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Abstract—(NH,),MoO,F, single crystals were grown and studied using polarization-optical methods, and the
birefringence was measured in the temperature range 90-350 K. The following sequence of phase transitions
is revealed: Gy === G, == G,. It is established that the phase transition at Tj; = 267 K is of the first order and
exhibits thermal hysteresis 87;; = 0.6 K. A weak anomaly is found in An(T) at T, = 180 K. The crystals are
shown to retain the orthorhombic symmetry during the phase transitions.
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The polar noncentrosymmetric oxyfluoride anions

MO,F,_ . (M =Nb, Mo, W; x = 1, 2, 3) are potentially
good building blocks for creating polar structures
exhibiting a number of valuable physical properties
(pyro-, ferro-, and piezoelectricity; optical second har-
monic generation) [1]. Their position in a noncen-
trosymmetric crystal lattice can prevent the dipole
moments of individual octahedra from being neutral-
ized [2]. However, in actual practice, many (if not most
of) oxyfluoride compounds of transition metals con-
taining these polar anions are orientationally disordered
and are characterized by complete oxide/fluoride disor-
dering and the absence of resulting polarity [1]. The
members of the relatively large family of disordered
nonpolar oxyfluorides A,BMO;F; (A, B=K, Rb, T, Cs,
NH,; M = Mo, W) containing a locally polar pseudo-
octahedral unit crystallize in the elpasolite structure

(cubic symmetry, space group Fm3m, the number of
molecules in the unit cell Z = 4). As the temperature
decreases, they undergo ferroelectric or ferroelastic
phase transitions (PTs) associated with ordering of the
anion sublattice [3]. The size of the central atom M in
the octahedron substantially influences the temperature
of the transition from the cubic phase. In the molybde-
num-containing compounds, the transition occurs at a
temperature 50 to 70 K higher than that in the tung-
states [3-5].

In this work, we analyze PTs occurring in the
molybdenum and tungsten oxyfluorides
(NH,),M00,F, and (NH,),WO,F,.

According to [6], (NH,),WO,F, crystallizes in the
orthorhombic system (space group Cmcm, Z = 4); a =
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5.952(1) A, b=14.441(1) A, and ¢ =7.157(1) A. One 02
ion and three fluorine ions in the equatorial plane of the
octahedron are disordered. The disorder in this crystal is
dynamic and associated with reorientation of the WO,F,
octahedra around the fourfold pseudoaxis [7]. Recently
[8, 9], a first-order structural PT has been revealed in this
crystal at a temperature 7, = 202 K with thermal hyster-
esis 07, = 612 K. This PT is accompanied by twinning

and a change in symmetry (Cmcm == 1). An additional
weak anomaly in the DSM signal was found at 7, =
170 K. The total thermal effect of both anomalies is
2AH;=3200 + 400 J/mol and XAS;=16.5 = 2.0 J/mol K.
The phase transition at 7,,; was referred to the order—
disorder type. The anomalies in the birefringence and
heat capacity observed at Tj, = 170 K are associated
with additional reorientation in the tetrahedral com-
plex.

The ammonium  molybdenum  oxyfluoride
(NH,),Mo00,F, is the main product of the interaction
between initial molybdenum oxide compounds (tri-
oxide MoO; or ammonium paramolybdate
(NH,),Mo0,0,, - 4H,0) with ammonium hydrodifluo-
ride NH,HF, [10-12]. This compound was first
described in 1867 [13], but data on its crystal structure
are not available in the literature.

We performed polarization-optical studies and
determined the birefringence of the (NH,),MoO,F,
crystal over a wide temperature range with the aim of
searching PTs in this crystal and performing a tentative
study of them. The birefringence was measured on
(001)-, (010)-, and (100)-cut plates using the Berec
compensator method with an accuracy of =10~ and the
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Fig. 1. Temperature dependence of the birefringence in
(NH4);MoO,F,: (1) An,, (2) Any, and (3) An,..

Senarmont compensator method with a sensitivity
higher than =107 at a wavelength of 6328 A. The
former method was used to determine the magnitude of
the measured quantity, and the latter allowed us to study
its temperature dependence. All the experiments were
carried out over the temperature range from 90 to 350 K.
Polarization-optical and crystal-optical observations
and measurements of the refractive indices were per-
formed using an Axiolab polarizing microscope.

To grow bulk (NH,),Mo0O,F, single crystals, we
used, as the starting material, (NH,);M00O;F; obtained
as a product of the reaction between an ammonium
molybdate solution and a concentrated (40%) NH,F
solution with the formation of abundant white sedi-
ment. The molybdate can easily be obtained by simply
dissolving molybdenum trioxide in ammonia. In addi-
tion to (NH,);MoO;F;, the white sediment can also
contain (NH,),MoO;F, as an impurity. Both of these
compounds are easily soluble in HF with the formation
of an aqueous solution of (NH,),MoO,F,:

(NH,)sMoO;F; + HF = (NH,),M0O,F, + NH; + H,0,
(NH,),MoO,F, + 2HF = (NH,),Mo0O,F, + H,0.

