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1. INTRODUCTION 

Interest in compounds with structures that contain
distorted octahedral ionic groups |MOxF6 – x| (x = 1, 2,
3) with ions M displaced from the center of octahedra,
as a rule, is related to the search for the criteria of the
design of noncentrosymmetric materials exhibiting
ferroelectric, piezoelectric, and pyroelectric proper�
ties. However, the majority of these compounds crys�
tallize in centrosymmetric space groups due to the ori�
entational disordering of structural units. To develop
polar materials, it is necessary to understand the
nature of the orientational disorder of oxyfluoride
anions and to prevent both the ordering of oxygen and
fluoride ligands in the anion and the centrosymmetric
arrangement of octahedral anions in the crystal lattice
with respect to each other. 

In the case of oxyfluorides with ionic groups
|MOxF6 – x |

2– (x = 2, M = Mo6+, W6+), compounds
with organic and hybrid organic–inorganic cations
have been investigated most extensively [1, 2]. In inor�
ganic compounds A2MO2F4 [3–7], anions are disor�
dered in all cases, except for Na2WO2F4 [3] and
K2MoO2F4 [4]. Unfortunately, for the most part, stud�

ies have been carried out only at room temperature,
and information on phase transitions in these com�
pounds is absent. However, investigations into the ori�
entational ordering of ionic groups due to the phase
transitions can provide additional information and
favor the design of polar compounds with desired
properties. 

The search and study of phase transitions in the
series of A2MO2F4 oxyfluorides have been recently
performed only for ammonium compounds. At room
temperature, the (NH4)2WO2F4 and (NH4)2MoO2F4

crystals have an orthorhombic structure G0 = Cmcm
(Z = 4) [7–10] and, as the temperature decreases,
sequentially undergo two phase transitions G0 
G1  G2 at temperatures T1 and T2 [8–15]. The
former structural transformation is an order–disorder
first�order transition with a significant change in the
entropy ΔS1 ≈ R ln8–R ln9 [9, 11, 15]. A substantially
smaller change in the entropy upon the latter transi�
tion in both oxyfluorides (ΔS2 ≈ 0.15R) has been
attributed to a displacive phase transition. 

In spite of the small difference between the ionic
radii of molybdenum and tungsten and the same sym�
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metry of the initial G0 phases, there are significant dif�
ferences between the phase transition temperatures,
symmetries of the distorted phases, and properties of
the (NH4)2WO2F4 and (NH4)2MoO2F4 compounds.
The structure of the distorted G1 phase of the tungstate

is triclinic ( , Z = 4) [7], whereas the molybdate
structure is orthorhombic (Pnma, Z = 4) [10]. In both
oxyfluorides, there are no noticeable differences
between the structures of the intermediate (G1) and
low�temperature (G2) distorted phases. As a result of
the Mo  W substitution, the initial Cmcm phase
becomes less stable to variations in external parame�
ters (temperature and pressure), which manifests itself
in a significant increase in the temperature T1 and an
anomalously large pressure coefficient dT1/dp [15]
considerably exceeding that determined for
(NH4)2WO2F4 [9]. However, the range of existence of
the intermediate phase is substantially extended from
40 to 90 K due to the significantly smaller change
in T2. 

The analysis of the structure and entropy of the
phase transitions [15] allowed us to propose a model of
high�temperature transitions in the tungstate and
molybdate and to relate significant changes in the
entropy to the ordering of the ammonium groups and
also to the ordering (complete in (NH4)2WO2F4 and
partial in (NH4)2MoO2F4) of the fluorine–oxygen
octahedra. 

The nature of the phase transitions in the oxyfluo�
rides under study was determined to be nonferroelec�
tric [15]. Therefore, the pressure is the main external
parameter that makes it possible to change the tem�
perature and sequence of structural distortions. The
p–T phase diagram of (NH4)2WO2F4 was experimen�
tally obtained in our earlier work [9]. The tempera�
tures of both phase transitions increase nonlinearly
with an increase in the pressure; in this case, dT1/dp <
dT2/dp. This means that an increase in the hydrostatic
pressure leads to a decrease in the range of existence of
the intermediate phase. No triple points and pressure�
induced phases were revealed up to 0.5 GPa. However,
the character of the dependences Ti(p) suggests the
disappearance of the intermediate distorted phase and
existence of the triple point near 0.7 GPa. In
(NH4)2MoO2F4) under pressure, the phase transition
was revealed only at T1 with the pressure coefficient
dT1/dp = 92.8 K/GPa [15]. 

