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Abstract—Thermal, physical, structural, optical, and dielectric investigations have been performed for oxy-
fluoride solid solutions (NH4),W, _ . Mo,0,F, (x =0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1). The character of the
influence of the chemical and hydrostatic pressures on the stability of the parent (space group Cmcm) and dis-
torted ferroelastic and antiferroelectric phases has been determined by analyzing the temperature—pressure,
unit cell volume—composition, and temperature—composition phase diagrams. The specific features of the
nature and mechanism of the phase transitions have been discussed using the available data on the structural,

entropy, and dielectric parameters.
DOI: 10.1134/S1063783413020042

1. INTRODUCTION

The presence of fluorine—oxygen anion polyhedra
in the crystal lattice, namely, [MeO;F;]"~, [MeO,F,]",
or [MeOFs]"~, in which the central atom is displaced
toward the direction of the oxygen atoms, makes it
possible to obtain polar materials with ferroelectric,
pyroelectric, or piezoelectric properties [1, 2]. These
properties can exhibit themselves as a result of the
ordering of structural elements that occurs either in
the parent phase after the crystallization [3] or in dis-
torted phases formed upon the phase transformations.
However, the low-temperature phases of oxyfluorides
often also have a centrosymmetric structure. This sit-
uation is observed, for example, in the (NH,),MeO,F,
(Me = W, Mo) compounds with the parent orthor-
hombic structure (space group Cmcm, Z = 4), which
consists of isolated octahedra [MeO,F,]>~ and two
crystallographically nonequivalent ammonium groups
[4, 5]. Despite the small difference between the ionic
radii of the central atoms (0.59 A for Mo and 0.60 A for
W), their individual features exerted an influence on
the character of the disordering of the octahedra.
Accordingly, the probabilities of the occupation of two
crystallographic positions 4(c¢) and 16(4) by these
atoms proved to be different: 0.143(6) and 0.214(2) for
the [WO,F,]?~ octahedron and 0.43(6) and 0.14(2) for

the [MoO,F,]?>~ octahedron, respectively.

Detailed investigations of the (NH,),WO,F, oxy-
fluoride have demonstrated that, at the temperature
T, = 201 K, the parent structure of this oxyfluoride
loses its stability [6, 7]. The absence of the second har-
monic generation below the temperature 7 indicates
that the structure has the center of symmetry, while the
character of the optical twinning suggests a ferroelastic
nature of the structural phase transition that occurs

with the symmetry change Cmcm <— P1 . The distor-
tion of the parent structure results in a complete order-
ing of fluorine—oxygen octahedra; however, the
ammonium groups remain partially disordered [4, 5].
The investigations of the temperature dependences of
the heat capacity and susceptibility to hydrostatic
pressure have shown that the aforementioned phase
transition is a first-order transformation, which is
characterized by a significant change in the entropy
AS, = RIn9.8 and a small pressure coefficient
dT,/dp = 13.4 K/GPa. Based on the model of the
structure distortion and the results of the study of the
deuterated compound (ND,),WO,F,, it was con-
cluded that the dominant contribution to the entropy
change AS| comes from the ordering of the [WO,F,]*~
anions [8].

The substitution for the central atom Mo — Win
the structure leads to a sharp increase in the tempera-
ture of loss in the stability of the parent phase (space
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group Cmcm), i.e., T} = 270 K, as well as to a change
in the symmetry of the distorted phase (space group
Pnma, Z = 4), which proves to be antiferroelectric |5,
9,10]. A significant difference between (NH,),WO,F,
and (NH,),Mo00,F, lies in the fact that, in the former
compound below the temperature 7}, there occurs a
complete ordering of two nonequivalent ammonium
groups, i.e., all the hydrogen atoms are localized;
however, the fluorine—oxygen octahedra remain par-
tially disordered. The phase transition in the
(NH,),Mo00,F, oxyfluoride at the temperature 7
remains a first-order transformation of the order—dis-
order type (AS; = RIn8.9). In this case, the pressure
coefficient increases by a factor of almost seven, i.e.,
dT,/dp = 92.7 K/GPa. The dominant contribution to
the entropy of the phase transition is associated with a
partial ordering of the [MoO,F,]*>~ anions, which is
confirmed, in particular, by the results obtained from
the analysis of the role played by the monovalent cat-
ion in the (NH,), _,4,M0O,F, (4 = K, Rb, Cs) solid
solutions used as an example [11]. The partial substi-
tution of the spherical cation for the tetrahedral cation
makes it possible to control the order of the phase
transition and the limits of stability of the parent phase
(space group Cmcm) with respect to changes in both
the temperature and the pressure. This leads to a sig-
nificant decrease in the entropy change. For example,
in Rb,MoO,F, and (NH,),Mo00O,F,, the entropy
changes AS| are in the ratio of 9.2/18.2. This value
indicates that the ammonium cation plays an impor-
tant role in the mechanism of phase transition of the
order—disorder type. However, the entropy change in
the rubidium oxyfluoride is still rather large; therefore,
the parent structure also remains disordered in the
absence of the tetrahedral cation in the crystal lattice.

