ISSN 1063-7834, Physics of the Solid State, 2012, Vol. 54, No. 1, pp. 155—165. © Pleiades Publishing, Ltd., 2012.
Original Russian Text © M.S. Molokeev, S.V. Misyul’, 2012, published in Fizika Tverdogo Tela, 2012, Vol. 54, No. 1, pp. 144—153.

PHASE

TRANSITIONS

Processes of Ordering of Structural Elements,
Critical and Noncritical Parameters of Phase Transitions
in the (NH,);WO;F; Crystal

M. S. Molokeev* * and S. V. Misyul’® #*
¢ Kirensky Institute of Physics, Siberian Branch of the Russian Academy of Sciences,
Akademgorodok 50—38, Krasnoyarsk, 660036 Russia
* e-mail: msmolokeev@mail.ru
b Siberian Federal University, Svobodnyi pr. 79, Krasnoyarsk, 660041 Russia
** e-mail: misjul @kakdem.ru
Received May 5, 2011; in final form, June 28, 2011

Abstract—The structure of the low-temperature triclinic phase of the (NH,4);WO;F; crystal has been deter-
mined and the structure of the cubic phase of this crystal has been refined from data of an X-ray diffraction
experiment performed for a powder sample. The profile and structural parameters have been refined accord-
ing to the procedure implemented in the DDM program. The results obtained have been discussed with
invoking the group-theoretical analysis of the complete order parameter condensate, which takes into
account the critical and noncritical atomic orderings and allows one to interpret the obtained experimental
data. It has been found that the symmetry transformation in the crystal can be schematically represented in

the following form: Fm3m Z=4) — Pl “Z=1)— Pl (Z = 6). This transformation is accompanied by
the complete ordering of WO;F; polyhedra and the displacement of NH, ions.

DOI: 10.1134/S1063783412010222

1. INTRODUCTION

The main structural elements in compounds of the
general formula 4,BMO,F,_, (where A, B =K, Rb,
Cs; M=Ti, Mo, W, x=1, 2, 3) are noncentrosymmet-
ric oxyfluoride anions MO, F,_,, which, under spe-
cific conditions, allow the formation of polar struc-
tures with ferroelectric properties [1]. However, the
majority of fluorine—oxygen compounds crystallize in
the nonpolar phase of the cubic elpasolite-like struc-

ture with a face-centered lattice (space group Fm3m ,
Z=4) 1, 2], which, most likely, indicates a fluorine—
oxygen disorder in the MO,F;_, anions. With a
decrease in the temperature, the majority of the oxy-
fluorides undergo phase transitions of the ferroelastic
or ferroelectric nature due to the processes of ordering
and small displacements of atoms [1, 2]. In recent
papers [3—6] concerned with the structural investiga-
tions of similar compounds, it has been reported that
there are problems in explaining the specific features
of the structures of both the parent and distorted
phases of the aforementioned compounds. This study
continues the series of works dedicated to the elucida-
tion of the overall picture of structural transformations
occurring during the phase transitions in the crystals
under consideration.

The calorimetric investigations performed in our
previous work [7] on the (NH,);WO;F; crystal
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revealed the occurrence of two first-order structural
phase transitions at temperatures 7, = 200.1 £ 0.1 K
and 7, = 198.5 £ 0.1 K with the total change in the
entropy AS;, =18.1 £1.0J/(mol K) = RIn(8.8). In [7],
it was shown using the X-ray diffraction methods that
the (NH,);WO;F; crystal exists in the cubic phase G

(space group Fm3m, Z = 4) at temperatures above
T, = 200.1 K and undergoes a phase transition to a
structure with the pseudotetragonal unit cell at tem-
peratures below 7). Vtyurin et al. [8] investigated the
variations observed in the Raman scattering spectra of
the (NH,);WO;F; compound and demonstrated that
the phase transitions occurring in this crystal are asso-
ciated with the orientational ordering of the WO;F;
polyhedron. The NH, groups play a passive role in the
processes of phase transitions and do not undergo
ordering.

In order to confirm the above inferences, to specify
the order parameters of the phase transitions, and to
perform further theoretical descriptions of the struc-
tural transformations, it is necessary to determine the
structures of distorted low-temperature phases of the
compounds under consideration.