As a result of slow evaporation of the solution in air,
large (NH,),Mo0O,F, single crystals are formed in the
shape of prisms or thick plates. The x-ray powder dif-
fraction patterns of these crystals at room temperature
were found to be identical with small differences in the
magnitudes of the unit cell parameters.

The grown crystals are similar in shape to
(NH,),WO,F, crystals [8] but differ from them in terms
of the orientation of the unit cell axes with respect to the
crystal faces. The smallest dimension of the
(NH,),MoO,F, single crystals is along the [010] crys-
tallographic direction (b = 14.486 A). The smallest unit
cell parameter is along the crystal length (a = 5.966 A),
and the intermediate dimension of the prism is along
the [001] direction (¢ =7.112 A) The crystals have per-
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fect (010) cleavage plane, which severely hampered the
preparation of thin plates of cross-section cuts.

The polarization-optical studies showed that, at
room temperature, the (NH,),MoO,F, plates cut along
the principal crystallographic directions demonstrate a
uniform parallel extinction typical of orthorhombic
symmetry. However, the refractive-index ellipsoid
(optical indicatrix) differs in shape from that in the
tungsten compound; namely, the optical-axis plane
coincides with (100) and the angle between the optical
axes is close to 90°. The relations between the refrac-
tive indices are as follows: n,=n,~1.59,n,=n, = 1.57,
and n, = n, = 1.56. The ellipsoid shape corresponds to
an optically positive crystal. At low temperatures
(100 K), the indicatrix changes in shape and the crystal
becomes optically negative. The orientation of the opti-
cal-axis plane changes to (010), the acute-angle bisec-
trix is observed in the [100] direction, and the relation-
ship between the refractive indices is changed: n. = n,,
n, = n,, and n, = n,

Figure 1 shows the measured temperature depen-
dences of the birefringence An,, An,, and An, of the
(NH,),Mo00O,F, crystal. The crystal exhibits high
anisotropy of the refractive indices and, therefore,
becomes a strongly birefringent material. At room tem-
perature, the highest birefringence (An, = 0.023) is
observed in the [100] direction and the lowest in the
[001] direction (An. = 0.009). For light propagating
along the [010] direction, the birefringence is An, =
0.014. The temperature dependence of the birefrin-
gence is linear over the temperature range 370-280 K
and deviates slightly from the linear behavior at lower
temperatures. At 267 K, an abrupt jump in the birefrin-
gence is observed. During further cooling, the birefrin-
gence in the [010] direction increases smoothly and
reaches saturation at 170 K (An, = 0.041). In the [100]
direction, the birefringence also decreases smoothly to
An,=0.0011-0.0015. The greatest changes in the bire-
fringence are observed for light propagating along the
[001] direction; specifically, the optical anisotropy
decreases abruptly almost to zero near the PT point and
then it changes sign and increases smoothly as the tem-
perature decreases. Near 7'= 180 K, the An(T) depen-
dence exhibits a sharp change in slope (Fig. 1). More-
over, at this temperature, the observation conditions are
substantially changed. Indeed, at 7> 180 K, these con-
ditions are good: clear compensation, narrow lines, and
good repeatability. Below 170 K, the observation con-
ditions are sharply impaired and the data are not
repeated upon next cycles of measurement. This fact is
illustrated in Fig. 1 through the example of the An(7)
dependence, where filled and open circles correspond
to different cycles of measurement.

The dashed lines in Fig. 1 show the temperature
dependence of the birefringence extrapolated from the
initial phase. It is seen that, in the crystal studied, the
temperature dependence is strictly linear over a wide
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Fig. 2. Behavior of the birefringence Any(T) near Tj;.

temperature range above the PT. Below T = 267 K, the
PT occurs, which is accompanied by a jumpwise
change in birefringence and thermal hysteresis 07y, =
0.6 K (Fig. 2). On cooling, the PT temperature is 7| =
267.2 K and, on heating, T,,;1 = 267.8 K.

From polarized-light observations on crystalline
samples with different thicknesses, it was established
that, over the entire temperature range studied, the
(100)-, (010)-, and (001)-cut plates demonstrate uni-
form parallel extinction and no twins are seen. The
change in the sigh of the birefringence along the [001]
axis is accompanied by the appearance, changes, and
disappearance of interference colors slightly below the
transition point 7;,;. Below 180 K, an interference color
indicating weak optical anisotropy is seen along the
[100] axis, where the optical anisotropy was observed
to be the largest at room temperature.

