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Abstract—A new chemical compound, (NH,),KWO;F;, was synthesized. The Rietveld-refined crystal struc-

ture was found to be cubic at room temperature and to belong to the elpasolite family (space group Fm3m ).
The heat capacity and unit cell parameters were studied within a broad temperature range. A second-order phase
transition was found to occur at 235.4 K and to be well described in terms of phenomenological theory. Hydro-
static pressure broadens the temperature interval of stability of the cubic phase (dT,/dp = —10.8 K GPa™!). A
possible model of structural ordering based on a comparison of the entropy parameters and electron density dis-

tribution in oxygen and fluorine atoms is discussed.
PACS numbers: 64.70.Kb, 65.40.Ba, 65.40.Gr
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1. INTRODUCTION

Chemical compounds with the general formula
A,A'MO,F_ . (A and A' stand for K, Rb, or Cs; M is Ti,
Mo, or W; x = 1, 3) have cubic symmetry (space group

Fm3m) in a certain temperature range [1, 2]. In the
case of A = A', the compounds have the structure of cry-
olite (Na;AlFy), and, in the case of A #A’, they have the
structure of elpasolite (K,NaAlF;), which may become
distorted as a result of phase transitions that occur as
the temperature decreases [3, 4].

It has recently been found that substitution of the
ammonium ion for atomic cations simultaneously in
two different crystallographic positions, namely, at an
octahedron center (4b) and in an interoctahedral void
(8¢), gives rise to a noticeable decrease in the tempera-
ture at which the cubic phase of the fluorine—oxygen
cryolites A;MO,F _ . loses stability [5, 6]. These substi-
tutions cause a pronounced increase in the entropy of
the phase transitions, which gives one grounds to con-
sider these transitions to be of distinct order-disorder
type. This experimental observation is consistent with
the structural models of the cubic phase of some of the
(NH,);MO,F,_, compounds analyzed in [5]. It turned
out that the presence of a tetrahedral cation in the struc-
ture brings about a substantial increase in the anharmo-
nicity of vibrations of the MO,F; _, ions, which in the
limiting case may become orientationally disordered
over four (96k), six (mixed 24e + 96j), or eight (192])
equivalent positions.

In the Fm3m structure, however, the NH, tetrahe-
dra may also act as critical ions [1, 5, 7-10]. In accor-

dance with the environment symmetry, the hydrogen

atoms belonging to the NH; ion at the octahedron cen-
ter should be distributed over two positions (32f posi-
tion). On the other hand, the corners of the tetrahedra
located both in an interoctahedral void and in the octa-
hedron itself lie on threefold axes; therefore, one cannot
rule out the possibility of N-N bond disorder over the
three positions (48f). A superposition of hydrogen
atoms disordered over two and three positions gives
rise to the 96k position, which is observed, for instance,
in (NH,);Ti(O,)Fs [11]. Thus, in the presence of com-
plete orientational disorder in the octahedral and tetra-
hedral subsystems of the cubic phase of ammonium
cryolite, a phase transition to a completely ordered
phase would be accompanied by a change in entropy of
AS =R(In8 + In2 + In3 + 2In3) = RIn432. It would be
difficult, however, to conceive of factors capable of ini-
tiating such an extreme amount of disorder. Indeed, cal-
orimetric studies of the fluorine—~ammonium cryolites
[7-9, 12] have shown that the maximum possible struc-
tural disorder corresponds to the octahedra occupying
the 192/ position and to the tetrahedra (in an octahe-
dron) being in position 32f. In this case, the transition
to the ordered (triclinic) phase causes an entropy
change of R(In8 + In2) = RIn16. Replacement of a tet-
rahedral cation in position 4b with a spherical cation
initiates ordering of the octahedra in the cubic phase of
elpasolite, while at the same time favoring disordering
of tetrahedra in interoctahedral voids [13]. It turned out
that this entails a completely different pattern of struc-
tural distortions induced by phase transitions. For
instance, the transition to the tetrahedral phase in the
subsystem of octahedra in (NH,),KGaF; is realized as
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a displacive type and a further lowering of temperature
brings about ordering of the tetrahedra as a result of a
second phase transition.

