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Abstract—The heat capacity of (NH,),K GaFg elpasolite is measured in the temperature range from 80 to 350 K.
A sequence of three phase transitions at T; = 288.5 K, T, = 250 K, and T; = 244.5 K isrevealed, and the ther-
modynamic characteristics of these transitions are determined. The influence of hydrostatic pressure on the
phase transition temperature is investigated. The results obtained are discussed within the model of orienta-

tional ordering of NHf1 and GaFg_ ionic groups. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Crystals of the elpasolite and cryolite family of the
general formula A, B*M3'F¢ (in a cryolite structure,
A* = B*) have a high-temperature cubic phase and
belong to a wide class of ordered perovskites with the
space group Fm3m (Z = 4). Compounds of this family
with atomic cations A* and B* = Na*, K*, Rb*, or Cs*
(R4 > Ry:) can undergo structural phase transitions

upon cooling due to lattice instability with respect to
rotational distortions of the crystal framework which
consists of vortex-shared octahedra B*Fg and M3*F¢ [ 1-
3]. The phase transitions occur through the condensa-
tion of soft librational modes of octahedra ionic
groups.

The presence of NH, ammonium ions in the struc-

ture substantially affects the mechanism of the phase
transitions. In elpasolite and cryolite crystal cells, these
ions can occupy two nonequivalent positions, namely,
4b (inside a halide octahedron) and 8c (in a hole
between octahedra) positions with coordination num-
bers of 6 and 12, respectively. In the (NH,)sM3*F; cry-
olite structure, ammonium ions occupy both positions.
For an elpasolite structure, there are two variants: (1)
ammonium tetrahedra can be located only in holes
between octahedra in the (NH,),B*M3*F; compounds
and (2) ammonium tetrahedra can occupy only halide

octahedrain the A; NH,M3*Fs compounds.

Among ammonium compounds, the (NH,);M3*F,
cryolites are the best understood. For these compounds,
the heat capacity has been carefully measured and the
thermodynamic parameters of phase transitions have
been reliably determined in a number of works [4-10].
Moreover, the effect of hydrostatic pressure was ana-
lyzed in our recent works [9, 10]. The character of the

reorientational motion of hydrogen and fluorine was
investigated earlier by NMR spectroscopy [4, 11].

In the (NH,)sM3*F; cryolites, asin compounds with
atomic cations|[2], the phase transition temperature and
the sequence of formation of distorted phases essen-
tially depend on the size of the trivalent cation. Earlier,
two successive phase transitions were revealed in an
ammonium-containing cryolite with M3 = Al3* [4, 12]
and one transition from a cubic phase to a triclinic
phase was observed in compounds with M3+ = Cr3*,
Ga*, V*, and Fe* [6-8, 13, 14]. It was found that, for
compounds with larger-sized trivalent ions (M3+ = Sc3*
and In3"), the low-temperature triclinic phaseis formed
upon three phase transitions [8-11, 15].

For the aforementioned cryalites, the total entropy
change due to the transition from the cubic to the tri-
clinic phase variesin anarrow range (2.33-2.99)Rfrom
crystal to crystal and does not depend on the sequence
of phase transitions. The large entropy clearly indicates
that ordering processes proceed in the structure. In [7,
8], it was assumed that the phase transitions are associ-
ated with orientational ordering of both tetrahedral
ammonium and octahedral fluorineionic groups. Of the
above two types of ammonium ions that occupy differ-
ent crystallographic positions (8c and 4b), only in the
latter case, tetrahedral ionsin the cubic phase are disor-
dered over two equivalent orientations according to the
symmetry of the occupied position. Fluorine octahedra
remain rigid and regular when fluorine atoms in the
cubic phase are distributed over the 24e or 192l posi-
tions. Intheformer case, they occupy a special position
on the cell edge. In the latter case, they are distributed
over eight positions; i.e., each octahedron is character-
ized by eight equivalent orientations. Consequently, the
entropy change that corresponds to complete ordering
of theionic groupsis equal to RIn2 + RIn8 = RIn16 =
2.77R. This value is in reasonable agreement with the
experimental data for ammonium-containing cryolites.
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In the case when ammonium cryolites undergo suc-
cessive phase transitions, the structural ordering pro-
cesses occur in two stages [9]. The phase transition
from the cubic phase to the monoclinic phase is associ-
ated with a partial ordering of octahedra (AS = RIn4),
which results in aforced ordering of ammonium tetra-
hedra (AS = RIn2). The octahedra are completely
ordered upon the second phase transition between two
monaclinic modifications (AS= RIn2). Thethird phase
transition (to the triclinic phase) is accompanied by an
insignificant change in the entropy and is, most likely,
a first-order transition between two completely
ordered, distorted modifications [9, 16]. The model
under consideration is consistent with the NMR data
obtained by Sasaki et al. [11] for the (NH,);lnFg cryo-
lite. For cryolites with successive phase transitions, the
spin-lattice relaxation times of protons (T,,) and fluo-
rine nuclei (T,) exhibit an anomalous behavior upon
phase transition from the cubic phase. However, upon
the second phase transition, only the T, time changes
considerably.

