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Magnetically driven thermal changes in magnetocaloric materials have been exploited for several decades in order to pump heat near room temperature. By contrast, their electrocaloric and mechanocaloric counterparts have only been intensively studied and exploited for little over a decade. These different caloric strands have recently been unified to yield a single field of research that could help combat climate change by generating better heat pumps for cooling and also heating. Here we outline the timeliness of the present activity, and discuss recent advances in caloric measurements, materials, and prototypes.

The evolution of research into magnetocaloric (MC), electrocaloric (EC) and mechanocaloric (mC) materials has been asynchronous and saltatory ever since the first salvos were metaphorically fired during the Battle of Trafalgar, but only in relatively recent times have these magnetically, electrically, and mechanically driven thermal changes been exploited in prototype heat pumps (1). All three strands have been unified even more recently under the banner of caloric materials, with mC materials representing the nexus of elastocaloric (eC) and barocaloric (BC) materials, driven by changes of uniaxial stress and pressure, respectively. Away from absolute zero, caloric effects are commonly much enhanced by driving a phase transition that may be first order or continuous. Field-driven phase transitions can only be defined along the first-order phase boundaries that exist below some critical temperature (Fig. 1), and substantial caloric effects in the untransformed and transformed phases can augment the large caloric effects that arise from the transition itself (Fig. 2).

Caloric effects are typically parameterized as changes of temperature T in the adiabatic limit, or changes of entropy S in the isothermal limit. The isothermal heat Q = TS is reported less often, even though this directly measureable quantity sets the scale for the heat pumped in cooling and heating cycles. Caloric effects can be repeatably exploited in consecutive such cycles, even if they are not thermodynamically reversible, as long as they are nominally reversible. Here we define a caloric effect to be nominally reversible if the application and removal of a field causes the material to return to a state that is macroscopically if not microscopically indistinguishable from the starting state, whether or not there is any field hysteresis, such that the thermal changes on field application and field removal are equal in magnitude.

The adiabatic temperature change that can be achieved in a caloric working body need not be limited by the temperature difference against which heat is pumped. By employing regeneration, the caloric working body can establish a relatively large temperature differential along a displaceable heat‑transfer medium that is often a fluid (passive regeneration) (2) or along both itself and such a medium (active regeneration) (3,4). By contrast, in the well‑established process of vapor‑compression, the fluid working body is itself responsible for heat transfer. Vapour-compression continues to form the basis for many cooling systems as well as a growing number of heating systems that are starting to replace inefficient gas-fired boilers. However, vapor‑compression fluids remain problematic because global warming potential can only be reduced at the cost of flammability or performance (5). Moreover, vapor‑compression can be slow to start up, noisy, inefficient under variable‑load conditions, and hard to miniaturize.

Caloric prototypes have been proposed for both cooling and heating (1,6), but are yet to reach the performance levels enjoyed by vapor-compression. Caloric materials could therefore first find use supporting vapor‑compression in hybrid devices, cf. the hybridization of thermoelectrics and vapor-compression (7). Alternatively, caloric materials could improve the efficiency of thermoelectrics in all-solid-state hybrid devices (8). Unlike standard implementations of vapor‑compression, some caloric prototypes now recover some of the recoverable work that is done to drive caloric effects (9). This recovery is automatic if the caloric working body circulates through a region of field, as seen for quasi-continuous MC discs (10), and as possible for EC fluids (11). Otherwise, one can arrange to recover work by employing two caloric bodies that help drive each other in antiphase, as demonstrated for eC (12,13) and EC (14,15) prototypes.

The recent activity on caloric materials and prototypes is reflected in a growing number of publications (Fig. 3), meetings and networks, most notably the caloric sessions at MRS meetings and the inclusion of all caloric strands at the THERMAG conference series. The recent activity is timely given that caloric materials are included in a 2017 US DOE report on thermal management in commercial buildings (16), and a UK roadmap that addresses the 2050 global challenge of decarbonization (17). Nevertheless, the focus need not be wholly applied, and it is important not to lose sight of the science that has the capacity to transcend any technological impact. As with our 2014 review (1), readers are encouraged to search for inspiration in sections featuring caloric effects on which they do not currently work. As always, heat and work will alas be used to describe energies as if they were not in transit.


