF4 indicate a very subtle anomaly in the structural p
rameters of the scheelite phase near 6 GPa, and again
clearly a structural transition near 10.3 GPa.6

In this study we are interested in the structural proper
of YLiF4 at high pressures. We have studied its structu
properties at room temperature using synchrotron an
dispersive x-ray powder diffraction in a diamond anvil ce
Our x-ray powder diffraction data provide information o
structural details of the scheelite phase that could be use
input for crystal field level calculations of rare earth dop
materials as a function of hydrostatic pressure. Our m
focus is on the pressure-induced structural phase transfo
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tions in this compound. We have identified the high-press
phase present above 10 GPa as being of the fergusonite
To the best of our knowledge, the new high-pressure po
morph of YLiF4 is the first reported fergusonite phase
orthohalides. The details of the scheelite-fergusonite ph
transition resemble those of corresponding temperat
driven ferroelastic phase transitions in rare earth orthon
bates and orthotantalates. We have observed a second p
transition of YLiF4 near 17 GPa and discuss possible str
ture candidates for this phase.

FIG. 1. Crystal structure of YLiF4 at ambient conditions
(I41 /a, Z54). The Li atoms are tetrahedrally coordinated. Lar
black solid symbols are Y atoms.
©2002 The American Physical Society02-1
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II. EXPERIMENTAL

The YLiF4 crystals used in this study were doped with 2
Nd. It is the same material used for the luminescence stu
in Ref. 6. A single crystal was ground to a fine powder a
loaded into a diamond anvil cell with a methanol-ethan
pressure medium. We chose this medium to ensure a
comparison of the present x-ray diffraction results with t
ones of the previous room-temperature Raman scatter4

and luminescence5 studies. Angle-dispersive powder x-ra
diffraction patterns were measured at the ID9 beamline at
European Synchrotron Radiation Facility, Grenoble. Mon
chromatic radiation at a wavelength of 0.4203 Å was us
for pattern collection on image plates. The images were
tegrated using the programFIT2D ~Ref. 7! to yield intensity
versus 2u diagrams. The instrumental resolution, i.e., t
minimum full width at half maximum~FWHM! of diffrac-
tion peaks was 0.04°. To improve powder averaging,
DAC was rotated by63°. The ruby luminescence method8

was used for pressure measurement.
Full Rietveld refinements of the x-ray diagrams were c

ried out using the programGSAS.9 The refined parameter
were cell parameters, the fractional coordinates, isotro
thermal parameters, a Chebyshev polynomial backgrou
Stephens profile function parameters,10 and an overall inten-
sity scaling factor. A preferred orientation correction was n
considered. The Stephens function was used in this w
because it incorporates broadening of reflections due
strain, stacking faults, and shear stress that could dev
under not fully hydrostatic conditions. Hence, systematic
rors in Rietveld refinements due to the nonhydrostatic effe
are minimized.

III. RESULTS

Diffraction diagrams of YLiF4 measured at different pres
sures atT5300 K are shown in Fig. 2. At pressures up
about 10.5 GPa, all diffraction peaks are due to the sche
structure (I41 /a, Z54). At higher pressures, a peak splittin
and appearance of additional weak reflections indicat
phase transition to a polymorph with a structure that appe
to be a distortion of the low pressure one. This first hig
pressure phase sluggishly transforms to another polymo
starting at about 17.0 GPa and with a broad pressure ran
which the first and second high-pressure phase coexist. U
decompression from 24.8 GPa, diffraction patterns charac
istic of the second phase are observed down to about 10 G
The scheelite phase is obtained again upon fully releasing
pressure.

Selected patterns of the scheelite polymorph1,2 were re-
fined with the Rietveld method9 to obtain detailed informa-
tion on the pressure evolution of structural parameters. As
example, we show in Fig. 3 the result of the refinement
the pattern collected at 10.3 GPa. The convergence
achieved with a subtracted background atRwp50.8%, Rp
50.5%, andR(F2)59.0%. Corresponding structural param
eters are given in Table I.

The pressure dependence of interatomic distances in
scheelite phase is illustrated in Fig. 4. In this structure, e
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of the cations is surrounded by four near-neighbor cation
the same kind and eight near-neighbor cations of the o
kind. All these cation-cation distances would be exac
equal for ac/a axial ratio of two, i.e., for cations in the idea
fluorite arrangement. Such an arrangement would be favo
by the electrostatic cation-cation repulsive interactions.
the other hand, the packing of the atoms forces the axial r
to be greater than two, i.e., it induces a tetragonal distor
of the fluorite structure.11,12It is evident in Fig. 4 that there is
no anomaly in the pressure dependence of the intercati

FIG. 2. X-ray powder diffraction patterns of YLiF4 upon com
pression without prior annealing of the sample. A smooth ba
ground arising mainly from Compton scattering in the diamo
anvils is subtracted from all diagrams.

