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Abstract—The crystals of (ND,);VO,F, with a high degree of deuteration (~87%) have been grown and a sig-
nificant (~1.5%) increase in the unit cell volume has been detected. The decrease in the chemical pressure
leads to a change in the sequence of phase transitions due to wedging-out of one of the rhombic phases
observed in (NH,4);VO,F,. The thermal physical studies have been carried out and the entropies, deforma-
tions, and pressure coefficients related to structural transformations have been determined. The 7—p phase
diagram has been built and the pressure and temperature boundaries of crystal phase stability have been deter-
mined. The dielectric studies demonstrate a nonferroelectric nature of the phase transitions in (ND,);VO,F,.
The experimental and model entropies are compared. Based on the decrease in the entropy as a result of deu-
teration, a hypothesis on significant but not limited anharmonism of vibrations of ammonia tetrahedral cor-

responding to the disordering is proposed.
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1. INTRODUCTION

To develop new polar materials, polar basis blocks
are often used, since their presence in a structure can
lead to the appearance of a macroscopic dipole
moment. The application of asymmetric blocks such
as polyhedrons of transition metals or individual
cation pairs was advantageous when synthesizing
new polar materials with a nonlinear-optical activity
[1-5].

The crystal structure of complex oxyfluorides
consists of [MeO,F,_ ] polar anions [6]. Oxyfluo-
ride octahedra can form various configurations: lin-
ear (CuNbOF;s(H,0)(pyz), [71), zigzag
(CuWO,F,(H,0)(py), [8]) chains, or they have a spiral
motive (AMoO,F,(H,0),(pyz) [9]). The spiral chains
are, as a rule, ordered, the zigzag chains are disor-
dered, and linear chains of [MeO,F4_,] octahedra
have either an orientation order or disorder. The disor-
dering of oxyfluoride octahedra is caused by close
sizes and the electronegativity of oxygen and fluorine
anions. The methodology of designing ordered oxy-
fluoride materials is a preparation of isotropic media
around oxyfluoride octahedrons that would lead to the
ordering of oxygen and/or fluorine atoms. To do this,
the optimization of the space of interoctahedral voids
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[10], the comparison of the polarizabilities [11] and/or
the introduction of various cations [12] are usually
used.

Vanadium oxyfluorides (VOF) can form various
distorted oxyfluoride octahedra due to the capability
of vanadium atoms to change their valence states [13].
The existence of two different binding motives around
a central vanadium atom (V—O bond and V—F bond)
forms high-symmetric local coordination spheres that
can lead to a nonlinear optical behavior such as the
generation of the second optical harmonic [14].

However, in spite of the variety of vanadium oxy-
fluorides (VOF), the oxyfluoride anion in most of
them is disordered, and the completely ordered state
was only observed in K,VO,F; crystals [15], the struc-
ture of which consists of chains connected by the VOF
octahedrons angles. The ferroelectric and proton-
conducting states were observed in vanadium oxyflu-
oride (NH,4,K);VO,F, [16]. The compound belongs to
a family of elpasolites and has the rhombic symmetry
(space group Immm) at room temperature.

The symmetry of the (NH,);VO,F, crystal at room
temperature was first defined as a rhombic with two
equally probable space groups Immm and 1222, but the
preference was given to the first variant [17]. The
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phase transitions in this oxyfluoride were studied in
detail in [18, 19]. According to the data of optical stud-
ies, (NH,);VO,F, undergoes four subsequent phase
transitions with the following changes in the symme-

try: Fm3m < Immm(1222) < rhombic <> P112/m <>

P1 [18]. The calorimetric studies confirmed the exis-
tence of the first-order phase transitions at tempera-
tures: 7, =438 K, 7, =244 K, ;=210 K, and 7, =
205 K. An analysis of the transformation entropies
enabled one to correct the model of orientational dis-
ordering of VOF anions in the cubic phase [17]. The
inclusion of vanadium atom disordering during the
refinement of the crystal structure of (NH,);VO,F,
single crystal in X-ray diffraction studies made it pos-
sible to postulate to a high degree of probability space
group 1222 for the rhombic phase existing in the tem-
perature range 7, > T > T, [20]. It was assumed that
ammonium tetrahedrons and oxyfluoride octahedra
are disordered and partially disordered in the initial

cubic Fm3m and the first distorted /222 phases,
respectively. The formation of twins with different ori-
entations at 7' < T, prevented the refinement of the
structures of the second rhombic, monoclinic, and
triclinic phases [17, 20].