Caloric measurements

It is important to verify reversibility when measuring any type of caloric effect. Caloric effects associated with continuous transitions necessarily tend to be thermodynamically reversible, whereas caloric effects associated with first‑order transitions show a field hysteresis that whether large or small is inextricably linked with a corresponding thermal hysteresis (Fig. 4A). Although this field hysteresis necessarily precludes thermodynamic reversibility, it is nevertheless possible to drive nominally reversible caloric effects in full by avoiding the zero‑field thermal hysteresis and operating at starting temperatures that lie at and above Th2(0) (e.g. yellow and green arrows, Fig. 4A,B). Alternatively, after arriving at the zero-field heating branch in Th1(0) < T < Th2(0) by either heating or completing one field cycle, the transition can be partially or fully completed in a nominally reversible manner using fields that are smaller than the fields required to drive the transition in full at and above Th2(0). Note that caloric effects in the untransformed and transformed phases themselves (not shown in Fig. 4A) would be liable to modify the above analysis to some extent.

Indirect, direct, quasi‑direct, and quasi‑indirect measurements are described in (1) and summarized in Table 1. Indirect methods dominate the literature because they are circumstantially easy. They are based on thermodynamic analysis of order parameter data that are typically obtained by measuring isothermal hysteresis loops during a unidirectional temperature sweep, but other measurement protocols are also possible (Table 1). The thermodynamic analysis assumes that the order parameter is a single-valued function of field and temperature, most naturally if any hysteresis in field and temperature is small. Unipolar loops reassuringly mimic the field sweeps that are employed in direct measurements, and provide a direct test of both reversibility and nominal reversibility, such that they should be preferred to bipolar loops (whose inner branches cannot be used if ferroic domains are present). For materials that display conventional caloric effects at first‑order transitions, loops should be measured on heating to ensure that caloric effects identified near the transition are nominally reversible. By contrast, cooling data are required for inverse caloric effects (1). Widespread failure to thus sweep temperature in the correct direction can render literature comparisons problematic.

The indirect nature of indirect measurements should not be used as an excuse to employ subsequent thermodynamic analysis without confirming that transitions can be driven while measuring loops. For continuous transitions, a field-driven increase of order parameter should be observed. For first‑order transitions, the order parameter should display a hysteretic step at start and finish fields (temperatures) that vary with temperature (field) (cf. Fig. 4A). This variation creates sloping phase boundaries, or a single boundary if the transition is identified more crudely via a single transition temperature T0, and gradients are given by the Clausius‑Clapeyron equation (1). In order to drive transitions with as small a field as possible, it is desirable for the phase boundaries to slope with a shallow gradient and for transitions to be narrow (narrowness implies limited interaction between untransformed and transformed regions). Impractically large fields may be required to traverse the steep boundary between phases that differ greatly in entropy and little in order parameter, while infinite steepness would wholly preclude any caloric effect. One recent improvement to the indirect method is to identify values of T (values of S) by tracing adiabatic (isothermal) contours on high-resolution entropy maps that are constructed from isothermal (adiabatic) hysteresis loops, most notably because there is no need to assume a constant heat capacity (18,19).

Direct measurements of temperature change are important for unambiguous verification of the large T values that drive the flow of heat. In MC materials, direct measurements of temperature change typically involve wholly adiabatic excursions either above or below the starting temperature, thus providing a direct test of nominal reversibility. In EC and mC materials, direct measurements of temperature change typically permit the comparison of highly adiabatic heating and cooling legs that are each followed by a slow return to the starting temperature (unless Joule heating compromises electrically leaky EC materials). By considering this cycle on axes of entropy and temperature, it can be appreciated that the highly adiabatic legs will differ in length if the isofield legs that they separate are non‑linear. Field‑on and field‑off T values can thus show an intrinsic difference in magnitude, such that they need not differ purely as a consequence of any irreversibility (18,20,21).

