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Abstract

®

CrossMark

An analysis of the extensive and intensive barocaloric effect (BCE) at successive structural
phase transitions in some complex fluorides and oxyfluorides was performed. The high
sensitivity of these compounds to a change in the chemical pressure allows one to vary the
succession and parameters of the transformations (temperature, entropy, baric coefficient)
over a wide range and obtain optimal values of the BCE. A comparison of different types

of schematic 7—p phase diagrams with the complicated T'( p) dependences observed
experimentally shows that in some ranges of temperature and pressure the BCE in compounds
undergoing successive transformations can be increased due to a summation of caloric effects
associated with distinct phase transitions. The maximum values of the extensive and intensive
BCE in complex fluorides and oxyfluorides can be realized at rather low pressure

(0.1-0.3 GPa). In a narrow temperature range around the triple points conversion from
conventional BCE to inverse BCE is observed, which is followed by a gigantic change of both

|ASBCE| and |ATAD |

Keywords: barocaloric effect, phase transition, phase diagram, entropy

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, caloric effects (CE) near phase transitions in
solids of different physical origins have attract growing interest
from investigators, as evidenced by the increasing number of
relevant publications. Increased attention to this phenomenon
is caused by two factors. The first is due to the possibility of
obtaining information about a direct relationship between such
fundamental values as entropy, temperature, order parameter,
structural disorder and sensitivity to external fields (electric,
magnetic, mechanical stress and hydrostatic pressure) [1-5].
The second is associated with the actual problem of searching
for high-performance solid refrigerants for designing alterna-
tive refrigeration cycles which are competitive with to the tra-
ditional vapor compression cycles [6-9].

1361-6463/17/384002+10$33.00

CE in solids can be initiated by change in the external field
leading to a change in entropy, AScg, at constant temperature
(extensive CE) or in temperature, AT,p, at constant entropy
(intensive CE). In accordance with the origin of both field and
conjugated order parameters (polarization, magnetization,
linear and volume strain), electrocaloric (ECE), magneto-
caloric (MCE), elastocaloric (EICE) and baroclaoric (BCE)
effects are known [1]. The two first effects have been studied
rather intensively for a long time and as a result a series of
outstanding reviews devoted to MCE [10-15] and ECE
[16, 17] have been published.

MCE, EICE and BCE, studied for the first time in the 19th
century [18, 19], have been rather actively explored in the past
two decades [20-23] due to their significant advantage com-
pared to other CE. Indeed, these effects are universal because

© 2017 IOP Publishing Ltd  Printed in the UK
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phase transitions in materials of different natures are very
often accompanied by linear or volume strain of the crystal
lattice which can be considered as one of the order param-
eters. The relationship between, on the one hand, extensive
ASpcg and intensive ATap BCE and, on the other, volume
strain can be derived from Maxwell’s equations and presented

as follows [1]:
P rov
BCE , \ar :

rrT [0V
AT, :—/ — () dp.
AP o G \aT), @)

CE of any nature are studied mainly in solids undergoing
only one phase transition. Very often the most remarkable
AScg and ATap have been observed in materials undergoing
phase transitions of magnetic origin [1, 10, 24]. However,
recent studies of some ferroelectrics, ferroelastics and super-
elastic magnetic alloys have shown that intensive and exten-
sive BCE and EICE can be considered as competitive effects
in relation to MCE [3, 24-26].

In recent years, attention has also been given to paired and
multicaloric effects involving BCE or EICE in combination
with MCE and/or ECE at the same transformation [2, 27-31].
It was shown that by using two different fields one can increase
the total AScg and AT,p values.

The effect of successive phase transitions on caloric effi-
ciency has been less well explored. There are only a few papers
devoted to the study of ECE near multiphases points in order
to increase the entropy change [32-35]. However, as will be
shown below, the phase transition entropy is only one of the
two important parameters which characterize the caloric effi-
ciency of materials. Equally important is the susceptibility of
the phase transition temperature to the external field.

