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Abstract

Rb,KMoO,F,, FW 410.975, is cubic above T, =
328 K with space group Fm3m and a(T,) =
8945 (5) A, V(T,) = 1715-712A% D,(298K)
3-81(4), D(T,) = 3-814 Mg m3, Z = 4, u(Mo Ka) =
15-7 mm~!, F(000) = 744. The linear thermal
expansion coefficient, a, is 30 (3) x 10=¢ K-L All
allowed reflections within a hemisphere (or quadrant)
of reciprocal space with (sin 8)/4 < 1-15 A~! were
measured at 343K (or 473K) using a CAD-4
diffractometer, resulting in 97 independent structure
factors at 343 K, 81 at 473 K. Least-squares re-
finement gave R = 0-032 at 343 K, 0.-056 at 473 K.
The O and F atoms randomly occupy the same
equivalent 24(e) positions, with anisotropic thermal
vibrations that increase significantly between 343 and
473 K. Diffuse scattering is not observed above T,. The
crystal becomes ferroelastic and ferroelectric below T.,.
The Mo—O/F distance in the regular Mo(O/F)}~
octahedron, on correction for thermal motion, is
1.900 (6) A at 343 K, 1-926 (10) A at 473 K.

0567-7408/81/071332-05801.00

Introduction

The atomic arrangement in crystals with chemical
formula R;MX, or R,MX,, which are also isostructural
with (NH,),FeFy (Pauling, 1924) or K,PtCl
(Williams, Dillin & Milligan, 1973), may undergo slight
distortions from cubic symmetry at a lower temper-
ature and may thereby acquire interesting physical
properties. One such family with composition
A,BMO,F; has ten members in which 4, B = K,
Rb, Cs and M = Mo, W, each of which exhibits at
least one phase transition above 78 K (Ravez,
Peraudeau, Arend, Abrahams & Hagenmuller, 1980).
The transition at T, = 328 K for Rb,KMoO;F; is from
rhombohedral to cubic symmetry: a dielectric anomaly
is associated with the transition and the spontaneous
polarization decreases to zero above 328 K. The crystal
becomes ferroelastically twinned in the rhombohedral
phase (Abrahams, Bernstein & Ravez, 1981). The
structure in the cubic phase has been studied at two
temperatures to give accurate prototype parameters
preparatory to an investigation of a single-domain

© 1981 International Union of Crystallography
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crystal below the phase transition. The present results are
compared with recently reported values for the position
and thermal parameters of K,SnCl,, which is cubic at
300 K and is isostructural with K,PtCl, (Ihringer,
1980).

Experimental

A sphere of radius 0-161 (2) mm was ground from a
large crystal taken from a boule grown by the
Bridgman technique (Chaminade, 1979) and mounted
within a microfurnace (Lissalde, Abrahams & Bern-
stein, 1978). The regulating thermocouple was posi-
tioned within 0-5 mm of the crystal. A total of 4846
f.c.c. reflections are possible within a sphere of
reciprocal space with (sin 8)/4 < 1.15 A-1, All allowed
and a sampling of forbidden reflections within a
hemisphere at 343 K, and those within a quadrant at
473 K, were measured with an Enraf-Nonius CAD-4
diffractometer controlled by a PDP 11/40-8e computer
using Enraf-Nonius (1979) software (see Table 1 for
variables). Pyrolytic-graphite-monochromated Mo Ka
radiation was used to give the integrated intensities of
4150 reflections at 343K and 2229 reflections at
473 K. Corrections were made for Lorentz, polari-
zation and absorption effects. The integrated intensities
of five standard reflections were remeasured hourly and
the crystal orientation was checked after every 100
reflections. An averaged second-degree polynomial
scaling function, derived from the average increase of
12-3% at 343 K and 11-1% at 473 K in the intensities
of the five standards, was used to correct both sets of
integrated intensities. Based on a counting-statistics
estimate of gF2meas, 426 reflections at 343 K and 341
at 473 K had F’meas > 30F’meas: the remainder,
which included all the forbidden reflections, were
regarded as unobserved and were not used in the
following analysis. After averaging there resulted a
total of 97 symmetry-independent Fmeas at 343 K, 81
at 473 K.* Final estimates of oFmeas, as used in
least-squares refinement, are derived from the ex-
pression (oF’meas)? = V, + V,(Fmeas)* + larger of
[V,(Fmeas)* or V], where V| is the variance given by
counting statistics, ¥, is the result of the first
summation, F; is that of the second summation in
equation (2) of Abrahams, Bernstein & Keve (1971),
and ¥V, is the variance given by differences among
members of a form (see Table 1 for values of the
constants).

