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Cooling

Vapour-based refrigeration

Advantages:
Established technology
(cheap, reliable)

Disadvantages:
Harmful fluids
40-60% energy efficient
Noisy
Not suitable for miniaturization or fast start-up




Cooling

Vapour-based refrigeration

Advantages:
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%)



Caloric effects

Coupling between ferroic and thermal properties
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Caloric effects

Coupling between ferroic and thermal properties

large (9X/aT)y

Magnetocaloric (MC) effect 1st order

Electrocaloric (EC) effect

Mechanocaloric (mC) effect
elastocaloric (eC) effect
barocaloric (BC) effect

Order parameter X

Temperature T

Largest near 15t phase transitions



Caloric effects

Coupling between ferroic and thermal properties

MULTICALORICS

Magnetocaloric (MC) effect

Electrocaloric (EC) effect

FeRh,GdSiGe
Mechanocaloric (mC) effect

elastocaloric (eC) effect
barocaloric (BC) effect

NiMnColn/PMN-PT

Stern-Taulats et al. MRS Bulletin 43, 295 (2018)



Caloric effects

Hot
Cold

Hot

Cold



Proposed for cooling applications

e.g. Electrocaloric effect

T

E=0 E#O

wn

aln >

Y - 8‘

- Y 359 E

3 LL

%4 nnz“ ‘3 '1;.
= @ T, T, Ty T,
gy Temperature T

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

Useful for solid-state cooling
(environmentally friendly)



Caloric research
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Caloric research

The force awakens
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Review Articles
Magnetocalorics & Electrocalorics & Mechanocalorics
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Caloric materials near ferroic phase transitions

X. Moya'?, S. Kar-Narayan' and N. D. Mathur™

A magnetically, electrically or mechanically responsive material can undergo significant thermal changes near a ferroic phase
transition when its order parameter is modified by the conjugate applied field. The resulting magnetocaloric, electrocaloric and
mechanocaloric (elastocaloric or barocaloric) effects are compared here in terms of history, experimental method, performance

and prospective cooling applications.
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First observation: eC effects in rubber

Qualitative study: AT detected using lips

A DESCRIPTION
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Thermodynamic interpretation

IlI. Cr the Thermoelastie, Thermomagnetic, und Pyroelectric
Properties of Matter, By WiLLiam TuomsoN, M. .A., late
Fellow of St. Peter’s College, Cambridge, Professor of Na-
tural Philosophy in the University of Glasgow ™.

1. é BODY which is either emitting heat, or altering its
dimensions against resisting forces, is doing work upon
matter external to it. The mechanical effect of this work in

* | This paper is in the wain a reprint from an article which appeared
under the title “ On the Thermoelastic and Thermomagnetic Properties
of Matter, Part L,” in April 1855, in the first number of the ‘ Quarterly
Journal of Mathematics,” but which was confined to the thermoelastic
part of the subject. The continuation, in which it was intended to
make a similar spplication of thermodynamic principles to magnetic in-
duction, was never published or written; but the results which it should
have contained were sufficiently indicated in a short articleon “Thermo-
magnetism,” which I wrote at the request of my friend and colleague the
late Professor J. P. Nichol for the second edition of his ‘Cyclopaedia,’
published in 1860, and which I include in the present reprint. The
addition of “Pyro-Electricity,” which I now make to the title of the
former article, 1s justified by another short quotation from the second
edition of Nichol's ‘Cyclopwedia’ (article “ Thermo-Llectricity, Divi-
sion L— Pyro-Electricity, or Thermo-Electricity of Nonconducting Orys-
tals”"), and a short addifion, now written and published for the first time,
in which the same thermodynamic principles are applied to this form of
thermoelectric action.

Several additions both in the shape of text and footnote are appended
in the course of the reprint. These are all distinguished by being en-
closed in brackets, [ J.] ¢

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

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

Maxwell relations:

AS = e ay’
Q =TAS
AT = ! AS

- C

X=MP-VY=~gHEp




First quantitative eC study

Number of materials studied, away from phase transitions

V. On some Thermo-dynamic Properties of Solids. By J. P. Jouie, LL.D., F.R.S.,
F.C.8., Hon. Mem. Phil. Soc. Cambridge, Vice-President of the Lit. and Phil. Soc.
Manchester, Corresp. Mem. R.A. Sc. Turin, &e.

