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Abstract—The heat capacity and unit cell parameters of the (NH,)sWOsF; and (NH,);TiOFs perovskite-like
oxyfluorides were measured in the temperature interval from 80 to 300 K; the existence of two and one phase
transitions in these compounds, respectively, was demonstrated, and their thermodynamic parameters were
determined. The effect of ahydrostatic pressure of up to 0.5 GPaon the phase transition temperatures was stud-
ied. Triple points and high-pressure phases were found in the T vs. p diagrams. An analysis of entropy changes
suggests that al the structural transformations revealed are associated with the ordering of structural blocks.
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1. INTRODUCTION

The perovskite-like fluoride compounds with gen-
era chemica formula A;M3F¢ have cubic symmetry

with space group Fm3m (Z = 4) in the high-tempera-
ture phase and belong to the cryolite—el pasolite family
[1]. It was shown in [2] that the original cubic symme-
try persists under partial substitution of oxygen for the
fluorine ions, i.e., in A;MO,F5 _, compounds (with the
value of x depending on the actual valence of the central
M atom), because the atoms of fluorine and oxygen are
distributed at random over the lattice. The point sym-
metry of the O,F;_, octahedra was found from IR and
Raman spectra to be lower than cubic, C,, (for x = 1)
and C,, (for x = 3) [3, 4].

The perovskite-like oxyfluorides with atomic cat-
ions, liketherelated fluorides, have adistorted structure
at room temperature and undergo, with increasing tem-
perature, single or sequentia structural transformations
[5, 6]. Our present knowledge of the structure of the
original and distorted phases of the oxyfluorides is
inadequate. The symmetry of the cubic phase has been
refined only for Rb,KMoO3F; [7] solely using a model
that assumes the oxygen and fluorine atoms to be dis-
tributed over the 24e positions, for which the thermal
vibration anisotropy was found to be essential. A vari-
ety of symmetries of the low-temperature phase (which
exists, for instance, in KsMoOgF; at room temperature
and isaresult of two successive phase transitions) have
been proposed, from trigonal [8] and orthorhombic [2]
to monoclinic [9]. The phase transitions occurring in

AM3*Fg and AsMO,F_, are different in nature [1, 3].
The fluorides in distorted phases are ferroelastics,
whereas the oxyfluorides undergo ferroelectric and fer-
roelastic transformations. Substitution of a spherical
cation with the tetrahedral ammonium ion in fluorides
brings about a noticeablelowering of the temperature at
which the cubic phase |oses stability. On the other hand,
the nonsphericity of cation A may initiate additional
disorder resulting from disordering of the tetrahedrain
the 4b and/or 8c positions [1]. In connection with the
low symmetry of the fluorine—oxygen octahedra, it was
unclear how such effects would become manifest in the
perovskite-like oxyfluorides.

Information on phase transitionsin ammonium oxy-
fluorides has thus far been lacking. We performed a
synthesis and investigation of the (NH,);WO;F; and
(NH,)3TiOF5 compounds to look for and study their
possible phase transitions. For this purpose, we used
differential scanning calorimetry, x-ray diffraction, adi-
abatic calorimetry, and differentia thermal analysis
(DTA) under pressure.

2. SAMPLE PREPARATION
AND TRIAL EXPERIMENTS

The ammonium oxyfluorides (NH,);WOsF; and
(NH,);TiOF5 were prepared from hot (NH,),WO,F,
and (NH,),TiFg solutions with excess NH,F, with sub-
sequent gradual addition of an NH,OH solution to
pH = 8 (until the first signs of precipitation of a white
sediment appear). Such fast crystallization produces
small, transparent, colorless crystals of octahedra
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Fig. 1. X-ray characterization of (NH4)3WO3F3: (a) (400) reflection at (1) 293 and (2) 123 K and (b) temperature dependence of

the unit cell parameters.

shape with an edge of about 5 pum. Following separa-
tion of the crystalline precipitate from the mother
growth solution, larger octahedra crystallized under
slow evaporation in air with edges about 40 um long.