FIG. 3. Observed, calculated, and difference x-ray powder p
terns for the scheelite (I41 /a, Z54) and fergusonite (I2/a, Z
54) phases of YLiF4 at 10.3 GPa~bottom! and 13.3 GPa~top!,
respectively. Vertical markers indicate Bragg reflections. The p
tern of the fergusonite phase was obtained after precompressin
sample to 17.0 GPa and annealing at 423 K for 3 h.
2-2
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SCHEELITE TO FERGUSONITE PHASE TRANSITION . . . PHYSICAL REVIEW B65 104102
distances, while the difference between the Y-Li8 and Y-Li9
distances increases with pressure. In addition, thec/a axial
ratio in this structure also increases, demonstrating that
tetragonal distortion of the fluorite structure is being e
hanced~Fig. 5!.

TABLE I. Structural parameters obtained from a full Rietve
refinement of the diffraction diagram for YLiF4 collected at 10.3
GPa. The space group isI41 /a (Z54) the lattice parameters ar
a54.9589(1) Å ,c510.5050(5) Å , and the unit cell volume i
V5258.33~2! Å3. Positional parameters are given in the upper p
interatomic distances in the bottom part. All distances are in
Estimated standard deviations are given in brackets.

Atom Site x y z

Y 4b 0 1/4 5/8
Li 4a 0 1/4 1/8
F 16f 0.2206~4! 0.5813~8! 0.5400~4!

Atoms No. Distance Atoms No. Distance

Y-Li 8 4 3.61178~9! Li-F 8 4 1.848~3!

Y-Li 9 4 3.50647~9! Li-F 9 4 2.761~4!

Y-F8 4 2.166~4! F-F 6 2.478~5!

Y-F9 4 2.214~4! Y-Y 4 3.61178~9!

FIG. 4. Pressure dependence of interatomic distances
scheelite YLiF4 (I41 /a, Z54) up to 10.3 GPa. Representativ
estimated standard deviations are given in Table I. Lines are g
to the eye.
10410
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To determine the structure of the high-pressure phase
curring above 10.3 GPa we used a pattern of the sam
pre-compressed to 17.0 GPa and annealed at 423 K for
After quenching the sample to room temperature, the m
sured pressure was 13.3 GPa. Such a procedure dramat
improved the quality of the diffraction diagram~see diagram
in Fig. 3!. The pattern can be indexed13 on the basis of anI
centered monoclinic unit cell witha55.050(2) Å, b
510.437(3) Å,c54.788(2) Å, andb595.26(4)° @index-
ing figures of meritM (20)519.3 andF(20)573.1]. The
volume of 251.25 Å3 suggests that theZ parameter is equa
to 4. A peak splitting and appearance of weak reflections
the phase transition~Fig. 2!, together with the values of the
lattice parameters, imply that this new structure, related
scheelite, is of the fergusonite type (I2/a, Z54). It is found,
for instance, in rare earth orthoniobates and orthotantalate14

Indeed, application of direct methods15 to solve this structure
yields the Y, Li, and F atomic positions@R(F2)515.1% with
no Rietveld refinement# that can approximately be derive
on the basis of theI41 /a→I2/a subgroup relationship.

The full Rietveld refinement of the profile at 13.3 GP
with the fergusonite model, obtained with direct methods
shown in Fig. 3. The convergence was achieved with a s
tracted background atRwp52.0%, Rp51.2%, andR(F2)
512.3%. The corresponding structural parameters are g
in Table II. In the high-pressure fergusonite structure
YLiF4, which is a monoclinic superstructure of fluorite, no
of the Y-Li intercationic distances is equal to the Y-Y one
The Li-F bonds and next near-neighbor Li-F distances

t,
.

in

de

FIG. 5. Pressure dependence of lattice parameters for
scheelite (I41 /a, Z54) and fergusonite (I2/a, Z54) phases of
YLiF4 ~open and solid symbols, respectively! up to 17.4 GPa.
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GRZECHNIK, SYASSEN, LOA, HANFLAND, AND GESLAND PHYSICAL REVIEW B65 104102
1.83–1.89 Å and 2.76–2.78 Å. Hence, the LiF4
32 tetrahedra

are still isolated but largely deformed. In fact, the ferguson
structure of YLiF4 at high pressures is a distorted and co
pressed version of the scheelite type~Fig. 1! obtained by a
small distortion of the cation matrix and significant displac
ments of anions,2 in a fashion similar to the atomic displace
ment scheme in rare earth orthoniobates a
orthotantalates.14

We note that the nonstandard setting of space group
15 (I2/a, Z54) is used here because in that way t
scheelite and fergusonite structures can easily be compa
The lattice parameters given in Table II becomea
56.6211 Å, b510.4174 Å, c55.0416 Å, b5134.028°,
and V5250.03 Å3, respectively, in the standardC2/c set-
ting.