A very high degree of disordering of the ionic
groups in the high�symmetry phases of the oxyfluo�
rides and their ordering as a result of single or succes�
sive phase transitions accompanied by significant
changes in the entropy up to ΔS ≥ R ln8 and also a con�
siderable sensitivity to the external pressure make
these materials promising from the standpoint of man�
ifestation of substantial caloric effects in them. 

P1

In recent years, caloric effects of different physical
natures in solids and cooling devices based on them
have attracted more and more attention of researchers
[16, 17]. Generally speaking, these effects are associ�
ated with the change in the entropy and temperature
of a thermodynamic system with a change in general�
ized external fields (electric, magnetic) during isother�
mal and adiabatic processes, respectively. It is quite
obvious that, apart from magnetic and electric fields,
hydrostatic pressure or uniaxial (compressive or ten�
sile) mechanical stresses can influence the entropy of
the thermodynamic system and cause the barocaloric
(BCE) or piezocaloric (PCE) effects. 

The entropy of a solid is a sum of entropies of dif�
ferent subsystems, such as the lattice (SL), electronic
(Se), magnetic (SM), and electric (SEL) entropies, as
well as the anomalous entropy related to phase transi�
tions (ΔSan). All the above types of entropies depend,
to some degree, on the external pressure, and their
variations can contribute to the barocaloric effect. The
study of the barocaloric effect in the range of structural
phase transitions by Müller et al. [18] in Pr1 – xLaxNiO3

solid solutions should be considered a priority work.
The barocaloric effect was also studied in materials
with other physical mechanisms of a change in the
entropy under pressure [19–23]. In some cases, the
extensive (ΔSBCE) and intensive (ΔTAD) barocaloric
effects at pressures of lower than 1 GPa appeared to be
fairly strong and comparable to variations in ΔS and
ΔT in the magnetocaloric effect [19, 20]. 

It is evident that the higher the degree of disorder�
ing of structural units in the initial high�temperature
phase of a material, the higher the probability of
occurrence of an order–disorder phase transition with
a decrease in the temperature; in this case, a signifi�
cant barocaloric effect can manifest itself in the vicin�
ity of the temperature of this transition. 

In this work, the thermal expansion of the
(NH4)2WO2F4 and (NH4)2MoO2F4 crystals were stud�
ied in order to obtain additional information on the
phase transitions, to determine the thermodynamic
parameters, and to elucidate the type of the p–T
(hydrostatic pressure–temperature) and σ–T (uniax�
ial pressure–temperature) phase diagrams. Moreover,
we determined the magnitudes of the intensive and
extensive barocaloric and piezocaloric effects from the
data on the temperature dependence of the heat
capacity at atmospheric pressure and those obtained in
the study of the p–T and σ–T phase diagrams. 

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE 

Relatively large single crystals of (NH4)2WO2F4

and (NH4)2MoO2F4 in the form of prisms or thick
plates were grown from solutions in the course of slow
evaporation in air according to the techniques
described in [8, 13]. The samples for dilatometric
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measurements were prepared in the form of parallel�
epipeds 5.080, 10.108, and 2.385 mm in size for
(NH4)2WO2F4 and 7.892, 1.579, and 2.843 mm in size
for (NH4)2MoO2F4 along the a, b, and c crystallo�
graphic directions, respectively. 

The thermal expansion was measured on a
NETZSCH DIL�402C dilatometer in the tempera�
ture range 140–320 K in the dynamic mode at a heat�
ing rate of 3 K/min. Fused silica reference samples
were used for calibrating and including the expansion
of the measurement system. 

3. RESULTS 

3.1. Thermal Expansion 

The temperature dependences of the strain ΔL/L
and the linear thermal expansion coefficients along
three crystallographic directions a, b, and c for
(NH4)2WO2F4 and (NH4)2MoO2F4 are shown in
Fig. 1. For each direction, we performed several series
of measurements, and their results agree satisfactorily
with each other. Anomalous behaviors of α(T) at T1 =

201.5 K and T2 ≈ 161 K for (NH4)2WO2F4 and at T1 =
271.4 K and T2 ≈ 180 K for (NH4)2MoO2F4 are due to
the phase transitions revealed in [8–15]. The transi�
tion temperatures are somewhat higher than those
obtained in the measurements of the heat capacity on
an adiabatic calorimeter [9, 15] which is associated
with the dynamic character of measurements on the
dilatometer. 