It has been found that, in the low-temperature
range at the temperature 7,, all the studied com-
pounds (NH,), _,4.MeO,F, also exhibit an anoma-
lous behavior of the heat capacity C,(7), thermal
expansion B(7), permittivity €(7), and birefringence
An(T) [6—12]. Since the X-ray diffraction patterns
recorded below the temperature 7, do not exhibit any
changes [4, 5], it can be assumed that the low-temper-
ature transformation, most likely, is associated with
very small displacements of any structural elements.

In this work, we have performed investigations of
the temperature—composition, unit cell volume—com-
position, and temperature—pressure phase diagrams
for a system of solid solutions (NH,),W, _ Mo, O,F, in
order to elucidate in more detail the role played by the
central atom in the mechanism and nature of the
phase transitions in oxyfluorides with orthorhombic
symmetry (space group Cmcm). For this purpose, we
have examined the heat capacity, entropy, thermal
expansion, susceptibility to external pressure, permit-
tivity, and birefringence.
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2. SYNTHESIS, GROWTH, AND STRUCTURE
OF THE CRYSTALS

The solid solutions (NH,),W, _ . Mo,O,F, (x=10.2,
0.4, 0.6, 0.8) were synthesized from the corresponding
stoichiometric weighed portions of the initial ammo-
nium oxofluorometallates (NH,),Mo0O,F, and
(NH,),WO,F,; the procedure used for their growth in the
form of single crystals was described in detail in [4, 5].

A mixture of the initial components in required
ratios (the weight of the mixture was 10—15 g) was dis-
solved in water with the addition of a few drops of a
concentrated hydrofluoric acid HF (40%) in order to
prevent hydrolysis. The solution was gently evaporated
on a water bath and then filtered out. Later, the spon-
taneous crystallization proceeded through a slow
evaporation of the solution in air.

The composition of the grown crystals was con-
trolled by the molybdenum and tungsten concentra-
tions, which were determined using the atomic
absorption method. It should be noted that, for x =
0.2, the actual composition of the crystals (within the
error of the analysis) corresponded to x = 0.180—
0.185. In the case of x = 0.8, the results of the analysis
were close to the calculated composition.

Crystals with x = 0.1 and 0.3 were grown by mixing
the ammonium tungstate (NH,),(W,04, - H,O with
hydrofluoric acid HF in required stoichiometric
amounts. The obtained colorless crystals of
NH,[W,0,F;] - H,O were dissolved in ammonia water
NH,OH with the addition of the molybdenum oxide
Mo,0; and hydrofluoric acid HF in appropriate pro-
portions. The slow evaporation in air resulted in the for-
mation of single crystals of the (NH,),W,_, Mo O,F,
(x=0.1, 0.3) solid solutions.

The linear dimensions of the single crystals
obtained by different methods were varied in the range
0.1-5.0 mm. Therefore, the X-ray diffraction investi-
gations were performed on two types of diffractome-
ters, namely, a D8 Advance Bruker powder diffracto-
meter and a Smart Apex 11 single-crystal diffractome-
ter. At room temperature, all the solid solutions, as
well as the parent oxyfluorides, are characterized by
the orthorhombic symmetry (space group Cmcm). The
concentration dependences of the unit cell parameters
are shown in Fig. 1. It has been found that the succes-
sive substitution Mo — W is accompanied by a non-
linear change in all the parameters under investiga-
tion. In the first stage, the derivatives da/dx, db/dx,
and dc/dx are negative in the composition region with
a molybdenum concentration x < 0.2. With a further
increase in the molybdenum concentration, the unit
cell parameters a and ¢ increase, whereas the parame-
ter b decreases. In the refinement of the structure, we
determined the actual composition of the solid solu-
tions, which, in the majority of cases, was very close
(£0.01) to the composition determined by the chemi-
cal analysis.
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Fig. 1. Concentration dependences of the unit cell param-
eters of the (NHy),W; _ Mo, O,F, single crystals.

