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Abstract

Heat capacity, thermal expansion, and sensitivity to the hydrostatic pressure of
(NH,),KZrF; elpasolite are studied in a wide temperature range. The changes
in deformation and entropy during successive phase transitions are determined:
A(AV/V) = 3-107%; AS = 8 J/mol-K. The temperatures and entropies of phase
transitions turned out to be slightly sensitive to pressure changes. An analysis
of the entropy of phase transformations was performed in the framework of the
model of the cubic phase structure F'm3m. In the low temperature phase, an
anomalous behavior of thermodynamic properties, which is not characteristic
of phase transitions, was observed, accompanied by a significant change in the
crystal lattice entropy.
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1. Introduction

Numerous studies of complex fluorides and their solid solutions have shown
that anionic—cationic substitution can significantly affect the formation of the
type of structure, its change during phase transitions and the behavior of phys-
ical properties [1l 2 B, 4, [5l [6 [7]. For example, the substitution of the cen-
tral atom or monovalent cations in six—coordinated compounds A,A’MFg¢ (A,
A’: Cs, Rb, K, NHy; M: Lu, Sc, Fe, Ga, Al) [4 [6 8, @, 10, 11l 12} 13] and
(NH,),MFgNH,F (M: Si, Ge, Ti, Sn, Pb) [14] [I5] (16, 17, (I8, 19, 20, 21, 22, 23]
does not change the cubic F'm3m symmetry of the initial phase but leads to
strong change in the succession of structural distortions associated with the
nonferroelectric transformations and their parameters (degree of the structural
disordering, temperature, entropy, sensitivity to external pressure, etc.).

Other situation was observed in fluorides with seven-coordinated anionic
polyhedra which can be formed as a monocapped trigonal prism (A,MF; A:
Rb, NH,, K; M: Ta, Nb) [24], 25, 26] 27, 28, 29| B0] or a pentagonal bipyramid
(AsMF;; A: K, NHy; M: Hf, Zr) [31] 32} [33] 34} B5], [36]. The variation of cations
and central atom in the former compounds is accompanied by strong change in
the symmetry and structural disorder in the initial and distorted phases. On the
other hand, the latter fluorides show rather different sensitivity to cationic and
anionic replacement. Thermodynamic parameters of the ammonium hafnium
compound, including the temperatures and entropies of transformations, are
very close to those of the zirconium crystal [32], 33]. However, the complete
or even partial replacement of the tetrahedral ammonium cation with spherical
potassium in AzZrF, leads to a significant decrease in the number of phase
transitions and a change in their sequence [37, [38], 39} 40].

Summarizing the above, we can conclude that chemical pressure is one of
the most effective tools in the search and design of new fluorine materials. This
statement is confirmed by the results of recent pioneering research of the first
synthesized complex fluorine elpasolite (NHy),KZrF; [40]. X-ray and optical

studies have shown that its structure in the initial phase is characterized by the
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same cubic symmetry Fm3m that was determined for the initial (NH,)3ZrF;
cryolite [32]. On the other hand, the temperature behavior of structure and op-
tical properties has demonstrated that elpasolite undergoes only two structural
transformations Fm3dm (T1=333 K) < Pds/ncm (T2=329 K) +» P4y /nmec [40]
instead of six phase transitions accompanied by stronger structural distortions
observed in cryolite. It cannot be ruled out that such a strong difference in
the structural parameters of two related crystals is due to a small difference
in the ionic radii of potassium and ammonium, which led to the occupation
of nonequivalent crystallographic positions 4c and 8c by both cations that was
found by the refinement of structure.

These structural features of elpasolite should certainly affect its thermody-
namic properties. In this regard, it is of undoubted interest to clarify the issue
related to the entropy and deformation parameters of the (NH,),KZrF; crystal.
In the present paper, we performed detailed investigations of the heat capacity,
thermal expansion, and the sensitivity of temperatures and entropies of phase

transitions to hydrostatic pressure.