Direct measurements of heat based on variable-field calorimetry provide a direct test of reversibility, and for EC materials it is common for the changes of field to be fast and highly adiabatic as when measuring temperature change, rather than slow and isothermal as expected. This tends to be reasonable when quantifying isothermal caloric effects near room temperature, but errors can arise if the calibration and measurement runs are not performed on the same time scale, most notably when calibrating with steady-state Joule heat from a resistor and simultaneously measuring samples via thermal barriers. Thermal barriers also diffuse the flow of heat to the extent that the signal from a first-order transition can become lost in the baseline. Examples of thermal barriers include the electrically insulating glue that is sometimes used instead of Kapton tape to isolate EC samples, and the pressure media required to drive BC effects.

Quasi-direct measurements of heat provide an indirect test of nominal reversibility if the fixed‑field temperature sweeps are performed on both heating and cooling. Quasi-direct measurements of heat typically require baselines to be modified by the magnitude and sign of any non‑negligible caloric effects in the untransformed and transformed phases themselves (22). The quasi-direct method is attractive when direct measurements of heat are challenging, e.g. in the case of eC effects associated with large deformations. The quasi-direct method is also attractive because a viable data set can be efficiently collected by sweeping the temperature at ever larger fields prior to any breakdown. Breakdown most typically afflicts EC and eC materials, such that choosing the maximum field is akin to gambling at a casino, where raising the stakes invariably carries the risk of going bust.

Quasi-indirect measurements of temperature change were demonstrated in 1997 using a MC material (23), and named as such in recent work on an EC material (24). When plotting the field‑driven order parameter on axes of field and temperature, values of T are identified for an adiabat by identifying the temperature difference between two isotherms that it spans, and it can be helpful to render many nearby isotherms on a periodic color scale for visual interpretation of dense data (24). If the changes in the field-driven order parameter are found to be nominally reversible then one may infer that the corresponding caloric effects are also nominally reversible. Quasi‑indirect measurements avoid the heavy processing and possible artefacts that can corrupt the indirect method, and quasi-indirect measurements obviate the challenge of measuring small samples via contact thermometry because the sample itself indirectly functions as the thermometer.

A key advance in recent years has been the addition of infra-red imaging to the caloric toolkit (1), thus permitting real-space visualization of temperature change and heat flow in monolithic materials (21,25-27), MLCs based on EC materials (18,28,39) and prototypes (14,30-32). However, care must be taken to ensure good calibration and account for unwanted reflections (8,18). In future, infra-red imaging could be routinely used to measure low‑thermal‑mass samples, such as thin films without substrates.
	

Magnetocalorics

The recent progress on monolithic and composite materials belies the maturity of the field. Developments include large isochoric MC effects without cracking in MnFe(P,Si,B) (33), an annealing‑induced 50 K variation of operating temperature in Fe48Rh52 (34), and quite some activity on molecular magnets (35) and amorphous metals (36). Polymer-MC composites can show good mechanical integrity after 90000 cycles (37), and their optimization can involve a multi‑parameter space that includes particle diameter (38). By contrast, metal‑MC composites, such as those where MC particles are coated with a low‑melting eutectic alloy (39) or hot‑pressed with Sn (40), can show superior mechanical, heat‑transfer and corrosion properties. More generally, corrosion can be avoided by employing a surface coating to protect against the water commonly used for heat transfer (41), albeit at the cost of extra thermal resistance. Meanwhile, academic work on MC films continues to progress (42).

In Heusler alloys, nominal reversibility has been achieved by partially driving a hysteretic first‑order phase transition from the mixed phase in order to ensure that nucleation is not a limiting factor (43,44), and the magnitude of these MC effects can depend on how quickly the measurement temperature is reached (44). Separately, hysteresis can be minimized by reducing microstructural complexity, e.g. by avoiding precipitation and segregation (45), and by maximizing the structural compatibility of the two phases (46). Using other MC materials, it has been shown that ionic bombardment can create defects that assist nucleation (47), and that limited heat exchange can increase hysteresis (48).

Metrological developments include 1‑10 Hz measurements for compatibility with prototypes (49-51), kilohertz measurements for the infra-red detection of 1.4 m‑thick films (52), and 62 T pulsed-field measurements that reveal MC effects in Gd to be enhanced above the Curie temperature (53). MC measurements have also been used to establish an unambiguous method for determining the order of magnetic phase transitions (54). Unfortunately, large MC effects are sometimes identified erroneously, e.g. when magnetic rotations involve no change of magnitude and when field‑driven transition temperatures shift too little for transitions to be magnetically driven in practice. Fortunately, the decomposition of MC effects into electronic, magnetic, and lattice contributions is now less well entrenched in strongly coupled materials (55). 