The elemental composition of the
(NH,),W, _ Mo,O,F, (x = 0.2, 0.3, 0.4) compounds
was determined using the X-ray fluorescence analysis
on an S4 Pioneer wavelength dispersive X-ray fluores-
cence spectrometer (Bruker). We achieved a satisfac-
tory agreement between the experimentally deter-
mined concentrations of individual elements and their
concentrations calculated from the chemical formula.

3. HEAT CAPACITY, THERMAL EXPANSION,
AND 7—p PHASE DIAGRAM

All the synthesized solid solutions
(NH,),W, _ . Mo,0,F,, including the parent oxyfluo-
rides, were investigated using a DSM-10 differential

PHYSICS OF THE SOLID STATE Vol. 55 No. 2

100 J/(mol K) %

e,

120 150 180 210 240 270 300
T,K

5

rnaooooo

Fig. 2. Temperature dependences of the anomalous heat
capacity AC,(T) for () (NHy,WOFy (2-7)
(NHy),W, _ Mo, 0,F,; withx = (2) 0.1, (3) 0.2, (4) 0.3,
(5) 0.4, (6) 0.6, and (7) 0.8; and (&) (NH4),MoO,F,.

scanning microcalorimeter (DSM) in order to obtain
information about the occurrence of phase transitions,
their temperatures, heat capacity, and integral energy
parameters. The measurements were performed over a
wide temperature range 120—400 K at a rate of
8 K/min during heating and cooling of the samples
weighing as much as ~0.2 g.

It has been found that the heat capacity of all the
samples under investigation is characterized by an
anomalous behavior at two characteristic tempera-
tures due to the sequence of two phase transforma-
tions. In the future, we will be interested only in the
thermal and physical parameters associated with
structural distortions. For this reason, in Fig. 2 we pre-
sented the temperature dependences of the anomalous
heat capacity AC,(7). In order to determine the anom-
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Thermodynamic parameters of the successive phase transitions at the temperatures 7 and 75 in the (NH,),W; _,Mo,0,F,
solid solutions according to the data obtained from the DSM investigations

x T, K T,,K | ZAH,J/(mol K) | ZAS, J/(mol K) | dT,/dp, K/GPa | dT,/dp, K/GPa
0 201.2 160 2690 13.8 13.4 [6] 41.7 6]

0.1 199.1 170.1 2600 13.3 - -

0.2 186.2 165 1980 9.8 3.0 ~210.6

0.3 180.5 150 120 0.8 - -

0.4 202.8 186 880 4.5 - -

0.6 223.4 191 1300 6.6 71.7 52.3

0.8 243.8 183 3100 13.4 - -

1.0 267.9 191.2 3210 13.2 92.7[10] 16.8 [12]

alous heat capacity, the parts of the temperature
dependence of the total heat capacity C,(7), which
were far from the phase transition region and repre-
sented the regular part C,, of the heat capacity, were
approximated by a polynomial. The anomalous con-
tribution was determined as AC, = C, — C,. It can be
seen from Fig. 2 that the behavior of the heat capacity
and the anomalies depend on the concentration ratio
of the central atoms. The main quantitative thermody-
namic parameters are given in the table. The parent
compound (NH,),WO,F, is characterized by a loss of
stability of the parent phase (space group Cmcm) at the
temperature 7, = 201 K, which is in good agreement
with that data obtained in our previous investigations
[6]. In the initial stage of the substitution for the cen-
tral atom Mo — W (x £0.3), we observed a decrease
in the temperature 7, and a decrease in the total
enthalpy XA H,, which is associated with the sequence
of phase transitions and determined by the integration
of the anomalous heat capacity AC,(T). The
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Fig. 3. Dependences (a) B(7) and (b) AV/V(T) for (1) sin-
gle-crystal sample and (2) quasi-ceramic sample of the
(N H4)2W02F4 oxyﬂuoride.
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(NH,),W,sMo, ;0,F, solid solution is characterized
by the minimum value of the total enthalpy XAH; =
120 J/(mol K), which was found to be almost 25 times
less than the value determined for the parent com-
pound (NH,),WO,F, (see table). With a further
increase in the molybdenum concentration (x > 0.3)
the temperature of the structural phase transition
Cmcm — Pnma increases to the temperature 7, =
270 K, which is characteristic of (NH,),MoO,F, [10];
in this case, the total enthalpy also increases. The
character of the change in the total entropy follows the
behavior of the total enthalpy XA H,(x). The change in
the temperature between the distorted phases has a less
pronounced dependence on the molybdenum con-
centration.