Structural data have seemed to suggest [5] that, in
ammonium oxyfluorides with cryolite structure, one
could expect a structural ordering similar to that
observed in fluorides [7-9, 12]. It turned out, however,
that, at atmospheric pressure and temperatures down to
80 K, the phase transitions in (NH,);MOF,_,
(M stands for Ti or W; x = 1, 3) are accompanied by a
substantially smaller entropy change (AS = RIn8) [6].
One may thus expect that substitution of some elements
in the oxyfluoride structure may give rise to effects dif-
ferent from those observed in fluorine cryolite—elpaso-
lites.

We report on a study of the effect of the transforma-
tion of the cryolite structure into an elpasolite structure
on the properties of cubic oxyfluoride crystals with

Fm3m symmetry. A new chemical compound,
(NH,),KWO;F;, was prepared, and its structural and
calorimetric characteristics were established, in partic-
ular, at hydrostatic pressures. The purpose of our work
included determination of the structure of the original
phase, a search for and characterization of possible
phase transitions, and identification of the critical ions
responsible for their realization.

2. PREPARATION OF SAMPLES
AND THE SEARCH FOR PHASE TRANSITIONS

Samples of (NH,),KWOsF; in powder form were
prepared by two methods, namely, from solutions and
in solid-phase reactions.

The solid-phase synthesis was performed in an auto-
clave with a Teflon insert in a vertical tube furnace provid-
ing a constant axial temperature gradient of ~20 K cm™'.
The reaction was conducted at 570 K over a period of a
week. The starting components were calcined WO; and
(NH,)F, as well as KF prepared by oriented crystalliza-
tion from a KF-HF melt in a platinum boat. The
reagents were taken in stoichiometric ratio.

The preparation of (NH,),KWO;F; from a solution
was carried out in three stages. In the first stage, an
aqueous solution of K,WOQO, was saturated with hydrof-
luoric acid to pH ~ 3-4. This procedure yielded
K,[WO,F,] - H,O in 20 h. This compound was subse-
quently dissolved in hydrofluoric acid, and the solution
was left to evaporate at room temperature for 20-30 h
to produce K[WO,F;] H,O crystals. Finally,
(NH,),KWO;F; was synthesized in the reaction

I (NH4)2KWO3F3 + 2H20
Characterization of the samples thus prepared was
effected by plasma photometry on a FLAPHO 4 instru-
ment and showed the potassium content to correspond

PHYSICS OF THE SOLID STATE Vol. 48 No. 1

2006

[ 20 J/mol K

— e ]

ACI,, J/mol K

| |
210 240
T,K

| |
150 180 270

Fig. 1. Temperature dependence of the anomalous heat
capacity associated with a phase transition in
(NH4),KWO5F5 measured by DSM in (/) the heating and

(2) cooling modes.

to the chemical formula (NH,),KWO;F;. X-ray diffrac-
tometry performed on a DRON-2 setup established that
(NH,),KWO;F; crystals at room temperature are cubic

(Fm3m ,Z=4), which is characteristic of crystals with
an elpasolite structure. No reflections indicative of for-
eign phases were detected in the diffraction pattern.
Substitution of the spherical potassium ion for the tet-
rahedral ammonium cation resulted, as expected, in a
considerable decrease of the cell parameter in size (a, =
0.8958 nm) as compared to the cryolite (NH,);WO;F;
(ap=0.9156 nm) [6].

The search for phase transitions in (NH,),KWO;F;
was performed by studying the temperature depen-
dences of its heat capacity and unit cell parameters with
the use of differential scanning microcalorimetry
(DSM) and x-ray powder diffractometry.

The heat capacity of samples prepared by the two
methods was measured with a DSM-2M instrument in
the 110- to 330-K temperature interval under heating
and cooling at a rate of +8 K/min. The sample mass was
0.15-0.25 g. The heat capacity revealed an anomalous
behavior, which was reproducible under thermal
cycling and implied the existence of a phase transition
in this compound at a temperature 7, = 235 £ 2 K
(Fig. 1). Multiple measurements yielded for the corre-
sponding enthalpy change AH, = 1100 £ 150 J/mol.

The DSM data on 7;, and AH,, obtained on samples
prepared by different methods agree with one another
within measurement error.

The occurrence of a structural phase transition in
(NH,),KWO;F; was corroborated by x-ray powder dif-
fraction measurements made on a DRON-2 setup
within a broad temperature interval. The formation of a
low-symmetry phase at T < T,, manifested itself in a
broadening and splitting of the (400) and (hk0) reflec-
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Fig. 2. X-ray studies of (NH4),KWO3Fj5: (a) the (400) reflection obtained at (/) 293 and (2) 123 K and (b) the temperature depen-

dence of the unit cell parameters.

tions. Figure 2a shows a characteristic pattern of the
(400) reflection for the cubic and distorted phases.