It should be noted that, in ammonium elpasolites, an

NH; ion occupies only one of the two possible crystal -
lographic positions (4b or 8c). This dightly simplifies
the problem of elucidating the role of ammonium ions
in structural phase transitions and their influence on the
motion of fluorine octahedra

If the model proposed in [8, 9, 16] provides an ade-
quate description of the ordering of structural units
upon phase transitions, the A; NH,M3F, elpasolites,
like (NH,)sM3F; cryolites, can undergo phase transi-
tions with ordering of the ammonium tetrahedra and
fluorine octahedra. Asregardsthe (NH,),B*M3F; €l pa-
solites, only the fluorine octahedra can be disordered in
their cubic structure. In these two cases, the maximum

entropy change can be equal to RIn16 and RIn8, respec-
tively.
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Fig. 1. DSC curve for the (NH,4),K GaFg €elpasolite (DSM-
2M instrument).
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In the present work, we carefully investigated the
heat capacity and the p-T phase diagram for the
(NH,),KGaF5 compound over a wide range of temper-
atures and pressures. The aim of thiswork wasto deter-
mine the thermodynamic parameters of phase transi-
tions and to elucidate how the substitution of an atomic
cation for ammonium in the crystallographic position
4b in the (NH,),NH,GaF; cryalite structure affects the
thermodynamic properties.

2. SAMPLE PREPARATION
AND PRELIMINARY INVESTIGATIONS

The (NH,),KGaF; compound was prepared using
two methods. In the first method, we synthesized this
compound from a solution. A solution of Ga(OH); in
concentrated hydrofluoric acid was evaporated to the
onset of crystallization. Then, a saturated solution of an
equimolar mixturein hydrofluoric acid on a2NH,HF, +
KHF, + Ga(OH); basis was added to the Ga(OH) solu-
tion. The resultant solution was alowed to stand in a
crystallizer at atemperature of 70°C until fine crystals
were formed and was then cooled to room temperature
at arate of 0.5 K/h. As aresult, we obtained crystals
approximately 0.5 mm? in volume.

In the second method, the (NH,),K GaFs compound
was prepared by hydrothermal synthesis. A 35% aque-
ous solution of HF (in an amount of 20% of the total
weight of the initial components) was added to a
2NH/HF, + KHF, + GaF; - 3H,0 mixture in a Teflon
vessel. The vesseal with the prepared mixture was placed
in a high-pressure nickel bomb. The hermeticaly
sealed bomb was held for 48 h at 230°C and then was
slowly cooled for 72 h to room temperature. In this
manner, we obtained octahedral crystals 30-50 mm3in
volume.

Analysis of the x-ray diffraction patterns showed
that impurities of the initial components and foreign
phases are absent in the samples. At room temperature,
the (NH,),KGaF; compound has a cubic symmetry

(Fm3m, Z = 4) with the unit cell parameter a; =
8.866 A. According to the chemical formula, ammo-
nium ions occupy the 8c positions in the unit cell. No
indications of composition disordering of ammonium
and potassium ions over the 8c and 4a positions were
found.