The thermal expansion of the crystals was mea-
sured on a NETZSCH DIL-402C dilatometer at tem-
peratures in the range from 120 to 350 K in the
dynamic regime at a heating rate of ~3 K/min. The
experiments were performed in a helium flow-through
atmosphere at a flow rate of ~50 mL min~!. In order to
calibrate the dilatometer and take into account the
thermal expansion of the measurement system, we
used reference samples from fused silica. The samples
of the oxyfluorides under investigation were prepared
in the form of pellets with a diameter of § mm and a
height of ~4—6 mm only by pressing under a pressure
of ~2 GPa. We could not prepare ceramic samples
according to the conventional technology, because
they contained ammonia, which made impossible
high-temperature sintering. The correctness of the use
of uncalcined samples in the experiments was con-
firmed by a satisfactory agreement between the tem-
perature dependences of the volume strain and the
volume thermal expansion coefficient of the single-
crystal and quasi-ceramic oxyfluorides (NH,),WO,F,
(Fig. 3).

The results of measurements of the temperature
dependences of the volume strain over a wide temper-
ature range are presented in Fig. 4 for the parent com-
pounds (NH,),WO,F,, (NH,),Mo00,F,, and three
solid solutions with molybdenum concentrations x =
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Fig. 4. Temperature dependences of the volume strain for
(1) (NHy),WO,Fy; (2—4) (NHy),W, _ Mo,O,F, with
x=1(2)0.1,(3) 0.3, and (4) 0.8; and (5) (NH4),MoO,F,.

0.2, 0.3, and 0.8. The rate of increase in the volume
strain AV/V, with an increase in the temperature
decreases with an increase in the molybdenum con-
centration (curves /, 2, 4, and 5 in Fig. 4). However,
the exception is the (NH,),W, ;Mo, ;0,F, compound
(curve 3 in Fig. 4), for which the average value
d(AV/V,y)/dT in the temperature range from 140 to
300 K is larger than that for the sample with a molyb-
denum concentration x = 0.2. This specific feature, as
will be shown below, also exhibits itself in the behavior
of the other properties. We return to the discussion of
this feature in the further when comparing the influ-
ences of the chemical and hydrostatic pressures.

For all the samples under investigation, we revealed
anomalies in the behavior of the volume strain AV/V,
near the temperatures of the two-phase transitions,
which were determined earlier in the DSM experi-
ments. The anomalous behavior more clearly exhibits
itself in the temperature dependences of the coeffi-
cients of volume thermal expansion (Fig. 5).

The susceptibility of the oxyfluorides to hydrostatic
pressure was investigated using the differential thermal
analysis (DTA) with a copper—germanium thermo-
couple as a working element. Powder samples weigh-
ing as much as 0.02—0.03 g were packed in a copper
container attached to one of the junctions of the ther-
mocouple. The working element was placed in a high-
pressure chamber of the piston—cylinder type filled
with silicone oil. The pressure coefficients d7/dp were
measured in two solid solutions with molybdenum
concentrations x = 0.2 and 0.6. The experimental pro-
cedure used in these measurements was similar to that
described in [13].

The results of the performed measurements,
together with our previous data on the pressure coeftfi-
cients for the initial crystals [7, 10], are presented in the
temperature—pressure phase diagrams (Fig. 6) and in
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Fig. 5. Temperature dependences of the volume thermal
expansion coefficient (a, b) over a wide temperature range
and (d) near 7 = 290 K for (1) (NHy),WO,F; (2, 3)
(NHy),W, _ Mo, 0,F; with x = (2) 0.2, (3) 0.3 and
(4) 0.8; and (5) (NH4),Mo0O,F,. Inset (c) shows the func-
tion B(7) for (NHy),W; 1Mo, 30,F, in the vicinity of the
temperature 7.

the table. For greater clarity, the changes in the phase
transition temperatures 7; as a function of the concen-
tration of the components and the pressure, are consid-
ered in Fig. 6 with respect to the temperatures 7; and
T,, which are characteristic of the parent compound
(NH ),WO,F, (T/T}),-o=land (T/T5),_o=1).

