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Abstract—The (NH4)3VOF5 crystals have been synthesized and their homogeneity and single-phase structure
has been established by the X-ray diffraction, energy dispersive spectroscopy, and X-ray photoelectron spec-
troscopy studies. The investigations of the temperature dependences of specific heat, entropy, strain, and
pressure susceptibility show the occurrence of three phase transitions caused by the structural transformations
in the (NH4)3VOF5 crystals. The T–p phase diagram shows the temperature limits of stability of the crystal-
line phases implemented in (NH4)3VOF5. The optical and dielectric studies disclose the ferroelastic nature
of the phase transitions. An analysis of the experimental data together with the data on the isostructural
(NH4)3VO2F4 crystal makes it possible to distinguish the physical properties of oxyfluorides containing vana-
dium of different valences (IV and V).
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1. INTRODUCTION
The structure of vanadium-based complex f luo-

rides and oxyfluorides A2A'VOxF6 – x (A and A' are
NH4, Cs, Rb, K, Na; x = 0, 1, 2) can be formed by
anionic polyhedra with different symmetries due to
the ability of the central atom to stably exist in differ-
ent valence states [1]. In contrast to f luorides, in which
the six-coordinated polyhedron [VF6]3– is a regular
octahedron [2], in the compounds with x = 1 and 2, its
local symmetry is tetragonal and rhombic, respec-
tively, which leads to the occurrence of a local polar
moment [3, 4]. However, despite the latter circum-
stance, the crystal structure of most A2A'VO2F4 and
A2A'VOF5 compounds is highly symmetric (sp. gr.

, Z = 4), which is caused by, at least, the disor-
dering of f luorine-oxygen ligands [5, 6].

In ammonium oxyfluorides (NH4)3VOF5 and
(NH4)3VO2F4, ligands are equally distributed over two
crystallographic sites 24e + 96j; however, the anionic
polyhedra [VO2F4]3– and [VOF5]3– have different
numbers of spatial orientations (twelve and six,
respectively [6]). The vibrational spectroscopy data

point out the dynamic character of orientational dis-
ordering of anionic groups, which is especially pro-
nounced in (NH4)3VOF5 [7]. The ammonium groups
are also disordered. The tetrahedron in the 4b site has
eight spatial orientations due to the disordering of
hydrogen atoms over the 96j sites and two tetrahedra in
the 8c site are disordered in the 32f sites and character-
ized by four spatial orientations.

According to the data of the optical, thermal, and
dielectric studies, the (NH4)3VO2F4 crystal undergoes
a sequence of four phase transitions at temperatures of
T1 = 438 K, T2 = 244 K, T3 = 210 K, and T4 = 205 K,
which are accompanied by the symmetry changes

 ↔ Immm(I222) ↔ rhombic ↔ P112/m ↔ 
[8, 9]. The calorimetric measurements made it possi-
ble to determine the energy characteristics of the tran-
sitions, which allow one to analyze the mechanisms of
structural distortions. The total entropy change for the
sequence of phase transitions in the (NH4)3VO2F4

crystal (  ≈ 17 J/mol K) appeared to be much
smaller than the entropy that follows from the model
of disordering of structural elements in the 
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Fig. 1. X-ray photoemission spectra for (1) (NH4)3VOF5
and (2) (NH4)3VO2F4.
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phase (  ≈ 34 J/mol K) [6]. An essential role of
the ammonium cation in the structural distortions was
established in studying the deuterated (ND4)3VO2F4
crystal [10]. The deuteration changed the chemical
pressure and, consequently, the temperature of the
phase transitions and reduced the anharmonicity of
the vibrations of tetrahedral cations, which led to a
decrease in the total entropy (  ≈ 15 J/mol K) as
compared with the protonated (NH4)3VO2F4 crystal
[9].

