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Abstract

Dilithium zirconium hexafluoride, Li2ZrF6 (P �31m, ZZ1), is studied at high pressures using synchrotron angle-dispersive X-ray powder

diffraction in a diamond anvil cell at room temperature. At atmospheric conditions, it has a structure with all the cations octahedrally coordinated

to fluorine atoms. Above 10 GPa it transforms reversibly to a new polymorph (C2/c, ZZ4), in which the coordination polyhedron of the Zr atoms

is a distorted square antiprism, while the Li atoms are in the octahedral coordination. The LiF6 octahedra form layers parallel to (100) that are

connected by zig-zag chains of the edge-sharing Zr polyhedra running in the [001] direction. The relative change in volumes per one formula unit

for both polymorphs is 6% at 11.8 GPa. The relations to other A2BX6-type structures are discussed.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

At atmospheric pressure, dilithium zirconium hexafluoride

Li2ZrF6 (P �31m, ZZ1) has a structure in which all the cations are

octahedrally coordinated to fluorine atoms [1,2]. The ZrF6

octahedra share corners with two LiF6 octahedra that share

edges with one another. This structure with a hexagonal close

packing of the anions could be considered as a layered one, with

one-third of octahedral sites in one slab filled with the Zr atoms

and two-thirds in the next occupied by the Li atoms [3].

Several structural types can easily be derived from Li2ZrF6

(P �31m, ZZ1) by shifting or removing the cations [3,4]. Galy

and Anderson [5] proposed simple transformation mechanisms

of the Li2ZrF6, trirutile (P42/mnm, ZZ2), Na2SiF6 (P �31m, ZZ
3), and columbite FeNb2O6 (Pbcn, ZZ4) structure types at high

pressures through cation rearrangements in the anionic array.

They also constructed a tentative pressure–temperature phase

diagram for the ternary compounds of the general formula

A2BX6. Accordingly, the Li2ZrF6 structure would be a high-

pressure variant of the trirutile type. Moreover, the A2BX6
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materials would be expected to transform at high pressures to the

columbite FeNb2O6 structure that is an ordered analogue of

the a-PbO2 type (Pbcn, ZZ4). In each of these structures, all the

cations are octahedrally coordinated to anions [3–6]. The

transformations trirutile/Li2ZrF6 or Na2SiF6/Li2ZrF6

would correspond to the substitution of the M 0 atoms in the

LiM 0M 00F6 fluorides at atmospheric conditions. The LiM 0M 00F6

compounds (M 00ZAl, Ga, V, Cr, Fe) have the trirutile or

Na2SiF6 structures at atmospheric conditions when the M 0

atoms (M 0ZMg, Mn, Co, Ni, or Zn) are relatively small, while

the colquiriite structure (P �31c, ZZ2), an ordered variant of the

Li2ZrF6 type (P �31m, ZZ1), occurs when the M 0 atoms are Ca or

Sr (M 00ZAl, Ga, or Cr) [7,8].

The phase transitions trirutile/Li2ZrF6 or Na2SiF6/
Li2ZrF6 are also analogous to the ones for the AX2 compounds

as the rutile-type phases transform to the a-PbO2 structure at

high pressures [3,6]. Sekino et al. [9] prepared a series of

LiTiM2CF6 (M2CZMn, Fe, Co, or Ni) compounds at 1.5–

7.0 GPa and 973–1473 K. The low-pressure phases belonged to

the trirutile type. The high-pressure phases indeed crystallized

in the Na2SiF6-type structure for LiTiMnF6 and in the

PbSb2O6-type (or the Li2ZrF6-type [10]) structure for M2CZ
Fe, Co, or Ni.