The problem of the role of cation/anion polyhe-
drons in the mechanism of structural distortions
during the phase transitions in complex fluorides and
oxyfluorides was studied repeatedly [21—23]. The sub-
stantial role of ammonia cation in ordering/dis-
ordering of fluoroxygen structures with isolated
(NH,),Me®"O,F, (Me®*: W, Mo) was established
when studying the compounds synthesized by substi-
tuting of univalent cation for the ammonia group [24]
and also by its deuterization [25, 26].

In this work, the studies of the influence of deuter-
ation of ammonia cation on the processes of disorder-
ing/ordering that are observed in oxyfluorides with
bound anion polyhedrons are performed for the first
time for the vanadium dioxytetrafluoride (V)—
(ND,);VO,F, crystal.

2. EXPERIMENTAL AND RESULTS

The crystallization of the initial (NH,);VO,F,
compound was carried out by fluorination of ammo-

nium vanadate with addition of ammonia at tempera-
ture 7= 150—200°C [20]
NH,VO; +2-NH,OH +4 - HF
= (NH4)3VO2F4 + 3 . Hzo.

The obtained (NH,);VO,F, crystals dissolved in
heavy water (99.9% D). The solution was held in an
desiccator with phosphorus pentaoxide P,Os5 up to
complete absorption of the water and the start of the
compound crystallization. To increase the degree of

substitution D — H, we performed repeated recrystal-
lization. The degree of deuteration was controlled at
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each cycle by comparing the integral '"H NMR absorp-
tion lines of proton and deuterated compounds. As a
result, we obtained small (~1 mm?®) (ND,);VO,F,

crystals of yellow color, with the degree of deuteration
of ~87%.

The data on the (ND,);VO,F, structure at room
temperature were obtained using a Bruker DS
ADVANCE (radiation CukK,) powder diffractometer
and VANTEC linear detector (26 = 0.016°, ¢t =
0.5s/260).

The refinement of the model of the structure by the
Rietveld method (Fig. 1) was performed using the
TOPAS 4.2 program [27]. The main peaks were
indexed in the rhombic cell. It is impossible to prefer
any of space groups Immm or 1222. Table 1 gives the
unit cells parameters for space group /mmm that are
closer to the parameters found for the initial
(NH,);VO,F, crystal [17, 20]. The final refinement of
the structure led to low values of the R-factors
(Table 1).

To determine the influence of deuteration on the
phase transition temperature and energy parameters,
we studied the heat capacity of the (ND,);VO,F, crys-
tals. At low temperatures 7' = 95—310 K, the measure-
ments were carried out using the precise methods of
adiabatic calorimetry. A sample with mass m = 1.2 g
was hermetically packed into an indium capsule in an
inert helium atmosphere. The calorimetric measure-
ments were performed in mode of continuous
(dT/dt = 0.15 K/min) and discrete (AT = 2.5—3.0 K)
heatings. The heat capacity of the furniture consisting
of the heater and the indium capsule was measured in
a special experiment.

The studies at high temperatures 7' = 315—460 K
were carried out by the differential scanning calorime-
try (NETZSCH 204 F1). The sample with mass m =

Table 1. Main parameters of the refinement of the structure
of the (ND,);VO,F, crystal

Compound (ND,);VO,F,
Sp.Gr. Immm
a, A 9.1334 (6)
b, A 18.833 (1)
c, A 6.2701 (5)
v, A3 1078.5 (1)
Z 6
20-interval, deg 5-90
R, % 16.10
R,, % 12.44
Rops % 14.45
x2 111
Rp, % 3.83
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Fig. 1. Results of the refinement of the model of the (ND,4)3;VO,F, structure by the Rietveld method.

0.025 g was placed in an aluminum container. The
measurements were performed in a helium flow
(20 mL/min) at a heating rate d7/dt = 5 K/min. A
quartz standard was used to determine the absolute
heat capacity of the sample.