We succeeded in indexing most of the lines in the x-
ray diffraction pattern of (NH,),KWO;F; in the
pseudotetragonal-cell approximation. The temperature
dependence of the unit cell parameters, a;(7), is pre-
sented in Fig. 2b. No sharp change in the parameters
occurs at the transition point, which argues for a sec-
ond-order phase transformation. This conclusion is
borne out by the absence of any hysteresis in the tem-
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Fig. 3. (a) Temperature dependence of the heat capacity

within a broad temperature interval and (b) the 7—p phase
diagram of oxyfluoride (NH4),KWO3F;.
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perature of the phase transition detected in DSM stud-
ies of the heat capacity of this compound.

3. CALORIMETRIC MEASUREMENTS
AND THE PHASE DIAGRAM

To refine the thermodynamic parameters of the
phase transition, we carried out a detailed study of the
temperature dependence of the heat capacity of
(NH,),KWO;F; using adiabatic calorimetry in the 80-
to 300-K temperature interval.

A sample 1.766 g in mass was placed in an air-tight
indium container in a helium atmosphere. Measure-
ments were performed in the discrete (AT = 2.5-4.0 K)
and continuous (d7/dt = 0.14 K/min) heating modes.
The temperature was measured with a platinum resis-
tance thermometer.

Figure 3a plots the temperature dependence of the
heat capacity of the elpasolite-like (NH,),KWO;F;.
One heat capacity anomaly is observed, as in the DSM
studies. The averaged phase transition temperature was
found to be T, = 235.4 = 0.1 K. The dashed line in
Fig. 3a shows the lattice heat capacity C;, which was
isolated by polynomial approximation of the C,(7)
experimental data outside the region of the heat capac-
ity anomaly. The excess heat capacity AC, was deter-
mined by subtracting the lattice contribution from the
total heat capacity. At the phase transition point, the
AC,/C} ratio is small (25%), which bears out the sug-
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gestion that (NH,),KWO;F; undergoes a second-order
phase transition.

The change in enthalpy due to the structural trans-
formation, derived by integrating the AC,(T) function
in the 170- to 250-K interval, was found to be AH, =
1060 £ 60 J/mol.

Earlier studies of the related, cryolite-like
(NH,);WOsF;, which also has the cubic structure

Fm3m at room temperature and undergoes a sequence
of two phase transitions within a narrow temperature
interval, showed this compound to be very sensitive to
hydrostatic pressure [6]. A triple point was found in the
T-p phase diagram of the oxyfluoride (NH,);WO;F;
already at a pressure of ~0.18 GPa.

To investigate the effect of pressure on the stability
of the cubic phase of (NH,),KWO;F;, we carried out
calorimetric studies by differential thermal analysis
(DTA). The experimental technique employed to mea-
sure the T(p) dependence was similar to that used in [6].
Figure 3b shows the results of the study of the 7—p
phase diagram. The region within which the cubic
phase exists was established to broaden with increasing
pressure. The pressure coefficient of the phase transi-
tion temperature is dT,/dp = -10.8 £ 0.8 K GPa™'. No
triple points or pressure-induced phases were detected
up to 0.5 GPa.

4. STRUCTURAL STUDIES

The Rietveld procedure was used to refine the struc-
ture of the (NH,),KWO;F; cubic phase. For this pur-
pose, we analyzed the x-ray diffraction spectra of poly-
crystalline samples obtained on a D8-ADVANCE x-ray
diffractometer (CuK, radiation, 6—20 scanning). The
scanning step in the angle 20 was 0.02° with a 15-s
exposure at each point. To reduce the effect of texture
on the reflection intensity, the samples were rotated at a
rate of 0.5 s7!.

Our subsequent plans included an analysis of the
totality of experimental data in order to reveal the influ-
ence of the isovalent substitution (NH,)* — K* on the
properties and structure of oxyfluorides. Therefore, in
addition to polycrystalline (NH,),KWO;F;, we also
performed structural studies on (NH,);WO;F;,
although the structure of the latter compound had
already been refined in [5].