According to the results of prospective studies, the
(NH4)3VOF5 crystals undergo a sequence of three
phase transformations  ↔ Immm ↔ ? ↔ ? at
temperatures of T1 = 349 K, T2 = 230 K, and T3 = 221
K [6]. Despite the detailed study of the structure of the

 and Immm phases, data on their physical prop-
erties are lacking, which complicates the analysis of
the nature and mechanism of the phase transitions.

In this work, we investigate the optical, thermal,
structural, and dielectric properties of the
(NH4)3VOF5 crystal in wide temperature and pressure
ranges. The effect of external hydrostatic and chemical
pressures on the stability of the implemented distorted
phases is established.

2. EXPERIMENTAL
The initial ammonium oxofluorovanadate crystals

were synthesized by the mechanochemical interaction
of the initial vanadium oxides (vanadates) with
ammonium hydrodifluoride (NH4HF2, the melting
point is Tmelt = 126°C) [6]. In the course of the reac-
tion occurring during grinding of the components
under standard conditions, the initial (NH4)3VO2F4
and (NH4)3VF6 complexes were obtained:

Upon further dissolution of stoichiometric
amounts of the obtained complexes in water upon
heating in a water bath and subsequent slow evapora-
tion of the greenish-blue solution, well-faceted bright
blue (NH4)3VOF5 octahedra crystallized:

The energy dispersive X-ray spectroscopy analysis
on a Hitachi 5500 high-resolution electron scanning
microscope with an EDS Thermo Scientific energy
dispersive attachment confirmed the (NH4)3VOF5
composition of the single crystals with an O : F ratio
close to 1 : 5.

The synthesized crystals were investigated by X-ray
photoelectron spectroscopy. The X-ray photo-emis-
sion spectra provided information on the nature of
chemical bonds of the investigated elements. The
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PHY
binding energies calculated from the spectra (the
V2p3/2 line) for the initial (NH4)3VO2F4 and investi-
gated (NH4)3VOF5 crystals were found to be Eb =
518.3 eV and Eb = 517.7 eV, respectively (Fig. 1). A sig-
nificant difference of ΔEb = 0.6 eV between the bind-
ing energies makes it possible to unambiguously iden-
tify the vanadium compounds. In addition, the spectra
show that the grown (NH4)3VOF5 crystals contain
vanadium in the only form V4+.

The data on the (NH4)3VO2F4 structure were
obtained by X-ray diffraction using a Bruker D8
ADVANCE powder diffractometer (KαCu radiation)
and a VANTEC linear detector (2θ ≈ 0.016°, t ≈
0.2s/2θ). The investigations were carried out in the
temperature range of 133–423 K with a step of ~10 K
using an Anton Paar TTK450 temperature chamber.

The model of the high-temperature phase struc-
ture was refined by the Rietveld method (Fig. 2) using
the TOPAS 4.2 program [11]. The indexing of the
X-ray diffraction patterns obtained in the temperature
range of 353–423 K showed that the unit cell is cubic
face-centered (sp. gr. , Z = 4, see Table 1); no
additional reflections were observed.

With a decrease in temperature, the main reflec-
tions of the cubic phase are split (Fig. 3), which,
according to the homology method [12], indicates the
occurrence of a rhombic structure at room tempera-
ture. Below the phase transition temperature T1 =
349 K, superstructural reflections are observed, which
correspond to the instability at the point k = (2/3, 2/3,
0) of the Brillouin zone, indicating a significant (by a

3Fm m
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Fig. 2. Rietveld difference X-ray diffraction pattern obtained by refining of the (NH4)3VOF5 crystal structure in the cubic phase

(T = 383 K).
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Fig. 3. Fragment of the (NH4)3VOF5 X-ray diffraction patterns at temperature T ranging within 223—423 K with a step of ΔT =

10 K. Cubic cell indices are given in parenthesis.

1717

In
te

n
si

ty

(1, 1, 1)

(2, 0, 0)

(0, 4/3, 4/3) (1, 7/3, 1/3)

(2, 2, 0)

