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Barocaloric effect in ferroelastic fluorides and oxyfluorides

Using the data about the temperature - pressure phase diagram and the phase transition
entropy at ambient and high pressure, intensive and extensive barocaloric effects were
analyzed in the region of single and successive order-disorder phase transitions in fluorides
and oxyfluorides with the elpasolites-cryolite structure. It was found that hydrostatic as well
as chemical pressure are the effective tools to change the entropy of compounds with
disordered ionic groups or atoms in structure and to realize the significant intensive and
extensive barocaloric effects comparable with the values of baro- and magnetocaloric effects,

characteristic for materials, considered as promising solid refrigerants.
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Introduction
It can be considered with assurance that caloric effects (CE) in solids attract attention of

scientific and engineering community during more than one and half centuries, beginning
from the appearance of the papers by both W. Thomson Lord Kelvin and J.P. Joule devoted,
particularly, to pioneering theoretical and experimental studies elastocaloric effect (EICE) as
a temperature response AT on the longitudinal compression/decompression [1, 2]. However,
despite the fact that EICE, or, in other words, piezocaloric effect (PCE), in solids is the oldest
one, over a long period of time the main attention of investigators was paid to the
magneto(MCE)- and electro(ECE)-caloric effects [3-6]. There are at least two reasons of such
a situation. The former is associated with rather strong difficulties to realize adiabatic
conditions in the process with the applying/removal of uniaxial or hydrostatic pressure in
experiments with the direct measurements of AT. Only recently, some rather complicated
installations were suggested for this aim [7, 8]. The latter reason is better demonstrated using

the thermodynamic equation of the Maxwell type [3]
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where X - generalized coordinate (order parameters: polarization, magnetization, linear or
volume strain), Y — generalized conjugated external field (electric, magnetic, uniaxial stress
or hydrostatic pressure). The values of both extensive ASce and intensive ATap CE depend on
the external and internal parameters [3]

AS¢e = J‘(Z_il dy ATAD = _CLYASCE J )
where Cy — heat capacity at Y = const. Thus, the temperature derivative of the order
parameter as an internal property of material plays very important role in the formation of its
caloric response. The anomalously large value of (0X/0T)y is characteristic for the vicinity of
the phase transition point and at least magnetic transformations were known earlier than
structural phase transitions in ferroelastics associated with BCE and PCE realized under
hydrostatic and uniaxial pressure, respectively [9, 10]. Namely therein is the second reason
why MCE was studied more intensively.

On the other hand, it can be argued that BCE and PCE can be considered as very
attractive properties because of many reasons. First, the following equation obtained from the
combination of Egs. (2)

AT, = [VT P gp 3)

C,

shows that both effects depending on the coefficient of the bulk Bt (or linear o) thermal
expansion coefficient are universal properties for solids of any physical nature. Second, as a
rule, phase transitions of different nature are sensitive to external pressure and BCE and PCE
can be realized as additional effects to MCE or ECE in magnets and ferroelectrics [11-13].
Third, due to the magneto- and electroelastic interactions, BCE and PCE can be triggered as
the secondary CE under variation of the magnetic or electric field [14]. And at last fourth, the

most interesting peculiarity of BCE, is that even in materials, belonging to one family, one



can effect on the sign of the anomalous thermal expansion coefficient varying the chemical
pressure by the cationic-anionic substitution and, as the result, transform the conventional
BCE and PCE into inverse ones.

Recent reviews on CE of different physical nature [15, 16], have underlined that
external hydrostatic pressure, up to the present, was mainly used as an instrument for tuning
MCE and only episodically for BCE study [17 — 20]. The present paper is devoted to BCE in
the family of complex fluorides and oxyfluorides with the octahedral anionic groups in
structure, which is very rich of compounds undergoing ferroelastic phase transitions
accompanied with large values of both the entropy change and baric coefficient dT/dp [21].
The data obtained last years and some new results of analysis performed on materials studied
by us earlier will be shortly reviewed and discussed in comparison with known solid
coolants.

Phase transitions and maximum barocaloric effects

As postulated above, in accordance with Egs. (2) — (3), the intensive and extensive BCE
depend not only on the strength of hydrostatic pressure but also on the temperature derivative
of the order parameter. In turn, the latter value can vary in wide range depending on the
closeness of structural transformation to the tricritical point.