The pressure dependence of theI2/a lattice parameters is
plotted up to 17.4 GPa in Fig. 5. During the scheeli
fergusonite phase transition, there is no discontinuity in
evolution of the unit cell volumes and thec tetragonal andb
monoclinic lattice parameters. It indicates that the volu
difference between the two polymorphs either is negligi
or is below the detection limit of our x-ray powder diffrac
tion experiment. Theb angle, that along with the differenc
between theb/a and b/c axial ratios is the measure of th
monoclinic distortion, increases with pressure. It ba
extrapolates to 90° at about 10.6 GPa.

The combined compression data for the scheelite and
gusonite polymorphs up to 17.4 GPa have been fitted b
Birch-Murnaghan equation of state~solid line in Fig. 5!, giv-
ing the zero-pressure bulk modulusB058164 GPa, the
first pressure derivative of the bulk modulusB854.97
60.68, and the unit cell volume of scheelite at ambient pr

TABLE II. Structural data obtained from a full Rietveld refine
ment of the pattern for YLiF4 collected at 13.3 GPa –I2/a (Z
54), a55.0416(3) Å, b510.4174(9) Å, c54.7808(4) Å, b
595.279(6)°, V5250.03(3) Å3. Positional parameters are give
in the upper part, interatomic distances in the bottom part. All d
tances are in Å. Estimated standard deviations are given in brac

Atom Site x y z

Y 4e 1/4 0.8790~3! 0
Li 4e 1/4 0.362~4! 0
F~1! 8 f 0.430~2! 0.0317~7! 0.756~1!

F~2! 8 f 0.937~1! 0.2962~7! 0.136~2!

Atoms No. Distance Atoms No. Distance

Y-Y 4 3.566~4! Li-F~1! 2 2.76~3!

Y-Li 2 3.55~3! 2 1.83~2!

2 3.315~2! Li-F~2! 2 1.89~2!

2 3.634~2! 2 2.78~2!

2 3.61~3! F~1!-F~1! 2.47~1!

Y-F~1! 2 2.216~8! F~1!-F~2! 2.52~1!

2 2.120~8! F~2!-F~2! 2 2.577~6!

Y-F~2! 2 2.128~8! 2.46~2!

2 2.229~9! 2.19~1!

2 3.22~1!
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sureV05285.160.5 Å3. Our value ofB0 essentially agrees
within experimental uncertainty, with the result derived fro
ultrasonic experiments (B0580 GPa, Ref. 16!.

Unfortunately, our x-ray powder data for the second hig
pressure phase observed above 17 GPa do not allow f
reliable structure solution. Prolonged annealing of t
sample at high pressures and moderate temperatures~450 K!
did not improve the x-ray patterns. Therefore, the struct
of the second high-pressure polymorph of YLiF4 has yet to
be determined.

IV. DISCUSSION

The observation of the phase transition of YLiF4 at 10.6
GPa is in accord with luminescence experiments
YLiF4 :Eu atT5300 K which evidenced a reversible, po
sibly continuous, transformation in the pressure range fr
10.0 to 10.5 GPa, due to lowering of the crystal symmet5

The low-temperature luminescence study of crystal fi
transitions in YLiF4 :Nd also indicated a phase transitio
near 10 GPa, which, however, showed pronounced hyste
effects.6 The very subtle changes in pressure coefficients
luminescence band energies near 6 GPa reported in the
study possibly have a structural origin, but the details are
resolved of the present experiments. The rather ab
change in the pressure dependence of internal vibratio
LiF4

32 modes at 7.0 GPa seen in the Raman spectra
YLiF4 ~Ref. 4! cannot be understood on the basis of o
structural data. It remains to be seen whether the phase
sition at 7 GPa indicated by the Raman data was poss
driven by nonhydrostatic conditions or is due to the fact t
the results were obtained for undoped YLiF4.

The transition to the fergusonite structure (I2/a, Z54)
involves small distortions of the cation matrix and significa
displacements of anions away from a simple cubic packi
Both scheelite and fergusonite polymorphs are superst
tures of the fluorite type (Fm3̄m, Z52). There is no discon-
tinuity in the evolution of the unit cell volumes during th
I41 /a→I2/a structural change.

