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Vapour-based refrigeration 

Advantages: 

   Established technology 
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   Not suitable for miniaturization or fast start-up 
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   Established technology 

   (cheap, reliable) 

Disadvantages: 

   Harmful fluids 

   40-60% energy efficient 

   Noisy 

   Not suitable for miniaturization or fast start-up 

Alternatives: solid-state refrigeration 

Thermoelectric (~ 10%) 

Thermionic (~ 80% but very high T) 

Laser cooling (~ 2%) 

Cooling 
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Largest near 1st phase transitions 

Coupling between ferroic and thermal properties 

O
rd

e
r 

p
a

ra
m

e
te

r 
X

 
Temperature T 

2nd order 

1st order 

large (∂X/∂T)Y 



Caloric effects 

Mechanocaloric (mC) effect 

elastocaloric (eC) effect 

barocaloric (BC) effect 

Electrocaloric (EC) effect 

Magnetocaloric (MC) effect 

Coupling between ferroic and thermal properties 

Stern-Taulats et al. MRS Bulletin 43, 295 (2018)  
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Caloric effects 
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Proposed for cooling applications 

e.g. Electrocaloric effect 

Moya et al. MRS Bulletin 43, 291 (2018)  

Useful for solid-state cooling 

(environmentally friendly) 
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Caloric research 

updated from Moya et al., Nature Materials 13, 439 (2014) 
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Caloric research 

updated from Moya et al., Nature Materials 13, 439 (2014) 
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Review Articles 

Magnetocalorics & Electrocalorics & Mechanocalorics 

Nature Materials 13, 439 (2014) 
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First observation: eC effects in rubber 

Qualitative study: ΔT detected using lips 

Gough, Mem. Lit. Phil. Soc. Manchester 1, 288 (1805) 

Hot 

Cold 



Thermodynamic interpretation 

First for eC effects in 1855, later extended to MC and EC 

Thomson, Lond. Edinb. Dublin Phil. Mag. J. Sci. 5, 4 (1878) 

Maxwell relations: 

X = M, P, -V Y = µ0H, E, p 



First quantitative eC study 

Joule, Phil. Trans. 149, 91-131 (1859) 

Number of materials studied, away from phase transitions 



Caloric effects near phase transitions 

Weiss and Piccard 

J. Phys. Theor. Appl. 7, 103-109 

(1917) 

First studies, small MC and EC effects near 2nd order transitions 

(not Warburg in 1881…) 

Kobeko and Kurtschatov 

Z. Phys. 66, 192-205 (1930) 

Ni 

NaKC4H4O64H2O 

(qualitative study) 



First MC room-temperature refrigerator prototype 

Brown, JAP 47, 3763 (1975) 

ΔT = 47 K (prototype) 

µ0ΔH = 7 T 

ΔT = 80 K 

improved in 1978 

Use of regenerator increases temperature span 

ΔT = 14 K (Gd alone) 



Discovery of giant eC effects 

1st order structural phase transition, shape memory alloys 

Rodríguez and Brown,  

Metall. Trans. A 11, 147 (1980) 

Brown, Metall. Trans. A 12, 1491 (1981) 

Cu69.6Al27.7Ni2.7 

Cu68.1Zn15.8Al16.1 



Giant MC effects near 1st order transitions 

Pecharsky and Gschneidner Jr.,  

PRL 78, 4494 (1997) 

Metallic alloys near magnetostructural transitions 

Gd5Si2Ge2 

Nikitin et al. Phys. Lett. A 148, 363 (1990) 

Fe49Rh51 



ECE near 1st order transitions 

Tuttle and Payne, Ferroelectrics 37, 603 (1981) 

Small effects in bulk materials… 

PbSc0.5Ta0.5O3 

ΔT = 5 K (prototype) 

E ~ 60 kV cm-1
 

ΔT = 0.9 K (PST alone) 

…but prototype developed 

Sinyavsky and Brodyansky,  

Ferroelectrics 131, 321 (1992) 



Small BC effects near wide phase transitions 

elastic heating dwarfed BC effects arising from transition 

K. Alex Müller et al., APL 73, 1056 (1998) 



Giant EC effects in thin films 

High breakdown fields in thin films 

Mischenko et al. Science 311, 1270 (2006) 

PbZr0.95Ti0.05O3 

Neese et al. Science 321, 821 (2008) 

Fluorinated polymers 



Giant BC effects near sharp phase transitions 

Mañosa et al., Nature Materials 9, 478 (2010) 