2. Experimental

Samples of (NH,),KZrF'; were synthesized by mixing aqueous solutions (NH)sZrF;,

NH,F and KHF; at a component ratio of 1:1.5:1.1. If the solution becomes
cloudy, a few drops of hydrofluoric acid (40% wt) should be added. The so-
lution in a platinum cup was evaporated in a water bath until a crystalline
film appeared. During cooling and continuous stirring of the solution, a plenti-
ful fine crystalline precipitate was formed, which was washed with alcohol and
air—dried. The composition of the crystals was controlled by the content of
potassium, determined by atomic absorption.

Characterization of the sample under study was carried out in the cubic
phase Fm3m at 368 K (a=9.2904 A) by XRD using a Bruker D8 ADVANCE
powder diffractometer (Cu-Ka radiation). In accordance with the results of Ri-

etveld refinement, no additional phases were observed in (NH,),KZrF; (Fig. .
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Figure 1: Difference Rietveld plot of (NH,),KZrF; (Fm3m) at 368 K.

Due to the very small size of the single crystals (<100 pm), measurements of
the heat capacity and thermal expansion were carried out on samples prepared
as quasi—ceramic disk-shaped pellets of 4 mm diameter and 1.0-2.0 mm thickness
under pressure without heat treatments because of the presence of ammonium
ions. Experiments with differential thermal analysis (DTA) under high pressure
were performed on powdered sample of (NH,),KZrF.

Measurements of thermal expansion were performed using a push-rod dilato-
meter (NETZSCH model DIL-402C) with a fused silica sample holder. Experi-
ments were carried out in the temperature range 100-370 K with a heating rate
of 3 K/min in a dry He flux. In order to remove the influence of system thermal
expansion, the results were calibrated by taking quartz as the standard refer-
ence. The discrepancy in the data obtained in successive series of measurements
was less than 5%.

Heat capacity measurements were performed in a wide temperature range of
100-340 K by means of a home-made adiabatic calorimeter with three screens,

as described in Ref. [41]. The mass of the sample was about 0.3 g. The error
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in determining the specific heat was less than 0.5-1.0%. The heat capacity of
the "sample + heater + contact grease” system was measured using discrete
as well as continuous heating. In the former case, the calorimetric step was
varied from 1.5 to 3.0 K. In the latter case, the system was heated at rates of
dT/dt ~0.15-0.30 K/min. The heat capacities of the heater and contact grease
were determined in individual experiments.

DTA setup was used to study the effect of hydrostatic pressure on the tem-
peratures and enthalpy/entropy of the Fm3m <> P4s/ncm <> Pds/nme phase
transitions [40]. A copper container with a powder sample of 0.05 g and the
reference quartz sample were glued onto opposite junctions of a highly sensitive
(~400 uV/K) germanium-copper thermocouple. The system, mounted in such
a manner, was placed inside a piston-cylinder type vessel which was associated
with a pressure multiplier. Pressure up to 0.25 GPa was generated using sili-
con oil as the pressure-transmitting medium. Temperature and pressure were
measured with a copper-constantan thermocouple and manganin gauge with

accuracies of about +1 K and £1072 GPa, respectively.

3. Results and Discussion

Fig. shows the results of the thermal dilatation measurements on (NH,),KZrF,.

It can be seen that in the temperature range of two successive phase transitions
observed in Ref. [40], the behavior of linear strain, AL/L, and the coefficient of
linear thermal expansion, «, is anomalous at temperatures: 77 = 335.0+1.0 K,
Ty, = 331.0 + 0.5 K. Because of the slight temperature difference, 71 — Ts, the
values of the change in AL/L associated with each transformation can not be
determined. Total positive ”jump” of the linear deformation associated with
both phase transitions is rather small ~ 3 - 1074,

Additional anomalous behavior of the thermal expansion was observed below
room temperature. The AL/L(T) and «(T) curves demonstrate a kink at about
250-260 K and step-wise increase from 20 - 1076 to 30 - 1076 in a very broad
temperature range: 235-270 K, respectively (Fig. . Optical properties did
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Figure 2: Temperature dependencies of (a) strain of (NH,),KZrF, and (b) the thermal ex-
pansion coefficient obtained in two series of measurements. Dashed line in (b) is a lattice

contribution in the region of phase transitions.
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not show any features at these temperatures [40]. X-ray patterns at 300 K and
150 K turned out to be the same.