The temperature dependence of the heat capacity
of the (ND4);VO,F, crystal has three anomalies C,
(Fig. 2) at temperatures close to the phase transition
temperatures 7), 73, and 7, observed in the
(NH,);VO,F, crystal (Table 2). Thus, the anomaly
observed in proton compound near 7= 244 K [19] was
not observed in the deuterated crystal; i.e., this crystal
does not undergo the Immm(1222) <> rhombic phase
transition. Thus, for convenience of comparing the
characteristics of the transitions, the low-temperature
peaks of C,(T) of the (ND,);VO,F, crystal are denoted

T; and T, (Table 2).

The anomalous increase in C,(T) observed at T >
440 K is related to the start of the crystal decomposi-
tion process that is intensively developed at tempera-
ture 7" = 480 K and is accompanied by the decrease in
the sample mass. To obtain reliable data on the ther-
modynamic parameters of the phase transitions at 7,
the heat capacity was measured on several samples.

To determine the integral characteristics of the
phase transitions, we divided total heat capacity C,
into regular lattice C; and anomalous AC, = C, — C;

PHYSICS OF THE SOLID STATE

components. The experimental data on C,(7) far from
the anomalous temperature ranges were interpolated
by a polynomial dependence with the extrapolation to
the phase transition regions (Fig. 2a).

The integration of the excess heat capacity AC,(T)
enabled us to obtain the information on the changes in

L b H (a)
1200 2k ®) T : T,
X :
1000 2 8F J
=
 goof 2 nf™
‘g‘ b— 1 1
100 200 300 400
= 600 - 7K
$
400 - e /V
200 F -
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T.K

Fig. 2. Temperature dependences of (a) the heat capacity
and (b) the phase transition entropy in the (ND,);VO,F,

crystal over wide temperature range.
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Table 2. Some thermodynamic parameters of the phase
transitions  in  oxyfluorides = (ND,);VO,F, and
(NH,4);VO,F, (T is the Curie temperature, N, is the degree
of proximity of the phase transition in the tricritical point)

Parameter (ND,);VO,F, (I\HFLE)139\]/02F 4
T, K 436.6 0.5 438 + 1
AS), J/mol K 8.7+0.9 9.7+ 1.0
(dT/dp) a1, K GPa™! 130 _
I, K -~ 244.0 +0.2
AS,, J/mol K - 0.18 +0.04
I3, K 212.10 £0.05 | 210.2+0.2
(A2/B) 73, J/mol K2 —0.8 —0.4
(47/C) 13, J/mol K* 5.8 L1
T3—Tg, K 22 1.4
N, —0.12 01
AS;, J/mol K 4.8 +0.6 6.2+0.7
(dT3/dp)exp, K GPa™! —43+£5 27 +3
(dT3/dp)cyye, K GPa™! —40 + 10 _
I, K 208.1 £0.1 205.1 £0.2
(A}/B) 74, J/mol K2 —2.8 ~1.3
(A%/C)m, Jz/molz K3 2.8 2.2
Ty— Ty, K 0.1 0.4
N, —0.02 ~0.05
ASy, J/mol K 1.00 £ 0.12 0.80 = 0.12
(dT4/dp)ey, K GPa™! —77 %5 —25+3
(dTy/dp) cae, K GPa™! —70 +20 _

the enthalpy related to the high-temperature phase
transition AH, = 3700 = 350 J/mol and the sequence
of low-temperature transformations AH; + AH, =
1200 + 90 J/mol. In the latter case, the determination
of only the summary value XAH is due to the difficul-
ties of separating individual enthalpy contributions,
because of very close values 73 and 7.

The temperature behavior of the linear thermal
expansion was studied in the temperature range 7 =
120—485 K using a NETZSCH DIL402C dilatometer
at a heating rate d7/dt = 3 K/min. The measurements
were carried out in an inert helium atmosphere (the
flow rate is of 50 mL/min). The thermal expansion of
the measurement system was determined in a special
experiment on the quartz standard sample. The sam-
ples for the dilatometric experiments were prepared as
pellets (d = 8 mm, 4 = 2—3 mm) by pressing (Ap =
2 GPa) without subsequent heat treatment because of
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the existence of ammonium cation in the study com-
pound.

