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Abstract

We report the conventional and inverse barocaloric effect (BCE) in ferroelastics
(NH4)3NbOF6 and (NH4)3TiOF5. We found a rich set of the structural phase
transitions and triple points on the T − p phase diagrams. Extensive and inten-
sive BCE near some transformations and around triple points in both crystals
are outstanding (|∆Smax

BCE |=30–100 J·(kg·K)−1; |∆Tmax
AD |=4–22 K) and can be

achieved at low pressure 0.01–0.60 GPa.
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1. Introduction

Barocaloric effect (BCE) associated with the reversible change in the en-
tropy/temperature, ∆SBCE/∆TAD, under pressure variation under the isother-
mal/adiabatic conditions is a common caloric effect (CE) characteristic for sub-
stances of different physical nature in various aggregate states. This can be
demonstrated using the Maxwell relation (∂S/∂p)T = −(∂V/∂T )p presented as
follows

∆S =

∫ p

0

(
∂V

∂T

)
p

dp; ∆T = −
∫ p

0

T

Cp

(
∂V

∂T

)
p

dp, (1)

where V is the volume, Cp is the heat capacity. In accordance with these equa-
tions, the values of both extensive, ∆SBCE , and intensive, ∆TAD, BCE strongly
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depend on a coefficient of the volume thermal expansion β = V −1(∂V/∂T )p.
Solids under usual conditions show as a rule rather low value of β compared to
gaseous materials used as refrigerants in the traditional vapor - compression sys-
tems. That is why for a long time BCE in solids has been studied to a much lesser
extent than magneto(MCE)- and electro(ECE)-caloric effects in ferromagnets
and ferroelectrics some of which are considered as potential solid refrigerants
competitive in comparison with gaseous coolants. [1, 2, 3, 4, 5] However, near
phase transitions where many properties of solids exhibit strongly anomalous
behaviour, a value of the (∂V/∂T )p derivative can often vary by several orders of
magnitude. In such a case both barocaloric characteristics, ∆SBCE and ∆TAD,
can reach very large magnitudes comparable with the highest values of exten-
sive and intensive MCE and ECE. [1, 2, 3] Moreover, when heated through a
point of the phase transition, the structural distortions may be accompanied by
either increase or decrease in the unit cell volume. Thus, BCE can be either
conventional, (∂V/∂T )p > 0, associated with decrease in ∆SBCE and increase
in ∆TAD under applying pressure or inverse, (∂V/∂T )p < 0, ∆SBCE > 0 and
∆TAD < 0. The latter situation is less common than the former one. Never-
theless, inverse BCE was recently studied in ferroelectrics BaTiO3, (NH4)2SO4,
NH4HSO4 and intermetallic compound La-Fe-Si-Co. [6, 7, 8, 9]

A different sign of the change of the unit cell volume is observed quite often
at structural transformations in materials of the ferroelastic origin: fluorides,
oxides and oxyfluorides with the perovskite-like structure. [5, 10] Some of these
crystals undergo at ambient pressure only one phase transition G0 ↔ G1 which
is characterized by large entropy change ∆S and small change in the unit cell
volume or in anomalous part of the β value. In such a case, in accordance
with the Clausius–Clapeyron, dT/dp = δV · δS−1, and Ehrenfest, dT/dp =
T0 ·∆β ·∆C−1

p , equations, baric coefficients dTG0−G1
/dp is also characterized by

small magnitude. However, sometimes a splitting of the initial phase boundary is
initiated by rather low pressure at the triple point, p = ptrp, with the appearance
of the intermediate phaseG0 ↔ G1′ ↔ G1. The entropy changes associated with
each of the G0 ↔ G1′ and G1′ ↔ G1 transitions are less than the entropy of
the G0 ↔ G1 transformation at p < ptrp and the following relationship occurs
between these values ∆SG0−G1

= ∆SG0−G1′ +∆SG1′−G1
. The baric coefficients

having different signs, dTG0−G1′/dp > 0 and dTG1′−G1/dp < 0, can increase in
absolute value in the tens and hundreds of times compared to dTG0−G1/dp. To
our knowledge, in spite of the growing interest to BCE in solids this effect is
still unexplored near the triple points.