The development of MC prototypes continues apace, primarily with working bodies that comprise beds of commercial‑grade Gd spheres (56). Rotating active magnetic regenerators (AMRs) that exploit automatic energy recovery (9) have been employed in a range of systems, e.g. a prototype based on 2.8 kg of Gd that possesses a load line whose extremes permit a cooling power of 1010 W or a temperature span of 25.4 K (3). By contrast, a prototype based on 1.52 kg of variable‑composition La(Fe,Si)13H displayed 3042 W at zero temperature span and a peak performance of 2502 W at a temperature span of 11 K (57). Future improvements could arise from detailed AMR modelling, which has already revealed the value of combining materials (58-60) and varying bed geometry (61).


Electrocalorics

The development of monolithic EC materials in the last years has proceeded in parallel with more complex implementations that include multilayer capacitors (MLCs). Ceramic and polymer materials continue to dominate, but lead-free ceramics have attracted growing interest, and ceramic nanoparticles have been introduced into polymer films. Preliminary work on other types of material includes the study of liquid crystals (11) for automatic energy recovery in prototypes (9), ferroelectric plastic crystals (62), ferrielectric ammonium sulphate (63), and organic-inorganic hybrid ferroelectrics (64). Large electric fields are required to drive the large entropy changes in these materials because the concomitant changes of electrical polarization are small, such that avoiding electrical leakage will be key.

Lead-based ceramics continue to be a relatively popular vehicle for the growing interest into inverse EC effects, the correct term for so-called negative EC effects given that T and S take opposite signs to each other for a given sign of field change. Inverse EC effects are commonly inferred via the indirect method if the isofield polarization increases with increasing temperature, e.g. at an antiferroelectric‑ferroelectric transition (65). However, the indirect method is not a good a priori test for EC effects at an order‑order transition because the reorientation of local dipoles could be nominally non-entropic, cf. the aforementioned ferromagnetic domain rotation. Nevertheless, 3.5 K inverse EC effects have now been directly measured at an antiferroelectric‑ferroelectric transition using 42 kV cm‑1 (66).

Lead‑free ceramics such as Ba(Hf,Ti)O3 (67) and Ba(Zr,Ti)O3 (68) are reported to show few‑kelvin changes near the critical point, but further investigation is merited in order to obtain direct measurements of temperature change and identify which three phases meet according to the Gibbs phase rule. The lead‑free ceramic K0.5Na0.5NbO3-SrTiO3 (69) displays similar changes of temperature in a broad temperature range because it exploits relaxor behaviour, while the lead-free aurivillius-phase relaxor SrBi1.85Pr0.15(Nb0.2Ta0.8)2O9 (70) is interesting because it avoids fatigue like its SrBi2Ta2O9 (SBT) parent, which was developed for ferroelectric memories (71).

The study of lead-free ceramic films has been extended to include thick layers (72), bilayers (73), and compositionally graded layers (74), leading to optimistic values of EC temperature change that were obtained using calorimetry in the presence of substrates. However, the non-adiabatic conditions imposed by substrates do not preclude the direct measurement of EC temperature change in films, as shown using scanning thermal microscopy (75) and high‑frequency thin‑film resistance thermometry (76). Free-standing polymer films have been used to make direct EC measurements of temperature change (77), and similar measurements would be desirable in order to confirm the potentially large EC effects that have been reported for polymer films in which ceramic nanoparticles are intended to increase crystallization and provide an internal biasing field (78,79). The study of polymer films has been further broadened to include a composite in which the EC polymer was grown as vertical nanowires in a 100 m‑thick holey template of anodic aluminum oxide (80), thus improving two limiting factors, namely crystallization and thermal transport.

