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Abstract—The thermal, optical, and dielectric properties of fluoride Rb,TaF; were investigated. It was

observed that the variation in chemical pressure in fluorides 45 TaF; caused by the cation substitution of
rubidium for ammonium does not affect the ferroelastic nature of structural distortions, but leads to stabili-
zation of the high- and low-temperature phases and enhancement of birefringence. The entropy of the phase
transition P4/nmm <> Cmma is typical of the shift transformations, which is consistent with a model of the
initial and distorted phase structures. The anisotropy of chemical pressure causes the change of signs of the
anomalous strain and baric coefficient d7/dp of Rb,TaF; as compared with the values for its ammonium

analog.
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1. INTRODUCTION

Among the variety of inorganic fluorides and oxi-
fluorides are the compounds with diverse structural
modifications and the related various functional prop-
erties and effects that find technological applications
in energy generation and storage, photonics, micro-
electronics, etc. [1, 2]. The applied physical properties
are, as a rule, those working at room temperature and
atmospheric pressure. Therefore, until recently, the
main direction in studying inorganic fluorine-con-
taining materials has been related to the synthesis of
new compounds and their structural characterization.
However, it is well-known that the physical properties
can anomalously change at the structural transforma-
tions resulting from phase transitions that occur upon
variation in temperature, pressure, and electric or
magnetic fields or in the chemical pressure under the
action of the cation/anion substitutions [3, 4]. At pres-
ent, one of the priority directions is searching for the
ways of purposeful variation of the chemical composi-
tion, structure, and physical properties of materials,
including fluorine-containing ones. One should be
aware that the formation of the structure, its potential
transformation, and physical properties are strongly
affected by the composition and shape of one of the
main structural elements of the crystals, specifically,
fluorine and fluorine-oxygen polyhedra [MeX,],
where Me is the central atom, X'is O or F, and n = 4—

9 [1—4]. The polyhedra with n =4 and 5 are rarely met.
The most widespread structural elements are [MeX],
[MeX;], [MeX;], and [ MeX,] [2]. The phase transitions
in fluorides and oxifluorides with octahedral anions
are the best studied [3—5]. On the other hand, of
undoubted interest as central Me atoms are the metals
that, depending on valence, can form polyhedra of dif-
ferent configurations with the fluorine and fluorine-
oxygen ligands X. Among these metals are Zr, Hf, Nb,
and Ta, which can form six-, seven-, and eight-coor-
dinate anion polyhedra. Despite a great number of
works devoted to the synthesis and investigations of
such compounds [6—15], the effect of structural fea-
tures on the thermodynamic stability of crystal phases
and their physical properties has not been systemati-
cally studied.

The measurements of specific heat, thermal expan-
sion, optical twinning, birefringence, and permittivity
of fluoride Rb,TaF; preformed in this work continue
the study of phase transitions in the 4,MeF; com-
pounds with the seven-coordinate anion polyhedron
[7, 15, 16]. The room-temperature crystal lattice sym-
metry of these fluorides depends on the ionic radius of
a univalent cation and is tetragonal (sp. gr. P4/nmm,
Z=12) for A= Rb and NH, [15, 16] and monoclinic
(sp. gr. P2,/c, Z=4) for A= K [7]. The seven-coordi-
nate anion polyhedron [ MeFe,] has a polar rhombic
symmetry and represents a monocapped trigonal
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prism. There are no data on the thermodynamic sta-
bility of the P2,/c phase in the K,TaF; crystal. The
data about one structural transformation in Rb,TaF,
near 145 K and symmetry of the initial (P4/nmm) and
distorted (Cmma, Z = 4) phases were reported in [15].
Two sequential structural transformations
G,(P4/nmm) <> G,(Pmmn) <> G; (tetragonal phase) in
the ammonium compound were found and thor-
oughly investigated in [16]. Thus, the cation substitu-
tion K — Tb — NH, significantly affects the symme-
try of A,MeF, crystals and sequence of the phase tran-
sitions. Therefore, it is interesting to study the physical
properties of fluoride Rb,TaF; in order to establish the
nature and mechanism of structural distortions.