As was expected reasoning from the structural data
on the difference between the symmetries of the dis�
torted phases, the behavior of the thermal expansion
in (NH4)2WO2F4 and (NH4)2MoO2F4 differs substan�
tially. As the temperature decreases, the strain ΔLa/La

decreases at T1 for both crystals, ΔLb/Lb increases for
(NH4)2WO2F4 and decreases for (NH4)2MoO2F4, and
ΔLc/Lc, by contrast, decreases for the tungstate and
increases for the molybdate. In spite of this fact, the
characters of changes in the volume ΔV/V and the vol�
ume thermal expansion coefficient β = αa + αb + αc

for both crystals are qualitatively similar and mainly
determined by the behavior of the thermal expansion
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Fig. 1. Temperature dependences of (a, c) the strain ΔL/L and (b, d) the linear thermal expansion coefficient α along the (1) a,
(2) b, and (3) c crystallographic directions for (a, b) (NH4)2WO2F4 and (c, d) (NH4)2MoO2F4. 
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along the c axis for (NH4)2WO2F4 and along the b axis
for (NH4)2MoO2F4. 

To separate and analyze the anomalous contribu�
tion to the strain, it is necessary to adequately describe
the nonanomalous contributions to the strain and the
thermal expansion coefficients. We estimated these
contributions using two methods for approximating
the lattice component of ΔV/V. In the traditional
approach, when the elongation at temperatures T > T1

is approximated by a linear dependence, the anoma�
lous contribution to the strain, as a rule, is overesti�
mated and depends on the temperature range in which
the approximation is performed. Moreover, the tem�
perature dependences ΔL/L(T) investigated in our
work are clearly nonlinear, and the thermal expansion
coefficients α(T) are not constant. 

As the temperature decreases, the thermal expan�
sion coefficients should tend to zero and, in the low�
temperature range (T < Ti < ΘD), it is necessary to take
into account the relation between the thermal expan�
sion and the heat capacity and the temperature depen�
dence of the heat capacity if only in terms of the Debye
model. However, fairly narrow temperature ranges
possible for the processing of the nonanomalous
behavior of the thermal expansion above T1 (280–
320 K for the molybdate and 220–270 K for the tung�
state) complicate this analysis. Therefore, we
restricted ourselves to the assumption that, at T > T1,
the coefficients α(T) depend almost linearly on the
temperature. This approximation significantly
improves the approximation of the experimental tem�
perature dependences of α(T) and strain at T > T1 and
allows us to estimate the volume jumps upon first�
order phase transitions. It is natural that the error in
the separation of the anomalous contribution
increases with a decrease in the temperature below T1

in the low�temperature range. 

3.2. The Clapeyron–Clausius and Pippard Relations

In [15], the study of the pressure–temperature
phase diagrams for the molybdate made it possible to
fix only the phase boundary of G0  G1. The presence
of the data on the heat capacity [9, 15] and thermal
expansion allows us to calculate the shift in the transi�
tion temperatures under the influence of hydrostatic
and uniaxial pressures and to construct the complete
phase diagrams. 

In the case of the first�order phase transitions at T0,
we can use the Clapeyron–Clausius relation 

(1)

where δV and δS are the volume and entropy jumps at
the transition point, respectively. However, the phase
transitions at T1 in both compounds are fairly close to
the tricritical point [9, 15]. Moreover, near the phase

dT0

dp
������� δV

δS
�����,=

transition temperatures, the anomalies of the heat
capacity and thermal expansion are smeared due to
the imperfection of the samples and the dynamic char�
acter of the measurements of the thermal expansion.
Therefore, the determination of the entropy and vol�
ume jumps at T1 is substantially complicated and asso�
ciated with the large error. The approximate estimates
lead to the values of dT1/dp ≈ 17 K/Pa for the tungstate
and dT1/dp ≈ 74 K/Pa for the molybdate. 

In order to determine more accurately dT1/dp and
dT2/dp, we used the Pippard relations [24], which
relate the heat capacity and thermal expansion coeffi�
cients near the phase transition temperature; that is, 

(2)

where Cp is the heat capacity, Vm is molar volume, 

(3)

Relations (2) allow us to determine the shift in the
transition temperature under the hydrostatic pressure
dT0/dp and under the influence of uniaxial stresses
dT0/dσ and to construct the σi–T phase diagrams. 