As usual, the «(T) dependence in high temperature phase is considered as
the lattice contribution ay,q:. Extrapolation of the curve «(T") above T} to low
temperature phase P45 /nmc shows a good agreement with the value of « just
below T5 down to 285 K.

As to the anomalies in the dependencies AL/L(T) and a(T') in the tetragonal
P45 /nme phase, the absence of any features in the behavior of the optical
properties and structure suggests that this phenomenon can be associated with
a change in the thermal expansion of the crystal lattice. It is currently difficult to
imagine the reasons for this behavior of AL/L and «. It is obvious that further
studies of (NH,),KZrF; are needed. For example, NMR data may turn out to
be very useful since it cannot be ruled out that the discussed low-temperature
anomalies may be related to a change in the mobility of ammonium groups.

Data on the heat capacity, Cp, of (NHy),KZrF; obtained as a result of exper-
iments using an adiabatic calorimeter (AC) are shown in Fig. [3| The behavior
of Cp(T') turned out similar to that observed for «(T). Firstly, two features
associated with successive phase transitions are found. Secondly, an anomalous
behavior of C,(T") was observed in almost the same temperature range of the
P45 /nme phase, where a step—wise change in a(T") was found.

The temperatures of the heat capacity anomalies, 77 = 328.2 + 0.1 K and
Ty = 324.840.1 K, associated with the phase transitions are lower than those de-
termined in measurements with a differential scanning calorimeter (DSC) (T} =
332.5+1.0 K; 75 = 329.2+1.0 K) [40] and dilatometer (Dil) (T} = 335.0+1.0 K,
T, = 331.0 £ 0.5 K). However, taking into account a rather large difference in
the rate of temperature change in measurements using different devices (AC:
dT'/dt ~ 0.2 K/min; DSC: 8 K/min; Dil: 3 K/min), which are equipped with
thermal sensors of different sensitivity and accuracy, having different thermal
contact with the sample under study, the difference in T; can be considered
insignificant.

To obtain information on the integral characteristics of phase transitions, it
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Figure 3: Temperature dependencies of (a) heat capacity Cp, (b) anomalous heat capacity
AC), and (c) anomalous entropy AS of (NH,),KZrF;. Dotted and dashed lines in (a) are heat
capacities determined using the Debye model, Cp¢p, and polynomial approximation, Cyojy,
respectively. Curves 1 and 2 are AC), (b) and AS (c) determined in the framework of the

Debye and polynomial models.

is necessary to determine the lattice, C'rq¢, and anomalous, AC), contributions
to the total molar heat capacity C,. Usually, this procedure is performed by
fitting the experimental data on C,(T') far above and below the phase transition
region in the framework of some model with subsequent interpolation of Cp ¢
to the entire temperature region of the measured heat capacity.

Due to the complex behavior of the heat capacity of (NH,),KZrF.,, it is
practically impossible to follow the above methodology in the entire interval of
the studied temperatures. Therefore, the separation of the different contribu-
tions into total C), is carried out in two ways. Firstly, the data on the heat
capacity below 200 K were approximated within the framework of the Debye
model and dependence Cp.p(T) was extrapolated to the region of high tem-
peratures. Secondly, the polynomial function was used to approximate C,(T)

only in the P45/nmc phase between 265 K and 310 K. In high temperature



150

155

160

165

170

175

cubic phase, namely above 340 K, data on C,(T) are not available due to the
chemical decomposition of (NH,),KZrF; in high vacuum (10~% mmHg) used in
measurements in the adiabatic calorimeter.