2. EXPERIMENTAL

In this study, we investigated the Rb,TaF; crystals
whose structure and synthesis technique were
described in [15].

The calorimetry investigations involved two stages.
At the first stage, we sought for phase transitions in
Rb,TaF; in a wider temperature range than in [15],
where the reversible phase transition P4/nmm <>
Cmma was observed at about 145 K. The measure-
ments were performed using a DSM-10M differential
scanning microcalorimeter on a sample with a mass of
~0.1 g at temperatures from 100 to 400 K in the heating
and cooling modes at a rate of 8 K min~!. The results
of investigations confirm the occurrence of one phase
transition at 7, = 150 = 2 K. The integral parameters
of the phase transition (enthalpy and entropy varia-
tions) determined by integration of the corresponding

functions are AH = J-AdeT =275 mol~! and AS =
j (AC,/T)dT=1.8J (mol K)~.

At the second stage, we carried out high-precision
adiabatic calorimetry investigations on a calorimeter
whose construction was described in [17] together
with a specific heat measurement technique. The
measurements were performed in the temperature
range of 78—300 K on a cylindrical tableted sample
with a mass of 0.384 g, a diameter of d = 8§ mm, and a
height of # = 2 mm formed from the powder prepared
by grinding small single crystals.

Figure 1 shows the molar specific heat of the
Rb,TaF; crystal.

We observed one anomaly in the form of a peak
with the maximum at a temperature of 7, = 147.9 +
0.5 K, which was taken as the structural transforma-
tion temperature. The dashed line in the region of
phase transition shows the lattice specific heat
obtained by interpolation of the C,(7) data above and
below T, using the Debye and Einstein functions. As a
result, we refined the enthalpy and entropy of the
phase transition as AH = 390 = 30 J mol~' and AS =
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Fig. 1. Temperature dependences of the molar specific
heat of Rb,TaF; in a wide temperature range and anoma-
lous entropy related to the phase transition (inset). The
dashed line shows the lattice specific heat.

2.6 £ 0.2 J (mol K)~!, respectively. Both integral
parameters were found to be higher than those deter-
mined by the DSM method due to the higher sensitiv-
ity of the adiabatic calorimeter.

The dilatometric study was carried out on the sam-
ple used in the calorimetric measurements. The exper-
iments on determination of the temperature depen-
dence of the linear strain AL/L and linear thermal
expansion coefficient o were conducted on a Netzsch
DIL-402C induction dilatometer in the dry gas
helium flow. The sample heating rate in the tempera-
ture range of 105—400 K changed from 2 to 4 K min—.
The fuzzed quartz reference was used for calibration
and taking into account the expansion of the measur-
ing system. The data obtained in several measurement
series were consistent within 2—3%.

Figure 2 shows temperature dependences AL/L(T)
and o(7) measured in the heating mode.

As in the calorimetric experiments, we observed
one anomaly. The temperature of the ou(7) peak max-
imum 7;, = 145 = 1 K taken as a phase transition tem-
perature agrees satisfactorily with the 7|, value deter-
mined in the specific heat measurements. The inset in
Fig. 2a shows the behavior of the anomalous portion of
the linear strain (AL/L),,. It can be seen that the
change in the sample length as a result of the phase
transition is observed at temperatures up to 100 K and
amounts to ~0.1%

The polarization-optical study and birefringence
measurements of the Rb,TaF, crystal were performed
on very thin (d = 43 pum) growth plates with the (001),
orientation on an Axioskop-40 microscope and
Linkam LTS 350 temperature chamber. The accuracy
of measurements of the birefringence absolute values
An, by the Berek compensator (Leica) method on a
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Fig. 2. Temperature dependences of (a) the linear strain,
(inset) its anomalous component, and (b) linear thermal
expansion coefficients. The dashed line shows the lattice
contribution.

thin plate was low (£0.0001), while the sensitivity to
the change in An (T) is £0.00001.

