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Abstract—The temperature dependences of the heat capacity, the unit cell parameter, and the permittivity for the

(NH,4);MoO;F; cryolite (space group Fm3m ) are investigated. It is revealed that the compound undergoes ferro-
electric and ferroelastic structural phase transitions at temperatures of 297 and 205 K, respectively. The mecha-
nism of structural distortions is discussed in terms of the entropy parameters, pressure—temperature phase dia-
grams, and electron density maps for critical atoms. An analysis is made of the influence of the cation size and
shape on the phase transitions in oxyfluorides of the general formula A,A'MO;F; (A, A' = NH,, K; M = Mo, W).
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1. INTRODUCTION

Calorimetric and structural investigations of fluo-
rine—oxygen compounds of the general formula
A,A'WO5F; (A, A' = K, NH,) [1, 2] have revealed that
crystals of these compounds in high-temperature
phases have a cubic symmetry of cryolite (elpasolite)

with space group Fm3m (Z = 4) and, under cooling,
undergo a sequence of single phase transitions. The
structure of the K;WO;F; cryolite at room temperature
is distorted (space group Cm) [3], and, under heating,
this compound undergoes two structural transforma-
tions of the ferroelectric and ferroelastic nature at tem-
peratures 7, =452 K and 7, =414 K [4]. Each transition
is accompanied by a relatively small change in the
entropy (AS; = 0.52R, AS, = 0.35R). This circumstance
indicates that the structural distortions are associated
with the small atomic displacements.

The presence of tetrahedral ammonium ions at the
nonequivalent crystallographic positions 8¢ and 4b
leads to a considerable decrease in the temperature sta-
bility of cubic and intermediate phases with a drastic
narrowing of the range of the intermediate phase in the
(NH,);WOsF; compound: 7; =200.1 K and 7, = 198.2
K [1]. Moreover, the substitution of ammonium for
potassium results in a disordering of structural units in
the initial phase, and distortions in the structure of the
(NH,);WOsF; compound upon phase transitions are
attended by a substantial change in the entropy

(RIn7.6), which is characteristic of order—disorder
transformations.

A combination of spherical and tetrahedral cations
(NH, cations at the 8¢ positions and K cations at the 4b
positions) in the (NH,),KWO;F; compound leads to a
related elpasolite structure having the same space group

Fm3m [2]. However, this substitution of univalent cat-
ions is accompanied by a significant change in the
parameters of structural distortions: unlike cryolites,
the (NH,),KWO;F; oxyfluoride undergoes one second-
order phase transition with a small change in the
entropy (AS, = 0.56R). Furthermore, it turned out that
the stability loss temperature of the initial phase (7}, =
234.5 K) in the elpasolite is higher than the correspond-
ing temperature in the (NH,);WO;F; cryolite. This did
not correspond to the regularity which, up to now, was
violated in no case in series of oxyfluorides A,A'MO;F;
(A,, A'=Cs, Rb, K; M =W, Mo) [4]. In order to eluci-
date the question as to whether the presence of the
ammonium cation at the 8c position is responsible for
the above circumstance, we investigated the
(NH,),KMoO;F; elpasolite [5]. It was established that
the substitution Mo — W leads to a first-order transi-
tion in the (NH,),KMoO;F; elpasolite but only slightly
affects the stability temperature of the cubic structure

with space group F m3m: the molybdenum elpasolite
undergoes the phase transition at 241.5 K. In this case,
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the entropy of the transition in the (NH,),KMoO;F;
elpasolite is AS, = RIn4.8, which considerably exceeds
the entropy of the transition in the tungsten analog
(ASy= RIn1.8) and suggests that ordering processes
occur in the structure due to the phase transition. More-
over, unusual hysteresis and relaxation effects were
revealed in the study of the heat capacity of the
(NH,),KMoOsF; elpasolite: the temperature of the
phase transition in this compound depended substan-
tially on the prehistory of the sample. The compound
could be transferred to a stable state by “annealing” at
room temperature for 10-15 h. The regions of metasta-
ble states were found in the p—T phase diagram of the
crystal over a wide range of temperatures and pres-
sures.

Since similar effects were observed neither in the
study of the heat capacity nor in phase diagrams of
related tungsten oxyfluorides, we could assume that the
aforementioned specific features are associated with
the presence of the molybdenum atom instead of the
tungsten atom in the structure. This can seem to be
strange because the ionic radii of tungsten and molyb-
denum are very close to each other and equal to 0.59
and 0.60 A, respectively. However, even Peraudeau et
al. [6] noted that the replacement of the tungsten atom
by the molybdenum atom results in an increase in the
degree of covalency of the M—O bond and this substan-
tially affects, in particular, the temperature of the tran-
sition from the cubic phase in A;MO;F; (A = K, Rb, Cs;
M = W, Mo) cryolites. In order to confirm or refute
this assumption, in the present work, we investigated
the temperature dependences of the heat capacity, the
unit cell parameter, and the permittivity and analyzed
the p—T phase diagram for the ammonium oxyfluoride
(NH4)3MOO3F3.