The results of using both approximations are shown in Fig. [3k as dotted and
dashed lines. Excess heat capacity associated only with successive transforma-
tions, AC), = Cp — Crqt, reaches large values at 77 and 75 but exits in narrow
temperature range, ~10 K (Fig. [3p). It is seen also that the contributions AC),
associated with the individual phase transitions are overlapped. That is why it
was possible to determine only the value of the total change in excess entropy
as the sum > AS; = AS; + ASy = [ AC,/T)dT = 8+1 J/mol-K. This value
is rather large and close to RIn 3 which allows us to assume that structural dis-
tortions in elpasolite (NH,),KZrF; may be related to order-disorder processes
during the phase transitions.

Fig. shows the behavior of excess entropy Y. AS; as well as the differ-
ence between total entropy and entropy associated with the contribution of the
Debye heat capacity ASpey(T) = S(T') — Spep, where S(T) = [(C,/T)dT and
Spev(T) = [(Cpey/T)dT. The large difference between the values of ASpe;, and
>~ AS; can also be considered as related to the possible change in the mobility
of structural elements that was suggested above.

The results of a study of the sensitivity of elpasolite to hydrostatic pressure
are presented in Fig. [fp. It can be seen that in the region of phase transitions,
two anomalies of the DTA signal are reliably recorded both at atmospheric and
high pressure. However, the sensitivity of the DTA method was not enough to
record an abnormal behavior in the tetragonal P4,/nmec phase, where a step—
wise increase in both a(T") and C,(T") was observed.

The pressure increase does not cause a significant change in the values of
the anomalous DTA signal, the temperatures of the signal maxima, as well
as the area under the anomalies, which corresponds to the enthalpy/entropy
of phase transitions. The latter result suggests that the constancy of excess
entropy under pressure is apparently a common feature characteristic of fluorides

and oxyfluorides. Indeed, the same situation was observed by us earlier in the
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Figure 4: (a) Temperature dependencies of DTA-signal at different pressures and (b)

temperature-pressure phase diagram of (NH,),KZrF.

study of elpasolites RbyKFeFg, RbKTiOF5 [42] 43] and cryolites (NH,)3TiOF5,
(NH,)3NbOFg [44], etc.

A positive sign of both anomalies on the dependence «(T') (Fig. [2)) means
that the temperatures of both phase transitions should increase under pressure.
The experimentally investigated 7' — p phase diagram shown in Fig. agrees
well with this assumption. The baric coefficients were determined with a large
error, dTy /dp = +1.9+£1.1 K/GPa and dT>/dp = —2.24 3.2 K/GPa, for several
reasons. First, this is due to the very weak pressure dependence of the 77 and
T temperatures. Secondly, the temperature sensor in the DTA installation has
a fairly low accuracy. A rather significant smearing of the anomalous part of
the DTA-signal, which leads to difficulties in accurately determining 7 and T,
is the third reason.

Due to the overlap of the anomalous contributions to thermal expansion
and heat capacity (Figs. and ), it is impossible to accurately determine
the magnitudes of the deformation, 6(AL/L), and entropy, 65 ~ AS, jumps
and then calculate the baric coefficients using the Clapeyron—Clausius equation,

dT/dp = 6(AV/V)/4S, where 6(AV/V) = 36(AL/L). However, the behavior of

10
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o(T) and C,(T) in the region of phase transitions (Figs. [2h and [Bh) allows us to
assume that the changes in deformation and entropy at 77 and T3 are the same
for both transformations: §(AV/V ~ (3.541.0)-107%, 68 ~ (4.0£1.0) J/mol-K.
Of course, this approximation leads to a large error in determining individual
values of anomalous entropy and deformation. Nevertheless, despite large errors,
it is obvious that the calculated values of the temperature shift of the phase
transitions under pressure, dT;/dp ~ (10 = 5) K/GPa, are of the same order as
the baric coefficients determined experimentally.