In the present letter, we investigate barocaloric properties of the two fer-
roelastic fluorine-oxygen compounds (NH4)3NbOF6 and (NH4)3TiOF5 with the
elpasolite–cryolite structure. [11, 12, 13] At ambient pressure, niobate undergoes
two structural phase transitions in a very narrow temperature range: T1=260 K
and T2=262 K, whereas titanate shows only one ferroelastic phase transition at
T0=264.7 K. Entropy of the structural transformations was found very large in
both oxyfluorides: in (NH4)3NbOF6 ∆S1 + ∆S2=(8.5+ 30.3) J·(mol·K)−1 and
in (NH4)3TiOF5 ∆S0=18.1 J·(mol·K)−1.

The dependences of ∆TAD(T, p) and ∆SBCE(T, p) were determined ana-
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Table 1: Barocaloric properties of (NH4)3NbOF6 and (NH4)3TiOF5 ferroelastics.

Crystal (NH4)3NbOF6 (NH4)3TiOF5

i G0 −G1 G1 −G2 G1 −G1′ G1′ −G2 G0 −G1 G0 −G2 G2 −G1 G2 −G3 G1 −G3

Ti (K) at p=0 261±1 260±1 265±1
dTi/dp (K/GPa) 54 16 16 3 6.3 223 -176 -59 425

∆Si (J/kg·K) -31 -109 -36 -72 -85 -5.0 +60 +100 -36
∆Tmax

AD (K) 6.2 21.7 7.2 14.4 15.3 4.4 -11.5 -17.4 7
pmin (GPa) 0.11 1.35 2.4 0.02+ptr1 0.06+ptr1 0.29+ptr2 ∼0.01

lyzing data on the heat capacity, [11, 12] the T − p phase diagrams and the
dependences of entropy of the phase transitions on temperature and pressure.

2. Results and discussions

The (NH4)3NbOF6 and (NH4)3TiOF5 compounds were obtained from solu-
tion starting from high purity raw materials Nb2O5 (98.5%) and (NH4)2TiOF6

(99%). The details of preparation were reported earlier. [11, 12] XRD examina-
tion showed an absence of the secondary phases and revealed a cubic structure
(sp. gr. Fm3̄m) at room temperature in both oxyfluorides.

Differential thermal analysis (DTA) experiments under pressure were per-
formed using home–made high–pressure chamber with multiplier. [11] A mixture
of silicon oil and pentane exhibiting optimal electrical and heat conductivity,
solidification point, and viscosity was used as a pressure-transmitting medium.
To measure temperatures and anomalies of the heat capacity related to the
phase transitions, we used the copper–constantan and high-sensitive differential
copper–germanium thermocouples, respectively. The pressure was measured by
a manganin resistive sensor. At ambient pressure, the samples of (NH4)3NbOF6

and (NH4)3TiOF5 show two and one anomalies in the DTA-signal, respectively,
associated with two G0 ↔ G1 ↔ G2 and only G0 ↔ G1 transformation at
temperatures shown in Table 1, which coincide with the values observed in
experiments with an adiabatic calorimeter. [11, 12]

Effect of pressure over a range of 0.0–0.5 GPa on the DTA-signals in the
oxyfluorides (NH4)3NbOF6 and (NH4)3TiOF5 is illustrated in Fig. 1(a) and
2(a).