The Rietveld refinement of the high-pressure high-tempera-

ture polymorph of Li2ZrF6 similar to the Li2TbF6-type
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Fig. 1. Selected X-ray powder patterns of Li2ZrF6 at different conditions with

argon as a pressure transmitting medium (lZ0.71998 Å). Reflections due to

argon are marked with stars.
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structure (P21/c, ZZ4) has been reported recently [11]. In this

new structure synthesized at 11 GPa and 1063 K and

investigated at its quenched form, the zirconium atoms are

eight fold coordinated to the fluorine atoms. The polyhedra can

be described as edge-sharing bicapped trigonal prisms along

the a-axis, with the LiC1 cations at two non-equivalent sites

between the Zr–F chains. The Li–F coordination polyhedra at

both LiC1 sites are square pyramids. These pyramids are joined

by corners to form slabs in the (a,b) plane. The main difference

between the structures of Li2ZrF6 and Li2TbF6 [12], both P21/c

and ZZ4, is that in the latter the Li atoms are five and six fold

coordinated to fluorines, respectively. The LiF5 square

pyramids are connected by corners into infinite chains along

the b-axis. The LiF6 distorted octahedra form layers in the (b,c)

plane. The coordination polyhedra around the Tb atoms in

Li2TbF6 [12] could alternatively be considered as distorted

Archimedian antiprisms. Such a description allows for a

comparison of the Li2TbF6 structure with the one of the g-

Na2UF6 type (Immm, ZZ2), derived from the ordered fluorite

structure [12]. The cubes around the U atoms correspond to the

Archimedian antiprisms in Li2TbF6 due to displacements of

fluorines in the (a,c) planes.

Our further interest in the high-pressure behaviour of

Li2ZrF6 arises from the fact that it is a disordered archetype of

the colquiriite LiM 0M 00F6 compounds (P �31c, ZZ2; M 0ZCa or

Sr; M 00ZAl, Ga, or Cr) considered for optical applications [7,

13,14]. The understanding of pressure-induced phase tran-

sitions and structures of the A2BX6 materials could be

improved by in situ investigations of the transformations,

involving the changes in coordination spheres of the cations

and packing of the anions. This study is thus focused on

dilithium zirconium hexafluoride Li2ZrF6 investigated at high

pressures and room temperature in a diamond anvil cell using

synchrotron angle-dispersive X-ray powder diffraction. The

structural features of the Li2ZrF6 polymorphs and the high-

pressure high-temperature systematics of the A2BX6-type

compounds are then examined.

2. Experimental

A finely ground sample of Li2ZrF6, previously studied in

Ref. [9], was loaded into diamond anvil cells with argon as a

pressure transmitting medium. Angle-dispersive powder X-ray

diffraction patterns were measured at room temperature on the

Swiss-Norwegian Beamlines at the European Synchrotron

Radiation Facility (BM1A, ESRF, Grenoble, France). Mono-

chromatic radiation at 0.71998 Å was used for data collection

on image plate (MAR345). The images were integrated using

the program FIT2D [15] to yield intensity versus 2q diagrams.

The ruby luminescence method [16] was used for pressure

measurements.

3. Data analysis

Diffraction patterns of Li2ZrF6 at different pressures are

shown in Fig. 1. Up to 9.6 GPa, the stable structure is P �31m

(ZZ1) [1–3]. Above 10.0 GPa, the structure transforms to
another modification. The lower and higher pressure phases

coexist at least up to 17.1 GPa, the highest pressure reached in

this study. There are no other changes in the powder patterns

that could be associated with the formation of the P21/c (ZZ4)

polymorph previously synthesized at high temperatures above

7 GPa and studied in its quenched phase [11]. Also, the

calculated patterns assuming the P21/c structural model [11] do

not match the patterns observed above 10 GPa, unambiguously

indicating a presence of a new polymorph of Li2ZrF6. The

pressure-induced phase transition is fully reversible upon

decompression, as one can easily deduce from inspection of

Fig. 1. The pattern collected at 14.8 GPa on compression was

used for indexing with the observed reflections up to 2qZ228.