2. SYNTHESIS, IDENTIFICATION
OF THE SAMPLES,
AND PRELIMINARY RESEARCHES

Ammonium molybdate, which was the initial com-
pound for the synthesis of the (NH,);MoO;F; ammo-
nium oxyfluoride, was prepared according to the reac-
tion

MoO; + 2NH,OH,,, — (NH,),MoO, + H,0.

After filtration and drying in air, the (NH,;),MoO,
ammonium molybdate was mixed with NH,OH. Then,
HF was added in excess to the prepared mixture with
vigorous stirring. The violent reaction
(NH,),Mo00, + 3HF,,. + NH,OH
— (NH4)3MOO3F3 + 2H20

resulted in the formation of a finely dispersed powder
of the compound under investigation.

Single crystals were synthesized using another pro-
cedure. The (NH,),Mo00, ammonium molybdate also
served as the initial compound. The addition of a con-
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centrated NH,F solution (40%) to an aqueous solution
of the ammonium molybdate led to the formation of a
heavy white precipitate, which was a mixture of ammo-
nium  oxofluoromolybdates  (NH,;);MoO;F; and
(NH,),Mo0O;F,. The prepared precipitate was dissolved
in water with addition of a small amount of HF and an
excess amount of NH,F. The solution was heated and
hydrolyzed by an ammonia solution to the appearance
of a white precipitate (pH 7-8), which was a finely
crystalline (NH,);MoO;F;. The precipitate was filtered
off, and larger crystals of the complex, predominantly
in the form of hexagonal plates, were grown from the
mother solution upon slow evaporation in air. Further
crystallizations resulted in the formation of small single
crystals in the form of regular octahedra.

The (NH,);MoO;F; crystals were analyzed for the
ammonium, molybdenum, and fluorine contents. The
ammonium content was determined by the Kjeldahl
method, and the molybdenum and fluorine contents were
determined by pyrohydrolysis (with the use of one sam-
ple). The calculated and experimental (in parentheses)
contents are as follows: NH,, 21.2 (21.2 £ 0.3) wt %; Mo,
37.6 (37.8 £0.5) wt %; and F, 22.4 (22.0 £ 0.5) wt %.

The samples were characterized on a DRON-2 x-ray
diffractometer. It was established that, at 291 K (the
temperature of the environment in the course of inves-
tigations), the compound has a cubic symmetry with
the unit cell parameter a;, = 9.131 A and belongs to the
cryolite—elpasolite family. However, the polarization-
optical investigations revealed that the crystals at this
temperature are not optically isotropic and undergo a
phase transition to a cubic phase upon heating to tem-
peratures above ~291-295 K.

The disagreement between the results of the struc-
tural and optical experiments was explained in the study
of the heat capacity of the (NH,);MoO;F; compound on
a DSM-2M differential scanning microcalorimeter
(DSM). The measurements were performed upon heat-
ing and cooling (the scanning rate was equal to 8 K/min)
in the temperature range 110-350 K. We investigated
several samples obtained in each crystallization series
prepared by different methods described above. The
sample weight amounted to 0.10-0.12 g. It was found
that, upon heating, the heat capacity of all samples is
characterized by an anomaly in the form of a sharp peak.
The temperature of the maximum, which was interpreted
as the phase transition temperature, varied from sample
to sample in the range 7', = 291-295 K.

Figure 1 depicts the experimental temperature
dependence of the excess heat capacity AC, for one of
the samples. The excess heat capacity was determined
as the difference between the total molar heat capacity
of the compound and its lattice component. A signifi-
cant hysteresis in the temperature of the heat capacity
maximum (87, = 13 K) found in the thermal cycling
experiments suggests that the transition is a first-order
transformation. The enthalpy associated with the phase
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Fig. 1. Temperature dependence of the excess heat capacity
measured with a differential scanning microcalorimeter for
the (NH4)3MoO;F; compound during heating and cooling.

transition AH; = 3200 £ 300 J/mol was determined by
integrating the function AC,(T).

No noticeable differences between the x-ray diffrac-
tion patterns of the initial and low-temperature phases
were revealed in temperature x-ray investigations of the
(NH,);Mo005F; compound. This circumstance is the
main factor that allows us to assign cubic symmetry to
the (NH,);MoOsF; sample at room temperature. The
presence of the phase transition was identified from an
anomalous behavior of the unit cell parameter at a tem-
perature of 297 K (Fig. 2). Furthermore, these results
indicate that an anomalous behavior of the unit cell
parameter is also observed in the range of 205 K. How-
ever, no anomalies in this temperature range were reli-
ably revealed in the temperature dependence of the heat
capacity measured by the DSM method.