The present paper aims to look at the compromise between
the phase transition entropy and baric coefficient at succes-
sive structural transformations and around triple points, i.e.
between extensive and intensive BCE. Suitable objects for
studying this interesting and intriguing question are complex
fluorides and oxyfluorides containing anionic polyhedral spe-
cies in their structure and demonstrating a great variety of
successive structural transformations in one material at atmos-
pheric or high pressure [36, 37]. It is worth mentioning as an
outstanding example the crystal (NHy);ZrF; undergoing six
phase transitions in a rather narrow temperature range from
240K to 290K [38]. We discuss the behavior of both exten-
sive and intensive BCE in related complex fluorides and oxy-
fluorides undergoing very often successive phase transitions
of ferroelastic origin. Most attention is paid to analysis of the
dependence of the barocaloric efficiency on the relative posi-
tion of the phase boundaries and triple points in the 7—p phase
diagrams which are influenced by the chemical pressure.

2. Structural disorder and T-p phase diagrams
in complex fluorides and oxyfluorides

Many complex fluorides and oxyfluorides with octahedral
or quasi-octahedral anionic groups in their structure are

Al Ga
] )

Sco4Gape Fe ScoeGags Sc
A A A A

T (arb. units)

a, (arb. units) ———

Figure 1. Generalized phase diagram temperature—pressure/
parameter of the cubic unit cell, ay, of the series of fluorides
(NH4)3Me*TFg and solid solutions. The 7—p phase diagrams for the
individual compounds are shown by dashed lines.

characterized by a high symmetry of the initial crystal phase
[36, 37]. X-ray diffraction (XRD) and related modeling have
revealed that this point is associated with dynamical dis-
ordering of different structural units: individual atoms and/
or atomic groups. Very often these compounds undergo one
or more successive structural transformations upon cooling
associated with a change in the degree of structural disorder
and accompanied by large entropy change AS typical for the
order—disorder processes [36, 37, 39].

Equations (1) show that in order to realize noteworthy BCE
the change in volume should also be large. This means that
according to the Ehrenfest equation

dT/dp = ToV~'(0AV/OT)AC, ' = TLABAC, ! (2)
and the Clausius—Clapeyron equation
dT/dp = AVAS™! 3)

for transformations of the second and first order, respectively,
material considered as a potential refrigerant should demon-
strate a high susceptibility to pressure. In equations (2) and
(3), Ty is the temperature of the phase transition and AV,AS,
AC, and Aj3 are jumps at T of volume, entropy, heat capacity
and coefficient of the volume expansion, respectively.

Baric coefficients, dT/dp, for neighboring transforma-
tions in the same crystal of fluorides and oxyfluorides can
be characterized by the same or different signs. This means
that the BCE may be direct and/or inverse in the same mat-
erial at different temperature and/or pressure. The 7—p phase
diagrams of some compounds under consideration also show
triple points initiated by pressure at p = pyp,, which are associ-
ated with a splitting or merging of the phase boundaries with
increase in pressure. So there is the possibility of changing the
value and sign of BCE in the narrow temperature and pressure
ranges around triple points.

Thus, it is obvious that susceptibility of temperature of the
phase transition to external pressure |d7/dp| and the value
of the phase transition entropy AS are important criteria in
the search for solid refrigerants with optimal barocaloric
properties.
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Figure 2. T—p phase diagrams of the fluorides A,A’GaFg (A, A’: Cs, Rb, NHy, K).

Another attractive and important feature of complex fluo-
rides and oxyfluorides is their ability to change chemical pres-
sure in the crystal lattice using cationic—anionic substitution.
Such an effective instrument allowed significant variation of
the successions of structural transformations and their temper-
atures, the degree of structural disorder and associated entropy,
the sign and value of the (OV/9T),, derivative and, as a result,
dT/dp [36, 37]. One of the most visible examples proving this
statement can be demonstrated using a generalized phase dia-
gram temperature—pressure/parameter of the cubic unit cell,
ao, of the series of fluorides (NH,)sMe>TFs (Me*T: Al, Ga, Fe,
Sc) (figure 1) and some of their solid solutions [37, 40, 41].