The temperature dependences of the volume defor-
mation AV/V,=3(AL/L,) (Fig. 3a) and the coefficient
of volumetric thermal expansion B = 3. (Figs. 3b and
3c) demonstrate the anomalous behavior near the
phase transition temperatures found in the calorimet-
ric experiments. The anomaly character is found to be
dependent on the thermal pre-history of the sample
and the existence/absence of mechanical stresses in it.
During the first heating of the sample in the initial
stressed state appeared upon pressing the pellets, we
observed significant stepwise deformation 8(AV/V;) =
2% at temperature T, (Fig. 3a) and 8(AV/V,) = 0.5% at
temperatures near 75 and 7, (curve /in Fig. 3a). Upon
heating to temperatures 7; < 7'< 450 K, the sample is
likely to be annealed as the results of repeated mea-
surements show. The jump J&(AV/V,) significantly
decreased at 7 and the sign becomes negative for
anomalies at 75 and T, (0V/V,) ; = —0.19% and
(OV/Vy)4 = —0.07% (curve 2 in Fig. 3a).

As the (ND,);VO,F, crystal is heated to 7> 450 K,
we observe the anomalous behavior of B(7) with a
maximum at temperature 7' = 480 K (Fig. 3b) at
which the crystals decompose as was also observed in
the calorimetric measurements.

The pressure sensitivity of the phase transition
temperatures was studied by the method of differential
thermal analysis (DTA). The hydrostatic pressure (p <
0.5 GPa) was generated in a “piston—cylinder” vessel
with a multiplicator, using silicon oil in the measure-
ment chamber. The sample mass was m = 0.025 g. A
copper-germanium thermocouple was used as a DTA
thermoelement, and a quartz sample was used as a
standard.

The specific features of the DTA setup design did
not enable us to carry out the measurements in the
region of the high-temperature phase transition.
During the low-temperature studies at the atmo-
spheric pressure, two anomalies were detected in the
DTA signal at temperatures 73 =212 £ 1 Kand 7T, =
209 = 1 K (Fig. 4) that is a good agreement with the
data of the calorimetric and dilatometric measure-
ments (Table 2). An increase in pressure leads to a
decrease in the phase transition temperatures with sig-
nificantly different negative pressure coefficients.

The dielectric properties were measured in the
temperature range 7' = 100—300 K using an E7-20
immittance meter (v = 1 kHz) in mode of heating and
cooling (dT/dt = 0.7 K/min). The leaf gold electrodes
were deposited on the samples for measuring €(7) pre-
pared as pressed (Ap = 2 GPa) pellets (d = 8§ mm, & =
0.7—1 mm) that were not subjected to heat treatment.

The temperature dependence of the dielectric per-
mittivity demonstrate anomalous behavior near the
phase transitions at 75 and T, related to small changes
in the permittivity Ag; = 1.7 and Ag, = 1.2 (Fig. 5a).
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Fig. 3. Temperature dependences (a) of the spontaneous
deformation of the (NDy4);VO,F, crystal (/) in the initial
stressed state and (2) after annealing at 7 > T, and the
coefficient of volume expansion in the (b) low-tempera-
ture and (c) high-temperature regions.

The temperature dependence of tand is also character-
ized by a complex anomalous behavior at temperatures
lower and higher than 73 and T, that demonstrates an
increase in the dielectric losses (Fig. 5b). This is the
reason why reliable measurements near the phase
transition at 7, were hampered. Dependences €(7)
and tan 0(7) demonstrate significant hysteric phe-
nomena in the region of the Immm < P112/m and

P112/m < P1 phase transitions.

3. DISCUSSION OF THE RESULTS

The comparative analysis of the data obtained in
the studies of (ND,);VO,F, in this work and
(NH,);VO,F, in [19] enables us to make a number of
conclusions with respect to the influence of deutera-
tion on the phase transitions observed in the proton
compound and, in particular, on the entropy and pres-
sure parameters.