3. HEAT CAPACITY AND THE p-T PHASE
DIAGRAM

At the second stage, the heat capacity of the
(NH,);Mo00O;F; compound was studied by adiabatic
calorimetry. The sample (weight, 0.90 g) under investi-
gation was placed in a copper container. Then, the con-
tainer in an inert helium atmosphere was hermetically
sealed in an indium cell, which, in turn, was placed in
accessories with a heater. The heat capacity of the sys-
tem was measured under conditions of continuous
(dT/dt = 0.15 K/min) and discrete (AT = 2.5-3.0 K)
heatings. The immediate vicinities of the phase transi-
tion were investigated using quasi-static thermograms
at mean heating and cooling rates |d7/dt| = 0.02 K/min.
The heat capacity of the accessories (heater, copper and
indium cells) was measured in a separate experiment.

The temperature dependence of the molar heat
capacity at constant pressure for the (NH,);MoO;F;
compound according to the calorimetric measurements
is shown in Fig. 3a. It can be seen from this figure that,
apart from the pronounced heat capacity anomaly (cor-
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Fig. 2. Temperature dependence of the unit cell parameter
of the (NH4)3Mo0O3F5 compound.

responding to the phase transition) revealed with the
DSM  method, the temperature dependence C,(T)
exhibits one more anomaly in the low-temperature
range. The temperature of this anomaly is in good
agreement with the temperature of the anomalous
behavior of the unit cell parameter (Fig. 2). This sug-
gests that, at the given temperature, there is a phase
transition that could not be reliably revealed by the
DSM method due to its lower sensitivity. The phase
transition temperatures refined in measurements with
the adiabatic calorimeter are 7', = 297.14 + 0.05 K and
T7,=2054+0.2K.

The dashed line in Fig. 3a indicates the temperature
dependence of the lattice heat capacity, which was
determined by a polynomial approximation of the
experimental data outside the range of the anomalies. It
can be seen from Fig. 3a that the anomalous contribu-
tion to the heat capacity is observed over a wide range
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Fig. 3. (a) Temperature dependence of the heat capacity for
the (NH4)3MoO;F; oxyfluoride (the dashed line indicates
the lattice heat capacity) and (b) thermogram measured
under heating.
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Fig. 4. The p—T phase diagram of the (NH,)3;MoO3F; oxy-
fluoride.

of temperatures below 7. A weak temperature depen-
dence is a characteristic feature of the anomalous heat
capacity in the intermediate phase. Moreover, it is
clearly seen from Fig. 3a that the dependence AC,(T)
exhibits a “hump-shaped” anomaly over a wide range
of temperatures. However, no noticeable features in the
behavior of the unit cell parameter at the corresponding
temperatures were found in the x-ray experiments.

The above circumstance complicates the unique
determination of the enthalpies of the phase transitions.
However, the ratio between these enthalpies for the
transitions at the temperatures 7, and 7, is such that the
quantities AH; can be calculated by integrating the
function AC,(T) in the temperature ranges 220-305 and
180-220 K. In this case, the changes in the enthalpy are
as follows: AH, = 3800 % 240 J/mol and AH, = 300 *
30 J/mol. The corresponding entropies were deter-
mined by integrating the function (AC,/T)(T): AS, =
13.3 £ 0.8 J/(mol K) and AS, = 1.5 £ 0.15 J/(mol K).
The phase transition from the cubic phase in the cryo-
lite is a first-order transformation in agreement with the
data on the heat capacity obtained by the DSM method
and the unit cell parameters. The results of investiga-
tions in the vicinity of this transition at low rates of
change in the temperature in the quasi-static thermog-
raphy regime (Fig. 3b) permitted us to refine the value
of the temperature hysteresis 67, = 6 K. Although this
value is less than that determined from the DSM mea-
surements, it appears to be comparable to the corre-
sponding hysteresis for the (NH,),KMoO;F; elpasolite

[5],

The specific feature of the behavior of the heat
capacity in the vicinity of the phase transition at 7 is
that the heat capacity does not depend on the heating
rate of the sample. When measuring the heat capacity
with the use of the quasi-static thermograms at a heat-
ing rate of 0.02 K/min, neither the shape nor the mag-
nitude of the anomaly at 7, differ from those obtained
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in measurements performed at a rate of 0.15 K/min.
Most likely, this is a consequence of a rather poor qual-
ity of the crystal. The above explanation is confirmed
by the smearing of the latent heat over a very wide
range of temperatures (~3 K, Fig. 3b). As a result, the
latent heat of the transition can be determined only
approximately: 0H,; = 2700 J/mol.

The influence of the hydrostatic pressure on the tem-
peratures and the sequence of the phase transitions in
the (NH,);MoO;F; compound was studied by differen-
tial thermal analysis (DTA) under pressure. A sensitive
element of a thermocouple consisted of copper—germa-
nium—copper electrodes connected in series. A pressure
as high as 0.75 GPa was produced in a cylinder—piston
camber connected to a multiplier. A transformer oil was
used as the pressure-transferring medium. The pressure
in the chamber was measured on a manganin resistance
pressure gauge, and the temperature of the sample
under investigation was measured using a copper—con-
stantan thermocouple. The errors of measurements
were equal to £10~* GPa and +0.3 K, respectively. The
positions of the phase boundaries in the p—T phase dia-
gram were determined upon increase and decrease in
the pressure with a reasonable reproducibility.