At pressure increase, both crystals demonstrate the splitting of the DTA-
peaks observed at ambient pressure, which is connected with the appearance of
the intermediate high-pressure phases. Considering temperatures of the DTA-
peaks as temperatures of the phase transitions, we have built the T − p phase
diagrams (Fig. 1(b) and 2(b)). Common feature of both diagrams is connected
with the triple points initiated by the rather low pressure. The coexistence
of the G1, G1′ and G2 phases in (NH4)3NbOF6 was observed at the following
coordinates ptrp1 = 0.07 ± 0.01 GPa, Ttrp1 = 261.5 ± 2 K. Nonlinear phase
boundaries in Fig. 1(b) can be described by the following equations: TG0−G1 =
261 + 54p− 15p2, TG1−G2 = 260.7 + 16p− 77p2, TG1−G1′ = 260.3 + 19p− 27p2,
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Figure 1: The dependence of (a) DTA-signal and (c) excess entropy ∆S on temperature at
different hydrostatic pressure in (NH4)3NbOF6; (b) T − p phase diagram; (d) Temperature
dependence of total entropy of (NH4)3NbOF6 at different hydrostatic pressure.

4



-20

 0

 20

 40

 60

 80

 100

 240  260  280  300

(a)
D

T
A

-s
ig

n
a

l 
(a

.u
.)

T (K)

 220

 240

 260

 280

 300

 320

 0  0.1  0.2  0.3  0.4  0.5

(b)

G0

G1

G2

G3

T
 (

K
)

p (GPa)

 180

 200

 220

 240

 260

 280

 300

 240  260  280  300

(d)

S
(T

)-
S

(1
0

0
 K

) 
(J

/m
o

l 
K

)

T (K)

0.00 GPa
0.23 GPa
0.31 GPa0.0

5.0

10.0

15.0

20.0

25.0

30.0

 240  260  280  300

(c)

∆
S

 (
J
/m

o
l 
K

)

T (K)

Figure 2: The dependence of (a) DTA-signal and (c) excess entropy ∆S on temperature at
different hydrostatic pressure in (NH4)3TiOF5; (b) T − p phase diagram; (d) Temperature
dependence of total entropy of (NH4)3TiOF5 at different hydrostatic pressure.

TG1′−G2
= 261.3 + 6p− 20p2. The dT/dp values characterizing an initial slope

of the phase boundaries, i.e. at p = 0 and p = ptrp1, are presented in Table 1.
A sign of the baric coefficients dTG1−G1′/dp and dTG1′−G2

/dp is changed at
rather low pressure. Similar effect in perovskite–like ferroelstics [14] was ex-
plained by changes in the invariant of the thermodynamic potential describing
the interaction of the order parameter with the strain.

The T − p phase diagram of (NH4)3TiOF5 (Fig. 2(b)) shows five phase
transitions between four crystal phases connected by two triple points: ptrp1 =
0.196 ± 0.005 GPa, Ttrp1 = 265.7 ± 0.5 K, and ptrp2 = 0.291 ± 0.005 GPa,
Ttrp2 = 249.2± 0.5 K. Small value of dTG0−G1/dp (Table 1) demonstrates a low
sensitivity of the transformation G0 ↔ G1 to pressure. At triple point 1, the
phase boundary G0 ↔ G1 splits into two lines associated with the succession of
the two transformations: G0 ↔ G2 and G2 ↔ G1 characterized by very large
values of dT/dp of the opposite sign. Further increase in pressure up to ptrp2
leads to appearance of the two additional phase transitions: G1 ↔ G3 and G2 ↔
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G3. Temperatures of the all phase transitions show strong linear dependence on
the hydrostatic pressure. Due to the steep slope of the phase boundary G1 ↔ G3

the related transformation was observed in the narrow pressure-temperature
range and its baric coefficient was determined with a rather large error (Table 1).

The temperature dependences of the DTA-signal in Fig. 1(a) and 2(a) are
proportional to the temperature dependences of the anomalous heat capacity,
∆Cp(T ), associated with the phase transitions. Therefore, the areas under the
DTA-signal peaks can be considered as proportional to the entropy, ∆Si, of the
phase transitions. All the DTA-signal peaks in both oxyfluorides do not change
the shape and area over the pressure range 0–0.5 GPa. A sum of the areas
under peaks at p > ptrp is equal to the area under the peak detected at p < ptrp
before splitting of the phase boundaries. Thus, entropies of the transformations
in (NH4)3NbOF6 and (NH4)3TiOF5 are practically independent on pressure.
We have normalized the areas under the DTA-signal peaks to the value of ∆Si

obtained in measurements of the heat capacity at ambient pressure using an
adiabatic calorimeter [11, 12] and determined dependences ∆Si(T ) at different
pressure (Fig. 1(c) and 2(c)). The largest value of ∆SG2−G3

for (NH4)3TiOF5

(Table 1) is associated with a contribution of entropy ∆SG1−G3 which was not
observed at p = 0. In accordance with this point, the temperature dependence
of (∆SG2−G3

