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Abstract

A high-resolution synchrotron diffraction study of the structures of a synthetic sample of cryolite Na3AlF¢ from room
temperature to 800°C is reported. At room temperature NasAlF¢ is monoclinic and the structure is described in space group P2;/n.
Heating the sample to 560°C results in only minor changes to the structure. A first-order transition from this monoclinic structure to
a high-temperature cubic structure is observed near 567°C. The cubic Fm3m structure is characterized by disorder of the fluoride

atoms.
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1. Introduction

Compounds whose structures are based on the ABXj3
perovskite motif are of considerable interest over a wide
range of scientific and technical fields. The vast majority
of interest has been focused on the oxide perovskites as a
consequence of the array of electronic and magnetic
properties displayed by these oxides [1,2]. In comparison
the fluoride perovskites, most of which have a double
perovskite (A,BB’'Xy) type structure and are isostructur-
al with elpasolite, K,NaAlF4, have historically been
of interest mainly as hosts in spectroscopic studies
of various lanthanide ions. Such studies have revealed
the halide containing perovskites display an array of
structural phase transitions [3].

The cubic elpasolite structure is on a double
perovskite cell a.~2a,, where a. and a, are the cubic
cell parameters of elpasolite and perovskite. In the cubic
double perovskite or elpasolite structure all the cations
lie on special positions. The AI’" ions occupy a face-
centered cubic (fcc) lattice and each ion is octahedrally
surrounded by six F~ ions located at a distance +x
along the three four-fold crystal axes. The Na ' ions
occupy similar octahedral sites and together they form a
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simple cubic lattice. The AlFs and NaF4 octahedra are
corner connected in three dimensions (see Fig. 1). The
K™ ions are surrounded by 12 F~ ions. The Al-F and
Na-F distances are then given by the lattice parameter
and the value of x. The cell doubling observed in
elpasolite is a result of a rock-salt like ordering of the
two different B-type cations, Fig. 1. The ordering of the
two B-type cations, Al and Na, arises from differences in
their size and bonding properties.

In the ABX; perovskites changes in the ratio of the
sizes of the A and B type cations may result in tilting or
rotations of the BX¢ octahedra, lowering their symmetry
from cubic [4]. Indeed the mineral perovskite (CaTiO3)
is actually orthorhombic space group Pmnma [5] as is
neighborite, NaMgF; [6]. Similar tilts occur in the
double perovskites. For example elpasolite is cubic at
room temperature but replacing the two K cations with
Na to give cryolite, Na3AlF¢, results in a lowering of
symmetry to monoclinic [3]. Increasing the temperature
inevitably results in a reduction of the tilting of the BX¢
octahedra in the ABXj3 perovskites [5]. In numerous
cases this leads to structural transitions to higher
symmetry structures (5, 7-10). Similar events occur for
the double perovskites [3]. In their early work Steward
and Rooksby [11] showed cryolite undergoes a phase
transition near 550°C; they concluded the structure of
the high-temperature form was cubic and it was
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Fig. 1. Representation of the structure of cryolite, Na3AlF in both the high-temperature cubic and low-temperature monoclinic forms. The smaller
hatched octahedra are the AlF¢ octahedra and the unshaded octahedra the larger NaF¢ groups. The perovskite A-type Na cations are represented by

the spheres.

isostructural with elpasolite. Yang and co-workers [12]
however suggested the high-temperature structure is in
fact orthorhombic in space group Immm.

The current paper describes high-resolution synchro-
tron diffraction studies of a synthetic sample of
Na;AlFg, with particular emphasis on the high-tem-
perature phase transition. We find, in agreement with
the early work of Steward and Rooksby [11] and in
contrast to that of Yang et al. [12], that the high-
temperature phase is cubic. We observe unusual cation
disorder in the high-temperature cubic phase.

2. Experimental

Room temperature and variable temperature (100—
800°C) synchrotron X-ray diffraction patterns were
recorded on the Debye—Scherrer diffractometer at
beamline 20B, the Photon Factory Japan [13]. The
synthetic sample (Aldrich) was finely ground and housed
in a 0.3mm dia quartz capillary for the measurements.
Data were collected over the angle range 5<20<70°
using two image plates as the detector with an incident
wavelength of 7=0.75A. Data were collected in two
stages, firstly from 100 to 800°C in 25° steps. Then a
second sample was investigated from 500 to 600°C in 5°
steps.