One more important question is associated with the internal and external reasons
restricted the value of CE in distinct material or, in other words, what are the greatest
possible values of CE? A schematic presentation in Fig. 1 demonstrates a process of
determination of the extensive ASgce™ and intensive ATp™* BCE maximum values in

compounds undergoing structural phase transitions with the positive value of dT/dp.
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Figure 1. (a) T-p phase diagram. (b) Temperature and pressure dependences of the total
entropy. (c, b) Temperature dependences of extensive and intensive BCE associated with

selected hydrostatic pressures.

We will discuss BCE in ferroelastics characterized by strong ionic bonds. Therefore,
one can confidently assume that pressure effects mainly on the behavior of the anomalous
entropy AS associated with the change of the order parameter at the phase transitions. Rather
low pressure used in our experiments (p < 06 GPa) did not substantially change the entropy
of other components, including regular lattice entropy S.. Therefore, the dependence S, (T)
determined at atmospheric pressure was used as the background entropy for the analysis of
the pressure effect. The intensive and extensive BCE were determined using the experimental
data on heat capacity at p =0, T —p phase diagram as well as effect of pressure on the value
and behavior of AS in a similar way to [10, 22].

After separation of the lattice part, C., and anomalous contribution, ACp, of the total
heat capacity, Cp, the information on the lattice S| and anomalous AS entropies were obtained
by integration of C/T) and AC,/T, respectively. Here it is pertinent to note that in accordance
with [23, 24], the additional contribution into the Gibbs free energy due to external pressure
has the form p772 (n - order parameter) contrary to EP or MH in the case of ferroelectrics and

ferromagnets under electric or magnetic field. Such relation between p and » means only the



shift of the transition temperature T, under pressure without smearing the temperature
behavior of  and, consequently, the anomalous entropy.

That is why at p > 0, the total entropy as a function of temperature and pressure (Fig.
1b) was determined by summation of the regular lattice entropy S, and the anomalous
contribution AS determined at p = 0 and shifted along the temperature scale according to the
dT/dp value, obtained from the T-p phase diagram (Fig. 1a). The DTA studies under low
pressure (p < 0.6 GPa) have shown that entropy of phase transitions in fluorides and
oxyfluorides remains almost unchanged with pressure increase [10]. That means that there
are neither significant changes in the degree of the proximity of phase transitions to the
tricritical points nor changes in the numbers of equivalent orientational states of ionic groups
in the initial and distorted phases.

Taking into account that both ASgce and AT ap correspond to conditions T = const and
S = const, respectively, analysis of the temperature and pressure dependences of the total
entropy (Fig. 1b) allows one to determine value ASgce(T,p) = S(T,p) - S(T,0). The ATap Value
was defined from equation S(T,p) = S(T + AT ap,0).

Figures 1c and 1d show the qualitative behaviour of both BCE depending on
temperature at p > 0: p < Pmin; P = Pmin @Nd P > Prin. The Pmin Value is a minimum of pressure
which produces the maximum values of BCE. Starting in the T = const process from point A
on the S(T,p=0) curve to point B on the S(T, pmin) curve one can obtain ASgce™ value, which
is equal to the phase transition entropy AS. In accordance with Eqg. (2), the maximum value of
the intensive BCE ATap™™ is also limited by the AS value but depends on the (6S./0T),
derivative, i. e., on the temperature region where phase transition takes place. At pressure
above pmin both dependences ASgce(T,p) and AT ap(T,p) have a plateau (Fig. 1c and 1d). This
is very important peculiarity of BCE behaviour compared to ECE and MCE, which look in

many cases like smeared peaks [3, 4, 6]. Because the AS value is proportional to the square of



the order parameter, at least for ferroic phase transitions, it is obviously that the reasons of
the limitation of the maximum CE of the different origin are the same.