T = 423 K

T = 223 K

T1 = 358 K

20 25 30

2�, deg



1274 BOGDANOV et al.

Table 1. Main parameters of the refinement of the

(NH4)3VOF5 crystal structure (sp. gr. ): a and V are

the unit cell parameter and volume; Z is the number of for-
mula units in the cell, Mr is the relative molecular weight of

the formula unit; 2θ is the angular range of the X-ray dif-
fraction pattern; Rp, Rwp, RB are the profile, weight profile,

and Bragg reliability factors, respectively; and χ2 is the
Rwp/Rexp fitting quality, where Rexp is the expected profile

factor

Parameter Value

a, Å 9.0710(2)

V, Å3 746.38(4)

Z 4

Mr 216.05

2θ 5–120

Rwp, % 7.677

Rp, % 6.089

Rexp, % 3.292

χ2 1.11

RB, % 2.87

3Fm m
factor of at least 3) increase in the unit cell volume.
The indexing and refinement of the X-ray profile
showed that the unit cell is described by the space
group Immm: a = 9.1685(2) Å, b = 18.9112(8) Å, and
c = 6.3014(3) Å. The parameters of the rhombic cell
significantly change as compared with the parameters
of the cubic cell: aorth = acub, borth = 3bcub/2 + 3ccub/2,

corth = bcub/2 – ccub/2, where aorth, borth, and corth are the

basis vectors of the rhombic cell and acub, bcub, and ccub

are the basis vectors of the cubic cell (Fig. 4).

With a further decrease in temperature, the main
reflections are slightly split, which can be related to the
occurrence of one more or even several phase transi-
tions. In this case, the crystal cell becomes either
monoclinic or triclinic. An analysis of the superstruc-
tural reflections showed that they correspond to the
occurrence of instability at the points k = (1/2, 1/2,
1/2) and k = (1/2, 0, 0) of the Brillouin zone. Then,
the minimum unit cell volume becomes larger than
the cubic unit cell volume by a factor of 12 and it is dif-
ficult to establish the cell parameters of such a dis-
torted phase.

The optical investigations were carried out using an
Axioskop-40 polarizing microscope and a Linkam
LTS 350 temperature camera. The temperature study
was carried out in a quasi-static mode with an accu-
racy of ±0.1 K in the temperature range of 100–400 K.
The extinction position and indicatrixe rotation angle
were determined accurate to ~0.5°. Birefringence was
measured with a Berek (Leica) compensator accurate
to ~0.00001.
PHY
Thin (30–100 μm) (NH4)3VOF5 growth plates ori-

ented in the (111) and (110) planes of the cubic crystal
structure were selected for investigations. In the high-
temperature region, the (NH4)3VOF5 sample is opti-

cally isotropic, Δn = 0 (Figs. 5a and 5b), which con-
firms the initial cubic symmetry of the crystal.

Below 350 K, a twinned picture appears in the
microscope field of view (Fig. 5c), which has a form of
wide bands with boundaries tilted at an angle of 120°,
indicating that the crystal loses its third-order axis
upon cooling at temperature T1↓. The direct extinction

of the formed twins along the [110] direction also con-
firms the rhombic symmetry implementation at room
temperature.

The phase transition is accompanied by a stepwise
occurrence of the optical anisotropy (Fig. 5a). Upon
heating, the phase transition temperature T1↑ depends

on the heating rate and can change between 349–
357 K, while upon cooling, the temperature T1↓ is

almost constant and amounts to 338 K. The measure-
ments of Δn(T) in the quasi-static mode with a step of
ΔT ≈ 0.1 K made it possible to determine equilibrium
phase transition temperatures of T1↑ = 357.1 K and

T1↓ = 338.1 K. The significant hysteresis δT1 ≈ 19 K

unambiguously shows that the high-temperature
phase transition is a first-order transformation.