Since the quantities dT/dp and dT/dσ and the ful�
fillment of relations (2) are strongly dependent on the
accuracy in the coincidence of the data in temperature
near the phase transitions, small discrepancies
between the temperature scales in the measurements
of the heat capacity on the adiabatic calorimeter (tem�
perature sensor is a platinum resistance thermometer)
and the thermal expansion on the dilatometer (ther�
mocouple) will bring about significant errors in the
results of the calculation. In this respect, the data on
the thermal expansion and heat capacity were reduced
to the same temperature scale by bringing the phase
transition temperatures into coincidence. The molar
volumes were determined from the structural data [7,
9, 13]. 

The results of the joint processing of the data on the
heat capacity and volume thermal expansion coeffi�
cients for the distorted phases of (NH4)2WO2F4 near
the temperatures T1 and T2 are presented in Fig. 2. The
Pippard relations (2) are fairly well satisfied for both
phase transitions. The deviations from relations (2) are
observed at a sufficient distance from the phase transi�
tion temperatures T1 – T � 15 K and T2 – T � 15 K
and in the immediate vicinity of the transformations
T1 – T � 1.5 K and T2 – T � 3.5 K, where the effect
of the sample imperfection, the dynamic character of
measurements of the thermal expansion, and insuffi�
cient accuracy in the coincidence of the temperature
scales of the data arrays Cp(T) and α(T) are most sig�
nificant. A similar behavior of the thermal expansion
and heat capacity is also observed for (NH4)2MoO2F4. 

Cp
VmT0

γi

����������αi const, Cp+
VmT0

γ
����������β const,+= =

γi
dT0

dσi

�������, γ
dT0

dp
������� γi.

i
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The experimental pressure coefficients of the phase
transition temperatures and those calculated from the
Pippard relations (2) γ = dT/dp and γi = dT/dσi for
both oxyfluorides are listed in Table 1. For the tung�
state, the experimental pressure coefficients dT1/dp
and dT2/dp [9] agree satisfactorily with the values
obtained from analyzing the data on the heat capacity
and volume and linear thermal expansion coefficients.
These facts and good agreement between the experi�
mental and calculated values of dT1/dp for the molyb�
date (Table 1) allow us to hope that, for this crystal, we
also fairly accurately calculated the value of dT2/dp,
which was not determined experimentally [15]. 

The values of dT1/dσi and dT2/dσi are also pre�
sented in Table 1. 

3.3. Phase Diagrams

The calculated values of dT/dp and dT/dσ allow
the construction of the p–T phase diagrams (Fig. 3).
The experimental data taken from [9, 15] are also pre�
sented in Fig. 3. It is worth noting that the tempera�
tures T1 determined for the tungstate in calorimetric,
optical, and dilatometric studies and from differential
thermal analysis (DTA) data agree well with each
other. However, the temperature T2 obtained from the
DTA measurements is 12–15 K higher than that
determined from the measurements of the heat capac�
ity and thermal expansion, which according to [9] is
related to the effect of high rates of variation in the
temperature during the DTA measurements on the
temperature T2 and to possible uniaxial stresses arising
when the sample is cemented to the junction of the
differential thermocouple. 
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Fig. 2. Dependences of the molar heat capacity on the volume thermal expansion coefficient β below (a) T1 and (b) T2 for
(NH4)2WO2F4. 

Table 1. Experimental pressure coefficients of the temperatures of the G0  G1 and G1  G2 phase transitions [9, 15]
and the corresponding coefficients calculated using the Pippard relations (2)

Pressure
coefficient

(NH4)2WO2F4 (NH4)2MoO2F4

G0  G1 G1  G2 G0  G1 G1  G2

experiment calculation experiment calculation experiment calculation experiment calculation

γ, K/GPa 13.4 15.9 41.7 48.8 92.8 98.6 – 16.7

γa + γb + γc, K/GPa – 16.1 – 53.4 – 98.5 – 17.1

γa, K/GPa – 8.5 – –5.6 – 52.9 – 21.3

γb, K/GPa – –10.0 – 9.9 – 93.5 – 18.0

γc, K/GPa – 17.6 – 49.1 – –47.9 – –22.2
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As can be seen from Table 1, the substitution of
molybdenum for tungsten brings about a significant
increase in dT1/dp and a decrease in dT2/dp by a factor
of three, which leads to an increase in the temperature
range of stability of the G1 phase with increasing pres�
sure. 

The uniaxial stresses along the c axis in the tung�
state and along the b axis in the molybdate almost do
not change the form of the σ–T phase diagrams as

compared to the p–T diagrams, which follows from
the values of the pressure coefficients (Table 1). Radi�
cal changes in the phase diagram for the tungstate are
associated only with the stress along the a axis. In this
case, the temperature range of stability of the G1 phase
increases with increasing σa (dT1/dσa > dT2/dσa). In
the molybdate, the stress σc brings about the change in
signs of dT1/dσc and dT2/dσc and a decrease in the
range of stability of the G1 phase (dT1/dσc < dT2/dσc). 