2.1. Structural analysis

Structures were refined using the Rietveld method
implemented in the program Rietica [14] where the
instrumental parameters were refined using a Pseudo-—
Voigt profile shape function. The background was
estimated by interpolation of up to 40 points. A number
of weak peaks were observed due to scatter from the

furnace and the regions in the diffraction patterns
affected by such peaks were excluded in the refinements.

3. Results and discussion
3.1. Room temperature structure

The refinement of the structure of Nas;AlF at room
temperature was performed in space group P2,/n using
the structural parameters reported by Hawthorne and
Ferguson [15] as a starting model. In Glazers [16]
notation the structure has an a~ b~ ¢™ tilt pattern. The in-
phase or tilts give rise to R-point reflections whereas the
out-of-phase (+) tilts give rise to M-point reflections.
The ordering of the Na and Al cations also gives rise
to R-point reflections in the diffraction pattern. The
appropriateness of this space group was confirmed by
the appearance of both R- and M-point reflections,
together with the obvious monoclinic splitting of the
appropriate Bragg reflections in the diffraction patterns.
The refinement was straightforward and the refined
structural parameters and bond distances are in
excellent agreement with those obtained by in the early
study of Hawthorne and Ferguson [15] from a single
crystal of a natural cryolite sample, Table 1, as well as in
the later studies of Yang et al. [12] and Ross et al. [17].
The very small differences between these various studies
possibly arises from the presence of various other trace
elements in the natural cryolite samples used. The
rotations of the MFg octahedra result in NasAlFq
having a v2a x v/2b x 2¢ superstructure relative to that
of the prototype ABXj5 perovskite cell.

As an aside Na3AlFq is an interesting compound for
diffraction studies since the three ions are all isoelec-
tronic. Whilst the identity of the atoms at the various
sites cannot be confirmed the refined bond distances
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make chemical sense and thus vindicate the choice of the
locations of the Na and Al atoms in the two B-type
positions. The difference in size and charge of the two
cations results in ordering of these. Clearly it is not possible
to comment on the possibility of incomplete ordering of the
Na and Al cations. It is possible that the extent of ordering
in our synthetic sample is different to that found in the
various naturally occurring cryolite samples.

3.2. High-temperature structure

The synchrotron diffraction patterns recorded at or
above 570°C could all be indexed on the basis of a
primitive cubic cell with a~7.93 A. A LeBail type
analysis of the profiles assuming space group Fm3m
satisfactorily accounted for all the observed Bragg
reflections and it was concluded that the cubic phase
has an undistorted elpasolite, double perovskite, struc-
ture in which the rock-salt type ordering of the Na and
Al cations persists. Attempts to refine the structure in
this model resulted in unusually poor fits to the observed
data and the displacement parameters for the F atoms
were anomalously high. The other structural parameters
appeared reasonable although surprisingly the displace-
ment parameters for the Al reduced from 2.0(1) A? at
550°C to 0.6(1) A* at 600°C. The orthorhombic Inmmm
model proposed by Yang et al. [12] was also unsatisfac-
tory and in this case the refined lattice parameters
always indicated the structure to be metrically cubic.

Examination of the diffraction patterns demonstrated
the calculated intensity, in Fm3m, of some peaks to be

Table 1
Positional and thermal parameters for synthetic cryolite Na3AlF, at
room temperature

Atom Site X y z B

All 2a 0 0 0 1.2(1)
Nal 2b 0 0 0.5 0.8(1)
Na2 4e 0.5140(7) 0.9492(3) 0.2480(6) 1.5(1)
Fl 4e 0.1043(4) 0.0471(4) 0.2197(5) 0.7(1)
F2 4e 0.7265(7) 0.1773(7) 0.0488(6) 1.1(1)
F3 4e 0.1645(6) 0.2746(7) 0.9368(5) 0.9(1)

The figures in parenthesis are the standard errors. R, 2.33, Ryp 2.15, P
3.28%. a=5.3956 (2), b=5.5821(2), c=7.7568(2), A f=90.181(1)°.