Bespoke MLCs based on well known EC ceramics display electrically driven changes of temperature that can readily be measured directly (18,29,81). However, the temperature change at MLC centres should typically be reduced to account for at least some degree of thermalization between active and inactive areas (18), not increased by assuming complete internal thermalization prior to measurement (29). With or without internal thermalization, MLCs of highly ordered PbSc0.5Ta0.5O3 (PST) display large EC temperature changes that peak at 5.5 K (18), thus exceeding the 2.5 K peak for Gd working bodies addressed by permanent magnets in MC prototypes (56). Good sample quality was responsible for increasing the breakdown field enough to drive the sharp first-order transition supercritically, thus permitting the EC temperature changes to remain at several kelvin over a wide range of starting temperatures. Given that breakdown in MLCs occurs at electrode edges, it could be attractive to reduce field concentration by inserting layers that help spread charge, as demonstrated with dielectric actuators (82).

The performance that EC materials could achieve in operando is now receiving some attention. Detailed material maps permit the construction of accurately parameterized cooling cycles in which balanced regeneration is achieved by varying the finite field applied during regenerator transit (19). Separately, it has been observed that cooling power can be optimized by controlling the time‑dependent electric‑field profile (83). On the subject of fatigue, EC effects in the relaxor ferroelectric Pb(Mg1/3Nb2/3)O3 were unchanged after 106 sufficiently gentle cycles (84), but decimated after 70000 aggressive cycles due to enhanced grain boundary conductivity (85). By contrast, avoiding degradation in Ba(Zr0.2Ti0.8)O3 was accomplished by reversing the electric‑field polarity every 105 cycles, perhaps reversing oxygen vacancy migration (86).

EC prototypes have been under intense development in recent years. For example, solid‑to‑solid regeneration was achieved using two juxtaposed rings of BaTiO3-based MLCs that rotate in opposite directions, yielding a temperature span of 2 K (4). Prototypes with a fluid regenerator (87) were substantially improved when BaTiO3-based MLCs were replaced with the aforementioned MLCs of PST, resulting in a temperature span of 13 K or a cooling power inferred to be 1.22 W (88). The equivalent replacement in prototypes with mechanical heat switches (89) resulted in a temperature span of 5.2 K or a cooling power of 85 mW, and there is scope to optimize the heat switches for improved peformance (90). These temperature lifts compare well with the value of 12.7 K for a 1995 prototype with a much heavier EC working body, i.e. 400 g of doped PST plates (91). In the future, it would be attractive to increase total MLC mass relative to the total mass of an MLC‑based prototype. Alternatively, a relatively low-mass device can be constructed by electrostatically actuating an EC polymer bilayer between sink and load (92), just as BaTiO3-based MLCs were translated between sink and load when demonstrating energy recovery (14). Stacking four bilayer devices yielded a temperature span of 8.7 K or a cooling power of 906 mW, and energy recovery was successfully implemented (15).


Elastocalorics

This area is playing fast catch-up with its better established MC and EC counterparts, resulting in rapid materials development and the first prototypes. Materials primarily divide into alloys that display diffusionless (martensitic) transitions (1) and polymers that either display crystallization transitions (93) or behave like entropic springs (94). In addition, small eC effects have been reported in liquid-crystal elastomers (11). Large eC effects in ceramics could in future be realized given that epitaxially grown ceramic membranes can reach 8% uniaxial tensile strain without fracture (95). Experimentally, a given study typically tests materials under tension or compression but rarely both (96), and mechanical training is typically required to achieve repeatable performance at least in alloys.

Single-crystal alloys such as Ni50Fe19Ga27Co4 (97) show highly anisotropic eC effects, but other single-crystal alloys show much less anisotropy (98). The anisotropy may arise because the orientation of the applied stress affects the relative contribution of the phase transition with respect to the elastic heat of a given phase. This elastic heat can be so large that it dominates eC effects arising from the transition (99), as previously seen for BC materials (1). If a relatively large elastic heat accompanies a mechanically driven transition then one should drive the two caloric components additively by employing a driving stress of the correct sign, thus exploiting a degree of freedom that cannot be meaningfully exploited when driving the other types of caloric effect. Compressive stress would be liable to result in the desired addition for a typical material with positive thermal expansion and thus conventional elastic heat, which is fortuitous given that the propensity for fatigue and failure is greater under tension than it is under compression.

