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ABSTRACT: Thermal and die lectr ic studies of
(ND4)2MoO2F4 crystals undergoing successive phase tran-
sitions at T1 = 272 K and T2 = 181 K showed that deuteration
is accompanied by an increase in the chemical pressure in the
crystal lattice (Δp ≈ 0.02 GPa), which shifts the Cmcm ↔
Pnma transformation for the first order to the tricritical point.
The direct participation of ammonium groups in the
mechanism of structural distortions is demonstrated by a
decrease in the entropy of the high-temperature phase
transition (ΔS1 = R ln 6.0). An external hydrostatic pressure
leads to an expansion of the temperature interval of the
intermediate antiferroelectric Pnma phase. The triple point on
the T−p phase diagram, where the Cmcm, Pnma, amd Pnma*
phases coexist, can be realized at a negative pressure of ptrp ≈ −0.8 GPa.

1. INTRODUCTION

The study of oxyfluoride compounds with octahedral anionic
structural elements, in which a central atom is displaced toward
oxygen ligands, is important in the search for polarization in the
initial crystal phase and its appearance due to a change in the
internal (chemical pressure) and/or external (temperature,
external pressure, etc.) parameters.1−3

The recently studied crystals AA′MeO2F4 (A, A′ = NH4,
ND4, K, Cs, Rb; Me = W, Mo) have an initial orthorhombic
structure (space group Cmcm, Z = 4) consisting of isolated
octahedra [MeO2F4]

2− and two crystallographically non-
equivalent A and/or A′ cations; these undergo successive
phase transitions upon cooling: G0(T1) ↔ G1(T2) ↔ G2.

4−6

Substitution of the central atom Mo → W in ammonium
compounds leads to a strong increase in the temperature of the
G0 ↔ G1 transformation (T1 = 200 K → 270 K), which is also
accompanied by a change in both the symmetry (P1 ̅ → Pnma,
Z = 4) and the origin (ferroelastic → antiferroelectric) of the
G1 phase.7 Structural distortions at the G1 ↔ G2 phase
transition are apparently so small that X-ray diffraction does not
allow the change in symmetry of (NH4)2WO2F4,
(ND4)2WO2F4, and (NH4)2MoO2F4 to be determined.4,7,8

Recent X-ray studies of (ND4)2MoO2F4 have assumed the
existence of four possible variants of the symmetry of the G2

phase: Pnma, P212121, Pmc21, and Pna21;
9 in their deuterated

analogues, these can be presented as G0 (space group Cmcm)
↔ G1 (space group P1 ̅)↔ G2 (space group P1̅*) and G0 (space
group Cmcm) ↔ G1 (space group Pnma) ↔ G2 (space group
Pnma*).

A study of the influence of the external hydrostatic pressure
on the stability of the crystal phases in (NH4)2MoO2F4 showed,
on the one hand, an almost 7-fold increase in the baric
coefficient dT1/dp = 92.7 K/GPa compared to (NH4)2WO2F4
and, on the other hand, a decrease in the value of dT2/dp = 17
K/GPa of about 2.5 times. Thus, (NH4)2MoO2F4 is
characterized by a strong expansion of the intermediate
antiferroelectric phase (space group Pnma) with the pressure
increase. Substitution of a central atom has shown that the
Pnma phase i s energet ica l ly more favorable in
(NH4)2W1−xMoxO2F4 solid solutions because this was realized
in compounds with a wide range of molybdenum concen-
trations (0.3 ≤ x ≤ 1.0).10

This marked difference between the symmetry and proper-
ties of the G1 phase of the related (NH4)2WO2F4 and
(NH4)2MoO2F4 compounds is due to the different mechanisms
of the structural distortions. A complete ordering of ligands and
a partial ordering of ammonium groups was found in
(NH4)2WO2F4, whereas in (NH4)2MoO2F4, the complete
ordering of NH4 groups was accompanied by a partial ordering
of ligands.5,6

