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Abstract—The structures of three phases of the K;WO;Fj; crystal have been determined from X-ray diffrac-
tion data obtained for a powder sample. The profile and structural parameters have been refined according to
the technique implemented in the DDM program. The results obtained have been discussed using the group-
theoretical analysis of the complete order parameter condensate, which takes into account the critical and
noncritical atomic displacements and allows the interpretation of the experimental data. The sequence of

structural transformations is found to be as follows: Fm3m

DOI: 10.1134/S1063783411040251

1. INTRODUCTION

The main structural elements in compounds of the
general formula A,BMO,F, _, (4, B: K, Rb, Cs; M: Ti,
Mo, W; x =1, 2, 3) are noncentrosymmetric MO, F,_ .
oxyfluoride anions which, under specific conditions,
allow the formation of polar structures with ferroelec-
tric properties [1]. However, the majority of fluorine—
oxygen compounds crystallize in the nonpolar phase
of the cubic elpasolite-like structure with the face-

centered lattice (space group Fm3m, Z = 4) [1, 2],
which, most likely, indicates a fluorine—oxygen disor-
derin the MO, F, _ . anions. In the case when the 4 and
B cations are equivalent, the compound has a cryolite
structure (Na;AlFy). As the temperature decreases,
the majority of the oxyfluorides undergo phase transi-
tions of the ferroelastic or ferroelectric nature due to
the ordering and small atomic displacements [1, 2].
Recently, there have appeared a number of publica-
tions devoted to more detailed investigations of the
Na;MoO;F; [3] and TI;Mo00O;F; [4] phases distorted
at room temperature. It has turned out that the univa-
lent cation size substantially affects the symmetry of
the low-temperature ferroelectric phase: sodium cryo-
lite has space group Pl1, while tallium cryolite has
space group Pc.

A number of compounds of the general formula
A,BMOsF; (A, B: K, Rb, Cs; M: W, Mo), including
K;WO;F;, were studied in [2, 5]. It was concluded that
these compounds undergo two phase transitions
G, — G, — G,: during the first high-temperature

T Deceased.

11-10(T7)
My, 0,0)

11-10(T)

14mm My, M2, 0)

Cm.

phase transition, the cubic structure of the compounds
transforms into the hexagonal noncentrosymmetric

structure with the unit cell parameters a;., = dq/ J2

and ¢ = J3 a.- A further decrease in temperature
brings about one more phase transition, after which
the point group of symmetry becomes trigonal or even
triclinic.

The phase transitions in one of the representatives
of the aforementioned series of compounds, namely,
in the K;WO;F; cryolite, were studied earlier by the
calorimetric methods [2, 6, 7]. Two structural trans-
formations were found at the temperatures 7; =452 K
and 7, = 414 K with the following changes in the
entropy: AS; = RIn(1.68) and AS, = RIn(1.42) [2, 6].
As was shown in [2], at temperatures higher than 7', =
452 K, the K;WO;F; crystal has cubic symmetry

(space group Fm3m , Z=4). Later, in [8], the param-
eters of the tetragonal crystal unit cell of the K;WO;F;

compound at room temperature were determined to
be a=30.70 £ 0.02 A and ¢ = 43.70 £ 0.03 A.

Our relatively recent comprehensive studies of this
compound [6, 7, 9] showed that the distorted phase at
room temperature has monoclinic symmetry (space
group Cm) with the parameters of the base-centered
monoclinic unit cell @ = 8.7350(3) A, b = 8.6808(5) A,
c=6.1581(3) A, and B = 135.124(3)°; in the temper-
ature range 7,—7,, the intermediate phase cannot
have the hexagonal unit cell.

Such significant discrepancies in the experimental
data obtained by different authors require additional
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Type of reflection
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Cubic phase G | | |

Fig. 1. Splitting of the main reflections of the cubic phase
in K3WO3F; during phase transitions.

Intermediate phase G,

Low-temperature phase G,

more careful structural studies of the K;WO;F; oxyflu-
oride. Moreover, all the preceding results, including
the obtained changes in the entropy, do not answer the
question as to what atoms or group of atoms, their dis-
placements or orderings, are responsible for the phase
transitions.