The variation of the cubic lattice parameter (a) with
temperature is shown in Fig. 1. Each value is based on

* The two sets of structure factors have been deposited with the
British Library Lending Division as Supplementary Publication No.
SUP 36008 (3 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.
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Table 1. Variables used for structure factor measure-
ment for cubic Rb,KMoO,F,

Transmission factors 0-041-0-100

Scan type w-20

Scan width 0-60° + 0-35°tanf
Maximum counting time 120 s

20 range 5° <20<110°

Vs, V5 (see text) 0-0043,0-0038

measurement of the Bragg angle for 15 reflections with
13° < @ < 30° followed by least-squares refinement.
The solid line has been fitted by the method of least
squares to the experimental values in Fig. 1, and
corresponds to the lattice constant at 7, and linear
expansion coefficient (a) given in the Abstract.

Initial coordinates above T, were taken from the
model found for the twinned ferroelectric—ferroelastic
crystal previously studied at room temperature (Bern-
stein, Abrahams & Ravez, 1979). Least-squares re-
finement was made on the Honeywell 6080 computer
using ORFLS-3 (Busing, Martin & Levy, 1973).
Atomic scattering factors for neutral atoms were taken
from International Tables for X-ray Crystallography
(1974), as were the anomalous-dispersion corrections.
Isotropic extinction corrections (Coppens & Hamilton,
1970) were made for both sets of structure factors,
using ORFLS-3: the final value of g = 9-26 (2:4) x 10?2
at 343K, 2:7(2-9) x 10? at 473 K. Refinement with
isotropic temperature factors gave R = 0-0457, wR =
0-0989 and S = 1:315 at 343 K; R = 0-0674, wR =
0.1000 and S = 1-479 at 473 K [see Abrahams et al.
(1971) for definitions]. The anisotropic model, with
only one additional thermal parameter for the ran-
domly occupied O and F atom site, gave R = 0-0318,
WR = 0-0689 and S = 0-921 at 343 K; R = 0-0564,
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Fig. 1. Variation of the Rb,KMoO,F; lattice parameter with
temperature in the cubic phase: the transition temperature T, =
328 K. The length of the error bars represents 2 e.s.d.
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Table 2. Atomic positional and thermal parameters of
Rb,KMoO;F; at 343 and 473 K, with u, in A

Rb in 8(c) b, uy = 0195 (2)
(3404, =0222(2)

K in 4(b) (3,3,9), 4y, = 0-146 (3)
(3,4, 9, u,, = 0165 (3)

Mo in 4(a) (000), u,, = 0-186 (2)
(000), u,, = 0-197 (3)

O/F in 24(e) [0-2105 (7), 0,01, u,, = 0-148 (8)

Uy, = 0-257 (6)
[0-2119 (11),0,0], u,, = 0-187 (11),
Uy, = 0-287 (10)

The upper line in each set of parameters corresponds to values at
343 K, the lower line to values at 473 K.

wR = 0-0871 and § = 1-297 at 473 K. In the final
refinement cycle, the largest parameter shift was less
than 1073 of the corresponding estimated standard
deviation. The final coordinates at 343 and 473 K are
given in Table 2.

Independent evidence that the O and F atoms
randomly occupy the same site is provided by the ease
with which alkali-metal ions may be replaced by
alkaline earths, or Mo by Fe, Nb or Ti, with
corresponding change in the O:F ratio and variation in
the transition temperature.

Amplitudes of vibration

The thermal vibrations of the O/F atoms in
Rb,KMoO;F; are found, on the basis of Hamilton’s
(1965) # ratio, to be significantly anisotropic at 343
and 473 K: the value of wR(isotropic)/wR(aniso-
tropic) = 1-435 at 343 K, 1-148 at 473 K whereas the
theoretical value at the half-percent significance level is

PARAELECTRIC-PARAELASTIC Rb,KMoO,F; STRUCTURE AT 343 AND 473 K

1.051 at 343 K, 1:060 at 473 K. The heavy atoms are
constrained by symmetry to vibrate isotropically, hence
the anisotropy is entirely associated with the O/F
atoms. Individual amplitudes of vibration increase very
significantly for the cations between 343 and 473 K:
the magnitude of the increase for the O/F atom is
slightly larger but is of reduced significance (see Table
2).