The reflections were indexed using the program DICVOL91

[17] with a monoclinic unit cell: aZ9.651(4) Å, bZ
7.611(2) Å, cZ4.986(2) Å, bZ114.78(3)8, VZ332.5 Å3,

M(20)Z7.7, F(20)Z16.2 (0.0159,62). The systematic

absences indicated that the space group is C2/c (ZZ4) [18].

The pressure dependence of the lattice parameters and unit-

cell volumes in the low- and high-pressure polymorphs of

Li2ZrF6 is shown in Fig. 2. The volumes of the monoclinic cells

(C2/c, ZZ4) are normalized by a factor of 4. The compression

data for the P �31m (ZZ1) structure could be fitted up to

12.8 GPa by a Birch equation of state, giving a zero-pressure

bulk modulus B0Z80G5 GPa, a first pressure derivative of
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Fig. 2. Pressure dependence of unit-cell parameters and volumes in Li2ZrF6.

Open and full symbols stand for the P �31m (ZZ1) and C2/c (ZZ4) polymorphs,

respectively. The unit cell volumes of the monoclinic phase are divided by a

factor of four. The relative volume change at 11.8 GPa is 6%.
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the bulk modulus B 0Z4.22G0.87, and a unit-cell volume at

ambient pressure V0Z99.8G0.2 Å3. There is a discontinuity in

the pressure evolution of the unit-cell volumes at the transition

P �31m/C2=c with a relative volume change of 6% at

11.8 GPa. This result shows that the phase transformation is

of first order and that major structural rearrangements in the

crystal structure of Li2ZrF6 are to be expected above 10 GPa.

The lattice parameters of the sample at ambient conditions

before compression and after decompression are aZ
4.952(2) Å, cZ4.6508(7) Å and aZ4.953(3) Å, cZ
4.653(2) Å, respectively [18].

The monoclinic unit cell was used in the program

Endeavour [19] to solve the structure of Li2ZrF6 at

14.8 GPa with the global minimization method. The program

was run in space group C2/c with the unit cell containing four

Zr cations and 24 F anions. The LiC1 cations were not

included as their positions cannot be reliably found in the

presence of the heavy Zr cations. The solutions obtained with

the program Endeavour [19] yielded a crystal structure with

the Zr atoms occupying the 4e sites (the positional parameters

0,y,0.25). The fluorine atoms are distributed in three non-

equivalent general 8f sites (x,y,z). A topological analysis of
the globally optimized ZrFK2
6 sublattice was carried out using

the program DIRICHLET of the TOPOS package [20].

Voronoi-Dirichlet polyhedra (VDP) for the first coordination

spheres of the fluorine sublattice were constructed to

determine its geometric and topological characteristics. Each

of the three non-equivalent fluorine atoms was chosen in turn

to be at the origin of the sublattice in the search for the VDP

vertices that represent the voids in the crystal structure, i.e. in

the anionic FK1 sublattice. The globally optimised coordi-

nates of the Zr atoms were easily identified as some of the

VDP vertices. The coordinates of the remaining VDP vertices

and their connectivities, i.e. distances between the voids and

the FK1 ions were further examined to obtain atomic

coordinates for the lithium atoms. In the ZrFK2
6 sublattice

the coordination polyhedra of the Zr atoms are distorted

square antiprisms, forming zig-zag chains of the in the [001]

direction. Hence, to ensure a proper distribution of all the

cations [21], it was assumed in the search for the lithium

atoms that they would occupy the general sites 8f with the

positional parameters x and y close to 0.25 and 0.5,

respectively. Subsequently, a set of four voids, for which

the hypothetical Li–Li and Li–Zr distances in the cationic

sublattice as well as the hypothetical Li–F bond lengths were

crystallographically acceptable [20,21], turned out to be the

ones with the octahedral coordination to the F atoms. The

respective x, y, and z positional parameters of these voids

were then averaged to give one position of the lithium atoms

in the structural model for Li2ZrF6 (C2/c, ZZ4) at 14.8 GPa.

