
 

ISSN 1063-7834, Physics of the Solid State, 2006, Vol. 48, No. 1, pp. 117–121. © Pleiades Publishing, Inc., 2006.
Original Russian Text © S.V. Mel’nikova, V.D. Fokina, N.M. Laptash, 2006, published in Fizika Tverdogo Tela, 2006, Vol. 48, No. 1, pp. 110–113.

 

117

 

1. INTRODUCTION

Oxyfluoride compounds 

 

A

 

2

 

M

 

O

 

2

 

F

 

4

 

 (

 

A

 

 = Na, Rb, Cs,
or a molecular cation; 

 

M

 

 =W, Mo) have been actively
studied by various physical methods for a number of
years [1–7]. The interest in these compounds is great
because they promise to provide new materials with a
wide transparency range without an inversion center,
because their lattice consists of cations 

 

A

 

 and isolated

polar octahedral groups 

 

M

 

O

 

2

 

.

However, most of these compounds crystallize in
centrosymmetric structures because their building
blocks are orientationally disordered. So, in order to
produce the desired result, it is necessary to determine
the reason behind the orientation disorder of oxyfluo-
ride anions.

Depending on the size and shape of the 

 

A

 

 cations,
lattices of different symmetries and different degrees of

ordering of the ion groups 

 

M

 

O

 

2

 

 can form in the
family under study. Polar symmetry has been success-
fully produced in compounds with two different multi-
atomic organic cations [5–7]. The lattice of Cs

 

2

 

WO

 

2

 

F

 

4

 

( ) is completely disordered with respect to oxy-
gen and fluoride [3], Rb

 

2

 

MoO

 

2

 

F

 

4

 

 (

 

Cmcm

 

) is partly
ordered [1], and in Na

 

2

 

WO

 

2

 

F

 

4

 

 (

 

Pbcn

 

) the ligand atoms
are completely ordered [2]. So far, there have been no
studies on the thermal stability of these phases, let
alone on variation of the ligand ordering as a result of
phase transitions in the 

 

A

 

2

 

Mo

 

2

 

F

 

4

 

 compounds, and, as

F4
2–

F4
2–

P3m1

 

far as we know, there is no published data on the struc-
tural changes occurring in them.

According to [8], a (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 crystal is partly
ordered at room temperature; its symmetry is 

 

Cmcm

 

(

 

Z

 

 = 4); and its lattice constants are 

 

a

 

 = 5.9510 Å, 

 

b 

 

=
14.441 Å, and 

 

c

 

 = 7.1571 Å.

In the present work, polarization-optical studies and
measurements of the heat capacity and birefringence of
(NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 crystals are carried out in a wide temper-
ature range in order to detect phase transitions and per-
form a preliminary study of them.

Heat capacity studies were performed using a DSM-
2M differential scanning microcalorimeter (DSM) in
the temperature range 120–370 K. Measurements were
performed under heating and cooling at a scanning rate
of 8 K/min. To increase the reliability of the results, the
experiments were conducted on a series of samples
grown in different batches. The weights of samples
ranged from 0.15 to 0.20 g. The birefringence was stud-
ied on (001)-, (010)-, and (100)-cut plates using the
Berec compensator method with a precision of 

 

≅

 

10

 

–5

 

and the Senarmont compensator method with a sensi-
tivity of at least 

 

≅

 

10

 

–7

 

 at a wavelength of 6328 Å. The
former method was employed to obtain the absolute
value of the birefringence, and the latter was used to
study its temperature dependence. The polarization-
optical observations were performed using an Axiolab
polarization microscope. All measurements were car-
ried out in the temperature range from 90 to 350 K.
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Abstract

 

—(NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 single crystals are grown, and their polarization-optical, calorimetric, and birefrin-
gence properties are studied in the temperature range 90–350 K. A first-order structural phase transition is found
to occur at 

 

T

 

01

 

↑

 

 = 202 K with thermal hysteresis of 

 

∆

 

T

 