The active role of the ammonium groups in the mechanism
of structural changes in (NH4)2WO2F4 has been demonstrated
by a study of the deuterated analogue (ND4)2WO2F4
undergoing the same sequence of structural changes G0
(space group Cmcm) ↔ G1 (space group P1 ̅) ↔ G2 (space
group P1 ̅*).8 Deuteration changed the temperatures of both
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phase transitions only slightly and also caused a substantial
decrease in the entropy of the Cmcm ↔ P1 ̅ transition (ΔS1 =
18.9 → 13.2 J/mol·K). An investigation of the effect of the
external hydrostatic pressure on (ND4)2WO2F4 showed the
value of the pressure coefficient dT1/dp ≈ 13.3 K/GPa to be
almost unchanged, while a strong increase in the value of dT2/
dp = 41.7 → 112.3 K/GPa was observed. As a result, a triple
point was found at p ≈ 0.18 GPa, where the intermediate phase
P1̅ disappears.
In the present paper, we continue to explore the succession

of phase transitions recently found in (ND4)2MoO2F4.
9

Complex studies of the heat capacity, entropy, thermal
expansion, susceptibility to external pressure, and dielectric
properties were performed in order to shed light on the role of
ammonium groups in the mechanism and the nature of the
phase transitions.

2. EXPERIMENTAL SECTION
2.1. Synthesis and Structure. In order to obtain the deuterated

compound, the starting material of (NH4)2MoO2F4 was dissolved in
heavy water (99.9% D). Then, the solution was placed in a desiccator
with P2O5 until complete water absorption had taken place. The
process of recrystallization in heavy water was repeated several times in
order to obtain the maximum percentage of deuteration. The degree of
deuteration, which was found to be 95%, was determined by
comparing the integral NMR absorption of 1H lines of the protonic
and deuterated compounds.9 X-ray diffraction (XRD) showed that the
sample was a single phase and that deuteration did not change the
original symmetry of the crystal at room temperature (space group
Cmcm).
2.2. Specific Heat and Thermal Expansion. A precise

determination of the temperature, excess heat capacity, and integral
characteristics associated with phase transitions was carried out via
measurements of the heat capacity of (ND4)2MoO2F4 using a
homemade adiabatic calorimeter with two thermal shields.11

The sample, consisting of small single crystals with a total mass of
1.1 g, was hermetically packed in an indium capsule in an inert
atmosphere of helium and placed in a heater. Calorimetric
measurements were carried out using continuous (dT/dt ≈ 0.15 K/
min) and discrete (ΔT ≈ 2.5−3.0 K) modes of heating over a
temperature range of 90−300 K. In the vicinity of the phase transition
temperature, investigations were carried out using a method of quasi-
static thermograms with an average heating of dT/dt ≈ 0.02 K/min.
The heat capacity of the equipment, consisting of the heater and
indium capsules, was measured in a separate experiment.
On the basis of the temperature dependence of the molar isobaric

heat capacity Cp of (ND4)2MoO2F4 (Figure 1a), more accurate phase
transition temperatures were defined as follows: T1 = 271.80 ± 0.05 K
and T2 = 181.3 ± 0.5 K. The temperature hysteresis δT1 = 0.6 K of the
G1 (space group Cmcm) ↔ G2 (space group Pnma) phase transition,
determined using quasi-static thermograms (Figure 1b), was found to
be equal to the value observed in the birefringence measurements.9

Separation of the total heat capacity Cp on a regular lattice CL and
anomalous ΔCp contributions was carried out in order to determine
the enthalpy and entropy of the phase transitions. For this purpose,
the experimental data Cp(T) taken far from the transition points (at T
< 165 K and at T > 285 K) were fitted using a linear combination of
Debye and Einstein terms; the equation CL = KDCD + KECE models
the temperature behavior of the excess heat capacity (Figure 2a).
Integration of the ΔCp(T) function over the entire range of existence
of the excess heat capacity allowed the total change in the enthalpy
associated with two phase transitions to be determined as ∑ΔHi =
3900 ± 280 J/mol. The individual changes in the enthalpy ΔH1 =
3650 ± 250 J/mol and ΔH2 = 250 ± 50 J/mol were determined using
the Landau thermodynamic theory (Figure 2b). The magnitudes of the
entropy change ΔSi = ∫ (ΔCp/T) dT associated with the trans-
formations (Cmcm → Pnma and Pnma → Pnma*) were determined as
follows: ΔS1 = 15 ± 1 J/mol·K and ΔS2 = 1.2 ± 0.2 J/mol·K.