Progress on polycrystalline alloys is primarily based on the prototypical shape-memory material Ni-Ti known as nitinol (100). Rubber-like reversible deformations of up to 12% strain can be achieved when nanocrystalline martensitic twins undergo reorientation (101), and precipitates of Ti3Ni4 produce internal stress that inverts the sign of eC effects (102). An alloy of Ni-Ti-Mn-B can display a 31.5 K adiabatic temperature change (103) that compares well with the value of 28 K (104) or higher (105) for nitinol. Separately, alloy synthesis by additive manufacturing should prove useful in the construction of bespoke regenerators (106).

The pre-elongation of natural rubber, an eC polymer with a mechanically driven crystallization transition, both increases eC strength and reduces the large driving strains that represent a challenge for applications (107). By contrast, the terpolymer poly(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)], which is similar to the well known EC material P(VDF-TrFE-CFE), shows relatively small eC effects (94) because the coiling and uncoiling of the polymer chains (entropic spring) involves a configurational entropy change that is smaller than the entropy change associated with polymer chain interactions during crystallization.

Fatigue in natural rubber is best avoided by avoiding the amorphous phase at low strain, permitting an endurance of 1.7105 cycles that is comparable with the endurance of alloys (108). Fatigue in alloys can be avoided  by driving eC effects that arise from elastic heat and no transition (109), but transitions are the key to large eC effects and so fatigue in alloys is well studied. Fatigue in alloys can be mitigated by creating a nanocomposite that minimizes hysteresis (110), by introducing a ductile grain boundary phase (111,112), creating fine textured grains via hot extrusion (113), creating nanoscale grains by cold rolling and then high‑temperature aging (114), selecting for good structural compatibility between austenitic and martensitic phases (115), judicious doping (116), and cycling in the middle of the transformation plateau (117). In single crystals, and by implication textured polycrystals, judicious choice of the driving stress direction can mitigate fatigue (118). Separately, surface polishing can reduce the propensity for breakdown (119).

Following the first eC prototype based on Ni-Ti rods (120), a number of prototypes have employed Ni‑Ti-based foils and films, whose large surface-to-volume ratios permit good heat exchange. For example, a temperature span of 13 K or a cooling power of 120 mW was achieved by translating a 20 m-thick foil to alternately make conformal contact with a flat source and a convex sink, thus yielding a device whose antiphase operation with respect to another such device permitted energy recovery (13). By contrast, the linear deformation of order‑of‑magnitude thicker films in a regenerative heat pump yielded a temperature span of 19.9 K or a cooling power of 4.64 W (31). A similar temperature span was achieved by flowing water through tubes containing Ni-Ti-based eC wires, and three such wires in series produced a temperature span of 28 K or a cooling power of 0.23 W (121). The one-shot twisting of similar wires has been used to cool water in part of a wider study that included caloric effects in coiled and supercoiled polymers (122), thus reminding that the stress used to drive eC effects in prototypes need not be wholly linear, cf. the bendable foils (13). The use of non-linear stress inspires us to suggest that eC effects may be defined more broadly to include all forms of deviatoric stress, thus avoiding a taxonomical fragmention that is automatically avoided when employing the mC epithet.

Barocalorics

BC materials were first studied just before the turn of the century (1) and have been identified in many types of material. During the last few years, BC effects have been experimentally identified in more magnetic alloys (123-126), a ceramic ferroelectric (127), an ionic salt (128), inorganic salts that are ferrielectric (22) and ferroelectric (129), a fluoride (130), organic‑inorganic hybrid perovskites (131,132) and molecular crystals (133), and rubber (134,135). Recently identified BC effects in plastic crystals of neopentylglycol are so large that the entropy change of |ΔS| = 510 J K‑1 kg‑1 is similar to the values obtained when exploiting hydrofluorocarbons in vapor‑compression refrigeration (136).

The pressure-driven heat of a BC transition adds with sign to what can be a substantial elastic heat (22). The contribution of this elastic heat has not been universally appreciated, but should become readily apparent when direct measurements are developed. The stress applied to BC materials is not necessarily perfectly isotropic in practice, e.g. if the pressure‑transmitting fluid is absent (134,135) or frozen, such that one might decompose mC effects into BC effects and eC effects. Prototype coolers are currently being developed by a UK spin‑out company (17), and the key challenge is to exchange heat between source and sink via the cyclically pressurized BC material. Large pressures do not cause breakdown in most BC materials, and those that experience brittle fracture fortuitously present a large surface area for good heat exchange (126).