4. BAROCALORIC 
AND PIEZOCALORIC EFFECTS 

The intensive and extensive barocaloric and piezo�
electric effects in (NH4)2WO2F4 and (NH4)2MoO2F4

were determined in the same manner, as was done for
EuNi2(Si0.15Ge0.85)2 [20], with the use of the data on
the heat capacity at atmospheric pressure [9, 15] and
the p–T and σi–T phase diagrams obtained in our
work. 

Since ionic bonds are dominant in the oxyfluoride
crystals, it is reasonable to assume that the pressure
predominantly affects the phase transition entropy.
Substantial changes in the other entropy components,
including the lattice entropy, are most likely almost
absent in the range of relatively low pressures under
study. Thus, the lattice entropy determined at atmo�
spheric pressure can be used as a background entropy
when analyzing the results of the pressure effect. 
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The lattice component of the heat capacity CL(T)
was determined by approximating the data outside the
range of existence of the anomalous contribution with
the use of a combination of the Debye and Einstein
functions. The temperature dependences of the
change in the lattice entropy in the temperature range
of the measurements SL(T) – SL(100 K) and the
anomalous components of ΔS(T) were obtained by
integrating the functions CL(T)/T and (Cp(T) –
CL(T))/T, respectively, which behave identically in
both crystals. The calculated results for
(NH4)2MoO2F4 are presented in Fig. 4. The anoma�
lous entropies of the phase transitions at T1 and T2

were separated using the approximation of the data
near T2 by the sigmoid ΔS2(T) = a/(1 + exp[(T2 –
T)/b]) (inset to Fig. 4). 

The change in the total entropy of the crystals as
functions of the temperature and pressure was deter�
mined by summing up the lattice component of the
entropy SL(T) (independent of the pressure) and the
anomalous entropy components ΔS1(T) and ΔS2(T)
shifted in temperature for each pressure according to
the dependences T1(p) and T2(p) (Table 1, Fig. 3). In

this case, it was assumed that, in the pressure range
under investigation, the hydrostatic pressure does not
lead to a substantial change in the degree of closeness
of the phase transition to the tricritical point and,
hence, does not change the dependence of the anom�
alous heat capacity. The pressure also does not change
the quantities ΔSi, because it does not change the
number of possible states for ordering units before and
after the transition. It is assumed that the quantity ΔS2

also remains unchanged under pressure. 

The magnitudes of the extensive barocaloric effect
determined as ΔSBCE(T, p) = S(T, p) – S(T, 0) for
(NH4)2WO2F4 and (NH4)2MoO2F4 are presented in
Figs. 5a and 5c, respectively. The magnitudes of the
intensive barocaloric effect ΔTAD obtained from the
condition S(T, 0) = S(T + ΔTAD, p) are presented in
Figs. 5b and 5d. 

The caloric effects under uniaxial stresses were cal�
culated in the same manner. In this case, the depen�
dence of the total entropy of the sample on the tem�
perature and stress was determined by summing up the
lattice component of the entropy SL(T) and the anom�
alous entropy components ΔS1(T) and ΔS2(T) shifted

–15

250150 300200 350
T, K

–20

–10

–5

0

5
(c)

Δ
S

B
C

E
, 

J/
m

o
l K

–15

200 250150
T, K

–20

–10

–5

0

5
(a)

Δ
S

B
C

E
, 

J/
m

o
l K

0.1
0.3
0.5
0.7
0.9

0

200 250150
T, K

–5

5

10

15

20
(b)

Δ
T

A
D

, 
K

0

300 350
–5

5

10

15

20
(d)

Δ
T

A
D

, 
K

250200150
T, K

Fig. 5. (a, c) Extensive and (b, d) intensive caloric effects in (a, b) (NH4)2WO2F4 and (c, d) (NH4)2MoO2F4 according to the
calculations from the data on the heat capacity and dT/dp at different pressures. Numbers are the pressures (in GPa). 



174

PHYSICS OF THE SOLID STATE  Vol. 52  No. 1  2010

GOREV et al.

in temperature for given mechanical stresses accord�
ing to the dependences T1(σ) and T2(σ) obtained from
the Pippard relations (Table 1). It was assumed that the
uniaxial stresses, like the hydrostatic pressure, do not
substantially change the degree of closeness of the
phase transitions to the tricritical point. 