01

 

 

 

≈

 

 6–12 K. The phase transition is accompanied by

twinning and modification of the symmetry 

 

Cmcm

 

  . An additional weak anomaly in the differential
scanning calorimeter signal is found at 

 

T

 

02

 

 

 

≈

 

 170 K. The total thermal effect of both anomalies is  =

3200 

 

±

 

 400 J/mol and  = 16.5 

 

±

 

 2.0 J/mol K. The phase transition at 

 

T

 

01

 

 is of the order–disorder type.
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2. EXPERIMENTAL RESULTS

Clear transparent (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 single crystals up to
0.5 cm

 

3

 

 in volume were grown by slow evaporation of
a saturated fluoride water solution of a salt obtained
either as a product of the reaction of ammonium para-
tungstate and concentrated HF (40 wt %) or by fluori-
nation of CaWO

 

4

 

 by NH

 

4

 

HF

 

2

 

 at 473 K and subsequent
leaching of the cake by water. At first glance, the crys-
tals grown have different shapes: hexagon plates or
elongated rectangles. However, a close inspection
reveals that the crystals are hexagonal prisms with
angles of 136

 

°

 

 and 112

 

°

 

 between the faces (Fig. 1),
complying with the ratio of the lattice constants 

 

a

 

/

 

b

 

.

Investigations of (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 plates cut along the
principal crystallographic orientation performed in
polarized light at room temperature revealed a smooth
parallel extinction typical of orthorhombic crystals.
The shape of the optical indicatrix corresponds to an
optical negative crystal. Above room temperature, in
the (001) cut, we observe an acute bisectrix with the
(010) optic axial plane and the following refraction
indices: 

 

n

 

c

 

 = 

 

n

 

p

 

, 

 

n

 

a

 

 = 

 

n

 

g

 

, and 

 

n

 

b

 

 = 

 

n

 

m

 

. Below room tem-
perature, the orientation of the optic axial plane
changes to (100): 

 

n

 

c

 

 = 

 

n

 

p

 

, 

 

n

 

a

 

 = 

 

n

 

m

 

, and 

 

n

 

b

 

 = 

 

n

 

g

 

.

The temperature dependences of the DSM signal
obtained during a thermal cycle are shown in Fig. 2. On
heating, we observe a signal anomaly (a sharp peak
with a maximum at 

 

T

 

01

 

 = 202 

 

±

 

 1 K), which is evidence
of a phase transition occurring in (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 at this
temperature. Cooling reveals hysteresis of the transi-
tion temperature  δ

 
T

 
01  

 = 9  ±
 

 1 K. In addition to this peak,
the DSM signal curve obtained under heating contains
another weak anomaly near the temperature 

 

T

 

02

 

 =
170 K. The existence of both anomalies is confirmed by
multiple measurements on six different samples.

The temperature dependences of the birefringence

 

∆

 

n

 

a

 

, 

 

∆

 

n

 

b

 

, and 

 

∆

 

n

 

c

 

 of (NH4)2WO2F4 crystals are shown
in Fig. 3. At room temperature, the values of birefrin-
gence in the [100] (∆na) and [010] (∆nb) directions are
roughly the same (≈0.02) and the value of ∆nc in the
[001] direction is almost zero.

For the (001) cut, we observed the optical-isotropy
point at a wavelength λ = 6328 Å at T = 284 K. Further
heating or cooling causes the birefringence to change
sign. The temperature dependence of the birefringence
on cooling in the range 350–260 K is linear and below