Outlook

Given that heat pumps based on MC, EC, eC and BC materials are now being developed towards commercial applications, we feel it is helpful to provide a snapshot comparison by considering just one key advantage and one key disadvantage, while recognising that MC prototypes are well ahead of the others in terms of performance. MC prototypes can readily enjoy automatic energy recovery (9,10), but the field available from permanent magnets typically fails to drive MC effects in full. EC working bodies are easy to drive with a voltage, but these working bodies tend to be relatively small in order to avoid electrical breakdown. Both eC and BC working bodies display large thermal changes, but eC working bodies are prone to breakdown, and BC working bodies require large driving pressures. One might therefore hope to gain some advantage from the growing body of work on multicaloric materials (137).

By definition, caloric effects in multicaloric materials can be driven by more than one type of driving field. For example, a change of stress can be used to complete a cooling cycle whose magnetic hysteresis unusually represents an advantage because it permits the transition to persist in a caloric material that has passed through a small region of magnetic field.  This could permit both a reduction of permanent magnet volume and the concomitant possibility of field concentration (138). More simply, the combined use of magnetic and stress fields can broaden the range of operating temperatures by providing access to different transitions at nearby temperatures (139). Elegant experimental excursions in parameter space threaten to increase the complexity of prototypes unless instead the extra complexity resides wholly within the working body, as seen when using 0.16 T to magnetically drive 4 K changes in a shape memory alloy via magnetostrictive strain from juxtaposed Terfenol-D (140). This magnetically driven strain‑mediated caloric effect in the shape memory alloy itself could conceivably be categorized as an MC effect or an eC effect, thus presenting a dichotomy with which to tax the taxonomist. 

For now, most prototypes will likely continue to exploit monocaloric effects in monolithic materials and electrocaloric MLCs. Given the need for cyclical operation, it is important to manage the flow of heat via thermal switches, thermal diodes, and heat pipes (141). Although it remains difficult to achieve large thermal conductivity contrast in solid devices with no moving parts, encouraging progress is reflected in the aforementioned electrostatically actuated films (15,92,142), the aforementioned mechanical heat switches (89,90), and a magnetically translated ferrofluid that transports heat (143). More generally, care should be taken to minimize not just inactive thermal mass but also any undue thermal resistance in prototypes, e.g. within caloric materials and at interfaces such as corrosion‑resistant coatings (41). The modelling of both materials and prototypes should play an important role in future developments, and we identify hysteresis as a key issue for both experimentalists and theorists to tackle, along with fatigue and breakdown where relevant. It is also possible that caloric materials will find applications beyond cooling and heating, perhaps in energy harvesting based on plates of a MC material (144).
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	Method
	Excursion
	TVoM
	Caloric analysis
	Use

	Indirect
	Isothermal F sweeps
at many T
	Y
	S(F) = (Y/T)S dF at each T
	common

	
	Isofield T sweeps
at many F
	Y
	S(F) = (Y/T)S dF at each T
	rare

	
	Adiabatic F sweeps
at many Ts
	Y
	T(F) = -(Y/S)T dF at each Ts §
	rare

	Direct
	Adiabatic F sweep
at any Ts
	T
	N/A
	common

	
	Isothermal F sweep
at any T
	Q*
	N/A
	rare

	Quasi-direct
	Isofield T sweeps
at many F
	Q*
	Subtract S(T) = dQ/T at each F to obtain S(F) at each T
	used

	Quasi-indirect
	Isothermal F sweeps
at many T
+
Adiabatic F sweep
at any Ts
	Y


Y
	Identify T for each adiabatic Y(F) plot by comparing with isothermal Y(F) plots
	rare



Table 1. Methods of caloric measurement. TVoM = target variable of measurement. The generalized field F is magnetic field (MC), electric field (EC), uniaxial stress (eC) or pressure (BC). The generalized order parameter Y is magnetization (MC), polarization (EC), diagonalized uniaxial strain (eC) or volume (BC). Start temperature is denoted Ts, time is denoted t. Conditions would ideally be isentropic to avoid all dissipative heating (8). §Convert values of Ts to values of S via zero‑field heat capacity c(T) (19). *Record dQ/dt and evaluate Q = (dQ/dt)/(dF/dt)dF (direct) or Q = (dQ/dt)/(dT/dt)dT (quasi-direct) after typically subtracting the baseline from the integrand, thus most readily capturing discontinuous thermal changes. Any values of T, S and Q should be interconverted using entropy maps (18,19), as the traditional interconvertion (cT ~ ‑TS = Q) requires some effective value of c and incorrectly assumes the same driving field for T and S (Fig. 4). The driving field for T is therefore often underestimated.