In order to elucidate the mechanism of transforma-
tions occurring in the K;WO;F; crystal, we performed
the temperature X-ray powder diffraction studies of its
structural characteristics and their changes during the
phase transitions.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

In order to synthesize the K;WO;F; compound, we
used potassium tungstate, potassium fluoride, and
hydrofluoric acid. The concentrated aqueous solution
of potassium tungstate was slowly, with continuous
mixing, added in a solution of potassium fluoride in
hydrofluoric acid. During this process, the active
chemical reaction K,WO, + 2KF + HF —
K;WO;F; + KOH occurs with the solution heating.
The white sediment precipitated as a result of the reac-
tion was the powder of the Ky;WO;F; crystal which was
used in our X-ray diffraction studies.

The X-ray diffraction patterns from the polycrys-
talline K;WO;F; samples were measured using an
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Anton Paar TTK450 temperature chamber installed
on a D8-ADVANCE X-ray diffractometer (Cuk,
radiation, 6—26 scanning, VANTEC linear detector).
Liquid nitrogen was used as a coolant. The scan step in
angle 26 was 0.016°; the exposition was 0.3 s in each
point. The experiments were performed in the temper-
ature range from 303 to 473 K with a step of 10 K,
which allowed us to state the regularities in the change
in the structural characteristics of the crystal during
the phase transitions. To more reliably refine the struc-
tures of the initial and distorted phases in three tem-
perature points (298, 433, and 513 K) disposed quite
far from the phase transition temperatures, the exposi-
tion at each experimental step was increased to 0.9 s.
The temperatures at which the experiments were per-
formed excluded the influence of the transition phe-
nomena.

3. EXPERIMENTAL RESULTS

The splittings of the X-ray reflections of the initial
cubic phase observed in the X-ray powder diffraction
patterns as temperature decreased (Fig. 1) show that
the G| phase cannot have trigonal symmetry, as was
assumed in [2], even after the first phase transition at
T, =452 K, and, in this case, the tetragonal system is
most likely realized (Figs. 1 and 2). An analysis of the
changes in the dominant reflection profiles during the
transition (7, = 414 K) in the G, phase (Figs. 1 and 2)
indicates an additional splitting of the reflections of (4,
0, 0) and (4, A, h) types. Here and in what follows, the
indices of all the reflections are given with respect to
the unit cell parameters of the cubic G phase. Using
the homology method [10], the reflection splitting in
the X-ray diffraction patterns can be interpreted by the
most probable sequence of the phase symmetries:
cubic — tetragonal — monoclinic with the twofold
axis along the preceded fourfold axis or the triclinic
symmetry. Moreover, we take into account that both
distorted phases are noncentrosymmetric [2].

6000 S
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2 - \"\
3 4000 2% KN
° - 77NN G -
I 7 [/ S Gy ——T, = 432K
5 = N o T,= 414K
@ 2000 E ,\\j\\\ 2

0

20, deg
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Fig. 2. Fragments of the X-ray diffraction patterns of the K;WO;F5 compound with the (4, 0, 0) reflection at temperatures varying

from 303 to 473 K in steps of 10 K.
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Table 1. Parameters of the data acquisition and refinement of the structure

Parameter T=298 K T=433 K T=513K
Space group Cm 14mm Fm3m
a;, A ay, 8.7350(3) 1/2(ag — by), 6.1676(1) ay, 8.7958(1)
b, A by, 8.6901(4) 1/2(ay + by), 6.1676(1) by, 8.7958(1)
e A (cog— ag)/2, 6.1569(3) o, 8.7997(2) o, 8.7958(1)
B, deg 135.168(3) 90 90
v, A3 329.52(3) 334.74(1) 680.48(2)
V4 2 2 4
20 angle range, deg 5—100 5—100 5—100
Number of reflections 360 81 37
Number of parameters refined 19 16 7
Ry, % 3.93 3.96 1.83
Rppwm, % 15.27 14.99 12.20
Order parameter 1 M1, M2, 0) M1, 0, 0) 0,0, 0)
Experimental entropies RiIn1.42 RIn1.68 —
Calculated entropies Rln2 Rln2 —

Note: Ry is the Bragg integral discrepancy factor; R\ is the profile discrepancy factor determined with the DDM program.