The high degree of deuteration (~87% D) did not
influence the symmetry of the vanadium dioxotetra-
fluoride crystal at room temperature: it remained
rhombic (space group Immm) in (ND,);VO,F,. How-
ever, in this case, the unit cell volume substantially
(~1.5%) increased as compared to that of the proton-
ated vanadate [17]. It should be noted that the charac-
ter and the degree of connection of the anion polyhe-
drons are likely to play a substantial role in the for-
mation of size parameters of the crystal lattice. The
D — H substitution in the (NH,),WO,F, and
(NH4),Mo00,F, oxyfluorides with isolated octahe-
drons led to a decrease in the unit cell volume by
~0.2% |25, 26].
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Fig. 4. Temperature—pressure phase diagram of the
(NDy)3VO,F, crystal. The interface line between phases
Fm3m and Immm (the dashed line) was recovered based on
calculation of (d7'/dp)a1c-

We did not observe anomalies in the behavior of the
thermodynamic properties of (ND,);VO,F, that could
be related to the /mmm <> rhombic phase phase tran-
sition observed in (NH,);VO,F, at T, (Table 2) [18,
19]. That is, the change in the chemical pressure
related to the increase in the unit cell volume led to the
realization of the direct /Immm <> P112/m phase tran-
sition in (ND,);VO,F,.

The integration of the temperature dependences of
the anomalous heat capacities (Figs. 2a and 6a)
enabled us to state the values and the behavior of the
entropy related to the sequence of the phase transi-

tions AS(T) = I(ACP /T)YdT (Fig. 2b). Because the

20

0 1
100 150 200 250
T,K

0 1 1 1 1 1 1
100 150 200 250
T, K

Fig. 5. Temperature dependences of (a) permittivity €(7)
and (b) dielectric losses tand(7) measured on (/) heating
and (2) cooling.
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and Ty.

Fm3m <> Immm structural transformation was far
from the low-temperature phase transitions (Fig. 2a),
it was easy to determine the entropy change at 7
(Table 2). For the Immm <> P112/m and P112/m <>
P1 phase transitions that take place at very close tem-
peratures 73 and 7}, only the summary entropy change
AS;+AS,=5.8+0.5]/(mol K) was determined at the
first stage. To determine the individual entropies, we
used the approach that we successfully used to sepa-
rate the anomalous heat capacities in phases P112/m

and P1 of oxyfluoride (NH,);VO,F, [19].

The existence of the excess heat capacity in quite
wide temperature ranges below 75 and 7, (Fig. 6a)
makes it possible to analyze its behavior in the
framework of the Landau thermodynamic theory.
According to one of the consequences of this theory
[28], the square of the reciprocal excess heat capacity
is a linear function of temperature (AC,/T)~? = [2(B* —

34C)S/ A2 + 12C(T, — T)/ Ay Here, the quantities
ATy —Te) + AT —Ty)=A + AT — T,) = A, B,
and C are the coefficients of the thermodynamic
potential: AD(p, T, 1) = An?> + Bn* + Cn® (n is the
parameter of the transition, 7¢ is the Curie tempera-
ture, and 7 is the phase transition temperature).

The data presented in Fig. 6b show that, at tem-
peratures lower than 73 and T,, the temperature
behavior of the square of the reverse excess heat
capacity of (ND,);VO,F, is actually described by
linear temperature dependences. This allowed us to
separate the individual contributions of the anomalous
heat capacities by the extrapolation of the
(AC,/T)"X(T) related to the Immm <> P112/m phase
transformation on the temperature range lower than
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T, (Fig. 6a) and, thus, to find the individual phase
transition entropies AS; and AS, (Table 2).

We used the (AC,/ T)~%(T) dependences to deter-
mine the relationships between the coefficients of

thermodynamic potential A% /B and A73~ /C that were
used to estimate dimensional 7; and T and dimen-
sionless N, = *[B*/(34;CT)]™"° parameters that
characterize the proximity of the phase transitions to
the tricritical point (Table 2). The stepwise changes in
the entropy (Fig. 2b) and deformation (Fig. 3a) during
phase transitions show that (ND,);VO,F, undergoes
the first-order transformation. According to these
results, the calculated values of N, for the Immm <>

P112/m and P112/m <> P1 phase transitions have the
negative sign (Table 2). From the comparison of the
dimensional and dimensionless parameters, it follows
that the transition at 7 in (ND,);VO,F, is substan-
tially closer to the tricritical point that is characterized
conditions 7; — T; = 0 and N = 0. On the one hand,
the deuteration insignificantly influenced the param-
eters 75 — T¢; and Vs, on other hand, led to approach-
ing the transition at 7, to the tricritical point.