[image: ]


Figure 1. Caloric effects near a first-order phase transition. The 3D phase diagram shows order parameter Y versus field F and temperature T for conventional caloric effects. The generalized field F is magnetic field (MC), electric field (EC), uniaxial stress (eC) or pressure (BC). The generalized order parameter Y is magnetization (MC), polarization (EC), diagonalized strain (eC) or inverse volume (BC). We assume that the first-order phase transition is experimentally sharp at zero field, and anhysteretic. Red lines denote contours of constant F and T; blue dots denote the critical point. The mixed‑phase region (brown) is bounded by green dotted lines and projected onto three 2D phase diagrams. Caloric effects arise from both the field-driven phase transition and the untransformed and transformed phases themselves (Fig. 2).
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Figure 2. Caloric contributions in well known materials. For conventional caloric effects in La-Fe-Co-Si (MC, 5 T), lead scandium tantalate (EC, 29 V m‑1), nitinol (eC, 600 MPa) and neopentylglycol (BC, 0.25 GPa), the thermal change due to the field-driven phase transition (green bar) is augmented by thermal changes in the untransformed and transformed phases themselves (orange). Thermal changes were estimated at specific temperatures that lie above the relevant transition temperatures, using S for lead scandium tantalate (18) and neopentylglycol (136), and T for La‑Fe‑Co‑Si (49) and nitinol (101). The contribution of the transformed phases could be increased by using a larger field. If a transition and a transformed phase yield caloric effects of opposite sign (22) then the transition should be driven using the smallest possible field.




















[image: ]

Figure 3. Caloric publications in the 21st century. Magnetocaloric (MC) research remains dominant, electrocaloric (EC) and mechanocaloric (mC) research continue to rise following the onset of increased activity in the latter half of the first decade of the century, and the decade now ending has witnessed the emergence of multicaloric (MuC) research involving more than one type of caloric effect. All data are subject to errors associated with search terminology.
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Figure 4. Reversibility of caloric effects at a first-order transition far from the critical point. Hysteresis in both temperature and field are apparent when describing a conventional caloric material (1) via (a) a field-temperature (F‑T) phase diagram and (b) the corresponding plot of entropy-temperature (S‑T). (a) At constant F, heating causes the transition to start at Th1(F) and finish at Th2(F) (red lines), and cooling causes the transition to start at Tc1(F) and finish at Tc2(F) (blue lines) (the four lines could instead be labelled after isothermal field sweeps). The transformed fraction varies in the shaded regions, where we assume caloric effects to arise exclusively, such that the untransformed and transformed phases themselves are assumed to show no caloric effects. (b) Hypothetical data obtained via heating (red lines) and cooling (blue lines) at zero field (solid lines) and Fadi (dashed lines) show partial overlap (pink lines). (a,b) Under isothermal conditions, the full transition can be driven in a nominally reversible (nRev) manner at minimum start temperature Th2(0) using Fiso (yellow arrows). Also under isothermal conditions, the transition can be driven irreversibly from the zero-field cooling branch either fully in Tc1(0)  T < Th2(0) using a field as small as Firr at Tc1(0) (black arrows), or partially and to completion in Tc2(0)  T < Tc1(0). Under adiabatic conditions, the full transition can be driven at minimum start temperature Th2(0) using Fadi (green arrows), and the process is nominally reversible. The full transition can (cannot) be driven in a nominally reversible manner at higher (any) start temperatures using fields that are larger (smaller) than Fiso and Fadi. If starting from the zero-field heating branch in Th1(0) < T < Th2(0) (diagonal red solid line) then fields smaller than Fiso will partially or fully complete the transition in a nominally reversible manner.
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