Upon cooling below 230 K, the twin picture
becomes much more complicated and the extinction
of the sample completely vanishes (Fig. 5d). Upon
first cooling, the Δn(T) anomaly is observed at a tem-
perature of T3↓ ≈ 218 K, which is accompanied by the

occurrence of additional twinning of the crystal. Upon
heating, Δn(T) occurs at a higher temperature of T2↑ =

228 K and this value is reproduced upon further heat-
ing/cooling of the sample.

The absence of extinction in the samples at low
temperatures is indicative of the lowest crystal symme-

try group  or P1 in this phase and the anomalous
stepwise behavior of birefringence (Fig. 5a) speaks
about the presence of some intermediate (monoclinic)
phase.

To obtain information on the amount, tempera-
ture, and integrated energy characteristics of the phase
transitions in the (NH4)3VOF5 crystals, the tempera-

ture dependence of specific heat Cp(T) was studied by

adiabatic calorimetry. The investigated sample with a
total mass of ~1.1g was hermetically sealed in a furni-
ture with a heater in the inert helium atmosphere. The
specific heat of the system was measured in the con-
tinuous (dT/dt = 0.15 K/min) and discrete (ΔT = 2.5–
3.0 K) heating modes. The specific heat of the furni-
ture was measured in a separate experiment.

The temperature dependence of the molar isobaric
specific heat Cp(T) of the (NH4)3VOF5 crystals exhib-

its the anomalous behavior at refined phase transitions
temperatures of T1 = 348.1 ± 0.5 K, T2 = 229.1 ±

1P
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Fig. 4. Temperature dependences of the (NH4)3VOF5 cell

parameters: (1) acub, (2) aorth, (3) borth /3, and (4) corth .
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Fig. 5. (a) Temperature dependences of birefringence in

(1) the (111) and (2) (110) cubic phases of the
(NH4)3VOF5 crystal. Polarization optics observation of

the (111) cubic-phase samples in (b) the , (c) Immm,
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0.2 K, and T3 = 218 ± 1 K (Fig. 6a). To determine the

integral characteristics, the specific heat was divided
into the regular contribution and the anomalous con-
tribution ΔCp(T) related to the sequence of transitions.

To do that, portions in the temperature dependence of
the specific heat beyond the region of existence of the
anomalies were approximated by a combination of the
Debye and Einstein functions. Integrating the tem-
perature dependence of the excess specific heat
ΔCp(T), we obtained the entropy changes ΔSi =

, which characterize the phase transfor-

mations in (NH4)3VOF5: ΔSi = 5.4 ± 0.5 J/mol K and

ΔS2 + 3 = 8 ± 0.5 J/mol K (Fig. 6b).

The thermal expansion was measured on a
NETZSCH DIL 402C dilatometer in the temperature
range of 120–350 K in the dynamic mode at a heating
rate of 3 K/min. The investigations were carried out in

a gaseous helium stream at a flow rate of 50 mL min–1.
To calibrate the device and take into account the ther-
mal expansion of the measuring system, fused silica
standards were used [13]. The (NH4)3VOF5 samples

were pressed in tablets with a diameter of ~4 mm and
a height of ~4–6 mm at a pressure of ~2 GPa.

In the temperature range of the phase transitions,
the thermal expansion exhibited the anomalous behav-
ior (Fig. 7). A significant strain jump of δ(V/V0) = 1 ×

10–4 K characterizes the transition at temperature T1 as

a first-order transformation. In the low temperature
region, the anomalies of the volumetric thermal
expansion coefficient are more pronounced: Δβ(T2) =

0.62 × 10–4 K–1 and Δβ(T3) = 0.24 × 10–4 K–1.

The susceptibility to the hydrostatic pressure was
studied using differential thermal analysis (DTA). A
polycrystalline sample with a mass of ~0.02 g was
packed in a copper container attached to one of the

Δ ( / )pC T dT
PHYSICS OF THE SOLID STATE  Vol. 62  No. 7  2020
junctions of a thermoelectric DTA element. The mea-
surements were performed in a high-pressure cylin-
der–piston chamber; silicone oil was used as a
medium for transmitting the hydrostatic pressure.

The pressure susceptibility of the high-temperature
phase transition cannot be directly measured because
of the temperature limitations imposed on the DTA
setup.