At room temperature, the sample is nearly isotro-
pic in accordance with the tetragonal symmetry. Upon
cooling near 7, ~ 140 K, the optical anisotropy and
very fine strip twinning structure with the boundaries
along [100] appear in the microscope field. The total
extinction of the plate occurs along [110] (Fig. 3) and
does not change with a further decrease in tempera-
ture. Thus, at the phase transition, the crystal syngony
lowers from tetragonal to rhombic. The experimental
geometry indicates that the crystals lose the (100);
symmetry elements and the unit cell axes of the low-
temperature phase form along [110]; (base-centered
cell C). Thus, our observations confirm the conclu-
sions made in [15] concerning the symmetry variation
at the phase transition in the Rb,TaF, crystal:
G,(Cmma) < G,(P4/nmm). The picture of twinning in
the rubidium compound is drastically different from
the picture observed earlier for (NH,),TaF,; [16],
where the unit cell in the rhombic phase remains
primitive: G,(P4/nmm) <> G,(Pmmn) <> G5 (tetrago-
nal phase).
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Fig. 3. Twinning of the low-temperature phase in (001)
growth plates of the Rb,TaF; crystal.
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Fig. 4. Temperature dependences of birefringence An(T)
in (1) the Rb,TaF; and (2) (NHy4),TaF; crystals [16].

The birefringence measurements were performed
in the quasi-static mode upon heating and cooling.
The temperature dependence An (7) is presented in
Fig. 4. The birefringence arises stepwise upon cooling
and vanishes upon heating to temperatures of 7, =
138—139 K. For comparison, Fig. 4 shows the birefrin-
gence in the native compound (NH,),TaF; [16]. It can
be seen that substitution of rubidium for ammonium
led to a significant decrease in the phase transition
temperature and to a slight increase in the birefrin-
gence. In addition, the transition to the rhombic phase
of the rubidium compound has the pronounced fea-
tures of the first-order transition, which is indicated by
the An (T) jump and a small temperature hysteresis of
0T, = 0.5 K. In the ammonium compound, the tran-
Vol. 59

No. 5 2017



THERMAL, OPTICAL, AND DIELECTRIC PROPERTIES

18 T T T T T T T
0.6 -
16 -
04
[%e]
148
02
@
12 B 0 o 1 1 1 1
100 180 220
10 - -
8 - | | TTOI | | | |
100 140 180 220
T.K

Fig. 5. Temperature dependences of permittivity € and dis-
sipation factor tand (inset) of Rb,TaF; at a frequency of

1 kHz.

sition G,(P4/nmm) <> G,(Pmmn) is second-order. The
observed differences between the behaviors of optical
properties of Rb,TaF; and (NH,),TaF; are most likely
caused by the different rhombic phase symmetries of
the crystals.

Although the cation substitution was not accompa-
nied by the phase syngony change below T, which, in
addition, remained ferroelastic, we carried out the
permittivity investigation. The measurements were
performed on a pseudo-ceramic sample used in the
thermal property investigations. Silver electrodes were
formed by vacuum sputtering. The possibility of exam-
ination of the dielectric properties of such samples was
demonstrated by comparing the €(7) data obtained on
single-crystal plates and pseudo-ceramic samples of
oxifluorides [18].