The temperature evolution of the linear thermal expansion was
recorded over a temperature range of 120−350 K using a Netzsch
model DIL402C pushrod dilatometer in dynamic mode with a heating
rate of 3 K/min. Investigations were carried out for a dry helium flux
with a flow rate of ∼50 mL/min. In order to take into account the
thermal expansion of the system, calibration was carried out using
quartz as the standard reference.

The samples of (ND4)2MoO2F4 for the dilatometric experiments
were prepared as quasi-ceramic tablets with a diameter of 4 mm and a
thickness of about 4−6 mm, by pressing at about ∼2 GPa; heat
treatment was not used because of the presence of ammonium ions.
The temperature dependence of the volume deformation, ΔV/V0 =
3(ΔL/L0), and the coefficient of the volumetric thermal expansion, β
= 3α, are shown in Figure 3a over a wide temperature range. ΔL/L0 is
a linear deformation determined by direct dilatometric measurements,
and α = ∂(ΔL/L0)/∂T is the coefficient of linear thermal expansion.

The strain undergoes anomalous behavior in the region of both
phase transitions: a poorly defined jump at T1 and a kink at T2 (Figure
3b). The temperatures of the maximum values of the expansion
coefficient β, considered to be the phase transition temperatures T1 =
274 ± 1 K and T2 = 183 ± 2 K, are close to the temperatures defined
by the calorimetric measurements.

2.3. Sensitivity to the Hydrostatic Pressure. The effect of the
hydrostatic pressure on the phase transition temperatures in
(ND4)2MoO2F4 was studied by differential thermal analysis (DTA).

Figure 1. (a) Temperature dependence of the molar heat capacity of
(ND4)2MoO2F4 in a wide temperature range. Dashed line: lattice
specific heat. (b) Thermogram in the heating mode in the vicinity of
T1.

Figure 2. (a) Temperature dependence of the excess molar heat
capacity of (ND4)2MoO2F4 associated with the phase transitions at T1
and T2. Dashed line: contributions separated into ΔCp(T) values by
using the Landau thermodynamic theory. (b) Temperature depend-
ence of excess molar heat capacity at T2.
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A polycrystalline sample with a mass of ∼0.025 g was placed in a
copper container, which was glued onto one of two junctions of a
germanium−copper thermocouple characterized by a high sensitivity
to changes in temperature. A quartz sample cemented to the other
junction was used as the reference substance. Experiments with the
hydrostatic pressure were carried out using a piston−cylinder-type
vessel associated with a pressure multiplier. Pressure was generated
using silicone oil as the pressure-transmitting medium. The temper-
ature and pressure were measured using a copper−constantan
thermocouple and a manganin gauge, with accuracies of about ±0.3
K and ±10−3 GPa, respectively.
The stability of the initial and distorted crystal phases in

(ND4)2MoO2F4 changes under hydrostatic pressure, as can be seen
in the T−p phase diagram (Figure 4). An increase in the pressure is

accompanied by a decrease in the DTA anomalies, which become very
blurred and undetectable at a pressure of p ≥ 0.2 GPa. To ensure the
reliability of the results, the measurements were performed under both
increasing and decreasing pressures. The temperature range of the
stability of the initial phase G0 (space group Cmcm) narrows with an
increase in the pressure (Figure 4), which is associated with the
relatively high rate of rise in the T1 temperature (dT1/dp = 115 K/
GPa). The susceptibility of T2 (Pnma → Pnma*) to a pressure
increase is significantly lower (dT2/dp = 4 K/GPa).
2.4. Dielectric Properties. A study of the dielectric properties was

carried out using an E7-20 LCR meter at a frequency of 1 kHz,
involving heating and cooling at a rate of about ∼0.7 K/min in a
temperature range of 100−320 K. Measurements were performed on
the samples used previously in dilatometric experiments with gold
electrodes deposited in a vacuum.