Beceived April 22,—Read June 10, 1858.
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Caloric effects near phase transitions

First studies, small MC and EC effects near 2nd order transitions
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First MC room-temperature refrigerator prototype

Use of regenerator increases temperature span

ZAH =TT
Cooli {al {
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Improved in 1978
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Brown, JAP 47, 3763 (1975)



Discovery of giant eC effects

1st order structural phase transition, shape memory alloys
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Giant MC effects near 1st order transitions

Metallic alloys near magnetostructural transitions
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ECE near 1st order transitions

Small effects in bulk materials... ...but prototype developed
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Temperature [K]

Small BC effects near wide phase transitions
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High breakdown fields in thin films

Giant EC effects In thin films
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AS (kg K

Giant BC effects near sharp phase transitions

Magnetic compounds near magnetostructural transitions
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Giant EC effects in multilayer capacitors

Best of bulk and thin-films: 3.0 %5l Flas coranic 100 °C

- large EC effects N
- good thermal transfer =
- small voltages =
- NO inert substrate

Field applied
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Hirose et al. APL Materials 4, 064105 (2016)
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Caloric materials

magnetocaloric electrocaloric elastocaloric barocaloric
(MC) (EC) (eC) (BC)
N
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Q = TAS (= -cAT)
Moya et al., Nature Materials 13, 439 (2014)

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

Stern-Taulats et al. MRS Bulletin 43, 295 (2018)



Thermodynamics

e.g. magnetocaloric effect

S =S(T,H)
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Thermodynamics

e.g. magnetocaloric effect
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Thermodynamics

e.g. magnetocaloric effect

S = S(T,H)
ds = St {asj dH
T "lon ).
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Thermodynamics

e.g. magnetocaloric effect

S=S(T,H)
dS:CdT +(88j dH
T oH J;
(%)

T \oT ),

| (8I\/I j ( oS j
Maxwell relation: _— =
oT ), \6H J;



Thermodynamics

e.g. magnetocaloric effect

S=S(T,H)
dS:CdT+(an dH
T oT ),
e
T \oT ),

| (8I\/I j ( oS j
Maxwell relation: _— =
oT ), \6H J;



Thermodynamics

e.g. magnetocaloric effect

S = S(T,H)
ds = St +(5Mj dH
T oT ).

Isothermal conditions: dT =0

d8=(an dH AS = HZ(GMJ dH"
T ), m\ oT ),




Thermodynamics

e.g. magnetocaloric effect

S = S(T,H)
ds = St +(5Mj dH
T oT ).

Adiabatic conditions: dS =0

de_T(an dH AT:—IHZT(an dH'
C\ aT ), H C\aT ),




Thermodynamics

straightforward to extend to other calorics

S=S(T,E)
ds = CdT +(5Pj dE
T o1 ).

Isothermal conditions: dT =0

dsz(apj dE AS = Ez(apj dE’
oT ). = \ ot ).




Thermodynamics

straightforward to extend to other calorics

S=S(T,E)
ds = CdT +(5Pj dE
T o1 ).

Adiabatic conditions: dS =0

de—T(apj dE AT =[]
E

C\oTl

EE C




Energy efficiency of caloric materials

100 £

10 |

Q| cm?®) .
n << 1 for EC (mechanical)

Defay et al., Advanced Materials 25, 3337 (2013)
Moya et al. Nature Physics 11, 439 (2015)
Crossley et al., AIP Advances 5, 067153 (2015)



Measuring caloric effects

Direct measurements Indirect measurements

Maxwell relation

Q &AS Calorimetric measurements
Clausius-Clapeyron (15t order)

AT Temperature measurements
Maxwell relation:
Clausius-Clapeyron:
Y (ox ,
AS=f 3T dY dT, AX, Xo=M P -v
CoY av T Tas, Y=AHEPp
— T
Q = TAS P Ty
T A4X
AT = ——=AS I 0
g T
X=MP-v Y=0RHEp

Largest near 15t order phase transitions



Indirect measurements

e.g. magnetocaloric effect: measure M(H,T)

Ni5oMn35Sn15

~ AS >0
_Sz’ on applying field
= I
< nverse MC effect
~ 20+ 0.05
= wwH/”“

eeneee ettt 002

M O 01 o

165 180 195 165 180 195

T (K) T (K)

Krenke et al., Nature Materials 4, 450 (2005)



AS (J kg K-)

Mind the protocol

Maxwell relation method:

Overestimation (strongly hysteretic) first-order transitions

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

q

Indirect method:
Correct probing (hysteresis)

AS =35JK1kg? (uH=5T)

Caron et al., IMMM 321, 3559 (2009)
Balli et al., APL 95, 072509 (2009)



AS (J kg K-)

Mind the protocol

Maxwell relation method:

Overestimation (strongly hysteretic) first-order transitions

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

“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)

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

T sweep at constant H

H sweep at constant T




Magnetic measurements

M (A m*/kg)

AS(T,H) (J/kg K)

Quasi-direct versus indirect
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Moya et al., JMMM 316, €572 (2007) & Adv. Mater. 21, 1 (2009)



Thermometry in external field: EC effects

Standard thermometry

Copper block
Kapton tape

Heater wire

Reference thermometer
Sample thermometer

— MLC

Timg (s) 4

Scanning thermal microscopy
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Kar-Narayan et al., time (s)