On the one hand, the substitution of tetrahedral ammonium cation in crys-
tallographic site 4b by spherical potassium in cryolite (NHy,)sZrF; did not affect
the symmetry of the initial cubic phase, (F'm3m), but on the other hand, leads
to strong change in the number of the phase transitions and the symmetry of
distorted phases in elpasolite (NH,),KZrF, [40]. As it was mentioned above,
due to the large unit cell volume, numerous refinement parameters and the
disordering of the ZrF; polyhedron, the crystal structure of elpasolite was not
solved in experiments using X-ray powder diffractometer [40]. Nevertheless, we
can consider the data on the thermodynamic properties of elpasolite in compar-
ison with those for cryolite (NH,)3ZrF; [32] taking into account the data on its
structure as well as related (NH,);HfF; in the cubic phase [35] 36].

Recently, the cryolite cubic structure of some ammonium fluorides and oxyflu-
orides, including (NH,)3ZrF;, was revised X-ray single crystal diffractometer
and structural model was suggested for disordered initial cubic Fm3m phase [36].
A pentagonal bipyramid ZrF, with mm?2 local symmetry was considered as a
rigid body which should be orientationaly disordered at least on 12 equal posi-
tions to preserve a cubic symmetry of crystal lattice. Ammonium groups were
also assumed to be disordered having four (8c site) and eight (4b site) spatial
orientation. Despite the lack of a refinement of the structure for (NH,),KZrF,
it is highly likely that in the ideal elpasolite structure two ammonium ions in
position 8c are also disordered while the spherical potassium cation in position
4b is ordered.

Using models of both disordered structures, one can evaluate the possible

11
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entropies change in the case of the total ordering of structural elements. This
value is equal to ASiptar = R(In12 4+ 2In4 + In8) ~ 61 J/mol-K for cryolite
and ASiter = R(In12 4+ 2In4) = 44 J/mol-K for elpasolites. Both values
are significantly excess the entropies determined experimentally: (3 AS;)ezp =
14.5 J/mol-K~ RIn6 [32] and (D> AS;)esp = 8 J/mol- K~ R1n3 for (NH,)3ZrF;
and (NH,),KZrF, respectively.

It is necessary to pay attention on the interesting feature of the elpasolite
structure revealed during X-ray studies [40]. Both non-equivalent crystallo-
graphic positions, 8¢ and 4b, were occupied by NH,/K mixed ions with re-
fined occupancies and linear restriction occ(NH4)+occ(K)=1 for all sites. Real
chemical formula was suggested as [(NHy)o.672Ko.328]2[(NH4)0.732K0.268] ZrF7.
Thus, crystallographic positions inside the octahedron, 4b, and in the inte-
roctahedral cavity, 8¢, are occupied by both potassium atoms and ammonium
groups. In this case the total ordering of the disordered Fm3m structure leads
to increase in the entropy change in comparison with (NHy),KZrF; ASioia =
R(In12+1.35In4 + 0.7321n8) = 49 J/mol-K.

The comparison of the calculated and experimentally determined entropies
of phase transitions in both cryolite and elpasolite is not entirely correct, since
the calculation was carried out for the case of complete ordering of structural
elements disordered in the cubic phase. It is obvious that more accurate calcu-
lations can be performed only after careful studies of the structure of distorted
phases, which will allow us to establish a real change in the degree of disordering
of structural elements during phase transitions. Nevertheless, at this stage, we
can consider several possible circumstances that are the cause of the revealed
significant difference in the values of AS;oq; and (D" AS;)ezp-

Firstly, some structural elements can remain disordered in distorted phases,
which can lead to additional phase transitions in both investigated fluorides in
the temperature range below the lowest temperature used in the experiments.
However, at least for cryolite, the Raman study did not reveal any peculiarities
in the spectra below Ty=240 K down to 7 K [45].