The experimental p—T phase diagram of the com-
pound under investigation is depicted in Fig. 4. The
DTA method used enabled us to reveal reliably the
anomalies associated with the phase transitions at the
temperatures 7, and 7,. However, no features associ-
ated with the hump-shaped anomaly observed in the
temperature dependence of the heat capacity at con-
stant pressure were found in the DTA curve.

An increase in the pressure leads to an increase in
the temperatures of both transitions, and the depen-
dences T(p) are described by the relationships 7, =
297.1 + 202p and T, = 204.3 + 46p + 63p>. It can be
seen that the slopes of the phase boundaries d7'/dp and
dT,/dp differ substantially. Therefore, under pressure,
the temperature range of stability of the initial cubic
range decreases, whereas the temperature ranges of the
distorted phases increase. No triple points were
revealed in the phase diagram.

4. CRYSTAL STRUCTURE

The analysis of the crystallographic parameters for
the (NH,);Mo00;F; cryolite was carried according to
the procedure described in our earlier work [5] for the
(NH,),KMoOsF; elpasolite. The data on the isostruc-
tural compound (NH,);WO;F; [2] were used as the ini-
tial parameters of the structure model. The Mo atom
replaces the W atom at the (0; 0; 0) position. The O (F)
atoms are statistically disordered over the crystal vol-
ume and occupy the (x; 0; 0) positions with an occu-
pancy of 0.5. The x coordinate was refined to be
—0.1852(8). The thermal parameters of the Mo and N
atoms were refined in the isotropic approximation. The
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Fig. 5. Electron density maps (step, 0.4 e/A3) for the (a—d) (NH4)3MoO3F3, (e-h) (NH4);WO5F5 [2], and (i-1) (NH4),KMoO5F;
[5] compounds through the center of the (a, i) MoOsF5 and (e) WO3F; octahedra (z = 0) and the corresponding coordinates (c, g,

k) x, (b, f, j) x —0.02, and (d, h, ) x + 0.02 for the O (F) atoms.

coordinates of the H atom were fixed at a distance of
0.8 A from the N atom and, as in the case of the thermal
parameter, were not refined. The results of the structure
refinement are presented in Table 1.

The electron density maps for the central atom and
the ligands forming the MoO;F; octahedron in the

structure of the (NH,);Mo0O;F; compound are shown in
Fig. 5. A set of cross sections passing through the center
of the octahedron and only through its vertices clearly
demonstrates a pronounced anisotropy of vibrations of
the F (O) atoms. In this respect, their thermal parame-
ters were subsequently refined in the anisotropic

Table 1. Parameters of the data collection and structure refinement for the (NH,);M0OsF; compound

Space . . 20 ancle Number Number of
II“)Oll a, A V, A3 rance gde of Bragg | parameters R, % R, % Ry, %
group 8% €€ | reflections refined
Fm3m 9.1315(1) 761.42(1) 15-110 41 7 22.4 253 6.99
Note: a is the unit cell parameter; V is the unit cell volume; and Rp, pr, and Ry are the profile reliability factor, the weighted profile reli-
ability factor, and the Bragg reliability factor, respectively.
PHYSICS OF THE SOLID STATE  Vol. 50 No.3 2008
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Fig. 6. Temperature dependences of the permittivity € for
(/-3) the (NH4),WO,F, single crystal along the directions
perpendicular to the (/) (100), (2) (010), and (3) (001)
planes and (4) the “quasi-ceramic” sample. (5) Temperature
dependence of the averaged permittivity € for the single
crystal.

approximation. The anisotropic thermal parameters for
the ligands are U, = 0.026(1) A2 and Uy, = Uy =
0.045(1) AZ2. The atomic coordinates, isotropic thermal
parameters, and site occupancies are listed in Table 2.

Undeniably, it is interesting to compare the electron
density distributions in the structures of the
(NH,);Mo00O5F; cryolite and the related compounds
(NH,);WOsF; [2] and (NH,),KMoO;F; [5] (Fig. 5). On
the one hand, the substantial difference between the
anisotropies of ligand vibrations in the molybdenum
and tungsten elpasolites (revealed in our previous work
[5]) is also characteristic of the cryolite structures. On
the other hand, it is evident that these differences in the
molybdenum elpasolite and the molybdenum cryolite
are minimum. A comparison of a number of cross sec-
tions of the molybdenum and tungsten octahedra
(Fig. 5) shows a different degree of anharmonicity of
the F (O) atoms in the cryolites. A similar situation was
observed when comparing the electron density distribu-
tions in the elpasolite structures [5].