Considering Fig. 1 in the case of the strong first order phase transition, one can obtain
equations for row estimation of ATap" and pmin demonstrated their dependences on the

value of baric coefficient

dT, TAS

AT ™ =—= pmin ' Prmin 2, (4)
AP C,dT,/dp

dp

Results and discussion

Analysis above has shown the importance of large values of the phase transition entropy and
baric coefficient in order to realize significant intensive and extensive BCE. Great values of
AS accompany usually phase transitions associated either with orientational or positional
disorder of some structural elements in initial high temperature phase, which disappeared
through the process of structural distortion accompanied by the symmetry decrease [25]. As
an illustrative example one can refer to the wide series of fluoro- and oxyfluoro-compounds
with structure containing cationic and anionic polyhedra, which can be disordered by
different ways [21, 26].

In accordance with the Clapeyron-Clausius dT/dp = 6V/6S and Ehrenfest dT/dp =
T(8p/8Cp) equations valid for phase transitions of the first and second order, respectively,
both sign and value of dT/dp depend on the sign and value of the relation between the jumps
of volume 8V and entropy &S as well as thermal expansion coefficient 64 and heat capacity
dCp, which occur at phase transition point [25]. Depending on the composition and the
relation between symmetry of the initial and distorted phases, complex fluorides and
oxyfluorides can undergo phase transitions accompanied by increase or decrease of the unit
cell volume upon heating and, thus, demonstrate positive or negative baric coefficient.

Moreover, rather often some of these compounds exhibit two or more successive structural



transformations associated with the volume change characterized by the opposite sign of
dT/dp.

Let us consider some remarkable results obtained in studies of BCE in crystals of the
elpasolite-cryolite type having cubic symmetry Fm-3m and undergoing structural phase
transitions under temperature and/or pressure variation. For example a series of compounds
with general chemical formula Rb,KMeOyFg.« (x =0, 1, 3) are known to undergo one first
order ferroelastic phase transition below room temperature and characterized by the simple T
— p phase diagram like it is schematically shown in Fig. 1a [21, 27]. Table 1 demonstrates
that changing chemical pressure by variation of the central atom size and the relation between
F and O atoms, one can change the temperature, entropy as well as baric coefficient typical
for structural transformation.

[Insert Table 1 near here]

Taking into account that the ASgce™ value is almost equal to AS of phase transition
and using the approach discussed in the previous section, the intensive BCE AT p™ and
corresponding pmin Values were determined. It seen that in spite of the rather wide range of
the maximum BCE quantities, the pmin Values are a little bit different for the Rb,KMeOxFe.x
elpasolites. One of the possible reasons of this fact is that phase transitions in crystals under
consideration are characterized by the different chemical pressure and by the different
closeness to the tricritical point.

The total substitution of spherical cations Rb,K for tetrahedral ammonium group, on
the one hand, does not change the Fm-3m symmetry and, on the other, leads to a significant
increase of the phase transition temperature (Table 1). Entropy of phase transition in
oxyfluorides was changed to a lesser extent compared to very high increase of the AS value in
ammonium fluorides. Such a situation is due to a strong different degree of disordering the

NH, groups giving additional contribution into anomalous entropy of fluorides [21, 26]. It is



not improbable that configuration of polyhedra MeOgsF3 also effects on the limitation of
disorder in a cubic phase of oxyfluorides.

As to the baric coefficient, its value is strongly decreased in ammonium compounds
with Ga and Ti, whereas, in (NH4)sMoOg3F3 this parameter became anomalously large.
However, unlike pure ferroelastic phase transition in the Rb,KMeOxFs., structural
transformation in ammonium molybdate is complicated of origin showing ferroelastic and
ferroelectric properties [29].

Using Eq. (4) the values of the intensive ATap™ BCE as well as pmin Were
determined not for all ammonium compounds analyzed because of some reasons. First,
experimental data on dTo/dp for (NH,4)sFeFs are absent. Second, both (NH,4);TiOFs and
(NH4)3GaFg are characterized by the presence of triple points on T-p phase diagrams at rather
low pressure pyp = 0.18 GPa [30, 32], which prevent to reach the maximum barocaloric
parameters.

Comparison of the maximum and experimentally observed values of both BCE shows
rather good agreement. Some difference between pmin and experimental pressure p®® for the
same compound is particularly associated with the validity of Egs. (4) for strong first order
phase transitions, whereas compounds under consideration undergo transformations close to
the tricritical point.