Ni50Mn34In16 

Magnetic compounds near magnetostructural transitions 

Mn3GaN 

Matsunami et al., Nature Materials 14, 473 (2015) 



Best of bulk and thin-films: 

Hirose et al. APL Materials 4, 064105 (2016) 

Giant EC effects in multilayer capacitors 

- large EC effects 

- good thermal transfer 

- small voltages 

- no inert substrate 

0.9 PMN – 0.1 PT 



Background 

Thermodynamics and measurements 

Multicaloric BaTiO3 

Multicaloric (NH4)2SO4 

Brief history of calorics 

Colossal barocaloric plastic crystals 

Oxide multicalorics 



Caloric materials 

Crossley et al., AIP Advances 5, 067153 (2015)  
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e.g. magnetocaloric effect 
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Thermodynamics 

e.g. magnetocaloric effect 
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Thermodynamics 

e.g. magnetocaloric effect 
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Thermodynamics 

e.g. magnetocaloric effect 
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Isothermal conditions: 
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Thermodynamics 

e.g. magnetocaloric effect 
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straightforward to extend to other calorics 
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Energy efficiency of caloric materials 
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Defay et al., Advanced Materials 25, 3337 (2013) 

Moya et al. Nature Physics 11, 439 (2015) 

Crossley et al., AIP Advances 5, 067153 (2015) 



Indirect measurements  Direct measurements 

Temperature measurements 

Calorimetric measurements 

ΔT 

Q & ΔS 

Largest near 1st order phase transitions 

Clausius-Clapeyron (1st order) 

Maxwell relation 

X 

T 

ΔX0 

T0 

Clausius-Clapeyron: 

X0 = M, P, -v 

Y = µ0H, E, p 

Maxwell relation: 

X = M, P, -v Y = µ0H, E, p 

Measuring caloric effects 



Indirect measurements 

Ni50Mn35Sn15 
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ΔS > 0  

on applying field 

Inverse MC effect 



de Campos et al., Nature Materials 5, 802 (2006)  

Mind the protocol  

μ0H = 5 T 

Mn1-xFexAs 

ΔSmax = ln (2J +1) 

Overestimation (strongly hysteretic) first-order transitions 

Balli et al., APL 95, 072509 (2009) 

Caron et al., JMMM 321, 3559 (2009) 

ΔS = 35 J K-1 kg-1 (μ0H = 5 T) 

Correct probing (hysteresis) 

Maxwell relation method:  

e.g. Magnetocalorics 

Indirect method: 



de Campos et al., Nature Materials 5, 802 (2006)  

Mind the protocol  

μ0H = 5 T 

Mn1-xFexAs 

ΔSmax = ln (2J +1) 

Overestimation (strongly hysteretic) first-order transitions 

Maxwell relation method:  

e.g. Magnetocalorics 

“In this house we obey the 

laws of Thermodynamics”. 

Homer J. Simpson (1995) 



Calorimetry in magnetic field 

1 Cu block 

2 Sensors (thermobatteries) 

3 Sample  

4 Reference 

5 Carbon-glass resistor (T) 

16 mm 

Marcos et al., Rev. Sci. Inst. 74, 4768 (2003) 

T sweep at constant H 

H sweep at constant T 
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Moya et al., JMMM 316, e572 (2007) & Adv. Mater. 21, 1 (2009) 

Quasi-direct versus indirect 

Magnetic measurements Calorimetric measurements 

Ni50Mn35Sn15 



Thermometry in external field: EC effects 

Kar-Narayan et al.,  

J. Phys. D: Appl. Phys. 43, 032002 (2010) 

Standard thermometry Infra-red imaging 

Kar-Narayan et al.,  

APL 102, 032903 (2013) 

Scanning thermal microscopy 
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Ferroelectric phase transitions in BaTiO3 

Very sharp first-order transitions 

Large changes in polarization 

Electrocaloric effects 

Kay & Vousden, Phil. Mag. 40, 1010 (1949) 

Small changes in volume 

Barocaloric effects 

3√volume 
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Cubic-tetragonal transition BaTiO3 

BTO single crystal (sc) 
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Direct & quasi-direct Indirect 

EC effect cubic-tetragonal transition 

X. Moya et al. Adv. Mat. 25, 1360 (2013) 

BTO single crystal (sc) 

E 

Cu BaTiO3 



EC effect tetragonal-orthorhombic transition 

Y. Bai et al. AIP Advances 2, 022162 (2012) 
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BTO single crystal (sc) 