The amplitudes reported for five crystals iso-
structural with cubic K,PtCl, of formula K,MX, with
X = Cl or Br, and also those for the related
Cs,NaPrClg are collected in Table 3. The observed
magnitudes, which are likely to be in greater error than
indicated by the given estimated standard deviations
(¢f- Hamilton & Abrahams, 1970), are expected to be a
function of T'/T, and hence not directly comparable.
Nevertheless, it may be noted that the amplitude for the
atom in position 8(c) is consistently close to the
average value of the amplitudes for the atom in position
24(e) in all seven crystals. The amplitude found for Mo
in Rb,KMoO,F, is higher than that reported for other
atoms in the 4(a) position in Table 3, and probably
results from the influence of the additional atoms in the
4(b) position. The low amplitude for Pr found in
Cs,NaPrCl; by neutron diffraction powder profile
analysis (Fish, Rhyne, Lynn & Patterson, 1980) is
highly correlated with the thermal parameter for Na
(Fish, 1980) and does not differ significantly from the
amplitudes of the other atoms in the 4(a@) position as
given in Table 3. Further study of 4,BMX,Y, com-
pounds is necessary to clarify the relationships among
the observed amplitudes of vibration.

Interatomic distances and angles

Symmetry requirements in space group Fm3m result in
the O and F atoms occupying, on average, the same set

Table 3. R.m.s. amplitudes of vibration (A) in some cubic A,BMX,Y, compounds

Atomic position

Compound 4(a) 4(b) 8(c) 24(e)* T (K)¥ T.(K) Reference

K,SnCl 0-144 (2) — 0-232 (4) 0-144 (7) 300 111 Ihringer (1980)
0-286 (7)

K,RuClg 0-120 (8) — 0-194 (12) 0-124 (8) 295 Deloume, Faure &
0-202 (7) Thomas-David (1979)

K,ReClg 0-132(3) — 0-210 (2) 0-144 (5) 300 111 Grundy & Brown (1970)
0-230(1)

K,ReBr, 0-136 (4) — 0-213 (10) 0-153 (9) 300 Grundy & Brown (1970)
0:262 (3)

K,PtBr, 0-116 (2) — 0-207 (7) 0-135 (4) 300 83<T.<195 Grundy & Brown (1970)
0-241 (1)

Cs,NaPrCl, 0-09 (4) 0-14 (5) 0-21(1) 0-155 (8) 295 155 Fish et al. (1980)
0-262 (4)

Rb,KMoO;F, 0-186'(2) 0-146 (3) 0-195(2) 0-148 (8) 343 328 Present work
0-257 (6)

* The upper value is along the M—X/Y bond, the lower value is perpendicular to the bond.
t T is the measurement temperature, 7, is the phase-transition temperature.
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Fig. 2. Arrangement of MoO;F3~ octahedra and K* ions in the
(001) plane of one unit cell: the octahedra (dashed lines) at z =0
are completed by pairs of O/F atoms at 0,0, +z and 4, , +z (z ~
0-21). The Rb* ions, at z = +}, are represented in the (001) plane
by vestigial circles. The Rb* ionic radius is about 12% greater
than that of K*.

of equivalent 24(e) positions. Part of the atomic
arrangement is illustrated in Fig. 2. The Rb atom is
12-coordinated with Rb—O/F distance, based on the
atomic coordinates in Table 2 and lattice constant
taken from the Abstract, of 3-183 (1) A at 343K,
3.194 (1) A at 473 K. Correction for thermal motion
gives 3-185(1) and 3.197 (1) A respectively. The
increase of 0-012 A is significant in terms of the
estimated standard deviation computed with ORFFE-3
(Busing, Johnson, Thiessen & Levy, 1973) from the
least-squares variance—covariance matrix. The short-
est Mo—O/F distance is 1-883 (6)A at 343 K,
1-903 (10) A at 473 K with the six O/F atoms forming
a regular octahedron about the Mo atoms. The
Mo—O/F distance on correction for thermal motion,
1900 (6) A at 343K, 1.926 (10)A at 473K, is
significantly shorter than that expected (Shannon,
1976) for a regular octahedral Mo—QO distance of
1.935 A, allowing for the smaller F~ radius. The six
K—O/F distances of 2.591(6)A at 343K,
2.588 (10) A at 473K [2-608 (6) and 2-609 (10) A
respectively, on correction for thermal motion] are also
arranged as in a regular octahedron. Neither the
Mo—O/F nor the K—O/F distance changes signifi-
cantly with temperature in the range studied. The
increase in Rb—O/F distance between 343 and 473 K
is nearly identical to the increase of 0-015 A in Mo—Rb
or Rb—K distance, which is due entirely to thermal
expansion.