One can see that the size of the central atom in the [MeF]
polyhedron plays a significant role in the formation of dif-
ferent successions of the structural phase transitions between
the initial Fm3m and final I1 phases characterized by the dif-
ferent values and signs of the baric coefficients. However, a
change in the total entropy associated with such a symmetry
change is the same and very large in all the compounds and
solid solutions: > AS = RIn 16 [40, 41].

Figure 2 shows the 7—p phase diagrams of the fluorides
AsA’GaFg (A, A’: Cs, Rb, NHy, K) designated by different
combinations of monovalent cations and having the same
cubic symmetry of the initial phase, Fm3m [40, 42, 43]. In
such a case, besides different mutual disposition, of the phase
boundaries, there is a different degree of disordering of a
cubic phase as demonstrated by rather distinct values of the
phase transition entropies: Y AS = RIn6 in (NHy),KGaFg
[43] and AS = R1In 16 in (NHy)3GaFg [40].

The strong effect of cationic substitution on the structure
of fluorides and oxyfluorides has been explained in terms
of the bond stresses between different structural units [37].
By changing these parameters one can significantly decrease

the structural disorder in a cubic phase Fm3m and stabilize it
down to helium temperatures.

3. Barocaloric properties at successive phase
transitions

To determine barocaloric properties, we used an approach
similar to that suggested in [21-23, 44] and based on the anal-
ysis of experimental data on heat capacity at p = 0, the T—p
phase diagram as well as the effect of pressure on the value
and behavior of the phase transition entropy AS.

Because the ferroelastic compounds under consideration
are characterized by strong ionic bonds, it was possible to
confidently assume that the rather low pressure (p < 1 GPa)
usually used in experiments with BCE does not substantially
affect the behavior of the lattice heat capacity Cyr) or the
lattice entropy Sp(t). Differential thermal analysis (DTA)
under pressure performed on the series of complex fluorides
and oxyfluorides revealed that, on the one hand, the phase
transition temperatures are shifted to varying degrees, for
example dTy/dp > 0 (figure 3(a)), and, on the other, entropy
of the phase transitions, ASy, remains almost unchanged
with increase in pressure [44—46]. The latter point means
that pressure did not significantly change the degree of dis-
order of the structural units in the initial and distorted phases.
Information on the behavior of the lattice Sy (1) and anoma-
lous AS(T) entropies was obtained by integration of the
Ci(r)/T and AC,(T)/T dependences, respectively. The total
entropy for p > 0 as a function of temperature and pressure
was determined by summation of Sty and AS(T,p) (figure
3(b)). The latter value was determined at p = 0 and shifted
along the temperature scale in accordance with baric coef-
ficient dTy/dp
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Figure 3. Schematic presentation of the 7—p phase diagram for a single phase transition (a). Temperature dependences of the total entropy

(b), extensive BCE (c) and intensive BCE (d) at different pressures.

S(T.p) = Siery + AS(T + (dTo/p) p). ()

Because ASgcg and AT p correspond to conditions T = const
andS = const,respectively,analysisofthetemperatureandpres-
sure dependences of the total entropy allows one to determine
ASpce(T,p) =S(T,p #0) — S(T,p =0). The maximum
extensive BCE ASgcg as well as any other extensive CE AScg
islimited by entropy of the phase transitions AS [47]. The ATap
value was defined from equation S(7T,p) = S(T + ATap,0).