The complete Li2ZrF6 structural model, i.e the globally

optimised ZrFK2
6 substructure and the LiC1 cations from the

crystal topology considerations, was then used for the structure

refinement against the observed pattern at 14.8 GPa with the

Rietveld method using the program GSAS [22] (Fig. 3). The

best fit was obtained at RwpZ19.56%, RpZ9.91%, c2Z1.74,

and R(F2)Z6.26% (the residuals Rwp and Rp have been

calculated with the background eliminated, see the GSAS

manual). The model contained a set of predefined distances

between atoms, their corresponding standard deviations, and a

weighting factor in order to add new ‘observables’ to the

refinement. The starting minimal distances were 2.20(1) Å for

F–F, 1.80(1) Å for Li–F, and 1.90(1) Å for Zr–F. The refined

variables were: atomic positions, the isotropic thermal

parameters for the Zr atom Ui/Ue!100Z0.3(1), one contra-

ined isotropic thermal parameter for all three non-equivalent F

atoms Ui/Ue!100Z4.2(8), lattice parameters, scale factor,

and Stephens profile function [23]. The fractional coordinates

for all the atoms and selected interatomic distances are given in

Table 1.

4. Discussion

The pressure-induced structure of Li2ZrF6 occuring above

10 GPa at room temperature (C2/c, ZZ4) is based on a near-

hexagonal close-packing of the fluorine atoms like the rutile

structure (Table 1 and Fig. 4). The coordination polyhedron of

Zr is a distorted square antiprism with Zr–F distances from 1.89

to 2.15 Å (Table 1). The Li atoms are in the deformed



Table 1

Structural parameters for Li2ZrF6 (C2/c, ZZ4) at 14.8 GPa—aZ9.651(6) Å,

bZ7.533(8) Å, cZ4.988(3) Å, bZ114.94(4)8, VZ328.8(4) Å3

Atom Site x y z

Li 8f 0.255 (7) 0.536 (9) 0.576 (15)

Zr 4e 0.0 0.315 (1) 0.25

F1 8f 0.121 (3) 0.233 (3) 0.060 (6)

F2 8f 0.395 (4) 0.041 (3) 0.350 (6)

F3 8f 0.112 (2) 0.101 (3) 0.480 (6)

Selected distances (Å)

Li-F1 2.16 (6) Li–F1 2.65 (7)

Li-F1 2.19 (6) Li–F2 2.01 (6)

Li-F2 1.74 (6) Li–F3 2.09 (7)

Li-F3 1.76 (6)

Zr–F1 1.89 (2) (2!)

Zr–F2 2.15 (2) (2!)

Zr–F2 2.12 (2) (2!)

Zr–F3 2.02 (2) (2!)

Estimated standard deviations are given in parenthesis. The symbols (2!)

indicate the multiplicity.
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Fig. 3. Observed, calculated, and difference X-ray powder patterns for Li2ZrF6 (C2/c, ZZ4) at 14.8 GPa as obtained after the final Rietveld refinement (lZ
0.71998 Å). Vertical markers indicate the positions of Bragg reflections. The 2q regions 15.8–16.98 and 18.35–19.068, in which two reflections due to argon are

observed, were excluded from the Rietveld refinement. Broad features at about 2qZ8.98 and 2qZ13.68 are the traces of the low-pressure phase (P �31m, ZZ1), i.e the

(001) and (101) reflections, respectively.
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octahedral coordination with the Li–F distances from 1.74 to

2.19 Å. The LiF6 octahedra share their edges and form layers

parallel to (100). They are connected by zig-zag chains of the

edge-sharing Zr coordination polyhedra running in the [001]

direction.

At atmospheric pressure, the coordination number of the Zr

atoms with respect to the fluorine atoms in fluorides is 6, 7, or

8, and the corresponding coordination polyhedra are ZrF6

octahedra, ZrF7 pentagonal bipyramids or monocapped

trigonal prisms, or ZrF8 square antiprisms, dodecahedra

(bidisphenoids), or bicapped trigonal prisms, respectively

[24]. Serezhkin et al. [25] have analyzed the geometric

characteristics of the resulting Voronoi-Dirichlet polyhedra

around the zirconium atoms. They have found that the volumes

of the VD polyhedra are independent of the coordination

number and the actual shape of the coordination polyhedron.