Many of the fluorides and oxyfluorides with the elpasolite-cryolite structure undergo
successive phase transitions at ambient pressure and show at p > 0 the triple points on the T-p
phase diagram where intermediate phases disappeared/appeared [21, 26]. In other
compounds, as it was pointed above, rather low pressure splits one phase transition observed
at p = 0. In the case of complicated T-p phase diagrams, the change in the total entropy as a
function of temperature and pressure was determined by summing the lattice component of

the entropy S (T) and anomalous entropies AS(T,p) associated with distinct phase transition



and found from the DTA measurements under pressure and then scaled in magnitude on the

basis the anomalous entropies obtained from the direct measurements of the heat capacity.
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Figure 2. (a) T-p phase diagram of (NH4)3WOsFs. (b) Temperature and pressure dependences
of the total entropy S =S| + AS. (c, b) Temperature dependences of extensive and intensive
BCE associated with selected hydrostatic pressures.

The T-p phase diagram presented in Fig. 2a demonstrates very impressive example of
gigantic changing a sensitivity of the (NH;)3sWO3F; crystal to the hydrostatic pressure [30].
At pressure below triple point (pyp = 0.183 GPa), baric coefficient is very small dT/dpgo « 61
=-2.5+ 5 K/GPa. That is why in spite of rather large entropy change (ASgo <> g1 = 16.9
J/mol-K) the intensive an extensive BCE are insignificant at direct transition between Go and
G; phases at p = 0.18 GPa (Fig. 2c). After splitting of the Gy < G phase transition on to two
successive transformations Go <> G, (ASgo » g1 = 6.4 J/mol-K) and G, <> G1 (ASgo o 61 =
10.5 J/mol-K), baric coefficients became anomalously large: + 435 K/GPa and — 252 K/GPa,

respectively. As the result, in the p > py, region, the S(T,p) dependences associated with

successive phase transitions are rather complicated (Fig.2b).
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Contrary to oxyfluoride (NH4)sWO3Fs3, fluoride (NH4)sScFg with the same cubic
symmetry Fm-3m undergoes three successive phase transitions at ambient pressure [32] (Fig.
3a). The G, «> G3 transformation is of a displacive type accompanied by insignificant
entropy change ASg; . g3 = 0.8 J/mol-K. Therefore only the Gy <> G1 (ASgo g1 = 14
J/mol-K) and G; <> G (ASg1 « g2 = 7 J/mol-K) phase transitions of the order-disorder type
attracted interest to the BCE study. The pressure increase narrows the temperature intervals
of the intermediate phases and at about pyp1 = 0.5 GPa the G; phase disappears. The S(T,p)
dependences for (NH4)3ScFg look like those for (NH4)sWO3F3 but with the opposite

directions of the AS shift along S._ in accordance with the sign of dT/dp (Fig. 3b).
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Figure 3. (a) T-p phase diagram of (NH,4)3ScFe. (b) Temperature and pressure dependences of
the total entropy S = S_ + AS. (c, d) Temperature dependences of extensive and intensive

BCE associated with selected hydrostatic pressures.

In Fig. 3 ¢, d one can see that scandium fluoride exhibits large enough negative
(ATap= - 8 K) and positive (ATap~ 5 K) intensive BCE in the narrow temperature range ~

(280-340 K) due to specific shape of phase diagram (Fig. 3b). Left peak on the ASgce(T,p)

11



and ATap(T,p) dependences reaches the saturation at pyp1, Whereas right peak increases with
the lowering rate even at 0.8 GPa. Similar situation was observed on the same dependences
of (NH4)sWOgsF; (Fig, 2 c, d).

The existence of two phase transitions in one crystal in the narrow temperature range
accompanied by different sign of dT/dp is very attractive phenomenon, which can be
considered as perspective for designing solid coolants of new generation. Indeed, the
application of pressure to (NH4)3ScFg at temperature close, from the left side, to the
intersection point of the ATap(T) and ATap = 0 lines on the AT ap(T) diagram leads to the
temperature increase (Fig. 3 d). At particular parameters, the sample can change the
symmetry and, as the result, transfer to the right side of the intersection point, which will be
accompanied by the temperature decrease at the same pressure. Removal of pressure will
decrease temperature of the sample and initiate its returning to the left side in relation to the
intersection point.