A,BMX.Y, family: paraelectric—paraelastic prototype
structure

Numerous materials with formula A,BMX,Y,, in
which 4 and B, also X and Y, may be identical or B
may be absent, crystallize in space group Fm3m with
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atomic positions as given in Table 2. Atoms 4 and B
are generally alkali metals or NHZ, M is usually a 3d,
4d or 5d transition mietal, and X and Y are generally
0%, F-, Cl-, Br~, CN~ or NOj ions. Rb,KMoO,F, is
a typical member of this family. In the case that B is
absent, the 4(b) symmetry positions in Fm3m are
unoccupied as shown in Table 3. As is found with
many ABO,; compounds that crystallize in the cubic
perovskite structure and that undergo small distortions
at lower temperatures, so small departures from the
cubic prototype 4,BMX,Y; structure have been de-
tected. Thus four phase transitions have been reported
in K,ReCl¢ (Busey, Dearman & Bevan, 1962), two in
K,SnCl, (Boysen, Ihringer, Prandl & Yelon, 1976) and
two each in K,MO,F,, Rb;MO,F;and Cs;MO,F, (M
= Mo, W) (Peraudeau, Ravez, Hagenmuller & Arend,
1978).

The transitions in K,SnCl are reported to be from
space group Fm3m to P4/mnc, followed by a lower-
temperature transition to P2,/n (Boysen & Hewat,
1978): the structures of all three phases have been
studied. K,TeBr, is monoclinic at room temperature,
space group P2,/n (Brown, 1964), as also is K,SnBr,
(Higashi, Syoyama & Osaki, 1979) and K,TeCl,
(Henke, 1980). The distorted K,TeBr,, K,SnBr, and
K,TeCl; structures are expected to undergo transitions
to the cubic K,PtCly type at higher temperatures: the
ease with which twinning is initiated at room tempera-
ture indicates that these crystals are ferroelastic, as
probably are all the distorted K,PtCl type structures.

The phase transition in Rb,KMoO,F, is from Fm3m
to R3: in the related structure K,PbCu(NO,), the
symmetry of the high-temperature phase is reported by
Cullen & Lingafelter (1971) as Fm3, an intermediate
phase as Fmmm (Joesten, Takagi & Lenhert, 1977) and
the low-temperature phase as triclinic (Noda, Mori &
Yamada, 1978). The small distortions found at lower
temperatures in these and other isostructural materials
suggest that they may also be ferroelastic (see
Abrahams, 1971). In the case that the lower-symmetry
phases are in addition polar, the possibility arises that a
spontaneous polarization may develop: the cubic to
lower-symmetry phase transitions hence may be
associated with the formation of a coupled
spontaneous-strain—spontaneous-polarization.

The average entropy change observed (Ravez,
Peraudeau, Arend, Abrahams & Hagenmuller, 1980)
at the cubic to rhombohedral transition of six 4, MO,F,
compounds (4 = K, Rb or Cs, M = Mo or W) is
3-9 (3) J mol~! K~!, which compares well with that
expected for a change at the phase transition in the
number of available orientations corresponding to
RIn3/2, ie. 3-4 J mol™' K~' Busey et al. (1962)
find an average entropy change of 5-1 J mol-! K-! at
each of the three transitions in K,ReClg, corresponding
to RIn 2: the symmetry progression in K,ReClg has
been reported as cubic-to-tetragonal-to-monoclinic
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for the three higher-temperature phases (O’Leary &
Wheeler, 1970).

A network of diffuse scattering in cubic K,SnCl, has
been identified by Ihringer (1980) as caused by the
in-phase rotations of the SnCl2~ octahedra. Well-
exposed precession photographs of Rb,KMoO,F,
crystals at 343 and at 473 K, by contrast, show no
evidence of diffuse scattering. Ihringer predicts a
proportionality between temperature and the x coordi-
nate of Cl in K,SnClg: the x coordinate of O/F in
Rb,KMo0O;F; remains essentially constant with
temperature in the interval measured, see Table 2. The
phase transition in these two crystals is hence quali-
tatively different in character, as expected by the
differing low-temperature symmetry. A consequence of
the major dissimilarity between the two structures,
namely the filling of the 4(b) sites in the 4,BMO,F,
crystals, is the occupation of all anionic octahedra by a
cation, see Fig. 2, with resulting modification of the
vibrational distribution in the crystal.
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