ΔS0 = - 2.3 J K-1 kg-1 



Ferroelectric phase transitions in BaTiO3 

Very sharp first-order transitions 

Large changes in polarization 

Electrocaloric effects 

Kay & Vousden, Phil. Mag. 40, 1010 (1949) 

Small changes in volume 

Barocaloric effects 
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Ferroelectric phase transitions in BaTiO3 

Very sharp first-order transitions 

Large changes in polarization 

Electrocaloric effects 

Kay & Vousden, Phil. Mag. 40, 1010 (1949) 

Small changes in volume 

Barocaloric effects 

Kwei et al., J. Phys. Chem. 97, 2368 (1993) 

Ba 

Ti 

O 



Giant barocaloric materials 

[1] Mañosa et al., Nat. Mater. 9, 478 (2010) 

[2] Yuce et al., APL 101, 071906 (2012) 

[3] Mañosa et al., Nat. Commun. 2, 592 (2011) 

[4] Stern-Taulats et al., PRB 89, 214105 (2014) 

[5] Matsunami et al., Nat. Mater. 14, 73 (2014) 

Only in few expensive magnetic materials 

(near magnetostructural phase transitions) 

Giant BC 

material 

T |ΔS| |Q| |Δp| |ΔS/Δp| |Q/Δp| 

Reference 
K J K-1 kg-1 kJ kg-1 GPa J K-1 kg-1 GPa-1 kJ kg-1 GPa-1 

Ni-Mn-In 293 24 7.1 0.26 92.3 27.3 1 

Gd5Si2Ge2 270 11 2.9 0.20 55 14.5 2 

La-Fe-Co-Si 237 8.7 2.0 0.20 43.5 10 3 

Fe49Rh51 308 12.5 3.8 0.11 114 34.5 4 

Mn3GaN 285 21.6 6.2 0.09 232 66.2 5 



Ferroelectric phase transitions in BaTiO3 
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BTO polycrystal 

|ΔS0
C-T| = 2.4 ± 0.2 J K-1 kg-1 

|ΔS0
T-O| = 2.0 ± 0.2 J K-1 kg-1 
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Ferroelectric phase transitions in BaTiO3 
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Ferroelectric transitions under applied pressure 
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Barocaloric effects in BaTiO3 

Highly reversible 
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Caloric effects in BaTiO3  

T (K) 
Caloric 

effect 
Sample 

|ΔS0| 

(J K-1 kg-1) 

ΔS  

(J K-1 kg-1) 

Applied 

field 
Reference 

400 
BC pc 2.4 ± 0.2 1.7 ± 0.2 0.1 GPa 

Stern-Taulats et al.  

APL Materials 4, 091102 (2016) 

EC sc 2.2 ± 0.2 -2.1 4 kV cm-1 Moya et al.  

Adv. Mat. 25, 1360 (2013) 

cubic-tetragonal transition 

tetragonal-orthorhombic transition 

T (K) 
Caloric 

effect 
Sample 

|ΔS0| 

(J K-1 kg-1) 

ΔS  

(J K-1 kg-1) 

Applied 

field 
Reference 

280 
BC pc 2.0 ± 0.2 1.2 ± 0.2 0.1 GPa 

Stern-Taulats et al.  

APL Materials 4, 091102 (2016) 

EC sc 2.3 -2.3 10 kV cm-1 Bai et al.  

AIP Adv. 2, 22162 (2012) 



Giant barocaloric materials 

Giant BC 

material 

T |ΔS| |Q| |Δp| |ΔS/Δp| |Q/Δp| 

Reference 
K J K-1 kg-1 kJ kg-1 GPa J K-1 kg-1 GPa-1 kJ kg-1 GPa-1 

Ni-Mn-In 293 24 7.1 0.26 92.3 27.3 1 

Gd5Si2Ge2 270 11 2.9 0.20 55 14.5 2 

La-Fe-Co-Si 237 8.7 2.0 0.20 43.5 10 3 

Fe49Rh51 308 12.5 3.8 0.11 114 34.5 4 

Mn3GaN 285 21.6 6.2 0.09 232 66.2 5 

BaTiO3 400 1.7 0.7 0.10 17 7 6 

[1] Mañosa et al., Nat. Mater. 9, 478 (2010) 

[2] Yuce et al., APL 101, 071906 (2012) 

[3] Mañosa et al., Nat. Commun. 2, 592 (2011) 

[4] Stern-Taulats et al., PRB 89, 214105 (2014) 