Figure 5a shows the temperature dependence of the dielectric
constant (ε) and the tangent of the dielectric loss (tan δ) measured in

both heating and cooling modes. Upon heating, a detectable increase
in the permittivity begins at about T2 and reaches a plateau in the
region of T1. The temperature dependence of tan δ (Figure 5b) is also
characterized by complicated anomalous behavior. Initially, the
dielectric loss increases up to about 255 K; it then quickly decreases
to T1 = 273 K and finally increases again. Both the functions ε(T) and
tan δ(T) show hysteretic phenomena over a broad temperature range
below T1; this is primarily due to dynamic mode measurements.

3. ANALYSIS AND DISCUSSION
Recent X-ray and optical investigations9 have shown that the
succession of phase transitions in (ND4)2MoO2F4 is similar to
that found earlier in (NH4)2MoO2F4.

7 Moreover, deuteration is
accompanied by a rather small change in the temperature of the
structural transformations. On the other hand, the decrease in
hysteresis of the T1 temperature δT1 = 0.9 K (NH4) → 0.6 K
(ND4) found from both optical experiments9 and the
calorimetric measurements in the present paper shows that
the first-order phase transition Cmcm ↔ Pnma in
(ND4)2MoO2F4 is closer to the tricritical point. This is also
demonstrated by a decrease in the ratio between the jump and
the complete change in the entropy (δS1/ΔS1) at T1 (Table 1).
Another parameter characterizing the proximity of the

transformation to the tricritical point is the quantity N =

Figure 3. (a) Temperature dependence of the spontaneous
deformation strain. (b) Temperature dependence of the coefficient
of volume expansion.

Figure 4. Temperature−pressure phase diagram of a crystal of
(ND4)2MoO2F4.

Figure 5. Temperature dependence of the (a) permittivity and (b)
dielectric losses on the heating (1) and cooling (2) modes.

Table 1. Thermodynamic Parameters of the Phase
Transitions in (NH4)2MoO2F4

7 and (ND4)2MoO2F4 Crystals
(R is the Gas Constant)

parameter (NH4)2MoO2F4 (ND4)2MoO2F4

T1, K 270 272
ΔS1/R ln 8.9 ln 6.0
δS1/ΔS1 0.11 0.04
dT1/dp, K/GPa 93 116
AT

2/B, J/mol·K2 − 0.7 − 1.7
AT

3/C, J/mol·K3 16.4 7.2
T1* − T1, K 1.4 0.2
T1 − TC, K 4.2 0.6
N −0.18 −0.05
T2, K 180 181
ΔS2/R ln 1.2 ln 1.2
dT2/dp, K/GPa 17 4.0
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±(B2/3ATCT0)
−0.5.12 Here, T0 is the temperature of the phase

transition, and AT, B, and C are the coefficients of the
thermodynamic potential ΔΦ(p,T,η) = [AT(T0 − TC) + AT(T
− T0)]η

2 + Bη4 + Cη6, where η and TC = T0 − B2/4ATC are an
order parameter and the Curie temperature, respectively.
According to Landau thermodynamic theory, the value of

(ΔCp/T)
−2 is a linear function of the temperature below the

phase transition point:12

Δ
= + ′ + −

−⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
⎜⎜

⎞
⎠
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C

T
B A C

A
C

A
T T

2 3 12
( )p

2 2

T
2

T
3 0

As seen in Figure 6, the temperature behavior of the excess
heat capacity of (ND4)2MoO2F4 follows a linear dependence

over a fairly wide range of temperature, T1 − T ≈ 15 K; this
allows us to define the relationship between the coefficients of
the thermodynamic potential. Table 1 shows that D → H
substitution leads to a significant change in the values of AT

2/B,
AT

3/C, T1* − T1, and T1 − TC. Here, T1* is the temperature at
which the value of (ΔCp/T)