Table 2. Atomic coordinates, isotropic thermal parameters
B0, and position occupancies p in the K;WO;Fj; structure

Atom| p X Y V4 B}f?’
T=513K, Fm3m
W |10 0 0 0 3.90(4)
K1 |1.0 1/2 1/2 1/2 6.9(1)
K2 |1.0 1/4 1/4 1/4 5.8(1)
F 0.5 0.219(2)| 0 0 4.3(3)
O  0.03125| 0.192(3)| 0.092(2) | 0 4.4(7)
T=433K, I4mm
W |10 1/2 1/2 1/2 3.82(4)
Kl |10 0 0 0.497(8)| 9.5(3)
K2 |1.0 1/2 0 0.262(2)| 5.2(2)
F1 |05 0.277(3)| 0.277(3) | 0.526(4)| 4.1(6)
2 |1 0 0 0.217(2)| 1.0(4)
o1 [0.25 0.228(5)| 0.606(5) | 0.560(4) | 4.1(6)
02 [0.25 0.110(6)| 0.110(6) | 0.822(5)| 3(1)
T=293K, Cm
W |10 0 0 0 4.5(1)
K1 |1.0 —0.06(1) | 0 —0.078(8) | 7.1(9)
K2 |1.0 0.006(3)| 0.719(2) | 0.470(5)| 1.9(4)
F1 |10 0.275(7)| 0 0.07(1) |2.0(1)
F2 |1.0 0.73(1) | 1/2 0.46(1) |2.0(1)
F3 0.5 0.04(1) | 0.204(7) | 0.14(1) |2.0(1)
o1 |[1.0 0.80(1) | 0 0.60(1) |2.0(1)
02 |1.0 0.81(1) | 0 0.00(1) |2.0(1)

PHYSICS OF THE SOLID STATE Vol. 53

Further consideration of the experimental data will
be based on the group-theoretical studies of the struc-
tural phase transitions in the crystals with space group

Fm3m [11] and with the ISOTROPY [12] and ISO-
DISPLACE [13] program packages. According to
[10—12], the changes in the symmetry, which are indi-
cated by the splittings of reflections, their extinctions,
and the data on the ferroelectric character of the tran-
sitions [2], i.e., the absence of the inversion center, can
be explained by the fact that, during the transition
from the cubic phase, there appears a phenomenolog-
ical order parameter, which is transformed according

to the irreversible representation I'y (11—10) of space

group Fm3m with the wave vector of the Brillouin
zone center (point I', k;; = 0). These order parame-
ters, which specify the symmetry of the distorted
phase, are referred to as the critical parameters
according to [14]. The structural distortions, atomic
displacements and orderings related to the critical
order parameters are also called critical. All denota-
tions concerning the irreversible representations and
the Brillouin zone points are given according to [15].

Table 1 presents the relations between the compo-
nents of the phenomenological order parameter, the
data on the symmetry of phases in K;WO;F;, and rela-
tions between main translations of the unit cells of the
initial cubic and distorted phases.

The structural models of the distorted phases were
determined by traditional Patterson function method
and also by the method in which the symmetry analy-
sis of the initial structure is used [16]. The symmetry
analysis of the cubic phase structure includes an anal-
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ysis of the mechanical and permutational representa-
tions, and it allows the assumption of possible dis-
placements and orderings of ions in the distorted
phases based on knowing critical order parameters and
critical irreversible representations. The critical dis-
placements and the probability of occupying one or
other positions by an atom in the unit cell are deter-
mined during refining the crystal structure. This possi-
bility is implemented in the BRUKER-AXS TOPAS 4
program [16].

The profile and structural parameters were refined
using a new procedure realized in the DDM program
which has not yet widely used now [17].