+ ∆SG0−G2
) was shown in Fig. 2(b) beginning from zero whereas

entropies ∆SG0−G1
and (∆SG0−G2

+ ∆SG2−G1
) were considered as additional

contribution to ∆SG1−G3
.

Both extensive and intensive BCE in oxyfluorides were determined by the
previously used method [15] using the data on heat capacity, [11, 12] the T − p
phase diagrams and temperature and pressure dependences of the phase transi-
tion entropies obtained in the present paper. Taking into account the negligible
effect of low pressure (p ≤ 0.5 GPa) on ∆Si (Fig. 1(a) and 2(a)), we suppose that
lattice entropy, SL, of fluorine-oxygen crystals with dominated ionic bonds also
does not substantially depend on the hydrostatic pressure. The dependences
SL(T ) − SL(100 K) were obtained by integration of the (CL/T )(T ) functions.
CL is the lattice heat capacity obtained by polynomial fitting of the experimental
data outside the phase transition region. Temperature dependences of the total
entropies under pressure (Fig. 1(d) and 2(d)) were determined by summation of
the lattice entropy SL and the anomalous contributions ∆Si shifted along the
temperature scale according to the appropriate sign and value of dTi/dp (Ta-
ble 1). In Fig. 2(d), the curve SL(T ) at p = 0.31 GPa is shown in accordance
with a difference between ∆Si at p = 0 presented in Fig. 2(c). The behavior
of ∆SBCE determined from temperature and pressure dependences of the total
entropies ∆SBCE = S(T, p)− S(T, p = 0) of (NH4)3NbOF6 and (NH4)3TiOF5

is shown in Fig. 3(a,c).
To obtain correct information on the behaviour of the intensive BCE, plots of

S(T, p) = SL(T, p = 0) + ∆S(T, p) were analyzed based on the condition of con-
stant entropy S(T, p) = S(T + ∆TAD, p = 0). By assuming the lattice entropy
to be independent of rather low pressure, we determined the maximum possible
values of extensive and intensive BCE for the phase transition. Both values
are connected with entropy of the phase transition ∆S: ∆Smax

BCE = ∆S and
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∆Tmax
AD = −T∆S/CL. [16] One more important parameter of the barocaloric

efficiency is a minimum pressure, pmin = T∆S/CLdT/dp, required to imple-
ment both maximum BCE values. Barocaloric characteristics for the specific
structural transformations are presented in Table 1.

Figure 3 shows nontrivial behaviour of intensive and extensive BCE in both
oxyfluorides which is associated with triple points on the T − p phase diagrams.
In (NH4)3NbOF6 at p = 0.06 GPa< ptrp1, both phase transitions G0 ↔ G1

and G1 ↔ G2 contribute into ∆SBCE and ∆TAD (Fig. 3(a,b)), which appear
as a single peak and are observed in the narrow temperature range. A total
entropy change associated with BCE is rather large ∼50 J·(kg·K)−1 (Fig. 3(a)).
Further increase in pressure leads to two stage in the behaviour of BCE. En-
tropy (∆SBCE)G0−G1 quickly reaches the maximum value at pmin=0.11 GPa
and remains constant. A contribution into ∆SBCE connected with successive
phase transitions G1 ↔ G1′ ↔ G2 was increased up to ∼105 J·(kg·K)−1 at
p=0.32 GPa. At this pressure the ∆TAD reaches the maximum value. At
p >0.32 GPa there is a conversion of both BCE due to a change of the sign
of dTG1−G1′/dp and dTG1′−G2/dp (Fig. 1(b)). Below TG1′−G2 , extensive and
intensive BCE can reach 110 J·(kg·K)−1 and -21 K, respectively, however, at
rather high pressure, 1–2 GPa. Nevertheless, it is worth noting that there is a
possibility to change entropy from -31 J·(kg·K)−1 up to +110 J·(kg·K)−1 and
temperature from +6 K down to -21 K in very narrow temperature region,
∆T ≈ 3 K (Fig. 3(a,b)).