Following these objectives, we have carried out
more comprehensive temperature X-ray powder dif-
fraction investigations of the structural characteristics
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Fig. 1. Fragments of the X-ray diffraction patterns of the
(NH4)3WO3F; compound at different temperatures with
the reflections (a) (1, 1, 1) and (2, 0, 0); and (b) (2, 2, 0),
(3,1, 1), and (2, 2, 2). T} and T, are the temperatures of
the phase transitions. 7= 303 and 133 K are the tempera-
tures at which the structures of the parent and distorted
phases were further refined.

and their changes during the phase transitions in the
(NH,);WO;F; crystal.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The synthesis of the studied compound
(NH,);WO;F; was thoroughly described in [7]. The
compound was synthesized from hot solutions of
(NH,),WO,F, with an excess of NH,F, followed by
gradual addition of an NH,OH solution up to pH = 8§,
i.e., up to the formation of first portions of a white pre-
cipitate.

The X-ray diffraction patterns from polycrystalline
samples of the (NH,);WO;F; compound were
recorded using an Anton Paar TTK450 temperature
chamber installed on a D8-ADVANCE X-ray powder
diffractometer (Cuk, radiation, 6—260 scan mode,
VANTEC linear position-sensitive detector). Liquid
nitrogen was used as a coolant. The scan step in the
angle 20 was equal to 0.016°, and exposure per frame
was 0.3 s. The experiments were carried out at temper-
atures in the range from 303 to 133 K with a step vary-
ing from 2 to 20 K, depending on how close the tem-
perature of the measurement is to the temperature of
the phase transition. This made it possible to reveal
regularities in the variations of the structural charac-
teristics of the crystal during the phase transition. In
order to more reliably refine the structures of the par-
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ent and distorted phases at two temperatures (298 and
133 K), each being fairly different from the phase tran-
sition temperature, the exposure at each experimental
step was increased to 3 s.

3. EXPERIMENTAL RESULTS

By applying the homology method [9] to analyzing
the splittings of X-ray reflections from the parent cubic
phase in the X-ray diffraction pattern with a decrease
in the temperature (Figs. 1a and 1b), it can be affirmed
that symmetry of the distorted phase is either orthor-
hombic, or monoclinic, or triclinic.

The changes in the translational symmetry in the
course of phase transitions occurring in the
(NH,);WO;F; compound were difficult to reveal in
the X-ray diffraction patterns because of the presence
of a small number of weak reflections both from impu-
rities and from the ice phase. However, in the angle
ranges 20 ~ 21.6° and 26 ~ 37° at temperatures below
199 K, we revealed the superstructure reflections (0, 1,
2),(0,1/3,11/3),(3,1/3,7/3),and (1, 1/3, 11/3) (the
indices are given in terms of the parameters of the
cubic unit cell). These angle ranges were thoroughly
scanned in such a way that the temperature of the sam-
ple was varied in the range from 203 to 143 K (Fig. 2)
and the exposure at each new temperature was
increased to 10 min. This made it possible to elucidate
the temperature behavior of the integrated intensity of
the aforementioned superstructure reflections
(Fig. 3). For processing the X-ray diffraction patterns
and determining the integrated intensities of the X-ray
reflections from these diffraction patterns, we used the
EVA program, which is implemented in the DIF-
FRAC-PLUS software package (Bruker).

A linear increase in the integrated intensities of
superstructure reflections with a decrease in the tem-
perature beginning from 7, = 201 K suggests that the
dominant contribution to their intensities are made by
the critical order parameters. At the same time, the
appearance of the reflections (0, 1/3, 11/3), (0, 1/3,
7/3), and (1, 1/3, 11/3) from the distorted phase at
temperatures below 201 K indicates a change in the
unit cell volume of the crystal during the phase transi-
tion. An attempt to determine the parameters of the
triclinic unit cell of the G, phase with the known pro-
gram ITO [10] has failed for a number of reasons,
which will be analyzed in a forthcoming publication.
In this paper, we have described an original program
that makes it possible to properly choose the parame-
ters of the distorted unit cells in accordance with the
splitting of the principal reflections and from the com-
parison of the positions of the superstructure reflec-
tions in the X-ray diffraction pattern with the theoret-
ically calculated positions of these reflections. In the
nearest future, it is planned to publish an article
devoted to a detailed description of this program. The
writing such a program is not accidental, because the
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Fig. 2. Fragments of the X-ray diffraction patterns of the
(NH4)3;WO3F; compound measured with variations in the

temperature in the region of superstructure reflections: (a)
(0, 1, 2) and (b) (0, 1/3, 11/3), (0, 1/3, 7/3), and (1, 1/3,
11/3). The asterisk indicates the peak of the impurity. 7}
and T are the temperatures of phase transitions.

above-described task could not be solved by the pro-
gram ITO [10].