Unlike the hydrostatic pressure, the mechanical
stresses along the b axis in (NH4)2WO2F4 and along the
c axis in (NH4)2MoO2F4 change the sign of the caloric
effects at T1 due to the change in the signs of the pres�
sure coefficients dT1/dσ along these directions as
compared to dT1/dp (Table 1). 

In the tungstate, the strongest effects are observed
when the stresses are applied along the c direction (at
σc = 9 GPa, the quantities ΔSPCE and ΔTAD are as large
as 14 J/mol K and 8 K, respectively). The pressure
coefficients for this crystal, when the stresses are
applied along the a and b directions, are relatively
small (Table 1), which brings about small magnitudes
of the caloric effects (ΔS ≈ –10 J/mol K, ΔT ≈ +5 K at
σa = 9 GPa and ΔS ≈ +10 J/mol K, ΔT ≈ –5 K at σb =
9 GPa) and narrow temperature ranges of their exist�
ence (170–200 K). The extensive and intensive piezo�
caloric effects in the molybdate are considerably
stronger than those in the tungstate, especially when
the stresses are applied along the b direction (at σb =
9 GPa, ΔSPCE and ΔTAD are as large as ~17 J/mol K
and 15 K, respectively); moreover, the effects are
observed over a wider temperature range (270–350 K). 

It is of interest to compare the data obtained on the
intensive and extensive barocaloric effects in the oxy�
fluorides near the structural phase transitions with the
parameters of the magnetocaloric and electrocaloric
effects in some materials that undergo transitions to
the ferromagnetic and ferroelectric states (Table 2).
Bearing in mind that a comparison of the effects that
have different physical natures and are caused by dif�
ferent fields is fairly subjective, it should be noted,
nonetheless, that the magnitudes of ΔTAD and ΔSPCE

for the oxyfluorides are at the level of the most signifi�
cant caloric effects. 

5. CONCLUSIONS 

The performed studies of the thermal expansion
allowed us to extend the notions of the features of the
mechanism of the structural transformations in
(NH4)2WO2F4 and (NH4)2MoO2F4 and to establish
the correlation between the behavior of the volume
and linear thermal expansion coefficients and the heat
capacity over wide temperature ranges below T1 and
T2. The analysis of the data in terms of the Pippard
relations made it possible to determine the pressure
coefficients dT/dp and dT/dσ and to construct the
total p–T and σ–T phase diagrams, which indicate the
direction (in the crystals) responsible for the signifi�
cant differences between the values of dT1/dp. It was
established that, in the molybdate, in contrast to the
tungstate, the range of stability of the intermediate dis�
torted phase increases under pressure. 

It was revealed that, in the (NH4)2MoO2F4 oxyflu�
oride undergoing two phase transitions, one of which
at T1 is the order–disorder transition, the hydrostatic
pressure and uniaxial stress along the b direction
induce fairly strong intensive and extensive baroca�
loric effects comparable in magnitude to the caloric
effects observed in a number of magnets and ferroelec�
trics. The performed studies allowed the conclusion
that the external pressure is a fairly effective tool for
changing the entropy of compounds that contain
ordering ions or ionic groups. It is quite probable that,
apart from ferroelectric and magnetic materials, in
which the caloric effects are induced by electric and
magnetic fields, attention of researchers will be
attracted to ferroelastics and materials with a mixed
nature, such as ferroelectromagnets–ferroelastics, fer�
roelectrics–ferroelastics, etc., in which significant
caloric effects can be induced by the hydrostatic or
uniaxial pressure. 

Table 2. Phase transition temperatures T0 and caloric effects ΔTAD and ΔSCE induced by the magnetic fields ΔH, electric
fields ΔE, and hydrostatic pressure p

Material T0, K ΔTAD, K ΔSCE, J/kg K ΔH, kOe ΔE, kV/cm p, GPa References

(NH4)2MoO2F4 270 ~12 ~50 0.5

(NH4)2WO2F4 201 ~10 ~40 0.5

CeSb 16 4 19 0.2–0.5 [20]

EuNi2(Si0.15Ge0.85)2 50 14 39 0.2–0.5 [20]

MnAs 312 13 32 50 [16]

Gd5Si2Ge2 280 15 18.5 50 [25]

PST 290 2.4 138 [26]

PZT 500 15 8 480 [27]

Note: PST is PbSc1/2Ta1/2O3, and PZT is PbZr0.95Ti0.05O3 (300�nm film).
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