Table 2. Atomic coordinates, isotropic thermal parameters
(B;s,), and site occupancies (p) in the structure of the
(NH4)3MoOsF; compound

Atom | p X Y Z | By, A?
Mo 1.0 |0 0 0 5.6(1)
N 1.0 |05 0.5 0.5 4.73)
N 1.0 (025 0.25 0.25 6.7(3)
H 1.0 [0.198 0.198 | 0.198 | 1.0
F 0.5 |0.1852(8)| 0 0 12.9%
0 0.5 [0.1852(8)| 0 0 12.9%

* The thermal parameter was refined in the anisotropic approxima-
tion.
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5. DIELECTRIC MEASUREMENTS

As was noted above, the (NH,);MoO;F; compound
undergoes the first-order phase transition, which is not
accompanied by substantial changes in the x-ray pow-
der diffraction patterns. A similar situation was
observed in preliminary investigations of phase transi-
tions in the K3WOsF; compound: the transition from
the cubic phase to the distorted ferroelectric phase did
not reflect in the x-ray diffraction pattern [3]. This fact
indicated that the appearance of the polarization is not
associated with the significant transformation of the
K3WO;F; structure. The above circumstances sug-
gested that the polarization can appear in the
(NH,);Mo00;F; compound due to the phase transition.
In this respect, we measured the temperature depen-
dences of the permittivity of the cryolite under investi-
gation. It should be noted that the corresponding inves-
tigations for ammonium-containing oxyfluorides have
never been performed.

As was noted above, we did not succeeded in pre-
paring the (NH,);MoO;F; cryolite in the form of bulk
single crystals. Moreover, ceramic samples cannot be
prepared using the traditional technique involving sin-
tering at high temperatures due to the low decomposi-
tion temperature of the given compound (~400 K). The
sole possibility was to attempt to study “quasi-ceramic”
samples in the form of pressed pellets prepared without
heat treatment. In order to verify the applicability of
this approach to the determination of the permittivity,
we carried out test studies with the use of the
(NH,),WO,F, oxyfluoride grown in the form of suffi-
ciently large single crystals and characterized by the
ferroelastic transition from the orthorhombic phase
(with space group Cmcm) to the triclinic phase (with

space group P1)in the range of 200 K [7, 8].

Plates ~1 mm thick were cut parallel to the (100),
(010), and (001) planes of the (NH,),WO,F, crystal.
Copper electrodes were applied through vacuum evap-
oration. The dependences €(7) were measured on an
E7-20 immittance meter at a frequency of 1 kHz in the
temperature range 100-300 K upon heating at a rate of
~1 K/min. The temperature dependences of the permit-
tivity measured along three principal directions of the
crystal lattice are plotted in Fig. 6.

It was revealed that the quantities €, and €, at a tem-
perature of 200 K (the temperature of the ferroelastic
phase transition) are characterized by a stepwise
increase, which is typical of first-order nonferroelectric
phase transitions [9]. Furthermore, it is clearly seen
from Fig. 6 that, in the temperature range 250-270 K,
the dependences &(7) (for two cuts) exhibit a pro-
nounced kink. This specific feature correlates with the
behavior of the heat capacity [7] and the birefringence
[8] and can be associated with the pretransitional phe-
nomena.

At the second stage, a finely dispersed powder was
prepared from the single crystals. This powder was
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pressed in the form of a cylindrical pellet 8 mm in
diameter and 2.5 mm in height. The pellet was pressed
without binding agent at a pressure of ~0.1 GPa. As for
the single-crystal plates, we also used copper elec-
trodes.

The temperature dependence of the permittivity €
for the quasi-ceramic sample (Fig. 6, curve 4) exhibits
specific features identical to those observed in the
dependence (7)) for the single-crystal samples: a jump at
200 K and a kink in the temperature range 250-270 K.
The temperature dependence of the averaged permittiv-
ity for the (NH,),WO,F, single crystal is also depicted
in Fig. 6 (curve 5). The averaged permittivity was deter-
mined as the mean arithmetic X¢;/3. It is clear that the
dependence of the permittivity measured for the quasi-
ceramic sample agrees reasonably with the dependence
(Z¢,/3)(T). This confirms the possibility of performing
dielectric investigations of pressed powders prepared
without heat treatment.

Quasi-ceramic samples of the (NH,);MoO;F; com-
pound were prepared using the above technique. The
dependences €(7) were measured in the temperature
range 100-315 K upon heating and cooling at rates of
1-2 K/min. It can be seen from Fig. 7a that, in the
course of heating, the permittivity (€ = 8 at 100 K)
increases over the entire temperature range under inves-

tigation and reaches a maximum ¢, = 120 at a tem-

perature of 297 *+ 0.2 K, which is in reasonable agree-
ment with the temperature of the phase transition to the
cubic phase according to the calorimetric measure-
ments. In the cubic phase, the permittivity € decreases
and is equal to 100 at a temperature of 310 K.