At room temperature, both cryolites were found to

have cubic symmetry (Fm3m, Z = 4) with the unit cell
parameters a, = 0.9156 nm for (NH,);WO;F; and
0.9113 nm for (NH,)3TiOFs. No peaks associated with
residual impurities of the starting components or for-
eign phases were observed in the diffraction patterns.

The preliminary thermophysical studies of the two
cryolites were performed using differential scanning
microcalorimetry (DSM). We measured the heat capac-
ity of the samples of the compounds prepared by fast
and slow crystallization. The measurements were con-
ducted in the temperature range from 120 to 330 K in
heating and cooling runs at arate of 8 K/min. The sam-
ple mass was about 0.1-0.2 g. The heat capacity of the
(NH,)sWO;F; oxyfluoride was found to behave anoma:
lously under heating; namely, it revealed a sharp peak
with amaximum at the temperature T, =201 + 1 K. A
shoulder was observed in the rising part of the peak at
T,=199K. A conjecturewas put forward that this com-
pound undergoes a sequence of two phase transitions.
Measurements carried out under cooling provided sup-
portive evidence of this conjecture; namely, the heat
capacity peak split in two because of a difference in
hysteresis of the phase transition temperatures (3T, =
3K, 8T, = 5 K). Because the intermediate phase exists
in avery narrow temperature interval, we could deter-
mine only the total enthalpy change, ZAH; = 3200 +
320 Jmol, associated with the phase transition
sequence.

PHYSICS OF THE SOLID STATE \Vol. 46

In the (NH,);TiOF; compound, DSM reveaed only
one phase transition at T, = 270 + 1 K with atempera-
ture hysteresis 0T, = 11 K. The enthal py changefor this
compound was found to be considerably larger, AH, =
5000 + 500 Jmol.

The calorimetric data obtained with DSM on sam-
ples prepared in various crystallization regimes are in
satisfactory agreement within the error of measurement
for both compounds.

To verify that the anomaliesin the heat capacity are
indeed related to structural transformations, we carried
out x-ray studies of both compounds within a broad
temperature range. The structural distortion of tungsten
oxyfluoride was reflected in the broadening and split-
ting of the (h00) and (hkO) reflections setting in at T,.
Figure 1a shows a characteristic transformation of the
(400) reflection. The pattern of the splitting did not
change under a further decrease in temperature. The
data obtained were insufficient for determining the
symmetry of the distorted phases; therefore, Fig. 1b
displays the temperature dependence of the parameters
of a pseudotetragonal cell with the following relations:

B = Aup/+/2 and Cu = 8y, The behavior of the
parameters exhibits two singular points at the tempera-
tures T, and T,, which can be identified with the phase
transitions revealed by DSM in tungsten oxyfluoride.

The existence of a phase transition in (NH,);TiOF5
at 270 K was also confirmed by x-ray diffraction. A
comparison of the x-ray diffractograms of this com-
pound obtained at room temperature and 123 K
(Fig. 28) suggests, however, that the phase transition,
besides causing the reflection splitting for T < T, gives
rise to the appearance of additional peaks signaling the
presence of a superstructure. One may thus conclude
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Fig. 2. X-ray characterization of (NH4)3TiOFs: (8) (400) reflection at (1) 293 and (2) 123 K and (b) temperature dependence of the

unit cell parameters.

that the symmetry of the low-temperature phasein tita-
nium oxyfluoride is different from that of the distorted
phases in the tungsten compound. Nevertheless, most
of the lines in the powder x-ray diffraction pattern of
(NH,)3TiOF5 can aso be indexed with the use of atet-
ragonal pseudocell. The a(T) relation is plotted in
Fig. 2b. The abrupt change in the cell parameters and
the sharp heat capacity peak suggest that the structural
transformation in the (NH,);TiOFs compound is a
clearly pronounced first-order phase transition.

3. HEAT CAPACITY MEASUREMENTS

The enthalpy change at the phase transition derived
from DSM measurements is quite often found to be an
underestimate, particularly in studies of transforma
tions far from the tri-critical point, because this method
hasarelatively low sensitivity to pretransition phenom-
ena occurring in the heat capacity behavior. Therefore,
to refine the thermodynamic parameters of the phase
transitions revealed in the compounds under study, we
carried out comprehensive measurements of the tem-
perature dependence of the heat capacity of
rimeter within the temperature range from 80 to 300 K.