Other parameters independent of the coordination number of

the zirconium atoms are: (1) the radius of the spherical domain

that corresponds to the sphere of volume VVDP, (2) the total

area of the surface of the VD polyhedron, and (3) the

dimensionless second moment of inertia of the VD polyhedra,

which is a parameter characterizing the uniformity of the

fluorine arrangement around the Zr atoms. In Table 2, we give

the VVDP, Rsd, SVDP, and G3 parameters [20] for the structures

of Li2ZrF6 at atmospheric conditions (P �31m, ZZ1) [2],

synthesized at 11 GPa and 1063 K (P21/c, ZZ4) [11], and

above 10 GPa at room temperature (C2/c, ZZ4) (Table 1 and

Fig. 5). The coordination polyhedra around the zirconium

atoms in these structures are octahedra, bicapped trigonal

prisms, and square antiprisms, respectively. The parameters for

the polymorph synthesized at high pressures and temperatures

but characterized at atmospheric conditions (P21/c, ZZ4) [11]

agree perfectly with the ones determined by Serezhkin et al.
[25]. On the other hand, the volume and surface of the Voronoi-

Dirichlet polyhedron in the polymorph investigated in this

study (C2/c, ZZ4) are smaller than the respective average

values due to the compressibility of the bulk volume (Fig. 2), as

well as due to the contraction of the Zr–F bonds and the

compressibility of polyhedral volumes.

The arrangement of the LiF6 and ZrF8 polyhedra in the C2/c

phase of Li2ZrF6 is very similar to that of TiO6 and ThO8

polyhedra in ThTi2O6 (C2/c, ZZ4) obtained from the melt [26]

or by the solid state reaction at 1473 K [27] and atmospheric

pressure. The polymorph of ThTi2O6 prepared by the solid

state reaction at 1883 K [28] is of the brannerite type (C2/m,

ZZ4), in which the O atoms form a near-cubic-close-packing

[26]. The brannerite [28] structure contains layers formed by



Fig. 4. Crystal structure of Li2ZrF6 (C2/c, ZZ4) at 14.8 GPa.
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TiO6 octahedra sharing edges and corners similar to those in

the anatase structure parallel to the (101) plane. These

octahedra are joined through the thorium atoms in interlayer

octahedral positions (Th–O distances of 2.35–2.36 Å). The

ThO6 octahedra are flattened with two more oxygen atoms at

2.96 Å from Th. The eight fold coordination would be a

hexagonal bipyramid. Recently, the structures of brannerites

U1KxMxTi2O6 (MZCa, La, or Gd) [29] as well as of brannerite

U1KxYxTi2O6 and thorutite Th1KxYxTi2O6Kd [30] have been

described in space group C2/c (ZZ4) in terms of sheets of

corner and edge-sharing octahedra TiO6 in the ab plane

separated by eight fold coordinated U/M (U/Y or Th/Y) atoms.

The combined results of this and previous [11] studies on

the behaviour of Li2ZrF6 show that the mechanism of phase

transitions in the A2BX6 compounds through cation rearrange-

ments in the octahedral voids of the rigid anion hexagonal close

packing array at high pressures and high temperatures as

proposed by Galy and Anderson [5] is too limited as it does not

account for the coordination changes around the cations and

packing of the anions. Depending on the pressure–temperature

conditions, Li2ZrF6 transforms into polymorphs with the
Table 2

The VVDP, Rsd, SVDP, and G3 parameters characterizing the Voronoi-Dirichlet polyhe

synthesized at 11 GPa and 1063 K (P21/c, ZZ4) [9], and above 10 GPa at room te

Polymorph Coord. No. VVDP, (Å3)

P �31m, ZZ1 6 8.03

8.1 (4)