[5] Matsunami et al., Nat. Mater. 14, 73 (2014) 

[6] Stern-Taulats et al., APL Materials 4, 091102 (2016) 
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Colossal barocaloric plastic crystals 

Oxide multicalorics 



Ferrielectric phase transition in (NH4)2SO4  
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Thermally driven two-step order-disorder transition 

Made of cheap abundant elements 
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Thermally driven two-step order-disorder transition 

Large changes in volume 

Large changes in entropy 

Made of cheap abundant elements 

|ΔSf| = 130 J K-1 kg-1 (= 3Rln2) 

|ΔS1| = 65 J K-1 kg-1 

|ΔVf|/Vf = 0.9% 

|ΔV1|/V1 = 0.5% 

Ferrielectric phase transition in (NH4)2SO4  



Ferrielectric phase transition in (NH4)2SO4  

Thermally driven two-step order-disorder transition 

Large changes in entropy 

Made of cheap abundant elements 

|ΔSf| = 130 J K-1 kg-1 (= 3Rln2) 

|ΔS1| = 65 J K-1 kg-1 

Maxwell relation 
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ΔS > 0 on applying p at transition 

ΔS < 0 on applying p elsewhere 
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Ferrielectric transition under applied pressure 
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Giant barocaloric effects in (NH4)2SO4  
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Lloveras et al., Nature Communications 6, 8801 (2015) 



Giant electrocaloric effects in (NH4)2SO4  

50 μm-thick single crystal  

Crossley et al., Phil. Trans. R. Soc. A 374, 20150313 (2016) 



Giant barocaloric materials 

Giant BC 

material 

T |ΔS| |Q| |Δp| |ΔS/Δp| |Q/Δp| 

Reference 
K J K-1 kg-1 kJ kg-1 GPa J K-1 kg-1 GPa-1 kJ kg-1 GPa-1 

Ni-Mn-In 293 24 7.1 0.26 92.3 27.3 1 

Gd5Si2Ge2 270 11 2.9 0.20 55 14.5 2 

La-Fe-Co-Si 237 8.7 2.0 0.20 43.5 10 3 

Fe49Rh51 308 12.5 3.8 0.11 114 34.5 4 

Mn3GaN 285 21.6 6.2 0.09 232 66.2 5 

BaTiO3 400 1.7 0.7 0.10 17 7 6 

(NH4)2SO4 219 60 13.2 0.10 600 132 7 

[1] Mañosa et al., Nat. Mater. 9, 478 (2010) 

[2] Yuce et al., APL 101, 071906 (2012) 

[3] Mañosa et al., Nat. Commun. 2, 592 (2011) 

[4] Stern-Taulats et al., PRB 89, 214105 (2014) 

[5] Matsunami et al., Nat. Mater. 14, 73 (2014) 

[6] Stern-Taulats et al., APL Materials 4, 091102 (2016) 

[7] Lloveras et al., Nat. Commun. 6, 8801 (2015) 



Background 

Thermodynamics and measurements 

Multicaloric BaTiO3 

Multicaloric (NH4)2SO4 

Brief history of calorics 

Colossal barocaloric plastic crystals 

Oxide multicalorics 



The challenge 

condenser 

ASHRAE (2013) 

evaporator 

|ΔS| ~ 485 J K-1 kg-1 

|ΔT| ~ 60 K 

|dT/dp| ~ 1600 K GPa-1 



Orientational phase transition in neopentylglycol 

0

10

20

30

 

 

 
C

 (
k
J
 K

-1
 k

g
-1
)

OC PC

T
h1

0

400

800

1200

 

 

S
' (

J
 K

-1
 k

g
-1
)

|S
0
|

250 275 300 325 350 375

0.92

0.96

1.00

 

 

v
 (

c
m

3
 g

-1
)

T (K)

|v
0
|

P2
1
/c Fm3m

Made of cheap abundant elements 

Large changes in volume 

Large changes in entropy 

|ΔS0| = 380 J K-1 kg-1 

|ΔV0|/V0= 4.9% 

(CH3)2C(CH2OH)2
 



Colossal barocaloric effects in neopentylglycol 
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Lloveras et al., Nature Communications 10, 1803 (2019) 



Colossal barocaloric effects in neopentylglycol 
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R1234yf 



Extremely fertile playground for calorics 

Oxide multicalorics 

Thermal 

Structural 

Electrical Magnetic 



The Times They Are A-Changin' 
Bob Dylan, 1964 