The samplesto be studied, with amass of about 1 g,
were hermetically sealed in an indium container in a
helium environment. The measurements were con-
ducted in adiscrete (AT = 2.5-4.0 K) and a continuous
(dT/dt = 0.14 K/min) heating mode. The method of
guasi-static thermograms with average heating and
cooling rates [dT/dt| = 0.04 K/min was employed in the
immediate vicinity of the phase transitions. The tem-
peratures were measured with a platinum resistance
thermometer.

PHYSICS OF THE SOLID STATE Vol. 46 No. 5

Figure 3a displays the temperature dependence of
the heat capacity of the (NH,);WO;F; compound mea-
sured over abroad temperature range. Theregion of the
anomalies, which was studied from thermograms, is
shown in more detail in Fig. 3b. Two heat capacity
peaks were found to exist at temperatures T, = 200.1 +
0.1 K and T, =198.5 + 0.1 K. The temperature hyster-
esis was 0T, = 2.2 K and 8T, = 5.1 K. The results
obtained are in satisfactory agreement with the DSM
measurements. When processing adiabatic cal orimeter
data, we likewise did not succeed in separating the heat

350 @
300+
M <4
o ///
= -~
= 250 - K4
— z ilOOO JmolK % ®)
g 200 iag p—— U
: T
= Pl :
= 150 S | NG B
x | | |
y . = 185 195 205
100 © | | | ]|—’ K
100 150 200 250 300

T,K

Fig. 3. Temperature dependence (a) of the heat capacity of
(NH,4)3WO3F3 over a broad temperature range and (b) of
the excess heat capacity at the phase transitions measured
(1) under heating and (2) under cooling. The dashed line
represents the lattice heat capacity.
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Fig. 4. (a) Temperature dependence of the heat capacity of
(NH,)3TiOFg over abroad temperature range; The dashed
line represents the lattice heat capacity. (b) Thermograms
obtained in the heating and cooling modes near T,

capacity anomalies associated with the phase transition
sequence. Therefore, we calculated the total enthalpy
change in the two phase transitions by integrating the
excess heat capacity AC(T) over temperature, derived
by subtracting the lattice contribution from the total
heat capacity. The temperature dependence of the regu-
lar heat capacity, obtained through polynomial fitting of
experimental data outside the phasetransitionregion, is
shownin Fig. 3awith adashed line. The average scatter
of experimental data from the smoothed curve did not
exceed 1%. By properly varying the temperature inter-
vals within which the anomalous heat capacity was cut
out, it was established that the anomaly exists within a
broad temperature region below (T, — 40 K) and above
(T, + 29 K) the temperature of the phasetransition from
the cubic phase. It is obvious, however, that the excess
heat capacity near the temperatures of the transforma-
tions provides the main contribution to the enthalpy
change. The cal culated total enthal py changewasfound
to be ZAH; = 3370 £ 250 Jmol. The total changein the
enthalpy in the two phase transitions was found (by
integrating the function AC,(T)/T over temperature) to
be2AS =16.9+ 1.2 Jmol K.

The measured specific heat capacity of the
(NH,);TiOF; oxyfluoride is shown graphically in
Fig. 4a. Asin the DSM experiments, we observed one
heat capacity anomaly. The refined phase transition
temperatureis T, = 264.7 = 0.1 K. The anomalous heat
capacity was isolated in a way similar to that used to
analyze the heat capacity of the tungsten compound.
The excess heat capacity of (NH,);TiOF; also exists
within a broad temperature region, from (T, — 75 K) to
(T + 25 K). The changes in the enthalpy and entropy
were determined in the same way as was done for tung-
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sten oxyfluoride, namely, by integrating the corre-
sponding functions, AC(T) and AC,(T)/T, to yield AH,
= 4820 + 250 Jmol and AS, = 18.1% 1.0 Jmol K.