The positive values of dT;/dp, which are almost
constant in the pressure range under investigation,
indicate a narrowing of the temperature region of the
existence of the parent phase (space group Cmcm) in
all the studied compounds (Fig. 6a). For example,
the pressure coefficient dT7,/dp for the
(NH,),W, Mo, cO,F, oxyfluoride is significantly
higher than that for the initial tungsten compound and
approaches the value obtained for the molybdenum
oxyfluoride (NH,),Mo00,F, (see table). However, in
this case, also, there is an exception, namely, in the
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(NH4)2W02F4; (2, 3) (NH4)2W1 —xM0x02F4 with x =
(2) 0.2 and (3) 0.6; and (4) (NH4),MoO,F,.

initial stage of the substitution Mo — W, the pressure
coefficient dT,/dp decreases and, at the molybdenum
concentration x = 0.2, becomes considerably smaller
than that for the parent oxyfluoride (NH,),WO,F,.

It can be seen from Fig. 6b and the table that there
is no strict regularity in the dependence of the pressure
coefficient d7,/dp on the molybdenum concentration
x. In particular, the stability of first distorted phases in
the compounds with x = 0, 0.6, and 1.0 decreases with
an increase in the pressure (d7,/dp > 0), even though
not systematically, whereas the susceptibility to hydro-
static pressure for the (NH,),W,:Mo,,0,F, solid
solution is negative and rather high. Furthermore,
with an increase in the pressure, the DTA anomaly at
the temperature T, rapidly decreases and, at a pressure
p ~ 0.08 GPa, is not observed at all.

The specific features revealed in the behavior of
some properties of the samples with small molybde-
num concentrations x stimulated the investigation of
the heat capacity of the (NH,),W,,Mo,;0,F, solid
solution with the use of adiabatic calorimetry. The
measurements were performed under conditions of
discrete (AT = 1-2 K) and continuous (d7/dt= 0.02—
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Fig. 7. Temperature dependences of (a) the molar heat
capacity for (NHy),W, ;Mo 30,F, and (c) the anoma-
lous entropy for (I) (NHy),WO,F; and (2)
(NHy),Wy 7Moj 30,F,. Inset (b) shows the function
a’Cp/dTin the vicinity of the temperature 75.

0.20 K/min) heatings according to the procedure
described in [14]. The test sample weighing as much as
0.28 g was hermetically packed in an aluminum con-
tainer, whose heat capacity was determined in a sepa-
rate experiment.

The temperature dependence of the molar heat
capacity is shown in Fig. 7a. In contrast to the DSM
data (see table), the anomalous behavior of the heat
capacity is observed at four temperatures: 7; = 181.4 +

0.1K,7,=150+1K, T} =216+ 1K,and T, =242 +
1 K. However, for the reliable measurement of the
temperature 7,, we had to consider the function
dC,/dT (Fig. 7b). The obtained values of 7' and T are
in satisfactory agreement with temperatures at which
the thermal expansion coefficients exhibit specific fea-
tures. It is difficult to say anything about the nature of
the heat capacity anomalies at the temperatures 7

and T, , because, in this temperature range, no anom-
alous behavior was observed in the temperature
dependence of the thermal expansion coefficient and,
as will be seen below, in the temperature dependence
of the birefringence.

The molar heat capacity was separated into the reg-
ular and anomalous components according to the
same procedure as was used in the processing of the
DSM data (see above). The anomalous heat capacity
AC,(T) is observed in the temperature range 140—
250 K (Fig. 7a). However, because we unaware of the

nature of the anomalies at the temperatures 7, and

T, , the changes in the total enthalpy 2AH; = 1800 *

80 J/mol and the total entropy ZAS; = 10.4 J/(mol K),
which are associated with the sequence of phase tran-
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sitions at the temperatures 7, and 7,, were determined
in the temperature range from 140 to 210 K.

A comparison of the temperature dependences of
the anomalous entropy for the (NH,),W,,Mo, ;0,F,
and (NH,),WO,F, compounds is presented in Fig. 7c.
It can be seen from this figure that the substitution
Mo — W leads to a significant decrease in the
entropy associated with the sequence of phase transi-
tions at the temperatures 7; and 75,. The high-temper-
ature phase transition proved to be susceptible to the
rate of measurement of the heat capacity C,(7) in
series of continuous heatings. A change in the quantity
dT/dtfrom 0.02 to 0.20 K/min led to an increase in the
temperature of stability of the parent phase (space
group Cmcm) by almost 3 K. Thus, the phase transi-
tion at the temperature 7, in the solid solution
remained a first-order transformation.