−2 becomes zero because of the
approach of the first-order phase transition Cmcm ↔ Pnma to
the tricritical point. This point is most clearly demonstrated by
a strong decrease in the modulus of the N value.
The entropy of the Cmcm ↔ Pnma phase transition in

(ND4)2MoO2F4 remains characteristic of the order−disorder
transformation (Table 1 and Figure 7) despite a decrease of
about 20% compared to (NH4)2MoO2F4. Deuteration of the
compounds (NH4)2WO2F4 was also accompanied by a
decrease in the entropy of ∼30%.8 It would be useful to
compare these values of ΔS1 with the entropy of transformation
for a related compound with a monoatomic cation. Recent X-
ray and calorimetric studies have shown that Rb2MoO2F4 also
undergoes this succession of two-phase transitions; however,
the symmetry of the distorted phases is similar to those in
(NH4)2WO2F4.

13 Nevertheless, it is interesting that the entropy
change at the Cmcm ↔ P1 ̅ phase transition in Rb2MoO2F4 was
found to be relatively large (ΔS1 = 9.2 J/mol·K ≈ R ln 3). This
value is close to R ln 3.3, which has been suggested as a
contribution to ΔS1 associated with the ordering of central
atoms in (NH4)2WO2F4.

5 In accordance with a structural
model, it was assumed that only 86% of all W atoms are
dynamically disordered in the initial Cmcm phase and that there
is a total ordering of the W atoms in the P1 ̅ phase. The
relatively large difference in the ΔS1 values in (NH4)2WO2F4

and Rb2MoO2F4 indicates a significant role for the tetrahedral
[NH4] groups in the mechanism of phase transitions in
ammonium oxyfluorides AA′MeO2F4. In this case, it can be
assumed that the decrease in the ΔS1 value in (ND4)2MoO2F4
in comparison with (NH4)2MoO2F4 is associated with the
change in the movement of the deuterated ammonium groups.
In accordance with the single-crystal XRD data for
(NH4)2MoO2F4,

6 only dynamically disordered MoO2F4
octahedra (56%) participate in the phase transition Cmcm ↔
Pnma. As for [NH4] groups, all of these were assumed to be
disordered at two positions in the initial phase and totally
ordered in the antiferroelectric phase. The entropy evaluated in
the framework of this model agrees well with the value of ΔS1 =
18.2 ± 1.3 J/mol·K ≈ R ln 8.9 determined experimentally.7

Powder XRD data obtained on (ND4)2MoO2F4 showed
disordering of the Mo atoms at four positions in the Cmcm
phase and ordering in the Pnma phase.9 Assuming that [ND4]
groups are ordered in the initial phase and that only [NH4]
groups (5%) contribute to the entropy of the phase transition,
the value of ΔS1 is equal to R ln 4 + R(2 × 0.05 ln 2) = 12.1 J/
mol·K. The relatively small difference of this value compared to
the experimental value of ΔS1 = 15 ± 1 J/mol·K can be
associated with the contribution from the displacements of the
central atom as well as the partial ordering of some F/O
atoms.9

According to the T−p phase diagram for (NH4)2MoO2F4, an
increase in the external hydrostatic pressure is accompanied by
an increase in the T1 temperature.

7 D→ H substitution leads to
a decrease in the unit cell volume of the G0 phase and to an
increase in T1 [270 K (NH4) → 272 K (ND4)]. Thus, both of
these peculiarities and the data in Table 1 show that the effects
of the external and internal chemical pressures are similar.
Using the dT1/dp baric coefficient for (NH4)2MoO2F4, we
estimated the change in the chemical pressure in
(ND4)2MoO2F4 as Δp ≈ 0.02 GPa.
Investigations of the T−p phase diagram of (ND4)2MoO2F4

showed that the temperature range of the initial phase stability
(space group Cmcm) was reduced under pressure. The baric
coefficient dT1/dp was increased by ∼25% compared to the
protonated crystal (Table 1) and was found to be rather close
to the value dT1/dp = 110.5 K/GPa for the solid solution
(NH4)1.8Cs0.2MoO2F4.