Upon cooling, the maximum permittivity is consid-

erably larger: €,,, = 190. This specific feature is char-
acteristic of first-order phase transitions [9]. In the low-
temperature phase, the cooling curve coincides with the
heating curve at temperatures below 240 K. The
revealed hysteresis of the transition temperature A7), =
11 K is in satisfactory agreement with that determined in
the DSM measurements and turns out to be considerably
larger than the hysteresis observed in the thermograms
obtained at low rates of change in the temperature.

It should be noted that the dielectric losses increase
in the range of the phase transition at the temperature 7',
(Fig. 7¢). That is why the dielectric measurements were
performed only to a temperature of 315 K.

The temperature dependence of the permittivity €
exhibits an anomalous behavior in the temperature
range 200-210 K (Fig. 7b). This agrees satisfactorily
with the temperature 7, of the low-temperature phase
transition revealed in the measurements of the heat
capacity and the unit cell parameter. However, no
noticeable changes in the behavior of the dependence
€(T) are observed in the temperature range correspond-
ing to the hump-shaped anomaly of the heat capacity.
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Fig. 7. Temperature dependences of (a, b) the permittivity €
(a) over a wide range of temperatures and (b) in the range
100-250 K and (c) the dielectric loss tangent tand for the
(NH4)3MoO5F3 compound measured during (/, 3) heating

and (2, 4) cooling.

6. DISCUSSION OF THE RESULTS

The performed investigations revealed that, as
should be expected, the cation substitution NH, — K
in the molybdenum elpasolite does not lead to a change
in the structure of the initial phase with space group

Fm3m It should be noted that, in both molybdenum
compounds (NH,);MoO;F; and (NH,),KMoOsF;, the
transition from the cubic phase is characterized by the
latent heat. Moreover, the ratios between the latent heat
and the total change in the enthalpy for these com-
pounds are virtually identical: 8H,/AH, = 0.7. This
clearly indicates that the transitions under consider-
ation are far from the tricritical point.

However, no hysteresis phenomena characteristic of
the elpasolite in temperature and/or pressure cycling
experiments [5] are observed for the physical properties
of the cryolite. Furthermore, the structural distortion in
the molybdenum cryolite occurs through the sequence
of two phase transitions with a hypothetical triple point
in the range of negative pressures. The initial slopes of
the boundaries between the cubic and first distorted
phase differ significantly not only in magnitude but also
in the sign. This clearly indicates that the mechanisms
of the corresponding phase transitions should differ
from each other.

Let us consider the problems associated with the
nature of the phase transitions revealed in the
(NH,);M00;F; compound. In the framework of the
concepts following from the thermodynamic theory of
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Fig. 8. Dielectric hysteresis loop for the (NH4)3MoO5F3
cryolite.

ferroelectricity [9], the behaviors of the permittivity in
the vicinity of phase transitions in nonferroelectric
crystals (for example, ferroelastics) and ferroelectrics
differ substantially. For first-order ferroelastic transi-
tions, the dependence €(7) is similar to those revealed
for the crystals of the compounds (NH,),WO,F, (the
transition at the temperature 7;) and (NH,);MoO;F;
(the transition at the temperature 75) (Figs. 6, 7). Since
it is known from polarization-optical investigations that
the transition in the (NH,),WO,F, compound is a fer-
roelastic transformation [8], we can make the same
inference regarding the nature of the low-temperature
transition in the (NH,);MoO;F; compound.

According to the theoretical concepts [9], the experi-
mentally revealed behavior of the permittivity of the
(NH,);MoOsF; cryolite over a wide range of tempera-
tures and in the immediate vicinity of the temperature
T, permits us to attribute the high-temperature transi-
tion to ferroelectric transformations. Actually, for the
(NH,);:Mo00O;F; compound (Fig. 7), as for ferroelectrics,
the permittivity € in the ferroelectric phase increases con-
siderably below the transition temperature, sharply
changes at T, and decreases at 7> T,. A similar behavior
of the dependence €(7) was observed for the classical
perovskite-like ferroelectric BaTiO; [10].

Most likely, we could expect a larger value of the
permittivity € at the point of the high-temperature phase
transition in the (NH,);MoO;F; compound; however,
the following circumstances should be taken into
account. First, the measurements were carried out using
the quasi-ceramic sample, i.e., along some averaged
direction. Second, the pronounced first-order transition
occurs at the temperature 7. Therefore, the permittivity

reaches only values of ~10?, because the crystal trans-
forms into a low-symmetry phase. Third, the density of
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the quasi-ceramic sample (1.87 g/mm?) is significantly
lower than the theoretical density calculated from the x-
ray diffraction data (2.2 g/mm?), and air filling holes
between grains undeniably decreases the permittivity.