Figure 5 shows the temperature dependence of the
permittivity, where one can observe the anomalous
behavior in the form of a small fuzzy step at 140—
160 K. Such a behavior of € indicates that the Rb,TaF;
compound undergoes the nonferroelectric phase tran-
sition. The €(7) inflection point is located near 150 K,
which is in satisfactory agreement with the structural
transformation temperature established in other
experiments. The temperature dependence of the dis-
sipation factor (inset in Fig. 5) also contains a hillock
anomaly at a temperature of ~190 K, i.e., significantly
above T|. The difference between the temperatures of
the €(7) and tand(7) features is most probably
explained by the fact that the change in the specific
heat of the sample is related to the change in its sizes at
the phase transition, while the dielectric loss are
related, in particular, to the relaxation processes. The
similar difference between the special temperatures
was observed for (NH,),TaF; [16].
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3. RESULTS AND DISCUSSION

The complex investigations of some physical prop-
erties in the temperature range of 78—400 K showed
that Rb,TaF; does not undergo phase transitions,
except for the transition P4/nmm — Cmma observed
in [15]. The behaviors of twining, birefringence, and
permittivity of this fluoride are analogous to the
behavior of the corresponding characteristics of
(NH,),TaF; established in [16], which is indicative of
the ferroelectric state preservation in the Rb,TaF;
rhombic phase despite the change of the primitive cell
for the base-centered one. At the same time, the cat-
ion substitution of rubidium for ammonium broadens
the temperature region of stability of the initial tetrag-
onal phase via lowering the structural transformation
temperature.

The small entropy value (AS, = 0.3 R < Rln,) sug-
gests the absence of pronounced ordering of structural
elements in Rb,TaF; at the phase transition. In
ammonium fluoride, the total entropy change related
to the two sequential structural transformations was
larger: XAS = AS, + AS, = 0.7R = RIn2 [16]. It follows
from the behavior of specific heat and thermal expan-
sion of (NH,),TaF; that the anomalous contributions
caused by the pronounced first-order transition
between the rhombic Pmmn and low-temperature
tetragonal phases are imposed on the descending
anomalous branches of AC,(7) and Ao(T) below T.
Subtracting the entropy change AS, = 0.2R related to
the structural transformation at 7, from XAS, we
obtain that the entropy of the transition P4/nmm <>
Pmmn is AS; = 0.5R.

In order to discuss the mechanism of structural dis-
tortions caused by the phase transitions, it is necessary
to jointly analyze the features of entropy parameters
and structural data on thermal parameters of critical
atoms and/or ionic groups in the initial and distorted
phases. For (NH,),TaF,;, such structural data are
missing. The models of the P4/nmm and Cmma phases
structures in Rb,TaF; based on the X-ray data for sin-
gle crystals were proposed in [15]. The coordination
anion polyhedron [TaF,] is a multicapped trigonal
prism. In the P4/nmm phase, the F1 atom lying on the
fourth-order axis and four equatorial F2 atoms lying in
the plane perpendicular to this axis are ordered. Two
F3 atoms are dynamically disordered over four crystal-
lographic positions upon rotation around the ¢ axis.
Thus, the seven-coordinate polyhedron [TaF;] is dis-
ordered and has two orientations relative to the fourth-
order local axis. In the case of the fully ordered poly-
hedra (fluorine atoms) in the Cmma phase, the
entropy change could be AS; = 0.71R = RIn2. How-
ever, as was established in [15], after the transition the
fluorine polyhedron remains disordered, but the heat
parameters of fluorine atoms significantly decrease.
This circumstance agrees satisfactorily with the small
transition entropy AS, = 0.3R <« RIn2, which is pro-
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portional to the anharmonicity parameter & = (x )?/a?,
which relates the amplitude of oscillations of the criti-
cal atomic (ionic) parameter x to the average inter-
atomic distance a [19].

It should be noted that the oscillations of one of
two nonequivalent Rb atoms are coordinated with the
motion of disordered fluorine atoms and, thus, are
also brightly anisotropic. We can assume with great
confidence that in the fluoride (NH,),TaF;, the oscil-

lations of the tetrahedral ion NHZ occupying the cor-
responding crystallographic position can be more
anharmonic than those typical of the spherical Rb
atom and the transition at 7; leads to the additional
contribution to the entropy. In addition, it is obvious
that the low-temperature transition to the tetragonal
phase in (NH,),TaF, which does not occur in
Rb,TaF,, is most likely associated with the change in
the motion of an ammonium cation.