As abovementioned, it was impossible, because of
technical problems, to experimentally studied the
pressure susceptibility of the (ND,);VO,F, in the

region of the high-temperature Fm3m <> Immm phase
transition. However, the existence of the data on the
entropy jumps 85, = 4.8 J/(mol K) (Fig. 2b) and
deformation jump &(AV/Vy)yy = 0.006 (Fig. 3a)
enables the calculation of the corresponding pressure
coefficient (dT,/dp) .. (Table 2), using the Clapey-
ron—Clausius.

Pressure coefficients dT;/dp for the low-tempera-
ture phase transitions that take place in the
(ND,);VO,F, crystal at T; and T, were determined
using two methods: first, the direct measurements of
the shift in the temperature under pressure (d7;/dp).y,
and, second, the calculation of (d7;/dp).. in the
terms of the Pippard relationship C, =
BVT,/(dT,/dp), -, + const [29] (Table 2) using the
experimental dependences C,(7T) and B(T). Taking
into account that the problems appeared when deter-
mining correct temperature dependences B at tem-
peratures lower than 75 and T,, we can consider the
agreement between the experimental and calculated
pressure coefficients satisfying, which also indicates
the reliability of the results of the independent experi-
ments.

In [19], the pressure coefficient for the Fm3m <>
Immm phase transition in (NH,);VO,F, was not deter-
mined. However, according to the relation between
the values of d75/dp and dT,/dp in both vanadates, we
can suppose to a high degree of reliability that, at least,
dT,/dp > 0 also takes place in (NH,);VO,F,. Thus,
significant expansion of the temperature range of exis-
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tence of the rhombic /mmm phase under pressure is
characteristic of both oxyfluorides (ND,);VO,F, and
(NH,);VO,F,.

In the deuterated crystal, the rate of decrease in the
temperatures of the difference between them Immm <

P112/m and P112/m <> P1 phase transitions substan-
tially increases under pressure, and the difference
between them increases (Table 2). It is quite probable
that this can be related to the absence of the second
rhombic phase in (ND,);VO,F,. As a result, the stabil-
ity of the monoclinic and triclinic phases is retained to
lower temperatures with the increase in pressure; and

the pressure leading to the suppression of phase P1 for
(ND,);VO,F, is significantly lower (~2.7 GPa) than
that for (NH,);VO,F, (~8.2 GPa).

According to the data given in Table 2, the deu-
teration led to change in the temperatures of the

Fm3m < Immm, Immm < P112/m, and P112/m <

P1 phase transitions as compared to the protonated
crystal. In this case, the character of changes in the
temperatures are different: 7' decreases by ~1 K, and
T; and T, increase by ~2 K and ~3 K, respectively.
Such changes in the transition temperatures agree with

the positive pressure coefficient of the Fm3m <>
Immm transition (Table 2) and the temperature—pres-
sure phase diagram including subsequent Immm <>

P112/m < P1 inthe (NH,);VO,F, crystal [19]. Actu-
ally, the abovementioned increase in the unit cell vol-
ume in the deuterated vanadate can be considered to
be related to a decrease in the chemical pressure in the
crystal lattice. The calculated absolute value of nega-
tive pressure (Ap = —0.08 GPa) for the (ND,);VO,F,
crystal was substantially higher than the pressure (Ap =
0.02 GPa) that occurs upon deuteration of ammonium
oxyfluoride with isolated (ND,),MoO,F, octahe-
drons [25, 26]. It is not inconceivable that significant
value Ap can be the reason of the abovementioned
absence of the anomaly of the physical properties of
(ND,);VO,F, observed in the protonated crystal at
T, = 244 K and related to the /mmm <> rhombic phase
[19].