Two (NH,),KGaF; samples prepared using different
methods were studied by differential scanning calorim-
etry (DSC) on a DSM-2M instrument in the tempera-
ture range 150-320 K. The experimental data obtained
for the sample grown by hydrothermal synthesis are
shown in Fig. 1. It can be seen that the heat capacity
exhibitstwo anomalies proportional tothe DSM signals
at temperatures T, = 290 K and T, = 250 K. Moreover,
a small deviation from a smooth decrease in the DSM
signal is observed below T, in the range of T; = 245 K.
In order to make certain that the third anomaly is not
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accidental and does not depend on the sample prepara
tion procedure, we performed calorimetric measure-
ments with the same instrument for the sample synthe-
sized from the solution. The results of both experiments
turned out to be identical: the temperatures of each of
the three anomalies in the heat capacity coincided to
within 1-2 K, i.e., within the accuracy ensured by the
DSM-2M instrument. The enthalpy change upon the
phase transition at the T, temperature was found to be
AH, =150 + 25 Jmol. Since the difference between the
temperatures T, and T, was small, we succeeded only in
determining the total enthal py change upon two succes-
sive transitions: AH, + AH; = 3500 + 550 J/mol.

The preliminary polarization-optical investigation
of the (NH,),K GaF samples prepared by hydrothermal
synthesis revealed that twins with a structure typical of
tetragonal distortion are formed at temperatures below
T,. Below the T, temperature, the pattern of twinning
changes and the symmetry becomes lower (most prob-
ably, monoclinic). Unfortunately, reliable data on the
phase transition at the T, temperature are unavailable.
Detailed results of optical and structural investigations
will be published in a separate paper.

3. HEAT CAPACITY MEASUREMENTS

In order to refine the thermodynamic parameters of
the phase transitions under investigation and to reveal
possible phase transitions with a small enthalpy (i.e.,
transitions that cannot be recorded using the DSC
method because of its relatively low sensitivity to ther-
mal effects), the temperature dependence of the heat
capacity was carefully measured using an adiabatic cal-
orimeter in the temperature range 80-350 K.

For this purpose, asample (1.46 g) was placed in an
indium cell, which was then hermetically sealed in a
helium atmosphere. The heat capacity of the cell was
determined in a separate experiment. The measure-
ments were carried out upon discrete and continuous
heating. In their immediate vicinity, the phase transi-
tions were investigated by the quasi-static thermogram
method during heating and cooling at mean rates
|dT/dt| = 2.5 x 1072 K/min.

The temperature dependences of the heat capacity
of the (NH,),K GaFs compound over the entire temper-
ature range studied and, in greater detail, at tempera-
tures near 250 K are displayed in Figs. 2a and 2b,
respectively.

It can be seen from Fig. 2 that the heat capacity
exhibits three anomalies, as is the case in the experi-
ments performed with the DSM-2M instrument. The
refined temperatures of the phase transitions are as fol-
lows: T, =2885+ 05K, T,=2493+0.1K,and T3 =
244.6 £ 0.5 K. The behavior of the heat capacity in the
vicinity of the T, temperature is characteristic of sec-
ond-order phase transitions. Thermographic investiga-
tions (quasi-static thermogram method) demonstrated
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Fig. 2. Temperature dependences of the heat capacity for
the (NH,),K GaFg elpasolite (a) over a wide range of tem-

peratures and (b) in the temperature range of phase transi-
tions at T, and T3. The dashed line shows the lattice heat

capacity.

that the anomalies observed in the heat capacity at T,
and T are associated with thefirst-order phase transfor-
mations, which are characterized by the temperature
hystereses 8T, = 1.24 + 0.05 K and 6T; =2.06 + 0.2 K.

Theintegrated thermodynamic characteristics of the
phase transitions were obtained in the processing of the
anomalous component of the heat capacity AC,(T) =
Cy(T) — Ciu(T). The lattice component of the heat
capacity C,4(T) was determined by approximating the
experimental data outside the phase transition range (T
< 150K and T > 300 K) with the use of the Debye and
Einstein functions. The temperature dependence of the
lattice heat capacity is shown by the dashed line in
Fig. 2a. The spread of experimental points about the
smoothed dependence in these temperature ranges did
not exceed 0.7%. The change in the entropy with tem-
perature was calculated by integrating of the AC,(T)/T
function. The temperature dependence of the excess
entropy is depicted in Fig. 3.