By using the homology method [9] and the original
program for the determination of the point and trans-
lational symmetries of the distorted phase with
decreasing temperature, it has been established that
only the triclinic unit cell with V;/V, = 6 and the
parameters a, = (a, — by)/2, b, =¢;, and ¢, = —(a, +
b,y)3/2 is suitable for the description of the entire pro-
file of the X-ray diffraction pattern of the distorted
phase, including the splittings of the principal reflec-
tions (Figs. 1a and 1b) and the superstructure reflec-
tions.

The structural model of the distorted phase was
determined using the traditional Patterson function
method. The profile and structural parameters were
refined according to the procedure implemented in
the DDM program [11] (Table 1). The shapes of the
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Fig. 3. Temperature dependences of the total integrated
intensity of superstructure reflections from the
(NH4)3WO5F3 compound: (a) (0, 1, 2) and (b) (0, 1/3,
11/3), (3,1/3,7/3),and (1, 1/3, 11/3).

peaks were described by the Pearson VII function. Fig-
ures 4a and 4b illustrate the thermal behavior of the
parameters of the reduced cubic unit cell, which were
obtained during the fitting of the profiles of the X-ray
diffraction patterns with the DDM program. It should
be noted that, with a decrease in the temperature, the
volume of the cubic unit cell increases abruptly by
approximately 0.05% at the temperature of the phase
transition (see Fig. 4c), which is possible in first-order
phase transitions.

In the high-temperature cubic phase G, at a tem-
perature of 293 K, the (NH,);WO;F; crystal has a
cubic cryolite structure. The primitive cell contains
one tungsten ion and two independent ammonium
ions NH,, while the fluorine and oxygen ions are dis-
ordered over the position 96k with the occupation
multiplicity of the position of 1/8. The thermal
parameter of the fluorine and oxygen ions was refined
in the isotropic approximation. This model of the dis-
ordering of the fluorine and oxygen ions in the cubic
phase leads to the minimum discrepancy factor and
has been confirmed by the structure of the distorted
phase G,. Among the two independent ammonium
ions, one ion (located in the position 4b) in the cubic
phase has been disordered at least over two positions,
which has made it impossible to determine the coordi-
nates of its hydrogen atoms. The other ammonium ion
(located in the position 8c) has already been ordered in
the cubic phase, and its atoms have been located
(Table 2).
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Table 1. Data collection and structure refinement parameters of the (NH4);WO5F; compound

Parameter T=298 K T=133K
Space group Fm3m Pl
a, A a,, 9.1531(1) (ag — by)/2, 6.4538(5)
b;, A by, 9.1531(1) ¢y, 9.1507(4)
c, A ¢g, 9.1531(1) —(ag +bg)3/2, 19.2771(7)
o, deg 90 90.092(3)
B3, deg 90 90.509(3)
vy, deg 90 90.231(5)
v, A3 766.85(2) 1138.4(1)
VA 4 6
20 angle range, deg 5—110 5—110
Number of reflections 40 2850
Number of parameters refined 9 101
Ry, % 4.8 6.04
Rppwm, % 13.12 12.79

Note: Ry is the Bragg integral discrepancy factor, and Rppy is the profile discrepancy factor determined with the DDM program [11].

Unfortunately, our attempts to determine the
structure of the intermediate phase G, have failed
because of the narrow temperature region of its exist-
ence (7,—T; = 2 K) and the influence of the transition
effects in this region.

The search for the structural model of the other
lower temperature triclinic phase G, at a temperature
of 133 K was performed by analogy with the search for
the structure of the cubic phase G at a temperature of
298 K. The primitive cell of the triclinic phase G, of the
(NH,);WO;F; compound contains three tungsten ions
and nine independent ions NH,. In the triclinic phase
G,, we also could not determine the coordinates of the
hydrogen atoms of the ammonium groups, which have
been disordered in the cubic phase G;. Therefore, we
can state that this ammonium ion remains disordered
also in the triclinic phase G,. Moreover, we have deter-
mined the positions of the hydrogen atoms of the other
ammonium groups, which have already been disor-
dered in the cubic phase (Table 2).

The refinement of the proposed structural models
of the cubic and triclinic phases of the (NH,);WO;F;
compound was stable and led to low discrepancy fac-
tors. The results of the structure refinement are pre-
sented in Tables 1 and 2. The selected bond lengths in
the structure of the (NH,);WO;F; compound are
listed in Table 3. The structures of the cubic phase G
and the triclinic phase G, of the (NH,);WO;F; com-
pound are shown in Fig. 5.