The phase transition temperatures T2 and T3

increase almost linearly with the external pressure
(Fig. 8). Due to the significant difference between the
pressure coefficients dT2/dp = 23 ± 2 K/GPa and

dT3/dp = 92 ± 4 K/GPa, a triple point is observed in

the T–p phase diagram at a pressure of p ≈ 0.1 GPa.
The susceptibility of the phase boundary Immm ↔

(P1) formed at high pressure is characterized by a
sufficiently large baric coefficient dT*/dp = 80 ±
1 K/GPa.

The temperature dependence of the permittivity
was examined with an E7-20 immitance meter at a fre-
quency of 1 kHz in the temperature range of 100–
320 K. The (NH4)3VOF5 samples were prepared in the

1P



1276 BOGDANOV et al.

Fig. 6. Temperature dependences of the specific heat and

entropy of the phase transitions (inset) in the (NH4)3VOF5

crystal in a wide temperature range.
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form of tablets with a diameter of ~8 mm and a height
of ~1–2 mm at a pressure of ~2 GPa. Electrodes were
formed by vacuum deposition of gold onto the sam-
ples. The temperature variation rate in the heating and
cooling modes was ~0.7 K/min.

In the temperature dependences of the permittivity
ε(T) and dissipation factor tanδ(T) (Fig. 9) in the
region of phase transitions at temperatures T2 and T3,

a stepwise increase in the permittivity Δε1 ≈ Δε2 ≈ 2 is

observed. This ε(T) behavior is characteristic of non-
ferroelectric phase transitions. The anomalous behav-
ior in the region of the high-temperature phase transi-
tion is accompanied by a significant increase in the
permittivity, which is caused by the noticeable growth
PHY
of the dissipation factor in the high-temperature
region of T > 270 K (Fig. 9b).

3. RESULTS AND DISCUSSION

The paraphase of the investigated (NH4)3VOF5

compound is isostructural to elpasolite (sp. gr. ,
Z = 4) [14, 15]. Based on the analysis of the structural
data, F and O atoms occupy the same 24e site with
populations of 5/6 and 1/6 (Table 2). Their combined
thermal parameter was refined in the anisotropic
approximation. However, additional maxima in the
48h site corresponding to F(O), O1(F1), and O2(F2)
atoms were found in the electron density. Therefore, in

3Fm m
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Table 2. Atomic coordinates, position populations p, and isotropic (Biso) and anisotropic (Uij) thermal parameters of the
(NH4)3VOF5 at T = 383 K

Atom x y z p Biso/Uij

V 0 0 0 1 5.8(2)

N1 1/2 1/2 1/2 1 12.4(4)

H1 0.55 0.55 0.55 0.5

N2 1/4 1/4 1/4 1 7.1(3)

H2 0.198 0.198 0.198 1 5

F1 0.2098(4) 0 0 0.691(8) U11 = 0.011(5) 

U22 = U33 = 0.173(5)

O1 0.2098(4) 0 0 0.138(2) U11 = 0.011(5)

U22 = U33 = 0.173(5)

F2 0.366(2) 0.366(2) 0 0.071(4) 5.0(8)

O2 0.366(2) 0.366(2) 0 0.0143(8) 5.0(8)

Fig. 10. Temperature dependences of the cell volume

(1) Vcub and (2) Vorth2/3.
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the final refinement, two sites, O1/F1 and O2/F2,
were used. The populations of the sites were limited by
linear equations so that the resulting formula was
(NH4)3VOF5.

As a result of the phase transition, the (NH4)3VOF5

structure changes for rhombic (sp. gr. Immm) and has
the cell parameters similar to those of the
(NH4)3VO2F4 crystal [6]. Owing to the strong twin-

ning, the (NH4)3VO2F4 crystal structure was not com-

pletely determined even for a single crystal [6, 8];
therefore, the model of disordering of one of the two

independent [VO2F4]
3– polyhedra was not reliably

established. The model of disorder of (NH4)3VOF5

cannot be established from the X-ray data either.