The observed changes of thea and c lattice parameters
as well as b/c and b/a ratios are strikingly similar to
those found for temperature-induced17 ~or negative
pressure-induced18! scheelite-fergusonite transitions in ra
earth orthoniobates and orthotantalates. The tempera
induced transitions are ferroelastic with the order param
being an elastic strain.14,17Several efforts have been made
understand the mechanism of this transformation, but it s
remains uncertain whether it is of the first or seco
order.17,19 Associated with the transformation is the anis
tropic phonon softening of a transverse acoustic mode at
Brillouin zone center. Our x-ray powder diffraction data o
YLiF4 at high pressures, e.g., the evolution of the latt
parameters, do not provide any direct evidence for
pressure-induced ferroelastic phase transition in this m
rial. In this context we note, however, that Blanchfie
et al.16 investigated the elastic behavior of fluoroscheeli
under pressure and observed a softening of near-zone-c
acoustic modes in these crystals.

To the best of our knowledge, the new high-pressure po

-
ts.
2-4
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SCHEELITE TO FERGUSONITE PHASE TRANSITION . . . PHYSICAL REVIEW B65 104102
morph of YLiF4 is the first reported fergusonite phase
orthohalides. Lanthanide tetrafluorides of sodium and po
sium are also derivatives of the fluorite type; however,
ideal cubic structure is present in LnNaF4 ~Ln 5 Ho–Lu, Y!
~Ref. 20! and LnKF4 ~Ln 5 La, Ce! ~Ref. 21! while the
compounds LnKF4 ~Ln 5 Gd–Lu, Y! ~Ref. 22! have a trigo-
nal superstructure (P31 , Z518). CeKF4 is dimorphous with
cubic (Fm3̄m, Z52) and orthorhombic (Pnma, Z54)
phases.23 The structural systematics in corresponding te
chlorides is more complicated. GdLiCl4 has the scheelite
structure.24 At low temperatures, a triclinic lattice (P1̄, Z
52) of the LnNaCl4 compounds~Ln 5 Eu–Yb, Y! is de-
rived from the fluorite type.25,26 Their high-temperature
structure is of the wolframite (Fe,Mn)WO4 type (P2/c, Z
52), that is a superstructure of rutile TiO2 (P42 /mnm, Z
52), in which the metal atoms occupy one-quarter of
octahedral sites in a distorted hexagonal close packing (hcp)
of the anions. ScNaCl4 and LuNaCl4 are orthorhombic
(Pbcn, Z54) and related to wolframite.27,28

All structural relationships both in the fluorides and ch
rides and the change from the simple cubic to hexago
close packing of the anions could be explained on the b
of ionic radii, similar to the high-pressure structural syste
atics inABO4 ternary oxides.29,30Some known high-pressur
phases may illustrate general trends and lead to pos
structure candidates for the second high-pressure p
of YLiF4. The scheelite structure is the high-press
form of the zircon ZrSiO4 (I41 /amd, Z54), monazite
CePO4 (P21 /n, Z54), and CrVO4 (Cmcm, Z54) types.
Pressure-induced transformations scheelite–wolframite h
been proposed for molybdates and tungstates.31 Another pos-
sible transition in scheelite-structured materials is to
BaWO4(II) type (P21 /n, Z58). The rare earth orthonio
bate and orthotantalate fergusonites transform to the LaT4
(P21 /c, Z54) or BaMnF4 (Cmc21 , Z54) types.32 In all
p
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these post-scheelite~post-fergusonite! structures, the coordi
nation of theB cation is higher than four while the anions a
in a distorted hexagonal close packing. It should be reca
that the wolframite related structures already occur for so
orthochlorides at ambient pressure: LnNaCl4 ~Ln5Eu–Yb,
Y! in space group P2/c (Z52)(8,9), and ScNaCl4
and LuNaCl4 in space groupPbcn (Z54).27,28 Based on
these considerations, it cannot be ruled out that the se
high-pressure polymorph of YLiF4 occurring above abou
17.0 GPa has a hexagonal close packed arrangement o
anions.

V. CONCLUSIONS

The present structural study of YLiF4 provides quantita-
tive information on pressure-induced changes of the ca
coordinations in the scheelite phase. These results are
sidered important for modelling the pressure-dependenc
crystal field levels of lanthanide ions introduced in this la
host material. The scheelite phase of YLiF4 is found to un-
dergo a structural phase transition near 10 GPa. The h
pressure phase has the fergusonite structure. The stru
details of the scheelite-fergusonite transition in YLiF4 show
striking similarities to temperature-driven scheeli
fergusonite transitions in rare earth orthoniobates and or
tantalates. Our observations warrant further studies to e
date this transformation of YLiF4 and examine the
possibility of the soft acoustic phonon involved in it. W
have observed a second high-pressure phase transitio
YLiF4, starting at 17 GPa. The structure of this phase
mains to be solved.
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