All the WO;F; ions involved in the G, phase form
hydrogen bonds with the ammonium ions (Fig. 6). In

turn, this leads to the formation of a three-dimen-
sional framework, so that each WO;F; polyhedron is

bonded to the neighboring polyhedra through the
ammonium ions by the hydrogen bonds.

4. DISCUSSION OF THE RESULTS

The further consideration of the experimental data
will be performed according to the scheme used in our
recent publications [3, 6], which is based on the works
dealing with the group-theoretical analysis of the
structural phase transitions in crystals with the space

group Fm3m [12] and on the ISOTROPY [13] and
ISODISPLACE [14] software packages.

At the first stage of our consideration, we deter-
mined the order parameters and the representations of

the space group Fm3m, which are involved in the
phase transitions. For this purpose, we analyzed the
permutation and mechanical representations [15] of
the structures of the phases in the (NH,);WO;F; crys-
tal. This analysis was carried out with the ISODIS-
PLACE software package [14]. So, using the known
structures of the cubic phase G, and the triclinic phase
G,, we performed the expansion of the orderings and
displacements of the atoms involved in the
(NH,);WO;F; crystal, which are transformed accord-
ing to the irreducible representations of the space

group Fm3m. According to this analysis, the largest
contributions to the distortion of the structure are

made by the following three representations: I's (11—
7) with the order parameter (n1, n2,n3), Z,(4—1) with

the order parameter (&, 0, 0, —&/ﬁ ,0,0,0,0,0,0,0,
0), and Z;(4—3) with the order parameter (g, 0, 0,

PHYSICS OF THE SOLID STATE Vol. 54  No. 1 2012
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phase G,.

sﬁ, 0,0,0,0,0,0, 0, 0). The parenthetic designa-
tions referring to the irreducible representations and
the points of the Brillouin zone are given in accor-
dance with the reference book [16]. The appearance of
the aforementioned order parameters in the triclinic
phase G, leads to an ordering of the WO;F; polyhedra
and atomic displacements in the structure of the
(NH,);WO;F; compound.

Thus, the changes in the point and translational
symmetry, which are indicated by the positions of the
superstructure reflections of the G, phase in the X-ray
diffraction patterns, can be described by the interac-
tion of three phenomenological order parameters so
that one of these order parameters is transformed

AN\

T
.‘\s‘ ‘r‘;

o

OH ¢ N 60 OUF W

Fig. 5. Structures of the phases of the (NH4);WO;F; com-
pound: (a) the cubic phase G at a temperature 7= 298 K
and (b) the triclinic G, at a temperature 7= 133 K.

Le,
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oH N O (UF @W

Fig. 6. System of hydrogen bonds in the structure of the
(NHy)3WO3F; compound in the triclinic phase G,.
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Table 2. Atomic coordinates, isotropic thermal parameters (B,,), and position occupancies (p) in the (NH,);WO;F; structure