For the sample used for investigating the tempera-
ture dependence of the permittivity &(7), the polariza-
tion was measured at a frequency of 50 Hz and room
temperature, i.e., in the immediate vicinity of the phase
transition (7', — 4K). The dielectric hysteresis loop is
shown in Fig. 8. A somewhat distortion (rounding) of
the corners and a large area of the hysteresis loop can
be associated with the following factors: first, the low
frequency of the measurements [11], second, the low
density of the sample, and, third, the high dielectric
losses [12]. All factors can contribute for the quasi-
ceramic sample under investigation; however, the main
role is most likely played by the last factor. This infer-
ence is confirmed by the dependence tand(7) (Fig. 7¢):
the dielectric losses are small in magnitude over a wide
range of temperatures and increase drastically in the
immediate vicinity of the temperature 7.

The coercive field amounts to 1.75 kV/m, and the
remanent and maximum polarizations are equal to 0.02
and 0.04 C/m?, respectively.

A further analysis of the experimental data obtained
for the (NH,);M00O;F; cryolite will be performed from
the standpoint of the influence of substitutions of tetra-
hedral cations for spherical cations at the 4a position
and the central atom at the position 45 in the MoOsF;
octahedron (Mo — W) on the properties and phase
transitions of elpasolites (cryolites).

The temperature of the transition from the cubic
phase in the (NH,);Mo00O;F; compound appears to be
considerably higher than that in the (NH,),KMoOsF;
elpasolite studied earlier in [5]. This experimental fact
is in reasonable agreement with the specific feature of
the ratio between these temperatures for oxyfluorides
with univalent atomic cations in both crystallographic
positions (4a, 8c) [4]: compared elpasolites, cryolites
undergo phase transitions at higher temperatures.
Therefore, the hypothesis regarding a significant influ-
ence of the covalency of M—O bonds on the temperature
T, in oxyfluorides of the general formula A,A'MO;F;
(M =Mo, W) [6] is most likely valid for structures con-
taining tetrahedral cations and the effect observed for
the (NH,),KWO;F; elpasolite [2] can be treated as an
exception.

Moreover, the effect of the replacement of the cen-
tral atom manifests itself in the thermodynamic proper-
ties and the difference between the specific features of
the mechanisms of structural distortions. It can be seen
from Fig. 9 that, unlike the tungsten compounds, the
entropies of the transition from the cubic phase in both
molybdenum oxyfluorides are close to each other and
characteristic of order—disorder processes (AS; = RIn5
for the (NH,);Mo0O;F; compound and AS, = RIn4.8 for
the (NH,),KMoO;F; compound [5]). Furthermore, the
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entropy of the transition for the molybdates is consider-
ably lower than that for the (NH,);WO;F; cryolite
(AS =RIn7.6 [1]).

According to the model concepts regarding the dis-
order in the cubic phase of elpasolites (cryolites) [12],
the entropy of the transition can be governed by the
ordering of MOs;F; octahedra, NH, tetrahedra, and
spherical cations at the 8c positions. It should be kept in
mind that, since the ferroelectric transitions from the
cubic phase are necessarily associated with the dis-
placements of the central atoms, these processes also
contribute to the entropy.

The analysis of the electron density maps (Fig. 5)
shows that, although the F (O) atoms in the structures
of the (NH,),KMoOsF; and (NH,);MoOsF; com-
pounds execute anisotropic vibrations, they, on aver-
age, occupy the position at the unit cell edge with a high
probability as compared to the related compounds
(NH,),KWO;F; and (NH,);WO;F; [2] and, as a result,
seemingly cannot make a considerable contribution to
the entropy of the transition. However, it is known that
the symmetry of distorted phases of oxyfluorides with
atomic cations, as a rule, is very low and associated
with the superposition of (@@@) rotations of the
MoO;F; octahedra around three axes of the initial cubic
cell, as is the case, for example, in the structure of the
Na;MoO;F; compound [13]. In this case, according to
[12], the change in the entropy due to the structural dis-
tortion can be rather large: 3AS; = 0.6R. There are no
grounds to believe that the symmetry of distorted
phases in ammonium-containing crystals is higher than
monoclinic. At least, this was demonstrated in our pre-
vious work [3], in which we established that the
(NH,),KWOsF; and (NH,),WOs;F; compounds
undergo transitions to the P2,/n phase, the model repre-
sentation of which is associated with the (@ow) distor-
tion [12]. Therefore, with allowance made for the above
reasoning, we can argue that the contribution to the
quantity AS; for molybdates can also be of the order of
0.6R.

Since at least the (NH,);M00O;F; crystal according
to our analysis undergoes the ferroelectric phase transi-
tion at the temperature 7, there necessarily exists a
contribution from the displacement of central atoms to
the entropy. However, the corresponding entropy, as a
rule, is low and amounts to no more than ~0.1R, as is
the case, for example, in the classical ferroelectric
BaTiO; [10].