As a result of the complex twinning of the crystal,
the polarization-optical study did not enable us to
make unambiguous conclusion on the ferroelastic
nature of the phase transitions in (NH,);VO,F, [18].
However, the choice of the centrosymmetric space
groups allows us to believe that the physical nature of
the structural transformations is not ferroelectric. The
dielectric studies also supported this assumption:
small anomalies in dependences €(7) [19] were inter-
preted according to [30] as anomalies related to the
structural distortions that were not accompanied by
the appearance of polar phases. In this work, we did
not observed significant anomalies of the dielectric
permittivity and the dielectric loss also for
(ND,);VO,F,. Thus, the nature of the phase transi-
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tions in complex oxyfluoride vanadates is not depen-
dent on the tetrahedral polyhedron composition.

The deuteration led to some decrease in the indi-

vidual entropies of the Fm3m <> Immm and Immm <>
P112/m phase transitions and did not cause changes in

the entropy of the displacement-type P112/m <> P1
transition (Table 2). As a result, we also observed the
decrease in the summary entropy changes XAS; related
to the distortion of the structure as the crystal lattice

symmetry is reduced from the cubic Fm3m to the tri-

clinic PT: ZAS, =~ 14.5 + 1.7 J/(mol K) = (1.74 +
0.20)R for (ND,);VO,F, and TAS,~ 16.9 % 1.9 J/(mol
K) = (2.03 £ 0.23)R for (NH,);VO,F, [19].

The (NH,);VO,F, compound is a remarkable
exclusion among ammonium oxyfluorides, since for
it, first, the crystal systems were determined for all

phases [18] and, second, the structure of the first dis-
torted Immm (1222) phase was refined [17, 20]. The

symmetry of the cubic Fm3m phase for (NH,);VO,F,
was chosen by analogy with the relative (NH,);VOF;
vanadate for which structure was refined at tempera-
tures higher than 7 [20]. When analyzing the struc-
ture, the preference was given to a model in which cen-
tral V atom was displaced in the direction of an edge of
the octahedron formed by two oxygen atoms, since
this variant of disordering leads to a some decrease in
the R-factor. In this case, all anion polyhedrons must

have 12 space orientations in the Fm3m phase. The
ammonium groups are also considered disordered, but
to different degrees of disorder: the tetrahedrons in
positions 8c (two thirds tetrahedrons) and 46 (one
third tetrahedrons) have four and eight space orienta-
tions, respectively [20].

Within this structural model, the complete order-
ing of anion and cation polyhedrons must be accom-
panied by the entropy changes: RInl12 + 2/3RIn4 +
1/3RIn8 = 34.1 J/(mol K) = RIn60. This is signifi-
cantly larger than the values found experimentally:
ZAS; = RIn6 for (ND,4);VO,F, and XAS; = RIn8 for
(NH,);VO,F,.

It could be assumed that this difference is due to
the existence of additional phase transitions at lower
temperatures, as compared to those that were attained
in the calorimetric experiments (~100 K). Actually,
despite the triclinic symmetry of the phase below T,
we can well assume the existence of a change in the
structure with increase of the symmetry as tempera-
ture decreases, as it was observed, for example, in dou-

ble fluoride salts with analogous initial Fm3m phase
[31]. However, the studies of the Raman and IR spec-
tra up to 7= 8 K did not reveal any evidence in favor
of the existence other phase transitions in addition to
the known transitions [32].

It should be noted that the entropy changes in the
vanadates under study in a good agreement with anal-
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ogous parameters of relative ammonium compounds

with the initial cubic Fm3m symmetry, but with other
compositions and the symmetry of oxyfluoride octa-
hedrons C,, ((NH,);TiOF;s) (2AS; = 2.18R) and C;,
((NH4);WO;F;) (ZAS; = 2.03R) [33], for which the
refinement of the distorted phase structures was not
carried out because of the formation of a complex twin
structure upon the phase transitions [34]. A compari-
son of these data with the date for cubic fluorides
undergoing significant structural distortions as a result

of sequential phase transitions: Fm3m < P2,/n <
2/m < I1 ((NH,);ScFy: ZAS, = 23 J/(mol K) =