P21/c, ZZ4 8 8.05

C2/c, ZZ4 8 7.53

7.9 (2)

They are compared with the average values for a given coordination number in al

corresponding values of the VVDP, Rsd, SVDP, and G3 parameters for all fluorides disr

1.24(1) Å, 23.1(8) Å2, and 0.082(1), respectively [21].
zirconium atoms either in the bicapped trigonal prisms (P21/

c, ZZ4) [11] or in the square antiprisms (C2/c, ZZ4) [this

study]. In the first case, the fluorine atoms have fluorite-like

close packing [12], while in the latter, the fluorine atoms are in

the rutile-like close packing. In the context of the P–T phase

diagram for the A2BX6 compounds, the behaviour of ordered

derivatives of the Li2ZrF6 type (P �31m, ZZ1) [7,8] provides

additional information. The structure of LiSrAlF6-II (P21/c,

ZZ4), stable between 1.6 and 3.0 GPa, is a distorted derivative

of the ambient pressure polymorph (LiSrAlF6-I, P �31c, ZZ2)

with the cations exclusively in deformed octahedral coordi-

nations [13]. LiCaAlF6 transforms to this monoclinic poly-

morph II above about 7 GPa. LiSrAlF6-III, occurring above

3.0 GPa, is related to the LiBaCrF6 structure (P21/c, ZZ4) and

is built of deformed SrF12 icosahedra within a three-

dimensional framework of corner-sharing distorted AlF6

octahedra and LiF4 tetrahedra [14]. The pressure-induced

changes of the coordination polyhedra in the series LiSrAlF6-I,

LiSrAlF6-II, to LiSrAlF6-III are thus similar to the differences

in coordination polyhedra due to the increase of the ionic radii

of the SrC2 and BaC2 cations in LiSrAlF6-I and LiBaM 00F6
dra [16] in the structures of Li2ZrF6 at atmospheric conditions (P �31m, ZZ1) [2],

mperature (C2/c, ZZ4) (Table 1)

Rsd, (Å) SVDP, (Å2) G3

1.24 24.06 0.083

1.24 (2) 24.2 (7) 0.084 (1)

1.24 22.80 0.082

1.24 22.02 0.083

1.24 (1) 22.5 (3) 0.081 (1)

l zirconium-containing fluorides at atmospheric pressure [21] (in italics). The

egarding the actual coordination numbers of the zirconium atoms are 8.0(2) Å3,



Fig. 5. Voronoi-Dirichlet polyhedron around the zirconium atoms in Li2ZrF6

(C2/c, ZZ4) at 14.8 GPa.
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(M 00ZAl, Ga, Cr, V, Fe, or Ti) at ambient conditions.

The pressure-induced coordination changes in the LiM 0M 00F6

compounds (P �31c, ZZ2; M 0ZCa or Sr; M 00ZAl, Ga, or Cr)

are expected to yield the materials with higher cross sections

for dopant optical emissions [7,13,14].

5. Concluding remarks

Submitting dilithium zirconium hexafluoride Li2ZrF6 to a

pressure higher than 10 GPa at room temperature has produced

a monoclinic crystal structure (C2/c, ZZ4) with the lithium

and zirconium atoms in distorted octahedral and square

antiprism coordinations to fluorines, respectively. This new

structure is different from the one (P21/c, ZZ4) synthesized

previously at 11 GPa and 1063 K and studied in its quenched

state [11]. In that structure, the polyhedra around the zirconium

atoms are edge-sharing bicapped trigonal prisms along the

a-axis, while the Li–F coordination polyhedra at two non-

equivalent LiC1 sites are square pyramids. In the present C2/c

structure, the fluorine atoms have rutile-like close packing,

whereas in the former P21/c one [11], the fluorine atoms are in

the fluorite-like close packing.

Our study emphasizes the need for extensive and systematic

investigations of pressure-induced crystal structures in this and

related A2BX6-type materials to clarify the details of the

mechanisms for their phase transformations and of their P–T

phase diagrams.
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