4. OPTICAL AND DIELECTRIC
INVESTIGATIONS

The temperature dependences of the birefringence
An(T) were measured using the method of a Berek
compensator (Leica) on an Axioskop-40 polarizing
microscope with a Linkam LTS-350 thermal camera.

According to [I, 2], the (NH,),Mo00,F, and
(NH,),WO,F, single crystals have a plate-like habit
with the smallest size along the [010] crystallographic
direction and possess a perfect (010) cleavage plane.
Since the most high-quality single crystals of the
(NH,),W, _,Mo,0,F, solid solutions had small linear
dimensions (~100 pum), the selection of samples for
our experiments and their orientation were performed
according to the natural faceting. The birefringence
was measured on the (010) plates with a thickness
ranging from 45 to 90 pm.

The temperature dependences of the birefrin-
gence An,(T) for the samples with molybdenum con-
centrations x = 0.2, 0.3, and 0.4 are shown in Fig. 8
by curves 2—4, respectively. The dependences An,(T)
in the temperature range 270—370 K for the initial
crystals (NH,),MoO,F, and (NH,),WO,F, have an
identical linear behavior. At room temperature, the
values of the birefringence are close to each other and
lie in the range An, = 0.014—0.015 [6, 9]. Below the
temperature of the structural phase transition from the
parent phase (space group Cmcm), the temperature
dependences of the birefringence have different
behaviors. In the (NH,),WO,F, oxyfluoride, the
structural phase transition at the temperature 7, =
202 K is accompanied by the change in the symmetry

Cmcm <— P1, which, in turn, leads to a decrease in
the birefringence An,(7) below the temperature 7
(Fig. 8, curve 1) [6]. In the (NH,),WO,F, compound,
the structural phase transition at the temperature 7, =
267 K is accompanied by the change in the symmetry
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Fig. 8. Temperature dependences of the birefringence for
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Cmcm ~— Pnma, while the birefringence abruptly
increases. At temperatures below 7, the birefringence
Anj, nonlinearly increases with a rather high rate. At
the temperature 7,, the curve Any(7T) has a sharp
inflection and, with a further decrease in the tempera-
ture, the birefringence continues to increase but con-
siderably more slowly and almost linearly (Fig. 8,
curve 5) [9]. Therefore, the symmetry of the low-tem-
perature phase in the studied solid solutions
(NH,),W, _ Mo,0,F, can be indirectly judged from
the behavior of the temperature dependence of the
birefringence.

The behavior of the function An,(T) for the com-
pound with a molybdenum concentration x = 0.2 is
similar to that for the parent compound
(NH,),WO,F,, even though there is a small decrease
in the birefringence Any(7T) below the temperature
T, =190 K (Fig. 8, curve 2).

In the case of the solid solution with a molybdenum
concentration x = 0.4, the dependence An,(T) is iden-
tical to that observed for the parent compound
(NH,),Mo00,F, (Fig. 8, curve 4); i.e., in this crystal,
there occurs a structural phase transition with the
change in the symmetry Cmcm <— Pnma and the
jump in the birefringence at the phase transition point.
The phase transition at the temperature 7, is less pro-
nounced, but, nonetheless, it still takes place at
~185 K. The birefringence An, decreases at tempera-
tures 7'< T, by approximately 11% as compared to the
molybdenum compound.
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Fig. 9. (a) Temperature dependences of the permittivity for
(1) (NH),WOsFy; (2—4) (NHg),W; _ Mo, O,F, with
x =(2) 0.2, (3) 0.3, and (4) 0.8; and (5) (NH4),M0O,F,.
Inset (b) shows the function €(7) for (NH4), W, 7Mo 30,F4
in the vicinity of the temperature 77.

For the (NH,),W,-,Mo,;0,F, solid solution at
temperatures above 7, = 180 K, the birefringence has
a linear temperature dependence. Below this temper-
ature, there are two regions where the dependences
Any(T) differ significantly: in one region, the behavior
of the birefringence is characteristic of the structural
phase transition Cmcm -— Pnma, whereas in the
other region, it is characteristic of the structural phase

transition Cmem ~— Pl (Fig. 8, curves 3a and 3b,
respectively).