Table 2
Positional and thermal parameters for synthetic cryolite at 600°C

systematically underestimated, whereas others were
overestimated. A Fourier difference map showed extra
off-center scattering density around the F site indicating
static displacive disorder. Attempts to model this using
anisotropic displacement parameters for the F atoms
were unsuccessful, and so a model in which the fluorides
were disordered away from the 24e sites was sought. A
number of models in which disorder of the fluoride
atoms was allowed were then considered together with
the possibilities of both cation and anion vacancies. The
best fit was obtained when the F anions were allowed to
move from the 24e sites at 00 z, z &~ 0.28 to a nearby 96k
site at (x x z) x ~ 0 z =~ 0.28 but with an occupancy of
25%. This resulted in a dramatic improvement in the
quality of the fit as seen both by the R-factors, Table 2
and by visual examination of the profiles, Fig. 2. The
inclusion of either cation or anion vacancies did not
significantly improve the quality of fit and it was
concluded that NazAlFg retains its composition at the
temperatures studied. This model is displayed in Fig. 3.
The static disorder of the F anions is apparently a
consequence of unfavorable bonding contacts in the
cubic phase. The refined Al-F and Al-F bond distances
in the monoclinic phase at 550°C are not significantly
different to those observed at room temperature, Table
3. However at 600°C the refined Al-F distance becomes
unreasonably small, 1.717A and the Na-F distance
(2.254 A) within the NaF octahedra is smaller than
expected. Conversely the average Na—F distance for the
8-coordinate Na cations is somewhat larger than
expected. The displacement of the F atoms by 0.53A
along the (110) direction has the effect of significantly
increasing the Al-F distance whilst the Na—F distances
within the NaFg octahedra also increase. The average
Na-F distance for the second Na cations in the
perovskite A-type sites decreases somewhat as a result
of the fluoride atoms being disordered over the 96k site,
Table 3. In this regard the movement of the F anions has
the same effect as tilting of the octahedra around the
undersized A-type cations. We note that the earlier
study of Yang et al. also revealed unusually large atomic
displacement parameters in the high-temperature phase
which they ascribed to ““‘considerable temporal as well as
spatial fluctuation” [12]. These apparent fluctuations are
well modeled by the disordered model presented here.

Atom Ordered model R;, 5.0 Ry, 6.8 Disordered Model 2 R, 3.3 Ry, 4.3

Site xX=y z B Site xX=y z B
Na 4a 0 0 4.4(3) 4a 0 0 3.7(1)
Al 4b 0.5 0.5 0.6(1) 4b 0.5 0.5 2.0(1)
Na 8¢ 0.25 0.25 5.5(2) 8¢ 0.25 0.25 6.3(1)
F 2de 0 0.2838(7) 9.2(3) 96k 0.0468(4) 0.2828(3) 2.5(2)

The differences between the ordered and disordered models are explained in the text.
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Fig. 2. Observed, calculated and difference synchrotron profiles for NasAlF at 600°C. The inset shows the notably better fit obtained when the

F atoms are disordered on a 96k site at x, x,z with x~0 and zz%.

Fig. 3. Representation of the disorder of the F atoms in the high-
temperature cubic phase. The F atoms in the ordered structure are at
the 24¢(00z) site and are labeled F-O and the disordered F at the 96k
site are labeled F-D.

Static disorder has been observed in a number of
ABXj3 perovskites, most noticeably in PbZrO; [18]. Its
occurrence in double perovskites is less well known.
Marx and Ibberson [19] found disorder of the Li atoms
in LigNBr; that has the anti-elpasolite structure (i.e. the
N and one type of Br anions are at the center of the rock
salt octahedra). In this case they placed the Li onto a 96;
site at x y 0 with x ~ 0.25 and y ~ 0. The R-factors do
not distinguish between this model and that proposed

Table 3

Bond distances (A) for synthetic cryolite at selected temperatures

Bond 25°C 550°C 600°C cubic 600°C cubic
monoclinic  monoclinic  ordered disordered
model model
Al-F 1.768(5) 1.764(6) 1.717(6) 1.803(3)
1.799(5) 1.782(9)
1.828(4) 1.801(6)
1.798 1.782
Na(1)-F 2.299(4) 2.297(8) 2.254(6) 2.307(3)
2.219(5) 2.282(6)
2.271(5) 2.314(7)
2.263 2.298
Na(2)-F 2.506 2.604 2.820(1) 2.297(4)
2.868(1)
2.583

The differences between the ordered and disordered models are
explained in the text. Where necessary the average bond distances are
given in bold.

here for the high-temperature cubic cryolite phase,
although we note that the displacement parameters for
the F remains somewhat higher in the Marx and
Ibberson (19) model (3.6 A3) than when the F is at the
96k site (2.5A%).