13

The phase transition at T2 is of the displacement type (ΔS2
≈ 1.5 J/mol·K ≈ R ln 1.2), which is characteristic for all
previously examined compounds AA′MeO2F4. This phase

Figure 6. Temperature dependence of the square of the inverse excess
heat capacity of (ND4)2MoO2F4.

Figure 7. Temperature dependence of the excess entropy change on a
scale of the reduced temperature T1.
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transition appears not to be directly related to the presence of
the ammonium group in the structure. However, a study of the
solid solutions (NH4)2−xAx′MoO2F4 showed that the sub-
stitution of NH4 → A′ was accompanied by the appearance of
hydrogen bonds, which led to a decrease in the T2
temperature.14

Table 1 shows that deuteration leads to a slight increase in T2
and a strong decrease in the baric coefficient dT2/dp. As a
result, the temperature range of the intermediate antiferro-
electric phase (space group Pnma) in the (ND4)2MoO2F4
crystal expands with increasing pressure. The strong effect of
D → H substitution on the susceptibility to external pressure
was also observed in the related oxyfluoride (NH4)2WO2F4.

8

Because of the very large difference in the values of dT1/dp and
dT2/dp, the triple point on the T−p phase diagram of
(ND4)2WO2F4 was observed at p ≈ 0.18 GPa rather than ∼0.7
GPa in the protonated crystal. In accordance with the baric
coefficients (Table 1), the triple points on the T−p phase
diagram where the Pnma phase disappears can be realized in
molybdenum compounds at a negative pressure of ptrp ≈ −1.2
GPa in (NH4)2MoO2F4 and p t rp = −0.8 GPa in
(ND4)2MoO2F4.
As for the origin of the phase transitions A2MoO2F4 (A =

NH4, ND4), it appears to be safe to say that this corresponds
with the behavior of the dielectric properties. The common
features in both crystals are a very broad temperature range of
the change in ε below T1, a relatively large difference between
the ε values in the G0 (space group Cmcm) and G2 (space
group Pnma*) phases, and a lack of significant anomalies on the
ε(T) curve near T2 except for a small inflection and a rather
deep minimum in the tan δ(T) function at T1. The almost
nonanomalous behavior of ε in the vicinity of T2 allows us to
conclude that the G2 phase is nonpolar in both (ND4)2MoO2F4
and (NH4)2MoO2F4. Moreover, second harmonic generation
was not observed below T2. In this case, the number of space
groups suggested for the G2 phase9 can be reduced to two:
Pnma and P212121.

4. CONCLUSIONS
The heat capacity, thermal dilatation, susceptibility to hydro-
static pressure, and dielectric properties for the sequence of
phase transitions G0 (space group Cmcm) ↔ G1 (space group
Pnma) ↔ G2 (space group Pnma*) in the deuterated
oxyfluoride compounds (ND4)2MoO2F4 (≈95% D) are
carefully studied here and compared with those of a previously
studied protonated crystal, (NH4)2MoO2F4.

9

On the one hand, it was found that deuteration did not
significantly change the temperatures of the structural trans-
formations and qualitative behavior of the properties. On the
other hand, D → H substitution led to rather marked
differences in certain quantitative characteristics, as follows:
(1) The entropy change associated with the Cmcm ↔ Pnma

phase transition remained typical for order−disorder processes
but was somewhat decreased. This clearly indicates that
ammonium groups play a significant role in the mechanism
of structural distortions.
(2) The increase in the chemical pressure due to the decrease

in the unit cell volume was accompanied by a decrease in the
external hydrostatic pressure of the triple point and by the
approach of the first-order Cmcm ↔ Pnma phase transition
toward the tricritical point.
The virtually nonanomalous behavior of the dielectric

properties in the vicinity of T2, as well as an absence of second

harmonic generation, allows us to assume that the G2 phase is
nonpolar; as a result, the number of space groups suggested for
the G2 phase

9 can be reduced to Pnma and P212121.
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