In Table 1 the BCE parameters of complex fluorides and oxyluorides are also
compared with those for some alloys and intermetallic compounds. First of all one can see
that the maximum extensive BCE is again the largest for ammonium fluorides and
oxyfluorides. The absence of the heat capacity data did not allows one to estimate the
ATap™™ quantities for alloys and intermetallic compounds. At the same time the ATap™®
values for these materials determined at rather low pressure p®® is significantly lower. It
worth to note that the (NH,),SO, ferroelectric shows comparable ASce®® due to order-
disorder phase transition (Table 1) [33]. But the ATp™® value is almost half as much
compared even to Rb,KMeO,Fg. crystals with lower values of ASce™.

One can compare also BCE in compounds under study with MCE in FesgRhs; and
GdsSi,Ge; considered as promising solid refrigerants [4]. In order to realize comparable

entropy and temperature change in both magnets, rather high magnetic field (2—-5) T is
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needed (Table 1). We think, one can agree with statement presented in [16] concerning BCE
and PCE in comparison with MCE: “As compared to magnetic cooling, the major advantage
of mechanical refrigeration lies in that the driving stress necessary for refrigeration cycle
(several hundred MPa) is much easier and less expensive to obtain than the driving magnetic
field (several T)”.

Conclusions

In this paper, we briefly considered BCE in solids which is rather poor investigated compared
to MCE and ECE. Intensive and extensive barocaloric parameters were analyzed in some
fluorides and oxyfluorides undergoing structural phase transitions of the order-disorder type.
It was shown that depending on the chemical pressure changed by the cationic-anionic

substitution one can:

(1) Significantly vary the succession and temperatures of phase transitions as well as
distribution of entropy between several transformations and, as the result; extensive
BCE.

(2) Change the value and sign of the baric coefficient and consequently transform
conventional BCE into inverse.

(3) Realize two phase transitions with the opposite sign of BCE in the narrow
temperature range, which is rather attractive from the view of new conception of

designing solid state refrigerants.

The results of the CE comparison in compounds under study and some other materials
show that the fluorides and oxyfluorides with the elpasolites-cryolite structure can be

considered as the promising solid refrigerants.
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Figure Captions

Figure 1. (a) T-p phase diagram. (b) Temperature and pressure dependences of the total
entropy. (c, b) Temperature dependences of extensive and intensive BCE associated with

selected hydrostatic pressures.

Figure 2. (a) T-p phase diagram of (NH4)3WOsFs. (b) Temperature and pressure dependences
of the total entropy S =S|+ AS. (c, b) Temperature dependences of extensive and intensive

BCE associated with selected hydrostatic pressures.

Figure 3. () T-p phase diagram of (NH4)3ScFe. (b) Temperature and pressure dependences of
the total entropy S = S_ + AS. (c, d) Temperature dependences of extensive and intensive

BCE associated with selected hydrostatic pressures.
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Table 1. Thermodynamic parameters of the phase transition and barocaloric characteristics of

fluorides and oxyfluorides with the elpasolite-cryolite structure compared to BCE and MCE

in some alloys and ferroics. * - this work.

dTo/dp, | ASce™, | ATap™, | Pmin, | ASce®™®, | ATap™®, | p*°, | H Ref.
Compound To, K| \/opa | gk | K | GPa| JkeK | K | GPa| T
Rb,KMoOsF; | 195 117 -34.8 17.6 0.15| -304 16 0.4 27
Rb,KTiOFs 215 110 -47 19 0.2 -43 16 0.4 10
Rb,KFeFg 198 132 -41 15.6 0.2 -41 16 0.2 28
Rb,KGaFg 123 112 -36.5 11.6 01| -359 11.2 0.2 *
(NHg)3sMoOg3F3| 297 202 -54 14.2 0.1 -54 15 0.4 29
(NH4)3TiOFs 265 6.3 -84.5 30
(NHa)sFeFs | 267 (#)111 31
(NHo)sGaFs | 250 | -12 | 945 32
Mns;GaN 290 -65 22.3 22.3 -4.8 0.14 20
Ni-Mn-In 290 17.3 =27 -24.4 4.5 0.26 17
FesoRhs; 308 64 -12.5 -12 0.20 19
-12 2
GdsSirGe, 260 3.6 -20.4 -11 1.1 0.2 18
-19 15 5
(NH4)2SO,4 219 -45 60 60 -8 0.1 33

19




20