There are also two additional important peculiarities in the temperature-
pressure behaviour of (NH4)3NbOF6: firstly, very small difference TG0−G1 −
TG1−G2

at p = 0 and, secondly, very narrow interval of the pressure where
the direct phase transition G1 ↔ G2 exists (Table 1 and Fig. 1(b)). These
features can be used in the future to improve barocaloric properties of niobate
by the following way. Based on dependencies TG0−G1

(p) and TG1−G2
(p), we have

found that a triple point where the G0, G1 and G2 phases may coexist could
be observed at very low negative pressure ptrp2 < −0.01 GPa. Such a small
value ptrp2 permits us to assume that the direct transformation G0 ↔ G2 can
be realized by an increase in the unit cell volume as the result of a decrease in
the internal (chemical) pressure. Such an effect can for example be achieved by
partial cationic substitution of the NH4 group by Cs atom because a stability of
the crystal phases in the cubic fluorine and fluorine-oxygen compounds strongly
depends on the size of cations and anions. [10]

Due to a very low sensitivity of the phase transitionG0 ↔ G1 in (NH4)3TiOF5

to pressure, rather large maximum values of (∆SBCE)G0−G1
and (∆TAD)G0−G1

cannot be achieved because pmin is significantly higher than the pressure of both
triple points (Table 1). In accordance with the dependence SL(T )− SL(100 K)
(Fig. 2(d)), titanate demonstrates conversion of BCE in two stages in rather
narrow temperature range (Fig. 3(c,d)). At p=0.31 GPa, above 268 K and be-
low 255 K conventional BCE associated with the phase transitions G0 ↔ G2

and G1 ↔ G3, respectively, achieve the maxima at very low pressure (Table 1).
In the region between the two triple points, rather low pressure, pmin < ptrp2, is
needed to implement the greatest values of the inverse BCE (Table 1). Similar
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situation was observed at p > ptrp2, where BCE associated with the transfor-
mation G2 ↔ G3 remains inverse and shows gigantic maximum values of both
(∆SBCE)G2−G3

and (∆TAD)G2−G3
at pressure, which can be implemented rel-

atively easily (Table 1). One should also pay attention to a very low pressure
needed to get (∆Smax

BCE)G1−G3
and (∆Tmax

AD )G1−G3
, which exist in a wide tem-

perature range.
In the future it would be interesting to investigate the influence of chem-

ical pressure on the T − p phase diagram and barocaloric parameters of tita-
nium oxyfluoride. It can be assumed that the decrease in the unit cell vol-
ume caused for example by cationic substitution K+ → NH4+ will shift both
triple points to the lower external hydrostatic pressure. In such a case the
most useful barocaloric parameters associated with successive phase transitions
G0 ↔ G2 ↔ G1 ↔ G3 and G0 ↔ G2 ↔ G3 can be achieved more easily.

3. Conclusion

In summary, this letter demonstrates BCE in oxyfluorides (NH4)3NbOF6

and (NH4)3TiOF5 undergoing structural phase transitions near room tempera-
ture. The T − p phase diagrams show triple points and crystal phases induced
by high pressure. Entropy of the phase transformations was found to be inde-
pendent on pressure, at least up to 0.5 GPa. BCE observed around the triple
points demonstrate options worthy of attention and are comparable with the
caloric parameters of the known solid refrigerants of different origin. [1, 2, 3, 17]
In both compounds, the conversion from the conventional BCE to the inverse
is observed in very narrow temperature change and followed by gigantic change
of both |∆SBCE | and |∆TAD|. The possibility of improving the barocaloric
properties by changing the chemical pressure is discussed.
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