J. Phys. D: Appl. Phys. 43, 032002 (2010)
Kar-Narayan et al.,

APL 102, 032903 (2013)
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Ferroelectric phase transitions in BaTiO,

Very sharp first-order transitions

Large changes in polarization
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Dielectric

&

Ferroelectric
measurements

Calorimetric
measurements

Cubic-tetragonal transition BaTiO,
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-AS (J K" kg")

-AS (J K" kg™

EC effect cubic-tetragonal transition
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Calorimetric
measurements

EC effect tetragonal-orthorhombic transition

Heat Flow(mW)
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Ferroelectric phase transitions in BaTiO,

Very sharp first-order transitions

Large changes in polarization
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Very sharp first-order transitions
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Giant barocaloric materials

T AS A AS/A /A
Giant BC |AS] Q| |Ap]| I p| |Q/Ap|
. Reference
material K [JK1kg?t|kdkg!| GPa |JK1kg!GPal|kJkg!GPal
Ni-Mn-In 293 24 7.1 0.26 92.3 27.3 1
Gd:Si,Ge, 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
Fe,Rhs, 308 12.5 3.8 0.11 114 34.5 4
Mn,GaN 285 21.6 6.2 0.09 232 66.2 5

Only in few expensive magnetic materials
(near magnetostructural phase transitions)

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

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

[3] Mafiosa 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)



Calorimetric

measurements

X-ray diffraction

Ferroelectric phase transitions in BaTiO,
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Calorimetric

measurements

X-ray diffraction

Ferroelectric phase transitions in BaTiO,
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Ferroelectric transitions under applied pressure
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Caloric effects in BaTiO,

cubic-tetragonal transition

Caloric |AS,| AS Applied
T (K) effect Sample (3 KL kgD | (3 K kg) fiold Reference
400 BC pC 24+02 | 1.7£0.2 | 0.1GPa | ap vatorinie s 091108 (2016)
EC sC 22+0.2 2.1 4KV em?L | aq et oe 2560 (2013)
tetragonal-orthorhombic transition
Caloric |AS,| AS Applied
T (K) effect Sample (3 KL kgD | (3 K kg) field Reference
260 BC pC 2002 | 1.2£0.2 | 0.1GPa | ap vatorinie s 091102 (2016)
EC sC 2.3 -2.3 10 kV cm-? Baletal

AIP Adv. 2, 22162 (2012)




Giant barocaloric materials

Giant BC T |AS]| QI | |Ap| |AS/Ap| |Q/Ap|
material K [JK1kg?t|kdkg!| GPa |JK1kg!GPal|kJkg!GPal Reference
Ni-Mn-In 293 24 71 | 0.26 92.3 27.3 1
Gd:.Si,Ge, | 270 11 29 | 0.20 55 14.5 2
La-Fe-Co-Si | 237 | 8.7 20 | 0.20 43.5 10 3
Fe,oRhe, 308 | 125 3.8 | 0.11 114 34.5 4
Mn,GaN 285 | 21.6 6.2 | 0.09 232 66.2 5
BaTiO, 400 | 1.7 0.7 | 0.10 17 7 6

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

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

[3] Mafiosa 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)



Oxide multicalorics

Background

Brief history of calorics
Thermodynamics and measurements
Multicaloric BaTiO,

Multicaloric (NH,),SO,

Colossal barocaloric plastic crystals



Ferrielectric phase transition in (NH,),SO,

Thermally driven two-step order-disorder transition
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Ferrielectric phase transition in (NH,),SO,

Thermally driven two-step order-disorder transition
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Ferrielectric transition under applied pressure
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Giant barocaloric effects in (NH,),SO,

calorimetry + V(T)
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Giant electrocaloric effects in (NH,),SO,
50 pym-thick single crystal
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Giant barocaloric materials

Giant BC T |AS| QI | |Ap] |AS/Ap| |Q/Ap|
. Reference
material K [JK1kg?t|kdkg!| GPa |JK1kg!GPal|kJkg!GPal
Ni-Mn-In 293 24 7.1 | 0.26 92.3 27.3 1
Gd:Si,Ge, | 270 11 29 | 0.20 55 14.5 2
La-Fe-Co-Si | 237 | 8.7 20 | 0.20 43.5 10 3
Fe,oRhg, 308 | 125 38 | 0.11 114 34.5 4
Mn,GaN 285 | 21.6 6.2 | 0.09 232 66.2 5
BaTiO, 400 | 1.7 0.7 | 0.10 17 7 6
(NH,),SO, | 219 60 13.2 | 0.10 600 132 7

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

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

[3] Mafiosa 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)
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Thermodynamics and measurements
Multicaloric BaTiO,

Multicaloric (NH,),SO,

Colossal barocaloric plastic crystals



The challenge
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Orientational phase transition in neopentylglycol
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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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Oxide multicalorics

Extremely fertile playground for calorics

Structural




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