The temperature dependence of the unit cell vol-
ume contains a noticeable volume jump of ΔVc ≈

13.8 Å, which is observed at the phase transformation
at T1 (Fig. 10). Thus, the high-temperature transfor-

mation is a first-order phase transition. The infor-
mation on the change ΔS1 in the entropy of the high-

temperature phase transition obtained from the con-
ducted thermal experiments allows us to estimate the

slope of the phase boundary  ↔ Immm. The
pressure coefficient was determined from the Clau-
sius–Clapeyron equation dT/dp1 = (ΔVNA)/(ZΔS) ≈

128 K/GPa, where ΔV is the change in the cubic cell
volume during the phase transition, NA is the Avoga-

dro number, and Z = 4 is the number of formula units
in the cell.

The study of the Cp(T) dependence revealed the

presence of the excess specific heat in a fairly wide
temperature range below T2 (Fig. 11a), which allowed

us to analyze the phase transformation Immm ↔
monoclinic phase in the framework of the Landau
thermodynamic theory. According to [16], the
squared inverse excess specific heat is a linear function

of temperature: (ΔCp/T)–2 = [2(B2 – 3A'C)0.5/ ]2 +

3Fm m

2
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12C(T0 – T)/ , where the quantities A = AT(T0 – TC) +

AT(T – T0) = A' + AT(T – T0), B, and C are the coeffi-

cients of the thermodynamic potential ΔΦ(p, T, η) =

Aη2 + Bη4 + Cη6 (η is the transition parameter, TC is

the Curie temperature, and T0 is the phase transition

temperature). The temperature behavior of the

squared inverse excess specific heat of (NH4)3VOF5

below temperature T2 is described fairly well by a linear

function (Fig. 11b). The calculated parameters of the

phenomenological model of the phase transition at T2

(Table 3) show that, in the (NH4)3VOF5 crystals, the

transformation Immm ↔ monoclinic phase is located

farther from the tricritical point (Ti – TCi = 0 and N =

0, where N = ±[B2/(3ATCT0)]–0.5 is the degree of prox-

imity of the transition to the tricritical point) than the

phase transition Immm ↔ P112/m observed in

3

TA
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Fig. 11. Temperature dependences of the excess specific

heat and its reciprocal quantity (inset) in the vicinity of T2.

216

160 200

220

220 240

228

160

30

80

10120

20

0

40

0

200

180

�C
p,

 J
/
(m

o
l 

K
)

(�
C

p/
T

)�
2
, 

(J
 m

o
l�

1
 K

�1
)�

2

224 232

T, K

T2

T3

T2
(NH4)3VO2F4 at temperature T3 [9]. The extrapolation

of the (ΔCp/Т)–2(Т) dependence obtained using the

phenomenological model allows us to separate the
PHY

Table 3. Thermodynamic parameters of the phase transi-
tions in the (NH4)3VOF5 and (NH4)3VO2F4 oxyfluorides

Parameter (NH4)3VOF5 (NH4)3VO2F4 [9]

T1, K 348.1 ± 0.5 438 ± 1

ΔS1, J/mol K 5.4 ± 0.5 9.7 ± 1.0

(dT1/dp)calc, K GPa–1 115 ± 10 –

T ', K 244.0 ± 0.2
ΔS ', J/mol K 0.18 ± 0.04

T2, K 229.1 ± 0.2 210.2 ± 0.2

, J/mol K2 –0.6 –0.4

, J2/mol2 K3 4.6 1.1

T2 – , K 3.2 1.4

N2 –0.13 –0.1

ΔS2, J/mol K 7.6 6.2 ± 0.7

(dT2/dp)exp, K GPa–1 23 ± 2 –27 ± 3

T3, K 218 ± 1 205.1 ± 0.2

, J/mol K2 – –1.3

, J2/mol2 K3 – 2.2

T3 – , K – 0.4

N3 – –0.05

ΔS3, J/mol K 0.4 ± 0.06 0.80 ± 0.12

(dT3/dp)exp, K GPa–1 92 ± 4 –25 ± 3

2

2
( / )T TA B

2

3
( / )T TA C

2CT

3

2
( / )T TA B

3

3
( / )T TA C

3CT
energy contributions of the phase transitions at tem-
peratures T2 and T3 (Fig. 11a) and estimate the value of

individual entropy changes ΔS2 and ΔS3 (Table 3).