a

b

c

Fig. 1. Habitus of (NH4)2WO2F4 crystals.
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Fig. 2.Temperature dependence of the DSM signal during
(1) heating and (2) cooling. Dashed lines show the polyno-
mial fit for the regular contribution to the signal calculated
beyond the anomalous region.
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Fig. 3. Temperature dependence of the birefringence of
(NH4)2WO2F4: (1) ∆na, (2) ∆nb, and (3) ∆nc.
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this range deviates from linearity in the (100) and (001)
cuts. In Fig. 3, the extrapolated straight lines of the bire-
fringence temperature dependences are shown by
dashed lines. It can be seen that, in the crystal under
study, there is a ≈70-K-wide temperature range above
the phase transition where strong precursor phenomena
occur. Below ≈200 K, there occurs a phase transition,
which is accompanied by a jump in birefringence and
by thermal hysteresis, the magnitude of which varies
from one experiment to another (Fig. 3). The phase
transition point as observed on cooling varies in posi-
tion in the range T01↓ = 190–196 K depending on the
sample. The phase transition point observed on heating
is always the same, T01↑ = 202 K; therefore, the thermal
hysteresis is different, δT01 ≈ 6–12 K, in different
experiments. Some cracks arise in the samples during
the phase transition. There is a small inflection in the
∆nc(T) curve near the temperature T2 ≈ 170 K. Mea-
surements of ∆na(T) were performed only above this
temperature because of strong light scattering.

Studying crystal samples ~1- to 2-mm thick in
polarized light showed that, in the entire temperature
range covered, the extinction for the (010) and (001)
cuts remain even, without any twinning. The (100) cut
also exhibits a good extinction (Fig. 4a); however,
below T ≈ 200 K, its clearness deteriorates gradually
and grains appear. On further cooling, the contrast of
the image grows, spots become colored, but no regular
structure is visible (Fig. 4b). On heating, the sequence
repeats itself with a thermal hysteresis.

A somewhat different situation is observed below
T01 for thin (~100-µm-thick) plates. We managed to
record a fine needlelike systematic structure in the
(100) cut at high magnification (Fig. 4c), in which there
were components differing in terms of the extinction
angles; the difference in angle is relatively large, 2ϕ ≈

10°–14°. In the cuts where a clear extinction is
observed for thick samples, the extinction is also good
for thin samples (Fig. 4d). However, at small deviations
from the extinction angle, a very weak “flickering” twin
structure is observed with very small misorientation
angles of the optical indicatrices, 2ϕ ≈ 2°–3°. In the
(010) cut, the structure has the form of alternating dark
and light blots (Fig. 4e), and, in the (001) cut, the struc-
ture looks like a system of wedgelike bands (Fig. 4f).

No changes in extinction for plates of any cut are
found around T2 ≈ 170 K. The results described above
are not affected significantly when a compressive stress
X4 is applied. We also did not observe optical second-
harmonic generation in the temperature range indicated
above.

3. DISCUSSION

The results of our experiments indicate that a phase
transition occurs in (NH4)2WO2F4 crystals at T01↑ =
202 K. The phase transition is accompanied by a ther-
mal anomaly, a jump in the birefringence, and a thermal
hysteresis typical of first-order transitions. According
to the observations in polarized light, the high-temper-
ature phase has orthorhombic symmetry. The visualiza-
tion of the fine twin structure at T < T01 in all three
orthogonal directions and misorientation of the optical
indicatrices of adjacent twins indicate that all symme-
try planes and twofold symmetry axes existing in the
crystal at room temperature are lost as a result of the
phase transition. The absence of optical second-har-
monic generation at low temperatures indicates that
there is a center of symmetry and that a first-order
phase transition occurs at T01 ≈ 202 K with a change in

symmetry Cmcm  . The optical inhomogeneities
observed in relatively thick samples below the phase
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Fig. 4.

 

 Extinction of (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 crystal plates in polarized light for (a, b) thick (100)-cut samples at the extinction angle above
and below the phase transition point, respectively; (c) a thin (100)-cut sample at 

 

T

 

 = 150 K; (d) good extinction of thin (010) and
(001) cuts at 150 K; and (e, f) visualization of a twin structure at a small angle (

 

±ϕ

 

 

 

≈

 

 1

 

°

 

–2

 

°

 

) away from the extinction positions for
(e) thin (010)-cut sample and (f) thin (001)-cut sample.
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transition are the integrated optical effect of the fine
twin structure.