The temperature dependences of the permittivity
of the solid solutions with molybdenum concentra-
tions x = 0.2, 0.3, and 0.8 were investigated using an
E7-20 immittance meter at a frequency of 1 kHz in the
temperature range from 100 to 320 K. The measure-
ments were performed on the samples with a diameter
of 8 mm and a height of 1—2 mm, which were prepared
according to the same technique as was used for sam-
ples in the thermal expansion investigations. In our
previous work [15], we showed that the behavior of the
dependence &(7) measured on a “quasi-ceramic”
sample for the parent compound (NH,),WO,F, is in
satisfactory agreement with the temperature depen-
dence of the arithmetic mean of the permittivities
along the principal crystallographic directions of the
single-crystal sample, i.e., (Xg;/3)(T). For the permit-
tivity measurements, the electrodes were prepared by
vacuum deposition of gold onto the samples. The rates
of change in the temperature during heating and cool-
ing were equal to ~0.7 K/min.

The (NH,),WO,F, compound has the highest val-
ues of the permittivity over the entire temperature
range under investigation (Fig. 9a, curve 7). The sub-
stitution Mo — W results in a gradual decrease in the
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permittivity. The behavior of the temperature depen-
dence &(7) for the compound with a molybdenum
concentration x = 0.2 (Fig. 9a, curve 2) is similar to the
behavior of the dependence &(7) for the parent com-
pound (NH,),WO,F,, with the only difference that, at
the temperature 7), the jump in the permittivity
decreases by a factor of two. For the
(NH,),W,,Mo,sF, solid solution, the dependence
e(T) is qualitatively similar to that observed in the
(NH,),Mo00,F, compound (Fig. 9a, curves 4 and 5,
respectively), and the jump in the permittivity at the
phase transition point decreases only slightly (Ae = 15).

A significantly different behavior of the permittiv-
ity is observed in the solid solution with a molybdenum
concentration x = 0.3 (Fig. 9a, curve 3). In the low-
temperature region, the permittivity € of this com-
pound proved to be 6% lower than that of the
(NH,),Mo00,F, compound. At the temperature 7, =
180 K, the dielectric anomaly in the
(NH,),W,,Mo, ;0,F, compound is very small and
exhibits itself only with a change in the slope of the
curve g(7) (Fig. 9b).

5. INFLUENCE OF THE SUBSTITUTION
FOR THE CENTRAL ATOM
ON THE STABILITY OF THE ORTHORHOMBIC
STRUCTURE

The results obtained from detailed investigations of
the thermal, physical, dielectric, optical, and struc-
tural properties of the oxyfluorides allow us to eluci-
date the character of the influence of the central atom
on the mechanism and nature of phase transitions in
the (NH,),W, _,Mo,0,F, solid solutions by analyzing
the “phase transition temperature—composition” and
“unit cell volume—composition” phase diagrams
(Fig. 10).

The complete substitution Mo — W leads to an
increase in the unit cell volume V. by 0.2%, i.e., V.=
614.06(7) A3 for (NH,),WO,F, and V. = 615.48(1) A3
for (NH,),Mo00,F,, as well as to a significant (by
approximately 70 K) narrowing of the stability region
of the parent phase (space group Cmcm). The specific
feature observed in the dependence V .(x) in the
region of low molybdenum concentrations is more
pronounced than the corresponding features in the
concentration dependences of the unit cell parameters
a(x), b(x), and c(x) (Figs. 10a and 1, respectively). For
the molybdenum concentration x = 0.2, the unit cell
volume of the solid solution decreases by approxi-
mately 0.3% as compared to the parent compound
(NH,),WO,F,. Summarizing the structural data, we
can assume that the boundary between the distorted

phases P1 and Pnma, which are inherent in the parent
oxyfluorides (NH,),WO,F, and (NH,),Mo00,F,,
respectively, most likely lies in the molybdenum con-
centration region x = 0.2—0.4.
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INVESTIGATION INTO PHASE DIAGRAMS

This assumption is confirmed by the results
obtained from the analysis of the concentration
dependences of the phase transition temperatures
(Fig. 10b). The boundaries between the parent (space

group Cmcm) and distorted phases (space groups Pl
and Pnma) are nonlinear and converge in the molyb-
denum concentration region ~30%, which indicates
the presence of a triple point in the 7—x phase dia-
gram. It is here that, at the same temperature in differ-
ent parts of one sample, there appear anomalous bire-
fringences of opposite signs, which are characteristic
of the tungsten and molybdenum oxyfluoride com-
pounds. It should be noted that, regardless of the com-
position, the changes in the entropy AS), including the
triple point, proved to be characteristic of phase tran-
sitions of the order—disorder type. This means that,
irrespective of their nature, the structural distortions
occurring in the solid solutions under investigation are
very significant.