A joint analysis of the experimental data on the
specific heat and thermal expansion made it possible
to calculate the pressure susceptibility of the crystal
phases implemented in (NH4)3VOF5. Using the

entropy jumps ΔS1 ≈ 2.8 J/mol K (Fig. 7b) and the

strain δ(ΔV/V0) = 0.01 (Fig. 8a) at T1, the correspond-

ing total pressure coefficient (dT1/dp)calc ≈ 115 K/GPa

was calculated from the Clausius–Clapeyron equa-
tion. The similar dT1/dp values obtained from the

X-ray and dilatometric data point out the reliability of
the results of independent experiments.

For the low-temperature phase transitions, the
pressure coefficients (dT2/dp)calc ≈ 26 K/GPa and

(dT3/dp)calc ≈ 120 K/GPa were determined using the

Ehrenfest relation ΔCp =  [17].

Despite the complexity of determining individual
parameters of the low-temperature phase transitions,
the agreement between the experimental and calcu-
lated pressure coefficients can be considered satisfac-
tory (Table 3).

Substitution of the central atom, V4+ → V5+, led to
an increase in the (NH4)3VOF5 unit cell volume (Vc =

746 Å3) as compared with the (NH4)3VO2F4 unit cell

volume (Vc = 735 Å3 [5]), which can be attributed to a

decrease in the chemical pressure. Taking into account
the positive sign of the pressure coefficient dT1/dp for

(NH4)3VOF5, this should increase the temperature of

stability of the cubic phase in (NH4)3VO2F4, which

was observed in the experiments (Table 3). The esti-
mated excess chemical pressure is Δp = 0.8 GPa.

In the structural model [6], the initial (NH4)3VOF5

cubic phase is characterized by the disordering of both

the f luorine oxygen anion [VOF5]
3– and ammonium

cations, which should lead to the great entropy during
the phase transitions. However, the experimental

value of  ≈ 14 J/mol K appeared to be relatively

low, although typical of the order-disorder processes.
A similar situation was observed in the investigations
of the isostructural (NH4)3VO2F4 crystal, in which

even stronger disordering of structural elements was
assumed [6]. However, the total entropy change
related to the sequential transformations and estab-
lished in the thermal investigations [9] was found to be
slightly higher than the value for (NH4)3VOF5.

4. CONCLUSIONS

The single-phase ammonium oxopentafluorova-
nadate (IV) (NH4)3VOF5 crystals were synthesized.

The analysis of the results of the optical, thermal,
structural, and dielectric investigations together with
the data obtained previously for the isostructural

=Δβ 0/( / )i i pT dT dp

 ii
S

SICS OF THE SOLID STATE  Vol. 62  No. 7  2020



THERMODYNAMIC PROPERTIES 1279
(NH4)3VO2F4 compound [6, 9] made it possible to

establish the features of the physical properties of oxy-
fluorides containing vanadium of different valences
(IV, V).

A decrease in the chemical pressure in (NH4)3VOF5

caused by an increase in the unit cell volume as com-
pared with (NH4)3VO2F4 is accompanied by

(i) a significant change in the phase transition tem-
perature and stability ranges of the initial and distorted
phases;

(ii) a decrease in the phase transition entropies,
which is qualitatively consistent with the models of the
cubic structure disordering [6];

(iii) wedging out the intermediate monoclinic
phase in (NH4)3VOF5 at a relatively low pressure;

(iv) the preservation of the ferroelastic (nonferro-
electric) origin of the structural distortions;

(v) a slight change in the degree of proximity of the
phase transitions to the tricritical point.
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