Therefore, the contribution to the entropy of the
transition minus the entropies associated with the octa-
hedra rotations (0.6R) and the displacement of central
atoms (0.1R) for both molybdates remains to be >2R1n2.
Since the tetrahedral cations at the 4b positions in the
cryolite structure should be disordered, the above
change in the entropy can be due to the ordering of
these structural units. However, this explanation is
inapplicable to the (NH,),KMoO;F; compound.
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Fig. 9. Temperature dependences of the entropy of the phase
transitions in the (/) (NH,)3WOsF5, (2) (NH4)3MoO3F5,
(3) (NH4),KMoO;Fj3, and (4) (NH4),KWO3F; compounds.

Recall that the results of x-ray diffraction investiga-
tions of the distorted phases of the molybdenum elpa-
solite and cryolite differ from each other: the structure
reflections are not split in the x-ray diffraction patterns
of the (NH,);MoO;F; cryolite, whereas the splitting of
structure reflection is characteristic of the former com-
pound. Moreover, these crystals differ in their sensitiv-
ity to the external pressure. Both experimentally
revealed facts undeniably suggest that the specific fea-
tures of the mechanism of structural distortions in these
compounds differ from each other. Possibly, this is
associated with different contents of tetrahedral cations
in the structures. As was demonstrated above, the
ammonium cations at the 4b positions in the cryolite
structure are necessarily disordered and, in this case,
the disordering of the tetrahedra at the 8c positions is
most likely hindered. In the elpasolite structure, the
ammonium cations at the 8¢ positions can also contrib-
ute to the mechanism of structural distortions. The ver-
tices of the ammonium cation are located on the three-
fold axes, and, hence, the N-H...F(O) bonds can be
disordered over three positions. As a result, the change
in the entropy should be 2RIn3 = 18.3 J/(mol K). How-
ever, this consideration holds true only for the structure
of A,A'MXj elpasolites with all X atoms of the same
type. In this structure, each ammonium ion is sur-
rounded by 12 crystallographically equivalent X atoms.
All hydrogen bonds N-H...X are equivalent, and the
probability of occupation of each of the three positions
of the H atoms is identical. In the oxyfluorides under
consideration, there are two variants of the arrangement
of the F and O atoms. In the first case (cis configura-
tion), the opposite faces of the octahedron are formed
by atoms of the same type (symmetry C;,). In the sec-
ond case (trans configuration), each face of the octahe-
dron is formed by two atoms of one type and one atom
of another type (symmetry C,,). Since the F (O) atoms
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are statistically disordered in the structure, we can
assume with a high probability that the set of 12 F (O)
atoms surrounding the tetrahedron in the
(NH,),KMoOsF; crystal can be random. As a conse-
quence, the hydrogen bonds formed with the F (O)
atoms belonging to one face of the octahedron appear
to be nonequivalent and the change in the entropy due
to their ordering can be considerably smaller than the
limiting value equal to 2RIn3. Certainly, this is only a
hypothesis and its verification calls for neutron diffrac-
tion investigation of the initial and distorted phases.

7. CONCLUSIONS

Thus, the results of the performed investigations of
the thermal properties and the structure of
(NH,);Mo00O5F; crystals and their comparative analysis
with the data previously obtained for the
(NH,),KMoO;F;, (NH,);WO;F;, and (NH,),KWO;F;
compounds allowed us to make the following infer-
ences.

Ammonium-containing molybdenum oxyfluorides

have cubic symmetry with space group F m3m.

Unlike tungsten compounds, in molybdenum com-
pounds, the presence of tetrahedral cations in the struc-
ture does not lead to a violation of the relationship
between the temperatures of transitions from the cubic
phase (revealed previously in the study of oxyfluorides
with atomic cations): these temperatures in cryolites
are considerably higher than those in elpasolites. The
(NH,),KMoOsF; and (NH,);MoO;F; compounds
undergo first-order phase transitions.

The loss of stability of the cubic phases in the
molybdenum elpasolite and molybdenum cryolite is
accompanied by close changes in the entropy in con-
trast to the tungsten compounds, for which the entro-
pies of the corresponding phase transitions differ sub-
stantially.

The thermal parameters and the electron density dis-
tribution of the F (O) atoms in the molybdenum oxyflu-
orides correspond to a higher occupancy of the 24e
position as compared to the tungsten compounds. This
is in reasonable agreement with the calorimetric data.

A different sensitivity of the molybdenum oxyfluo-
rides to the hydrostatic pressure indicates that there are
specific features of the mechanisms of the phase transi-
tions in the elpasolite and cryolite structures.

It was experimentally demonstrated that reliable
results can be obtained when measuring the permittiv-
ity with the use of quasi-ceramic samples prepared by
pressing powders without subsequent heat treatment.

It was established that the (NH,);MoO;F; cryolite
undergoes ferroelectric and ferroelastic phase transi-
tions at temperatures 7, and 7,, respectively.

The analysis of all experimental data for tungsten
and molybdenum oxyfluorides demonstrated that tetra-
hedral cations and quasi-octahedral anions make differ-
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ent contributions to the mechanism of structural distor-
tions.
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