3.3. Phase transition

Fig. 4 shows the temperature dependence of the lattice
parameters for Na3AlFg. These results are consistent
with the description of Steward and Rooksby in their
earlier study [11]. The most striking feature is the sharp
discontinuity near 567°C indicative of a first-order phase
transition. Prior to this the nearly linear thermal
expansion of the unit-cell lengths is unexceptional and
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order phase transition.

is good agreement with that found in earlier studies
[11,12]. It is noteworthy that the monoclinic angle,
which exhibits an almost linear decrease as the
temperature is increased to 500°C, Fig. 5 becomes
equal, within the precision of the present refinements to
90° near 500°C, some 50 or so degrees below the first-
order phase transition. It is clear from Fig. 4 that the
lattice parameters remain noticeably different so that the
symmetry of the Naz;AlFg is at least orthorhombic.
Comparison of the profiles recorded at 450°C and 550°C,
that is above and below the point at which the refined
monoclinic angle becomes equal to 90° did not show the
loss of any reflections and it was concluded that both the
in-phase and out-of-phase tilts persist above 550°C and
that the structure remains face centered.
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Fig. 6. Temperature dependence of the octahedra tilt angles for
Na3AlFg calculated form the refined atomic coordinates. The tilt about
the, cubic, four-fold axis is given by ¢ and that about the two-fold axis
by 6.

We then considered the possibility of a continuous
phase transition from the monoclinic P2,/n structure to
an orthorhombic phase as suggested by Yang [12].
Using group theory Howard and co-workers have
recently identified possible sequences of phase transi-
tions in double perovskites with rock-salt like ordering
and by comparison with this work [20] we cannot
identify any candidate phases. Yang [12] concluded that
the Immm phases exists as a consequence of a
simultaneous application of two modes, I'j and Y5
from low-temperature monoclinic P2;/n phase. There is
no simple distortion that would allow the transition
from Immm to the parent cubic structure in Fm3m. We
believe our hypothesis of a direct first-order transition
from P2,/n to Fm3m is the more reasonable. There are a
number of examples in the perovskite literature where
the diffraction patterns apparently indicate one metric
cell, but the structure actually has lower symmetry
[6,7,21]. This appears to be the case for NasAlFg
between 500°C and 565°C.

As indicated previously the monoclinic structure has
an a~b~c" tilting pattern and following Groen [22] the
refined atomic co-ordinates have been used to calculate
the magnitude of the tilts about the 011 (¢) and 110 (0)
axis of the cubic aristotype. For simple ABX; perovs-
kites it has been found [5,7-10] that continuous
transitions to a higher symmetry structure involve the
progressive removal of one or more of the tilts. The
temperature dependence of the tilts in NazAlF4 are
illustrated in Fig. 6 and from these it is clear that an
continuous transition to a higher symmetry structure is
still somewhat distant. As described by Mitchell [1] the
tilts of the smaller AlF4 octahedra are smaller than those
of the larger NaF4 octahedra.

Consequently we believe that NasAlFs remains
monoclinic up to the point of the first order phase
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Fig. 7. Temperature dependence of the cell volume for Na;AlF¢
showing the presence of a first-order monoclinic to cubic phase
transition near 567°C. For ease of comparison the volumes equivalent
to that of the parent perovskite are plotted.

transition. As seen in Fig. 7 this phase transition is
accompanied by a noticeable increase in the cell volume
as the structure becomes cubic.

4. Conclusion

We have demonstrated that very accurate and precise
structures of the double perovskite, Naj;AlF4, can be
obtained using high-resolution synchrotron powder
diffraction methods. The structure of this synthetic
sample of cryolite has been found to be monoclinic from
room temperature to 560°C. Just above this a first-order
phase transition to a cubic structure is observed. The
monoclinic phase is characterized by large in-phase and
out-of-phase tilts of the AlFs and NaFg4 octahedra. As
for the simple ABXj3 perovskites these tilts in NasAlFg
are believed to be a consequence of the less than optimal
size of the Na’ ions on the perovskite A-type site.
Although the magnitude of these tilts is progressively
reduced as the temperature is increased they remain
relatively large over the entire temperature range. It
can be concluded that any continuous phase transi-
tion involving a loss of tilting is still remote at 565°C.
The high-temperature cubic phase is characterized by
static displacive disorder of the F anions. The effect of
this disorder on the local bond distances is similar to
that of the tilts and is necessary to stabilize the cubic
structure.
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