The temperature dependences of the cubic unit cell
parameters found during fitting the profiles by the
DDM program are depicted in Fig. 3. As was noted
above, the atomic coordinates, the occupancies of
their positions, and the thermal parameters were
refined using the data measured at temperatures of
298, 433, and 513 K. The peak shape was described by
the Pearson VII function. The refined data on the
structures of all phases of K;WO;F; are given in
Tables 1 and 2, and the main bond lengths are listed in
Table 3. The G, phase structure in K;WO;F; was even
reported earlier [9]; however, despite the low discrep-
ancy R factor (2.47%), the bond lengths d(W—0) were
very short (1.48—1.63 A), which casts a doubt upon the
validity of the model. In this work, we proposed the
model of the G,-phase structure, which differs from
the model described in [9] predominantly in the
arrangement of the O atoms. The refinement of this
model led to more realistic values of the bond lengths
d(W—O0) in the range 1.70—1.74 A.

In the high-temperature G, phase at 513 K, the
K;WO;F; crystal has a cubic cryolite structure. The
primitive cell contains one W atom, two independent
K atoms; and F atom occupies the 24e position with
the occupation multiplicity of the position of 0.5. In
the initial model, the O atom also occupies the 24e
position with the same position occupation multiplic-
ity of 0.5, and it was refined with an anisotropic ther-
mal parameter. In this approximation, the discrepancy
factor Rg = 3.5%. As the O atom was placed to position
96j with the position occupation multiplicity of 3/96
and its position was further refined in the isotropic
approximation, the discrepancy factor sharply
decreased to Ry = 1.83%. Similar disordering is also
demonstrated by the arrangement of the O and F
atoms in the monoclinic G, phase structure. Since the
WO,;F; polyhedron in the monoclinic phase is dis-
torted, and the O—W—O angles are not all close to 90°
(Table 3), which is also confirmed by the data from [9],
we, adding the elements of the cubic phase symmetry
absent in the G, phase, obtain the disordering of the O
and F atoms similar to that described above.

In the tetragonal G, phase at 433 K, the primitive
cell of the K;WO;F; crystal contains one W atom, two
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Fig. 3. Temperature dependences of (a) the unit cell
parameters of (7) the cubic G, phase a, (2, 3) tetragonal

G phase (2) ¢ and (3) alﬁ, and (4—6) monoclinic G,

phase (4) a2, (5) czﬁ , and (6) by; and (b) the monoclinic-
ity angle in the G, phase ( — 45°) of the K;WO3F; com-
pound.

independent K atoms, two independent F atoms, and
two independent O atoms. The refinement of the
model was stable. The choice of and the search for the
structure of the low-temperature monoclinic phase at
293 K were performed in the same way as the search
for the phase structure at 433 K. The refinement of the
structure was also stable with a low discrepancy factor.

4. DISCUSSION OF THE RESULTS

In order to understand the mechanism of the phase
transitions and the separation of leading (critical)
atoms, we shall simulate the ordering of the WO;F;
octahedron with symmetry 3mm (Cs,) [18, 19]. Since
the d(W—0) and d(W—F) distances are different, the
WO,F; octahedron can be represented as a vector
directed from the center of the triangle built on the F
atoms to the center of the triangle built on the O
atoms. In the cubic unit cell, the WO, F; octahedron is
oriented so that this vector has the coordinates (x, x,
X), where x is an arbitrary constant. Replacing the
octahedron by the vector, it is easy to obtain the num-
ber of different orientations of WO;F; in the cubic
phase. Since the (x, x, x) position in the cubic phase
has the multiplicity of 32, the number of the orienta-
tions of WO, F;in asite is Ny = 32/7Z=32/4 = 8§, where
Z = 4 is the number of the formula units in the cubic
face-centered unit cell. Thus, there are eight different
orientations of the WO, F; octahedron in the cubic phase.
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Fig. 4. Model of ordering in WO3F3.

Using the group-theoretical analysis of the permu-
tation representation, we can determine which of
these eight positions disappear and which of them are
retained. Thus, we can state which of the octahedron
orientations are retained after the phase transition if
we know the critical order parameter transformed by a
critical irreversible representation of the initial group.
For this purpose, the ISODISPLACE program [13] is
most suitable, since it not only operates with all space
groups and representations, but also it visualizes the
result. Finding the number of the retained orientations
N,, we can easily calculate the entropy change during
the phase transition related to ordering of an atomic
group (AS = RIn(N,y/N,).