Our attempts to detect structural changes below 

 

T

 

01

 

using x-ray powder diffraction failed; we found no dis-
cernible differences in the diffraction patterns between
the high- and low-temperature phases at 290 and 120 K,
respectively. Thus, we can assume that, in spite of the
pronounced first-order phase transition at 

 

T

 

01

 

 and sub-
stantial changes in the birefringence and symmetry, the
orthorhombic unit cell of the (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 crystal is
distorted only slightly in the phase transition.

Optical studies provided no proof of a change in the
symmetry at 

 

T

 

 = 

 

T

 

2

 

. However, all the results obtained
suggest that the oxyfluoride under study undergoes a
sequence of two phase transitions at 

 

T

 

01

 

 and 

 

T

 

02

 

.

In order to isolate the anomalous contribution to the
heat capacity associated with the phase transition, we
make a polynomial fit to the portions of the DSM-signal
curve far away from the temperatures 

 

T

 

01

 

 and 

 

T

 

02

 

(Fig. 2). The anomalous contribution was determined
by subtracting the regular contribution from the total
DSM signal, and then the temperature dependence of
the heat capacity was found using the heat capacity data
for corundum as a reference. In this way, we deter-
mined the temperature dependence of the excess spe-
cific heat 

 

∆

 

C

 

p

 

 of the (NH

 

4

 

)

 

2

 

WO

 

2

 

F

 

4

 

 crystal (Fig. 5).

Presented this way, the low-temperature anomaly is
more pronounced, though only on the heating curve.
The fact that the anomalous behavior of 

 

∆Cp around
T02↓ is less prominent on cooling may be due to the con-
siderable difference in the hysteresis magnitude
between the two phase transitions, which can lead to
merging of the heat capacity anomalies.

Using the heat capacity measurements, we deter-
mined the integrated characteristics of the phase transi-
tions in (NH4)2WO2F4. The changes in enthalpy (∆H)

and in entropy (∆S) are found by integrating ∆Cp(T) and
(∆Cp/T)(T), respectively, over the temperature. In this
stage of investigation, we cannot separate the anoma-
lous contributions from each of the phase transitions to
the heat capacity. Therefore, we give only the total val-
ues:  = 3200 ± 400 J/mol and  = 16.5 ±
2.0 J/mol K. From the temperature dependence of the
excess heat capacity (Fig. 5), it follows that the over-
whelming contribution to  comes from the
change in entropy at T01. This means that at least this
phase transition can be attributed to the order–disorder
type, since the value  = 1.98R = Rln7.3 clearly
indicates disordering of some building blocks in the
orthorhombic phase. The strong precursor birefrin-
gence tails, which are up to 30% of the jump at the tran-
sition point (Fig. 3), are also typical of order–disorder
transitions.

According to [8], the lattice of (NH4)2WO2F4 con-
sists of ammonium cations (tetrahedra) and isolated
octahedra. These building blocks often play a critical
role, because their ordering distorts the lattice, as has
been observed many times, for example, in cubic crys-
tals of fluorides and oxyfluorides [9–11]. NMR studies
of (NH4)2WO2F4 have revealed [8] that the motion of
the partially ordered octahedra above 230 K is charac-
terized by dynamic orientation disorder associated with
their rotation around the O=W–F axis (the interatomic
distances are dW–O = 1.737 Å, dW–F = 2.018 Å).

However, the authors of [8] failed to determine the
coordinates of hydrogen atoms. This allowed us to
assume that these atoms are disordered in the initial
phase and their ordering due to the phase transition can
cause a substantial change in entropy.

In order to obtain more reliable information on the
number of phase transitions, their thermodynamic
properties, the structural changes at the phase transi-
tions, and the temperature–pressure phase diagram, we
are currently conducting structural studies of the dis-
torted phases on single-crystal samples and measure-
ments of the heat capacity using the adiabatic-calorim-
eter and DTA methods under hydrostatic pressure.
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