Atom | p X Y Z B, A% ||[Atom | p X Y z B, A2
T=298 K, Fm3m N13 | 1.0 | 0.74(3) | 0.74(3) | 0.74(1) 2.0
w 1.0 0 0 0 3.02(3) ||[N21 | 1.0 | 0.75(3) | 0.01(2) | 0.92(1) 2.0
N1 1.0 | 1/4 1/4 1/4 55(3) ||HI1 | 1.0 | 0.753) | 0.07(2) | 0.88(1) 2.0
H1 1.0 | 0.19 0.19 0.19 4 HI2 | 1.0 | 0.75(3) | 0.07(2) | 0.95(1) 2.0
N2 1.0 | 172 1/2 1/2 5.1(4) ||HI3 | 1.0 | 0.64(3) | 0.96(2) | 0.92(1) 2.0
0 1/8 | 0.1965(6)| 0.0444(4) | 0.0444(4) | 2.6(2) ||HI4 | 1.0 | 0.86(3) | 0.96(2) | 0.92(1) 2.0
F 1/8 | 0.1965(6)| 0.0444(4) | 0.0444(4) | 2.6(2) |[N22 | 1.0 | 0.78(2) | 0.02(2) | 0.276(9) 2.0
T=133K, P1 H21 | 1.0 | 0.78(2) | 0.08(2) | 0.240(9) 2.0
Wi 1.0 | 0.742(4) | 0.246(3) | 0.748(1) | 3.26(4) ||H22 | 1.0 | 0.78(2) | 0.08(2) | 0.312(9) 2.0
FI1 | 1.0 | 0.542) |0.68(2) |0.294(7) | 2.0 H23 [ 1.0 | 0.67(2) | 0.97(2) | 0.276(9) 2.0
F12 | 1.0 | 0.10(2) |0.77(1) |0.3399) | 2.0 H24 | 1.0 | 0.89(2) | 0.97(2) | 0.276(9) 2.0
F13 | 1.0 | 0.37(2) |0.97(2) |0.25809) | 2.0 N23 | 1.0 | 0.70(2) |—0.03(2) | 0.567(8) 2.0
014 | 1.0 | 0.442) |0.81(2) |0.18(1) 2.0 H31 | 1.0 | 0.70(2) | 0.03(2) | 0.530(8) 2.0
015 | 1.0 [-0.01(2) |0.78(2) |0.208(9) | 2.0 H32 [ 1.0 | 0.702) | 0.03(2) | 0.602(8) 2.0
016 | 1.0 | 0.20(2) |0.62(1) |0.204(7) | 2.0 H33 | 1.0 | 0.592) | 0.92(2) | 0.567(8) 2.0
w2 1.0 | 0.739(5) | 0.240(3) | 0.085(1) | 1.8(5) ||[H34 | 1.0 | 0.80(2) | 0.92(2) | 0.566(8) 2.0
F21 1.0 | 0.18(2) |0.56(2) |0.924(9) | 2.0 N24 | 1.0 | 0.26(2) | 0.44(2) | 0.091(9) 2.0
F22 | 1.0 | 0.402) |0.752) |0.826(7) | 2.0 H41 | 1.0 | 0.26(2) | 0.50(2) | 0.054(9) 2.0
F23 | 1.0 | 0.99(3) |0.76(2) |0.872(8) | 2.0 H42 | 1.0 | 0.26(2) | 0.50(2) | 0.126(9) 2.0
024 | 10| 0.51(2) |0.80(2) |0.959(9) | 2.0 H43 | 1.0 | 0.15(2) | 0.39(2) | 0.090(9) 2.0
025 | 1.0 | 0.10(3) |0.79(2) | 0.00(1) 2.0 H44 | 1.0 | 0.37(2) | 0.39(2) | 0.090(9) 2.0
026 | 1.0| 0.30(3) |[0.97(2) |0.903(9) | 2.0 N25 | 1.0 | 0.25(33) | 0.51(2) | 0.41(1) 2.0
W3 1.0 | 0.758(2) | 0.258(2) | 0.4147(9)| 1.0(4) |[|H51 | 1.0 | 0.25(3) | 0.56(2) | 0.38(1) 2.0
F31 | 1.0 | 0.07(2) |0.24(1) |0.466(7) | 2.0 H52 | 1.0 | 0.25(3) | 0.56(2) | 0.45(1) 2.0
F32 | 1.0 | 0.60(2) |0.26(1) |0.506(9) | 2.0 H53 | 1.0 | 0.14(3) | 0.46(2) | 0.41(1) 2.0
F33 | 1.0 | 0.86(2) |0.46(2) |0.421(9) | 2.0 H54 | 1.0 | 0.36(3) | 0.46(2) | 0.41(1) 2.0
034 | 1.0| 0483) |0.232) |0.38(1) 2.0 N26 | 1.0 | 0.12(2) | 0.51(2) | 0.727(2) 2.0
035 | 1.0 | 0.67(3) |0.06(2) | 0.44(1) 2.0 H61 | 1.0 | 0.12(2) | 0.57(2) | 0.691(7) 2.0
036 | 1.0 | 0.95(2) |0.23(2) |0.35(1) 2.0 H62 | 1.0 | 0.122) | 0.57(2) | 0.763(7) 2.0
NIl | 1.0 | 0.82(2) |0.65(1) |[0.075(8) | 2.0 H63 | 1.0 | 0.02(2) | 0.46(2) | 0.727(7) 2.0
NI12 | 1.0 | 0.73(3) |0.76(2) | 0.40(1) 2.0 H64 | 1.0 | 0.23(2) | 0.46(2) | 0.727(7) 2.0

according to the irreducible representation of the

space group Fm3m with the wave vector I at the cen-
ter of the Brillouin zone (the wave vector k;; = (0, 0,
0)) and the other two order parameters are trans-
formed according to the representation with the wave
vector X at the point located inside the Brillouin zone
(the wave vector k, = (1/3, 1/3, 0)). These order
parameters, which specify the symmetry of the dis-
torted phase, are referred to, in accordance with [17],
as the critical order parameters. The structural distor-
tions, atomic displacements, and atomic orderings,
which are related to the critical order parameter, are
also referred to as critical.