Rather often the 7T-p phase diagrams of materials under
consideration consist of linear or/and nonlinear phase bound-
aries and show a splitting/merging in one or several triple
points with close values of pressure and temperature. So to
start it makes sense to analyze peculiarities of the temperature
behavior of BCE depending on pressure in connection with
some simple schematic phase diagrams (figures 3-5), which
are qualitatively similar to some diagrams observed exper-
imentally (figures 1 and 2). The ratio between entropies of
the successive phase transitions was chosen arbitrarily. We
also take into account an assumption from above based on the
experimental data showing that the entropy of the transforma-
tions is weakly dependent on pressure [44—46].

In the case of a single phase transition (figure 3(a)) with
the positive baric coefficient, ASgcg quickly reaches the max-
imum value (figure 3(b)) equal to the phase transition entropy

AS, i.e. at rather low pressure. Maximum value of the inten-
sive BCE, ATRR* = —TASpcg/CL, is observed at p > pmin
(figure 3(c)) where pp, is minimal pressure which produces
the maximum values of BCE.

ATAS = pmindTo/dp,
Pmin = (TAS)/(CpdTo/dp). (35)

Both extensive and intensive BCE exist in the range of
To(p = 0) — To(p). In accordance with (1), the maximum
value of the intensive BCE ATR3* is also limited by the AS
value but depends on the (0S./0T), derivative, i.e. on the
temperature region where phase transition takes place. At
dT,/dp < 0, the sign of the both extensive and intensive BCE
in figures 3(b) and (c) will also be changed to the opposite
sign.

Two variants of the 7—p phase diagrams are possible in
materials undergoing two successive phase transitions: with
the same (figure 4(a)) and different (figure 4(d)) values of
dTy/dp and dT,/dp characterized by the same sign. In this
case, BCE rises in the temperature range from 7;(p = 0)
to To( p > px), where px = (T} — T2)/(dT,/dp), and ASpcg
can reach a value equal to AS; + AS, and remain con-
stant at further increase in pressure (figure 4(b)). However,
the intensive BCE achieves ATR3* at higher pressure
(figure 4(c)).
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Figure 4. Schematic presentation of the 7—p phase diagrams for successive phase transitions ((a), (d)) and related temperature dependences
of extensive ((b), (e)) and intensive ((c), (f)) BCE at different pressures.
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Figure 5. Schematic presentation of the 7-p phase diagrams with triple points ((a), (d)) and related temperature dependences of extensive

((b), (e)) and intensive ((c), (f)) BCE at different pressures.

The presence of one triple point on the 7—p phase dia-
gram can be associated with two variants of the BCE
behavior depending on several parameters (figure 5). In the
first case (figure 5(a)), three characteristic pressure regions

exist. At T1(p =0) <T < Typ, increase in pressure from
p =0 to p= pyp is accompanied by an increase of exten-
sive and intensive effects up to maximum values AS; and
ATxp = —TAS,/Cr, when ppin < pup. At pressure just
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Figure 6. 7—p phase diagram of (NH4)3GaFs (a) and related temperature dependences of ASgcg (b) and ATp (c) at different pressures.

above pyyp, the temperature region of BCE existence associ-
ated with AS; narrows; however, BCE associated with AS,
appears (figures 5(b) and (c)). At p > px*, an inverse BCE
appears below Tj(p = 0) in accordance with d7,/dp < 0,
which very quickly achieves the maximum values of ASpcg
and AT,p. Caloric effects at this pressure in the region of
T <Ti(p=0)and T > T,(p = 0) depend on parameters of
the phase transitions realized at p > py, and at higher pres-
sure, p > Pup + Pmin2: P > Pup + Pmin3, they reach maximum
values.

In the situation presented in figures 5(e) and (f) extensive
and intensive BCE associated with the distinct phase trans-
itions at p < py, are observed in the two temperature regions
below T7(p = 0) and above T>(p = 0). They expand under
pressure up to the triple point, and can achieve maximum
values when py;, is lower than pyin1 and pminz. At p > peyp,
the temperature region with conventional BCE continues to
expand. The region of existence of inverse BCE narrows and
disappears at p = p*. Above T;(p = 0), further increase in
pressure leads to the appearance of BCE with the following
values: ASgcg = AS; + AS, and ATap = —TASBCE/CL.