2.77R) or direct phase transition Fm3m <> I1
((NH,);GaFg: 2AS = 23 J/(mol K) = 2.77R) [35]
shows that the degree of disordering structural ele-
ments in complex fluorides is substantially higher.
Thus, the symmetry of six-coordinated anion polyhe-
dron that is higher in fluorides (O,) than that in vana-

dium oxyfluorides (C,,). Actually, the results of
numerous experimental calorimetric studies showed
that the maximum values of the phase transition
entropy in ammonium oxyfluorides, in which the
framework of the crystal lattice is formed by six-coor-
dinated anion polyhedrons are not higher than XAS; =
2.1 Rand ZAS;= 2.8 R [23].

From our point of view, the giant changes in the
entropy that follow from model concepts of disorder-

ing all structural elements in the Fm3m phase should
be considered to be limitedly possible. And this cir-
cumstance is of undeniable interest from the point of
view of possibility of developing high-efficient solid-
state barocaloric coolants, for which high phase tran-
sition entropy is a very important parameter [36]; i.e.,
we should find the means of influence on the degree of
disordering structural elements. Significant differ-
ences between the experimental and model phase
transition entropies in complex oxyfluorides enable
the assumption that, for some critical ions, significant
anharmonism of vibrations is characteristic, rather
than a disordering over several crystallographic posi-
tions. In this case, the entropy change is proportional
to the anharmonicity parameter 6 = (x)?/a? that relates
the ion vibration amplitude x with a mean interatomic
distance a [37] and can be substantially smaller than
that following from the order—disorder model. In this
connection, attention should be drawn to the fact that
the decrease in the entropy in (ND,);VO,F, as com-
pared to that in (NH,);VO,F, (Table 2) took place
only for the order—disorder phase transitions at 7; and
T;. Entropy AS, for the displacement-type phase tran-
sition was changed only slightly. Thus, it is not incon-
ceivable that the deuteration led to a decrease in the
degree of anharmonicity of vibrations of tetrahedral
cations.

PHYSICS OF THE SOLID STATE  Vol.61 No.2

2019

199
4. CONCLUSIONS

The crystals of deuterated vanadium dioxotetraflu-
oride (ND,);VO,F, have been grown and their ther-
mal physical properties have been studied in a wide
temperature range.

It is found that the wunit cell volume of
(ND,);VO,F, is significantly higher than that of
(NH,);VO,F, (~1.5%), which led to a change in the
chemical pressure that causes a number of changes in
the pattern of structural transformations having place
in the protonated vanadate.

(1) The secondary rhombic phase in (ND,);VO,F,
is wedged out and the direct fmmm <> P112/m transi-
tion takes place instead sequential phase transitions:
Immm <> rhombic phase <> P112/m.

(2) The comparison of dimensional 7;—7- and
dimensionless N parameters shows that the transition
at 7, is substantially close to the tricritical point and
significantly approaches it as a result of the deute-
ration.

(3) The pressure coefficients have been determined
and the temperature—pressure phase diagram has been
built. From the diagram, it follows that the pressure
increase is accompanied by the expansion of the tem-
perature region of the stability of rhombic phase
Immm and a faster suppression of the triclinic phase in
(ND,);VO,F,. The change in the phase transition
temperatures as a result of the D — H substitution
agrees with the decrease in the chemical pressure pro-
vided by the increase in the unit cell volume.

(4) The dielectric studies showed that the phase
transition nature remains nonferroelectric, despite all
the changes of physical properties as a result of the
deuteration.

(5) The summary experimental entropies of the
transitions at 7; and 73 in (ND,);VO,F, (£AS; = RIn6)
and (NH,);VO,F, (2AS; = RIn8) are significantly
smaller than the entropies that are obtained from the
model of disordering of structural elements in the

Fm3m phase (ZAS; = RIn60) [20] which most likely
can be considered to be maximum possible for oxyflu-
oride vanadates. The decrease in the total entropy
2AS; as a result of the deuteration demonstrates to a
great fraction of the probability significant (but not
limiting corresponding to disordering) anharmonism
vibrations of ammonium tetrahedrons.
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