For a molybdenum concentration x < 0.3, the solid
solutions exhibit properties which are characteristic of
the parent compound (NH,),WO,F,. This is most
clearly demonstrated by the behavior of the optical
properties, as well as by the character of the suscepti-
bility to hydrostatic pressure: the pressure coefficient
dT,/dp decreases with an increase in the molybdenum
concentration. The latter circumstance is consistent
with the data on the 7—p phase diagram of the tung-
sten compound, where in the range of negative pres-
sures (i.e., with an increase in the unit cell volume
V..), the temperature 7, decreases [6]. However, a
more rapid decrease in the temperature 7, leads to a
broadening of the temperature region of the existence

of the distorted phase (space group P1) at negative
pressures. These data are in agreement with the results
obtained from measurements of the pressure coeffi-
cients in the (NH,),W,3Mo,,0,F, solid solution,
whose volume, even though only slightly, but is still
larger than the volume of the (NH,),WO,F, solid solu-
tion (table, Fig. 10a). The behavior of the physical
properties of the (NH,),W,_ Mo O,F, compounds
with molybdenum concentrations x > 0.3 is similar to
that of the (NH,),WO,F, compound. This is evident
from the behavior of the birefringence of the
(NH,),W, (Mo, ,O,F, compound (Fig. 8) and the
pressure coefficients of the (NH,),W,,Mo,0,F,
compound (see table). Thus, it is clear that, upon dis-
tortion of the parent phase (space group Cmcm) due to
the structural phase transition, the antiferroelectric
state is more stable.

The changes observed in the temperatures of the

phase transitions between the distorted phases P1 ~— ?
and Pnma —— ? are much less pronounced; however,
the minimum in the dependence T,(x) also takes place
in the region of x = 0.3. This can indicate the participa-
tion of the same structural elements or fragments in the
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Fig. 10. (a) The unit cell volume—composition phase dia-
gram and (b) the temperature—composition phase dia-
gram.

mechanisms of both sequences of structural phase tran-

sitions Cmem <— P1 <— ? and Cmcm <~— Pnma ~— ?,
which are characteristic of the tungsten and molybde-
num oxyfluorides. And, this actually follows from the
results of structural investigations [4, 5, 8, 16], which
confirm the active role of the tetrahedral cations and
sixfold-coordinated anions. The lack of data on the
symmetry of the distorted phases below the tempera-
ture 7, in the parent compounds does not allow us to
make any assumptions about how in the phase dia-
gram at low molybdenum concentrations they are
related to the line of the structural phase transitions

Pl ~— Pnma.

6. CONCLUSIONS

A series of (NH,),W,_ .Mo,O,F, solid solutions
has been synthesized by means of the substitution for
the central atom in the parent compounds
(NH,),WO,F, and (NH,),Mo00,F,, which are charac-
terized by an identical high-temperature structure
(space group Cmcm) but with different types of disor-
der of fluorine—oxygen ligands and which undergo

2013



418

structural phase transitions of the ferroelastic and
antiferroelectric natures, respectively.

The performed investigations of the temperature
dependences of the heat capacity, thermal expansion,
permittivity, and birefringence, as well as the tempera-
ture—composition, unit cell volume—composition, and
temperature—pressure phase diagrams, have made it
possible to elucidate the character of the influence of the
chemical and hydrostatic pressures on the boundaries of
the regions of the existence of crystalline phases of dif-
ferent physical natures in the (NH,),W,_,MoO,F,
oxyfluorides. It has been found that, in the same sam-
ple (x = 0.3), there coexist phases with the symmetries

P1 and Pnma, which are characterized by different
behaviors of the optical properties but are formed at
the same temperature. In accordance with the entropy
parameters, the mechanism of structural distortions
almost does not depend on the composition of the
solid solutions.

It has been established that the more stable, i.e.,
energetically more favorable, state is the antiferroelec-
tric state observed in the (NH,),W, _,Mo,O,F, solid
solutions over a wide range of molybdenum concen-
trations (x> 0.3).
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