PHYSICS OF THE SOLID STATE Vol. 54

For the further consideration of the mechanism
responsible for the phase transitions, we will simulate
the ordering of the WO, F; octahedron, which, accord-
ing to the data reported in [8, 18], has the symmetry
corresponding to 3mm(C;,). The simulation will be
performed by analogy with the procedure used in our
recent works [3, 6]. In the aforementioned works, such
polyhedron was represented as a vector directed from
the geometric center of the triangle formed by the oxy-
gen atoms to the center of the triangle formed by the
fluorine atoms. In the cubic unit cell, the WO;F; octa-
hedron is oriented in such a way that this vector has the
coordinates (x, x, x); i.e., it is in the position 32fof the
face-centered cubic unit cell. By replacing the octahe-
dron with the vector, it is easy to obtain the number of

No. 1 2012
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Table 3. Lengths of the W—F and W—O bonds in the (NH,);WO;F; structure at a temperature of 133 K

Bond Length, A Bond Length, A Bond Length, A
WI1-FI11 2.1(1) W2—F21 1.9(1) W3—F31 2.2(1)
WI1-F12 2.02) W2—F22 2.0(1) W3—F32 2.0(2)
WI1—F13 2.1(2) W2—F23 2.0(1) W3—F33 1.9(2)
W1-014 1.9(2) W2—024 1.8(1) W3—034 1.9(2)
WI1-015 1.9(2) W2-025 1.9(2) W3-035 1.9(2)
WI1-016 1.6(1) W2—026 1.9(2) W3—-036 1.8(2)

Note: At a temperature of 298 K, the W—F and W—0 bond lengths in the cubic phase are equal to 1.888(5) A.

Table 4. Symmetries of the (NH,4);WO;F; phases and relationships between the phenomenological order parameters and

the entropies of the phase transitions

Characteristic T7>201K 201> T>199 K T<19K
r;(11-7)
(n1,n2,n3)
+
Critical representations _ F;r(l 1-7) 2 (4-1)
and order parameters n1,n2,n3) €,0,0, —é’;/ﬁ, 0,0,0,0,0,0,0,0)
+
%5 (4-3)
(e,0,0,¢/:3,0,0,0,0,0,0,0,0, 0)
Space group Fm3m Pl Pl
a; a (by + ¢0)/2 (ag —bg)/2
b; by (ag + ¢)/2 Co
C ) (ag +by)/2 —(ag +bg)3/2
Z; 4 1 6
Experimental entropies — RIn8.8
Calculated entropies - RIn4 ‘ RIn2

different orientations of the WO,F; octahedron in the
cubic phase. Since the (x, x, x) position in the cubic
phase has a multiplicity of 32, the number of orienta-
tions of the WO;F; octahedron in a particular site is
N, = 32/Z =8, where Z = 4 is the number of formula
units in the face-centered cubic unit cell. Thus, in the
cubic phase, there are eight differently oriented
WO,F; octahedra or the vectors replacing the WO;F;
group (Fig. 7).

The group-theoretical analysis of the permutation
representation makes it possible to easily determine
how the occupancies of these eight positions change
with variations in the symmetry and, consequently, to
elucidate which of the orientations of the octahedron
can occur with a higher probability or can be energet-
ically more favorable after the phase transition when
the critical order parameter is known. For these pur-
poses, it is most convenient to use the ISODISPLACE
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software package [14], because it visualizes the
obtained result.

Using the available experimental data [7], we will
attempt to determine the sequence of the appearance
of order parameters during the phase transitions. Ear-
lier, it was mentioned that the calorimetric investiga-
tions carried out in [7] on the (NH,);WO;F; crystal
revealed the existence of two first-order structural
phase transitions at temperatures 7; = 200.1 + 0.1 K
and 7T, = 198.5 £ 0.1 K with the total change in the
entropy AS;, =18.1 £1.0J/(mol K) = RIn(8.8). In this
case, judging from the curve reflecting the thermal
behavior of the heat capacity [7], the first phase tran-
sition at the temperature 7, makes the greatest contri-
bution to the entropy of the phase transition. By con-
sidering the ordering of the WO;F; ion, which is
related to the order parameter of only the representa-

tion F; (Figs. 7 and 8), it is easy to find that the
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(@)

Different orientations

l ri(m1,n2,n3)+Z,(&,0,0,-£/./3,0,0,0,0,0,0,0,0)
+ 23(89 0’ 09 8ﬁ5 05 03 03 03 03 09 0’ 0)