As was noted above, the change in the symmetry
during the phase transitions in K;WO;F; is caused by
the critical three-component order parameter which is

transformed by the T, (11—10) representation.

During the phase transition Fm3m — I4mm at
T, =452 K, only one of three components of the order
parameter has a nonzero value: (n;, 0, 0) (Table 1). An
analysis of the tetragonal G, phase structure shows that
several of the O and F atoms are ordered during the

PHYSICS OF THE SOLID STATE Vol. 53

phase transition. Moreover, the ordering is accompa-
nied by a displacement of the K atoms with respect to
their positions in the cubic lattice: Ar(K1) = (0, 0,
—0.02) A and A(K2) = (0,0,0.11) A (here and in what
follows, the components of all atomic displacements
are given relative to the pseudo-cubic lattice). It is pre-
cisely the enumerated orderings and displacements of
the atoms that are critical and, and they are trans-

formed by the I', (11—10) representation with the
order parameter (n;, 0, 0). Hence, it is easy to find the
number of retained orientations of the WO,F; octahe-
dron after this phase transition. The number of the
octahedra decreases from N, = 8§ to N; = 4. Such a
model of ordering of WO;F; is presented in Fig. 4. Thus,
the transition entropy is AS; = RIn(N,/N,) = RIn2.

Upon the subsequent phase transition /4mm —
Cm at T, = 414 K, the critical order parameter has the
form (n;, Ny, 0). The process of ordering of the O and
F atoms continues, and it is accompanied by the dis-
placements of K atoms as follows: Ar(K1) = (—0.18, 0,
—0.34) A and Ar(K2) = (0.32, —0.27, — 0.13) A. The
number of the octahedron orientations decreases from
N, = 8 to N, = 2. Thus, the entropy of the second
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Table 3. Characteristic bond lengths in the K3WO;Fj; struc-
ture

513K

Length,
Bond A

433 K

Length,
Bond A

298 K

Length,
Bond A

W—F | 1.92Q2) | W=FI1

W-F2

1.96(1)
1.91(2)

W-Fl1
W-F2
W-F3
W-01
W-02
KI-Fl1
KI-F2
KI-F3
K1-01
K1-02
K2-F1
K2-F2
K2-F3
K2-01
K2-02

2.11(7)
2.00(4)
1.89(6)
1.74(4)
1.7(1)

2.66(3)
2.3(1)

2.02(7)
2.94(5)
2.9(1)

2.59(3)
3.03(8)
2.4(1)

2.81(7)
3.01(3)

1.87(3) | W—01
W-02
KI1-F1

KI-F2

1.88(3)
1.84(4)
2.43(1)
2.45(7)

KI-F |2.47(2)

K1-0 |2.83(3) | K1-O1
K1-02
K2—F1

K2-F2

2.86(3)
3.02(8)
3.19(3)
3.11(3)

K2—F | 3.12(1)

K2-0 | 2.65(1) | K2—01

K2-02

2.36(4)
2.55(3)

phase transition is AS, = RIn(N,/N,) = RIn2, and the
summary change in the entropy of both the phase
transitions is AS; + AS, = RIn(N,/N,) = RIn4 (Fig. 4,
Table 1).

Thus-calculated changes in the entropy well agree
with those measured using a DCM-2M differential
scanning microcalorimeter (Table 1). A small excess of
the calculated entropies of the phase transitions as
compared to the measured data (Table 1) is due to the
fact that the method of differential scanning gives, as a
rule, underestimated values.

4. CONCLUSIONS

Thus, the structural transformations in the ferro-
electric K;WO;F; crystal which can be schematically

= 11-10(T3) 11-10(T3)
represented as Fm3m ECIIRI I4Amm 0 Cm.

were determined using the X-ray powder diffraction in
combination with the procedures of the symmetry
analysis of the complete condensate of the order
parameters.
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