The experimental data arrays were treated using the
WTREOR [14] and WINPLOTR [15] codes. A Voigt
function was chosen to describe the peak shape. The
refinement of the structure was effected with fixed
coordinates of hydrogen and nitrogen atoms. Taking
into account the hydrogen atoms brought about a
decrease in the reliability factor R. The thermal param-
eters of the H and N atoms likewise were not refined,
because this procedure yielded negative values. The
position populations of these atoms were not refined.
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Fig. 4. Electron density maps (400 e/nm’ step) calculated
for (a—d) (NH4),KWO3F5 and (e, f) (NH,);WO5F; at (a, e)
z =0 and x equal to (b, f) 0.195, (c, g) 0.215, and (d, h)
0.235.

The initial structural model of both compounds was
specified by setting the coordinates of atoms of the
starting compound (NH,);WO;F; found in [5]. The O
and F atoms were in position 24e (x; 0; 0) with an occu-
pancy of 0.5. The refinement of their x coordinates
yielded —0.2165(5) and —0.2144(6) for (NH,),KWO;F;
and (NH,);WO;F;, respectively. The thermal parame-
ters of the W and K atoms were refined using the isotro-
pic model.

The results of these studies were used to construct
electron density maps (Fig. 4). The pronounced asym-
metry in the density distribution pattern relative to the
axes may be accounted for by anomalous x-ray absorp-
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Table 1. Data retrieval and structure refinement parameters

Characteristic (NH4),KWOsF; | (NH4);WO;F;
Space group Fm3m Fm3m
ag, nm 0.89585 (8) 0.91527 (2)
V, nm? 0.71897 (1) 0.76674 (2)
20 angle interval, deg 15.00-111.00 | 14.00-110.00
Number of Bragg 40 40
reflections
Number of refined 5 4
parameters
R, % 11.1 11.9
Ryp % 13.1 14.1
Ry, % 5.03 5.2

Note: ay is the unit cell parameter, and V is the unit cell volume;
Ry, Ry, and Ry are the profile, weighted profile, and Bragg
reliability factors, respectively.

Table 2. Atomic coordinates, isotropic thermal parameters
(Biso), and position occupancy (p)

Atom | p x y 7 |Bjs % 107 nm?
(NH4),KWO;F;

W 1.0 O 0 0 1.83 (2)

K 1.0 0.5 0.5 0.5 1.53 (7)

N 1.0 | 0.25 0.25 0.25 1.0

H 1.0 | 0.198 0.198 | 0.198 1.0

F 0.5 |1-0.2165(5)| O 0 2.69%

O 0.5 1-0.2165(5)| O 0 2.69%*

(NH,);WOsF;

w |10] o0 0 0 143 (8)

N() | 1.0| 0.25 0.25 0.25 1.0

H() | 1.0| 0.198 0.198 | 0.198 1.0

N®2) 10| 05 0.5 0.5 1.0

H®) | 05| 0.558 0.558 | 0.558 1.0

F 0.5 |-0.2144 (6)| O 0 6.5%

O 0.5 |1-0.2144 (6)| O 0 6.5%

* Thermal parameter of an anisotropic model.

Table 3. Thermodynamic parameters of the phase transi-
tions in accordance with Egs. (1) and (2) for the
(NH,4),KWO;F; and (NH,);WO5F; compounds

Compound | A7/B, J/mol K2 | A}/C, J/mol? K3| N
(NH,),KWO4F 0.615 2.64 0.099
(NH,);WO5F; 0.32 1.84 0.175

PHYSICS OF THE SOLID STATE  Vol. 48

tion by tungsten atoms. At z =0, the ellipsoid of fluorine
and oxygen thermal vibrations for both compounds is a
strongly distorted ellipsoid of revolution with one of the
radii close to zero (Figs. 4a, 4e). Thus, the electron den-
sity distribution pattern indicates that the thermal
parameters of the O and F atoms should be refined in an
anisotropic approximation. This procedure yielded the
following parameters: U;; = 0.5 x 10 nm? and U,, =
U33 = 1.01(7) X 1041 nm2 for (NH4)2KWO3F3 and Ull =
0.5 x 104 nm? and U22 = U33 = 31(7) X 104 nm? for
(NH,);WOsF;. Final results on the refined structure of
both compounds are presented in Table 1, and the
atomic coordinates, isotropic thermal parameters, and
position occupancies are listed in Table 2.

5. DISCUSSION OF THE RESULTS

Thus, our calorimetric, x-ray, and DTA studies of
crystalline (NH,),KWO;F; under pressure revealed
that replacement of a tetrahedral cation in the 4b posi-
tion with a spherical cation gives rise to the following
effects.