The schematic phase diagrams considered above do not
demonstrate all the possible variants of the dependences
T(p). However, the analysis is very important and informative
because it allows one:

(1) to see the qualitative behavior of extensive and intensive
BCE in conventional and inverse variants at successive
structural transformations;

(ii) to evaluate py,;, only on the basis of data on heat capacity
and thermal expansion giving information on 7, C,, AC,,
AS;, AV;, AB and dT;/dp calculated using the Ehrenfest
and Clausius—Clapeyron equations;

(iii) to carry out preliminary evaluations of the range of the p
and T parameters associated with the most pronounced
extensive and intensive BCE;

(iv) to reveal that both dependences ASpcg(T) and ATap(T)
have a plateau which is very important peculiarity of BCE
compared with ECE and MCE, which in many cases look
like smeared peaks.

It is very interesting to consider a change of the 7—p phase dia-
grams and the development of BCE in some real fluoride and oxy-
fluoride crystals depending on chemical and hydrostatic pressure.

The generalized 7-p phase diagram of fluorides
(NH4)3Me3+F6 (figure 1) [40] clearly demonstrates a sig-
nificant effect of chemical pressure on temperature of the
phase transition from the initial cubic phase Fm3m and the
related baric coefficient d7'/dp. The part of this diagram for
(NHy4)3GaFg shown in figure 6 is similar to the diagram ana-
lyzed in figure 5(a), at least in the pressure range up to the first
triple point.

In accordance with the discussion above and the low value
of the baric coefficient d7y/dp = —12 K GPa*I, it is obvious
that a direct transformation Fm3m < [3a in this compound
could not be associated with large BCE in spite of a significant
change in the entropy ASy = 23 J mol~' K~!. Indeed, fig-
ures 6(b) and (c) show that at p = 0.04 GPa there is an inverse
BCE characterized by very small values of both extensive and
intensive effects ASgcg and AT,p. However, due to the low
pressure of the triple point 1, pyp1 &~ 0.045GPa, at p = 0.1GPa
> pup1 @ succession of two transformations Go <+ G2 <+ G3
appeared, one of which, Gy <+ G, is accompanied by a large
positive value of d7/dp =73 K GPa~' and a significant
change in the entropy AS = 18 J mol~! K~! [40]. The temper-
ature behavior of ASgcg and AT,p at different pressures in
(NHy4)3GaFg is qualitatively similar to that demonstrated in
the schematic phase diagram (figures 6(b) and (c)). Indeed,
a maximum value of the extensive BCE, ASFd, = —96 J
mol~! K™!, associated with the phase transition Gy <> G,
can be achieved at very low pressure p = 0.15 GPa,
whereas in accordance with equation (5) ATE* = 14.5 K can
be realized at about pyin + pup1 = 0.25 GPa.

One more interesting example of the development of the
BCE at successive structural transformations is connected with
(NHy4)3ScF¢ characterized by a larger unit cell volume than
(NHy4)3GaFg [40]. Figure 7 demonstrates a similar behavior of
both types of BCE compared with a schematic presentation
in figures 5(e) and (f). We do not consider BCE at the phase
transition G, <+ Gz because of a very small value of AS = 0.7
Jmol ™' K~!. The ‘wings’ of anomalous peaks associated with
the inverse and conventional effects at Gy <+ G;and G| <> G,
transformations, respectively, are approaching each other
with increasing pressure. At p > pyp1 = 0.52 GPa, there is a
smooth transition between the two types of BCE accompanied
by a change of ASE&; from +56 to —28 J mol~! K~! and
ATRE from —8 to +5 K. In accordance with the analysis of
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the similar situation in figures 5(d)—(f), the maximum value
of the inverse BCE at the direct transformation Gy <> G,
in (NH4)3ScF¢ can be achieved at rather high pressure,
p > px = 2.3 GPa. The results of study of the solid solutions
(NHy)3Ga; _,Sc,F¢ allow one to assume that this situation can
be improved in compounds with x ~ 0.6, characterized by a
narrow temperature range of G phase existence (~12K) and
lower value of px ~ 1 GPa [48].