Figure 4b presents thermograms obtained for the
titanium compound under heating and cooling. Absorp-
tion of the latent heat of the transition during the sample
heating was observed to occur intheinterval T+ 0.7 K.
Thisyielded dH, = 4200 + 220 Jmol for the latent heat
and 6§, = 15.4 + 0.8 Jmol K for the entropy jump. The
value of the temperature hysteresis, 8T, = 2.3 K, was
found to be substantially smaller than that extracted
from DSM experiments.

4. PHASE DIAGRAMS

Thus, both cal orimetric and x-ray diffraction datasug-
gest that (NH,);WO3F; undergoes, at atmospheric pres-

sure, a sequence of phase transitions Go(Fm3m) —»
G; — G, and that (NH,);TiOF5 undergoes only one
transformation, G, — G; . The experience gained in
investigating related fluorides [10, 11] gave us grounds

to believe that the ammonium oxyfluorides could like-
wise turn out be sensitive to external pressure.

The effect of external pressure on phase transition
temperatures in both ammonium oxyfluorides was
studied on samples prepared by fast crystallization. The
transition temperature and its variation with pressure
were measured by DTA. The sensor was a thermocou-
ple fabricated by attaching copper wires with tin-ead
solder to agermanium parallelepiped. A quartz bar was
pasted as areference to one junction of the thermocou-
ple, and a small copper container with the substance to
be measured, to the other junction. The sample mass
was ~0.1 g. A pressure of up to 0.5 GPa was produced
in a cylinder—piston-type chamber connected to amul-
tiplier. A mixture of transformer oil with pentane served
as the pressure-transmitting medium. The pressure and
temperature in the chamber were measured with aman-
ganin resistance manometer and a copper—constantan
thermocouple, with errors of +10° GPa and +0.3 K,
respectively. The position of the phase boundaries in
the T vs. p diagrams was established under increasing
and decreasing hydrostatic pressure.

Figure 5 presents a T vs. p phase diagram of
(NH,)sWO3F;. At atmospheric pressure, the tempera-
ture dependence of the DTA signal exhibited only one
anomaly. We did not observe a splitting of the peak
associated with the G, — G; — G, sequence, most
likely because the DTA is less sensitive than DSM,
which reliably detected both transitions, as aready
mentioned, in the cooling run only. Unfortunately, the
DTA method employed by us does not allow usto per-
form measurements in the cooling mode.

This pattern of the phase diagram suggests that the
G, phase found in the (NH,);WO3F; cryolite at atmo-
spheric pressure disappears rapidly with increasing
pressure and that the phase boundary observed to exist

No. 5 2004



CALORIMETRIC AND X-RAY DIFFRACTION STUDIES

up to the pressure of thetriple point revealed in the dia-
gram should be identified with the G, — G, transi-
tion. The coordinates of the triple point are py, =
0.183 GPa and T, = 199.6 K. The thermodynamic
parameters of the phase transitions at atmospheric and
high pressure are listed in the table. The temperature at
which the cubic phase loses stability changes with
increasing pressure at a very low rate, and the sign
reversal of the quantity dT,/dp islikely to occur, within
the accuracy with which this quantity is determined. At
the triple point, the G—G, phase boundary splits. At
pressures above py,, tungsten oxyfluoride undergoes a
sequence of two phase transitions, G, — G; —~= G,
The temperature of the G, — G5 transformation
grows nonlinearly with increasing pressure. The initial
shift of the transition temperature occurring at p = py,
is ~435 K/GPa. The G;—G, phase boundary is linear
and has a negative dT/dp coefficient.