Pl
w1
1/81+nl +M2+1n3 1/8(1 + n1-n2-n3 1/8(1-n1-12 + 3 1/8(1-n1 +n2-n3-

F4E/3 +4e/3+x2/3+X3/3+2x5/3)  —x2/3 +x4/3) —4E/3 +4e/3 +x2/3 + x3/3-2x5/3)  —x2/3 + x3/3)

o kol kpfd epdd

1/8(1 +m1 +n2+n3 1/8(1 + n1-12-13 1/8(1-n1-12 + 13 + 1/8(1-m1 + 1n2-13
—4E/3 —4e/3 —X2/3—X3/3 —2x5/3)  +x2/3 —x3/3) +4E/3—4e/3-x2/3 — X3/3 +2x5/3) +x2/3 — x3/3)

] R b R

1/81+n1+n2+n3 1/8(1 +n1-n2-n3 1/8(1-m1-m2 +n3 1/8(1-m1 +n2-n3
+4E/3 +4¢/3 +x2/3 +x3/3+2x5/3) —x2/3+x4/3) —-4&/3 +4¢/3 +x2/3 +x3/3-2x5/3) —x2/3 +x3/3)

+ o RO Rl RO

1/8(1+nl+n2+n3 1/8(1 + n1-n2-n3 1/8(1-n1-n2 +n3 1/8(1-n1 +n2-n3
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W3
1/8(1 +nl+n2+n3 1/8(1+n1-Mm2-n3 1/8(1-m1-12+n3 1/8(1—m1 +n2-n3

—88/3-8e/3 +x2/3 + x3/3 + 2x5/3) -x2/3+x3/3) +8&/3-8¢/3 +x2/3 +x3/3-2x5/3) —x2/3 +x3/3)

F 0 ROl fpf D

1/8(1 +nl +n2+n3 1/8(1 +nl-n2-n3 1/8(1-n1-m2 +n3 1/8(1-n1 +n2-n3
+88/3 + 8¢/3—x2/3-x3/3-2x5/3) +x2/3-x3/3) -8&/3 +8¢/3—x2/3-x3/3+2x5/3) +x2/3-x3/3)

Fig. 7. Model of the ordering of the WO3F; polyhedra in the C3,, configuration (see Fig. 1). Numbers under the particular orien-
tation of the polyhedron indicate the probability of its existence; n1, 2, and 13 are the components of the critical order param-

eter, which is transformed according to the I'5  representation; & is the component of the critical order parameter, which is trans-

formed according to the X representation; € is the component of the critical order parameter, which is transformed according to
the X5 representation; and x2, x3, and x5 are the components of the noncritical order parameters, which are transformed accord-

ingtothe X, , X; ,and X; representations, respectively.

entropy of this phase transition is equal to RIn4. other critical order parameters of the representations
Hence, the entropy of the phase transition associated X, and Z; will be equal to RIn8.8 — RIn4 = RIn2.2;
with the ordering of the WO,F; ion with invoking the i.e., it will be almost two times smaller than RIn4.
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(b)
Different orientations
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eO oF

Fig. 7. (Contd.)

Thus, when the temperature decreases, the first phase
transition is associated with the appearance of the
order parameter that is transformed according to the

representation F; . In the second phase transition,
there appear the other two order parameters, which
are related to the representations £, and Z;. From the
above reasoning, we can determine the symmetry of
the intermediate phase G,. Table 4 presents the rela-
tionships between the components of the phenomeno-
logical order parameter, information about the sym-
metry of the phases of the (NH,);WO;F; compound,
and the relationships between the basic translations of
the unit cells of the parent cubic and distorted phases.

Continuing our consideration of the ordering of
the WO, F; polyhedron, in the third phase transition
with the appearance of the order parameters (&, 0, 0,

—E_,/ﬁ ,0,0,0,0,0,0, 0, 0) of the representation X,

and (g, 0, 0, eﬁ ,0,0,0,0,0,0,0,0) ofthe represen-
tation X, we obtain the picture shown in Figs. 7 and 8,
from which it can be seen that the aforementioned
critical order parameters do not provide a complete
ordering of the WO;F; polyhedron in the triclinic
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phase. However, the structure of this phase suggests
that all WO;F; polyhedra are completely ordered.

Now, it is appropriate to note that, in a number of
cases, the distortion of the structure of the parent
phase cannot be described only by the critical order
parameters. In the distorted (disymmetric) phase,
there can occur atomic displacements or atomic
orderings that are compatible with the symmetry of
this phase and which are specified by the noncritical
(secondary) order parameters and irreducible repre-
sentations. The entire set of order parameters, both
critical and noncritical, which appear during the phase
transition, forms the complete order parameter con-
densate [17].