The absolute values of the linear thermal expansion
coefficient of the Rb,TaF,; and (NH,),TaF, crystals
[16] far from the temperatures of structural transfor-
mations (7= 240 K, oo = 5 x 10-3 K~!) almost coin-
cide. However, in the region of the transition between
the tetragonal phase P4/nmm and rhombic phases
Cmma and Pmmn, the anomalous behaviors of AL/L
and o are essentially different. In the ammonium crys-
tal, the anomalous contribution to the bulk thermal
expansion coefficient (B = 3. for a ceramic sample)
has the negative sign, i.e., AR = — B,,. < 0, where B,
is the lattice contribution [16]. Therefore, in the
framework of the Ehrenfest equation [20], the baric
coefficient, which characterizes the shift of the transi-
tion temperature 7, under pressure, is also negative:
dT,/dp = T\(AB/AC,) = —110 K GPa~'. For rubidium
fluoride, we have AP > 0 (Fig. 2b), which leads to an
increase in the transition temperature under pressure.
The calculation using the Ehrenfest equation with
regard to the data on the specific heat jumps AC, =
21J (mol K)~! and bulk expansion coefficient AR =
75 K~!yields dT,,/dp = 57 K GPa~! for Rb,TaF,. Anal-
ysis of the dependences of the thermal expansion coef-
ficient and specific heat using the Pippard’s equation
allowed us to establish the linear dependence of B(7)
on C,(7) in the range of ~(7, — 6) K, according to
which the baric coefficient is d7,/dp = 32 K GPa~..
The significant difference between the d7,/dp values
for Rb,TaF; determined from the comparison of the
anomalous AB and AC, values at the transition point
and dependences of the total B(7) and C,(T) values
can be explained by the different degrees of spread of
the corresponding functions obtained in the experi-
ments on quasi-ceramic samples at different tempera-
ture variation rates in the specific heat and thermal
expansion measurements.

The different sings of the baric coefficients at the
phase transition P4/mmm < (Cmma, Pmmn) in
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Rb,TaF,; and (NH,),TaF; can be explained consider-
ing the change in the linear and bulk parameters of the
unit cell as a result of the cation substitution of rubid-
ium for ammonium. Although the Rb ionic radius is
larger than the radius of the cation group NH,, regard-
less of the number of nearest neighbors, the volume of
the P4/nmm rubidium unit cell (371.06 A3 [15])
appeared smaller than the volume of (NH,),TaF,
(371.30 A3 [16]). This is explained by the fact that the
change in the chemical pressure as a result of the sub-
stitution of rubidium for ammonium appeared aniso-
tropic, which is indicated by an increase in the param-
eters @ and b by 0.29% and a decrease in the parameter
¢ by 0.64%, which led to a decrease in the volume.

4. CONCLUSIONS

Study of the thermal, optical, and dielectric prop-
erties of Rb,TaF; and their comparison with the previ-
ously investigated properties of (NH,),TaF, [16]
showed that substitution of spherical rubidium for tet-
rahedral ammonium cations results in the following.

The phase transition P4/nmm <> Cmma in Rb,TaF;
established in [15] is ferroelastic and unrelated to the
occurrence of the ferroelectric state.

According to the phase transition entropy AS, =
0.3R, the pronounced ordering of structural elements
does not occur, which agrees satisfactorily with the
structural models of the initial and distorted phases.

The chemical pressure variation by means of the
cation substitution was found to be anisotropic and
leads to an increase in the parameters ¢ and b and a
significant decrease in the parameter c. This, in turn,
changes the signs of the anomalous thermal expansion
coefficients and baric coefficient d7/dp: in contrast to
(NH,),TaF;,, for which dT/dp < 0, the temperature of
the phase transition in Rb,TaF; increases with the
hydrostatic pressure.
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