The analysis of the DTA data also yielded the values of
the enthalpy changes at the phase transitions taking
place at high pressure. Thiswas done by subtracting the
baseline from the temperature-dependent DTA signal
and cal culating the area bounded by the anomaly corre-
sponding to the phase transition. The area obtained for
the transformation at atmospheric pressure (G, —» G,)
in relative units was assumed equal to the enthalpy
change XAH = 3370 Jmol (found in heat capacity mea-
surements using adiabatic calorimetry) in the phase
transition sequence G, — G; — G,. The enthalpy
changes in the successive pressure-induced phase
transformations G, — Gz and G; — G, werederived
from the ratio of the areas bounded by the correspond-
ing DTA peaks (see table). Near the triple point, the
relation connecting the enthal pi es of these phase transi-
thhS, AH(GO — Gz) = AH(GO — G3) + AH(G3 I
G,), should be met. As seen from a comparison of the
abovedata, thisrelation is satisfied within the error with
which the quantities AH are determined. The increase
in the error of determining AH at high pressures origi-
nates from theincrease in heat losses, which, in turn, is
caused by the increase in the thermal conductivity of
the pressure-transmitting liquid.

The T vs. p phase diagram of the (NH,);TiOF5 oxy-
fluoride is shown in Fig. 6. Its pattern is more complex
than that of the tungsten compound. Two high-pressure
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Fig. 5. T vs. p diagram of (NH4)3WOsFs.

phases and two triple points were revealed having the
following parameters. Ty, = 2657 K, pyy, =
0.196 GPa, and Ty, = 249.2K, Py, = 0.291 GPa. At the

first triple point, the G, — G; phase-transition line
splits into two lines, corresponding to the G, — G,

and G, — G; transitions. The latter transition oper-
ates within a comparatively narrow pressure interval
(approximately 0.1 GPa). At the second triple point, the
phase boundaries G, — G;, G, — G;, and

G, — G; terminate. The displacements of al phase
transition temperatures identified in the phase diagram
of titanium oxyfluoride are presented in the table. The
slopeof the G; — G; phase boundary would suggest
that this transformation also occurs at atmospheric
pressure near 120 K. Asfollows, however, from our cal-
orimetric measurements (see Section 3), there are no
heat capacity anomaliesin (NH,);TiOF; in the temper-
atureinterval from T, to 80 K. Hence, it may be conjec-

Thermodynamic parameters of the phase transitions in (NH,)sWOsF; and (NH,)3TiOFg revealed by T vs. p diagrams

(NH4)sWO3F3 (NH,)3TiOFs

Phase transition . . . . .

GO_GZ GO_GB GB_GZ C'\"0_(31 GO_GZ GZ_Gl GZ_GS Gl_GB
dT/dp, K/GPa | 25+5 ~435 | -252+14 6.3+05 | 223+9 |-176+12 | 59+12 | 42517
AH, Jmol 3370 £ 250 | 1000 + 250 | 1900 + 480 | 4820 + 720 | 1320 + 260 | 3400 + 680 | 5300+ 1060| 1890 + 380
AS Jmol K 169+12 | 50+£13 | 95+24 | 181+10 | 50+10 | 128+26 | 21.3+43 | 7615
AVIV, % 0.04 19 2.1 0.1 1.0 -2.0 -1.1 2.8
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tured that, at pressures below 0.2 GPa, the G; — G,
is nonlinear, with rising dT/dp.

We used the method employed earlier to analyze the
phase diagram of tungsten oxyfluoride to determine the
enthalpy changes characteristic of the structural trans-
formations in the titanium compound (see table). The
enthalpies for the corresponding phase transition lines
terminating at the triple points agree satisfactorily in
relative magnitude within the experimental error.

5. DISCUSSION OF THE RESULTS

Our calorimetric, x-ray diffraction, and DTA mea
surements performed under pressure revealed phase
trangitions and pressure-induced phases in the
(NH,)sWO;F; and (NH,);TiOF; ammonium oxyfluo-
rides with cryolite structure. Substitution of the spheri-
cal atomic cation by the tetrahedral ammonium cation
brought about, as expected, a substantial lowering of
the temperature at which the cubic phase loses stability.
For instance, the phase transitions from the cubic phase
in the K;WO3F; and K ;TiOF; compounds take place at
452 K [5] and 490 K [6], respectively, with the simulta-
neous formation of the ferroelectric and ferroelastic
states. Inview of the single crystals used here being too
small, we did not carry out studies of the permittivity
and polarization, which leaves the question of the exist-
ence of ferroelectricity in the distorted phases of
(NH,)3sWO;F; and (NH,);TiOF; open. Observations
performed with a polarization microscope showed that
the nature of the structural transformationsin both oxy-
fluorides investigated here is at |east ferroelagtic.