The total entropy change for the three phase transi-
tionsisequal to 16.0+ 1.5 Jmol K. The entropy change
due to the first phase transition is rather small: AS, =
(0.12 £ 0.01)R; thisvalueischaracteristic of displacive-
typetransitions. Since the temperatures of the two other
transitions are very close to each other, the entropy
change attributed to each of these transitions cannot be
distinguished. The total entropy change for these tran-
sitionsisAS, + AS; = 1.8R. This value slightly exceeds
the entropy change (1.68R) determined by the DSM
method.
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Fig. 3. Temperature dependence of the excess entropy.
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Fig. 4. The p—T phase diagram for the (NH,),KGaFg el pa-
solite.

4. PHASE DIAGRAM

The effect of hydrostatic pressure on the phase tran-
sition temperatures was studied with the same sample
as was used in the heat capacity measurements. The
phase transition temperature and its change with avari-
ation in pressure were determined from a differential
thermal analysis (DTA). A copper—germanium thermo-
couple served as the sensitive element. A quartz refer-
ence sample was placed on one junction of the thermo-
couple, and a small copper cell with the studied com-
pound was placed on the other junction of the
thermocouple. The high sensitivity of the thermocouple
made it possible to measure reliably even the phase
transition at T, with asmall anomaly in the heat capac-
ity (AC,/Ciy = 6%). A pressure as high as 0.6 GPawas
produced in a cylinder—piston-type chamber connected
to abooster. A mixture of silicone oil and pentane was
used as the pressure transferring medium. The pressure
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in the chamber was measured on a manganin resistance
pressure gauge, and the temperature was measured
using a copper—constantan thermocouple. The errors of
measurements were equal to +10° GPa and +0.3 K,
respectively. The reliability of the results was checked
by measuring the shift in the phase transition tempera-
tures with an increase and a decrease in the hydrostatic
pressure.

Figure 4 shows the p-T phase diagram of the
(NH,),KGaF elpasolite. It is seen that the stability l0ss
temperature of the cubic phase decreases with an
increase in the pressure. It is worth noting that the
dependence T,(p) is obviously nonlinear. The shift in
the phase transition temperature dT,/dp is equal to
—-18.5K/GPaat p = 0 and reaches a value of —30 K/GPa
at p = 0.5 GPa. Thetemperatures of the two other struc-
tural transformations also decrease but considerably
moreslowly: dT,/dp =—(2.3+ 0.3) K/GPaand dT4/dp =
—(1.4 £ 0.4) K/GPa. It is evident that afurther increase
in the pressure can lead to the disappearance of thefirst
distorted phase. According to the estimates, this can
occur at p=1.0-1.2 GPa.

5. DISCUSSION

The substitution of the K* cation for the ammonium
ion in the 4b position leads to quite a different pattern
of phase transitions as compared to that observed in the
(NH,),NH,GaFg cryolite. Let us consider the
(NH,),KGaF; elpasolite structure in the framework of
the model proposed for cryalites in [7-9]. Within this
model, fluorine octahedra alone, most probably, fulfill
the function of “critical” ions; i.e., they play an active
part in the phase transitions. Now, we attempt to either
validate or disprove this assumption. In the
(NH,),KGaF; elpasolite, the entropy change upon the
phase transition from the cubic phase is smal (AS, =
0.1R) and comparable to the quantity AS= 0.2R. This
entropy change is characteristic of a large number of
halide elpasolites (including fluoro-elpasolites) with
atomic cations, which undergo phase transitions to the
tetragonal phase [2]. According to [2], the entropy
change of 0.2R is attributed to the rotation of fluorine
octahedra through a small angle about one of the four-
fold axes of the cubic cell. Aswas noted above, the pre-
liminary optical investigations also demonstrated that
the first distorted phase in the (NH,),K GaF; elpasolite
has a tetragonal symmetry. Therefore, if the transfor-
mation at T, in the (NH,),K GaF el pasolite s also asso-
ciated with rotations of the octahedra, we can state with
assurance that disordering of the fluorine atoms (or flu-
orine octahedra) is absent in the cubic phase. To put it
differently, the change in the character of octahedron
motion upon phase transitions at T, and T5 can contrib-
ute to the mechanism of structural transformations only
through further octahedron rotations with small entropy
changes AS. On the other hand, close examination of
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the structure shows that, under the assumption of octa-