Figure 2 shows that a change in chemical pressure initi-
ated by a cationic substitution in fluorides A,A’GaFjg strongly
affects all the parameters of the phase transitions: temper-
ature, entropy and baric coefficient. Besides (NH4);GaFg,
successive transformations were found only in (NH4),KGaFg
[43]. However, due to rather the low entropy and baric coef-
ficient, none of the three transitions is of interest regarding
BCE. The parameters of conventional BCE in Rb,KGaFg
and Cs,NH4GaFg associated with one phase transition are
close to each other and are worth mentioning: ASE&L = —36
J kg™ K7, ATT® = 12 K, ppmin = 0.1 GPa (Rb,K) and
ASma — 34 Tkg ' K™, ATI% = 13 K, puin = 0.24 GPa
(CSQNH4).

Some oxyfluorides with polar anionic polyhedra in the
structure are also characterized by a high degree of disorder in
the initial phase and the high susceptibility to pressure. As a
result many of them demonstrate 7—p phase diagrams rich in
triple points and high pressure phases [36, 37]. These proper-
ties make fluoro-oxygen compounds very promising for the
investigation of their barocaloric efficiency. Analysis of BCE
in compounds with the cryolite structure (space group Fm3m)
undergoing one phase transition has shown an opportunity to
realize very large values of ASE&L ~ (35-47) kg 'K~ 'and
ATRE ~ (16—19) K at rather low pressure pu, [3, 22, 44,
46]. Here, we will discuss BCE in oxyfluorides with the same
central atom in anion polyhedra coordinated in different ways:
(NH4)2NbOFs, (NH4)3Nb(O2)2F4, (NH4)3NbOFg.

(NH4),NbOFs with a six-coordinated polyhedron
[NbOFgP_ undergoes upon cooling a succession of the two
structural phase transitions Cmc2,(T) < C2(T,) < Ia
accompanied by gigantic total entropy change
STAS = (21.6+16.6) J mol™' K-! ~ RIn12 + RIn 8 due
to the orientational ordering of both distorted [NbOFs]z_ octa-
hedra and ammonium tetrahedra [48]. The 7—p phase diagram
of this oxyfluoride (figure 8(a)) is a variant of the schematic

diagram discussed above (figure 4(a)), when hydrostatic pres-
sure leads to a linear change in the transition temperatures of
two transformations with almost the same baric coefficients:
dT,/dp = —45.4 K GPa~' and dT,/dp = —452 K GPa™".

In accordance with the negative sign of d7;/dp the BCE at
both transformations in (NH,4),NbOF5 are inverse (ATxp < 0,
ASgpce > 0) (figures 8(b) and (c)) [48]. It is obvious that the
maximum possible magnitude of the extensive BCE is equal
to the value of the entropy change associated with both
phase transitions, ASE& = 15517 kg71 K~!. However, this
entropy is divided between two transformations, and until
Th(p=0)<Ti(p)=Ti(p=0)+p-dT\/dp two separate
overlapped peaks of ASgcg are observed. At p > 0.85 GPa,
T,(p=0) > Ti(p) and an increase in ASpcg is observed.
However, rather large pressure is required to achieve ASFE,
and ATRS*. The temperature behavior of both types of BCE
is qualitatively similar to that presented in the schematic dia-
gram (figures 4(b) and (c)). A smearing of the ASgcg(T) and
ATap(T) peaks in (NH4),NbOFs can be explained by the
existence of the anomalous contribution to the entropy associ-
ated with a change of the order parameters in a wide temper-
ature range.