Although theresults of our studies areinsufficient to
establish the symmetry of the distorted phases, we can
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maintain with confidence that the symmetry is different
for (NH,);WO;3F; and (NH,);TiOF5, because the latter
was found to change translational symmetry at T,

Asfollows from calorimetric data, the phase transi-
tions detected in our study are first-order transforma-
tions. Knowing the ratio between the jump in the
entropy and its total change, one can determine the
extent to which the transition is close to the tri-critical
point. For the G, —= G; transformation in titanium
oxyfluoride, this ratio is 0Sy/AS, = 0.84. The apprecia-
ble difference between the values of T, and &T, for this
compound, as determined by DSM and from quasi-
static thermograms, clearly indicates a noticeable
dependence of the hysteresis phenomena on the tem-
perature scanning rate and al so provides supportive evi-
dence of the phase transition being far from the tri-crit-
ica point.

Theintermediate phase G, in (NH,);WO;F; existsin
avery narrow temperature interval (T,—T, = 1.6 K) and
apparently disappearsinthe T vs. p diagram at low pres-
sures. Therefore, the degree of closenesstothetri-critical
point could be estimated only for the G, — G, transi-
tion by assuming, because the entropy is an additive
quantity, that the relation 3G, — G,) = 0§(G, —
G;) +09G; — G,) isvadid. Thetota latent heat found
from the thermograms is 20H; = 2700 + 150 Jmol. In
defining the entropy jump as 85(G, — G,) = Z8H,/T,,
we found that the G, —= G, phase transition in this
compound is also fairly far from the tri-critical point,
0SGy, — G)/ASG, — G,) = 0.8. We may recall
that some ammonium—fluorine cryolites and €elpaso-
lites, for instance, (NH,);ScFs [10] and Cs,NH,GaFg
[11], likewise exhibit large ratios 0S/AS, = 0.86.

Using the available information on the entropies of
the phase transitions and the displacement of transfor-
mation temperatures induced by hydrostatic pressure,
we used the Clapeyron—Clausius relation dT/dp =
(AVIV)IAS to estimate the relative changes in unit cell
volume AV/V at phase transitions in the vicinity of the
triple points (see table). Note that the pressure-induced
phasetransitionsin (NH,);WO;F;and (NH,);TiOF; are
apparently more clearly pronounced first-order trans-
formations, because the unit cell volume change for
these compounds is several times larger than AV/V for
transitions at atmospheric pressure.

The data listed in the table also suggest that the
entropy change for al phase transitions in both ammo-
nium oxyfluorides is typicadly ASR = In2. We can
therefore conclude with confidence that the observed
structural distortions are associated with the ordering of
some structural elements. Note al so that the phase tran-

(NH,)3TiOF; entail the same entropy change ASR of
approximately In8, despite the difference in symmetry

between the distorted phases. Figure 7 displays the
temperature dependence of the excess entropy. As
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shown by DSM studies, the change in entropy observed
in a number of tungsten oxyfluorides of cryolite struc-
ture with atomic cations is typically ASR < In2 [5].
Thus, it is obvious that substitution of tetrahedral for
spherical cations brings about a larger disorder in the

Fm3m cubic structure. On the other hand, phase tran-
sitions from the cubic phase occurring in (NH,);ScFg
and Cs,NH,CaF; are also accompanied by an entropy
change of In8 [10, 11]. Such alarge value of ASR was
assigned to partia ordering of the M3'F; octahedra
(In4) and ordering of the ammonium tetrahedra in the
4b position (In2). We do not currently have at our dis-
posal data on the structure of either cubic or distorted
phases of (NH,);WO3F; and (NH,);TiOFs. Therefore,
we believe that consideration of any model concepts
accounting for the established transition entropies
would be premature.

However, the rel ation between the entropies near the
triple points observed in the phase diagrams of both
oxyfluorides indicates that the pressure-induced con-
secutive phase transitions also belong to order—disor-
der-type transformations.
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