The cubic Fm3m phase persists at room tempera-
ture. The temperature at which it looses stability rises
by ~35 K.

The phase transition from the cubic phase changes
from first-order (in (NH,);WO;F;) to second-order (in
(NH4),KWO;F;). The AC,/C, ratio, as shown both in
the present study and in [6], is ~25% in both com-
pounds. Also, excess heat capacity persists within a
fairly broad temperature region.

It appears of interest to analyze the temperature
dependence of the anomalous heat capacity of both
compounds associated with structural transformations
in terms of the Landau thermodynamic theory. Accord-
ing to [16], the quantity (ACI,/T)*2 below the transition
point is a linear function of temperature:

2
AC N7 P_3A°
( p) _ [2 B -34 C] L2C0

r A7 Az

ey

Here, A = A" + A (T — Ty), B, and C are coefficients
of the thermodynamic potential A®(p, T, n) = An? +
Bn* + CnS.

The temperature dependences of the inverse square
of the excess heat capacity are presented graphically in
Fig. 5. Relation (1) for both tungsten compounds is
seen to be satisfied in the temperature interval ~(7}, —
8 K). The behavior of the heat capacity of
(NH,);WOsF; undergoing two successive first-order
phase transitions within an interval as narrow as ~1.5 K
was analyzed with respect to the heat capacity at the
low-temperature transition point 7,.

Table 3 lists the ratios of the coefficients of Eq. (1)
and the quantity N characterizing the extent to which
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the transitions approach the tricritical point [16]:

2
| B
= |—2 2
N=\34,ct, @

Here, T = T, — B*/(4A;C) is the Curie temperature.

The data obtained in the present study on the heat
capacity of elpasolite-like (NH,),KWO;F; were used to
calculate the phase transition entropy AS, = 4.7 £
0.3 J/mol K. The course of its variation with tempera-
ture can be derived from Fig. 6, which also presents for
comparison the temperature dependence of AS/T for
cryolite-like (NH,);WO;F; [6]. We readily see that the
above cation substitution gave rise to a noticeable
decrease in entropy. A possible explanation for this is
that the (NH,),KWO;F; structure in the starting phase
is more ordered or that the transition observed to occur
in this compound results in only partial ordering of the
critical ions. In the latter case, one might suggest that,
at lower temperatures (7' < 80 K), the elpasolite-like
compound under study undergoes an additional phase
transition.

The tetrahedral cation occupying position 4b in an

Fm3m lattice is distributed over two positions from
symmetry considerations. Its replacement with a spher-
ical cation should substantially reduce the amount of
disorder in the structure. This pattern was indeed
observed in the related fluorides (NH,);GaFy —
(NH,),KGaF, [13]; namely, the order—disorder transi-
tion in the cryolite-like compound (with AS = RIn16)
transformed to the displacive type (with AS = 0.1R) as
a result of cation substitution.

The entropy of the phase transition in
(NH,),KWO;F; (~RIn1.76) far exceeds the value char-
acteristic of displacive-type transitions and is close to
AS, = RInl.68, a value typical of cryolite-like
K;WO;F; [3], which undergoes a sequence of two
phase transitions. We believe that the above observa-
tions argue both for a really strong effect of the size and
shape of a cation in position 4b on the transition mech-
anism and for the validity of the assumption that the
structure of elpasolite-like (NH,),KWO;F; can disor-
der still further.

The question regarding the character of disorder of
at least the octahedral ions can be answered by mapping
the electron density, whose cross sections for the tung-
sten oxyfluorides are shown in Fig. 4. The electron den-
sity contours of both compounds at various distances of
the cross sections from the octahedron center are prac-
tically identical. However, the concentration of isolines
corresponding to the coordinate of the oxygen (fluo-
rine) atom in position 24e (x = 0.215) is higher for
(NH,),KWOsF;. All this implies that the oxygen—fluo-
rine octahedra in the cubic phase of both oxyfluorides
are disordered but that in the potassium compound the
amount of their disorder is smaller.
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Fig. 6. Temperature dependences of the entropy of the phase
transitions occurring in (/) (NHy),KWO3;F; and (2)
(NH4)3sWO3F; [6]; R is the universal gas constant.

In order to gain a more detailed understanding of the
mechanism of the phase transition in (NH,),KWO;F;,
one should, in our opinion, perform calorimetric stud-
ies below 80 K, determine the symmetry, and refine the
structure of the distorted phase.
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