The noncritical distortions have a secondary char-
acter and are insignificant in the vicinity of the phase
transition points. The symmetry analysis indicates
only the presence and type of noncritical order param-
eters. The numerical values of both the critical and
noncritical distortions and order parameters involved
in the complete condensate are determined from the
experimental and, primarily, structural data.

Apart from the critical order parameters (the repre-
sentations T'; (11—7), £,(4—1), and Z4(4—3)), the
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Space group Averaged model of WO;F;
of the phase
Fm3m ’%ﬁw

ri(nl,n2,n3)

83
=

nl=1,n2=1,n3=1
Ts(n1,n2,M3)+2(€,0,0,-£/4/3,0,0,0,0,0,0,0,0) +
+34(£,0,0,£4/3,0,0,0,0,0,0,0,0)

Wil

5

nl=1,M2=1,n3=1L&=1,e=1,x2=1,x3=1,x5=1

Pl W2

nl=1,m2=1,n3=16=1e=1,x2=1,x3=1,x5=1

W3

-

nl=1,M2=1,n3=L&=1,e=1,x2=1,x3=1,x5=1

O Fluorine : ﬁi (1)/8
® Oxygen ® r_1p
® Oxygen/fluorine 1/1 ® r-1

Fig. 8. Model and the shape of the WOsF; polyhedron

after averaging over all orientations for the maximum val-
ues of the critical and noncritical order parameters.

noncritical order parameters (the representations %,,

>4, X, , X5, and X; ) are also involved in the process
of ordering of the WO;F; polyhedron and make an
additional contribution to this ordering. The most
noticeable contribution comes from the noncritical

order parameters (the representations X, , X;, and
X5 ), so that their action leads to a complete ordering
of WO,;F; (Figs. 7 and 8), which corresponds to that

I (1,12, 13)%(E, 0,0, ~£/./3,0,0,0,0,0,0,0,0) + Z5(¢, 0, 0,43 ,0,0,0,0,0,0,0,0)

MOLOKEEV, MISYUL’

obtained in the experiment. It should be noted that the
total entropy of the ordering of this structural element
is equal to RIn8.

We could not trace the behavior of the ammonium
ions disordered in the cubic phase during the phase
transitions because of the lack of information about
the coordinates of hydrogen atoms in the distorted
phase. However, since the entropy of the complete
ordering of the WO;F; polyhedron is equal to RIn8,
i.e., it is close to the experimentally measured value
RIn8.8, we can state that the ammonium ions are not
ordered in the course of successive phase transitions.
This is also indicated by the spectroscopy data
reported in [8].

The process of ordering is accompanied by the dis-
placements of the atoms W, N1, and N2 with respect
to their positions in the cubic unit cell (Table 5). The
position of the W atom is split into three positions W1,
W2, and W3, and their displacements occur predomi-
nantly along the cubic axes b and ¢, which are con-
trolled by the order parameters transformed according
to the representations X; and X,, respectively. The
remaining displacements of these atoms are small
compared to those mentioned above and take place
under the action of the noncritical representations Z,,

X; , and X, . The position of the N1 atom is split into
three positions (N11, N12, and N13), and their dis-
placements occur predominantly along the cubic axes
b and ¢, which are controlled by the order parameters
transformed according to the representations X; and
2, respectively. The remaining displacements of these
atoms are small compared to those mentioned above
and take place under the action of the noncritical rep-

resentations X, and X; . The position of the N2 atom
is split into six positions (N21, N22, N23, N24, N25,
and N26), and their displacements occur predomi-
nantly along the cubic axes b and ¢, which are con-
trolled by the order parameters transformed according
to the representations X; and X, respectively. The crit-

. . + . . o

ical representation I's also makes a significant contri-
bution to the atomic displacements. Additional dis-
placements are provided by the noncritical representa-

tions X,, 2,4, X, and Xj .

5. CONCLUSIONS

Thus, using X-ray powder diffraction in combina-
tion with the appropriate procedures of the symmetry
analysis of the complete order parameter condensate,
we have determined the structural transformations
occurring in the (NH,);WO;F; crystal, which can be
schematically represented in the following form:

3 rt 2,13 <
Fm3m 50L1209 p
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Table 5. Displacements of the W and N atoms in the G,
phase with respect to their positions in the cubic unit cell
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