Secondly, some disorder persists up to 0 K, which leads to residual entropy.

12
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To verify this hypothesis, calorimetric studies at very low temperatures are
required.

Thirdly, there is no such strong disordering of the structure in phase Fm3m
that was proposed in the model [36] and the cubic symmetry is preserved due
to the strong anharmonicity of vibrations of critical structural elements without
their fixation in certain crystallographic positions. In this case, the entropy of
phase transitions has some intermediate values that are proportional to the de-
gree of anharmonicity and can significantly exceed the entropies characteristic
of displacive—type transitions, remaining much smaller than the entropies asso-
ciated with the order-disorder processes. This assumption is supported by the
results of studies of the Raman spectra of cryolite, which were interpreted as
associated with slowing of the ammonium ion’s motion along with the tempera-
ture decrease, but not with their ordering [45]. Moreover, the localized positions
on electron density maps corresponding to disordering are not visible for some
critical elements [35].

Thus, it can be assumed that the models of the cubic phase in complex
fluorides are associated with the maximum possible disordering of structure [10]
35, [36].

Due to different successions of structural distortions, a joint detailed analysis
of the T' — p phase diagrams of elpasolite and cryolite is impossible. However,
despite the fact that pressure suppresses the anomaly at Tj, one can evalu-
ate the effect of cationic substitution KT — NH** on the stability of the cu-
bic phase under pressure in cryolite. Using the data of C,(T) and a(T) for
(NH,)3ZrF; [32], we made rough estimates of the sensitivity of the second-
order phase transition from the cubic phase in the framework of the Ehrenfest
equation: dTy/dp =~ 10 K/GPa. This value is not much larger than the experi-
mentally found in the present work for elpasolie: dT}/dp =~ 2 K/GPa.

As for the anomalous step-wise behavior of C,(T') and «(T') in the low-
temperature phase of the elpasolite (NH,),KZrF, it should be noted that this
unusual phenomenon is observed in the temperature region where the cryolite

(NH,)3ZrF; undergoes three low-temperature phase transitions [32]. At the

13
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same temperatures, very complex twinning was observed and the strong influ-
ence of thermal cycling on the properties of the crystal, especially on thermal

expansion.

4. Conclusions

Calorimetric, dilatometric and DTA under hydrostatic pressure studies were
performed on elpasolite (NH,),KZrF; in a wide temperature range including
phase transitions Fm3m — P4y /nem — Pds /nmce [40).

Heat capacity and thermal expansion exhibit anomalous behavior in both
structural transformations. However, the overlap of the anomalous contribu-
tions to linear strain, AL/L(T'), and heat capacity, C,(T'), prevents the exact
determination of the changes in deformation and entropy during phase trans-
formations. The magnitudes of the complete change in both thermodynamic
parameters are as follows: A(AV/V) ~3-107%, AS ~ 8 J/mol-K.

Very small values of baric coefficients, dT7/dp ~ +1.9 + 1.1 K/GPa and
dTy/dp ~ —2.2 + 3.2 K/GPa, determined in direct measurements, indicate a
low sensitivity of elpasolite to external pressure. Entropy of phase transitions
was also very stable with respect to hydrostatic pressure, as was observed for
other related complex fluorides [42, [43], 44].

A joint analysis of structural and calorimetric data was performed for some
fluoride elpasolites-cryolites, including (NH,),KZrF; and (NH,)3ZrF;. It was
suggested that the proposed structural models [10, [35] [36] are associated with

the maximum possible disordering of critical elements.

The anomalous behavior of the studied thermodynamic properties of (NH,),KZrF,

which is not characteristic of phase transitions, was found in the tetragonal phase
P45 /nme in the temperature range where the (NH,)3ZrF; cryolite undergoes
three phase transitions [32]. To clarify the nature of the detected phenomenon,
accompanied by a very large change in entropy, at least studies of the NMR

spectra will be useful.
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