Analysis of EICE in (NH,),NbOFs has shown very inter-
esting results associated with a strong anisotropy in the sus-
ceptibility to uniaxial pressure [48]. As a result conventional
EICE was observed along a and b axes at T} and 75, respec-
tively. The main contribution into the inverse BCE is associ-
ated with the inverse EICE along the c axis.

Another niobate, (NHy4)3;Nb(O,),F4, has an eight-coor-
dinated anion polyhedron and is characterized at room
temperature by the cubic structure (space group Fm3m) with
disordered fluoro-oxygen polyhedra and ammonium tet-
rahedra [49]. The total entropy change associated with the
two phase transitions at close temperatures, 77 = 193 K
and T, = 186 K, is characteristic for the order—disorder
processes » AS =23 J mol™! K-'a~RInl6 [49].
However, the pressure dependence of temperatures of the
both transformations is characterized by strong nonlinearity
described by the equations T; = 193 — 57.4p + 160p?> and
T, =186 —44.4p + 228p2 [49] (figure 9(a)). Thus, it is not
surprising that extensive BCE increases rather quickly with
increase in pressure (ASgcg = 427 kg7'K 'at p = 0.2 GPa)
but exists in very narrow range of the temperature (figure 9(b)).
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Low values of dT;/dp are also the reason for small intensive
BCE (figure 9(c)).

The substitution of eight-coordinated polyhedra by seven-
coordinated ones did not change the cubic structure Fm3m
and resulted in the entropy increase caused by successive
phase transitions, from }  AS; &~ R1n 16 in (NH4);Nb(O,),F;4
to > AS; = RIn96 in (NH4);NbOF4 [50]. The T—p phase
diagram of (NH,4)3NbOFg is similar to the diagram presented
in figure 4(d) and associated with the successive phase trans-
itions characterized by a strong difference in the baric coef-
ficients. The analysis has shown that maximum values of the
extensive and intensive BCE near some transformations and
around triple points are worthy of attention—ASEe: = —30
to 100 J mol ™' K~" and ATT = 6 to —15 K—and can be
achieved at pressure 0.1-1.25 GPa.

A comparative analysis of caloric efficiency in different
types of ferroics has shown that BCE in some ferroelastic
fluorides and oxyfluorides undergoing one phase transition is
comparable with the greatest values of MCE, ECE and BCE
observed recently in other materials [6, 17, 24]. The results
obtained in the present paper show that further increase of the
BCE can be realized in compounds undergoing successive
transformations. In such a case in some ranges of temperature
and pressure the BCE can reach values equivalent to the sum
of caloric effects associated with distinct phase transitions.

4. Conclusions

We performed a pioneering analysis of the extensive and
intensive BCE at successive structural phase transitions in
some complex fluorides and oxyfluorides which are very sen-
sitive to a change of chemical pressure. Different types of 7—p
phase diagrams including the triple points are considered in
connection with the complicated dependences T(p) observed
experimentally. The analyzed diagrams do not cover all pos-
sible variants of the phase transition—temperature behavior
under pressure. However, they show which parameters of the
phase transitions and phase diagrams should be taken into
consideration when analyzing BCE. A very important point
is that, contrary to some ferroelectric crystals [25, 26, 51],
rather low hydrostatic pressure has practically no effect on an
entropy of ferroelastic transformations, therefore the behavior
of extensive and intensive BCE is not changed with increase
in pressure. In the case of successive phase transitions at close
temperatures there is a possibility of realizing extensive BCE
as the sum of AS of two transformations. A comparison of
BCE with MCE and ECE has shown that ferroelastics under-
going single or successive phase transitions are competitive
solid refrigerants [6, 17, 24]. Moreover, at pressures above
Pmin both dependences ASpcr(T,p) and ATap(7T,p) show a
plateau which is a very important peculiarity of BCE.
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