Figure 3 shows the anomalous portion of the bire-
fringence, on(7), which is defined as the deviation of
the measured birefringence from the extrapolated linear
dependence (Fig. 1). It is seen that, in contrast to the
tungstate [8], pretransition phenomena are manifested
only slightly here. The anomalous portion of the bire-
fringence appears in a jumpwise manner at 7;; and is
about 10% of the maximum value; then, it increases
smoothly. Near 180 K, the slope of the curve is
changed. Thus, the temperature range studied can be
divided into three parts: one part corresponds to the ini-
tial orthorhombic phase G, and two other parts corre-
spond to phases G, (267-180 K) and G, (below 180 K).
The temperature dependence of the birefringence in the
G, phase is well described by the Landau theory for
first-order PTs near a tricritical point. As is shown in
[14], in quantitative calculations of the anomalies in
physical properties, it is necessary to take into account
the sixth-order term in an expansion of the thermody-
namic potential. In this case, for én ~ m?, the linear
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Fig. 3. Temperature dependence of the anomalous portion
of the birefringence in the (NH4),MoO,F, crystal: (1) An,,
(2) Any, and (3) An,..

dependence [0n — (2/3)dn,)* ~ (T,, — T) should be valid.
Here, 0n is the jump in the birefringence upon the PT
and 1 is the order parameter. It follows from Fig. 4 that
the PT in (NH,),Mo0O,F, is close to the tricritical point;
indeed, in the G, phase, all experimental points fall on
straight lines /-3 and 7,, — T\, = 0.4 K.

Despite the apparent similarity between the An(T)
temperature dependences for molybdate (Fig. 1) and
tungstate [8] (first-order PTs, which are accompanied
by a jumpwise change in the birefringence), these crys-
tals are different in many respects. First, these crystals
differ in terms of the shape of the optical indicatrix even
at room temperature, which indicates possible small
differences between the structures of these materials.
Second, in (NH,),WO,F,, over a wide temperature
range above the PT, strong pretransition “tails” of bire-
fringence are observed, whose magnitude can be as
large as 30% of the jump at 7},. These tails are charac-
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Fig. 4. Temperature dependence of the square of the ano-
malous portion of the birefringence in (NH4),MoO,F,:

(1) An,, (2) Any, and (3) An,.
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teristic of order—disorder PTs and indicate a substantial
ordering of the structural elements as a result of the PT
[9]. In the molybdate, the An(T) dependence is strictly
linear in the initial phase down to the PT temperature
(Fig. 1). This fact demonstrates that the phase transition
at T, is associated with shifts of structural elements.

The most significant difference between these crys-
tals is that the crystal system to which the tungstate
belongs is changed during the phase transition at 7,

(Cmcm == 1); a spontaneous shear strain arises, and
the transition is ferroelectric. The crystal is divided into
optically distinguishable twins. In (NH,),Mo0O,F,, such
twins were not detected below T}, which indicates that
the crystal most likely retains its orthorhombic symme-
try. Moreover, these crystals show absolutely different
temperature dependences of the birefringence along the
[100] and [010] axes below the PT point. In
(NH,),M00,F,, the birefringence along [100] decreases
abruptly below Tj,;, whereas in the tungsten compound it
increases jumpwise. Along the [010] axis, An,(7)
increases abruptly in the molybdate, whereas in the tung-
state it decreases. All of these facts indicate that these
crystals differ in symmetry in phase G, and in the nature
of the PT at 7},. It is reasonable to assume that, upon the
PT, the (NH,),M00,F, crystal either losses the center of
inversion and undergoes the mmm === mm?2(222) trans-
formation or demonstrates a change in translation sym-
metry without a change in the point group. In the former
case, this crystal can be ferroelectric below 7j,.

Both crystals exhibit similar anomalies of birefrin-
gence in the temperature range 170-180 K. Namely,
these are slight discontinuities in the slope of An(7)
curves, which are accompanied by impaired experi-
mental conditions and instability of measurements in
phase Gj.

The PT temperature of the (NH,),MoO,F, crystal is
65 K higher than that of the isomorphous tungstate [8].
Thus, orthorhombic ammonium crystals A,MO,F,
demonstrate the same regularity as do elpasolites [3-5].
Despite the small differences between the ionic radii of
molybdenum (0.6 A) and tungsten (0.59 A), the PT
temperatures differ significantly. It is reasonable to
assume [15] that the increased M—O bond covalency
upon the W == Mo substitution can influence the PT
temperature in oxyfluorides. This factor can also be the
reason for the difference between the symmetries of
distorted phases.

Thus, we have studied the (NH,),MoO,F, com-
pound and found two temperatures at which the An(7)
dependences undergo anomalies. At T, = 267 K, a
phase transition (PT) occurs, which is accompanied by
a discontinuous change in the birefringence and ther-
mal hysteresis 87, = 0.6 K typical of first-order PTs.
The temperature dependence of the birefringence in the
G, phase is well described by the Landau theory for
first-order PTs near a tricritical point, and it has been
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found that (7, — Ty,;) = 0.4 K. The phase transition at
180 K is accompanied by a slight anomaly of An(T), and
the G, phase is characterized by an instability of mea-
surements and impaired experimental conditions. Upon
the PT, the crystal retains its orthorhombic symmetry.
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