hedron disordering in the Fm3m phase, the rotation of
orientationally disordered octahedra through a small
angle cannot provide for the formation of a tetragonal
structure with rigid octahedra. Consequently, the con-
siderable entropy change (AS; + AS;) most likely corre-
sponds to the ordering of other structural units.

Asfar aswe know, only fragmentary data are avail-
able on the properties of crystals belonging to the

(NH,),B*M3*F elpasolite  family, namely,
(NH,).KAIFg [17], (NH,),NaFeF; [18], and
(NH,),NalnF [19].

Hirokawa and Furukawa [17] investigated the
(NH,),KAIFg elpasolite by the DTA technique and
revealed two phase transitionsat T, =250 K and T, =
186 K. Unfortunately, they did not determine the rele-
vant entropy changes. However, theratio of areas under
the DTA signal anomalies (proportional to the entropy
change) indicates that [AS, = AH./T,] > [AS, =
AH,/T;]. In other words, the entropy ratio for the
(NH,),KAIFg elpasolite is identica to that for the
(NH,),KGaFg elpasolite. The inference made in [17]
coincides with our opinion that the phase transition at
T, isadisplacive-type transformation and ismost likely
associated with rotations of fluorine octahedra through
a smal angle. Reasoning from the NMR data,
Hirokawa and Furukawa [17] argued that the second
phase transition, which isaccompanied by a substantial
entropy change, is most probably dueto the ordering of
ammonium ions. Unlike the (NH,);M3Fs (M3 = Al
and Ga) cryalites, in which the spin-lattice relaxation
times of fluorine ions and protons change significantly
upon phase trangitions [4, 8, 11], the (NH,),KAIFg
elpasolite is characterized by a considerable change
only in the T, time at the T, temperature [17].

In the high-temperature cubic phase, the N-H bonds
are dynamically disordered and equiprobably directed
to three fluorine ions of the same face of an (AlFg)*
octahedron. In an intermediate phase, ammonium tetra-
hedra remain disordered but three orientations of each
N-H bond become nonequivalent due to the lowering
of the symmetry. The correlation time of anion reorien-
tation is very long. This suggests a low probability of
dynamic disordering of fluorine octahedra in the inter-
mediate phase. In the low-temperature phase, hydrogen
atoms are predominantly bonded to one of three fluo-
rine ions. All the aforementioned features are con-
firmed by the data on the relaxation times of hydrogen
and aluminum and the temperature dependence of the
second moment of the H and F NMR spectra[17].

The assumption that the ammonium ions in the 8c
positions can be orientationally disordered is confirmed
by the unusually large temperature parameter of hydro-
gen atoms in the cubic phase of (NH,),NalnFg [19],
which is appreciably larger than the temperature
parameters of the other atoms.
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If this disordering of ammonium ions actually
occursin the cubic phase, their complete ordering inthe
low-temperature phase should be attended by the
entropy change AS=2RIn3=RIN9=18.3 ¥moal K. This
value exceeds the entropy change observed in the
experiment for the (NH,),KGaFg elpasolite : ZAS =
16 Jmol K.

6. CONCLUSION

It was demonstrated that the phase transition from
the cubic phase in the (NH,),K GaF; and (NH,),KAIF,
elpasolites is accompanied by a small entropy change.
This disagrees with the existing elegant model of struc-
tural transformations, which is based only on the orien-
tational ordering of the NH; (in the 4b position) and
M3*F ionic groups [7, 8]. The determination of the
actual positions of fluorine and hydrogen atoms calls
for further structural investigations. Moreover, when
constructing amaodel of phasetransitionsin ammonium
compounds, the possible softening of rotationa vibra-
tional modes of fluorine octahedra should be taken into
account.
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